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Abstract: Foam cell formation from macrophages with subsequent fatty streak formation plays a key role in early
atherogenesis. Foam cell formation is thought to be induced by Low Density Lipoproteins (LDL), including oxidized LDL
(OxLDL) or minimally modified LDL (mmLDL). Understanding the molecular mechanisms involved in OXLDL- and
mmLDL-induced foam cell formation is of fundamental importance for atherosclerosis and cardiovascular disease. The
expression of many genes is likely modulated during macrophage transformation into a foam cell. In this mini-review we
describe functional consequences of modulation of three groups of genes: Scavenger Receptors (SR-A, CLA-1/SR-BI,
CD36, CD68, LOX-1, and SR-PSOX), the PPAR family of nuclear receptors, and a number of genes involved in
eicosanoid biosynthesis, including lipoxygenases and leukotriene receptors. Scavenger receptors appear to play a key role
in uptake of OXLDL, while mmLDL appears to interact with CD14/TLR4. The regulation of scavenger receptors is, in
part, mediated by the PPAR family of nuclear receptors. PPARa and PPARg agonists, such as thiazolidinediones and
fibrates, and PPARd agonists were tested as atheroprotective drugs and showed some beneficial effects. Eicosanoids are
naturally occuring agonists for PPARs. Recent observations indicate a role of the components of the eicosanoid cascade,
such as 5-lipoxygenase, 15-lipoxygenase and the leukotriene receptors in foam cell formation. Selective inhibitors of
lipoxygenases and leukotriene receptors could be useful in the treatment of atherosclerosis by preventing or reducing foam

cell formation.
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INTRODUCTION

Cardiovascular disease affects more than 58 million
Americans and remains the most common cause of death in
the U.S. and all over the world. Atherosclerosis accounts for
the majority of these deaths [1-3], but the factors involved in
early atherosclerosis and progression of this disease are still
not completely defined. A critical event in atherogenesis is
the focal accumulation of lipid-laden foam cells (FC) derived
from macrophages (MF), smooth muscle cells, and other
vascular cells with subsequent fatty streak formation. We
focus on MF -derived foam cells, because MF play a central
role in the atherogenic process as modulators of both lipid
metabolism and the immune response [4, 5].

There are several excellent reviews evaluating various
aspects of foam cell formation and discussing pharmacolo-
gical agents capable of modulating FC formation [5-9]. We
concentrate here on the aspects modulated by scavenger
receptors, by the PPAR family of nuclear receptors, and by
the families of lipoxygenases and leukotriene receptors.
These pathways appear to be interrelated and affect each
other.

The initiating effect in atherosclerosis may be the
accumulation of LDL in the subendothelial matrix [1].
Accumulation is greater when levels of circulating LDL are
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raised, and both the transport and retention of LDL are
increased in the sites of lesion formation. LDL trapped in the
subendothelial matrix may also aggregate and LDL
aggregation, like chemical modification of LDL particles,
mediated by enzymes such as sphingomyelinase [10] may
contribute to FC formation [1]. Modified LDL is avidly
taken up by MF and leads to generation of FC [11], but it is
unclear how LDL is modified in the vessel wall. Modified
LDL is a collective term for various modifications of native
LDL, including oxidation, glycation or acetylation. In this
mini-review, we mainly concentrate on minimally modified
LDL (mmLDL) and oxidized LDL (OxLDL), which repre-
sent naturally occuring products of LDL with various degree
of oxidation. This variable degree of oxidation strongly
affects the functional behavior of modified LDL. The uptake
and further conversion of fully oxidized OXLDL is mediated
by a relatively large family of scavenger receptors [5, 12-17].
OxLDL, as well as oxidized fatty acids, induce the expres-
sion of some scavenger receptors such as SR-A and CD36
[18], which may provide a positive feedback mechanism that
could amplify FC formation. OxLDL also inhibits the
production of NO, a compound with antiatherogenic proper-
ties [1], and can initiate apoptosis of cultured vascular cells
[16].

There are several definitions for minimally modified
LDL [19, 20]. LDL can be mildly (or enzymatically) modi-
fied, for instance, with xanthine/xanthine oxidase, Fe*", 15-
lipoxygenase (15-LO) alone or in combination with secretory
PLA, (sPLA;) [20-23]. Whether all these “minimally
modified” varieties of LDL possess the same properties is
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not known. Here, we concentrate on the proposed mech-
anism of action of mmLDL prepared by 15-LO treatment.
Such mmLDL mainly interacts with CD14/toll-like receptor
4 (TLR4) and promotes expression of SRs such as CD36
[24]. The binding of mmLDL thus may lead to increased
uptake of OxLDL as well as to the inhibition of phagocytosis
of apoptotic cells [24].

In mice and humans, peripheral blood monocytes
represent a heterogenous population [25, 26]. In humans, two
major subsets are defined as CD14'CD16 and CD14""
CD16*, which have distinct migratory properties. CD14-
positive monocytes are supposed to be more “inflammatory”
cells, which easily migrate to sites of inflammation [25].
Only CD14-expressing monocytes bind mmLDL [20], thus
the balance between CD14- and CD16-positive monocytes
could be one of determining factors in FC formation, at least
in the early stages of the atherosclerotic process.

The TLR4 signaling pathway was recognized as a
potentially important modulator of cardiovascular disease
[27]. Polymorphisms in the TLR4 and CD14 genes are
associated with the incidence of atherosclerosis [28]. In a
mouse model of atherosclerosis induced by a null mutation
in the gene encoding for apolipoprotein E (ApoE™) on a
proatherogenic diet, added deficiency in TLR4 [29] or
MyD88 [30], a molecule involved in TLR signaling, signifi-
cantly protected against atherosclerosis. The atherosclerosis-
resistant C3H/HeJ mice [31, 32] have defective TLR4 [33].

Scavenger Receptors

Several species of scavenger receptors (SR) have so far
been identified. However, it still remains unclear which
receptors are crucial for foam cell formation and progression.
Class A scavenger receptors (SR-Al, SR-All, SR-AIII), class
B SR (CLA-1/SR-BI, SR-BIl, CD36), and the class D
receptor CD68, are thought to be most important during
foam cell formation followed by uptake of modified LDL.
Recently, several new members of the SR family have been
discovered, namely, SR-PSOX (also known as CXCL16
[34]) and Lectin-Like Oxidized LDL Receptor-1 (LOX-1).
Expression of SR-PSOX was shown in human athero-
sclerotic lesions [35]. LOX-1, which is mainly expressed in
endothelial cells, but is inducibly expressed in macrophages,
is highly upregulated in atherosclerotic lesions in humans
[36].

Blocking of both class A and class B receptors, including
CD36, significantly reduces OxLDL uptake, but doesn’t
prevent it completely [17, 37]. SR-A and CD36 account for
75-90% of uptake of modified LDL. Cholesteryl esters
derived from modified lipoproteins fail to accumulate in
macrophages isolated from the SR-A and CD36 double null

Table 1.

Shashkin et al.

mice [17]. Another recent study also suggests a significant
role for CD36 as well as SR-BI and CD68, but not SR-A or
LOX-1, in FC formation during OXLDL treatment of the
macrophage-like THP-1 cells [38]. Like other investigators
[18], we found upregulation of CD36, whereas SR-PSOX
was downregulated by prolonged exposure of isolated human
monocytes to OxLDL (Table 1). Different SRs may play
differential roles during FC formation: SR with broad ligand
specificity, such as class A and class B scavenger receptors,
can be upregulated by modified LDL and be positive
modulators of FC formation; receptors that are more specific
for OXLDL like SR-PSOX and LOX-1, can be down-
regulated during FC formation. Thus, increased amounts of
SR-PSOX and LOX-1 in atherosclerotic lesions in humans
may represent defensive mechanisms which may be protec-
tive against excessive accumulation of cholesteryl esters.
High activity of SRs in general may contribute towards
resistance to atherosclerosis if accompanied by adequate
amounts of Apo-E for cholesterol removal [39]. At this time,
it is unclear whether scavenger receptors are pro- or anti-
atherogenic. Most likely, different scavenger receptors have
specific roles.

CD14

Bacterial lipopolysacharide (LPS) and mmLDL bind to
the membrane glycoprotein CD14 [20, 40]. Polymorphisms
in the promoter of the CD14 gene were shown to be
associated with an altered risk of atherosclerosis, coronary
artery disease and myocardial infarction [41-44]. The
C(-260)® T polymorphism is associated with upregulation of
CD14 and increased atherosclerosis [41].

We found significant upregulation of CD14 antigen after
incubation of human monocyte-derived macrophages with
OxLDL (Table 1). Upregulation for CD14 was even more
profound than that of CD36, a well-recognized receptor for
OxLDL [45]. Upregulation of CD14 by OxLDL was
previously observed [46, 47], however this process was
shown to be related to monocyte differentiation (discussed in
[48]). However, we did not detect any difference in
expression of the markers of differentiation, such as mannose
receptor, in OXLDL-treated vs. untreated MF (51+16% vs.
49+11% positive cells by flow cytometry, respectively).

Modified LDL (OxLDL and AcLDL)

FC formation is thought to be mediated by modified
LDL. The formation of foam cells in vitro can be induced by
OxLDL and acetylated LDL (AcLDL). The FC-inducing
effect of AcLDL is much stronger than that of OxLDL [49-
51]. Both AcLDL and OxLDL can induce proliferation of
peripheral macrophages in vitro [52, 53]. However, the
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growth-inducing activity of AcLDL was significantly
inhibited by IL-4 and IL-10, whereas macrophage growth-
stimulating activity of OXLDL, in contrast to that of AcLDL,
was refractory to these suppressive cytokines [52]. OxLDL,
but not AcLDL, induces PPARgexpression [48].

Numerous cellular effects of OxLDL have been
described [15, 16, 18, 54]. It is hard to compare all the
results obtained after application of OxLDL because, like
mmLDL, it probably does not represent a uniform molecule
and various preparations of OxLDL, various endotoxin
levels, and other factors could influence the results. Even
stratification to the same index of LDL oxidation as
measured by thiobarbituric acid reactive substances
(TBARS) cannot resolve this problem, because commonly
used additives to the growing media, such as FCS, could
provide significant variations in incubation conditions.

Possible cascades leading to FC formation are presented
in Fig. 1.

OxLDL
mmLDL LDL
(15-LO) l Aggregated LDL
l SR (CD36, SR-BI / CLAI,

CD14 CDé68, SR-PSOX, SR-AI)

Pinocytosis
Patocytosis

Nucleus

Fig. (1). Different mechanisms of foam cell formation.

15-lipoxygenase (15-LO) inititates formation of mmLDL, which
binds CD14/TLR4. Extensively oxidized LDL binds scavenger
receptors (SR). Further signaling is mediated by PPARS/RXRs,
which can either promote FC formation via upregulation of CD36,
or prevent FC formation by upregulation of reverse cholesterol
transport (ABCA-1/ABCG-1). Uptake of aggregated LDL is
facilitated by pinocytosis (actin-independent uptake) and by
phagocytosis or patocytosis (actin-dependent uptake), shown only
for PMA-stimulated human macrophages.

SPLA, = secreted phospholipase A,, cPLA, = cytosolic phospho-
lipase A,, AA = arachidonic acid, LO’s = lipoxygenases, HETE’s =
hydroxyeicosatetraenoic acids, LT’s = leukotrienes.

First, 15-lipoxygenase inititates formation of mmLDL,
which interacts with CD14/TLR4. Some components of
minimally oxidized low density lipoprotein, oxidized 1-
palmitoyl - 2 - arachidonyl - sn-glycero - 3 - phosphorylcholine,
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epoxyisoprostane and epoxycyclopentenone phospholipids
are potent activators of peroxisome proliferator-activated
receptor (PPAR) alpha [55]. Extensive oxidation of LDL
could be mediated by various enzymes, including sphingo-
myelinase and myeloperoxydase [1, 56]. Next, OXLDL may
react with SRs. At least two different structural elements of
OxLDL have direct effects on PPARg 13-hydroxyoctadeca-
dienoic acid (13-HODE) (or 9-HODE) and oxidized phos-
phatidylcholine (hexadecyl azelaoyl phosphatidylcholine),
which is considered to be the most potent natural ligand of
PPARg[57, 58].

Native LDL

Macrophage can also accumulate cholesterol via fluid
phase endocytosis [59]. This model suggests that FC
formation could be mediated not only by modified LDL, but
also by native LDL taken up by activated macrophages [59].
Aggregation of LDL leads to sequestration of aggregated
LDL by MF and promotes LDL uptake [60]. The
macrophage activator and CD14/TLR4 ligand, microbial-
derived LPS, can also stimulate macrophage LDL uptake
[59]. MF uptake of aggregated LDL may be mediated by
both actin-independent and actin-dependent endocytic
pathways such as pinocytosis and patocytosis [60, 61].
Patocytosis can be reversed by MF exposure to plasminogen
[60]. MF can release the stored aggregated LDL as a result
of conversion of plasminogen to active plasmin mediated by
MF urokinase plasminogen activator. This mechanism can
evidently protect the cell from excessive accumulation of
cholesterol and, consequently, from formation of FC. Thus,
the prevention of LDL aggregation as well as inhibition of
fluid phase endocytosis or macropinocytosis specifically in
macrophages could have anti-atherosclerotic effects.
Interestingly, elevated circulating levels of the plasminogen
activator inhibitor (PAI-1), and its upregulation in athero-
sclerotic tissues have been demonstrated [62, 63], and
deletion of the PAI-1 gene reduced neointimal growth after
injury in ApoE” mice despite the persistence of hyper-
cholesterolemia [64]. Possibly, increased PAI-1 may prevent
the release of aggregated LDL and thus may promote FC
formation which stimulates atherogenesis and coronary
artery disease. PAI-1 is the principal inhibitor of urokinase
type plasminogen activator and tissue-type plasminogen
activator, and reduction of its circulating levels could be
favorable in the treatment of atherosclerosis. However, this
potential treatment has limitations, because PAI-1 deficiency
in mice leads to increased fibrinolysis and bleeding [65].

ENZYMES OF THE EICOSANOID CASCADE

Arachidonic acid (AA) is a common polyunsaturated
fatty acid (PUFA) in cell membrane phospholipids. It can be
derived from phospholipids by action of phospholipase A,
[66] (Fig. 2).

PLA, activity can be detected in vascular disease and
appears to play a role in atherogenesis [67, 68]. Two major
types of PLA, are present in monocytes/MF: a cytosolic
type (cPLA;) and secretory type PLA, (SPLA;). cPLA,
activity plays an important role in both O,"-production and
optimal LDL lipid oxidation by activated human monocytes
[8, 69].
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Fig. (2). Eicosanoid cascade.

PLA, = phospholipase A,, AA = arachidonic acid, COX 1,2 =
cyclooxygenase 1 and 2, LO = lipoxygenases, PG = prostaglandins,
TXA, = thromboxane A,, LT = leukotrienes, HETE’s = hydroxy-
eicosatetraenoic acids, EET’s = epoxyeicosatetraenoic acids,
DHETE’s = dihydroxyeicosatetraenoic acids.

Among the cytosolic isoforms of PLA,, the 85 kDa Ca**-
dependent cPLA, (CPLA-a or cPLA,-1V), but not the Ca**-
independent cytosolic PLA; (iPLA-b or iPLA,-VI) has been
shown to mediate the OxLDL-induced AA release in mouse
peritoneal macrophages [70]. However, iPLA,-b has been
considered a target for the treatment of inflammatory
diseases, including atherosclerosis, because it plays an
important role in driving acute inflammation and is
responsible for induction of cPLA,-a [71].

Several secretory isozymes of PLA,, in particular,
SPLA,-IIA, sPLA,-X and sPLA,-V, are now considered
potential proatherosclerotic factors [72].

Arachidonic acid can be converted into a huge range of
compounds termed eicosanoids, which includes leukotrienes,
hydroxyeicosatetraenoic acids (HETE), and prostaglandins
(PG). Eicosanoid metabolism is regulated by a series of
enzymes including cytochrome P450-like enzymes,
cyclooxygenases and lipoxygenases (Fig. 2), some of which
are related to atherogenesis [73-76]. cPLA,—a in monocytes
was shown to provide substrate preferentially utilized by
cyclooxygenase(s), while sPLA, provides substrate preferen-
tially utilized through the lipoxygenase (LO) cascade [71,
77]. Both cyclooxygenase- and lipoxygenase-derived
metabolites may play a role in atherogenesis.

Cyclooxygenase (COX) products, prostaglandins, have
multiple effects on atherogenesis [76, 78]. Aspirin, an
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inhibitor of cyclooxygenase(s), is an effective drug for the
prevention of the complications of atherosclerotic cardio-
vascular disease in humans [79, 80] and was shown to have
an antiatherogenic effect in mice [81, 82]. Aspirin treatment
reduces the number of FC within atherosclerotic lesions in
the LDL-Receptor knockout model of atherosclerosis in mice
[82]. The beneficial effect of aspirin is thought to be
mediated by a decrease in platelet aggregation through the
inhibition of production of thromboxane A, (TXA;) by
plateletes [83]. Thus, TXA,, a potent inducer of platelet
adhesion and of vasoconstriction, is considered as “proathero-
genic”eicosanoid [84]. Thromboxane receptor antagonist
$18886 inhibited atherogenesis in ApoE-deficient mice [85].
The same authors failed to detect any effect of aspirin on
atherogenesis, which suggests a role of compound(s) other
than TxA, in promoting atherogenesis by its action at
thromboxane receptors [85]. In summary, the inhibition of
thromboxane synthesis or its receptor may protect against
atherosclerosis.

Production of TXA, is mediated by constitutively
expressed COX-1, whereas both COX-1 and inducible COX-
2 mediate biosynthesis of prostacyclin PGl,, which is a
vasodilator, inhibits platelet activation and can be considered
as “antiatherogenic” molecule [84]. COX-2 is widely
expressed by macrophages, including FC [86, 87], and may
stimulate production of another proinflammatory eicosanois,
such as PGE,. Activation of inducible cycloxygenase-2 and
PGE, production mediates upregulation of monocyte-derived
matrix metalloproteinase-1 by OxLDL, which contributes to
vascular remodeling and plaque rupture [54]. Therefore,
expression of COX-2 might play a role in atherosclerosis and
a perspective of using specific inhibitors of this isozyme to
treat atherosclerosis and cardiovascular events is discussed
[84, 88-91], but the recent removal of COX-2 inhibitors from
the market has called this idea into question. LDL-mediated
chemotaxis of U937 cells is mediated by cyclooxygenase
products [92]. In mouse peritoneal macrophages, OxLDL
stimulates PGE, synthesis [93]. However, OXLDL sup-
pressed COX-2 in human monocytes/MF [94]. Arachidonate
metabolism in macrophages after foam cell transformation
was found to be impaired (mainly, due to decreased phos-
pholipase activity and changes in fatty acid composition)
[95]. Interaction of prostanoids with their specific G-protein
coupled membrane receptors (Table 2) and nuclear receptors
of the PPAR family (see below) may provide some
explanation of their effects on atherogenesis, although the
mechanisms are still not completely resolved [8].

A growing number of publications reflects an important
role of the lipoxygenases in FC formation and development
of atherosclerosis. There are several isoforms of LO: 12-L0O,
15-LO (closely related), 8-LO and 5-LO [96]. One of the
enzymes responsible for “minimal modification” of LDL is
12/15-LO [97]. 12/15-LO inserts molecular oxygen into
polyenic fatty acids, producing H(P)ETE and H(P)ODE,
which are likely transposed across the cell membrane to
“seed” the extracellular LDL [98]. Deletion of 12/15-LO
reduces atherogenesis in ApoE-knockout mice [99]. This
study initiated a number of investigations on the pro-
atherogenic function of 12-LO and its products [100-103].
The human isoenzyme 15-LO type 1 (15-LO-1) appears to
be a human analog of murine 12/15-LO and is considered to
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Table 2. Eicosanoid Receptors [112, 113, 122, 185-188]
Eicosanoid Eicosanoid receptor
PGE; EP1, EP,, EP3, EP,
PGF,, FP
Cyclooxygenase-derived PGD, DP,, DP,
PGI, IP
TXA, TP
LTB, BLT,, BLT,
Lipoxygenase-derived
Cysteinyl LT’s CysLTy, CysLT,

contribute to the formation of oxidized lipids in
atherosclerotic lesions. Early observations demonstrated that
15-LO-1 is present in atherosclerotic lesions and colocalizes
with macrophages [104]. However, a recent report failed to
detect 15-LO-1 in human monocytes, FC, and advanced
atherosclerotic lesions, thus raising a question whether this
isoenzyme plays a significant role in human atherogenesis
[105]. Instead, these more recent data point to the importance
of another LO isozyme: 5-LO (Alox 5; EC 1.13.11.34).
Indeed, OxLDL stimulates LTC, synthesis, which is
mediated by 5-LO, in mouse peritoneal MF [89]. OxLDL
was found to increase production of 5-HETE in monocytic
cell lines, although it did not affect 5-LO mRNA in U937
cells [106]. By contrast, AcLDL, but not OxLDL, stimulates
12-HETE synthesis in mouse peritoneal macrophages [107].

The 5-LO gene maps to a mouse chromosome locus that
confers almost total resistance to atherogenesis. Even
heterozygous 5-LO*" mice showed a dramatic decrease in
aortic lesion development [73]. Enhanced expression of 5-
LO in FC was first observed by Spanbroek et al. [105].
Using a customized microarray technology, we confirmed
up-regulation of the 5-LO mRNA expression in a human
monocyte-derived macrophage model of FC formation by
50% (unpublished observation). Based upon these data, it
looks promising to use 5-LO inhibitors in the treatment and
prevention of atherosclerosis. In contrast to 12/15-L0O, 5-LO
action is not associated with LDL oxidation [108]. Current
concepts suggest that 5-LO cascade may generate pro-
inflammatory mediators during critical stages of athero-
genesis and that the 5-LO pathway may modulate the
adaptive immune response [105, 109]. The precise molecular
mechanisms by which 5-LO and its products promote
atherogenesis are still not completely understood.

5-LO is a rate-limiting enzyme in the synthesis of
leukotrienes and 5-hydroxyeicosatetraenoic acid (5-HETE)
[110]. Activation of monocytes and MF is associated with
enhanced production of a chemoattractant 5-LO product,
leukotriene B, (LTB,) [111]. Specific receptors for LTBy,
BLTR1 and BLTR2, are widely expressed on monocytes
[112, 113]. BLTR2 can also bind 12-H(P)ETE and 15-HETE
[114]. Consistent with the idea that products of 5-LO, includ-
ing leukotriene By, could be of importance in atherogenesis,
LTB, accumulates in human atherosclerotic plaques [115].
Observations on the role of the 5-LO products in athero-
genesis are summarized in [116]. Interestingly, leukotriene
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B, receptor antagonism reduced monocyte-derived foam cell
formation in mice [117]. LTB, is one of the most potent
chemoattractants produced in atherosclerotic lesions and
may be pro-atherogenic because of its ability to promote
chemotaxis and adhesion of leukocytes [117]. LTB,
antagonism had no significant effect on lesion size in MCP-
1"ApoE” mice, suggesting that MCP-1 and LTB, may
either interact or exert their effects by a common mechanism
[117]. MCP-1, a CC chemokine, is implicated in recruiting
monocytes in atherogenesis [118, 119].

In addition to LTB,, monocytes are able to synthesize
from AA another type of leukotrienes, peptide or cysteinyl
LT (LTC,4, LTDy, LTE,) [120, 121]. CysLT bind to specific
CysLT receptors [122]. There is some evidence that a CysLT
receptor may be involved in atherogenic processes: Allen et
al. observed enhanced CysLT-induced contractility in
vessels from atherosclerotic patients compared to normals
[123, 124]. The authors concluded that atherosclerosis might
be associated with expression of cysteinyl leukotriene
receptor(s) capable of inducing hyperreactivity of human
coronary arteries in response to peptide leukotrienes [124].

Of the two known receptors, CysLT1 and CysLT2 ([125]
and Table 2), MF predominantly express cysLTR1 [126].
Therapeutic antagonists of CysLT1 have been on the market
since 1995 (pranlukast) with approved indications in the
treatment of asthma [127]. Application of the receptor
antagonists of peptide leukotrienes (montelukast, zafirlukast,
pranlukast) as well of the inhibitors of BLTR may have
clinical potential in the treatment or prevention of
atherosclerosis.

A dual inhibitor of both 5-LOX and COX pathways,
licofelone, is currently in stage Il clinical trials for infla-
mmatory disorders including osteoarthritis [128, 129]. This
drug has been shown to possess analgesic, anti-inflamma-
tory, antipyretic, antibronchocostrictory and antiplatelet-
aggregating properties. Preliminary results of clinical studies
of licofelone in osteoarthritis indicate that the drug has a
comparable or slightly better efficacy than that of naproxen
but possesses much better gastrointestinal safety [129]. The
potential of this and similar drugs in the treatment of
atherosclerosis remains to be established. Both thromboxane
synthase activity and 5-lipoxygenase activity can be a target
of pharmaceutical intervention. Dual inhibitors of both these
activities such as CV6504 [130] may serve as a basis in the
development of next generation of drugs against athero-
sclerosis, although they are not currently developed for this
indication. In addition to the COX and LO pathway of AA
metabolism, generation of non-enzymatic products of arachi-
donate termed isoprostanes is increased in both humans with
atherosclerosis and in ApoE-knockout mice [131].

CHOLESTEROL EFFLUX PATHWAYS

Cholesterol efflux is as important for MF differentiation
to FC as cholesterol accumulation. Bidirectional cholesterol
efflux could occur via aqueous diffusion (inefficient path-
way) and via SR-BI, while unidirectional efflux is mediated
by ATP-binding cassette transporters (ABC), which
encompasses seven distinct subfamilies (from A to F) [132-
134]. Lipid efflux from MF or reverse cholesterol transport
directs cholesterol to the liver and is mainly mediated by
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high density lipoproteins (HDL). One of the originally
discovered transporters, ABCAL, is involved in cholesterol
and phospholipid transport in macrophages [135]. ABCAL
expression is highly regulated both at the transcriptional and
translational levels [135]. It is of interest that unsaturated
fatty acids force increased degradation of ABCAL [136].
Mutations in the ABCAL1 gene have been associated with
familial high-density lipoprotein deficiency and Tangier
disease characterized by low levels of HDL, lipid-poor
apolipoproteins and hypertriglyceridemia [137, 138].
ABCAL was considered as a new therapeutic target for
treating cardiovascular disease [139]. However, the activity
of ABCAL1 is thought to mediate cholesterol efflux to lipid-
poor apolipoproteins but not directly to HDL particles that
constitute the bulk of plasma HDL [140]. Other ABC
transporters, ABCG1 and ABCG4, as well as the scavenger
receptor SR-BI, mediate cholesterol efflux to HDL but not to
lipid-poor apolipoproteins [132, 140]. While ABCG4 mRNA
levels are relatively low in both murine and human macro-
phages, ABCGL is highly expressed in MF ([140] and our
unpublished data). Thus, these transporters could play
important roles in the protection against atherosclerosis and a
search of genetic disorders predisposed to atherosclerosis
may include a search for mutations in ABCG1 and ABCG4
genes and in other ABC transporters.

“METABOLIC RECEPTORS” AND THEIR ROLE IN
FC FORMATION

MF cholesterol ester accumulation and consequently, FC
formation, reflects a balance between SR-mediated choles-
terol uptake and cholesterol efflux [134]. Thus, if SR expres-
sion could be generally considered as a pro-atherogenic
factor, factors promoting lipid efflux from the lipid-loaded
cell could be considered as “anti-atherogenic”. A family of
nuclear receptors called “metabolic receptors” includes
peroxisome proliferator-activated receptors together with
liver X receptors (LXRs) and farnesol-activated receptor
[141]. All of them regulate gene expression in a hetero-
dimeric complex with another nuclear hormone receptor,
retinoic X receptor (RXR) [142-145]. Both PPARs and
LXRs stimulate ABC-mediated cholesterol efflux, although
they have many other effects.

PPAR Family of Nuclear Receptors

PPARs regulate the expression of various genes involved
in lipid and carbohydrate metabolism and are implicated in
metabolic disorders predisposing to atherosclerosis, such as
diabetes and dyslipidemia [146]. There are 3 PPAR subtypes
(a,gd) that are often co-expressed [147]. PPARa and
PPARg are detected in macrophage-rich areas of athero-
sclerotic lesions. PPARd is expressed in most tissues and has
a less defined function, but it also may be related to
atherogenesis because PPARd activators promote reverse
cholesterol transport [148]. PPARd may control the
inflammatory status of MF, because deletion of PPARd
from murine FC increased the availability of suppressors of
inflammation, which led to decreased lesion formation in the
LDL-R™ mice model of atherosclerosis [149].

PPARg activators can upregulate CD36 [46, 48] (likely
pro-atherogenic effect) and also induce the expression of
ABCAL, a transporter that controls apoAl-mediated choles-
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terol efflux from macrophages [143, 150, 151], as well as
ABCG1 [152] (both anti-atherogenic). PPARg ligands
therefore may both promote and prevent the development of
cardiovascular disease [153]. Probably, the net effect
depends upon which pathway prevails. Most modern reviews
estimate the net effect of PPAR activation as anti-athero-
genic, because it increases turnover of deleterious OXLDL,
stimulating both OxLDL uptake and reverse cholesterol
transport, thus both decreasing oxidized LDL and providing
cholesterol for HDL [8, 154].

PPARa ligands increase LOX-1 expression in vascular
endothelial cells [155]. PPARa deficiency reduces athero-
sclerosis in ApoE” mice [156]. However, fibrate drugs,
PPARa ligands, also reduce the process of atherosclerotic
lesion formation. In addition to its effect on reverse choles-
terol transport, this may be partly explained by repression of
MHC-II expression and subsequent inhibition of T-
lymphocyte activation, an effect shared by PPARg agonists
[146]. Some observations show that PPARa and PPARgdo
not influence AcLDL-induced FC formation of human
macrophages and may just activate ABCAZI-mediated
cholesterol efflux [151]. Aldehyde-containing phosphatidyl-
cholines, which are supposed to be crucial contributors to the
biological response of mmLDL [19], are also considered
putative ligands for PPARa [157] and promote the formation
of the proinflammatory chemokines IL-8 and MCP-1 by
endothelial cells [157].

Since the creation of the first class of PPARg agonists,
thiazolidinediones, novel classes of both full and partial
agonists with varying activities have been discovered [9].
This led to the hypothesis that one ligand can activate (or
deactivate) PPARg depending on the tissue in which PPARg
is expressed and new families of compounds were
designated “selective PPAR modulators” or SPPARMs [9,
158-160]. SPPARMSs might be new potential drugs in the
treatment of atherosclerosis.

However, possible beneficial effects of PPAR agonists
such as the thiazolidinedione family (rosiglitazone, pioglita-
zone, triglitazone), SPPARMSs or PPARa agonists (fibrates)
in the treatment of atherosclerosis need to be further verified.
PPARg ligands can induce expression of adipocyte lipid
binding protein (ALBP/aP2) [161]. ALBP/aP2 is a gene that
is highly upregulated in foam cells in response to oxLDL. It
can facilitate cholesterol ester accumulation and was shown
to be highly expressed in vivo in macrophage/foam cells of
human atherosclerotic plaques. Thus the clinical use of
insulin-sensitizers such as thiazolidinediones for the preven-
tion of atherosclerosis must await the outcome of clinical
trials designed to address this issue [161].

LXRs and FC Formation

The queston of whether liver X receptors are theraupeutic
targets in atherosclerosis is widely discussed in recent
publications [134, 141]. LXRs are nuclear receptors activa-
ted by oxysterols [134]. LXRs form obligate heterodimers
with the RXR and regulate the expression of target genes
containing LXR response elements [141]. The LXR signal-
ing pathway in MF is involved in both promotion of lipid
metabolism and cholesterol efflux and repression of inflam-
matory genes [134]. LXR targets include the cholesterol
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efflux transporters ABCA1, ABCG1, ABCG5 and ABCGS8
[134]. LXR also controls both fatty acid as well as
cholesterol metabolism and mediates the lipid-inducible
expression of ApoE in MF [162]. LXR activity in MF is a
strong determinant of susceptibility to atherosclerosis [134]:
deletion of LXR in MF led to a significant increase in
atherosclerotic lesion formation in both ApoE™ and LDL-R™"
mice [163].

Joseph and Tontonoz suggested that induced transcrip-
tion of LXR target genes may be a potential strategy to treat
atherosclerosis [141]. Treatment of lipid-loaded cells with
LXR ligand GW3965 led to a dose-dependent increase in
expression of the genes responsible for reverse cholesterol
transport [164]. It was noted that LXR-selective agonists
might be useful in modulation of cholesterol efflux, although
their lipogenic activity might be a significant limitation
[141]. Administration of another LXR agonist, T-0901317,
to LDL-R™ mice on a Western diet inhibited the formation of
atherosclerotic lesions and induced expression of ABCAL in
macrophages [165]. LXR agonists that specifically activate
LXR in macrophages, but not in the liver, or specific LXRb
agonists, with selective activity on cholesterol reverse
transport, but not on lipogenesis, might be useful [134, 166],
but no clinical data exist at this time.

INTERRELATIONSHIP BETWEEN EICOSANOIDS,
PPARS AND STIMULATION OF FC FORMATION
AND ATHEROGENESIS BY MODIFIED LDL

PUFA belonging to both the w-6 (linoleic acid, AA) and
w-3 family (eicosapentaenoic acid, docosahexaenoic acid)
may modulate expression of CD36. Despite some variability
in the results [167-169], the general conclusion is that
specific modulation of CD36 by PUFA may be involved in
the initiation and progression of atherogenesis [167].

Direct interaction of the lipoxygenase cascade, scavenger
receptors and the PPAR family of nuclear receptors has also
been demonstrated: 15-LO was shown to regulate PPARg
activity by providing activating ligands that ultimately lead
to the induction of expression of CD36 [46, 48, 170]. MF
uptake of OxLDL provides ligands for PPARg including 9-
HODE and 13-HODE [46, 171]. The mechanism by which
OXxLDL upregulates CD36 appears to involve activation of
PPARg[172] and PPARa [173]. PPARgis induced in human
monocytes following exposure to OXLDL and is expressed at
high levels in foam cells [48]. The ability to induce PPARg
expression was specific for OxLDL, because native or
AcLDL had no effect [48]. PPARg was shown to be a
positive modulator of another SR, SR-A [13]. It was also
suggested that OxLDL modulates the oxidative burst in
macrophages via activation of PPARg which could be
related to the progression of atherosclerosis [174].

Many fatty acids, such as palmitic, stearic, linoleic acid
as well eicosanoids (leukotriene B;, HETE) and OxLDL
derivatives (9-HODE, 13-HODE) are PPAR activators [175].
The cyclooxygenase-2 metabolite 15-deoxy-D[12, 14]-prost-
aglandin J, (15d-PGJ2) was identified as a natural ligand for
PPARg [176] and was found in the cytoplasm of FC in
human atherosclerotic plaques [177], although its PPARg
independent actions have been also described [178]. PPARg
expressed in macrophages has been postulated as a negative
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regulator of inflammation and a positive regulator of their
differentiation into foam cells. 15d-PGJ2 suppresses the
lipopolysaccharide-induced expression of COX-2 in macro-
phage-like differentiated U937 cells [179]. Expression of
COX-2 in macrophages was suggested to be regulated by a
negative feedback loop mediated through PPARg, which
makes possible a dynamic production of PG [179]. On the
other hand, Pontsler et al. demonstrated COX-2 induction by
selective PPARQg agonists, which include oxidatevely frag-
mented phospholipids in OxLDL [180]. Obviously, this
discrepancy could reflect differences in the specificity of the
PPARg agonists, but also suggests that this system is incom-
pletely understood. PPARa agonists such as PUFA and
prostaglandins could also promote COX-2 induction [181,
182].

OxLDL induces cPLA, activation, which contributes to
the supply of fatty acids required for the cholesteryl
esterification, probably through the acceleration by oxidized
lipids of the catalytic action of cPLA, in macrophages [183].
CcPLA,-a plays a role in PPAR-mediated gene transcription
in human hepatoma cells, and this effect is likely mediated
by AA and prostaglandin E, [147]. Thus it is assumed that
cPLA,-a may represent another therapeutic target for
treatment of atherosclerosis [147]. PUFA released by
phospholipase A, could activate LXRa transcription through
activation of PPARa [184]. Regulation of lipid metabolism
by naturally occuring PUFA through nuclear receptors may
shed a light on novel aspects of arising and persisting of
disorders such as atherosclerosis.

CONCLUSION

Taken together, scavenger receptors, peroxisome proli-
ferator-activated receptors and eicosanoids interact during
foam cell formation, and thus could all be targets for
therapeutic intervention. All these groups of molecules have
both pro- and anti-atherogenic effects. While some of their
effects in simple cellular systems like in vitro-generated
foam cells are relatively clear, surprising outcomes in gene-
targeted mice and during treatment with agonists and
antagonists have been confusing. Any effects on foam cell
formation should not be seen in isolation, but must be
evaluated in the context of pro- and anti-inflammatory
effects that represent independent risk factors for coronary
artery disease and stroke.
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ABBREVIATIONS

AA = Arachidonic acid
ABC = ATP-binding cassette transporter
acLDL = Acetylated LDL

ALBP/aP2

Adipocyte lipid binding protein
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ApoE = Apolipoprotein E

COX = Cyclooxygenase

DHETE = Dihydroxyeicosatetraenoic acid

EET = Epoxyeicosatetraenoic acid

FC = Foam cell

FCS = Fetal calf serum

HDL = High density lipoproteins

H(P)ETE = Hydro(pero)xyeicosatetraenoic acid

H(P)ODE = Hydro(pero)xyoctadecadienoic acid

LDL = Low density lipoproteins

LO = Lipoxygenase

LOX-1 = Lectin-like oxidized LDL receptor-1

LPS = Lipopolysacharide

LT = Leukotriene

LXR = Liver X receptor

mmLDL = Minimally modified LDL

MF = Macrophage

OxLDL = Oxidized LDL

PAI-1 = Plasminogen activator inhibitor-1

PG = Prostaglandin

PLA, = Phospholipase A,

PPAR = Peroxisome proliferator- activated receptor

PUFA = Polyunsaturated fatty acid

RXR = Retinoic X receptor

SPPARM = Selective PPAR modulator

SR-PSOX = Scavenger receptor for phosphatidylserine

and oxidized lipoprotein

TBARS = Thiobarbituric acid reactive substances

TLR4 = Toll-like receptor 4

TXA, = Thromboxane A,

15d-PGJ2 = 15-deoxy-D[12, 14]-prostaglandin J,

REFERENCES

[1] Lusis AJ. Atherosclerosis. Nature 2000; 407(6801): 233-41.

[2] Streblow DN, Orloff SL, Nelson JA. Do pathogens accelerate
atherosclerosis? J Nutr 2001; 131(10): 2798S-804S.

[3] Naghavi M, Libby P, Falk E, Casscells SW, Litovsky S,
Rumberger J, et al. From vulnerable plaque to vulnerable patient: a
call for new definitions and risk assessment strategies: Part II.
Circulation 2003; 108(15): 1772-8.

[4] Glass CK, Witztum JL. Atherosclerosis. the road ahead. Cell 2001;
104(4): 503-16.

[5] Takahashi K, Takeya M, Sakashita N. Multifunctional roles of
macrophages in the development and progression of atherosclerosis
in humans and experimental animals. Med Electron Microsc 2002;
35(4): 179-203.

[6] Brewer HB, Jr. The lipid-laden foam cell: an elusive target for
therapeutic intervention. J Clin Invest 2000; 105(6): 703-5.

[7] Kruth HS. Macrophage foam cells and atherosclerosis. Front Biosci

2001; 6: D429-55.

(8l
[

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Shashkin et al.

Osterud B, Bjorklid E. Role of monocytes in atherogenesis. Physiol
Rev 2003; 83(4): 1069-112.

Wang M, Tafuri S. Modulation of PPARgamma activity with
pharmaceutical agents: Treatment of insulin resistance and
atherosclerosis. J Cell Biochem 2003; 89(1): 38-47.

Marathe S, Kuriakose G, Williams KJ, Tabas I. Sphingomyelinase,
an enzyme implicated in atherogenesis, is present in atherosclerotic
lesions and binds to specific components of the subendothelial
extracellular matrix. Arterioscler Thromb Vasc Biol 1999; 19(11):
2648-58.

Goldstein JL, Ho YK, Basu SK, Brown MS. Binding site on
macrophages that mediates uptake and degradation of acetylated
low density lipoprotein, producing massive cholesterol deposition.
Proc Natl Acad Sci USA 1979; 76(1): 333-7.

Hiltunen TP, Yla-Herttuala S. Expression of lipoprotein receptors
in atherosclerotic lesions. Atherosclerosis 1998; 137 Suppl: S81-
S8.

de Villiers WJ, Smart EJ. Macrophage scavenger receptors and
foam cell formation. J Leukoc Biol 1999; 66(5): 740-6.

van Berkel TJ, Van Eck M, Herijgers N, Fluiter K, Nion S.
Scavenger receptor classes A and B. Their roles in atherogenesis
and the metabolism of modified LDL and HDL. Ann NY Acad Sci
2000; 902: 113-26.

Boullier A, Bird DA, Chang MK, Dennis EA, Friedman P,
Gillotre-Taylor K, et al. Scavenger receptors, oxidized LDL, and
atherosclerosis. Ann NY Acad Sci 2001; 947: 214-22.

Salvayre R, Auge N, Benoist H, Negre-Salvayre A. Oxidized low-
density lipoprotein-induced apoptosis. Biochim Biophys Acta
2002; 1585(2-3): 213-21.

Kunjathoor VV, Febbraio M, Podrez EA, Moore KJ, Andersson L,
Koehn S, et al. Scavenger receptors class A-I/Il and CD36 are the
principal receptors responsible for the uptake of modified low
density lipoprotein leading to lipid loading in macrophages. J Biol
Chem 2002; 277(51): 49982-8.

Kita T, Kume N, Minami M, Hayashida K, Murayama T, Sano H,
etal. Role of oxidized LDL in atherosclerosis. Ann NY Acad Sci
2001; 947: 199-205.

Itabe H, Mori M, Fujimoto Y, Higashi Y, Takano T. Minimally
modified LDL is an oxidized LDL enriched with oxidized
phosphatidylcholines. J Biochem (Tokyo) 2003; 134(3): 459-65.
Miller YI, Viriyakosol S, Binder CJ, Feramisco JR, Kirkland TN,
Witztum JL. Minimally modified LDL binds to CD14, induces
macrophage spreading via TLR4/MD-2, and inhibits phagocytosis
of apoptotic cells. J Biol Chem 2003; 278(3): 1561-8.

Napoli C, Quehenberger O, de Nigris F, Abete P, Glass CK,
Palinski W. Mildly oxidized low density lipoprotein activates
multiple apoptotic signaling pathways in human coronary cells.
FASEB J 2000; 14(13): 1996-2007.

Deigner HP, Claus R, Bonaterra GA, Gehrke C, Bibak N, Blaess
M, et al. Ceramide induces aSMase expression: implications for
oxLDL-induced apoptosis. FASEB J 2001; 15(3): 807-14.

Jostarndt K, Gellert N, Rubic T, Weber C, Kuhn H, Johansen B, et
al. Dissociation of apoptosis induction and CD36 upregulation by
enzymatically modified low-density lipoprotein in monocytic cells.
Biochem Biophys Res Commun 2002; 290(3): 988-93.

Miller Y1, Chang MK, Binder CJ, Shaw PX, Witztum JL. Oxidized
low density lipoprotein and innate immune receptors. Curr Opin
Lipidol 2003; 14(5): 437-45.

Draude G, von Hundelshausen P, Frankenberger M, Ziegler-
Heitbrock HW, Weber C. Distinct scavenger receptor expression
and function in the human CD14(+)/CD16(+) monocyte subset.
Am J Physiol 1999; 276(4 Pt 2): H1144-H9.

Geissmann F, Jung S, Littman DR. Blood monocytes consist of two
principal subsets with distinct migratory properties. Immunity
2003; 19(1): 71-82.

Castrillo A, Joseph SB, Vaidya SA, Haberland M, Fogelman AM,
Cheng G, et al. Crosstalk between LXR and toll-like receptor
signaling mediates bacterial and viral antagonism of cholesterol
metabolism. Mol Cell 2003; 12(4): 805-16.

Kiechl S, Lorenz E, Reindl M, Wiedermann CJ, Oberhollenzer F,
Bonora E, et al. Toll-like receptor 4 polymorphisms and
atherogenesis. N Engl J Med 2002; 347(3): 185-92.

Kiechl S, Wiedermann CJ, Willeit J. Toll-like receptor 4 and
atherogenesis. Ann Med 2003; 35(3): 164-71.

Michelsen KS. Genetic ablation of MyD88, an adaptor molecule
involved in TLR-signaling and innate immunity, reduces



Macrophage Differentiation to Foam Cells

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

atherosclerosis and alters plaque phenotype in Apo E null mice
without changing circulating cholesterol levels. Circulation 2003;
108(17): IV-162.

Shi W, Wang NJ, Shih DM, Sun VZ, Wang X, Lusis AJ.
Determinants of atherosclerosis susceptibility in the C3H and
C57BL/6 mouse model: evidence for involvement of endothelial
cells but not blood cells or cholesterol metabolism. Circulation Res
2000; 86(10): 1078-84.

Shi W, Wang X, Tangchitpiyanond K, Wong J, Shi Y, Lusis AJ.
Atherosclerosis in C3H/HeJ mice reconstituted with apolipoprotein
E-null bone marrow. Arterioscler Thromb Vasc Biol 2002; 22(4):
650-5.

Hou L, Sasaki H, Stashenko P. Toll-like receptor 4-deficient mice
have reduced bone destruction following mixed anaerobic
infection. Infection and Immunity 2000; 68(8): 4681-7.

Matloubian M, David A, Engel S, Ryan JE, Cyster JG. A
transmembrane CXC chemokine is a ligand for HIV-coreceptor
Bonzo. Nat Immunol 2000; 1(4): 298-304.

Minami M, Kume N, Shimaoka T, Kataoka H, Hayashida K,
Akiyama Y, et al. Expression of SR-PSOX, a novel cell-surface
scavenger receptor for phosphatidylserine and oxidized LDL in
human atherosclerotic lesions. Arterioscler Thromb Vasc Biol
2001; 21(11): 1796-800.

Kataoka H, Kume N, Miyamoto S, Minami M, Moriwaki H,
Murase T, et al. Expression of lectinlike oxidized low-density
lipoprotein receptor-1 in human atherosclerotic lesions. Circulation
1999; 99(24): 3110-7.

Sugano R, Yamamura T, Harada-Shiba M, Miyake Y, Yamamoto
A. Uptake of oxidized low-density lipoprotein in a THP-1 cell line
lacking scavenger receptor A. Atherosclerosis 2001; 158(2): 351-7.
Tsukamoto K, Kinoshita M, Kojima K, Mikuni Y, Kudo M, Mori
M, et al. Synergically increased expression of CD36, CLA-1 and
CD68, but not of SR-A and LOX-1, with the progression to foam
cells from macrophages. J Atheroscler Thromb 2002; 9(1): 57-64.
Stein O, Thiery J, Stein Y. Is there a genetic basis for resistance to
atherosclerosis? Atherosclerosis 2002; 160(1): 1-10.

Schumann RR, Rietschel ET, Loppnow H. The role of CD14 and
lipopolysaccharide-binding protein (LBP) in the activation of
different cell types by endotoxin. Med Microbiol Immunol (Berl)
1994; 183(6): 279-97.

Hubacek JA, Rothe G, Pit'ha J, Skodova Z, Stanek V, Poledne R, et
al. C(-260)-->T polymorphism in the promoter of the CD14
monocyte receptor gene as a risk factor for myocardial infarction.
Circulation 1999; 99(25): 3218-20.

Unkelbach K, Gardemann A, Kostrzewa M, Philipp M, Tillmanns
H, Haberbosch W. A new promoter polymorphism in the gene of
lipopolysaccharide receptor CD14 is associated with expired
myocardial infarction in patients with low atherosclerotic risk
profile. Arterioscler Thromb Vasc Biol 1999; 19(4): 932-8.

Ito D, Murata M, Tanahashi N, Sato H, Sonoda A, Saito I, et al.
Polymorphism in the promoter of lipopolysaccharide receptor
CD14 and ischemic cerebrovascular disease. Stroke 2000; 31(11):
2661-4.

Shimada K, Watanabe Y, Mokuno H, Iwama Y, Daida H,
Yamaguchi H. Common polymorphism in the promoter of the
CD14 monocyte receptor gene is associated with acute myocardial
infarction in Japanese men. Am J Cardiol 2000; 86(6): 682-4, A8.
Febbraio M, Podrez EA, Smith JD, Hajjar DP, Hazen SL, Hoff HF,
et al. Targeted disruption of the class B scavenger receptor CD36
protects against atherosclerotic lesion development in mice. J Clin
Invest 2000; 105(8): 1049-56.

Nagy L, Tontonoz P, Alvarez JG, Chen H, Evans RM. Oxidized
LDL regulates macrophage gene expression through ligand
activation of PPARgamma. Cell 1998; 93(2): 229-40.

Han J, Nicholson AC, Zhou X, Feng J, Gotto AM, Jr., Hajjar DP.
Oxidized low density lipoprotein decreases macrophage expression
of scavenger receptor B-1. J Biol Chem 2001; 276(19): 16567-72.
Tontonoz P, Nagy L, Alvarez JG, Thomazy VA, Evans RM.
PPARgamma promotes monocyte/macrophage differentiation and
uptake of oxidized LDL. Cell 1998; 93(2): 241-52.

Melian A, Geng YJ, Sukhova GK, Libby P, Porcelli SA. CD1
expression in human atherosclerosis. A potential mechanism for T
cell activation by foam cells. Am J Pathol 1999; 155(3): 775-86.
van den Eijnden MM, van Noort JT, Hollaar L, van der LA, Bertina
RM. Cholesterol or triglyceride loading of human monocyte-
derived macrophages by incubation with modified lipoproteins

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Current Pharmaceutical Design, 2005, Vol. 11, No. 23 3069

does not induce tissue factor expression. Arterioscler Thromb Vasc
Biol 1999; 19(2): 384-92.

Mori M, Itabe H, Higashi Y, Fujimoto Y, Shiomi M, Yoshizumi M,
et al. Foam cell formation containing lipid droplets enriched with
free cholesterol by hyperlipidemic serum. J Lipid Res 2001;
42(11): 1771-81.

Sasaki T, Horiuchi S, Yamazaki M, Yui S. The effects of
interleukin (IL)-4 and 1L-10 on macrophage growth-stimulating
activities of oxidized low density lipoprotein (LDL), acetylated
LDL and macrophage colony-stimulating factor: the activity of
oxidized LDL is refractory to the inhibitory cytokines. Biol Pharm
Bull 1999; 22(9): 1002-6.

Chisolm GM, Ill, Chai Y. Regulation of cell growth by oxidized
LDL. Free Radic Biol Med 2000; 28(12): 1697-707.

Ardans JA, Economou AP, Martinson JM, Jr., Zhou M, Wahl LM.
Oxidized low-density and high-density lipoproteins regulate the
production of matrix metalloproteinase-1 and -9 by activated
monocytes. J Leuk Biol 2002; 71(6): 1012-8.

Subbanagounder G, Wong JW, Lee H, Faull KF, Miller E, Witztum
JL, et al. Epoxyisoprostane and epoxycyclopentenone phospho-
lipids regulate monocyte chemotactic protein-1 and interleukin-8
synthesis. Formation of these oxidized phospholipids in response to
interleukin-1beta. J Biol Chem 2002; 277(9): 7271-81.

Heinecke JW. Mechanisms of oxidative damage of low density
lipoprotein in human atherosclerosis. Curr Opin Lipidol 1997; 8(5):
268-74.

Davies SS, Pontsler AV, Marathe GK, Harrison KA, Murphy RC,
Hinshaw JC, et al. Oxidized alkyl phospholipids are specific, high
affinity peroxisome proliferator-activated receptor gamma ligands
and agonists. J Biol Chem 2001; 276(19): 16015-23.

Nosjean O, Boutin JA. Natural ligands of PPARgamma: are
prostaglandin J(2) derivatives really playing the part? Cell Signal
2002; 14(7): 573-83.

Kruth HS, Huang W, Ishii I, Zhang WY. Macrophage foam cell
formation with native low density lipoprotein. J Biol Chem 2002;
277(37): 34573-80.

Kruth HS. Sequestration of aggregated low-density lipoproteins by
macrophages. Curr Opin Lipidol 2002; 13(5): 483-8.

Haberland ME, Mottino G, Le M, Frank JS. Sequestration of
aggregated LDL by macrophages studied with freeze-etch electron
microscopy. J Lipid Res 2001; 42(4): 605-19.

Shireman PK, McCarthy WJ, Pearce WH, Patterson BK, Shively
VP, Cipollone M, et al. Elevated levels of plasminogen-activator
inhibitor type 1 in atherosclerotic aorta. J Vasc Surg 1996; 23(5):
810-7.

Schneiderman J, Sawdey MS, Keeton MR, Bordin GM, Bernstein
EF, Dilley RB, et al. Increased type 1 plasminogen activator
inhibitor gene expression in atherosclerotic human arteries. Proc
Natl Acad Sci USA 1992; 89(15): 6998-7002.

Schafer K, Muller K, Hecke A, Mounier E, Goebel J, Loskutoff DJ,
et al. Enhanced thrombosis in atherosclerosis-prone mice is
associated with increased arterial expression of plasminogen
activator Inhibitor-1. Arterioscler Thromb Vasc Biol 2003; 23(11):
2097-103.

Stefansson S, McMahon GA, Petitclerc E, Lawrence DA.
Plasminogen activator inhibitor-1 in tumor growth, angiogenesis
and vascular remodeling. Curr Pharm Des 2003; 9(19): 1545-64.
Samuelsson B. An elucidation of the arachidonic acid cascade.
Discovery of prostaglandins, thromboxane and leukotrienes. Drugs
1987; 33 Suppl 1: 2-9.

Hurt-Camejo E, Camejo G, Peilot H, Oorni K, Kovanen P.
Phospholipase A(2) in vascular disease. Circulation Res 2001,
89(4): 298-304.

Kovanen PT, Pentikainen MO. Secretory group Il phospholipase
A(2) : a newly recognized acute-phase reactant with a role in
atherogenesis. Circulation Res 2000; 86(6): 610-2.

Li Q, Cathcart MK. Selective inhibition of cytosolic phospholipase
A2 in activated human monocytes. Regulation of superoxide anion
production and low density lipoprotein oxidation. J Biol Chem
1997; 272(4): 2404-11.

Panini SR, Yang L, Rusinol AE, Sinensky MS, Bonventre JV,
Leslie CC. Arachidonate metabolism and the signaling pathway of
induction of apoptosis by oxidized LDL/oxysterol. J Lipid Res
2001; 42(10): 1678-86.



3070 Current Pharmaceutical Design, 2005, Vol. 11, No. 23

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Gilroy DW, Newson J, Sawmynaden P, Willoughby DA, Croxtall
JD. A novel role for phospholipase A2 isoforms in the checkpoint
control of acute inflammation. FASEB J 2004; 18(3): 489-98.
Murakami M, Kudo I. New phospholipase A2 isozymes with a
potential role in atherosclerosis. Curr Opin Lipidol 2003; 14(5):
431-6.

Mehrabian M, Allayee H, Wong J, Shih W, Wang XP, Shaposhnik
Z, et al. ldentification of 5-lipoxygenase as a major gene
contributing to atherosclerosis susceptibility in mice. Circulation
Res 2002; 91(2): 120-6.

Navab M, Hama SY, Ready ST, Ng CJ, Van Lenten BJ, Laks H, et
al. Oxidized lipids as mediators of coronary heart disease. Curr
Opin Lipidol 2002; 13(4): 363-72.

Fleming I. Cytochrome p450 and vascular homeostasis. Circulation
Res 2001; 89(9): 753-62.

Fitzgerald GA, Austin S, Egan K, Cheng Y, Pratico D. Cyclo-
oxygenase products and atherothrombosis. Ann Med 2000; 32
Suppl 1:21-6.: 21-6.

Marshall LA, Bolognese B, Roshak A. Respective roles of the 14
kDa and 85 kDa phospholipase A2 enzymes in human monocyte
eicosanoid formation. Adv Exp Med Biol 1999; 469:215-9.: 215-9.
Burleigh ME, Babaev VR, Oates JA, Harris RC, Gautam S,
Riendeau D, et al. Cyclooxygenase-2 promotes early
atherosclerotic lesion formation in LDL receptor-deficient mice.
Circulation 2002; 105(15): 1816-23.

Schwartz L, Bourassa MG, Lesperance J, Aldridge HE, Kazim F,
Salvatori VA, et al. Aspirin and dipyridamole in the prevention of
restenosis after percutaneous transluminal coronary angioplasty. N
Engl J Med 1988; 318(26): 1714-9.

Savage MP, Goldberg S, Bove AA, Deutsch E, Vetrovec G,
Macdonald RG, et al. Effect of thromboxane A2 blockade on
clinical outcome and restenosis after successful coronary
angioplasty. Multi-Hospital Eastern Atlantic Restenosis Trial (M-
HEART II). Circulation 1995; 92(11): 3194-200.

Paul A, Calleja L, Camps J, Osada J, Vilella E, Ferre N, et al. The
continuous administration of aspirin attenuates atherosclerosis in
apolipoprotein E-deficient mice. Life Sci 2000; 68(4): 457-65.
Cyrus T, Sung S, Zhao L, Funk CD, Tang S, Pratico D. Effect of
low-dose aspirin on vascular inflammation, plaque stability, and
atherogenesis in low-density lipoprotein receptor-deficient mice.
Circulation 2002; 106(10): 1282-7.

Collins R, Baigent C, Sandercock P, Peto R. Antiplatelet therapy
for thromboprophylaxis: the need for careful consideration of the
evidence from randomised trials. Antiplatelet  Trialists'
Collaboration. BMJ 1994; 309(6963): 1215-7.

Linton MF, Fazio S. Cyclooxygenase-2 and atherosclerosis. Curr
Opin Lipidol 2002; 13(5): 497-504.

Cayatte AJ, Du Y, Oliver-Krasinski J, Lavielle G, Verbeuren TJ,
Cohen RA. The thromboxane receptor antagonist S18886 but not
aspirin inhibits atherogenesis in apo E-deficient mice: evidence that
eicosanoids other than thromboxane contribute to atherosclerosis.
Arterioscler Thromb Vasc Biol 2000; 20(7): 1724-8.

Baker CS, Hall RJ, Evans TJ, Pomerance A, Maclouf J, Creminon
C, et al. Cyclooxygenase-2 is widely expressed in atherosclerotic
lesions affecting native and transplanted human coronary arteries
and colocalizes with inducible nitric oxide synthase and
nitrotyrosine particularly in macrophages. Arterioscler Thromb
Vasc Biol 1999; 19(3): 646-55.

Koki A, Khan NK, Woerner BM, Dannenberg AlJ, Olson L, Seibert
K, et al. Cyclooxygenase-2 in human pathological disease. Adv
Exp Med Biol 2002; 507:177-84.: 177-84.

Konstam MA, Weir MR, Reicin A, Shapiro D, Sperling RS, Barr
E, et al. Cardiovascular thrombotic events in controlled, clinical
trials of rofecoxib. Circulation 2001; 104(19): 2280-8.

Konstam MA, Weir MR. Current perspective on the cardiovascular
effects of coxibs. Cleve Clin J Med 2002; 69 Suppl 1: SI147-52.
Silverstein FE, Faich G, Goldstein JL, Simon LS, Pincus T,
Whelton A, et al. Gastrointestinal toxicity with celecoxib vs
nonsteroidal anti-inflammatory drugs for osteoarthritis and
rheumatoid arthritis: the CLASS study: A randomized controlled
trial. Celecoxib Long-term Arthritis Safety Study. JAMA 2000;
284(10): 1247-55.

Altman R, Luciardi HL, Muntaner J, Del Rio F, Berman SG, Lopez
R, et al. Efficacy assessment of meloxicam, a preferential
cyclooxygenase-2 inhibitor, in acute coronary syndromes without
ST-segment elevation: the Nonsteroidal Anti-Inflammatory Drugs

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

Shashkin et al.

in Unstable Angina Treatment-2 (NUT-2) pilot study. Circulation
2002; 106(2): 191-5.

Kreuzer J, Denger S, Jahn L, Bader J, Ritter K, von Hodenberg E,
et al. LDL stimulates chemotaxis of human monocytes through a
cyclooxygenase-dependent pathway. Arterioscler Thromb Vasc
Biol 1996; 16(12): 1481-7.

Yokode M, Kita T, Kikawa Y, Ogorochi T, Narumiya S, Kawai C.
Stimulated  arachidonate  metabolism  during foam  cell
transformation of mouse peritoneal macrophages with oxidized low
density lipoprotein. J Clin Invest 1988; 81(3): 720-9.

Eligini S, Colli S, Basso F, Sironi L, Tremoli E. Oxidized low
density  lipoprotein  suppresses  expression of inducible
cyclooxygenase in human macrophages. Arterioscler Thromb Vasc
Biol 1999; 19(7): 1719-25.

Arai H, Nagano Y, Narumiya S, Kita T. Decreased arachidonate
metabolism in mouse peritoneal macrophages after foam cell
transformation with oxidized low-density lipoproteins. J Biochem
(Tokyo) 1992; 112(4): 482-7.

Funk CD, Chen XS, Johnson EN, Zhao L. Lipoxygenase genes and
their targeted disruption. Prostaglandins Other Lipid Mediat 2002;
68-69: 303-12.

Sakashita T, Takahashi Y, Kinoshita T, Yoshimoto T. Essential
involvement of 12-lipoxygenase in regiospecific andstereospecific
oxidation of low density lipoprotein by macrophages. Eur J
Biochem 1999; 265(2): 825-31.

Parthasarathy S, Wieland E, Steinberg D. A role for endothelial cell
lipoxygenase in the oxidative modification of low density
lipoprotein. Proc Natl Acad Sci USA 1989; 86(3): 1046-50.

Cyrus T, Witztum JL, Rader DJ, Tangirala R, Fazio S, Linton MF,
et al. Disruption of the 12/15-lipoxygenase gene diminishes
atherosclerosis in apo E-deficient mice. J Clin Invest 1999;
103(11): 1597-604.

Gu J, Liu Y, Wen Y, Natarajan R, Lanting L, Nadler JL. Evidence
that increased 12-lipoxygenase activity induces apoptosis in
fibroblasts. J Cell Physiol 2001; 186(3): 357-65.

Natarajan R, Gerrity RG, Gu JL, Lanting L, Thomas L, Nadler JL.
Role of 12-lipoxygenase and oxidant stress in hyperglycaemia-
induced acceleration of atherosclerosis in a diabetic pig model.
Diabetologia 2002; 45(1): 125-33.

Xu W, Takahashi Y, Sakashita T, lwasaki T, Hattori H, Yoshimoto
T. Low density lipoprotein receptor-related protein is required for
macrophage-mediated oxidation of low density lipoprotein by
12/15-lipoxygenase. J Biol Chem 2001; 276(39): 36454-9.
Yoshimoto T, Takahashi Y. Arachidonate 12-lipoxygenases.
Prostaglandins Other Lipid Mediat 2002; 68-69: 245-62.

Funk CD, Cyrus T. 12/15-lipoxygenase, oxidative modification of
LDL and atherogenesis. Trends Cardiovasc Med 2001; 11(3-4):
116-24.

Spanbroek R, Grabner R, Lotzer K, Hildner M, Urbach A, Ruhling
K, et al. Expanding expression of the 5-lipoxygenase pathway
within the arterial wall during human atherogenesis. Proc Natl
Acad Sci USA 2003; 100(3): 1238-43.

Fair A, Pritchard KA, Jr. Oxidized low density lipoprotein
increases U937 cell 5-lipoxygenase activity: induction of 5-
lipoxygenase activating protein. Biochem Biophys Res Commun
1994; 201(2): 1014-20.

Mathur SN, Albright E, Field FJ. Regulation of 12-hydroxy-
eicosatetraenoic acid synthesis by acetyl-LDL in mouse peritoneal
macrophages. Biochim Biophys Acta 1989; 1001(1): 50-9.

Folcik VA, Cathcart MK. Assessment of 5-lipoxygenase involve-
ment in human monocyte-mediated LDL oxidation. J Lipid Res
1993; 34(1): 69-79.

Spanbroek R, Hildner M, Kohler A, Muller A, Zintl F, Kuhn H, et
al. IL-4 determines eicosanoid formation in dendritic cells by
down-regulation of 5-lipoxygenase and up-regulation of 15-
lipoxygenase 1 expression. Proc Natl Acad Sci USA 2001; 98(9):
5152-7.

Samuelsson B, Dahlen SE, Lindgren JA, Rouzer CA, Serhan CN.
Leukotrienes and lipoxins: structures, biosynthesis, and biological
effects. Science 1987; 237(4819): 1171-6.

Gemsa D, Leser HG, Seitz M, Deimann W, Barlin E. Membrane
perturbation and stimulation of arachidonic acid metabolism. Mol
Immunol 1982; 19(10): 1287-96.

Yokomizo T, Izumi T, Chang K, Takuwa Y, Shimizu T. A G-
protein-coupled receptor for leukotriene B4 that mediates
chemotaxis. Nature 1997; 387(6633): 620-4.



Macrophage Differentiation to Foam Cells

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

Yokomizo T, Kato K, Terawaki K, lzumi T, Shimizu T. A second
leukotriene B(4) receptor, BLT2. A new therapeutic target in
inflammation and immunological disorders. J Exp Med 2000;
192(3): 421-32.

Yokomizo T, Kato K, Hagiya H, lzumi T, Shimizu T.
Hydroxyeicosanoids bind to and activate the low affinity
leukotriene B4 receptor, BLT2. J Biol Chem 2001; 276(15): 12454-
9.

De Caterina R, Mazzone A, Giannessi D, Sicari R, Pelosi W,
Lazzerini G, et al. Leukotriene B4 production in human
atherosclerotic plaques. Biomed Biochim Acta 1988; 47(10-11):
$182-S5.

Rosenfeld ME. Leukocyte recruitment into developing
atherosclerotic lesions: the complex interaction between multiple
molecules keeps getting more complex. Arterioscler Thromb Vasc
Biol 2002; 22(3): 361-3.

Aiello RJ, Bourassa PA, Lindsey S, Weng W, Freeman A, Showell
HJ. Leukotriene B4 receptor antagonism reduces monocytic foam
cells in mice. Arterioscler Thromb Vasc Biol 2002; 22(3): 443-9.
Yla-Herttuala S, Lipton BA, Rosenfeld ME, Sarkioja T, Yoshimura
T, Leonard EJ, et al. Expression of monocyte chemoattractant
protein 1 in macrophage-rich areas of human and rabbit
atherosclerotic lesions. Proc Natl Acad Sci USA 1991; 88(12):
5252-6.

Nelken NA, Coughlin SR, Gordon D, Wilcox JN. Monocyte
chemoattractant protein-1 in human atheromatous plaques. J Clin
Invest 1991; 88(4): 1121-7.

Murphy RC, Hammarstrom S, Samuelsson B. Leukotriene C: a
slow-reacting substance from murine mastocytoma cells. Proc Natl
Acad Sci USA 1979; 76(9): 4275-9.
Samuelsson  B.  Leukotrienes:
hypersensitivity reactions and
220(4597): 568-75.

Lynch KR, O'Neill GP, Liu Q, Im DS, Sawyer N, Metters KM, et
al. Characterization of the human cysteinyl leukotriene CysLT1
receptor. Nature 1999; 399(6738): 789-93.

Allen SP, Dashwood MR, Chester AH, Tadjkarimi S, Collins M,
Piper PJ, et al. Influence of atherosclerosis on the vascular
reactivity of isolated human epicardial coronary arteries to
leukotriene C4. Cardioscience 1993; 4(1): 47-54.

Allen S, Dashwood M, Morrison K, Yacoub M. Differential
leukotriene constrictor responses in human atherosclerotic coronary
arteries. Circulation 1998; 97(24): 2406-13.

Izumi T, Yokomizo T, Obinata H, Ogasawara H, Shimizu T.
Leukotriene receptors: classification, gene expression, and signal
transduction. J Biochem (Tokyo) 2002; 132(1): 1-6.

Lotzer K, Spanbroek R, Hildner M, Urbach A, Heller R,
Bretschneider E, et al. Differential leukotriene receptor expression
and calcium responses in endothelial cells and macrophages
indicate 5-lipoxygenase-dependent circuits of inflammation and
atherogenesis. Arterioscler Thromb Vasc Biol 2003; 23(8): E32-
E6.

Brink C, Dahlen SE, Drazen J, Evans JF, Hay DW, Nicosia S, et al.
International Union of Pharmacology XXXVII. Nomenclature for
leukotriene and lipoxin receptors. Pharmacol Rev 2003; 55(1): 195-
227.

Ding C, Cicuttini F. Licofelone (Merckle). IDrugs 2003; 6(8): 802-
8.

Celotti F, Durand T. The metabolic effects of inhibitors of 5-
lipoxygenase and of cyclooxygenase 1 and 2 are an advancement in
the efficacy and safety of anti-inflammatory therapy.
Prostaglandins Other Lipid Mediat 2003; 71(3-4): 147-62.

Ferry DR, Deakin M, Baddeley J, Daryanani S, Bramhall S,
Anderson DA, et al. A phase Il study of the 5-lipoxygenase
inhibitor, CV6504, in advanced pancreatic cancer: correlation of
clinical data with pharmacokinetic and pharmacodynamic
endpoints. Ann Oncol 2000; 11(9): 1165-70.

Pratico D, Cheng Y, Fitzgerald GA. TP or not TP: primary
mediators in a close runoff? Arterioscler Thromb Vasc Biol 2000;
20(7): 1695-8.

Ji Y, Jian B, Wang N, Sun Y, Moya ML, Phillips MC, et al.
Scavenger receptor Bl promotes high density lipoprotein-mediated
cellular cholesterol efflux. J Biol Chem 1997; 272(34): 20982-5.
Yancey PG, Bortnick AE, Kellner-Weibel G, de la Llera-Moya M,
Phillips MC, Rothblat GH. Importance of different pathways of

mediators of immediate
inflammation. Science 1983;

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

Current Pharmaceutical Design, 2005, Vol. 11, No. 23 3071

cellular cholesterol efflux. Arterioscler Thromb Vasc Biol 2003;
23(5): 712-9.

Tontonoz P, Mangelsdorf DJ. Liver X receptor signaling pathways
in cardiovascular disease. Mol Endocrinol 2003; 17(6): 985-93.
Wang N, Tall AR. Regulation and mechanisms of ATP-binding
cassette transporter Al-mediated cellular cholesterol efflux.
Arterioscler Thromb Vasc Biol 2003; 23(7): 1178-84.

Wang Y, Oram JF. Unsaturated fatty acids inhibit cholesterol
efflux from macrophages by increasing degradation of ATP-
binding cassette transporter Al. J Biol Chem 2002; 277(7): 5692-7.
Brooks-Wilson A, Marcil M, Clee SM, Zhang LH, Roomp K, van
Dam M, et al. Mutations in ABC1 in Tangier disease and familial
high-density lipoprotein deficiency. Nat Genet 1999; 22(4): 336-
45.

Tall AR, Wang N. Tangier disease as a test of the reverse
cholesterol transport hypothesis. J Clin Invest 2000; 106(10): 1205-
7.

Oram JF. ABCA1 as a New Therapeutic Target for Treating
Cardiovascular Disease. Drug News Perspect 2002; 15(1): 24-8.
Wang N, Lan D, Chen W, Matsuura F, Tall AR. ATP-binding
cassette transporters G1 and G4 mediate cellular cholesterol efflux
to high-density lipoproteins. Proc Natl Acad Sci USA 2004;
101(26): 9774-9.

Joseph SB, Tontonoz P. LXRs: new therapeutic targets in
atherosclerosis? Curr Opin Pharmacol 2003; 3(2): 192-7.

Fitzgerald ML, Moore KJ, Freeman MW. Nuclear hormone
receptors and cholesterol trafficking: the orphans find a new home.
J Mol Med 2002; 80(5): 271-81.

Chawla A, Boisvert WA, Lee CH, Laffitte BA, Barak Y, Joseph
SB, etal. A PPAR gamma-LXR-ABCAL1 pathway in macrophages
is involved in cholesterol efflux and atherogenesis. Mol Cell 2001;
7(1): 161-71.

Fruchart JC, Staels B, Duriez P. PPARS, metabolic disease and
atherosclerosis. Pharmacol Res 2001; 44(5): 345-52.

Redinger RN. The coming of age of our understanding of the
enterohepatic circulation of bile salts. Am J Surg 2003; 185(2):
168-72.

Kwak BR, Myit S, Mulhaupt F, Veillard N, Rufer N, Roosnek E, et
al. PPARgamma but not PPARalpha ligands are potent repressors
of major histocompatibility complex class Il induction in atheroma-
associated cells. Circulation Res 2002; 90(3): 356-62.

Han C, Demetris AJ, Michalopoulos G, Shelhamer JH, Wu T. 85-
kDa cPLA(2) plays a critical role in PPAR-mediated gene
transcription in human hepatoma cells. Am J Physiol 2002; 282(4):
G586-G97.

Oliver WR, Jr., Shenk JL, Snaith MR, Russell CS, Plunket KD,
Bodkin NL, et al. A selective peroxisome proliferator-activated
receptor delta agonist promotes reverse cholesterol transport. Proc
Natl Acad Sci USA 2001; 98(9): 5306-11.

Lee CH, Chawla A, Urbiztondo N, Liao D, Boisvert WA, Evans
RM. Transcriptional repression of atherogenic inflammation:
modulation by PPARdelta. Science 2003; 302(5644): 453-7.

Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK. The
peroxisome proliferator-activated receptor-gamma is a negative
regulator of macrophage activation. Nature 1998; 391(6662): 79-
82.

Chinetti G, Lestavel S, Bocher V, Remaley AT, Neve B, Torra IP,
et al. PPAR-alpha and PPAR-gamma activators induce cholesterol
removal from human macrophage foam cells through stimulation of
the ABCA1 pathway. Nat Med 2001; 7(1): 53-8.

Akiyama TE, Sakai S, Lambert G, Nicol CJ, Matsusue K, Pimprale
S, et al. Conditional disruption of the peroxisome proliferator-
activated receptor gamma gene in mice results in lowered
expression of ABCAL, ABCG1, and apoE in macrophages and
reduced cholesterol efflux. Mol Cell Biol 2002; 22(8): 2607-19.
Takano H, Komuro I. Roles of peroxisome proliferator-activated
receptor gamma in cardiovascular disease. J Diabetes
Complications 2002; 16(1): 108-14.

Klappacher GW, Glass CK. Roles of peroxisome proliferator-
activated receptor gamma in lipid homeostasis and inflammatory
responses of macrophages. Curr Opin Lipidol 2002; 13(3): 305-12.
Hayashida K, Kume N, Minami M, Kataoka H, Morimoto M, Kita
T. Peroxisome proliferator-activated receptor a ligands increase
lectin-like oxidized low density lipoprotein receptor-1 expression
in vascular endothelial cells. Ann NY Acad Sci 2001; 947: 370-2.



3072

[156]

[157]

[158]

[159]
[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

Current Pharmaceutical Design, 2005, Vol. 11, No. 23

Tordjman K, Bernal-Mizrachi C, Zemany L, Weng S, Feng C,
Zhang F, et al. PPARalpha deficiency reduces insulin resistance
and atherosclerosis in apoE-null mice. J Clin Invest 2001; 107(8):
1025-34.

Lee H, Shi W, Tontonoz P, Wang S, Subbanagounder G, Hedrick
CC, et al. Role for peroxisome proliferator-activated receptor alpha
in oxidized phospholipid-induced synthesis of monocyte
chemotactic protein-1 and interleukin-8 by endothelial cells.
Circulation Res 2000; 87(6): 516-21.

Miles PD, Barak Y, He W, Evans RM, Olefsky JM. Improved
insulin-sensitivity in mice heterozygous for PPAR-gamma
deficiency. J Clin Invest 2000; 105(3): 287-92.

Olefsky JM, Saltiel AR. PPAR gamma and the treatment of insulin
resistance. Trends Endocrinol Metab 2000; 11(9): 362-8.

Rangwala SM, Lazar MA. The dawn of the SPPARMSs? Sci STKE
2002; 2002(121): E9.

Fu Y, Luo N, Lopes-Virella MF, Garvey WT. The adipocyte lipid
binding protein (ALBP/aP2) gene facilitates foam cell formation in
human THP-1 macrophages. Atherosclerosis 2002; 165(2): 259-69.
Cullen P, Baetta R, Bellosta S, Bernini F, Chinetti G, Cignarella A,
et al. Rupture of the atherosclerotic plaque: does a good animal
model exist? Arterioscler Thromb Vasc Biol 2003; 23(4): 535-42.
Tangirala RK, Bischoff ED, Joseph SB, Wagner BL, Walczak R,
Laffitte BA, et al. Identification of macrophage liver X receptors as
inhibitors of atherosclerosis. Proc Natl Acad Sci USA 2002;
99(18): 11896-901.

Joseph SB, McKilligin E, Pei L, Watson MA, Collins AR, Laffitte
BA, et al. Synthetic LXR ligand inhibits the development of
atherosclerosis in mice. Proc Natl Acad Sci USA 2002; 99(11):
7604-9.

Terasaka N, Hiroshima A, Koieyama T, Ubukata N, Morikawa Y,
Nakai D, et al. T-0901317, a synthetic liver X receptor ligand,
inhibits development of atherosclerosis in LDL receptor-deficient
mice. FEBS Lett 2003; 536(1-3): 6-11.

Kovanen PT, Pentikainen MO. Pharmacological evidence for a role
of liver X receptors in atheroprotection. FEBS Lett 2003; 536(1-3):
3-5.

Pietsch A, Weber C, Goretzki M, Weber PC, Lorenz RL. N-3 but
not n-6 fatty acids reduce the expression of the combined adhesion
and scavenger receptor CD36 in human monocytic cells. Cell
Biochem Function 1995; 13(3): 211-6.

Vallve JC, Uliaque K, Girona J, Cabre A, Ribalta J, Heras M, et al.
Unsaturated fatty acids and their oxidation products stimulate
CD36 gene expression in human macrophages. Atherosclerosis
2002; 164(1): 45-56.

Lee JY, Hwang DH. Docosahexaenoic acid suppresses the activity
of peroxisome proliferator-activated receptors in a colon tumor cell
line. Biochem Biophys Res Commun 2002; 298(5): 667-74.

Huang JT, Welch JS, Ricote M, Binder CJ, Willson TM, Kelly C,
et al. Interleukin-4-dependent production of PPAR-gamma ligands
in macrophages by 12/15-lipoxygenase. Nature 1999; 400(6742):
378-82.

Feng J, Han J, Pearce SF, Silverstein RL, Gotto AM, Jr., Hajjar DP,
et al. Induction of CD36 expression by oxidized LDL and IL-4 by a
common signaling pathway dependent on protein kinase C and
PPAR-gamma. J Lipid Res 2000; 41(5): 688-96.

Nicholson AC, Han J, Febbraio M, Silversterin RL, Hajjar DP.
Role of CD36, the macrophage class B scavenger receptor, in
atherosclerosis. Ann NY Acad Sci 2001; 947: 224-8.

Sato O, Kuriki C, Fukui Y, Motojima K. Dual promoter structure
of mouse and human fatty acid translocase/CD36 genes and unique

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

Shashkin et al.

transcriptional activation by peroxisome proliferator-activated
receptor alpha and gamma ligands. J Biol Chem 2002; 277(18):
15703-11.

Fischer B, von Knethen A, Brune B. Dualism of oxidized
lipoproteins in provoking and attenuating the oxidative burst in
macrophages: role of peroxisome proliferator-activated receptor-
gamma. J Immunol 2002; 168(6): 2828-34.

Gbaguidi FG, Chinetti G, Milosavljevic D, Teissier E, Chapman J,
Olivecrona G, et al. Peroxisome proliferator-activated receptor
(PPAR) agonists decrease lipoprotein lipase secretion and glycated
LDL uptake by human macrophages. FEBS Lett 2002; 512(1-3):
85-90.

Forman BM, Tontonoz P, Chen J, Brun RP, Spiegelman BM,
Evans RM. 15-Deoxy-delta 12, 14-prostaglandin J2 is a ligand for
the adipocyte determination factor PPAR gamma. Cell 1995; 83(5):
803-12.

Shibata T, Kondo M, Osawa T, Shibata N, Kobayashi M, Uchida
K. 15-deoxy-delta 12,14-prostaglandin J2. A prostaglandin D2
metabolite generated during inflammatory processes. J Biol Chem
2002; 277(12): 10459-66.

Cippitelli M, Fionda C, Di Bona D, Lupo A, Piccoli M, Frati L, et
al. The cyclopentenone-type prostaglandin 15-deoxy-delta 12,14-
prostaglandin J2 inhibits CD95 ligand gene expression in T
lymphocytes: interference with promoter activation via peroxisome
proliferator-activated receptor-gamma-independent mechanisms. J
Immunol 2003; 170(9): 4578-92.

Inoue H, Tanabe T, Umesono K. Feedback control of
cyclooxygenase-2 expression through PPARgamma. J Biol Chem
2000; 275(36): 28028-32.

Pontsler AV, St Hilaire A, Marathe GK, Zimmerman GA,
Mcintyre TM. Cyclooxygenase-2 is induced in monocytes by
peroxisome proliferator activated receptor gamma and oxidized
alkyl phospholipids from oxidized low density lipoprotein. J Biol
Chem 2002; 277(15): 13029-36.

Ledwith BJ, Pauley CJ, Wagner LK, Rokos CL, Alberts DW,
Manam S. Induction of cyclooxygenase-2 expression by
peroxisome proliferators and non-tetradecanoylphorbol 12,13-
myristate-type tumor promoters in immortalized mouse liver cells.
J Biol Chem 1997; 272(6): 3707-14.

Meade EA, Mcintyre TM, Zimmerman GA, Prescott SM.
Peroxisome proliferators enhance cyclooxygenase-2 expression in
epithelial cells. J Biol Chem 1999; 274(12): 8328-34.

Akiba S, Yoneda Y, Ohno S, Nemoto M, Sato T. Oxidized LDL
activates phospholipase A2 to supply fatty acids required for
cholesterol esterification. J Lipid Res 2003; 44(9): 1676-85.
Lobaccaro JM, Repa JJ, Lu TT, Caira F, Henry-Berger J, Volle
DH, et al. Regulation of lipid metabolism by the orphan nuclear
receptors. Ann Endocrinol (Paris) 2001; 62(3): 239-47.

Ushikubi F, Hirata M, Narumiya S. Molecular biology of
prostanoid receptors; an overview. J Lipid Mediat Cell Signal
1995; 12(2-3): 343-59.

Narumiya S, Fitzgerald GA. Genetic and pharmacological analysis
of prostanoid receptor function. J Clin Invest 2001; 108(1): 25-30.
Fujino H, Regan JW. Prostanoid receptors and phosphatidylinositol
3-kinase: a pathway to cancer? Trends Pharmacol Sci 2003; 24(7):
335-40.

Heise CE, O'Dowd BF, Figueroa DJ, Sawyer N, Nguyen T, Im DS,
et al. Characterization of the human cysteinyl leukotriene 2
receptor. J Biol Chem 2000; 275(39): 30531-6.



