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Summary

The development of atherosclerotic disease results from the interaction between environment and genetic
make up. A key factor in atherogenesis is the oxidative modification of lipids, which is involved in the
recruitment of mononuclear leukocytes to the arterial intima — a process regulated by several groups of
adhesion molecules and cytokines. Activated leukocytes, as well as endothelial mitochondria, can produce
reactive oxygen species (ROS) that are associated with endothehal dysfunction, a cause of reduced nitric
oxide (NO) bioactivity and further ROS production. Peroxisome proliferator-activated receptors (PPAR)
and liver X receptors (LXR) are nuclear receptors significantly involved in the control of lipid metabolism,
inflammation and insulin sensitivity. Also, an emerging role has been suggested for G protein coupled
receptors and for the small Ras and Rho GTPases in the regulation of the expression of endothelial NO
synthase (eNOS) and of tissue factor, which are involved in thrombus formation and modulation of
vascular tone. Further, the interactions among eNOS, cholesterol, oxidated LDL and caveola membranes
are probably involved in some molecular changes observed in vascular diseases. Despite the relevance of
oxidative processes in atherogenesis, anti-oxidants have failed to significantly improve atherosclerosis
(ATS) prevention, while statins have proved to be the most successful drugs.

Introduction

Atherosclerotic disease, with its ischemic sequelae,
continues to be the principal cause of death and
disability in developed countries. The worldwide
research concerning causes, pathogenesis and
treatment of this disease has become increasingly
intensive, resulting in an impressing exponential
growth of the knowledge in genetics, molecular
biology and pharmacology. It is certainly beyond
the scope of this review article to provide a

*To whom correspondence should be addressed. Fax +39-051-
6362210, E-mail: amuscari@med.unibo.it

detailed picture of all the research developments
in this field. However, some of the most promising
advancements in the knowledge on atherogenesis
will be outlined, together with their most recent
literature references. In particular, the following
items will be considered:

(1) Genetic predisposition,

(2) Peroxisome proliferator-activated receptors
(PPAR) and liver X receptors (LXR),

(3) Oxidant stress and endothelial cell dysfunc-
tion,

{4) Mitochondrial dysfunction,

(5) Effects of lipids and oxidized LDL on inti-
mal cells,
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(6) Recruitment of mononuclear leucocytes,
(7) Rho and Ras,
(8) Other G proteins in atherogenesis,
(9) Caveolin and cholesterol trafficking,
(10) HDL and atherogenesis,
(11) The mature atherosclerotic lesion and ath-
erothrombosis,
(12) Some therapeutic implications.

Genetic predisposition

Atherosclerosis (ATS) is an inflammatory disease
that may persist for several years before clinical
manifestations, such as heart attack, stroke and
peripheral arterial disease, become evident. In fact,
the initiating atherogenetic processes require pro-
longed exposure to predisposing factors, and most
individuals initiate ATS in a very early stage of
their life. In most cases the development of
atherosclerotic disease results from the interaction
between the environment and the genetic make-up.
Although the most common forms of ATS are
multifactorial, forms with a strong genetic compo-
nent are also well known. Nevertheless, so far, the
role of only a minority of genetic risk factors for
ATS has been fully elucidated. In a few cases, the
disease is monogenic, i.e. it can be explained by a
single, major gene variation, while more often
variations in multiple minor genes contribute to the
development of ATS. Mutations in the single gene
coding for LDL receptor cause the appearance of
Familial Hypercholesterolaemia [l]. Similarly, a
mutation in the lipoprotein lipase gene results in
elevated levels of triglycerides and decreased levels
of HDL cholesterol, possibly leading to combined
hyperlipidemia [2-4]. Moreover, several additional
genetic variations have recently been identified,
including the apolipoprotein E gene [5], the apo-
lipoprotein (a) gene [6], the DD genotype of the
angiotensin converting enzyme (ACE) [7], as well
as genes regulating homocysteine metabolism and
coding for methionine and homocysteine convert-
ing enzymes [8, 9]. The genetic determinants of
ATS have been reviewed by Lusis [10], Doevendans
et al. [11] and, more recently, by ourselves [12].

PPARs and LXRs: their role in atherogenesis

During the last few years, the knowledge concern-
ing the role played by PPARs and LXRs in the

development of ATS has rapidly grown [13-18].
The nuclear receptors PPAR alpha, gamma and
beta/delta have been identified as transcription
factors exerting modulatory actions in vascular
cells. They belong to the nuclear receptor family of
lingand-activated transcription factors.

PPAR alpha is activated by polyunsaturated
fatty acids and oxidized derivatives, and by drugs
of the fibrate family. PPAR alpha regulates the
expression of genes involved in fatty acid beta-
oxidation and energy homeostasis. Recently, it has
been shown that PPAR alpha activation promotes
cholesterol efflux from macrophages by induction
of the ATP-binding cassette transporter Al
(ABCA1) pathway. Further, it has been demon-
strated that PPAR alpha agonists, such as fibrates,
exert anti-inflammatory and anti-thrombotic
actions in the vessel wall, decrease trigycerides
and elevate HDL cholesterol [19, 20]. Thus, PPAR
alpha agonists could decrease the progression of
ATS. This has been confirmed by clinical studies
which showed that fibrates were able to reduce
atherosclerotic plaque formation and the event
rate of coronary artery disease [15, 19-21].

PPAR gamma is a key regulator of glucose
homeostasis and adipogenesis. PPAR gamma
ligands include naturally occurring fatty acids
derivatives and insulin-sensitizing drugs such as
glitazones. Recent data rewieved by Collins [22]
have shown that PPAR gamma ligands have
numerous pleiotropic vascular effects. They im-
prove endothelial cell function, regulate prolifera-
tion and migration of vascular smooth muscle
cells, and inhibit vascular inflammation. Further-
more, in macrophages they downregulate the
production of inflammatory cytokines and the
expression of SR-A and CD36 receptors. In
animal models, PPAR gamma ligands have also
been shown to minimize the development of ATS
[22].

At present, no data are available on the
possible effects on atherogenesis of PPAR beta/
delta agonists, such as polyunsaturated fatty acids,
prostaglandins and synthetic compounds. Their
anti-inflammatory effects do not inhibit the devel-
opment of ATS in hypercholesterolemic LDLR-
deficient mice, and the activation of PPAR beta/
delta can even be pro-atherogenic [23].

LXR alpha/beta are nuclear sterol sensors that
play important roles in the regulation of choles-
terol homeostasis in peripheral cells, including



macrophages. They positively regulate the expres-
sion of genes controlling cholesterol absorption,
excretion, catabolism and cellular efflux in target
organs, including the liver, the small intestine and
macrophages [14, 24, 25]. In particular, LXRs reg-
ulate the expression of ABCAI, lipoprotein lipase
(LPL), cholesteryl ester transfer protein (CEPT)
and phospholipid transfer protein (PLTP). How-
ever, LXR agonists in mice stimulate fatty acid
biosynthesis and cause an increase in circulating
triglyceride levels, at least in part as a consequence
of inducing the expression and activity of sterol
response element binding protein lc (SREBP-1¢)
[26, 27]. On the other hand, recent studies have
demonstrated [28, 29] that LXR agonists can
reduce the development of ATS in mice, raising
the possibility that these compounds might be
useful in humans if the effects on circulating
triglyceride levels could be reduced through devel-
opment of selective modulators [30].

In conclusion, emerging evidence supports the
concept that both PPARs and LXRs may modu-
late the development and clinical course of ATS.

Oxidant stress and endothelial cell dysfunction

There is a wide consensus that ATS is associated
with lipid and protein oxidation in the vascular
wall [31-34]. In particular, according to the
oxidative modification hypothesis of ATS, LDL
oxidation is an early event that significantly
contributes to atherogenesis. More recently, the
hypothesis has evolved to focus on the oxidation
of specific proinflammatory LDL phospholipids
containing arachidonic acid. These are recognized
by the innate immune system both in animals and
humans [32]. The levels of specific oxidized lipids
and lipoproteins, as well as the levels of antibodies
to these lipids, may be useful markers of the
susceptibility to atherogenesis.

At present, there is little information about the
potential role of HDL oxidation in atherogenesis.
Bergt et al. [34] have suggested that myeloperox-
idase secreted by phagocytes promotes HDL
oxidation in the human artery wall, which may
favor atherogenesis by counteracting the estab-
lished anti-atherogenctic effects of HDL. In par-
ticular, oxHDL and oxidized lipid-free
apolipoprotein A-1, the major protein of HDL,
are less able to remove cholesterol from cultured
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cells by the pathway requiring the cell membrane
transporter ATP-binding cassette transporter A-I.

At sites of inflammation, the local cellular
environment is enriched with cytokines, chemo-
attractant chemokines and reactive oxygen species
(ROS). A major source of ROS is represented by
the activated leukocytes that are found adherent to
the endothelium. The acute and chronic oxidant
stress associated with ROS leads to endothelial
activation/dysfunction and plays a critical role in
the pathophysiology of several diseases involving
arterial walls, including diabetes, hypertension and
ATS itself. Many excellent reviews regard ROS as
signaling molecules, as well as the oxidative
modification hypothesis of atherogenesis [35, 36].

The most important role among ROS is prob-
ably played by superoxide. Potential sources of
vascular superoxide include NAD(P)H-dependent
oxidases, xantine oxidase, lipoxygenase, mitochon-
drial oxidases and uncoupled nitric oxide (NO)-
synthases [33]. Traditional risk factors, angiotensin
I1, inflammatory cytokines and low shear stress are
all powerful activators of these enzymes and,
consequently, oxidant stress inducers. NAD(P)H
oxidases are present in vascular smooth muscle cells
(VSMCs), endothelial cells and neutrophils, and
represent the principal source of superoxide pro-
duction in some animal models of ATS [37] and
hypertension [38]. Increased superoxide production
by the NAD(P)H oxidase system contributes to
reduced NO bioactivity and endothelial dysfunc-
tion both in experimental models and in patients
with systemic risk factors for ATS. In addition to
oxidative inactivation of NO by ROS [36], there are
several other potential causes of impaired vascular
NO release and/or bioactivity. These include mod-
ifications of the substrate L-arginine for the con-
stitutive endothelial cell-L arginine NO synthase
(eNOS) system, and alterations of eNOS expression
and NO signaling.

Is mitochondrial dysfunction an early event
in atherogenesis?

Excess Reactive oxygen and nitrogen Species (RS)
generation has been associated with vascular
lesion formation and functional defects [39-41].
There is evidence that common risk factors for
coronary artery disease (CAD) are associated with
increased levels of RS [42—47]. Recent studies have
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focused the role that mitochondria could play in
the vascular changes occurring in atherogenesis. In
fact, mitochondria are both important sources and
targets for RS [45, 46]. Moreover, in addition to
playing a role in metabolism, they also contribute
to signal transduction pathways, and their activ-
ities in cells with relatively low energy demands,
such as the endothelium, have received growing
attention [48, 49]. The mitochondrial electron
transport chain is both the source of the ATP
generated via oxidative phosphorylation, and the
main source of cellular ROS, such as superoxide
and hydrogen peroxide (a side reaction in the
electron transport chain) [50-52]. It has been
shown that RS can cause mitochondrial injury
in vitro, ranging from mitochondrial DNA damage
and decreased adenine nucleotide translocase
(ANT) activity, to alterations of mitochondrial
proteins such as manganese superoxide dismutase
[53-56]. Mitochondrial DNA encodes genes for
oxidative phosphorylation, and ANT is a key
factor for the translocation of adenine nucleotides
across the inner mitochondrial membrane. Thus,
both are essential for ATP production.

Mitochondrial damage contributes to further
formation of ROS, which can compromise several
metabolic processes that influence both endothelial
and vascular smooth muscle cell function, all key
components of atherogenesis [56].

Finally, recent data [47, 56] have suggested that
oxidative damage to the mitochondrial genome
may be an early event in the initiation of athero-
sclerotic lesions.

Effects of lipids and oxidized LDL on intimal cells

Elevated total and LDL cholesterol levels can
impair endothelium-dependent vasodilation in
peripheral vessels, resistance vessels and coronary
arteries, even in the absence of ATS plaques. On
the other hand, lowering LDL cholesterol can
normalize impaired vasodilator responses [57]. An
altered response to acetylcholine has been demon-
strated in patients with high levels of plasma
triglycerides, but normal LDL cholesterol levels
[58]. This finding suggests that endothelial func-
tion may also be affected by lipid parameters other
than LDL-cholesterol. Reduced NO bioavailabil-
ity contributes to these effects, since a normaliza-
tion of the vasodilator response can also be

achieved by supplementation with the eNOS
substrate rL-arginine [57].

Many of the deleterious effects of LDL choles-
terol are mediated by the oxidation of LDL
particles. Oxidized LDL may favor leukocyte
adhesion to endothelial cells through the stimula-
tion of a number of cytokines, such as TNF alpha
and interleukin-1 (IL-1) which, in turn, induce the
surface expression of adhesion molecules [59-67].
This cytokine induced expression of adhesion
molecules is inhibited by HDL and apo Al [68].
Oxidized LDL can enhance the release from the
endothelium of endothelin-1 (ETI1) [69-71], a
potent vasoconstrictor peptide that also acts as a
mitogen on SMCs. Oxidized LDL also stimulates
SMC proliferation by inducing expression of basic
fibroblast growth factor in endothelial and smooth
muscle cells [72]. Moreover, oxidized LDL induces
SMC migration by increasing the expression of
platelet-derived growth factor (PDGF) in endothe-
lial cells, SMCs and macrophages [73-76]. Oxi-
dized LDL also stimulates platelet adhesion and
aggregation by decreasing prostacyclin (PGI2)
production [77, 78]. Moreover, oxidized LDL
enhances the procoagulant activity of the endothe-
lium by inducing the release of tissue factor,
reducing thrombomodulin transcription and sup-
pressing protein C activation [79-81]. Oxidized
LDL also stimulates apoptosis in endothelial,
smooth muscle and foam cells, and thereby
contributes to plaque rupture [§2-84]. Finally,
oxidized or modified LDL can be taken up by scav-
enger surface receptors of macrophages, leading to
massive cholesterol accumulation.

Recruitment of mononuclear leucocytes

The recruitment of mononuclear leucocytes is one
of the earliest events in the formation of athero-
sclerotic lesions. Several groups of adhesion mol-
ecules expressed on the surface of endothelial cells,
such as the selectins [85-90] and the vascular cell
adhesion molecules (VCAM) of the immunoglob-
ulin superfamily [91-95], mediate the sticking of
leucocytes to the endothelium.

Cook-Mills et al. [96] have suggested that
VCAM-1 activates endothelial cell NAD(P)H
oxidase, which is required for lymphocyte migra-
tion, through the mobilization of intracellular and
extracellular calcium and the activation of the



Racl GTPase. Eriksson [97] has recently focused
the mechanisms of leukocyte recruitment in ath-
erosclerotic lesions. The focal increase in adhesion
molecule and cytokine expression is mainly regu-
lated by some constituents of oxidatively modified
LDL (oxLDL), such as oxidized phospholipids
[98, 99]. Growing evidence also indicates that the
adhesive function of platelets represents an impor-
tant recruitment mechanism in ATS, since targeted
deficiency of P-selectin in platelets reduces ATS in
mice. Moreover, platelets increase monocyte
recruitment by secreting chemokines such as plate-
let factor 4 or RIANTES (regulated on activation,
normal T-cell expressed and secreted), which
trigger monocyte arrest in atherosclerotic lesions.
A similar effect was also demonstrated for the
fractalkine receptor CX3CRI and the chemioattr-
actant LTB4. Endothelial nitric oxide (NO) can
reduce leukocyte adhesion and migration into the
intima at a transcriptional level, therefore acting as
an anti-inflammatory mediator. The local forma-
tion of NO should also limit the ability of
atherogenetic stimuli to augment the expression
of adhesion molecules, such as VCAM-1 and
macrophage chemoattractant protein-1 (MCP-1),
though the activation of the nuclear factor-kB
(NF-kB) system [100]. Thus, several adhesive and
signalling mechanisms can be involved in leuko-
cyte recruitment in ATS.

Once adherent, leucocytes migrate into the
intima by the action of chemoattractant chemo-
kines [101, 102]. The macrophages recruited in the
arterial wall take up modified LDL and become
lipid-laden cholesterol-engorged foam cells. The
continued inflammation can lead to cellular necro-
sis within the lesion, and further recruitment of
inflammatory cells and release of cytokines, pro-
teolytic enzymes and growth factors. Although
these factors may contribute to the development of
ATS, a major part of its etiology still needs to be
established.

Rho and Ras in ATS

Some heterotrimeric G proteins, such as the Rho
GTPases (including Rho A, Rho B, Rac and
Cdc42) and the Ras superfamily of GTPases,
function as critical relays in the intracellular
transduction of many important signals emanating
from membrane receptors. Small GTPases are
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involved in the regulation of various cellular
processes, such as cell motility [103], apoptosis
and proliferation [104-106]. Moreover, Rho and
Rho-Kinase can regulate endothelial tissue factor
induction by thrombin, which plays a pivotal role
in thrombus formation in acute coronary syn-
dromes [107]. In addition, Rho proteins negatively
regulate endothelial NO synthase (eNOS) [108]
and stimulate vascular tone by increasing smooth
muscle Ca (2+) sensitivity. Finally, Rho proteins
are also modulators of the scavenger receptor
CD36, which plays important roles in atheroscle-
rosis, inflammation, thrombosis and angiogenesis
[109]. All the above processes may be enhanced by
oxidized LDL, which has been suggested to be an
activator of the Rho A pathway.

A post-translational modification of these pro-
teins occurs in the presence of isoprenoids, such as
farnesylpyrophosphate (FPP), a branch point in
the cholesterol metabolic pathway, and geranyl-
geranylpyrophosphate (GGPP), a derivative of
FPP [110]. Through isoprenylation small GTPases
are converted from an inactive (cytosolic) state to
a membrane-bound (active) state [108, 111, 112].
Interestingly, the inhibitors of 3-hydroxy-3-methyl
glutaryl coenzyme A (HMG-CoA) reductase — i.e.
the statins — interfere with the biosynthesis of FPP,
which is involved in the post-translational lipida-
tion of Ras GTPases, and of GGPP, which is
required for the posttranslational lipidation of
Rho proteins [113, 114]. Thus, statins upregulate
eNOS through the inhibition of Rho protein
geranylgeranylation [111]. Moreover, by prevent-
ing the geranyl geranyl-dependent translocation of
Rac 1 from the cytosol to cell membrane [106,
115], statins may interfere with the activation of
NAD(P)H-oxidase, a prominent mechanism of
ROS production [116, 117]. Finally, statins down-
regulate plasminogen activator inhibitor-1 (PAI-1)
synthesis in cultured human monocytes via block-
ade of Rho/Rho Kinase signalling [118]. Overall,
these findings provide new insights into the multi-
ple pleiotropic anti-atherogenic actions of statins.

Other G proteins in atherogenesis

Endothelial NOS is activated by a number of
stimuli, such as bradykinin, acetylcholine, throm-
bin, histamine, substance P, ATP, vascular endo-
thelial growth factor and fluid shear stress [119].
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The hypothesis has been advanced that eNOS is
activated in endothelial cells as a consequence of
reversible inhibitory interactions of the above
stimuli with G-protein-coupled receptors. On the
contrary, the Gi protein may activate eNOS, and
its expression in human coronary arteries may be
impaired by hypertension, hypercholesterolaemia
and age [120]. Also, oxidized LDL could inhibit
Gia 2 protein sub-unit expression in tissue cultures
[119], probably through changes in membrane
fluidity [36]. It has been suggested that the
mitogenic effect of oxidized LDL in canine cul-
tured smooth muscle cells (SMC) is mediated by a
G-protein-coupled receptor [121-123]. Similarly,
Zhao et al. [123] demonstrated that f-migrating
VLDL activates SMC proliferation via the G
protein-coupled transactivation of the tyronine
kinase receptor.

Caveolin and cholesterol trafficking

Caveolae are vescicular organelles (50-100 nm in
diameter) which are particularly abundant in cells
of the cardiovascular system, such as endothelial
cells, SMCs, macrophages, cardiac myocytes and
fibroblasts. In these cells, caveolae are involved in
protein trafficking, signal transduction and cho-
lesterol homeostasis. Caveolins, the structural
proteins of caveolae membrane domains, can
interact with a number of downstream signaling
molecules, holding them in an inactive conforma-
tion until activation by an appropriate stimulus
occurs. In particular, caveolins can bind choles-
terol, or proteins such as receptors, G-proteins,
and NO synthases. Thus, caveolae and caveolins
can play a significant role in several human patho-
biological conditions, including ATS.

Caveolin is involved in cholesterol trafficking
through palmitoylation [124] or interaction with
proteins such as heat-shock protein 56 [125, 126].
Everson and Smart [125] focused on the interac-
tions among Caveolin-1, eNOS, lipoprotein recep-
tors, heterotrimeric G protein-coupled receptors,
cholesterol and a calcium channel, which form
activation complexes associated with cholesterol-
rich caveolae. Oxidized LDL might disrupt this
organization of caveolae by removing caveola
cholesterol, while HDL prevents cholesterol deple-
tion, probably serving as a sterol donor to replace
the cholesterol content transferred to oxidized

LDL [124]. Cholesterol depletion in cell surface
caveolae can disrupt the caveolin activation com-
plex. This disruption could be associated with
eNOS internalization and decrease in NO produc-
tion, suggesting a possible mechanistic basis for
some of the molecular changes observed in vascu-
lar disease [123].

HDL and ATS

HDL cholesterol is inversely and independently
associated with the risk of coronary artery disease.
HDL may exert several potentially anti-athero-
genic effects [127, 128], and low HDL cholesterol
concentrations may lead to endothelial dysfunc-
ticn and increased LDL oxidation [129].

Krause and Auerbach [130] and von Eckard-
stein et al. [131] have reviewed the role of HDL in
reverse cholesterol transport from peripheral cells
(such as macrophage foam cells) to the liver and
steroidogenic organs, for the synthesis of lipopro-
teins, bile acids, vitamin D and steroid hormones
[127, 128]. This process involves many key steps
and lipoprotein interconversions. The role of
macrophages is also important, since they actively
secrete apo E which may promote cholesterol efflux
to HDL [132]. SR-B1, a member of the class B
scavenger receptor family, has been identified as an
HDL receptor capable to mediate the selective
uptake of cholesteryl esters from HDL by the liver
both in vitro and in vivo [133]. The ABCA1 protein
is known to belong to a superfamily of membrane
transporters that bind and hydrolyse ATP to drive
diverse substrates across membranes. Cholesterol
and phospholipids are ABCA1 substrates, and
their efflux may be facilitated by the binding of apo
Al to ABCALI. The initial step in reverse choles-
terol transport is the release of superfluous free
cholesterol and phospholipids from the cell plasma
membrane to both apolipoproteins and HDL. This
pathway is crucial to counteract cholesterol depo-
sition in monocyte-macrophages in the arterial
wall, and ineffective cholesterol efflux causes the
formation of foam cells [134]. Wang et al. [135]
also suggested that cholesterol efflux can be disso-
ciated from phospholipid efflux. Frank et al. [136]
showed that caveolin 1, a structural component of
caveola membranes, can negatively influence the
HDL-mediated cholesterol efflux, suggesting its
proatherogenic role regarding the uptake and/or



transcytosis of modified lipoproteins. Oliver et al.
[137] suggested a novel role for peroxisome prolif-
erator-activated receptor (PPAR) delta agonists in
increasing the expression of the reverse cholesterol
transporter ABCAT1 and inducing apo Al-specific
cholesterol efflux. Interferon-gamma can induce
the accumulation of cholesterol esters in macro-
phages through the inhibition of ABCA1 [13§].
The effluxed cholesterol is esterified by the enzyme
lecithin:cholesterol acyltransferase (LCAT) to
form cholesteryl esters. Then, cholesteryl esters
are transferred to apo B-containing lipoproteins by
the cholesteryl ester transfer protein (CETP). The
phospholipid transfer protein (PLTP) transfers
phospholipids from triglyceride-rich lipoproteins
to HDL during lipolysis [139]. The initial products
are small HDL particles, which grow into larger
HDL2 particles by the action of LCAT and PLTP.

Lipids are removed from the circulation by the
scavenger receptor Bl (SR-B1), or through apo-
protein uptake by apo E or apo A-1 receptors.
Other indirect pathways involve the actions of
CETP, hepatic lipase and endothelial lipase [140-

146]. Small apolipoproteins are thus generated

that can move from plasma into the extracellular
space [147-149] and serve as acceptors of cellular
lipids, thus regenerating HDL. These small parti-
cles can also be removed from plasma by the
kidneys [150-152].

Interestingly, the determinants of HDL metab-
olism and reverse cholesterol transport, such as
LCAT and paraoxonase (PON), are inactivated by
mildly or extensively oxidized LDL, resulting in an
impairment of cholesterol efflux [153]. Aviram and
Rosenblat [154] have suggested that PONI and
PON3, which are both associated with HDL,
protect serum lipids from oxidation, presumably
as a result of their ability to hydrolyze specific
oxidized lipids. In particular, PONI has been
shown to inhibit cholesterol influx in mice macro-
phages by reducing the formation and uptake of
oxLDL, and increasing the breakdown of oxidized
lipids. Furthermore, PONI inhibits cholesterol
synthesis and stimulates HDL-mediated choles-
terol efflux from macrophages, whereas PON2 and
PON3 protect against oxidative stress. Under
oxidative stress, serum PONI and PON3 are
inactivated, but PON2 expression and activity
are increased, a probable compensatory mecha-
nism. Interventions aimed at increasing cellular
and humoral paraoxonases by pharmacological or

845

dietary means can promote the reduction of foam
cell formation and attenuate ATS development
[154], suggesting that paraoxonase activity could
play an important role in atherogenesis.

The mature ATS lesion and atherothrombosis

The mature atherosclerotic plaque is generated
during the silent phase of ATS. The classical
plaque involves a central core of foam cells and
lipids that are both intra and extracellular. The
extracellular cholesterol i1s arranged in the so-
called cholesterol clefts. Plaques contain also T-
limphocytes, a considerable amount of necrotic
debris and, overlying the central core, variable
proportions of connective extracellular tissue
matrix produced by SMCs. Solid stable plaques,
almost entirely composed of connective tissue,
result in a progressive narrowing of the arterial
lumen and decrease in blood flow. Unstable lipid-
rich plaques have a thin fibrous cap and a large
core of extracellular lipids, that may occupy up to
50-60% of the entire plaque volume. The core is
surrounded by inflammatory cells such as lym-
phocytes, mast cells and macrophages expressing
inflammatory cytokines, the procoagulant tissue
factor and plasmin-activated metallo proteinases.
The atherosclerotic plaque biology is mainly mod-
ulated by an immune-mediated and lipid-related
chronic inflammatory process. Plaque vulnerabil-
ity strongly relates to intraplaque inflammation
[155]. In particular, plaques prone to rupture or
surface erosions contain more inflammatory cells
than stable plaques. This has been confirmed in
atherotomy specimens from patients with coro-
nary artery diseases, in which a direct relationship
between the number of inflammatory cells and the
severity of the coronary syndrome was demon-
strated [156]. Also, the number of T-lymphocytes
expressing IL-2 receptor activity, a marker of
recent-onset activation, was significantly related to
the severity of the syndrome [156]. Libby and his
group [157-161] showed that the functional state
of atheroma is the major determinant of the
propensity of a plaque to rupture and to cause
acute coronary syndromes. T-lymphocytes within
the plaque may modulate the inflammatory
response by sending signals through the mediators
of inflammation, i.e. cytokines, that convey mes-
sages to both SMCs and macrophages. The SMCs
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respond to T-lymphocyte signals by decreasing the
synthesis of new collagen fibrils. Macrophages
respond to these signals by increasing interstitial
collagenases, known as matrix metalloproteinases
(MMP), which initiate collagen breakdown. The
loss of interstitial collagen (up to 60% of the total
protein of plaque) by degradation of subendothe-
lial extracellular matrix, renders the atheroma
prone to rupture. Dysregulated MMP activity
can also be due to imbalance of several endoge-
nous inhibitors [159]. Moreover, recent studies
have demonstrated the overexpression of members
of the MMP subfamily, such as MMP-1, MMP-§,
MMP-2 and MMP-13, in various vascular cell
types, including endothelial cells, SMCs and
mononuclear monocytes [159].

The rupture of the atherosclerotic plaque
exposes the lipid core to the blood, triggering for
thrombus formation. The thrombogenicity of the
core is likely due to the presence of tissue factor
(TF) [160]. TF binds to factors VII and X,
resulting in accelerated conversion of factors IX
and X to active factors. Furthermore, TF pro-
motes the generation of thrombin, which converts
fibrinogen to fibrin. Schonbeck et al. [161] dem-
onstrated that CD40, a member of the TNF
receptor family, is able to induce TF expression
in human vascular SMCs after ligation with the
native CD40 ligand (CD40L) derived from acti-
vated T-lymphocytes. It has recently been shown
that CD40L is expressed in endothelial cells and
macrophages, also inducing TF in these cells [161].
The expression of TF by several cell types suggests
that thrombosis may develop in the presence of
inflammation and superficial erosion of atheroma,
even without the direct contact of blood with the
central core of the plaque, as is the case when the
fibrous cap ruptures [161]. Marx et al. [162]
recently demonstrated that PPAR alpha activators
can inhibit TF expression and activity in human
monocytes, and thus may potentially reduce the
thrombogenicity of atherosclerotic lesions. These
data provide new insight into how PPAR alpha
activators, such as fibric acid derivatives and
certain fatty acids, might modulate atherothrom-
bosis in patients with vascular disease.

Therapeutic implications

As a consequence of the “oxidative modification
hypothesis” of ATS, several studies on possible

anti-oxidant treatment strategies have been con-
ducted. However, such strategies did not appear to
significantly ameliorate the rate of coronary events.
In the HOPE trial, no significant effect of anti-
oxidant vitamins was demonstrated on cardiovas-
cular disease [163], and the same result was
obtained in the Heart Protection Study (HPS)
[164]. Thus, the question arises whether oxidation
of LDL lipids and/or proteins is really relevant to
human ATS development. Ricciarelli et al. [165]
suggested that vitamin E treatment should be
started much earlier in selected people, continue
for a long period at high doses, and be associated
with vitamin C (that could counteract the pro-
oxidant effects of a-tocopherol). Heinecke [166]
reported that most animal studies have focused on
the effects of anti-oxidants on the formation of
fatty streaks, whereas the effects on the progression
of ATS have been much less investigated. More-
over, little is known about the influence of oxidant
stress on clinical events in humans, such as the
rupture of atherosclerotic plaques [167, 168].
Finally, some observations in animals suggest that
ATS development and lipoprotein oxidation might
be dissociated [169]. Stocker and Keney [170]
suggest that “it remains to be established that
oxidative events are a cause rather than an injuri-
ous response to atherogenesis. In this context,
inflammation needs to be considered as a primary
process of ATS, and oxidative stress as a secondary
event”. To address this issue, these authors have
proposed an “oxidative response to inflammation”
model to reconcile the response-to-injury and
oxidative modification hypotheses of ATS.
Several studies (reviewed by Vaughan et al.
[171], and others [172, 173]) have shown that the
most potent lipid-lowering drugs, the HMG-CoA
reductase inhibitors (statins), can ameliorate cor-
onary artery disease morbidity and mortality in
the setting of both hypercholesterolaemia and
normocholesterolaemia. In particular, recent stud-
ies have shown that these drugs can decrease LDL
oxidation. However, both in vitro and animal
models have shown that the inhibition of Rho
GTPases with statins could induce a decrease in
endothelial NO production [174], which is in
contrast with the results of other studies [111].
Thus, further evidence is needed before a full
assessment of the clinical importance of isopreny-
lation blockage with therapeutic concentrations of
statins in humans can be made. Further, statins



can limit endothelial proinflammatory factors,
suggesting new possible mechanisms in the pre-
vention of early lesions, vascular restenosis and
plaque dysruption [175-177].

From this observation, another question arises:
is it possible to use classical anti-inflammatory
agents for the prevention of the inflammatory
process underlying ATS? Several experimental
studies have been conducted on anti-inflammatory
drugs such as aspirin, ibuprofen, acetaminophen
and desamethasone, showing beneficial effects on
proinflammatory components in the early devel-
opment of atherosclerotic lesions. In particular,
when continously administrated, aspirin has been
shown to attenuate ATS development in apolipo-
protein E-deficient mice [178]. In humans, how-
ever, the beneficial effects of aspirin in reducing
ischemic events have mainly been attributed to its
anti-platelet action [179].

A family history of coronary artery disease
(CAD) is a well known risk factor for the
development of the disease, which may act even
in the absence of other traditional risk factors.
Could the knowledge of specific genetic compo-
nents be of relevance in the management of ATS?
Two genetic mutations/variations favouring an
accelerated progression of atherosclerosis concern
the genes of lipoprotein lipase and cholesteryl ester
transfer protein and, in both cases, the deleterious
effects of the mutation could be reversed by statin
treatment [180]. This example suggests that in the
near future the assessment of genetic factors will
help to identify patients at high risk of progression
of CAD, thereby allowing an optimal and oppor-
tune therapeutic strategy.
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