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Preface

Cardiovascular diseases continue to be the leading cause of death in the ma-
jority of industrialized countries. The most frequent underlying pathology,
namely atherosclerosis, and its clinical sequelae, namely coronary heart dis-
ease, cerebrovascular disease and peripheral artery disease, remain common
although for a long time we have been made aware of avoidable or modi-
fiable etiological factors such as smoking, fat-rich diet or lack of exercise,
and although these adverse lifestyle factors have been extensively addressed
by population-wide primary prevention programs. Cardiovascular morbidity
and mortality also remain high despite successful anti-hypertensive and lipid
lowering drug therapies which help to reduce cardiovascular morbidity and
mortality by about 30% in both secondary and tertiary prevention settings.
This can partly be explained by the increasing life expectancy and growing pro-
portion of elderly people, especially in Europe and North America. In addition,
the World Health Organization makes the alarming prediction that probably
in response to the spreading of western dietary behavior and lack of exercise
resulting in an increasing prevalence of diabetes, dyslipidemia and hyperten-
sion, cardiovascular diseases rather than infectious diseases will become the
most frequent cause of death worldwide.

This volume of the Handbook of Experimental Pharmacology entitled
“Atherosclerosis” is divided into four parts and intends to give an overview
on the pathogenesis of atherosclerosis, established treatment and prevention
regimen, and of perspectives for the development of new treatment modalities.

The three chapters of part I review the state-of-the-art knowledge on the
pathogenesis of atherosclerosis and its underlying risk factors. Because of
its increasing prevalence and corresponding public health relevance, special
attention is given to the metabolic syndrome, i.e. to the clustering of risk factors
within a given individual. Although the expression of single risk factors in this
situation may be moderate, affected individuals are at high risk for coronary
heart disease events. In addition, due to the important etiological contribution
of obesity and overweight, the metabolic syndrome is an important reason
why atherosclerosis continues to be a significant public health burden.

The nine chapters of part II are devoted to the role of the various major and
minor components of diet in the pathogenesis of cardiovascular risk factors
and atherosclerosis. This field is currently experiencing a renaissance for two
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reasons: First, after fat and notably cholesterol had been accused of being “the
bad guys” for a long time, novel research findings and the epidemic of obesity
and diabetes produced a more differentiated view of the pathogenetic relevance
of the various dietary compounds. Second, both drug and food industry have
discovered diet as a therapeutic target and are currently developing drugs for
the treatment and prevention of overweight and functional foods enriched by
putatively cardioprotective nutrients.

The four chapters of part III give an overview of groups of drugs which in
controlled intervention trials effectively prevented atherosclerotic cardiovas-
cular disease, i.e. statins, fibrates, inhibitors of the renin-angiotensin system
and antiplatelet agents. Unfortunately, beta-blockers are not covered, because
the author in charge of this subject finally withdrew his commitment.

The 14 chapters of part IV present several targets and perspectives for novel
pharmacological interventions. Someof these strategies led to the re-evaluation
and optimization of drugs already on the market, for example nicotinic acid or
agonists of peroxisome proliferating agent receptors. Other strategies helped to
develop drugs which are in phase III trials and will probably be introduced into
the market soon, for example inhibitors of cholesteryl ester transfer protein.
Finally, some developments are still in the initial stage and must overcome
methodological limitations, such as gene therapy. Especially for this part IV
it is important to recall that atherosclerosis is a multifactorial disease which
consequently offers many targets for treatment. Therefore, I hope that we did
not leave out important developments. Some authors unfortunately withdrew
their original commitment to write a chapter for this book so that, for example,
important controversially discussed strategies, like hormone replacement and
antibiotic therapies, are missing.

Last but not least, I wish to thank Springer Verlag and the Editorial Board
for giving me the honour and chance to edit a “Handbook of Experimental
Pharmacology” on atherosclerosis. I am very grateful to all authors for their
excellent contributions. I also thank Mrs. Bernadette Hand (Zurich) for careful
language editing and Mrs. Susanne Dathe (Springer Verlag) for her patience
and help while accompanying me through this project.

Zurich, February 2005 Arnold von Eckardstein
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Abstract Worldwide, more people die of the complications of atherosclerosis than of any
other cause. It is not surprising, therefore, that enormous resources have been devoted to
studying the pathogenesis of this condition. This article attempts to summarize present
knowledge on the events that take place within the arterial wall during atherogenesis. Clas-
sical risk factors are not dealt with as they are the subjects of other parts of this book. First,
we deal with the role of endothelial dysfunction and infection in initiating the atheroscle-
rotic lesion. Then we describe the development of the lesion itself, with particular emphasis
on the cell types involved and the interactions between them. The next section of the chap-



4 P. Cullen et al.

ter deals with the events leading to thrombotic occlusion of the atherosclerotic vessel, the
cause of heart attack and stroke. Finally, we describe the advantages—and limitations—of
current animal models as they contribute to our understanding of atherosclerosis and its
complications.

Keywords Atherogenesis · Endothelial dysfunction · Infection · Atherosclerotic lesion ·
Thrombotic occlusion

1
Introduction and History

Atherosclerosis has been a companion of mankind since antiquity. Mummies
from Egypt (Cockburn 1975, 1980; Magee 1998; Sandison 1962, 1981; Shat-
tock 1909), North America (Zimmermann 1993) and China (Cockburn 1980),
and dating from around 3000 B.C. to 400 A.D. showed extensive macroscopic
and microscopic evidence of atherosclerosis of the aorta and of the carotid,
coronary and femoral arteries (Ruffer 1911, 1920). Life expectancy even of the
wealthier classes in Egypt who were subjected to mummification was in general
only 25–30 years, as documented in vivid Egyptian/Roman mummy portraits
dating from the first to the fourth century a.d., although some portraits of
the deceased persons appear to show older individuals with wrinkles and grey
hair (Egyptian Museum Cairo 1999). Even though they consumed some meat,
the diet of these people was mainly vegetable and, judging from dental wear,
rather coarse (Magee 1998; Ruffer 1991). Tobacco consumption was unknown
although alcohol was available. It is clear therefore that atherosclerosis is an
ancient process and that its pattern has always been the same regardless of
race, diet and lifestyle.

It was probably Leonardo da Vinci (1452–1519) who first recognized the
macroscopic changesof atherosclerosis.Whenhe illustrated the arterial lesions
in an elderly man at autopsy, he suggested that the thickening of the vessel wall
was due to ‘excessive nourishment’ from the blood (Keele 1952; Quiney and
Watts 1989). Around 1860, Félix J. Marchand (1846–1928) coined the term
‘atherosclerosis’ to emphasize the pathological findings of atheroma (Greek,
gruel) and sclerosis (Greek, hard) seen in the intimal layer of the arteries (cited
in Aschoff 1908).

From the very start, the theories concerning the pathogenesis of atheroscle-
rosis could be divided into two broad schools, the ‘cellular’ and the ‘humoral’.
The ‘cellular’ school proposes that the atherosclerotic lesion mainly has its
origin in changes within the artery itself. This is most commonly expressed
as the ‘response-to-injury’ hypothesis, originally proposed in 1856 by the fa-
ther of cellular pathology Rudolf Virchow (1821–1902) (Virchow 1856) and
more recently championed by the late Russell Ross (1929–1999) (Ross 1993).
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The ‘humoral’ school, by contrast, emphasizes that atherosclerosis is due to
changes in the milieu within which the artery finds itself. An early proponent
of such a theory was the Viennese pathologist Karl von Rokitansky (1804–
1878) who in 1852 reported that fibrin plays a pivotal role in the atheromatous
process (von Rokitansky 1852), a tradition that was continued by J. B. Duguid
100years later,whoalsoemphasized the importanceof thrombosis as a factor in
the pathogenesis of coronary atherosclerosis (the ‘thrombogenic’ hypothesis)
(Duguid 1946).

Today, it is clear that aspects of both the ‘cellular’ and ‘humoral’ schools of
atherogenesis are correct, in the sense that processes both outside and within
the arterial wall have a profound influence on the initiation and progression
of the atherosclerotic lesion. Many of the other chapters in this book deal
with risk factors for atherosclerosis, with particular emphasis on diet. The
present chapter will therefore confine itself to events that occur within the
arterial wall during atherogenesis. Classical risk factors such as dyslipidaemia,
diabetes mellitus and the metabolic syndrome, hyperhomocysteinaemia, and
hypertension will not be dealt with here and we refer the reader to the relevant
sections of this book for a discussion of these issues.

2
The Response-To-Injury Hypothesis of Atherosclerosis

Atherosclerosis mainly affects large and medium-sized arteries, including the
aorta, the carotid arteries, the coronary arteries and the arteries of the lower
extremities. The earliest lesion of atherosclerosis is called the fatty streak,
which is common even in infants and young children (Napoli et al. 1997). The
fatty streak is a pure inflammatory lesion, consisting only of monocyte-derived
macrophages and T lymphocytes (Stary et al. 1994). In patients with hyper-
cholesterolaemia, this influx of cells is preceded by lipid deposition (Napoli
et al. 1997; Simionescu et al. 1986).

2.1
Endothelial Dysfunction

The response-to-injury hypothesis of atherosclerosis suggests that even before
development of the fatty streak, damage to the endothelium lining the blood
vessel sets the stage for lesion development. Originally, denudation of the
endothelium was thought to be required (Ross and Glomset 1973), but more
recent work emphasizes the importance of endothelial dysfunction (Bonetti
et al. 2003; Widlansky et al. 2003). In fact, some workers have gone so far as
to suggest that the endothelial status may be regarded as ‘an integrated index
of all atherogenic and atheroprotective factors present in an individual’, a sort
of ‘threshold switch’ that only when activated translates an unfavourable risk
factor profile into actual atherosclerotic disease (Bonetti et al. 2003).
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The endothelium is a continuous layer of cells that separates blood from the
vessel wall. An active, dynamic tissue, endothelium controls many important
functions such as maintenance of blood circulation and fluidity as well as reg-
ulation of vascular tone, coagulation and inflammatory responses (Gonzalez
and Selwyn 2003). Under homeostatic conditions, the endothelium maintains
normal vascular tone and blood fluidity and there is little or no expression of
pro-inflammatory factors. The arterial endothelium responds to flow and to
shear forces in the blood via a pathway that leads to phosphorylation of en-
dothelial nitric oxide synthase (eNOS), which in turn produces the potent va-
sodilator nitric oxide (NO), thus leading to vasodilatation (Dimmler et al. 1999;
Scotland et al. 2002). This response allows arteries to accommodate increases
in flow and control changes in shear stress (Brouet et al. 2001). Regulation
of eNOS occurs through its attachment to proteins such as caveolin (Fontana
et al. 2002) and by means of phosphorylation reactions (Harrison 1997). In
addition, the endothelium limits local thrombosis by producing tissue plas-
minogen activator, maintaining a negatively charged surface, and by secreting
anticoagulant heparans and thrombomodulin (Behrendt and Ganz 2002).

Endothelial dysfunction is characterized first by a reduction in the bioavail-
ability of vasodilators, in particular NO, whereas endothelium-derived vaso-
constrictors such as endothelin 1 are increased (Bonetti et al. 2003; Yang et al.
1990). This leads to impairment of endothelium-derived vasodilatation, the
functional hallmark of endothelial dysfunction. Second, endothelial dysfunc-
tion is characterized by a specific state of endothelial activation, which is
characterized by a pro-inflammatory, proliferative and procoagulatory state
that favours all stages of atherogenesis (Anderson 1999). Dysfunctional en-
dothelium promotes the adhesion of leukocytes to the arterial wall and their
migration into the subintimal space and also fails to inhibit the proliferation
and migration of smooth muscle cells (Bonetti et al. 2003).

Many of the classical and ‘newer’ risk factors associated with atherosclerosis
such as smoking, hyperlipidaemia, diabetes mellitus, hypertension (Celerma-
jer et al. 1992; Libby et al. 2002), obesity (Steinberg et al. 1996), elevated
C-reactive protein (Fichtlscherer et al. 2000), and chronic systemic infection
(Prasad et al. 2002) have been found to be associated with endothelial dysfunc-
tion. The exact nature of the link is unknown, but may also involve reactive
oxygen species. Thus, it has been postulated that at an early stage in the
atherosclerotic process, oxidatively modified low-density lipoprotein (LDL)
may activate protein kinase C and thus nuclear factor-κB (NFκB), a tran-
scription factor that increases the transcription of genes encoding angiotensin
converting enzyme, endothelial cell surface adhesion molecules and enzymes
that further promote oxidative stress (Cai and Harrison 2000; Libby et al. 2002;
Murohara et al. 1994). Reactive oxygen species may also react directly with NO,
reducing its bioavailability and promoting cellular damage (Tomasian et al.
2000; Yura et al. 1999). In addition, binding of oxygen free radicals to NO may
produce a toxic product, peroxynitrite, which destabilizes the production of
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eNOS and causes uncoupling of the enzyme, leading to production of free rad-
icals rather than NO. Increased membrane concentrations of cholesterol lead
to up-regulation of caveolin, which binds eNOS and limits NO production.
Cofactors in the release of NO from arginine become oxidized and may impair
eNOS function (Vasquez-Vivar et al. 1998). In addition, abnormal substrates
such as asymmetric dimethylarginine may compete to block the enzyme and
thus also limit NO production (Cooke 2000). It is unclear which of these mech-
anisms predominates in human atherosclerosis, but the end result is a failure to
produce sufficient amounts of NO (Murohara et al. 1994; Ohgushi et al. 1993).

However, established cardiovascular risk factors are not the only determi-
nants of endothelial function, as evidenced by a number of studies that showed
no difference in the risk factor profile between persons with normal endothe-
lium and persons with various stages of endothelial dysfunction (Al Suwaidi
et al. 2000; Gokce et al. 2002; Halcox et al. 2002; Ohgushi et al. 1993). Al-
though local factors, in particular haemodynamic forces such as shear stress,
have been recognized as important modulators of endothelial function (Gokce
et al. 2002), these findings indicate a variable endothelial susceptibility to car-
diovascular risk factors and indicate the presence of other, as-yet unknown
factors—including genetic predisposition—both for the prevention and the
promotion of endothelial dysfunction.

Finally, it is important to note that dysfunction of the arterial endothelium
is important not only at the inception of the atherosclerotic lesion, but at every
stage in the life of the plaque, including in particular the events surrounding
plaque rupture. This will be referred to in detail below.

2.2
The Role of Infection in Atherogenesis

The suggestion that infectious agents might be involved in the causation of
atherosclerosis was first proposed by Sir William Osler (1849–1919) and oth-
ers at the start of the twentieth century (Frontingham 1911; Osler 1980). In
more recent times, interest has focused on four organisms: the intracellular
parasite Chlamydia pneumoniae, the herpes viruses cytomegalovirus (CMV)
and herpes simplex virus (HSV) types 1 and 2, and Helicobacter pylori. In
addition, it has been postulated that chronic low-grade infection or recurrent
infections at other sites of the body—in particular of the teeth and gums in the
form of periodontitis—may also increase the risk of developing atheroscle-
rotic disease. However, the link between infection and atherosclerosis need
not be limited to these organisms. In one study of 18 atherosclerotic lesions
of the carotid artery, for example, three lesions were found to contain HSV
type 1 DNA, and eight contained a wide range of bacterial DNA from species
that belonged either to the oral, genital or faecal commensal flora or that are
present in the environment (Watt et al. 2003).
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Two hypotheses have been presented to explain the presence of microor-
ganisms in the atherosclerotic plaque: (a) a microorganism may specifically
cause atherosclerosis in the same way as H. pylori causes gastric ulcers; (b)
viruses and/or bacteria may be randomly trapped by atherosclerotic tissue
during viraemia or bacteraemia.

2.2.1
Chlamydia pneumoniae

Most attention in recent years has been devoted to the link between C. pneu-
moniae and atherosclerosis. The high motivation in relation to this organism
stems mainly from the fact that is amenable to treatment with antibiotics and
thus might provide a rare opportunity to causally treat atherosclerosis (Kalayo-
glu et al. 2002). C. pneumoniae was first isolated in 1965, but was not properly
speciated until 1989 (Grayston et al. 1990). C. pneumoniae has the capacity
to multiply within a wide range of host cells, including macrophages and en-
dothelial cells (Gaydos et al. 1996; Godzik et al. 1995; Kaukoranta-Tolvanen
et al. 1994). Most humans encounter C. pneumoniae during their lives, with
seropositivity rates for anti-C. pneumoniae antibodies achieving about 50% at
20 years and over 70% by the age of 65 years (Grayston 1992).

Four pieces of evidence suggest a role for C. pneumoniae in atheroscle-
rosis: (a) some seroepidemiological studies indicate that patients with car-
diovascular disease have higher titres of anti-C. pneumoniae antibody than
controls (Danesh et al. 1997, 2000, 2002); (b) about half of all atherosclerotic
lesions contain the organism or its proteins and nucleic acids. Furthermore, the
pathogen has been isolated from atheroma and propagated in vitro (Kalayoglu
et al. 2002); (c) in vitro studies suggest that C. pneumoniae can modulate the
function of atheroma-associated cell types in ways that are consistent with
a contribution to atherogenesis; (d) in animal studies, C. pneumoniae has been
found to promote lesion initiation and progression, and antibiotic treatment in
animals has been shown to prevent the development of atherosclerotic lesions.

Despite the strong circumstantial evidence linking Chlamydia to atherogen-
esis, however, the results of trials investigating the anti-atherosclerotic effects
of antibiotic treatment in humans have been disappointing. While an early
study of azithromycin treatment in male survivors of myocardial infarction
with high titres of anti-C. pneumoniae antibody appeared to show promising
results (Gupta et al. 1997), these results were not confirmed in later larger stud-
ies (Anderson et al. 1999; Dunne 2000; Muhlestein et al. 2000). At the time of
writing, results are awaited from the Azithromycin and Coronary Events study
of 4,000 patients with stable coronary artery disease (Jackson 2000), and from
the Pravastatin or Atorvastatin Evaluation and Infection Therapy trial, which
will include 4,200 patients treated with the quinolone antibiotic gatifloxacin. It
is hoped that these large trials will provide a definitive answer to the question
of clinical usefulness of antibiotics in treating atherosclerosis.
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At present, therefore, a causal role of C. pneumoniae in atherogenesis must
be seen as speculative. Part of this lack of clarity is due to deficiencies in avail-
able diagnostic methods to detect and monitor acute, chronic or persistent
C. pneumoniae infection. Seroepidemiological studies have used different cri-
teria for the diagnosis of infection. Detection of the pathogen by polymerase
chain reaction and immunohistochemistry also shows excessive variation be-
tween laboratories (Apfalter et al. 2001). It is also possible that C. pneumoniae
interacts with classical risk factors such as an atherogenic lipid profile to mod-
ulate atheroma biology, further complicating the matter (Khovidhunkit et al.
2000).

On the balance of evidence, however, it is highly unlikely that C. pneumoniae
is required for the initiation of atherosclerosis or alone can cause this com-
plex disease. Hyperlipidaemic animals develop atherosclerosis in germ-free
conditions, cardiovascular morbidity and mortality can be reduced by lipid-
lowering treatment without antibiotics, and C. pneumoniae is not present in all
atherosclerotic lesions. For the last reason alone, C. pneumoniae is unable to
fulfil Robert Koch’s postulates with regard to its atherogenic potential. Current
clinical data therefore do not warrant the use of antibiotics for the prevention
or treatment of atherosclerosis in humans (Kalayoglu et al. 2002).

2.2.2
Other Infectious Agents

2.2.2.1
Cytomegalovirus

Some workers have suggested that cytomegalovirus (CMV) may be a cofactor
in atherogenesis (Bruggeman et al. 1999; Epstein et al. 1996; Levi 2001). Its
mode of action has been thought to be either by local invasion of the arte-
rial wall, by effects on the host inflammatory response, by interfering with
endothelial function (Grahame-Clarke et al. 2003), or by perturbation of lipid
metabolism (de Boer et al. 2000a; Fong 2000; Libby et al. 1997). CMV DNA has
been detected in the walls of atherosclerotic arteries, but very little is known
about its ability to replicate at this location. CMV has been shown to replicate
in endothelial cells and smooth muscle cells that have been isolated from hu-
man arteries. The viral replicative process disrupts control of the cell cycle and
increases the amounts or activities of procoagulant proteins, reactive oxygen
species, leukocyte adhesion molecules, cholesterol uptake and esterification,
cell motility, and pro-inflammatory cytokines (Nerheim et al. 2004). Thus,
these in vitro findings suggest ways in which CMV might promote atherogene-
sis and its complications. In a recent study in human coronary artery, internal
mammary artery grafts and saphenous vein grafts, infection with CMV was
seen only in subpopulations of intimal and adventitial cells, and was enhanced
in vessels that were affected by atherosclerosis (Nerheim et al. 2004). Smooth
muscle cells were completely resistant to infection with CMV.
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Overall, the evidence for a causative role of CMV in atherogenesis is less
strong than that for C. pneumoniae. The presence of viral nucleic acid within
the plaque is no proof of causality, and in vitro effects cannot be extrapolated
to the in vivo situation.

2.2.2.2
Herpes simplex virus, Helicobacter pylori

As with C. pneumoniae and CMV, HSV and H. pylori have been found in
atheromatous lesions, and increased titres of antibodies to both pathogens
have been used as a predictor of adverse cardiovascular events (Espinola-Klein
et al. 2000). However, there is no direct evidence that they can cause the lesions
of atherosclerosis.

2.2.3
Chronic Infection and Atherogenesis

2.2.3.1
Periodontitis

Multiple cross-sectional studies have demonstrated a higher incidence of
atherosclerotic complications in patients with periodontal disease (Arbes et al.
1999; Grau et al. 1997; Mattila et al. 1989, 1995; Nieminen et al. 1993; Syrja-
nen et al. 1989). However, a problem with cross-sectional studies is that they
cannot distinguish between cause and effect. For example, it is possible that
atherosclerosis might exacerbate periodontal disease by causing a systemic
inflammatory response or even through subclinical ischaemia (Haynes and
Stanford 2003). Prospective studies of the link between periodontal disease
and atherosclerosis have been inconsistent, with some showing an increase
in risk (Beck et al. 1996; Morrison et al. 1999; Wu et al. 2000), while other
large studies do not (Hujoel et al. 2000; Joshipura et al. 1996). There are sev-
eral possible explanations for the association between periodontal disease
and atherosclerosis. First, it may reflect confounding by common risk factors
that cause both conditions, such as smoking, obesity and diabetes mellitus.
Second, it may reflect an individual propensity to develop an exuberant in-
flammatory response to intrinsic or extrinsic stimuli. Third, the presence of
an inflammatory focus in the oral cavity may exacerbate atherosclerosis by
stimulating humoral or cell-mediated inflammation. Fourth, the presence of
periodontal infection may lead to brief episodes of bacteraemia and inocula-
tion of the atherosclerotic plaques with such periodontal pathogens as Por-
phyromonas gingivalis, Actinobacillus actinomycetemcomitans, or Bacteroides
forsythus. In one recent study, the presence of antibodies to Porphyromonas
gingivalis was specifically linked to coronary heart disease, especially in eden-
tulous individuals (Pussinen et al. 2003), while in another study, severe peri-
odontal disease was associated with perturbed flow-mediated dilation of the



The Pathogenesis of Atherosclerosis 11

brachial artery, presumably as a result of endothelial dysfunction (Amar et al.
2003). Severe periodontal disease has also been linked to ischaemic stroke
(Grau et al. 2004).

Overall, therefore, there is suggestive evidence of a modest link between
severe periodontal disease and atherosclerosis (Scannapieco et al. 2003). To
test the hypothesis of causality, it will now be necessary to show that reversal
of periodontal disease will reverse or at least lessen the progression or com-
plications of atherosclerosis. This question is currently being addressed in the
Periodontitis and Vascular Events trial (PAVE) that is currently being run by
the United States National Institutes of Health (http://www.cscc.unc.edu/pave);
however, the results of which are not expected until 2008. Until the results of
PAVE and similar trials are available, a causal role of periodontal disease in
atherosclerosis must remain speculative.

2.2.3.2
Infectious Burden and Atherosclerosis

It has been suggested that the risk of developing atherosclerosis is not due
to infection with a single agent but rather to the number of pathogens to
which a person is exposed over his or her lifetime (Epstein et al. 2000; Zhu
et al. 2000, 2001). Thus, in a number of studies, risk of atherosclerosis was
associated with seropositivity to C. pneumoniae, CMV, Epstein–Barr virus,
and HSV type 2 (Espinola-Klein et al. 2000; 2002a, 2002b; Rupprecht et al.
2001), the risk of atherosclerosis increasing with an increase in the number
of agents to which the patients were seropositive. It has been suggested that
this effect is due to a local or systemic inflammatory response generated by the
infectious agents and/or an infection-induced autoimmune response involving
molecular mimicry.

The idea that infectious burden contributes to the pathogenesis of athero-
sclerosis must at the present time also be regarded as speculative. It is possible,
for example, that individuals with greater infectious burden may appear to be
at increased vascular risk only because they have less access to care or a lower
socioeconomic status.

3
Development of the Atherosclerotic Lesion

3.1
Different Cell Types in Atherosclerosis: Villains or Heroes?

3.1.1
Smooth Muscle Cells

There is no doubt that proliferation of smooth muscle cells plays a role in the
development of the atherosclerotic lesion, especially during its initial phases.
Intimal thickening caused by proliferation of smooth muscle cells stands at the
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beginning of plaque development, although not all areas of intimal thickening
will develop into full-blown atherosclerotic plaques. Adaptive thickening is
a normal development at sites of high mechanical load, starting already at the
time of birth or even earlier (Ikari et al. 1999).

Proliferation of smooth muscle cells was first suspected to play a role in
development of atherosclerosis based on studies of experimental injury to the
vascular wall, such as removal of the endothelium by balloon angioplasty (Ross
and Glomset 1973). In this case, the vessel wall reacts by induction of prolifera-
tion of medial smooth muscle cells, migration of smooth muscle cells through
the elastica interna and formation of a neointima. In the course of this process
the smooth muscle cells change from a contractile to a synthetic, fibroblast-like
phenotype showing higher proliferation rate and active synthesis of extracel-
lular matrix components.

Several growth factors have been shown to be involved in this process.
The role of platelet derived growth factor (PDGF) was demonstrated in early
studies of balloon-induced injury by Ross et al. and Stephen M. Schwartz and
coworkers (Murry et al. 1997; Bayes-Genis et al. 2000) showed that insulin-
like growth factors are also involved. The animal model of endothelial injury
may have a clinical correlate in the development of restenosis after coronary
angioplasty in humans. In both cases, proliferation of intimal smooth mus-
cle cells is decisive for the development of a neointima. On the other hand,
narrowing of the lumen after injury results only partly from the growth of
a neointima, since such narrowing also results from ‘remodelling’, a thick-
ening of the media by contraction without enhancement of the tissue mass
(Newby 1997).

In contrast to intimal thickening after injury, which occurs fairly rapidly,
the formation of the atherosclerotic plaque is very slow. Replication of smooth
muscle cells within the atherosclerotic plaque is also very sluggish with repli-
cation rates of less than 1% (Taylor et al. 1995). At present it is unknown if
all intimal smooth muscle cells show uniformly slow rates of proliferation, if
episodic bursts of proliferation occur, or if a small number of cells show high
proliferation rates within a non-proliferating surrounding. In the early 1970s
Earl P. Benditt produced a strong argument in favour of the latter possibility
when he reported that atherosclerotic plaques contain large monoclonal cell
populations (Benditt and Benditt 1973). This remarkable result was based on
findings in women, each of whose X-chromosomes encoded a different elec-
trophoretically discernible isoform of glucose-6-phosphate-dehydrogenase.
Early in embryonic development one X-chromosome is inactivated so that
each tissue normally contains a mosaic pattern of paternal and maternal X-
chromosomes.However, if a single cell undergoes rapidproliferation, thenewly
formed tissue contains only cells producing a single isoform. The finding has
been confirmed by other authors, and it is now clear that fairly large patches
of the normal arterial media are also formed by cells of monoclonal origin
(Chung et al. 1998).
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3.1.2
Macrophages

In evolutionary terms, macrophages represent an ancient part of the immune
system. Closely related cells are already found in the haemolymph of primitive
multicellular organisms. The principal role of macrophages is the ingestion
by phagocytosis, and hence neutralization, of non-self material, ranging from
aged, necrotic, apoptotic or malignant cells to microbial invaders. They also
have a central role in the regulation of the immune response and secrete a wide
range of cytokines, chemokines (chemotactic cytokines) and other soluble me-
diators. Finally, they have a very important function in the presentation of for-
eign peptide antigens to T cells and thus in the initiation of the T cell-mediated
immune response. Macrophages develop from circulating blood monocytes
and only become fully developed at their final destination. Thus, in bone,
macrophages are called osteoclasts, in the central nervous system microglia,
in connective tissue histiocytes, in the kidney mesangial cells, and in the liver
Kupffer cells. In order to become fully activated, tissue macrophages require
exogenous signals and interaction with T cells. Once the danger has passed,
macrophages may also be switched off, or deactivated, by cross-linking of in-
hibitory receptors, by anti-inflammatory cytokines and by certain compounds
such as reactive oxygen intermediates (Bogdan 2001).

One of the principal characteristics of the atherosclerotic plaque is the
presence of macrophages and macrophage-derived foam cells. These cells have
been studied in detail for many years in humans, in various animal models and
in cell culture. Huge amounts of information on their regulation and on their
effects on other cells have been generated. Nevertheless, the central question
remains as to whether macrophages fundamentally inhibit or promote the
atherosclerotic process. The aim of the following section is to sketch out the
main functions of the macrophage in atherosclerosis and to try to come to
a provisional answer to this question.

3.1.2.1
Entry of Monocytes into the Subintimal Space

In addition to the endothelial dysfunction referred to above, an early event
in atherogenesis is the activation of endothelial cells. The cause of this is not
known, but it may be mediated by atherogenic lipoprotein remnants or by
modified LDL. Activated endothelial cells express adhesion molecules on their
surfaces. First, the glycoproteins P-selectin and E-selectin on the surface of
endothelial cells bind P-selectin glycoprotein ligand-1 on the surface of mono-
cytes in the circulation, causing these to adhere loosely in rolling fashion to the
endothelium. Then, a firmer interaction of the monocyte with the endothe-
lium is mediated by the integrins vascular cell-adhesion molecule 1 (VCAM-1)
and intracellular cell-adhesion molecule 1, which bind to lymphocyte func-
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tion antigen-1 and very late antigen-4, respectively, on the monocyte surface.
VCAM-1 may be the pivotal molecule involved in monocyte recruitment into
the atherosclerotic plaque: it is up-regulated in cultured endothelial cells in
the presence of oxidized LDL, it is expressed at lesion-prone sites before the
appearance of grossly visible lesions and it is fairly selective for monocytes.
Moreover, atherosclerosis is reduced in mice lacking VCAM-1 (Li and Glass
2002).

Finally, adherent monocytes migrate into the subendothelial space by a pro-
cess known as diapedesis under the influence of chemoattractant molecules,
in particular the chemokine macrophage chemoattractant protein-1 (MCP-1),
which is recognized by the chemokine CC motif receptor 2 (CCR2) on the
monocyte. Monocytes isolated from persons with hypercholesterolaemia are
more responsive to MCP-1 because they show increased expression of the
CCR2. Oxidized LDL is itself a chemoattractant, and its oxidized phospholipid
components induce expression of MCP-1 by endothelial cells (Cushing et al.
1990; Subbanagounder et al. 2002). In humans, other chemoattracts that may
play a role in monocyte recruitment include interleukin (IL) 8 and its cognate
chemokine receptor CXCR2 together with the macrophage inflammatory pro-
teins 1α and 1β, and the protein RANTES (regulated upon activation, normal
T cell expressed and secreted), all of which bind to the CC motif receptor 5
(CCR5) on the monocyte surface. In contrast to CCR2, the main function of
CCRS is to recruit monocytes from the circulating blood, CCR5 and its ligands
appear to act mainly on macrophages within the plaque (Østerud and Bjørklid
2003).

3.1.2.2
Proliferation of Macrophages in the Atherosclerotic Plaque

Accumulation of macrophages is an essential step in all phases of atheroscle-
rotic plaque development. For a long time there was general agreement that
this accumulation is caused by recruitment of monocytes from the blood,
which then differentiate to macrophages within the tissue. This assumption
was called into question by reports of histological markers of cell proliferation
on plaque macrophages. In fact, Katsuda et al. reported that in early human
lesions most proliferating cell nuclear antigen-positive cells were either mono-
cytes/macrophages or lymphocytes (Katsuda et al. 1993). More recent reports
describe the induction of macrophage proliferation by oxidized LDL. Accord-
ing to Hamilton et al. the proliferative effect of oxidized LDL is additive to that
of a macrophage growth factor, colony stimulating factor 1 (Hamilton et al.
1999), which is required for cell survival.

Proliferation of macrophages in the presence of oxidized LDL is induced
by cytokines secreted by antigen-activated T lymphocytes. Göran K. Hansson
and coworkers (Paulsson et al. 2000) recently showed that a substantial portion
of CD4+ cells [which are generally thought to be T helper (Th) lymphocytes]
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isolated from atherosclerotic plaques recognize oxidized LDL as an antigen
which induces them to proliferate and to secrete cytokines. This group also
demonstrated oligoclonal T cell proliferation in plaques of cholesterol-fed
apolipoprotein E (apoE)-deficient mice.

Thus, despite the fact that rates of cell division in the atherosclerotic plaque
are very low, accumulation of cells within the lesion is caused not only by cell
immigration, but also by local that local proliferation of all cell types involved.

3.1.2.3
Formation of Foam Cells: The Macrophage Dilemma—How Does the Macrophage
Deal with Excess Lipid?

To be recognized by macrophage scavenger receptors, native lipoproteins must
be modified to atherogenic forms. Retention of LDL within the subendothe-
lial extracellular matrix appears to be necessary for such modifications to
occur (Skalen et al. 2002). Several lines of evidence support the hypothesis
that oxidation of LDL is an essential step in its conversion to an atherogenic
particle (Steinberg et al. 1989). Although macrophages, endothelial cells and
smooth muscle cells can all promote oxidation of LDL in vitro, we still do not
know how this process occurs in vivo. Macrophages produce lipoxygenases,
myeloperoxidase, induciblenitric oxide synthase (iNOS)andNADPHoxidases,
all enzymes that can oxidize LDL in vitro and that are expressed within the hu-
man atherosclerotic plaque. These enzymes – in particular myeloperoxidase,
iNOS and NADPH oxidase – are the means by which macrophages generate
the reactive oxygen species that are essential for microbial killing and native
immunity.

Unlike other cell types, macrophages express a number of scavenger re-
ceptors that are capable of taking up oxidized LDL, including scavenger re-
ceptor A, scavenger receptor B1 (SRB1), cluster of differentiation (CD) 36,
CD68, and scavenger receptor for phosphatidylserine and oxidized lipoprotein
(Li and Glass 2002). As a class, these proteins tend to recognize polyanionic
macromolecules and may have physiological functions in the recognition and
clearance of pathogens and apoptotic cells. Of the receptors present, scavenger
receptor A and CD36 appear to be the most important from a quantitative
point of view in terms of uptake of modified lipoprotein. In mouse models,
these two receptors accounted for between 70% and 90% of degradation of LDL
modified by acetylation or oxidation. This facility may also correlate directly
with atherogenesis—in atherosclerosis-prone apoE knockout mice the extent
of atherosclerosis is reduced when the mice also lack either scavenger recep-
tor A or CD36. Nevertheless, the specific role that these receptors play in the
development of human atheroma remains to be determined (Nicholson 2004).
Uptake of oxidized LDL is mediated primarily by CD36, which recognizes the
oxidized phospholipids within the particle. By contrast, scavenger receptor
A recognizes the protein components of the particle.
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Exposure to oxidized LDL strongly induces expression of CD36 mRNA
and protein via activation of the transcription factor peroxisome proliferator-
activated receptor γ (PPARγ) (Nagy et al. 1998; Tontonoz et al. 1998). PPARγ is
part of the nuclear receptor superfamily that heterodimerizes with the retinoid
X receptor (RXR) in order to control the transcripition of genes encoding pro-
teins involved in adipogenesis and lipid metabolism. Two oxidized metabolites
of linoleic acidpresentwithinoxidizedLDL,9-hydroxyoctadecadienoicacid (9-
HODE) and 13-HODE may be responsible for this activity. Thus, macrophage
expression of CD36 and foam cell formation may be driven by a cycle in which
oxidized LDL drives its own uptake. Moreover, expression of CD36 increases
as monocytes differentiate into macrophages. Although PPARγ is not required
for macrophage differentiation, it is necessary for basal expression of CD36.

In contrast to the LDL receptor that is responsible for the physiological up-
take of cholesterol-rich lipoproteins, the type A scavenger receptor and CD36
are not subject to negative feedback regulation by the intracellular cholesterol
content. Thus, a central problem facing macrophages within the subintimal
space is how to deal with the excess cholesterol that they ingest. Since the
mammalian cell possesses no mechanisms for breaking down the sterol back-
bone of the cholesterol molecule, the macrophage is faced with the dilemma of
how to deal with the cholesterol taken up via receptor-mediated endocytosis,
a problem compounded by the fact that macrophages also ingest substantial
amounts of cholesterol in the form of necrotic and apoptotic cells and cellular
debris. This is not a trivial issue: as will be discussed below in more detail,
excess cholesterol within the cell is toxic and can rapidly lead to cell death.

So how does the macrophage deal with the excess cholesterol? First, such
cholesterol is stored in the form of cholesteryl ester droplets leading to the
development of the eponymous foam cells. The cholesteryl esters present
within internalized lipoproteins are first hydrolysed in lysosomes and the
resulting free cholesterol is transported to other cellular sites, usually the
plasma membrane. This process is disturbed in the cholesterol storage disease
Niemann–Pick Type C (NPC), which is caused by mutations in the NPC1 and
NPC2 proteins (Blanchette-Mackie 2000). NPC1 is a membrane spanning pro-
tein with a sterol sensing domain while NPC2 is a small cholesterol-binding
protein (Carstea et al. 1997; Naureckiene 2000). On arriving at the plasma
membrane, lysosome-derived free cholesterol is accessible to efflux acceptors
and to the endoplasmatic reticulum where it can be re-esterified (Maxfield and
Wustner 2002). The enzyme responsible for re-esterification of cholesterol is
acyl-CoA:cholesterol acyltransferase (ACAT) and resides predominantly in the
endoplasmatic reticulum (Chang et al. 1997). Substrate availability regulates
ACAT, possibly coupled with allosteric regulation, and when a threshold level of
free cholesterol is reached, ACAT activity increases dramatically (Xu and Tabas
1991). As described by us, human foam cells in vitro contain a wide variety
of cholesteryl esters, principally cholesteryl eicosapentaenoate, cholesteryl do-
cosahexaenoate, cholesteryl arachidonate, cholesteryl linoleate and cholesteryl
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oleate (Cullen et al. 1997). Esterification of free cholesterol serves as a detoxifi-
cation mechanism, but only free cholesterol is available for efflux to cholesterol
acceptors (Rothblatt et al. 1999). The cholesteryl esters present in the foam cell
must therefore first be hydrolysed before they can be removed from the cells.
This process is accomplished by a neutral cholesterol ester hydrolase, which
is present in the cell cytosol but which has yet to be completely characterized
(Vainio and Ikonen 2003).

Macrophages are able to store about twice their content of free cholesterol
in the form of cholesteryl esters. However, within the atherosclerotic plaque
this capacity is soon exhausted. Thus, the second means in which the plaque
macrophage deals with excess cholesterol is by exporting it via a number of
pathways that include transfer to high-density lipoprotein (HDL) via SRB1,
transfer to apoA1- and apoE-containing lipoprotein particles via at least one
adenosine triphosphate-binding cassette (ABC) transporter, and direct trans-
fer from the cell membrane either to apoE-containing lipoproteins or to other
cholesterol acceptors (Nicholson 2004).

The regulation of cholesterol efflux in the macrophage is complex and
incompletely understood. A central role is played by nuclear receptors that
regulate the transcription of important genes in the process. Of particular
importance are the dimer RXR/PPARγ, which regulates transcription of the
CD36 scavenger receptor and the liver X receptor α (LXRα) transcription
factor; and RXR/LXRα, which regulates the transcription of apoE and ABCA1
(Fig. 1). We have recently found that the RXR/LXR dimer is also responsible
for controlling the transcription of other proteins that may well play a role
in cholesterol efflux from macrophages, notably the ABC transporter G1 and
adenosine diphosphate-ribosylation factor-like protein 7 (ARL7) (Engel et al.
2004) Lorkowski et al. 2001a, 2001b). Of the components of oxidized LDL,
oxysterols act as ligands for LXRα, while oxidized fatty acids act as ligands
of PPARγ. Other levels of regulation of these factors also exist. For example,
after binding to its receptor SRB1, HDL activates the mitogen-activated protein
kinase signalling pathway, which in turn leads to phosphorylation and hence
reduction of both ligand-dependent and ligand-independent transcriptional
activity of PPARγ (Han et al. 2002). There is some evidence that this effect is
a result of the cholesterol efflux mediated by HDL and not the addition of lipid
or lipoprotein (Nicholson 2004).

In addition to transfer to HDL, either via interaction of HDL with SRB1 or
to interaction of apoA1 or apoE with ABCA1 (Fig. 1), other mechanisms for
cholesterol efflux exist. We, and others, have shown that apoE is capable of
mediating cholesterol efflux from macrophages even in the absence of choles-
terol acceptors (Cullen et al. 1996), though the physiological importance of
this process in human atherosclerosis is unknown. Supporting evidence for
a potentially significant role of apoE in macrophage cholesterol efflux is pro-
vided by evidence from a mouse model in which specific expression of the
apoE gene in the macrophages of apoE knockout mice rescued these animals
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Fig. 1 Regulation of cholesterol flux in macrophages. CD36 and the ATP binding cassette
transporter A1 (ABCA1) are regulated in response to lipid agonists derived from oxidized
low-density lipoproteins (oxLDL), which are in turn internalized via the CD36 or the type
A scavenger receptor (SRA). The SRA is also the principal means by which acetylated LDL is
taken up into macrophages in one of the most commonly-used in vitro models of foam cell
formation. CD36 and ABCA1 have major but opposite effects on macrophage lipid accu-
mulation: increased CD36 expression increasing the intracellular content, while increased
ABCA1 expression reduces cellular lipids. OxLDL increases CD36 expression because the
oxidized fatty acids (FA) it contains act as ligands that activate the peroxisome proliferator-
activated receptor γ (PPARγ). OxLDL also upregulates ABCA1 expression through PPARγ
activation of liver X receptor α (LXRα). Oxysterols derived from oxLDL are ligand activa-
tors of LXRα and increase transcription of both ABCA1 and apolipoprotein (apo) E. The
RXR/LXR dimer of transcription factors also stimulates the transcription of other genes
thought to play an important role in intracellular macrophage metabolism such as the ATP
binding cassette transporters G1 and G4 (ABCG1, ABCG4) and the adenosine diphosphate-
ribosylation factor-like protein 7 (ARL7) (Engel et al. 2001, 2004; Lorkowski and Cullen
2002; Wang et al. 2004). ARL7 is induced by cholesterol loading and seems to be involved
in transport of cholesterol between a perinuclear compartment and the plasma membrane,
where the cholesterol is exported to high-density lipoprotein (HDL) via the action of ABCA1.
HDL binds to its receptor scavenger receptor B1 (SRB1) and thus removes cholesterol from
cells. Binding of HDL to SRB1 also down-regulates CD36 expression through the mitogen-
activated protein kinase-mediated phosphorylation of PPARγ. The exact role of ABCG1 and
of the newly-described ABC transporter ABCG4 in cholesterol efflux remains currently un-
known. CE, Cholesteryl ester; RXR, retinoid X receptor. (See text for further details; adapted
from Nicholson 2004)

from atherosclerosis (Bellosta et al. 1995). In the human, the relative impor-
tance of the ABCA1- and non-ABCA1-mediated pathways for apoE-dependant
cholesterol efflux is unknown. A further layer of complexity is provided by the
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fact that both ABCA1 and ABCG1 promote the secretion of apoE in human
macrophages (von Eckardstein et al. 2001).

Despite the amount of information that already exists, many components of
the cholesterol balance mechanism in macrophages remain to be discovered.
For example, we found that a new member of the ABC family, ABCG4 is reg-
ulated by oxysterols and retinoids in human monocyte-derived macrophages,
and may also play a role in macrophage cholesterol homeostasis (Engel et al.
2001). More recently, we discovered that ARL7, a member of a family of small
regulatory guanine triphosphatases (GTPases) that control vesicle budding
in the secretory and endosomal pathways of cellular vesicular transport, is
also regulated by LXR/RXR and is likely to mediate transport of cholesterol
between a perinuclear compartment and the plasma membrane. On arriving
at the plasma membrane, this cholesterol appears to be destined for ABCA1-
mediated cholesterol secretion (Engel et al. 2004).

Within recent years, a further pathway of potential cholesterol efflux in the
macrophage has been discovered, namely the shedding of membranes con-
taining so-called lipid rafts (Gargalovic and Dory 2003). Lipid rafts are tightly
packed, liquid-ordered plasma membrane microdomains enriched in choles-
terol, sphingomyelinandglycolipids.Theirunique lipidcompositionmayserve
to compartmentalize specific membrane proteins, including caveolins. Caveo-
lae are a subset of lipid rafts that are characterized by a high caveolin content
and formation of flask-shaped invaginations of the cell membrane measuring
50–100 nm in diameter (Anderson 1998). Three isoforms of caveolin exist in
mammals (caveolin 1, 2 and 3), of which caveolins 1 and 2 appear to be present
in human macrophages. Because of their tightly packed liquid-ordered state,
lipid rafts are an unfavourable direct source of cholesterol for efflux, and the
ABCA1 transporter does not associate with them, meaning that their contri-
bution to lipid efflux is limited to the membrane shedding mentioned above
(Mendez et al. 2001; Scheiffele et al. 1999; Schroeder et al. 1994). The physio-
logical relevance of this process in humans is unknown at the present time.

3.1.2.4
The Foam Cell: Conductor in the Cellular Orchestra of the Atherosclerotic Plaque

Macrophages and foam cells are by no means passive participants in the drama
of atherosclerosis.On the contrary, theyplay anactive role at all stagesofplaque
development, interacting actively with each other and with other cell types,
secreting a wide range of signalling molecules, modulating the inflamma-
tory response with the plaque, and producing a range of proteins that affect
the structure of the extracellular matrix. The main biological products of
macrophages are listed in Table 1. The present review will focus on just a few
of these products in order to illustrate the central role of the macrophage in
atherogenesis. For further detail, the reader is referred to appropriate specialist
reviews.
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Table 1 Biological products of monocytes and macrophages

All essential components of the complement system

All factors needed to generate fibrin: all vitamin K-dependent clotting factors: FII (prothrombin), FV, FVII and
FX; fibrinogen and tissue factor

Many prostaglandins (for review see Narumiya et al. 1999)

Many leukotrienes (for review see Samuelsson 2000)

Growth factors: platelet-derived growth factor (PDGF), transforming growth factor β (TGF-β), macrophage
colony-stimulating factor (M-CSF), granulocyte colony-stimulating factor (GM-CSF)

Cytokines: tumour necrosis factor (TNF) α, interleukin (IL)1-β, IL-4, IL-6, IL-10, IL-12, IL-13, IL-15, IL-18,
interferon γ (IFNγ)

Platelet-activating factor, lysophosphatidylcholine

Chemotactic cytokines (chemokines):macrophage chemotactic peptide (MCP) 1,MCP-2,MCP-3, IL-8, RANTES
(regulated upon activation, normal T cell expressed and secreted), Epstein–Barr virus induced molecule
1 ligand chemokine (ELC), pulmonary and activation-regulated chemokine (PARC), macrophage inhibitor
peptide (MIP) 1α, MIP-1β, eotaxin (CCR-3 receptor-specific, eosinophil-selective chemokine), macrophage-
derived chemokines (MDC), thymus and activation-regulated chemokines (TARC), lymphocyte-directed CC
chemokines (LARC) (for review, see Baggiolini 2001)

Oxygen radicals

Proteolytic enzymes

Components of extracellular matrix: type VIII collagen, type VI collagen (unpublished), other collagens
(Weitkamp et al. 1999)

One of the main ways in which the macrophage affects its surroundings is by
the production of potent cytokines. Chief among these is tumour necrosis fac-
torα (TNFα), a small (17-kDa)protein that causes the releaseof awhole cascade
of cytokines involved in the inflammatory response. TNFα exerts its principal
effects by binding as a trimer to either of two membrane receptors called TNF
receptor superfamily type 1A (TNFRSF1A) and TNF receptor superfamily type
1B (TNFRSF1B). This binding leads in turn to downstream activation of the
transcription factor NFκB, which is translocated into the nucleus where target
genes are activated. Both cytosolic and secretory phospholipase A2 are thought
to play a role in this process.

A second important cytokine is IL-x1β. During inflammation, transcription
of IL-1β is stimulatedby immunecomplexes, coagulationandcomplementpro-
teins, substance P and bacterial products, most notably lipopolysaccharide.
IL-1β is also induced by cytokines of lymphocyte origin such as granulocyte-
macrophage colony stimulating factor (GM-CSF) and interferon γ (IFNγ).
Binding of IL-1β to its receptor also activates NFκB. Together with TNFα, IL-1β
is one of the main pro-inflammatory products generated by macrophages. In
fact, IL-1β may mimic activation signals typically induced by TNFα (Østerud
and Bjørklid 2003). IL-1β is a chemoattractant for neutrophils, induces re-
lease of neutrophils from the bone marrow to the circulation, and enhances
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leukocyte adherence to the endothelium. Like IL-6, IL-1β stimulates liver cells
to secrete other acute phase proteins. It promotes endothelial cell prolifer-
ation and activates T cells by increasing IL-2 production and upregulating
the IL-2 receptor (Østerud and Bjørklid 2003). Evidence that IL-1β is in-
volved in atherogenesis derives from mouse models, in which blocking of
IL-1β reduced plaque extent (Devlin et al. 2002; Elhage et al. 1998). IL-18 is
a member of the IL-1 family and its receptor and signal transduction sys-
tem are analogous to those of IL-1β (Akira 2000). IL-18 is a potent inducer
of IFNγ and increased lesion development in a mouse model by provoking
an IFNγ-dependent inflammatory response (Whitman et al. 2002). Moreover,
IL-18 acts synergistically together with IL-12 to induce IFNγ secretion by T
cells, natural killer cells and macrophages (Munder et al. 1998). In a mouse
model of atherosclerosis, IL-12 was shown to promote lesion development
(Lee et al. 1999a).

IFNγ plays a central role in inducing and modulating the immune re-
sponse in humans. IFNγ is produced by Th1 type T lymphocytes and by
activated natural killer cells. It upregulates the expression of IL-1, platelet
activating factor and hydrogen peroxide by macrophages. IFNγ was shown
to be atherogenic in a mouse model (Gupta et al. 1997; Nagano et al. 1997;
Whitman et al. 2000).

Two further important cytokines are IL-10 and transforming growth fac-
tor β (TGF-β). IL-10 is an anti-inflammatory cytokine produced by activated
macrophages and lymphocytes and has been shown to inhibit atherosclerosis
formation in a mouse model (Mallat et al. 1999; Pinderski et al. 1999). TGF-β
stimulates macrophage secretion of PDGF and primes macrophage chemo-
taxis and secretion of tissue inhibitors of matrix metalloproteinases (TIMPs).
TGF-β also inhibits production of reactive oxygen and nitrogen metabolites in
activated macrophages (Østerud and Bjørklid 2003).

It is important to realize that many of the cytokines produced by the
macrophage have multiple and overlapping functions and that the ultimate
effect also depends on the context within which the cytokine is released. The
multiple and overlapping effects of some macrophage-produced cytokines are
shown in Fig. 2.

A further signalling molecule that requires special mention in the context of
atherogenesis is PDGF. There is much data to support the claim originally made
by Russell Ross that PDGF makes a significant contribution to proliferation of
smoothmusclecells inatherosclerosis (Rossetal. 1978).PDGFcanbeexpressed
by all the cells in the normal arterial wall, in particular by monocytes and
macrophages. Four PDGF genes, named PDGF-A to -D exist, but only PDGF-
A and PDGF-B have clearly been shown to be produced in macrophages in
atherosclerosis (Evanko et al. 1998). Expression of PDGF and its receptors is
increased in the atherosclerosis lesion.
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3.1.2.5
Macrophage Death and Plaque Progression: Apoptosis or Necrosis?

Maintenance of a physiological ratio of free cholesterol to phospholipid in
the cell membrane is essential for maintaining normal membrane fluidity (Si-
mons and Ikonen 2000). The degree of saturation of the fatty acyl moieties of
membrane phospholipids is the major determinant of lateral membrane do-
mains, which consist of well-packed, detergent-resistant liquid-ordered rafts
and more fluid, detergent-soluble liquid crystalline regions (Tabas 2002). The
ability of the hydrophobic cholesterol molecule to pack tightly with the satu-
rated fatty acyl groups of membrane phospholipids is critical for the formation
of liquid-ordered rafts (Simons and Ikonen 2000), so that cholesterol depletion
causes these rafts to break up. If, on the other hand, the ratio of free choles-
terol to phospholipid becomes too great, then the liquid-ordered rafts become
too rigid and the liquid-crystalline domains begin to lose their fluidity. These
events in turn adversely affect membrane proteins that require conforma-

Fig. 2 Multiple and overlapping roles of macrophage-produced cytokines. Many of the
cytokines produced by the macrophages within the atherosclerotic plaque have multiple
and overlapping functions. Thus, interleukin 1 (IL-1) has functions in the recruitment of
inflammatory cells and in the activation of T cells and natural killer cells, and also exerts
feedback effects on the macrophage producing it. Tumour necrosis factor α (TNFα) helps to
recruit inflammatory cells while having feedback effects on the source macrophage, while
the IL-12 and IL-18 affect the source macrophage but also activate T lymphocytes and
natural killer cells. By contrast, the effects of the interferons (IFN) α, β, and γ appears
to be limited to a feedback effect on the source macrophage, while the role of IL-10 and
transforming growth factor β (TGF-β) is limited to down-regulating the macrophage and
shutting off the inflammatory response
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Table 2 Potential mechanisms by which high levels of free cholesterol may kill the
macrophage (from Tabas 2002)

Event Consequence

Loss of membrane fluidity Dysfunction of integral membrane proteins

Disruption of membrane domains Disruption of signalling events

Induction of apoptosis Caspase-mediated death

Intracellular cholesterol crystallization Organelle disruption

Formation of toxic oxysterols Oxidative damage?

Alteration of gene expression? Change in balance of survival proteins to death proteins?

tional freedom to function properly (Yeagle 1991), such as the Na+/K+ ATPase,
adenylate cyclase, alkaline phosphatase, rhodopsin, and transporters for glu-
cose, organic anions, and thymidine (Tabas 2002). Thus, high free cholesterol
levels may in part kill cells by inhibiting one or more vital integral membrane
proteins (Table 2).

Excess membrane cholesterol may also disrupt the function of signal pro-
teins in the membrane (Tabas 2002). Other mechanisms of toxicity include in-
tracellular cholesterol crystallization (Kellner-Weibelo et al. 1998, 1999; Lupu
et al. 1987), oxysterol formation (Brown and Jessup 1999), and triggering of
apoptosis (Kellner-Weibel et al. 1998; Yao and Tabas 2000, 2001).

The response of the macrophage to excess loading with free cholesterol
can be divided into two phases, an initial adaptive phase in which synthesis
of phospholipids increases and a later stage when this defence is overcome
and the cell dies. In the adaptive phase, an increase occurs mainly in phos-
phatidylcholine, synthesis of which is increased by post-translational activa-
tion of the rate-limiting enzyme in phosphatidylcholine biosynthesis, cytidine
triphosphate: phosphocholine cytidylyltransferase (PCYT). How increases in
free cholesterol activate PCYT is not known, but the process requires de-
phosphorylation of PCYT and several regulatory proteins. The up to twofold
increase in cellular phosphatidylcholine leads to the appearance of whorl-like
membrane structures in the cells that have been observed both in in vitro
models of cholesterol loading and in lesional macrophages in a rabbit model
(Shio et al. 1979).

In the face of continued exposure to rising levels of free cholesterol, the
adaptive response of the macrophage will eventually fail. The basis for this
adaptive failure is not known, although a decrease in PCYT activity has been
seen before the onset of cellular toxicity. Morphologically, cells that are dying
of free cholesterol poisoning show signs both of necrosis (e.g. disrupted cell
membranes) and apoptosis (e.g. condensed nuclei) (Tabas 2002). The term
apoptosis refers to the physiological process of programmed cell death that
occurs in many tissues. Biochemically, apoptosis-associated caspases and their
signalling pathways are activated in a portion of the cells. It is likely that
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a portion of the cells becomes acutely necrotic due to direct and disruptive
effects of free cholesterol toxicity on membrane proteins, while others undergo
a programmed apoptotic response. Some cells that first enter an apoptotic
program may become necrotic later (so-called aponecrosis), perhaps as a result
of chronic ATP depletion or failure of neighbouring cells to phagocytose the
apoptotic bodies.

In cell culture models of macrophages loaded with free cholesterol, about
30% show such hallmarks of apoptosis as the appearance of phosphatidylserine
in the outer leaflet of the cell membrane and fragmentation of the cellular
DNA. These changes can be completely prevented by inhibition of a group of
enzymes called caspases that are known to play a central role in apoptosis (Yao
and Tabas 2001). Partial inhibition is possible by blocking the Fas receptor or
the Fas signalling pathway. Activation of the Fas receptor induces apoptosis,
and loading of the cell with free cholesterol causes post-translational activation
of cell-surface Fas ligand, either by inducing a conformational change in the
molecule or by stimulating transport of Fas ligand from intracellular stores to
the plasma membrane (Yao and Tabas 2001).

Widespread mitochondrial dysfunction, indicated by a decrease in the mi-
tochondrial transmembrane potential, is also observed in macrophages con-
taining excessive free cholesterol (Yao and Tabas 2001). Such cells also show
evidence of release of cytochrome c from the mitochondria and of activation
of caspase-9. Thus, in addition to the Fas pathway, a classical mitochondrial
pathway of apoptosis is activated in macrophages loaded with free cholesterol.
The mechanisms by which free cholesterol triggers these events are unknown,
although they appear to require the ability of free cholesterol to traffic to the
cell membrane.

The presence of apoptotic and necrotic macrophages in human atheroscle-
rotic lesions is well documented (Kockx 1998; Kockx and Herman 1998;
Mitchinson et al. 1996). Among the potential causes of lesional macrophage
death, toxicity due to excessive free cholesterol is a good candidate because
macrophages in advanced atherosclerotic lesions are known to be loaded with
free cholesterol (Tabas 1997). The functional significance of cell death is un-
known. On the one hand, assuming harmless disposal of apoptotic bodies
by neighbouring phagocytes, macrophage apoptosis may limit the number of
intimal cells in a physiological manner that avoids inducing local inflamma-
tion. On the other hand, death of macrophages by necrosis may lead to un-
controlled proteases, inflammatory cytokines, and prothrombotic molecules,
which in turn may lead to plaque rupture and acute thrombotic occlusion
of the artery. Necrotic areas of advanced atherosclerotic lesions are known
to be associated with death of macrophages, and ruptured plaques from
human lesions have been shown to be enriched in apoptotic macrophages
(Mitchinson et al. 1996).
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3.1.2.6
Summary—The Macrophage in the Atherosclerotic Plaque: Friend or Foe?

Based on the above, it is unclear at the present time if the net effect of the
macrophage in the atherosclerotic plaque is beneficial or harmful. Evidence
exists from some mouse models that macrophages are necessary for devel-
opment of the atherosclerotic plaque, and it is likely that generation of the
foam cell, and in particular the overwhelming of the macrophage’s capacity
to deal with excess cholesterol, lie at the heart of macrophage death in the
lesion. Macrophages are perhaps the central cell governing the inflammatory
response within the plaque, but it is unclear if this response is physiological in
that it indicates an attempt by the body to heal the atherosclerotic lesion, or if
it is pathological in that it leads to growth and destabilization of the plaque.
Finally, macrophages produce a very wide range of enzymes that degrade var-
ious components of the extracellular matrix. This may be one of the main
mechanisms underlying plaque rupture, a complication that is compounded
by macrophage expression of tissue factor and other components of the clotting
cascade. On the other hand, more recent research from our own laboratory in-
dicates that macrophages within the atherosclerotic lesion also produce a range
of collagens—including several involved specifically in wound healing—and
may therefore be active agents of plaque stabilization. The Janus-like nature of
the macrophage within the atherosclerotic plaque is indicated in Fig. 3.

Perhaps the answer to this paradox is that net effect of the macrophage
within the atherosclerotic plaque may be either beneficial or harmful depend-
ing on the stage of the lesion, its cellular composition and other compounding
factors such as intercurrent illness in the host. It is in any case premature
to conclude that simply because macrophage-derived foam cells are present
in the advanced atherosclerotic plaque then they must be harmful, and that
therefore prevention of foam cell formation must be beneficial. This is not
a purely theoretical consideration. At the time of writing, ACAT inhibitors are
undergoing clinical trials in humans based on just this logic (Brown 2001).
Such inhibitors have been shown to prevent atherosclerosis in animal models,
but the results may not apply to humans, particularly in view of the known toxic
effects of raised free cholesterol levels in human macrophages (Tabas 2002).
The site of action of these drugs may be the key to explaining the beneficial ef-
fects. First, even for ACAT1 inhibitors, which suppress macrophage-associated
ACAT activity, the drug’s ability to enter the lesion may be limited and mod-
erate suppression of ACAT activity within the cells may be offset by increased
cholesterol efflux. ACAT2 inhibitors, on the other hand, should have no direct
effect on lesional macrophages and may turn out to be beneficial because of
their ability to suppress production of atherogenic lipoproteins in the intestine
(Buhman et al. 2000).
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Fig. 3 The Janus-like nature of the macrophage within the atherosclerotic plaque. The
macrophage of the arterial wall plays a central role in the development of the atherosclerotic
plaque. The macrophage accumulates cholesterol and other lipids by uptake of modi-
fied lipoproteins and it is likely that the subsequent formation of foam cells lies at the
heart of macrophage death and generation of a lipid core-containing lesion. In addition,
macrophages are part of a complex network of interactions between different cell types
that contribute to the pathology of the atherosclerotic artery such as smooth muscle cells
(SMCs) and T cells. Macrophages produce an enormous range of compounds, which impact
on the progression of atherosclerotic plaque formation and plaque rupture. For example,
macrophages secrete several proteases such as cathepsins and matrix metalloproteinases
(MMPs) that degrade for example collagenous components of the extracellular matrix. This
may be one of the main mechanisms underlying plaque rupture. On the other hand, more
recent research indicates that macrophages within the atherosclerotic lesion also produce
MMP inhibitors and a range of collagens and may therefore be active agents of plaque sta-
bilization. In addition, one of the main functions of the macrophage is to ingest—and thus
to neutralize—toxic substances such as modified lipoproteins and cell detritus that would
otherwise accumulate in the subintimal space. It is therefore not clear if the macrophage
has a net beneficial or harmful effect on the progression of atherosclerotic plaques. The
answer to this paradox may be that net effect of the macrophage within the atherosclerotic
plaque may be either beneficial or harmful depending on the stage of the lesion, its cellular
composition and other compounding factors such as intercurrent illness in the host
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3.1.3
Mast Cells

Mast cells were first characterized in the late nineteenth century by the Ger-
man physiologist Paul Ehrlich, who observed cells with metachromically stain-
ing granules in connective tissue. Ehrlich believed that the granules resulted
from overfeeding of cells, and named the cells after the German word ‘Mäs-
tung’, to ‘stuff with food’ (Ehrlich 1879). His ideas regarding granule origin
proved wrong, but the somewhat misleading name remained. Since then, mast
cells have been shown to participate in various physiological and pathological
processes, notably in allergic reactions, in the defence against parasites and
bacteria, in gastric acid secretion, in lipoprotein metabolism and in autoim-
mune diseases (Benoist and Mathis 2002; Kovanen 1995; Metcalfe et al. 1981;
Wedemeyer et al. 2000; Williams and Galli 2000).

Mast cells derive from haematopoietic stem cells in the bone marrow. The
undifferentiated progenitor cells circulate in blood and in the lymphatic system
before migrating to target tissues (Li and Krilis 1999; Rodewald et al. 1996),
where they proliferate and differentiate into T- and TC-type mature mast
cells, varying in content of tryptase, chymase and a cathepsin G-like protease
as well as in immunobiology (Schechter et al. 1990; Wasserman 1990). The
migration and differentiation is influenced by several cytokines such as IL-
3, IL-4, and IL-9, nerve growth factor and stem cell factor (Galli et al. 1993;
Madden et al. 1991; Mekori and Metcalfe 2000). The most prominent functional
feature of mast cells is their ability, upon activation, to exocytose preformed
mediators that are vasoactive, that regulate inflammation and cellular growth,
or that have immune-modulatory effects. These mediators include the neutral
proteases chymase, tryptase and carboxypeptidase A, heparin proteoglycans
and histamine, prostaglandin D2, the leukotrienes B4 and C4, TNFα, TGF-β,
and IL-4, IL-5, IL-6, and IL-13 (Bachert 2002; Metcalfe et al. 1997; Ra et al.
1994; Repka-Ramirez and Baraniuk 2002; Schwartz and Austen 1984; Young
et al. 1987).

Mast cells are present both in normal blood vessels and in atherosclerotic
lesions,where they formpart of the inflammatory cell infiltrate (Kaartinenet al.
1994; Stary 1990). Increased numbers of activated mast cells are seen in the
culprit lesions of patients with unstable coronary syndromes (Kaartinen et al.
1998), an observation that has led to the suggestion that mast cells participate
in the pathogenesis of atherosclerosis. Indeed, there is increasing evidence that
mast cells play a role in (a) recruitment of inflammatory cells; (b) foam cell
formation; and (c) destabilization of atherosclerotic plaques (Kovanen 1995;
Kelley et al. 2000).
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3.1.3.1
Role of Mast Cells in Recruitment of Inflammatory Cells

Adhesion of circulating monocytes to the endothelium is one of the earliest
steps in atherosclerosis (Li et al. 1993). Their entry into the arterial intima
depends on the interaction with adhesion molecules on the surface of the
endothelium. Activated mast cells secrete a variety of pro-inflammatory sub-
stances (Bradding 1996), many of which, such as TNFα, tryptase and histamine
(Burns et al. 1999; Compton et al. 2000; Pober et al. 1986), cause endothelial
cells to express adhesion molecules such as P-selectin and VCAM-1, which are
responsible for the recruitment of monocytes and lymphocytes. Mast cells also
stimulate production of macrophage chemotactic peptide 1 in fibroblasts by
means of the action of TNFα and TGF-β (Gordon 2000). This in turn increases
monocyte penetration into the intima. Thus, mast cells probably participate
in the initiation of atherosclerosis by recruiting monocytes and lymphocytes
into the vascular intima. Neutrophil infiltration has recently been shown to
occur in culprit lesions in acute coronary syndromes (Naruko et al. 2002), but
the triggers of this phenomenon are unknown. Both human mast cell tryptase
and chymase have been shown to lead to enhanced recruitment of neutrophils
into the skin of guinea pigs (He et al. 1997, 1998), but although the relevance
of these findings in humans is unknown.

3.1.3.2
Role of Mast Cells in Foam Cell Formation

In atherosclerotic lesions, mast cells often reside in close association with
macrophages and extracellular lipids, as well as sites of foam cell formation
(Kaartinen et al. 1994b; Jeziorska et al. 1997). The ‘balance theory’ of athero-
genesis proposes that cholesterol, carried into the arterial intima by plasma
LDL, is re-circulated back to the circulation by plasma HDL. Thus, choles-
terol accumulation and foam cell formation result from an imbalance between
these two processes (Kovanen 1990). Increasing evidence shows that mast cells
contribute to the transformation of macrophages and smooth muscle cells to
foam cells in vitro by disturbing the balance between cholesterol uptake and
efflux.

In order to enter the intima, LDL particles must cross the barrier of the ar-
terial endothelium (Stender and Zilversmit 1981). Histamine from mast cells
enhances vascular permeability to macromolecules (Wu and Baldwin 1992),
suggesting that activated mast cells lower the endothelial barrier and increase
the intimal concentration of LDL. In an animal model of passive cutaneous
anaphylaxis, local activation of skin mast cells resulted in acute accumulation
of LDL in areas in which mast cells were activated to secrete vasoactive com-
ponents such as histamine (Ma and Kovanen 1997). Mast cells also increase
the uptake of LDL by macrophages and smooth muscle cells (Kokkonen and



The Pathogenesis of Atherosclerosis 29

Kovanen 1987, 1989; Piha et al. 1995; Wang et al. 1995). The heparin proteogly-
cans of mast cell granule remnants bind LDLs, facilitating chymase-mediated
degradation of the apoB within the particles. This results in fusion of the LDL
particles and accumulation of fused LDL on granule remnants. Granule rem-
nants coated with fused LDL particles are then phagocytosed by macrophages
and smooth muscle cells, thus increasing formation of foam cells. Moreover,
soluble heparin proteoglycans released from activated mast cells stimulate
scavenger receptor-mediated uptake of LDL (Lindstedt et al. 1992).

Efflux of cellular cholesterol is promoted by extracellular cholesterol ac-
ceptors, most notably small discoidal lipid-poor preβ-migrating (preβ-) HDL
(Lee et al. 1992). Mast cell chymase can proteolyse the apoA1 of preβ-HDL.
This leads to reduced efflux of cholesterol from foam cells, thus increasing
cholesterol deposition in the macrophages (Lee et al. 1992, 1999b; Lindstedt
et al. 1996). Moreover, mast cell tryptase degrades apolipoproteins of HDL
and blocks its function as an acceptor of cholesterol (Lee et al. 2002a, 2002b),
although the clinical significance of this is unknown.

3.1.3.3
Role of Mast Cells in Destabilization of the Atherosclerotic Plaque

As described in detail elsewhere in this chapter, the most important mecha-
nism of sudden onset of coronary syndromes such as unstable angina, acute
myocardial infarction and sudden cardiac death, is erosion or rupture of an
atheroma (Falk 1992; Fuster et al. 1992a, 1992b; Virmani et al. 2000). In addi-
tion to macrophages, increased numbers of activated mast cells are found at
sites of plaque rupture in patients who have died of acute myocardial infarction
(Kovanen et al. 1995). The stability of plaques depends on the thickness and
quality of the fibrous cap overlaying the lipid-rich core. The cap consists of
smooth muscle cells and extracellular matrix, mostly collagen that is produced
and maintained by smooth muscle cells (Lee and Libby 1997). Processes that
reduce the number of smooth muscle cells, that inhibit collagen synthesis by
these cells, or that increase degradation of the extracellular matrix tend to
destabilize the atherosclerotic plaque.

A decrease in the number of smooth muscle cells can be caused by a lower
proliferation rate or increased elimination. Mast cell-derived heparin proteo-
glycans have been shown to inhibit the proliferation of smooth muscle cells
in vitro (Wang and Kovanen 1999), suggesting that mast cells may participate
in the regulation of smooth muscle cell growth. Since the rate of proliferation
of smooth muscle cells in atherosclerotic lesions is rather low (Pickering et al.
1993), the clinical significance of such a mechanism is likely to be small. Under
conditions of low proliferation, numbers of smooth muscle cells are largely
controlled by cell death, either through necrosis or apoptosis. Some of the
mediators released by mast cells are pro-apoptotic, such as chymase which
induces cardiomyocyte apoptosis (Hara et al. 1999) and TNFα which triggers
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apoptosis of endothelial cells (Slowik et al. 1997). This raises the possibility
that mast cells might induce apoptosis of smooth muscle cells and thus reduce
plaque stability (Leskinen et al. 2001, 2003a, 2003b).

Matrix metalloproteinases (MMPs) are thought to play a prominent role in
degradation of the components of the extracellular matrix of atherosclerotic
plaques and to contribute to cap rupture and erosion (Galis et al. 1994; Lij-
nen 2002). By releasing TNFα, a potent pro-inflammatory cytokine (Kaartinen
et al. 1996), mast cells induce synthesis and release of MMP9, both from ad-
jacent macrophages (Saren et al. 1996) and from the TNFα-containing mast
cells themselves (Baram et al. 2001). Moreover, TNFα has been shown to in-
crease the expression of the MMP3, MMP8 and MMP9 in endothelial cells
(Nelimarkka et al. 1998). Mast cells also synthesize and release MMP1 (Di
Girolamo and Wakefield 2000), which has been found in atherosclerotic le-
sions (Nikkari et al. 1995).

MMPs are synthesized and secreted as zymogens, i.e. as inactive proen-
zymes (pro-MMPs), and must be activated after secretion (Birkedal-Hansen
et al. 1993). Chymase and tryptase are both capable of activating MMPs in
vitro, chymase activating pro-MMP1 and tryptase activating pro-MMP3 (Gru-
ber et al. 1989; Saarinen et al. 1994). MMP3, in addition to being a power-
ful matrix-degrading enzyme, can activate other pro-MMPs, thus triggering
a more extensive degradation of the surrounding extracellular matrix. In ad-
dition, chymase and tryptase can directly degrade components of the matrix
such as fibronectin and vitronectin (Lohi et al. 1992; Vartio et al. 1981).

In addition to the potentially harmful effects outline above, mast cells may
also have beneficial effects in atherosclerosis. Heparin proteoglycans released
from activated mast cells strongly prevent collagen-induced platelet aggrega-
tion (Kauhanen et al. 2000; Lassila et al. 1997), and may thus attenuate the
thrombogenicity of the exposed matrix collagen. Mast cell tryptase can inter-
fere with coagulation by degrading fibrinogen and procoagulative kininogen
(Maier et al. 1983; Schwartz et al. 1985), which could slow thrombus formation
at the sites of plaque rupture. Moreover, serosal mast cells have been shown
to block oxidation of LDL in vitro (Lindstedt 1993). Thus, mast cells are also
anti-thrombotic and anti-oxidative cells.

3.1.4
T Lymphocytes

Atherosclerosis bears many similarities to autoimmune inflammatory dis-
eases such as rheumatoid arthritis and multiple sclerosis (Hansson 2001;
Ross 1999). As noted above, the notion that atherosclerosis has an inflam-
matory component was already proposed in the nineteenth century by Rudolf
Virchow on the basis of light microscopic analysis of human atherosclerotic
plaques. The hypothesis was later supported by electron microscopic stud-
ies and was confirmed when immunohistochemical analysis revealed that
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the CD14+ macrophage indeed was the major cell type in the plaque (Gown
et al. 1986; Jonasson et al. 1986). More surprising was the finding that T lym-
phocytes were also present in substantial numbers in human atherosclerotic
plaques (Jonasson et al. 1986). Recent studies demonstrated that presence of
T lymphocytes has functional consequences in atherogenesis, because their
complete absence reduces lesion formation during moderate hypercholestero-
laemia (Dansky et al. 1997; Daugherty et al. 1997; Song et al. 2001).

T lymphocytes are cellular representatives of the specific, adaptive immune
system and are designed to perform effector functions after activation by
a specific antigen via the T-cell receptor. An obvious question is therefore what
antigen these cells might be reactive to. In addition, is there a limited number
of atherosclerosis-related antigens taking part in atherogenesis to which T
cells show reactivity? The cloning of T cells specific for atherosclerosis-related
antigens, such as modified LDLs (Stemme et al. 1995), heat shock proteins (Xu
et al. 1993), and C. pneumoniae (de Boer et al. 2000b; Curry et al. 2000; Mosorin
et al. 2000), from atherosclerotic lesions suggests that a cell-mediated immune
reaction is taking place. Initially it was thought that atherosclerotic lesions
show a monotypic or oligotypic complementarity-determining spectrum with
a restricted heterogeneity of T cells (Paulsson et al. 2000). However, more
recent work shows that advanced human plaques demonstrate a polyclonal
T-cell composition. This does not constitute evidence that T cells are ‘non-
specific’ (i.e. are carrying reactivities not related to atherosclerosis), but it does
suggest that no single antigen reactivity dominates the T-cell population. This
result in itself is not surprising, because it is known from other inflammatory
conditions with known eliciting antigens that antigen-specific cells constitute
a minority of infiltrating T cells. Furthermore, there is little data to support the
concept of antigen-specific T-cell recruitment, suggesting instead that T-cell
infiltrates arise by predominantly non-antigen specific recruitment, which may
be followed by local, clonal, antigen-driven proliferation (Stemme 2001).

Many studies performed in recent years have shown pronounced effects
of immunization or different approaches to immunosuppresion (Ameli et al.
1996; Fredrikson et al. 2003; Freigang et al. 1998; George et al. 1998; Maron
et al. 2002; Nicoletti et al. 1998; Palinski et al. 1995; Xu et al. 1996; Zhou et al.
2001; Zhou and Hansson 2004). This is in line with the working hypothesis
stating that antigen-specific T-cell activation is an important component of
the atherosclerotic process. However, although interesting trials of vaccination
against atherosclerosis have been performed in animals, it is unclear if a vacci-
nation strategy would be helpful to treat or prevent atherosclerosis in humans.

The major class of T lymphocytes present in atherosclerotic lesions is CD4+.
In response to the local milieu of cytokines, CD4+ cells differentiate into the
Th1 or Th2 lineage (Mosmann and Sad 1996). Among the principal inducers of
theTh1andTh2cells are IL-12and IL-10, respectively.ActivatedT lymphocytes
are functionally defined by the cytokines produced with IFNγ secreted from the
Th1 cells and IL-4 from the Th2 cells (Daugherty and Rateri 2002). Th1 induces
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macrophage activation and promotes inflammation. Th1 cells accomplish this
largely by secreting IFNγ, an important pro-inflammatory cytokine, which is
produced in the human atherosclerotic lesion and accelerates atherosclerosis
in mice (Hansson 2001). Counteracting this subset, the Th2 cell suppresses
inflammation and dampens macrophage activity. Several different cytokines
may be responsible for these effects, including IL-4, IL-10, and TGF-β (Hansson
2002; Hansson et al. 2002).

Thus, in summary, the presence of activated T lymphocytes in all stages
of human atherosclerotic lesion implies that they are involved in the disease,
although their specific role is unclear at the present time.

3.2
The Role of the Extracellular Matrix

A short look at a cross-section of a typical fibrous plaque, especially after
collagen-specific staining, will immediately reveal the importance of forma-
tion of extracellular matrix in development of the atherosclerotic plaque. Large
sections of the sub-intima consist of tissue that is rich in collagen but poor
in cells. This exaggerated matrix deposition contributes significantly to nar-
rowing of the arterial lumen. On the other hand, weakening of extracellular
matrix in certain areas of the plaque plays a central role in plaque rupture, the
most dangerous complication of atherosclerosis. ‘Too much and not enough’—
a description coined by Mark D. Rekhter (Rekhter 1999) aptly describes the
ambivalent role of extracellular matrix formation in atherosclerosis.

Although extracellular matrix normally represents only a small part of the
arterial media, its contribution to the function of the arterial wall cannot be
overestimated. Extracellular matrix is the main component responsible for
the elasticity and tensile strength of the arterial wall. Tensile strength is pro-
vided mainly by collagen fibres, including type I, III, and V collagens and
fibril-associated components such as type XII and XIV collagens; and small
proteoglycans, especially decorin and lumican. Due to their water-binding
capacities, other proteoglycans, in particular the high-molecular weight versi-
can, fill the extrafibrillar space within the extracellular matrix and contribute
essentially to the regulation of water content and of the viscoelastic properties
of the arterial wall. Elastic membranes providing elasticity are complex struc-
tures in which a number of microfibrillar proteins, among them fibrillin 1, are
tightly associated with the rubber-like elastin.

As noted above, migration of smooth muscle cells from the media into
the intima is connected with a change of phenotype from a contractile to
a fibroblast-like synthetic phenotype (Owens et al. 1996). These synthetic
smooth muscle cells secrete proteins of the extracellular matrix, in partic-
ular the fibril-forming collagens type I and III. This seems to be a nor-
mal physiological process at sites of high mechanical load. At some high-
stress sites such as arterial bifurcations, these processes start as early as
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the first weeks of life and even before birth (Velican and Velican 1980).
Thus, in infants, enhanced expression of type I and III collagen was local-
ized to smooth muscle cells at a site of pressure-induced intimal thickening
on the proximal site of inborn coarctation of the aorta (Jaeger et al. 1990).
The formation of a neointima by recruitment of smooth muscle cells from
the media is of clinical relevance in the process of restenosis after lumen
widening by coronary angioplasty or atherectomy. Growth of a neointima is
in this case much faster than in physiological or atherosclerotic neointma
formation, leading to complete stenosis within weeks. Enhanced prolifera-
tion of smooth muscle cells stands at the beginning of this process. How-
ever, the decisive contribution to intimal thickening leading to restenosis
comes from enhanced synthesis of components of the extracellular matrix
(Fuster et al. 1995).

The roleof enhanced formationof extracellularmatrix in thedevelopmentof
atherosclerotic plaque is much more complicated than its role in restenosis and
far frombeingunderstood.Recruitmentofmonocytes fromthe circulationand
accumulation of subintimal macrophages to form a ‘fatty streak’ or ‘xanthoma’
may mark the start of atherogenesis, but most such fatty streaks/xanthomas
regress and to do not develop into atherosclerotic lesions. As noted elsewhere,
the distribution of fatty streaks and intimal thickenings in children differs from
that in adults (Velican and Velican 1980; Virmani et al. 2000). Nevertheless, D.
N. Kim observed formation of plaques in coronary arteries of pigs on a hyper-
lipidaemic diet preferably at locations of pre-existing intimal thickening (Kim
et al. 1987). In hypercholesterolaemia in humans, lipids tend to be deposited
in the intima in the vicinity of proteoglycans (Kovanen and Pentikainen 1999).
Interaction with invading monocytes/macrophages leads to oxidation of LDL
which provokes foam cell formation and accumulation and, via interaction
with T lymphocytes, induction of an inflammatory process (Hansson 1997).
Enhanced cytokine expression induces proliferation of smooth muscle cells,
which in turn secrete enhanced amounts of extracellular matrix. Not only
oxidized lipoproteins but also chemical modification of structural proteins
of the extracellular matrix can initiate inflammation. Thus, non-enzymatic
glycosylation (glycation) of collagen as it occurs in persons with diabetes mel-
litus increases the risk of plaque formation. Final products of glycosylation
(advanced glycation end products, AGEs) activate macrophages via a specific
receptor for AGEs called RAGE. They also enhance permeability of the en-
dothelium and proliferation of smooth muscle cells and play a role in T-cell
activation (for review see Vlassara 1996).

The final consequence of excessive formation of extracellular matrix is the
formation of the typical atherosclerotic lesion, the fibrous cap atheroma, in
which a core of accumulated and partially necrotic foam cells is surrounded
and separated from the lumen by smooth muscle cell-derived fibrotic tissue.
The smooth muscle cell-derived extracellular matrix plays and unclear role in
this process. On the one hand accumulation of fibrotic tissue contributes to
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formation of the necrotic core by hindering nutrition of the deeper layers of the
arterial wall; on the other hand the fibrous cap prevents the contact between
the bloodstream and the thrombogenic content of the necrotic core.

The morphology of the intimal plaque extracellular matrix shows character-
istic differences from the medial extracellular matrix. Extracellular matrix in
the intima makes up a bigger proportion of total tissue and varies considerably
in the degree of cellularity even within an atherosclerotic plaque. While in the
cap region cell density is relatively high, the remainder of the intimal plaque
contains very few cells. Compared to medial extracellular matrix, matrix in the
intima contains more collagen and less elastin. In addition, the proportion of
type III collagen is smaller and there is more type I, V and VI collagen (Barnes
and Farndale 1999; Ooshima 1981; Rauterberg et al. 1993). Immunohistology
shows the dominance of type I collagen in the fibrotic masses, but staining
for basement membrane components reveals surprisingly strong occurrence
of typical smooth muscle cell-associated basement membrane proteins such
as type IV collagen, mostly in form of empty envelopes of former cells.

It is generally accepted that intimal smooth muscle cells are mainly in-
volved in building up the fibrous cap and in synthesizing the collagenous
matrix that provides its tensile strength. Invasion of macrophages is believed
to weaken the cap by secretion of matrix-degrading enzymes such as MMP3
and MMP9 and cathepsins (Galis et al. 1994). Recent observations, however,
suggest that macrophages may also be able to synthesize components of the
extracellular matrix. Active collagen type I expression can be demonstrated by
in situ hybridization only in smooth muscle cells in the vicinity of non-foamy
macrophages (Jaeger et al. 1990). In the fibrous plaque atheroma is restricted
to the cap and shoulders of the lesion and to the plaque base, there mostly in
connection with vasa vasora. This suggests that macrophages may stimulate
collagen synthesis in cells in their vicinity, probably by synthesis and secre-
tion of TGF-β. It has been known for some time that macrophages themselves
are producers of components of the extracellular matrix such as fibronectin,
osteopontin, and proteoglycans. Recently, we showed that they are also able to
synthesize and secrete at least one collagen (Weitkamp et al. 1999). Synthesis of
type VIII collagen was found in human blood-derived macrophages at different
stages of differentiation, and its expression was demonstrated by in situ hy-
bridization in macrophages in the cap and shoulder regions of atherosclerotic
plaques. The Janus-like nature of monocytes/macrophages in the atheroscle-
rotic plaque can be understood if we bear in mind the main biologic function
of this cell type as a wound healer. Beyond its main task of removing debris, the
macrophage should have the ability to form a provisional matrix that allows
and supports immigration of new tissue-forming cells.
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3.3
The Role of Thrombus Formation

Thrombus formation plays an important role in atherogenesis (Burke et al.
2002; Libby 2000). Though there is little evidence that the formation of a blood
clot is an early feature of lesion formation as was originally thought by Karl von
Rokitansky (Schwartz et al. 1988; von Rokitansky 1852), thrombosis affects the
growth and outcome of the pathologic process in several ways:

1. Thrombus formationat the siteof anatherosclerotic lesion is the commonest
cause of myocardial infarction and stroke; the thrombus may occlude the
artery at the site of formation or may detach and block the blood vessel
downstream.

2. In most cases, the thrombus does not occlude the artery but is organized
and incorporated into the vessel wall, thus contributing to the growth of the
atherosclerotic plaque.

According to Renu Virmani and her colleagues (Virmani et al. 2000), throm-
bus may form at the site of atherosclerosis for three reasons:

1. Rupture of the cap or shoulder of a thin fibrous cap may lead to direct
contact of the highly thrombogenic core with the blood stream.

2. Erosion of the endothelial layer exposes the subendothelial collagenous
matrix of the intima to the bloodstream. In autopsy studies of victims of
sudden coronary death erosion was the cause of thrombus formation in
about 40% of cases (Arbustini et al. 1999). Erosion is more common in
women than in men.

3. Rarely, thrombus may form at the site of ‘calcified nodules’, small regions
of mineralization that protrude from the intima into the bloodstream.

Thrombi arising due to plaque rupture often fill large areas within the
plaque and may be surrounded or infiltrated by areas of haemorrhage. Haem-
orrhagic events occur frequently in advanced atherosclerotic lesions either
by infiltration of blood from the lumen through fissures or by rupture or by
degradation of vasa vasora which frequently grow at the plaque base (Kolodgie
et al. 2003). Due to the high thrombogenicity of the plaque base, intra-plaque
haemorrhages are usually subject to clotting and undergo essentially the same
fate as lumenal thrombi.

Thrombus formation is an important part of the normal process of wound
healing. In injured vessels, thrombosis is the main mechanism by which blood
loss is prevented. The thrombus also serves as a provisional matrix for tissue
remodelling. The thrombus initially consists of a fibrin network containing
degranulated thrombocytes and other blood cells. This is followed by invasion
from the blood, both by polymorphonuclear leucocytes, monocytes and lym-



36 P. Cullen et al.

phocytes and by mesenchymal cells of the adjacent tissue. The latter consist
of endothelial cells, which lead to formation of new blood vessels, and smooth
muscle cells of a migrating, proliferating and synthetic phenotype. Thrombus
organization is an early phase of wound healing and tissue repair. In wound
healing four distinct, overlapping phases can be defined: haemostasis, inflam-
mation, proliferation and remodelling. The process of thrombus organization
in plaques reflects these phases. The phase of thrombus formation is followed
by an inflammatory phase characterized by leukocyte immigration and then by
a proliferative phase, which is characterized by immigration and proliferation
of smooth muscle cells and endothelium and by synthesis of extracellular ma-
trix. In the remodelling phase, which corresponds to wound contraction, the
newly formed collagenous ‘scar’ tissue contracts, narrowing the lumen of the
vessel (Yee and Schwartz 1999). The final stage in the process is not, however,
the healed wound but the enlarged plaque.

Both monocytes and polymorphonuclear leucocytes adhere to and invade
thrombi, although the rate of adhesion of monocytes is greater (Kirchofer et al.
1997). Young mural thrombi often show clustering of monocytes/macrophages
beneath their lumenal surface. Recently, it was shown that invading monocytes
not only degrade and phagocytose tissue debris but also contribute to building
of a new matrix. This is achieved not only by release of chemotactic factors
that induce invasion of matrix-producing smooth muscle cells, but also by
expression of matrix proteins such as type VIII collagen (Weitkamp et al. 1999).

Since the middle of the twentieth century, a debate has raged concerning
the origin of the mesenchymal vascular cells contributing to thrombus organi-
zation. Some have suggested that mesenchymal endothelial or smooth muscle
cells may derive from blood monocytes (Leu et al. 1988). However, no in vitro
conditions have yet been described in which blood-derived monocytes dif-
ferentiate into endothelial or smooth muscle cells. By contrast, monocytes in
culture differentiate first into macrophages and finally into polynuclear giant
cells (Zuckerman et al. 1979). The discussion recently received impetus from
the detection in the circulation of stem cells, especially endothelial progeni-
tor cells with the capacity to differentiate to mesenchymal vascular cells after
invasion into thrombi (Moldovan 2003).

Another important parallel between wound repair and thrombus-driven
plaque growth is that both processes are driven by almost the same panel of
chemokines, cytokines and growth factors. The most important factor initi-
ating platelet activation leading to thrombus formation in both cases is tissue
factor (Tremoli et al. 1999), which is present at high concentration in plaque
tissue (Asada et al. 1998; Fernandez-Ortiz et al. 1994). Invasion of monocytes is
stimulated by MCP-1 and invasion and proliferation of smooth muscle cells is
driven by PDGF and by thrombin. Thrombin also activates smooth muscle cells
via protease-activated receptors (PARs) and stimulates synthesis of type 1 col-
lagen by a PAR-1 mediated mechanism (Dabbagh et al. 1998). The fibrin matrix
of the thrombus also supports migration of smooth muscle cells. Production
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of components of the extracellular matrix by smooth muscle cells is stimu-
lated by TGF-β, which is released both by platelets and by monocyte-derived
macrophages.

Finally, degradation and solubilization of thrombi is inhibited by specific
anti-fibrinolytic properties of atherosclerotic vessels. Christ et al. showed that
smooth muscle cells from atherosclerotic vessels produce less tissue plasmino-
gen activator and more plasminogen activator inhibitor than smooth muscle
cells from normal vessels (Christ et al. 1997).

Why did evolution allow development of an apparently self-destructive
mechanism whereby thrombus formation leads to growth of the atheroscle-
rotic plaque? Russell Ross once called atherosclerosis ‘a defence mechanism
gone awry’ (Ross 1981). This idea fits very well to the thrombotic process in
atherosclerosis. Thus, our question may be answered by another one. Why
should evolution care about atherosclerosis at all? In the vast majority of cases,
atherosclerosis occurs at an age that is of minor relevance for reproduction.
Efficient wound healing mechanisms, however, are essential for survival at any
period of life.

3.4
The Role of Calcification

Calcification is a common and early feature of atheroma. Indeed, calcification
within a coronary artery is almost always an indication of the presence of an
atherosclerotic plaque (Detrano et al. 2000; Sangiorgi et al. 1998; Stary 2000).

Three types of calcification are recognized in vascular tissue: cardiac valve
calcification, calcification of the intimal layer associated with atherosclerosis
and calcification of the tunica media (Mönckeberg calcification), which is
associated with electrolyte disturbances or with metabolic disorders such as
vitamin D poisoning, end-stage renal failure and diabetes mellitus. Medial
calcification tends to affect arteries such as those of the abdominal viscera or
the arms that are less prone to develop atherosclerosis and has never been
reported in coronary arteries. It is unclear at present if medial calcification is
associated with increased risk of cardiovascular events, although this may be
the case in patients with diabetes mellitus (Doherty et al. 2004).

In contrast to medial calcification, calcification of the intima is seen in the
distinct setting of the atherosclerotic plaque. At least two distinct patterns
are seen, a punctate distribution of mineralization in the basal regions of
the intima adjacent to the media, and a diffuse pattern in all areas of the
intima. The latter pattern is often missed because of routine decalcification
of histological specimens and is also less likely to be picked up by imaging
methods (Fitzpatricket al. 1994).The formerpatternmayevenbeaccompanied
by features of bone formation such as the presence of haematopoietic marrow,
chondrocyte-like cells, osteoblast-like cells and osteoclast-like cells.
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Several parallels exist between arterial calcification in atherosclerosis and
bone formation. Three general models have been advanced. First, numer-
ous bone-related proteins are expressed in atherosclerotic plaques at sites of
calcification (Dhore et al. 2001). For this reason, it has been proposed that
the mechanism of intimal arterial calcification is the same as that of bone
formation (Parhami et al. 2001). Second, Cees Vermeer and colleagues have
proposed a physiochemical model (Gijsbers et al. 1990; Spronk et al. 2001),
whereby calcification results from a disturbance of the normal mechanism by
which calcium precipitation is prevented by the presence of proteins contain-
ing γ-carboxyglutamic amino acid residues. In this model calcification occurs
when matrix γ-carboxyglutamic amino acid proteins such as osteopontin and
possibly other calcium chelators are no longer able to prevent the ionic calcium
concentration in the extracellular fluid of the plaque from reaching sufficiently
high levels to allow precipitation to occur. The third model of calcification
involves the presence of osteoclast-like cells that actively inhibit calcification
(Doherty et al. 2002). Many aspects of all three hypotheses are based on in
vitro data and it is not known if any or all are operative in life.

Thus, overall, the role of calcification in lesion progression and in the com-
plications of atherosclerosis is unclear at present. The main importance of
calcification of the coronary arteries at the present time is therefore its use-
fulness as a tool to predict risk of coronary events. A range of very accurate
non-invasive imaging methods exist, and many studies suggest that the coro-
nary calcium score is a reliable and independent indicator of risk of myocardial
infarction. In particular, the importance of calcification lies in the stratification
of risk in asymptomatic patients at intermediate risk of coronary heart disease,
in whom the calcium score appears to provide information over and above that
provided by conventional risk factors.

4
From Lesion to Infarction: The Vulnerable Plaque

Until quite recently, it was assumed that the risk of myocardial infarction,
stroke or sudden coronary death was related simply to the total burden of
atherosclerotic disease: the greater the extent of atherosclerosis, the higher the
event risk. About 10 years ago, a paradigm shift occurred when it was realized
that the severe and sometimes fatal complications of atherosclerosis do not
necessarily take place in those with the heaviest burden of disease. Rather,
acute blockage of an artery is often caused by a clot that forms at the site of
rupture of a so-called vulnerable plaque. Such vulnerable plaques consist of
a lipid-rich thrombogenic core that is separated from the arterial bloodstream
only by a slender and fragile layer of connective tissue, the fibrous cap. These
lesions need not be large, nor need they be particularly old. No longer is the
final event seen as the ‘straw that breaks the camel’s back’, the last link in
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an inexorable process taking place over a very long time, but as a catastrophe
resulting from an acute imbalance of stabilizing and destabilizing forces within
the lesion. Such ruptures recur over many years, but do not usually cause
complete occlusion of the vessel, resulting instead in mural thrombi that are
incorporated into the lesion. Accordingly, rupture of the atherosclerotic plaque
is often clinically silent. In addition, it is important to note that thrombosis
may occur at the site of an eroded atherosclerotic plaque even without a tear
in the fibrous cap of the lesion (Virmani et al. 1999, 2000).

There are therefore three main points that we need to remember:

1. The likelihood of thrombosis of an atherosclerotic vessel is not necessarily
related to the volume of atherosclerotic tissue within the vessel. Rather, the
likelihood of thrombosis is increased by the presence of metabolically active
vulnerable plaques, which may be relatively young and small in size.

2. Thrombosis often occurs at the site of plaque rupture, but most of these
thromboses are clinically silent and are incorporated into the lesion (Burke
et al. 2001; Farb et al. 1996). Rupture and repair of vulnerable atherosclerotic
plaques probably occur on an ongoing basis over many years.

3. Thromboses, including some leading to myocardial infarction, stroke or
sudden coronary death, often occur at the site of a vulnerable atherosclerotic
plaque that shows only erosion but no rupture (van der Wal et al. 1994;
Virmani et al. 1999, 2000).

4.1
The Vulnerable Plaque—Rupture and Erosion

About 15 years ago, based on autopsy findings Michael J. Davies and colleagues
proposed that fissuring and rupture of advanced atherosclerotic plaques are
the main cause of acute myocardial infarction and sudden coronary death
(Davies 1992; Davies and Thomas 1985). More recent studies, carried out in
particular by Renu Virmani and colleagues at the Armed Forces Institute of
Pathology in Washington DC, indicate that this picture is only partially correct
(Virmani et al. 2000).

The concept of plaque rupture supposes that fracture of the fibrous cap ex-
poses thrombogenic material, initiating platelet aggregation and coagulation
in the infiltrating and overlying blood. These thrombotic changes result from
activation of the clotting cascade by tissue factor, and further propagation of
the thrombus through interaction of platelets with the active thrombogenic
matrix. Platelet activation and thrombin formation, combined with the evul-
sion of thrombogenic plaque contents into the lumen of the vessel results in its
sudden occlusion. This concept is based on morphological data from autop-
sies as well as clinical angiographic studies in which the presence of surface
irregularities has been identified as evidence of plaque rupture (Ambrose et al.
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1986; Giroud et al. 1992; Nobuyoshi et al. 1991). In addition, the studies by
Davies and colleagues had found evidence of plaque rupture associated with
thrombosis in 73% of cases (Davies 1992). This combined evidence led to the
long-held and mechanistically satisfying assumption that plaque rupture is the
critical event leading to coronary artery death (Ross 1999).

The major limitation of this paradigm is the lack of direct experimental test
in a prospective model in humans or animals. For a variety of reasons that will
be discussed in more detail below, it is unlikely that a good animal model of
plaque rupture will be available in the near future (Cullen et al. 2003). Lesions
in most animal models consist of masses of lipid-laden intimal macrophages
without a well-developed fibrous cap, a situation that is quite atypical of human
disease.

A further assumption that is unlikely to be correct in every case is that
inflammation in the atherosclerotic plaque is a necessary event leading to
thrombotic occlusion (Arbustini et al. 1991; Ross 1999).

Based on her findings, Renu Virmani has proposed the following classifi-
cation of coronary atherosclerosis based on morphology alone as shown in
Table 3 (Virmani et al. 2000). Based on this classification, the scheme for the
development of the atherosclerotic plaque shown in Fig. 4 has been proposed.
Examples of different stages of non-atherosclerotic arteries and atherosclerotic
lesions classified according to the Virmani classification are shown in Figs. 5
and 6.

The key features defining the seven categories of lesion in the Virmani clas-
sification (initial xanthoma, intimal thickening, fibrous cap atheroma, calcified
nodule, thin fibrous cap atheroma, pathological intimal thickening, fibrocal-
cific plaque) are the accretion of lipid in relation to the formation of the fibrous
cap, changes over time in the lipid to form a necrotic core, thickening or thin-
ning of the fibrous cap, and thrombosis. Remaining issues such as the culprit
lesion associated with the thrombosis and specific plaque features representing
processes critical to changes in the lesion such as angiogenesis, intraplaque
haemorrhage, inflammation, calcification, cell death and proteolysis are listed
as descriptive terms (Virmani et al. 2000).

Renu Virmani and colleagues propose adopting the term ‘intimal xanthoma’
in place of ‘fatty streak’, since xanthoma is a general pathological term that
describes focal accumulations of fat-laden macrophages. In humans most fatty
streaks/intimal xanthomas regress, as their distribution in adults is very differ-
ent from that seen in children. In contrast with a widely held assumption, Renu
Virmani assumes that most atherosclerotic lesions do not develop from fatty
streaks/intimal xanthomas, but rather from more intimal cell masses, based
mainly on the finding that the distribution of normal developmental intimal
cell masses in children can be correlated with the distribution of atheroma in
adults (Schwartz et al. 1995; Velican and Velican 1980).

The ‘fibrous cap’of theplaque is adistinct layerof connective tissue complet-
ely covering the lipid core. It consists purely of smooth muscle cells in a collage-
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Table3 Classificationofcoronaryatherosclerosisbasedonmorphologyaccording toVirmani
et al. 2000

Description Thrombosis

Nonatherosclerotic intimal lesions
Intimal thickening Normal accumulation of smooth muscle

cells in the intima, absence of lipid or
macrophage foam cells

Thrombus absent

Intimal xanthoma, ‘fatty streak’ Luminal accumulation of smooth muscle
cells, no necrotic core, no fibrous cap; such
lesions usually regress

Thrombus absent

Progressive atherosclerotic lesions
Pathological intimal thickening Smooth muscle cells in proteoglycan-rich

matrix, extracellular lipid accumulation,
no necrosis

Thrombus absent

Erosion Plaque as above, luminal thrombosis Thrombusmostlymural, oc-
clusion rare

Fibrous cap atheroma Well-formed necrotic core with overlying
fibrous cap

Thrombus absent

Erosion Plaque as above, luminal thrombosis, no
communicationof thrombuswithnecrotic
core

Thrombus mostly mural,
occlusion rare

Thin fibrous cap atheroma Thin fibrous cap infiltrated by
macrophages and lymphocytes with
rare smoothmuscle cells and necrotic core

Thrombus absent, may
contain intraplaque haem-
orrhage, fibrin

Plaque rupture Fibroatheroma with cap disruption;
luminal thrombus communicates with
necrotic core

Thrombus usually occlusive

Calcified nodule Eruptive nodular calcification with
underlying fibrocalcific plaque

Thrombus usually nonoc-
clusive

Fibrocalcific plaque Collagen-rich plaque with significant
stenosis, usually contains large areas of
calcification with few inflammatory cells,
necrotic core may be present

Thrombus absent

nous proteoglycan matrix, with varying degrees of infiltration by macrophages
and lymphocytes.RenuVirmaniandcolleaguesdefinea ‘thin’fibrouscapasone
that is less than 65 µm thick. Fibrous caps are in fact often much thinner when
they rupture—in one series of ruptured plaques they had a mean thickness of
only23µm(Burkeetal. 1997). Inaseriesof200casesof suddendeath,about60%
ofacute thrombiresulted fromruptureofa thinfibrouscap,whilemostof there-
maining40%of thrombiwereseenatanareaofplaqueerosion, characterizedby
an area of intima denuded of endothelium where smooth muscle cells and pro-
teoglycans are exposed to the circulating blood (Farb et al. 1995).
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Fig. 4 Simplified scheme for classifying atherosclerotic lesions. The scheme is a modification
of the current recommendations of the American Heart Association (AHA) as proposed by
Renu Virmani and colleagues (Virmani et al. 2000). The boxed areas represent the seven
categories of lesion. Dashed lines have been used for two categories (intimal xanthoma,
intimal thickening) because there is controversy over the role that these categories play in
the initial phase of lesion formation and both categories can exist without progressing to
a fibrous cap atheroma (AHA type IV lesion). The processes leading to lesion progression
are listed between categories. Lines (solid and dotted, the latter representing the least-
established processes) depict current concepts of how one category may progress to another
with the thickness of the line representing the strength of the evidence for the step depicted

A rare cause of thrombotic occlusion without rupture is the ‘calcified nod-
ule’, a lesion characterized by fibrous cap disruption and thrombi in the pres-
ence of eruptive dense calcific nodules. The origin of the calcified nodule is
unknown, but it may be associated with healed plaques (Virmani et al. 2000).
Calcified nodules are found primarily in the right coronary artery where coro-
nary torsion stress is maximal.

Calcified nodules should not be confused with fibrocalcific lesions that are
not associated with thrombi. Fibrocalcific lesions are characterized by thick
fibrous caps overlying extensive accumulations of calcium in the intima close
to the media (Kragel et al. 1989). It is possible that fibrocalcific lesions are the
end stage of a process of atheromatous plaque rupture and/or erosion with
healing and calcification.

Despite much intensive research, we know surprisingly little about how the
atherosclerotic lesion progresses and how the clinically relevant complications
of stenosis, plaque erosion and plaque rupture occur.
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Fig. 5a–c Examples of different stages of non-atherosclerotic arteries. Samples were taken
from the MAFAPS arterial tissue database and classified using the Virmani classification
(Virmani et al. 2000). Human coronary arteries were obtained from hearts explanted during
heart transplantation for advanced coronary heart disease as part of a tissue bank of human
coronary arteries established by the MAFAPS consortium (Bellosta et al. 2002; Brinck et al.
2003). The arteries were cut into approximately 1-cm sections and snap-frozen in liquid
nitrogen-cooled isopentane within minutes of explantation. Thereafter, coronary arteries
were embedded and stored at −80°C until use. The grade of atherosclerosis of each sample
was characterized and classified using histochemistry and immunohistology. The sections
shown are stained using a van Gieson staining of the lamina elastica.a No intimal thickening.
b Intimal thickening without xanthoma. c Intimal thickening with xanthoma

Stenosis of atherosclerotic vessels is the most common therapeutic target.
However, this is the change that is least understood from a histological point of
view. In an important paper published in 1987, Seymour Glagov and colleagues
reported that human coronary arteries affected by atherosclerosis undergo
compensatory enlargement, so that plaque mass does not correlate with the
size of the lumen (Glagov et al. 1987; Virmani et al. 2000). Thus, the origin
of stenosis of the lumen of atherosclerotic coronary arteries in humans is
unknown, though it may be related to an attempt by the artery to heal the
atherosclerotic lesion.

The origin of erosion of the coronary plaque is a complete mystery. The
mechanism of fibrous cap thinning is also unknown, although we have some
pointers as to how this might arise. One possibility is by means of apoptosis,
yet another feature of atherosclerosis that was presciently described by Rudolf
Virchow: ‘thus we have here an active process which really produces new tis-
sues but then hurries on to destruction in consequence of its own development’
(Virchow 1858), cited in (Virmani et al. 2000). Many markers of apoptosis of
smooth muscle cells have been found in the atherosclerotic plaque, and plaque
smooth muscle cells show elevated levels of apoptosis in vitro and in vivo.
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Fig. 6a–f Examples of different stages of atherosclerotic lesions. Samples were chosen from
the MAFAPS arterial tissue database (Bellosta et al. 2002; Brinck et al. 2003) and classi-
fied using the Virmani classification (Virmani et al. 2000). Artery samples were obtained
and processed as mentioned in the legend to Fig. 5. a Pathological intimal thickening. b
Pathological intimal thickening with erosion. c Fibrous cap atheroma. d Thin fibrous cap
atheroma. e Plaque rupture. f Fibrocalcific plaque. Examples for a fibrous cap atheroma
with erosion and a plaque rupture by calcified nodule are not shown. L, Lumen

5
Animal Models of Atherosclerosis

Animals have been used for nearly a century to study atherosclerosis and have
yielded very important insights into pathogenesis and therapy. However, these
successes have sometimes led to uncritical transfer of results of findings in
animal models to the situation in humans. In the following we will therefore
focus on some of the limitations of existing models as they apply to pathology
in humans. This issue has been reviewed in more detail by us elsewhere (Cullen
et al. 2003).
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5.1
Non-mouse Animal Models of Atherosclerosis

Rabbits develop lipid-rich arterial lesions with some of the features of athero-
sclerosis only if they are fed large amounts of cholesterol and fat—components
that are usually lacking in their vegetarian diet. Indeed, it was in cholesterol-
fed rabbits that aortic cholesterol accumulation was first noted by Nikolai
Anitschkow in St. Petersburg 90 years ago (Anitschkow 1913). Such diets result
in cholesterol levels many times greater than those seen in humans. The lesions
that rabbits develop bear only a superficial resemblance to human atheroma,
being more fatty and macrophage rich (Badimon 2001).

White Carneau pigeons develop lesions that are morphologically and ul-
trastructurally more similar to human atherosclerosis (Clarkson et al. 1959;
Jerome and Lewis 1985, 1997; Santerre et al. 1972). However, in contrast with
humans, susceptibility to atherosclerosis in these birds lies entirely at the level
of the arterial wall. Cholesterol levels are normal and other risk factors are
absent (Clarkson et al. 1959), the lesions in the pigeons being thought to be
entirely due to an inherited (Smith et al. 2001) defect in cholesterol efflux from
macrophages (Yancey and St. Clair 1992, 1994).

On a high-cholesterol diet, primates including chimpanzees, squirrel mon-
keys, howler monkeys, rhesus monkeys and cynomolgous monkeys develop
a form of atherosclerosis that is very similar to that of humans (Malinow and
Maruffo 1965, 1966; Maruffo and Malinow 1966; Stary and Malinow 1982).
However, the cost of primates is prohibitive and many of these species are
protected. Thus, work on atherosclerosis in primates is today generally con-
fined to the study of complex issues such as the effects of psychological stress
(Rozanski et al. 1999).

The pig is one of the most useful currently available animal models of
atherosclerosis. In time, pigs develop atherosclerosis even on a normal porcine
diet (Badimon et al. 1985; Fuster et al. 1985; Poeyo Palazón et al. 1998; Royo et al.
2000; Steele et al. 1985). When fed with cholesterol, they develop plasma choles-
terol levels and atherosclerotic lesions that are similar to those seen in humans.
The white Belgian pig variety also exhibits sudden coronary death when under
stress (Badimon 2001). However, maintenance of pigs is expensive and difficult,
requiring special facilities that are beyond the capabilities of most laboratories.

Dogs and rats are generally very resistant to atherosclerosis, and develop it
only when their diets are very extensively modified (Badimon 2001). In recent
years, however, some transgenic rat models have been produced that develop
lesions resembling atherosclerosis (Herrera et al. 1999; Richardson et al. 1998;
Russel et al. 1998a, 1998b).
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5.2
Of Mice and Men, or Why Small Is Not Always Beautiful

Because of ease in handling, the wide knowledge base concerning mouse
physiology, and the large amount of mouse genetic information available,
most researchers in recent years have focused on mouse models for the study
of atherosclerosis (Braun et al. 2002; Calara et al. 2001; Caligiuri et al. 1999; der
Thüsen et al. 2002; Ishibashi et al. 1994; Johnson and Jackson 2001; Nakashima
et al. 1994; Plump et al. 1992; Rosenfeld et al. 2000; Williams et al. 2002; Zhang
et al. 1992).

Before proceeding to a description of the individual models, it is impor-
tant first to recall the fundamental limitations of the mouse model. Mice do
not develop atherosclerosis without genetic manipulation. They have a lipid
physiology that is radically different from that of humans, most of the choles-
terol being transported in HDL-like particles. Furthermore, mice weigh about
25 g, some 3,000 times less than the average human. Since mouse cells are
about the same size as human cells, this means that a section of coronary
artery in the mouse contains about 3,000 times fewer cells than an equivalent
section of human coronary artery. This is reflected in the histology of mouse
arteries, in which the endothelial layer lies directly on the internal elastic
lamina and the media consists of only a few layers of smooth muscle cells.
In contrast with their counterparts in humans, atherosclerotic lesions in the
mouse coronary artery often extend beyond the elastic lamina (Calara et al.
2001). Remodelling of the media and aneurysms are also common in mice
(Carmeliet et al. 1997; Daugherty et al. 2000; Heymans et al. 1999; Tangirala
et al. 1995). Furthermore, it is difficult in mice to make a distinction be-
tween plaque erosion—as defined by endothelial denudation—and complete
rupture of the fibrous cap (Calara et al. 2001). Although classical eccentric
atheromas with a single fibrous cap exist in lesion-prone mouse models, mul-
tiple necrotic core areas with or without separate fibrous caps are the norm
(Nakashima et al. 1994; Palinski et al. 1994; Reddick et al. 1994). As pointed
out by Federico Calara and colleagues, disruption of these lesions may not
mimic plaque rupture in humans, placing a fundamental limit on the applica-
bility of mouse models for investigation of rupture mechanisms (Calara et al.
2001).

In addition to these difficulties arising from the differences between mouse
and human biology, there are important issues that need to be remembered in
interpreting the results obtained in mouse models that have been derived by
genetic manipulation. Problems may occur, for example, when two different
genetic models of a particular illness are used to investigate the effect of a third
genetic manipulation. An important example in the field of atherosclerosis
research concerns studies investigating knocking out the gene for the type
A scavenger receptor in different genetic models of atherosclerosis. Hiroshi
Suzuki and colleagues reported that deleting this scavenger receptor in apoE
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knockout mice reduced atherosclerotic lesion size by 60% (Suzuki et al. 1997).
However, Menno de Winther and colleagues found that in the apoE3 Leiden
mouse model of atherosclerosis, inactivation of the scavenger receptor actually
increases lesion size (de Winther et al. 1999). A possible explanation for this
difference relates to the role of apoE in the vessel wall. ApoE has been shown
to mediate efflux of cholesterol from macrophages, and it is therefore possible
that deficiency in apoE predisposes to macrophage foam cell formation. This
process of foam cell formation might be expected to be inhibited by dele-
tion of the scavenger receptor, the main route by which cholesterol-loading of
macrophages occurs. By contrast, macrophages from mice bearing the apoE3
Leiden gene show normal apoE-mediated cholesterol efflux, so that scavenger
receptor-mediated cholesterol uptake does not lead to enhanced foam cell for-
mation, allowing other presumably anti-atherogenic functions of the scavenger
receptor to come to the fore.

As indicated by Curt D. Sigmund, a second major problem is the genetic
heterogeneity that exists among the strains used to generate transgenic and
knockout mice (Sigmund 2000). This may lead to a situation where ani-
mals containing exactly the same genetic manipulation exhibit profoundly
different phenotypes when present on diverse genetic backgrounds. For ex-
ample, the extent of atherosclerosis among apoE knockout mice on a standard
atherosclerosis-proneC57BL/6backgroundwas foundtobeseven timesgreater
than apoE knockout mice with an atherosclerosis-resistant FVB genetic back-
ground (Dansky et al. 1999). The ideal solution to this problem is to use inbred
isogenic strains in which the experimental and control mice differ only at the
target locus. The next best alternative is to develop a program of inbreed-
ing to a common, congenic strain, that is, one that is genetically identical to
the control strain except for the single region of the chromosome containing
the target gene. This is time consuming and expensive. Six generations, or
2 years, of backcross breeding are required before the genetic backgrounds are
more than 99% homogenous, with rapidly diminishing returns thereafter. For
example, four more generations are needed to increase genetic homogeneity
from 99.2% to 99.9% (Sigmund 2000). These problems make it imperative
that a detailed description of the genetic background of all mouse models
used in transgenic experiments be published, and remind us that the genetic
background should always be taken into account when assessing experimental
results.

5.3
Animal Models of Plaque Instability and Rupture

Despite the drawbacks mentioned above, several models have been reported
recently that plausibly reproduce many of the salient features of plaque rup-
tures in humans. The only non-mouse model of plaque rupture was presented
by Mark D. Rekhter and colleagues in 1998 (Rekhter et al. 1998). The aim of
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this model was not to investigate the pathophysiological mechanisms under-
lying the development of the vulnerable lesion but rather to design a model
‘to evaluate plaque mechanical strength/vulnerability characteristics’. In this
model, two balloon catheters were used to mechanically injure and thus pro-
duce a lesion in the thoracic aorta of a cholesterol and fat-fed rabbit. A third
indwelling balloon catheter was then inflated and deflated to produce rupture
of the lesion. From this description, it is clear that this animal model may be
suitable for measuring the mechanical strength of a plaque, and, perhaps, for
investigating thrombotic sequelae, but cannot be expected to provide much
information about the pathophysiology of plaque rupture in humans.

The first indirect evidence of plaque rupture in the apoE knockout mouse
model of atherosclerosis appeared in 1998, when Robert L. Reddick and col-
leagues reported thrombus formation in the aortas of mice that were injured
by squeezing with a forceps (Reddick et al. 1998). This rather unphysiological
model was followed up by a report by Michael E. Rosenfeld that elderly apoE
knockout mice (60 weeks old) develop lesions in the brachiocephalic artery
that are characterized by the presence of collagen-rich fibrofatty nodules and
xanthomas (Rosenfeld et al. 2000). These nodules contained necrotic cores and
displayed evidence of intramural bleeding. This bleeding was interpreted as
possibly being due to plaque rupture. Moreover, from 42 weeks onwards, mice
exhibited layered lesions, implying, the authors suggested, multiple events. In
a more recent report, Rosenfeld’s group reported that in 30-week-old apoE
deficient mice, administration of a large dose of simvastatin (50 mg/kg/day)
reduced the frequency of bleeding and calcification within lesions in the bra-
chiocephalic artery, which was interpreted as evidence for ‘stabilizing effects
[of simvastatin] on advanced atherosclerotic lesions’ (Bea et al. 2002). Fed-
erico Calara and colleagues followed 82 cholesterol-fed apoE and LDL receptor
knockout mice for up to 12 months and 33 chow-fed apoE knockout mice for
up to 20 months (Calara et al. 2001). Of the 82 cholesterol-fed animals, three
showed aortic plaque rupture and/or thrombi, while of the 33 chow-fed mice,
18 showed atherosclerosis of the coronary arteries. In 3 of these 18 animals,
blood-filled channels were seen within the coronary lesions. This was taken to
indicate the presence of previous plaque disruption and thrombosis, followed
by recanalization. These three mice also showed deep ruptures and thrombosis
of the aortic origin.

Finally, much interest was generated by two recently reported models of
plaque rupture in apoE knockout mice. In the first of these, from Bristol in the
United Kingdom, apoE knockout mice with an unusual mixed C57BL6/129SvJ
genetic background were fed a diet containing 21% lard and 0.15% cholesterol
for up to 14 months (Johnson and Jackson 2001; Williams et al. 2002). Most of
these mice developed atherosclerotic plaque rupture associated with luminal
thrombus at the point where the brachiocephalic artery branches into the right
common carotid artery. The ruptures were characterized by fragmentation
and loss of elastin and smooth muscle cells in the fibrous caps of relatively
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small and lipid-rich plaques overlying large complex lesions. Of 98 such mice,
51 had an acutely ruptured plaque in the brachiocephalic artery and 64 died
suddenly. However, the incidence of sudden death did not differ between those
with brachiocephalic rupture and those without. An undisclosed number of
mice in this study also suffered myocardial infarction. In the second study,
lesions were induced in apoE knockout mice by placement of a silastic col-
lar around the carotid artery (der Thüsen et al. 2002). The resultant plaques
were then incubated transluminally with adenovirus bearing a p53 transgene.
Over-expression of p53, a tumour suppressor gene that promotes apoptosis,
reduced the cellular and extracellular content of the cap of the lesion, with
a reduced cap/intima ratio. When these mice were made hypertensive by treat-
ment with phenylephrine, 40% developed rupture of the p53-treated plaques.
Several papers have also appeared in recent years of myocardial infarction in
apoE knockout mice without definite evidence of plaque rupture (Braun et al.
2002; Caligiuri et al. 1999; Kuhlencordt et al. 2001). For the sake of brevity,
therefore, these models will not be discussed further here, even though some
have enthused that their existence should ‘finally put to rest the notion that
mice cannot be models of plaque rupture’ (Palinski and Napoli 2002).

5.4
Usefulness of Current Animal Models of Plaque Instability and Rupture

Of the models of plaque rupture presented thus far, none can be regarded as
ideal. Both the rabbit model presented by Rekhter (Rekhter et al. 1998) and the
apoE knockout mouse p53/silastic cuff model (der Thüsen et al. 2002) required
such heroic measures to produce evidence of plaque rupture that they can tell
us little about the pathophysiology of this condition. The usefulness of these
models is thus more or less confined to studies of the mechanical process of
rupture itself. More interesting from the aetiological and therapeutic points of
view are the apoE mouse models in which plaque rupture was seen in elderly
fat- and cholesterol-fed mice (Calara et al. 2001; Johnson and Jackson 2001;
Rosenfeld et al. 2000; Williams et al. 2002). However, these models too are sur-
rounded by caveats. In the report of Calara and colleagues (Calara et al. 2001),
evidence of rupture was indirect and was seen much less frequently (about 5%
of the animals) than occurs in human atherosclerosis. In the Rosenfeld model,
evidence of rupture was also indirect and was seen in the brachiocephalic
artery in particular (Rosenfeld et al. 2000). Finally, in the Bristol model (John-
son and Jackson 2001; Williams et al. 2002), plaque rupture was again focused
on the brachiocephalic artery, and was seen only in older mice after prolonged
feeding with a very-high-fat diet. The Bristol group has speculated that the
predilection for plaque rupture in the brachiocephalic artery may reflect the
high degree of tension in the wall of this artery in the mouse. A more gen-
eral drawback of both the Rosenfeld and Bristol models is that neither shows
convincing evidence of the formation of platelet- and fibrin-rich thrombus at
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the site of presumed rupture. This is a very important limitation, as infarction
of the heart or brain in humans is not caused by rupture of the artery per se,
but by the formation of an occlusive blood clot that is rich in platelets and
fibrin. Perhaps as a reflection of this lack of thrombosis, death of the mice
in Bristol was not related to plaque rupture. Furthermore, in the absence of
thrombosis, intra-plaque haemorrhage in these models has been presumed to
reflect prior plaque rupture, but this may not necessarily be the case (Majesky
2002). The Rosenfeld and Bristol models also have the disadvantages of the
expense required to maintain the mice for more than a year and the variable
incidence of plaque rupture.

6
Conclusions

Atherosclerosis in humans is a multi-factorial condition that develops over
many years, and we are far from completely understanding its pathogenesis.
Of the early lesions that form, most will regress, and some will go on to form
atherosclerosis, although we do not know why a particular lesion takes one path
or the other. In particular, we are in the dark about the features of atherosclero-
sis that lead to its clinical impact: stenosis, thrombosis and occlusion. Human
coronary arteries affected by atherosclerosis undergo compensatory enlarge-
ment, and plaque mass does not correlate with the size of the lumen, so that
the origin of stenosis of the lumen is unknown. Occlusive thrombosis often
occurs at the site of plaque rupture, but many, perhaps even most plaque rup-
tures do not cause occlusive thrombosis. Equally, occlusive thrombosis may
occur in the absence of plaque rupture at the site of superficial erosion of the
endothelium. Perhaps the most that can be said is that occlusive thrombosis
of a coronary artery requires some degree of atherosclerosis and will not oc-
cur if the vessels are normal. And although we know much of the risk factors
leading to myocardial infarction, we do not know in the individual case why an
occlusive clot occurs at a particular location at a particular time. Nevertheless,
much knowledge of a pragmatic nature exists on how to prevent and treat
atherosclerosis. This will form the subject of the remainder of this book.
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Abstract Several controlled interventional trials have shown the benefit of anti-hypertensive
and hypolipidaemic drugs for the prevention of coronary heart disease (CHD). International
guidelines for the prevention of CHD agree in their recommendations for tertiary preven-
tion and recommend lowering the blood pressure to below 140 mm/90 mm Hg and low
density lipoprotein (LDL)-cholesterol to below 2.6 mmol/l in patients with manifest CHD.
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Novel recommendations for secondary prevention are focused on the treatment of the
pre-symptomatic high-risk patient with an estimated CHD morbidity risk of higher than
20% per 10 years or an estimated CHD mortality risk of higher than 5% per 10 years. For
the calculation of this risk, the physician must record the following risk factors: sex, age,
family history of premature myocardial infarction, smoking, diabetes, blood pressure, total
cholesterol, LDL-cholesterol, high-density lipoprotein (HDL)-cholesterol, and triglyceride.
This information allows the absolute risk of myocardial infarction to be computed by using
scores or algorithms which have been deduced from results of epidemiological studies. To
improve risk prediction and to identify new targets for intervention, novel risk factors are
sought. High plasma levels of C-reactive protein has been shown to improve the prognostic
value of global risk estimates obtained by the combination of conventional risk factors
and may influence treatment decisions in patients with intermediate global cardiovascular
risk (CHD morbidity risk of 10%–20% per 10 years or CHD mortality risk of 2%–5% per
10 years).

Keywords Risk factor · LDL cholesterol · HDL cholesterol · Triglycerides · Hypertension ·
Diabetes mellitus · Family history · Gene · Homocysteine · C-reactive protein ·
Fibrinogen · Lipoprotein(a) · Obesity · Overweight · Global risk estimation ·
Framingham score · PROCAM algorithm · Guidelines

1
Introduction

Atherosclerosis is a multifactorial disease whose age of onset and progres-
sion are strongly influenced by inborn and acquired risk factors. Since the
pioneering work of the Framingham study, many prospective population and
clinical studies have identified a series of risk factors for myocardial infarc-
tion, stroke and peripheral vascular disease, among which the pre-existence
of atherosclerotic vascular disease, age, male sex, a positive family history of
premature atherosclerotic disease, smoking, diabetes mellitus, hypertension,
hypercholesterolaemia, hypertriglyceridaemia and low high-density lipopro-
tein (HDL) cholesterol are considered to be classical risk factors. Moreover,
several large randomized and prospective intervention studies have demon-
strated that smoking cessation as well as anti-hypertensive and lipid lowering
drug therapies help to reduce cardiovascular morbidity and mortality by about
30% in both secondary and primary prevention. Therefore, the classical risk
factors have become part of algorithms or scores that allow the estimation of an
individual’s risk to suffer a cardiovascular event or to die from it. These algo-
rithms and scores have also become important cornerstones of international
guidelines aiming at the prevention of cardiovascular disease (Anonymous
2001, 2002; de Backer et al. 2003; International Task Force for Prevention of
Coronary Heart Disease 2002). They have high negative predictive values but
relatively low positive predictive values (von Eckardstein et al. 2004). Therefore
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many patients with an estimated high or moderate risk are falsely assigned to
intervention. To improve the detection of individuals at risk and also to iden-
tify novel targets for therapeutic intervention, novel genotypic and phenotypic
risk factors are searched for intensively.

Usually it is required that both conventional and novel risk factors are
statistically independent from other risk factors in multivariate analysis. How-
ever, dependent risk factors—such as obesity and being overweight or dietary
patterns—canplayan important role in thepathogenesisof atherosclerosis and
represent important targets for intervention. They are classified as underlying
risk factors.

In the pages that follow classical, underlying and novel risk factors are re-
viewed.Due to limited space andbecausemany risk factors are coveredbymore
specific articles in this book, each risk factor is summarized in a condensed
form.

2
Classical and Independent Risk Factors

2.1
Male Sex

In industrialized countries, the average life expectancy is some 8 years less in
males than in females. Before the age of 55 years, men have a threefold excess of
coronary heart disease (CHD) events, a twofold excess of stroke, and a two- to
threefold excess of peripheral vascular disease. The lifetime risk of CHD at the
age of 40 years is one in two for men and one in three for women (Lloyd-Jones
et al. 1999). The different risk persists at least until the age of 80 years and,
on average, the risk of women lags by 10–15 years behind that of men. This
male preponderance is remarkably consistent across 52 countries with hugely
divergent rates of CHD mortality and lifestyles (Wu and von Eckardstein 2003).
The universality of sex disparity makes it likely that there is an intrinsic sexual
dimorphism in susceptibility to CHD that may involve genetic, hormonal,
lifestyle or ageing factors.

The most popular explanation for this male preponderance in coronary
arterial disease is that adult male levels of testosterone are proatherogenic
and/or there is a lack of the cardioprotective effects of oestrogens in men. The
lack of oestrogens and the abundance of androgens have often been regarded as
the principle cause underlying this male disadvantage. Sex hormones may play
a role in cardiovascular morbidity and mortality by modulating the risk factors
of atherosclerosis and vascular dysfunction, by influencing the progression of
subclincial coronary, cerebral and peripheral arterial vessel wall lesions to
symptomatic cardiovascular disease including myocardial infarction, stroke,
and claudicatio intermittens. Finally, sex hormones may influence the long-
term clinical sequelae of CHD such as heart failure and arrhythmias.
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The lack of an inflection point in the rate of increase in cardiovascular mor-
bidity and mortality after menopause and the failure of controlled combined
oestrogen-progestin replacement intervention trials to show prevention of
coronary events in postmenopausal women (Grady et al. 2002; Writing Group
for the Women’s Health Initiative Investigators 2002) have shed doubts on the
cardioprotective role of oestrogens. The role of testosterone in atherosclerosis
is uncertain because data of clinical endpoint studies are missing, and also
because data from observational studies on the associations between endoge-
nous testosterone and CHD, as well as data from interventional studies on the
effects of testosterone on cardiovascular risk factors and pre-clinical symp-
toms of atherosclerosis, are controversial. Likewise, data from animal and in
vitro experiments do not allow any conclusion to be reached regarding the net
effect of testosterone on atherosclerosis (Wu and von Eckardstein 2003).

More recent concepts suggest thatnon-hormonal factorsplayapredominant
role in the sex disparity in atherosclerotic vascular disease. This could involve
interactions between a multitude of genetic and environmental/lifestyle factors
that are important in the pathogenesis of atherosclerosis. The sex-specific ex-
pression of candidate genes may involve diverse mechanisms ranging from sex
hormone exposure in utero, imprinting on sex-specific behaviour patterns,
distribution of visceral body fat to vascular and myocardial structural and
functional adaptation to ageing, pressure overload and disease (Hayward et al.
2000; Liu et al. 2003; Wu and von Eckardstein 2003). For example, sex differ-
ences are detectable in vascular endothelial function, lipid loading in human
monocyte-derived macrophages, and for the same amount of total body fat
men accumulate a disproportionately greater volume of abdominal visceral
adipose tissue than premenopausal women of the same age (Liu et al. 2003;
Wu and von Eckardstein 2003).

As the clinical consequence of the higher risk in men, primary CHD pre-
vention and hence screening and treatment of risk factors should start earlier
in men (>45 years) than in women (>55 years).

2.2
Age

Autopsy data obtained from miscarried foetuses as well as from children, ado-
lescents and young adults who died because of accidents and violence have
demonstrated that atherosclerosis starts early and progresses throughout life
(McGill and McMahan 2003; Tsimikakis and Witztum 2002). Already at this
young age, the extent of fatty streak lesions correlates with the presence and
severity of risk factors (Palinski and Napoli 2002) and vice versa, risk factors in
childhood predict the occurrence of carotid atheorsclerosis in early adulthood
(Li et al. 2003; Raitakari et al. 2003). In both men and women, the incidence
of CHD and stroke events increases steeply with advancing age. This reflects
the exposure time to risk factors and the progressively increasing burden of



Risk Factors for Atherosclerotic Vascular Disease 75

atherosclerotic lesions. In addition cardiovascular risk factors such as dyslipi-
daemias, hypertension and diabetes mellitus become more frequent and severe
with increasing age. Finally, aging is accompanied by various phenomena that
are involved in the pathogenesis of atherosclerosis, for example oxidation, cell
death and loss of endocrine functions.

Recent clinical trials indicate that lipid lowering and antihypertensive ther-
apies reduce cardiovascular morbidity and mortality in older patients (ALL-
HAT Officers and Coordinators 2002a, 2002b; Mungall et al. 2003). However,
the baseline level of the therapeutic target may not necessarily identify the
person with the greatest benefit from the intervention. For example, in the
PROSPER study baseline levels of HDL cholesterol rather than low-density
lipoprotein (LDL) cholesterol had the closest relationship with risk reduction
by pravastatin treatment (Shepherd 2003; Shepherd et al. 2002).

Because of the great weight of age in algorithms and scores, which were de-
duced from prospective studies in middle-aged individuals, algorithms over-
estimate the absolute cardiovascular risk in individuals older than 65 years
of age and underestimate the risk in young individuals. As a consequence of
this Grundy et al. suggested calculating relative rather than absolute risks in
elderly people (Grundy et al. 1999). Alternatively, it was suggested to define
more moderate treatment goals in individuals beyond the age of 80 years.

2.3
Presence of Atherosclerotic Vessel Disease

The symptomatic presence of CHD (i.e. previous myocardial infarction, angina
pectoris, angiographic demonstration of CHD, previous revascularization pro-
cedure) is one of the most important risk factors for myocardial infarction,
cardiac death, and stroke. In these patients, dyslipidaemia and hypertension
imply a several-fold increased risk as compared with patients with similar
cholesterol levels or blood pressure but without CHD. This is the basis of the
aggressive treatment goals for LDL cholesterol levels and blood pressure in
secondary prevention. Also, patients with clinically manifest atherosclerosis
in non-coronary vessels, e.g. peripheral, cerebral and renal arteries as well
as aorta are at increased risk for myocardial infarction (Anonymous 2002;
International Task Force for Prevention of Coronary Heart Disease 1998).

Because the presence of atherosclerotic lesions has such a high predic-
tive value for the occurrence of cardiovascular events, non-invasive methods
are investigated to detect patients with pre-symptomatic arteriosclerosis. The
Doppler-sonographic assessment of stenoses, plaques and intima media thick-
ening in the carotid arteries identifies individuals in whom the risk of myocar-
dial infarction is increased by factors of two, four and six, respectively (Bots
and Groby 2002). Nowadays, electron beam computed tomography (EBCT)
and multidetector-row computed tomography (MDCT) as well as magnetic
resonance imaging can help to detect and quantify atherosclerotic lesions
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in coronary arteries. Coronary artery calcifications occur relatively early in
atherosclerotic disease evolution and EBCT or MDCT have been used for di-
agnosis of subclinical coronary artery disease and risk assessment (Arad et al.
2000; Becker et al. 2001; Detrano et al. 1999). From the results of coronary
calcium measurements by CT a future myocardial event can be predicted with
sensitivities reaching as high as 89% (Arad et al. 1996; Wong et al. 2000).

2.4
Family History of Atherosclerotic Vessel Disease

Individuals who have first-degree relatives with premature CHD, have a 2- to
12-fold increased risk of myocardial infarction. The risk increases with the
number and younger age of affected first-degree relatives. The highest relative
risk is found in siblingsofpatientswithprematureCHD,probablydue to shared
genes, exposures and sociocultural environment (Anonymous 2002; Scheuner
2001). In some families, the occurrence of premature CHD is paralleled with
the Mendelian inheritance of a single risk factor, for example severely elevated
total and LDL cholesterol in familial hypercholesterolaemia. In the majority of
cases, however, the clustering of CHD resembles diseases of polygenic origin
which is only partially explained by the familial aggregation of risk factors (e.g.
blood pressure, lipids, Lipoprotein(a) (Anonymous 2002; Scheuner 2001).

Consequently, global cardiovascular risk estimation should include the as-
sessment of premature CHD in all first-degree relatives. A family history will
be considered as positive for CHD if myocardial infarction or cardiac death
has occurred in at least one male first-degree relative younger than 55 years
or one female first-degree relative younger than 65 years. Moreover, families
of patients with premature CHD should be systematically worked up to detect
inherited and non-inherited risk factors and to initiate preventive measures as
early as possible (Anonymous 2002; International Task Force for Prevention of
Coronary Heart Disease 1998, 2002).

2.5
Smoking

Smoking is a central risk factor for coronary, cerebral and peripheral artery
diseases and contributes to 30% of all coronary deaths. Duration of smoking
and number of cigarettes smoked correlate with the risk of myocardial infarc-
tion and stroke. Several controlled intervention trials showed that in primary
prevention cessation of smoking substantially reduces the risk of cardiac events
(Anonymous 2002; International Task Force for Prevention of Coronary Heart
Disease 1998). This decline in risk starts within months so that after 7 years
of non-smoking the risk of an ex-smoker equals the risk of a never-smoker.
Therefore smoking cessation is a prime target in both the population and the
clinical strategy to reduce CHD risk (Anonymous 2001, 2002; de Backer 2003;
International Task Force for Prevention of Coronary Heart Disease 1998, 2002).
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2.6
Total Cholesterol, LDL Cholesterol and non-HDL Cholesterol

In many population studies including the Framingham study, the PROCAM
study, or the Lipid Research Clinics Trial, the serum concentrations of total
cholesterol and LDL cholesterol were found to correlate with the risk of my-
ocardial infarction and cardiac death (Anonymous 2002; International Task
Force for Prevention of Coronary Heart Disease 1998). Even in populations
with low CHD incidence and low average cholesterol levels (e.g. China) this
association was found. The relationship between total or LDL cholesterol and
stroke or peripheral artery disease is much weaker (Anonymous 1995). For
stroke it is, however, important to emphasize the impact of aetiological hetero-
geneity. Cholesterol levels show a positive correlation with the risk of ischaemic
stroke but an inverse one with haemorrhagic stroke (Iso et al. 1989; Suh et al.
2001).

A huge body of evidence from in vitro and in vivo experiments demon-
strates the causal role of cholesterol in the pathogenesis of atherosclerosis. The
strongest evidence is derived from the finding of premature atherosclerosis in
patients with familial hypercholesterolaemia due to defects in the LDL recep-
tor gene as well as in animals with inborn or targeted mutations in the LDL
receptor gene (Brown and Goldstein 1992; Goldstein et al. 2001).

In several controlled intervention trials, lowering of LDL cholesterol by diet
and/or drugs—especially statins—was found to reduce coronary and cere-
brovascular morbidity and mortality both in primary and secondary preven-
tion and independently of the absence or presence of other risk factors (ALL-
HAT Officers and Coordinators 2002a; Anonymous 2002; Collins et al. 2004;
Heart Protection Study Collaborative Group 2002; International Task Force
for Prevention of Coronary Heart Disease 1998; Shepherd et al. 2002) (see the
chapter by Paoletti et al., this volume). Both men and women benefit from LDL
cholesterol lowering. Results of clinical trials suggest that a reduction of total
and LDL cholesterol by 1% reduces the risk of CHD by 2% and 1% respectively.
However, the benefit can be larger if LDL cholesterol levels are kept low for
prolonged time. A 10% decrease in LDL cholesterol achieved at age 40 lowers
relative CHD risk by 50% as opposed to 10% if begun at age 70.

Current guidelines recommend to lower LDL cholesterol below 100 mg/dl
(2.6 mmol/l) in patients with manifest atherosclerosis (i.e. secondary preven-
tion) (Anonymous 2001, 2002; de Backer 2003, International Task Force for
Prevention of Coronary Heart Disease 1998, 2002). Very recent data suggest
that more aggressive LDL cholesterol lowering therapy below this target value
by using high dosages of atorvastatin results in even greater risk reduction
(Cannon et al. 2004). In primary prevention, indications and goals of LDL
lowering therapy vary depending on the presence and severity of additional
risk factors (Anonymous 2001, 2002; de Backer 2003; International Task Force
for Prevention of Coronary Heart Disease 1998, 2000; see Sect. 2.11).
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As cholesterol is also transported in very low-density lipoprotein (VLDL)
and its remnants, which also are atherogenic lipoproteins (as highlighted by
premature and severe atherosclerosis in patients with type III hyperlipidaemia
due to gene defects in the apolipoprotein (apo) E, as well as in apoE-deficient
animals (Mahley and Rall 2001), some authors have suggested monitoring and
targeting non-HDL cholesterol levels (i.e. VLDL+LDL cholesterol) rather than
LDLcholesterol levels.However, only somebutnot all of theprospective studies
proved the prognostic superiority of non-HDL cholesterol. This appears to be
true especially in patients with moderate but not severe hypertriglyceridaemia
(>200 mg/dl but <500 mg/dl) (Anonymous 2002). Therefore all international
guidelines target LDL cholesterol rather than total or non-HDL cholesterol
as primary treatment goals. Some guidelines (for example ATP III) accept
non-HDL cholesterol as a secondary treatment goal in patients with moderate
hypertriglyceridaemia (Anonymous 2001, 2002; de Backer 2003; International
Task Force for Prevention of Coronary Heart Disease 2002).

2.7
HDL Cholesterol

Numerous clinical and epidemiological studies have demonstrated the inverse
and independent association between HDL cholesterol and the risk of fatal
and non-fatal CHD events (Gordon and Rifkind 1989; Hersberger and von
Eckardstein 2003). Low HDL cholesterol has been found in more than 40% of
patients with myocardial infarction (Genest et al. 1991). This prevalence may
be even higher in some ethnic populations, e.g. Turks, Arabs or Israelis, who
for unknown reasons have 10–15 mg/dl lower mean concentrations of HDL
cholesterol than Caucasians and who face a dramatic increase in the incidence
of cardiovascular disease (Bobak et al. 1999, Hergenc et al. 1999).

From the data of population studies, it has been calculated that every 1 mg/dl
increase in HDL cholesterol lowers coronary risk by 1%. In patients with an-
giographically assessed CHD this association may even be stronger as the
prospective and multicentric European Concerted Action on Thrombosis and
Disabilities (ECAT) study, as well as the Baltimore Longitudinal Heart Study
identified low HDL cholesterol as the most important biochemical risk fac-
tor for coronary events (Bolibar et al. 2000; Miller et al. 1998). However, it is
not clear whether this rule can be extrapolated to the whole range of HDL
cholesterol. Whereas a low HDL cholesterol level (e.g. below the 20th per-
centile) has been consistently found to increase cardiovascular risk, it has not
been consistently shown that a high HDL cholesterol level is protective. In
at least some studies, including the PROCAM study and the ECAT Angina
pectoris study, individuals with the highest levels of HDL cholesterol (e.g.
above the 80th percentile) did not experience fewer coronary events than in-
dividuals with HDL cholesterol in the high–normal range (e.g. 60th to 80th
percentile). In certain metabolic conditions (e.g. hepatic lipase deficiency,
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some cases of cholesterol ester transfer protein deficiency) a high level of HDL
cholesterol is rather associated with increased cardiovascular risk (Hirano
et al. 1995). Hypertriglyceridaemic participants of the Copenhagen City Heart
Study and the PROCAM Study with high levels of HDL cholesterol were at
higher coronary risk than hypertriglyceridaemic probands with intermediate
HDL cholesterol levels (Jeppesen et al. 1998; von Eckardstein et al. 1999). In-
terestingly, although low HDL cholesterol is also significantly associated with
reduced life expectancy, in the PROCAM population and also in a Belgian pop-
ulation, HDL cholesterol levels in the fifth quintile were also associated with
excess mortality as compared to intermediate HDL levels (Cullen et al. 1997;
de Backer et al. 1998).

By convention, the risk threshold values of HDL cholesterol have been de-
fined to be 35 mg/dl or 40 mg/dl (0.9 mmol/l or 1.05 mmol/l) in men and
45 mg/l or 50 mg/dl (1.15 mmol/l or 1.3 mmol/l) in women (Anonymous 2001,
2002; de Backer 2003; International Task Force for Prevention of Coronary
Heart Disease 2002). However, as with other risk factors, the strength of the
association between HDL cholesterol and cardiovascular risk depends on the
presence of additional risk factors (von Eckardstein and Assmann 2000). By
contrast to high LDL cholesterol, which coincides by chance with smoking
and other risk factors, low HDL cholesterol is frequently confounded because
of metabolic reasons with hypertriglyceridaemia, the presence of small dense
LDL, impaired glucose tolerance or overt diabetes mellitus type 2, hyper-
tension, and overweight. Actually, in many populations a low HDL choles-
terol is a typical component of the metabolic syndrome or insulin resistance
syndrome that precedes the manifestation of the other components includ-
ing diabetes mellitus type 2 (Anonymous 2002; International Task Force for
Prevention of Coronary Heart Disease 2002; Rohrer et al. 2004). Thus, al-
though the association of HDL cholesterol with CHD is statistically inde-
pendent of other risk factors, a low HDL cholesterol is frequently not the
sole risk factor in a single individual (see chapters by Grund und Müller,
Wieland und Kotzka).

Some controlled intervention studies demonstrated a significant benefit of
patients with low HDL cholesterol from hypolipidaemic drug therapy (Gotto
et al. 2000; Manninen et al. 1992; Rubins et al. 1999). Therefore, and as HDL ex-
erts various potentially anti-atherogenic properties (reverse cholesterol trans-
port as well as inhibition of oxidation, inflammation, coagulation and platelet
aggregation), and because increasing HDL cholesterol was found to protect
from atherosclerosis in several genetic animal models, HDL cholesterol has at-
tracted a lot of interest from both clinicians and the pharmaceutical industry,
not only as a marker of increased coronary risk but also as a therapeutic target
(Hersberger and von Eckardstein 2003). Actually, whereas in current interna-
tional guidelines a low HDL cholesterol is only an indication to start treatment
of risk factors (Anonymous 2002; International Task Force for Prevention of
Coronary Heart Disease 2002), it is now increasingly discussed to advocate
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an HDL cholesterol plasma level >1 mmol/l as a therapeutic goal (Fruchart
et al. 1998). However, to date the majority of the presently available drugs does
not increase HDL cholesterol levels effectively enough to reach this goal in
many patients with manifest CHD or increased cardiovascular risk. Moreover,
experiences of patients with inborn errors of HDL metabolism and, even more
so, data from genetic animal models of HDL metabolism indicate that is it not
the increase of HDL cholesterol per se but the mechanism of modifying HDL
metabolism and function that is relevant for protection from atherosclerosis
(Hersberger and von Eckardstein 2003) (see the chapter by Hersberger and
von Eckardstein, this volume).

Several studies have investigated the question of whether HDL subpopu-
lations or apolipoproteins have a better prognostic value than HDL choles-
terol. Data are conflicting and derive mostly from small case–control studies.
Prospective data have been generated in the Physicians’ Health Study and
the ARIC study (Sharrett et al. 2001; Stampfer et al. 1991), which did not
show any superiority of HDL2, HDL3 or apoA-I, and most recently in the
PRIME study, which found apoA-I to be a better risk indicator than HDL-C
(Luc et al. 2002).

2.8
Triglycerides

The role of triglycerides as a cardiovascular risk factor is controversial. Upon
univariate statistical analysis, most epidemiological studies found positive cor-
relations between the concentration of serum triglycerides and cardiovascular
event rates. However, this association did not remain stable in multivariate
data analysis of many data sets. Reasons for this include the non-Gaussian fre-
quency distribution with a preponderance of low and normal triglyceride levels
(<150 mg/dl or <1.7 mmol/l) and the frequent confounding of hypertriglyceri-
daemia with other cardiovascular risk factors (low HDL cholesterol, hypergly-
caemia, hypertension). Moreover, the risk increases only with triglycerides up
to about 10 mmol/l and tends to decrease again at higher levels (Austin et al.
1998). Among others, the reason for this is the heterogeneity of triglyceride-
rich lipoproteins, which also differ in atherogenicity. Cholesterol-enriched
remnants of chylomicrons and VLDL (i.e. intermediate density lipoproteins)
appear to be more atherogenic than their triglyceride-richer but cholesterol-
poorer precursors. Nevertheless, meta-analyses of epidemiological studies re-
vealed a statistically significant association of triglycerides with CHD which is
independent of other risk factors and appears to be stronger in women than
in men (Austin et al. 1998).

Because of their higher atherogenicity, tests for the measurement of rem-
nant lipoproteins are currently being developed and evaluated. Concentrations
of non-HDL cholesterol and apoB, which may reflect the number of athero-
genic lipoprotein particles better than triglycerides and LDL cholesterol, were
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found to correlate with CHD risk (Anonymous 2002). Also small LDL parti-
cles, which are frequently found in hypertriglyceridaemic patients, are a good
marker for the presence of atherogenic cholesterol and apoB-containing parti-
cles (Lamarche et al. 1999). However, in the clinical setting, apoB and LDL size
suffer from the lack of standardization or feasible and cheap high throughput
methods.

2.9
High Blood Pressure

The present guidelines of the World Health Organization (WHO), the In-
ternational Hypertension Society and the Joint National Committee on Pre-
vention, Detection, Evaluation and Treatment of Hypertension define hyper-
tension as the presence of a systolic blood pressure above 140 mmHg or
diastolic blood pressure above 90 mmHg (Anonymous 1996, 1997). Hyper-
tension has been consistently found to increase the risk of stroke, myocar-
dial infarction and heart failure. The highest risk of myocardial infarction
is found in hypertensive patients with diabetes mellitus or dyslipidaemias,
ventricular hypertrophy, reduced renal function and proteinuria and smok-
ers. Together with overweight, hyperglycaemia, low HDL cholesterol and
hypertriglyceridaemia hypertension is a component of the metabolic syn-
drome (Anonymous 2002). Several controlled, randomized and prospective
trials have demonstrated that the decrease in blood pressure achieved by beta
blockers, diuretics, angiotensin converting enzyme (ACE) inhibitors and an-
giotensin receptor blockers reduces cardiovascular morbidity and mortality
(ALLHAT Officers and Coordinators 2002b; Anonymous 1997a, 2002; Inter-
national Task Force for Prevention of Coronary Heart Disease 1998, 2002).
Some of these drugs appear to be anti-atherogenic independently of lowering
blood pressure, e.g. ACE inhibitors (see the chapter by Dendorfer et al., this
volume).

The aggressiveness of blood pressure lowering therapy depends on the
presence of cardiovascular diseases and additional risk factors. In patients
with manifest cardiovascular disease or hypertension-induced organ damage
(ventricular hypertrophy, renal insufficiency, proteinuria) or additional risk
factors (diabetes, smoking, dyslipidaemia) or excessive hypertension (systolic
blood pressure >180 mmHg, diastolic blood pressure >100 mmHg) the ther-
apeutic goal must be targeted aggressively by an early start of drug therapy
and frequent controls. In patients without organ damage or additional risk
factors non-pharmacological interventions (weight reduction, salt and alcohol
restriction, physical activity) can be tried for a longer time (Anonymous 1996;
1997a, 2001, 2002; de Backer 2003; International Task Force for Prevention of
Coronary Heart Disease 2002).
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2.10
Diabetes

The WHO and American Diabetes Association (ADA) defined diabetes melli-
tus as a fasting plasma glucose level of 126 mg/dl (7 mmol/l) or higher (Alberti
and Zimmet 1998; Anonymous 1997b). Both type 1 diabetes mellitus and
type 2 diabetes mellitus increase the risk for coronary, cerebral and periph-
eral arterosclerotic vessel disease. The relative cardiovascular risk associated
with diabetes mellitus is higher in women than in men so that also before
menopause, women with diabetes mellitus have a substantially increased risk
for myocardial infarction and stroke and both sexes are to be treated according
to identical guidelines and targets (Anonymous 1997a, 2002; de Backer 2003;
International Task Force for Prevention of Coronary Heart Disease 2002).

The increased risk of diabetics is associated both dependently with hy-
perglycaemia and independently with risk factors which accumulate in dia-
betic patients, for example dyslipidaemias (especially hypertriglyceridaemia
and low HDL cholesterol), arterial hypertension, nephropathy, and a hyper-
coaguable state (for example elevated levels of fibrinogen and plasminogen
activator inhibitor 1, or disturbed fibrinolysis).

In patients with type 1 diabetes mellitus but euglycaemic control, hyper-
tension and dyslipidaemias are not more prevalent than in the non-diabetic
population. However, hyperglycaemia and diabetic nephropathy frequently
coincide with elevated blood pressure and dyslipidaemia so that CHD and
other vascular diseases become manifest in the fourth and fifth decades of life.
In patients with type 2 diabetes mellitus, risk factors are significantly more
frequent than in patients with type 1 diabetes mellitus and the non-diabetic
population, even if plasma glucose levels are normal. Already the pre-clinical
phase of type 2 diabetes mellitus (impaired fasting glucose according to ADA,
or disturbed glucose tolerance according to WHO) is frequently characterized
by the presence of low HDL cholesterol, hypertriglyceridaemia and/or hyper-
tension. The presence of these risk factors for many years before manifestation
of diabetes is an important reason why at the time of clinical diagnosis many
patients with diabetes mellitus type 2 are already affected with cardiovascular
disease (see the chapter by Grundy, this volume).

Euglycaemic control (i.e. glycated haemoglobin <7.0%) is the most im-
portant treatment goal in patients with diabetes mellitus. However it was
consistently found to reduce the risk of microvascular complications such as
nephropathy and retinopathy but not the risk of macrovascular atherosclerotic
events such as myocardial infarction, stroke or limb amputation (de Fronzo
1999). Therefore and because other risk factors were found to increase the risk
of cardiovascular events more pronouncedly in diabetic than in non-diabetic
patients, treatment of hypertension and dyslipidaemia have become corner-
stones in the prevention of cardiovascular disease in patients with diabetes
mellitus. Post hoc analyses of many controlled prospective intervention trials
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demonstrated that cardiovascular event rates are decreased by blood pressure
and LDL cholesterol lowering therapies in diabetic patients as much as in
non-diabetic individuals (Collins et al. 2003; Heart Protection Study Collab-
orative Group 2002). Therefore, many guidelines consider diabetes mellitus
as a CHD equivalent and define treatment goals for blood pressure and LDL
cholesterol that are identical to those defined for secondary prevention, i.e.
normalization of blood pressure below 140 mmHg (systolic) and 90 mmHg
(diastolic) and lowering of LDL cholesterol to below 100 mg/dl (2.6 mmol/l).
Triglycerides should be less than 150 mg/dl (150 mmol/l) and HDL cholesterol
above 35 mg/dl (0.9 mmol/l). Diabetic patients should not smoke (Anony-
mous 1997a, 2002; de Backer 2003; International Task Force for Prevention of
Coronary Heart Disease 2002).

2.11
Global Cardiovascular Risk Estimation

Two recent reports on the data of more than 500,000 participants in 14 in-
tervention trials and three observational studies showed that 80% to 90% of
patients who developed clinically significant coronary heart disease had at
least one of four classical risk factors, namely hypercholesterolaemia (serum
cholesterol >240 mg/dl or 6.22 mmol/l), hypertension (systolic blood pressure
>140 mmHg and/or diastolic blood pressure >90 mmHg), diabetes mellitus
or smoking (Greenland et al. 2003; Khot et al. 2003). However, counting of
risk factors has a low sensitivity and specificity because it does not take into
account the graded and dose-dependent influence of risk factors and the over-
proportional effect of risk factor interaction. In a given individual, the presence
of a single risk factor has a low positive predictive value and vice versa, the
presence of several moderately expressed risk factors can produce a signifi-
cant increase in cardiovascular risk. Therefore, at present the most advanced
strategy for coronary risk assessment is to combine the information of several
risk factors in algorithms or scores. This procedure allows calculation of an
individual’s absolute risk of experiencing a cardiovascular event (fatal and/or
non-fatal) within the next 10 years (Assmann et al. 2002, Conroy et al. 2003,
Wilson et al 1998).

Current internationalguidelines releasedby theNationalCholesterolEduca-
tion Program (Adult Treatment Panel III, ATP III), European Societies of Cardi-
ology, Atherosclerosis etc. (3rd Joint European Guidelines, 3JE) or the Interna-
tional Task Force for the Prevention of Coronary Heart Disease/International
Atherosclerosis Society (TF/IAS) base their recommendations for the indi-
cation of hypolipidaemic or anti-hypertensive drug treatment in clinically
asymptomatic patients (‘primary prevention’) on the estimation of an individ-
ual’s global risk of suffering a fatal or non-fatal cardiovascular event (ATP III
and TF/IAS) (Anonymous 2002, International Task Force for Prevention of
Coronary Heart Disease 2002) or of dying as a result of cardiovascular disease
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(3JE) (de Backer 2003) (Tables 1 and 2). The algorithms and scores have been
derived either from the US-American Framingham study (ATP III) (Anony-
mous 2001, 2002; Wilson et al 1998), the German PROCAM study (TF/IAS)
(Assmann et al. 2002; International Task Force for Prevention of Coronary
Heart Disease 2002) or pooled epidemiological data from various European
cohorts (3JE) (Conroy et al. 2003; de Backer 2003). An estimated global cardio-
vascular morbidity plus mortality risk of more than 20% per 10 years (ATP III
and TF/IAS) or an estimated cardiovascular mortality risk of greater than 5%
per 10 years (3JE) in an asymptomatic patient is considered high (Anonymous
2002; de Backer 2003; International Task Force for Prevention of Coronary
Heart Disease). The affected patient is advised to be treated as aggressively
as a symptomatic patient with vascular disease. This implies lowering of LDL
cholesterol to below 100 mg/dl (2.6 mmol/l) and systolic blood pressure below
130 mmHg. Estimated CHD risks ranging between 10% and 20% (morbidity
plus mortality) or 2% and 5% (mortality) in 10 years are considered as mod-
erate and treatment targets for LDL cholesterol and systolic blood pressure
are less than 130 mg/dl (<3.4 mmol/l) and 140 mmHg, respectively. Estimated
CHD risks of less than 10% (morbidity) or less than 2% (mortality) are con-
sidered low. In this case, drug treatment recommendations are not offered to
the majority of individuals (Anonymous 2002; de Backer 2003; International
Task Force for Prevention of Coronary Heart Disease 2003).

The three international guidelines differ in their use of various risk factors
(Tables 1 and 2) and hence in their prognostic efficacy (Table 3). If validated in
the German PROCAM or MONICA cohorts, the ITF/IAS guidelines have the
highest specificity, positive predictive value and diagnostic efficacy, the 3JE
guideline have the best sensitivity but lowest specificity, positive predictive
value and diagnostic efficacy (Table 3).

Using the PROCAM algorithm as advocated by TF/IAS, 7.5% of German
men aged 35–65 years have an estimated CHD risk above 20%, 15% an esti-
mated CHD risk of 10%–20% and 72.5% an estimated CHD risk below 10%.
Each group accounts for about one-third of all coronary events that occur
during 10 years of follow up. Using the PROCAM algorithm, the finding of an
estimated global risk above 20% in a 35–65-year-old asymptomatic German
man has a positive predictive value of 32%. The finding of an estimated global
risk of less than 10% has a negative predictive value of 97%. The intermedi-
ate risk of 10%–20% has positive and negative predictive values of 14% and
86%, respectively (von Eckardstein et al. 2004). The Framingham algorithm
propagated by ATP III and, even more so, the SCORECARD propagated by 3JE
have even lower positive predictive values and, hence, overestimate cardiovas-
cular risk in asymptomatic German middle-aged men (Hense et al. 2003; von
Eckardstein et al. 2004).

The predictive values summarized above give rise to a conceptual misun-
derstanding by many scientists, physicians, and patients, who believe that the
assessment of classical risk factors leads to an underestimation of coronary risk
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Table3 Comparison of consensus methods for CHD risk estimation according to prognostic
value in male participants of the PROCAM study

3JE-guidelines ITF/IAS ATP III

Low-risk model High-risk model

Prevalence of patients recom-
mended to be treateda

13.5% 25% 7.5% 10.6%

Relative risk of patients recom-
mendedtobetreatedvs.patients
not recommended tobe treateda

4.21 5.47 6.81 4.47

Sensitivity 39.7% 64.6% 35.7% 34.5%

Specificity 88.4% 77.9% 94.5% 91.1%

Predictive value of positive test 19.8% 17.5% 32.0% 21.9%

Predictive value of negative test 95.3% 96.8% 95.3% 95.1%

Diagnostic efficacy 85.1% 77.0% 90.5% 87.3%

aIn predicting coronary events in male participants of the PROCAM study according to risks of CHD morbidity
> 20% in 10 years (ITF/IAS and ATP III) or CHD mortality > 5% in 10 years (3JE) as estimated by the various
methods (325 events in 4818 men aged 35–65 years during 10 years of follow-up).

in many individuals. The opposite is the case. The detection of the relatively
small percentage of individuals who will develop atherosclerotic vascular dis-
ease despite estimated low global risk would require cost-intensive screening of
large populations with a low case finding probability. The more relevant prob-
lem is the high false-positive rate in individuals with a high or intermediate
estimated global risk (von Eckardstein 2004).

The use of neural network statistics rather than conventional Cox-propor-
tional hazard or multiple logistic function statistics can improve the diagnostic
efficacy of global risk estimation because it can also consider dependent (i.e.
underlying risk factors) and further stratify categorical risk factors (for ex-
ample duration of smoking and number of cigarettes, duration and kind of
treatment of diabetes mellitus). However, this strategy does not provide freely
accessible algorithms and scores, but requires the communication with a cen-
tral data manager for the calculation of an individual’s risk (Voss et al. 2002).
Moreover, even this approach does not eliminate the problem of false-positive
risk assignment.

3
Underlying Risk Factors

Many epidemiological studies identified lifestyle factors as being associated
with the incidence of cardiovascular diseases. However, since these risk factors
at least partially affect the pathogenesis of atherosclerosis indirectly via other
measurable risk factors, they frequentlydidnot emerge as statistically indepen-
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dent risk factors. Nevertheless they play an important role in the pathogenesis
of cardiovascular diseases and are therefore targets for prevention (Krumhout
et al. 2002).

3.1
Diet and Alcohol

Prospective studies show that dietary patterns modify the baseline risk of
CHD and contribute to the manifestation of overweight and obesity, elevated
blood pressure, glucose intolerance and diabetes mellitus, dyslipidaemia and
thrombophilia. Numerous dietary compounds modulate the pathogenetic pro-
cess of atherosclerosis either negatively or positively. Details on the pro- and
anti-atherogenic effects of the various dietary compounds are presented in
other chapters of this book (see chapters by Lakka and Bouchard, Thijssen
and Mensink, Kratz, Suter, and Tikkanen, and by Aviram and Fuhrmann, this
volume). Essential goals of a healthy diet encompass (Anonymous 2002; Hu
and Willett 2002; International Task Force for Prevention of Coronary Heart
Disease 1998):

– Reduction of dietary fat to below 30% of calories. Dietary cholesterol should
be less than 300 mg cholesterol per day. Saturated fatty acids should repre-
sent less than one-third of dietary fat and should be substituted by mono-
and polyunsaturated fatty acids and complex carbohydrates.

– The diet should be enriched in whole grains as well as fresh fruits and
vegetables.

– The calorie intake should be limited in order to keep or gain normal body
weight.

– Patients with hypertension should limit the intake of salt (<4 g or 70 mmol
of sodium chloride per day) and alcohol.

– Patientswith severedyslipidaemia,diabetesmellitusorhypertensionshould
receive special dietary counselling.

Epidemiological studies revealed a J- or U-shaped relationship between
alcohol consumption and total mortality. Teetotallers have a higher cardiovas-
cular risk than moderate drinkers (10 g–30 g alcohol corresponding to one to
three drinks per day) (Mukamal and Rimm 2001; Mukamal et al. 2003). More
excessive alcohol consumption increases total mortality by increasing the in-
cidences of accidents, suicide, liver cirrhosis, pancreatitis, various cancers,
cardiomyopathy and haemorrhagic stroke. The protective effect of alcohol is
frequently explained by beneficial effects on HDL cholesterol, platelet aggre-
gation and fibrinolysis. However, drinking of alcohol does also increase blood
pressure and serum levels of triglycerides (Mukamal and Rimm 2001; Mukamal
et al. 2003) (see the chapter by Hendriks and van Tol, this volume). In addition



Risk Factors for Atherosclerotic Vascular Disease 89

it is intensively discussed whether red wine is anti-atherogenic and explains the
so-called French paradox because of the additional presence of anti-oxidants
(Rimm and Stampfer 2002) (see the chapter by Aviram and Fuhrmann, this
volume). However, several observational studies did not find any evidence for
different risk reduction by various forms of alcoholic beverages.

3.2
Physical Inactivity

Physical inactivity is an independent risk factor of myocardial infarction and
predisposes for the manifestation of overweight, hypertension, diabetes melli-
tus, low HDL cholesterol, hypertriglyceridaemia and thrombophilia (McKech-
nie and Mosca 2003) (see the chapter by Lakka and Bouchard, this volume).

3.3
Obesity and Overweight

The WHO classifies obesity and overweight according to body mass index
(BMI), which is calculated by division of body weight (in kg) by the square of
body height (in m). The relationship between BMI and mortality is J-formed,
i.e. underweight (BMI <18.5 kg/m2) as well as overweight (BMI >25 kg/m2)
and even more so obesity (BMI >30 kg/m2) reduce life expectancy. The ex-
cess in morbidity and mortality associated with obesity is considerably due
to cardiovascular diseases. Overweight and obesity increase cardiovascular
risk partially by their close association with hypertension, glucose intolerance,
low HDL cholesterol and hypertriglyceridaemia. In particular, excess intra-
abdominal fat predisposes to insulin resistance, which plays a pivotal role in
the pathogenesis of these metabolic disorders. Simple clinical indices of cen-
tral or abdominal adiposity are a waist circumference of more than 80 cm
in women and more than 94 cm in men or a waist/hip ratio of over 0.85 in
women and over 1 in men. Patients with a BMI of more than 30 kg/m2 and/or
a waist circumference in excess of 88 cm (women) or in excess of 102 cm (men)
need special medical attention. Weight reduction increases life expectancy and
reduces cardiovascular risk by lowering blood pressure and improving glu-
cose tolerance and dyslipidaemia. In addition, weight reduction decreases the
risks of accidents, certain carcinomas and chronic lung and articular diseases.
Therefore ATP III has defined weight reduction in overweight and obese pa-
tients as primary goals of CHD prevention. This strategy becomes an even more
important issue because the prevalence of obesity and overweight increases all
over the world, most pronouncedly in children and adolescents (Anonymous
2002; Kopelman 2000, see also the chapters by Grundy, Lakka and Bouchard,
and Müller-Wieland and Kotzka, this volume).
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3.4
Psychosocial Factors

A low socio-economic status, lack of social support, depression and hostility
are independent risk factors of CHD. They have impact on the pathogenesis
of atherosclerosis both directly via neuroendocrine pathways (for example the
activation of sympathetic nerves) and indirectly by the association with an
unhealthy life style (e.g. smoking, lack of physical activity, atherogenic diet,
overweight). In practice these factors are difficult to monitor objectively so
that they are not part of models of cardiovascular risk assessment (Krantz and
McCeney 2002).

4
Novel or Emerging Risk Factors

The interest in improving cardiovascular risk assessment, resulting from a bet-
ter understanding of the pathogenesis of atherosclerosis and identification of
new targets for anti-atherosclerotic drug therapy has always stimulated the
search for novel risk factors. Thousands of cross-sectional case–control stud-
ies have identified hundreds of clinical, biochemical or genetic markers which
showed statistically significant associations with coronary heart disease, stroke
or peripheral vascular disease. Most of these associations were either not repro-
ducible in other studies or not independent of classical risk factors. However,
some of these emerging risk factors turned out to be robust and independent.
Some of them are listed in Table 4.

Currently there is an intense discussion whether they should be introduced
into routine risk assessment. To this end they must fulfil pre-defined criteria
(Anonymous 2002; Hackam and Anand 2003; von Eckardstein 2004):

Table 4 Examples of emerging risk factors

Lipid risk factors

VLDL-remnants, small dense LDL, lipoprotein(a), apolipoproteins A-I, B, C-III

Prothrombotic factors

Fibrinogen, plasminogen activator inhibitor 1, tissue plasminogen activator, factor VII, von Willebrand

factor, D-dimer

Inflammation markers

High sensitivity CRP, serum amyloid A, white blood cell count

Insulin resistance marker

Impaired fasting glucose, impaired glucose tolerance, insulin, indices like HOMA (homeostatic model

assessment)

Others

Homocysteine
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– The methods for their measurement must be precise, accurate, and interna-
tionally standardized so that the results are reliable and independent from
the manufacturer and the laboratory.

– Theanalyte shouldbebiologically stable so that singlemeasurementswithin
an individual are representative and no special pre-analytical requirements
are to be fulfilled.

– Consensus must have been obtained on diagnostic cut-offs so that clinical
decisions can be drawn in daily practice.

– A novel risk factor must interact with the classical risk factors so that they
improve the diagnostic efficacy of global risk estimation. In addition or
alternatively, they should be of special importance in subgroups of patients,
e.g. in women or patients with diabetes mellitus or kidney disease, or in
association with specific vascular diseases, e.g. stroke or peripheral vascular
disease.

– Theassessmentof the risk factor shouldhave therapeutic implicationswhich
in the ideal case are specific.

– The marker should exhibit a good cost–benefit relationship by fulfilling the
criteria listed before and by being measured by easy-to-use and inexpensive
tests.

In the following lipoprotein(a) (Lp(a)), C-reactive protein (CRP), fibrino-
gen, homocysteine and microalbuminuria are discussed in more detail as they
are best documented with respect to the aforementioned criteria (Hackam and
Anand 2003; von Eckardstein 2004).

4.1
Lipoprotein(a)

In several prospective clinical studies, high serum levels of Lp(a) were iden-
tified as a risk factor for CHD (Marcovina et al. 2003) (see also the chapter
by Kostner and Kostner, this volume). A meta analysis of data on more than
4,000 cases revealed that patients with Lp(a) levels in the upper tertile have
a 70% higher risk of CHD events as compared with patients with Lp(a) lev-
els in the lower tertile (Danesh et al. 2000). By convention, the majority of
laboratories agree on a cut-off of 30 mg/dl, above which cardiovascular risk
is considered as increased (Marcovina et al. 2003). The importance of Lp(a)
as a CHD risk factor will increase if elevated Lp(a) coincides with additional
risk factors. In a prospective 10-year follow up of the PROCAM study, elevated
Lp(a) was found to further increase coronary risk in men with elevated LDL
cholesterol relative risk (RR)=2.6), low HDL cholesterol (RR=8.3) and arterial
hypertension (RR=3.3). However, the effect of increased Lp(a) was much less
in men with LDL cholesterol levels below 160 mg/dl (RR=1.3), HDL cholesterol
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above 35 mg/dl (RR=2.1), or normal blood pressure (RR=2.2). Estimation of
global cardiovascular risk by multiple logistic function (MLF) analysis helped
to define two high-risk quintiles of men in which 83% of all coronary events
occurred. Lp(a) improved the prediction of coronary events in men with high
(i.e. fifth quintile of MLF) and moderately increased (i.e. fourth quintile of
MLF) global risk of coronary events (RR=2.7) but did not do so in men with
low estimated global coronary risk (first to third quintiles of MLF; RR=0.01)
(von Eckardstein et al. 2001).

The role of elevated Lp(a) as a risk factor of stroke is controversial (Mar-
covina et al. 2003). It has been identified as a risk factor for stroke in both the
elderly and in the young (Ariyo et al. 2003; Strater et al. 2002). In children,
adolescents and young adults it appears of special relevance for stroke risk if
it occurs in association with thrombophilic risk factors such as resistance to
activated protein C because of the G1691A mutation in clotting factor V (factor
V Leiden) (Nowak-Gottl et al. 1999).

Because of its strong genetic determination, Lp(a) levels show little intra-
individual variation. However, renal insufficiency and proteinuria cause in-
creases in Lp(a) levels. Consequently, it is not the Lp(a) level but the size
polymorphism of its protein constituent, apolipoprotein(a), which shows a sig-
nificant association with coronary events in patients with renal disease (Kro-
nenberg et al. 1999).

Lp(a) levels are influenced little by currently available drugs except sex
steroids. In post hoc analyses of some intervention trials, individuals with
high Lp(a) levels were found to derive an excessive benefit from statin or
postmenopausal hormone replacement therapy. However, this finding has not
been reproduced in the analyses of other large intervention trials (Berg et al.
1997; Shlipak et al. 2000) (see also the chapter by Kostner and Kostner, this
volume).

An international Lp(a) standard has become available only recently. How-
ever, the use of this standard by different tests still gives discrepant results so
that Lp(a) data from different laboratories give discrepant results (Marcovina
et al. 2000).

4.2
C-Reactive Protein

Several population studies have identified mildly elevated serum levels of CRP
(i.e. below the threshold level which in clinical practice is taken as the cut-off
to diagnose acute bacterial infection) as a significant and independent cardio-
vascular risk factor. A huge observational study in the Icelandic population
and a parallel meta-analysis of previously investigated populations found that
CRP levels in the upper tertile increases CHD risk by 45% as compared to a
135% increase in CHD risk associated with cholesterol levels in the upper tertile
(Danesh et al. 2004). The consistent finding of elevated CRP as a cardiovascular
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risk factor has contributed much to our current paradigm of understanding
atherosclerosis as an inflammatory disease. A CRP level above 1 mg/l is con-
sidered to indicate a moderate increase in risk and a CRP level above 3 mg/l
is considered to be an indicator of high risk (Pearson et al. 2003; Pepys and
Hirschfield 2003; Ridker 2003). However, CRP levels are strongly influenced
by acute and chronic inflammation so that levels above 10 mg/l must not be
used for cardiovascular risk assessment. In this case, repeated blood samples
for analysis must be taken after recovery from the acute disease (Ledue and
Rifai 2003; Pearson et al. 2003). Several studies have demonstrated the inter-
action of CRP with global risk estimates. In three of four studies, elevated
CRP levels were found to further increase the cardiovascular risk of men and
women being at intermediate and high risk (i.e. >10% in 10 years as estimated
with the Framingham risk score) (Albert et al. 2003; Koenig et al. 2004; Ridker
et al. 2002; van der Meer et al. 2003). Post hoc analyses of intervention trials
indicate that men with elevated CRP have an over-proportional benefit from
aspirin and statin therapy (Ridker et al. 1997, 2001). CRP directed statin inter-
vention studies have been initiated. As the consequence of current evidence it
has been recommended that CRP measurements are used for stratification of
individuals at intermediate risk. CRP measurements are not recommended for
general screening and for risk stratification in low-risk individuals (because
of low case-finding chance) (Pearson et al. 2003). Until recently, they were
neither recommended to be used in high-risk individuals or patients with
present disease (because these patients need intensive intervention regardless
of CRP) (Pearson et al. 2003). However, most recently it has been suggested
to introduce CRP in high-risk individuals as well for eventually defining more
aggressive treatment goals, i.e. <70 mg/dl (<1.8 mmol/L) for LDL cholesterol
(www.chd-taskforce.com, Grundy et al. 2004).

4.3
Fibrinogen

In several prospective studies, elevated plasma levels of fibrinogen have been
identified as an independent cardiovascular risk factor (Koenig 2003). Like
CRP, fibrinogen is an acute phase reactant, which is not clinically useful for
cardiovascular risk assessment in patients with acute disease. There is no
international consensus on a diagnostic cut-off although in the majority of
studies 3.5 g/l has been used. Fibrinogen was found to further increase the
risk of men with a high estimated cardiovascular risk as estimated with the
Framingham score (Acevedo et al. 2002). Likewise in the PROCAM study,
fibrinogenwas found to increase further the riskofmenwith lowandcombined
intermediate and high risk (unpublished results). Information on therapeutic
interventions based on elevated fibrinogen is not available.

Plasma concentrations of the fibrinogen split product D-dimer, which is re-
leased during coagulation and therefore serves as a marker of incident throm-
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bus formation, have evolved as an independent and perhaps even stronger
risk factor of myocardial infarction and stroke than fibrinogen. However, no
standardized tests and therefore internationally accepted normal ranges and
cut-offs are available (Folsom 2001).

4.4
Homocysteine

Numerous case–control studies and several prospective studies have identified
homocysteine as an independent cardiovascular risk factor, although it does
not show the strength of association that has been found for the classical risk
factors CRP, Lp(a) or fibrinogen. In a recent meta-analysis homocysteine levels
in the upper quintile were associated with a 40% risk increase as compared to
a relative risk of about 3 associated with systolic blood pressure or cholesterol
levels in the upper quintile (Homocysteine Studies Collaboration 2002). De-
spite its moderate association with coronary risk, homocysteine was found to
further increase the riskofhigh-risk individuals suchas thosewithpre-existing
coronary heart disease or those with a high estimated Framingham score risk
(Homocysteine Studies Collaboration 2002). So far there is little consensus on
cut-offs for homocysteine levels so that they vary from 10µmol/l to 16µmol/l.
Homocysteine is the only one of the novel risk factors discussed here which is
connected with a specific therapeutic intervention, namely the application of
folate either alone or in combination with vitamins B6 and B12 (see the chapter
by Cook and Hess, this volume). In one study, treatment of patients undergoing
coronary angioplasty with this vitamin combination reduced restenosis rates
and cardiovascular event rates (Schnyder et al. 2001, 2002a, 2002b). Surpris-
ingly, however, the rates of restenosis as well as clinical events were increased
upon folate/vitamins B6 and B12 treatment in another study of similar design
(Lange et al. 2004). Therefore, in order to judge the clinical relevance of this
marker we urgently need the outcomes of several ongoing large intervention
trials that are assessing the clinical effects of homocysteine lowering vitamins.

4.5
Microalbuminuria and creatinine

Microalbuminuria is a well accepted marker for micro- and macrovascular
damage in patients with diabetes mellitus or hypertension (Parving and Hov-
ind 2002; Pontremoli et al. 2002). Therefore, and because of the proven benefit
of treatment with ACE inhibitors or angiotensin II receptor antagonists in
patients with microalbuminuria, consensus guidelines recommend the mea-
surement of albuminuria in hypertensive or diabetic patients (Parving and
Hovind 2002; Pontremoli et al. 2002). More and more evidence is accumu-
lating that microalbuminuria is an important cardiovascular risk factor even
in the general population (Hillege et al. 2002). It interacts with classical risk
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factors. It has not yet been shown, however, whether and how it further in-
creases the risk within estimated global risk categories (Borch-Johnsen et al.
1999). Another major drawback for the wider use of microalbuminuria is the
lack of agreement on the optimal specimen and the large intra-individual
variation because of the great impact of fever, physical stress and menstrual
bleeding on renal albumin excretion. The gold standard specimen, 24-h urine,
is neither practical nor well accepted by patients. Albumin concentrations in
spot urine show a good correlation with 24-h albumin excretion if taken at
a defined time point (second morning urine). However, disagreement exists
on whether the albumin/creatinine ratio or absolute albumin concentration
should be determined. The former takes into consideration muscle mass and
needs the definition of age and sex specific cut-offs; the latter is confounded
by intra-individual variation in diuresis (von Eckardstein 2004).

In addition renal insufficiency is causing a dose-dependent increase in car-
diovascular risk (Gupta et al. 2004; Yerkey et al. 2004). Patients with terminal
renal insufficiency, i.e. requiring dialysis or hemofiltration, have an extremely
elevated cardiovascular risk which is explained only partially by the clus-
tering of both conventional (hypercholesterolaemia, hypertension, low HDL
cholesterol, diabetesmellitusunderlyingmanycasesof chronickidneydisease)
(Prichard 2003) and novel risk factors (elevated plasma levels of homocysteine,
Lp(a), and CRP) (Muntner et al. 2004).

5
Genetic Risk Factors

The familial aggregation of cardiovascular diseases clearly demonstrates the
importance of genetic predisposition to atherosclerosis. Consequently genes
and genetic variants are intensively searched to understand better the patho-
genesis of atherosclerosis and to develop new tests for risk assessment as well
as drugs for treatment and prevention. Monogenic disorders are a rare cause
of premature CHD and stroke (Table 5). Atherosclerosis is rather a polygenic
and multifactorial disease in which allelic variants of various genes interact
with one another as well as with environmental factors. Association studies
identified a multitude of alleles which have statistically significant associa-
tions with CHD and stroke. However, in the majority of cases the associations
were not reproducible and a single polymorphism had only a small impact
on cardiovascular risk (Cullen and Funke 2001; Humphries et al. 2004; Sing
et al. 2003). Because of this there are so far no genetic markers that could be
used for screening of genetically determined cardiovascular risk. In the future,
multiallelic and multiparametric tests will probably combine the information
of multiple genetic markers with clinical and biochemical data to optimise
the estimation of cardiovascular risk. Table 6 gives some examples for such
polymorphisms (www.chd-taskforce.com).
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Table 5 Examples of monogenetic diseases with increased cardiovascular risk

Phenotype Mode of Loci Prevalence Alleles

inheritance

LDL cholesterol Codominant LDLR, APOB 1/200 1 major (ApoB3500)
+ > 800 minor

LDL cholesterol Recessive LIPA, ARH, Rare 1 major (LIPA) +
VLDL-cholesterol Recessive APOE, LIPC 1/5000 1 major (ApoE2/2)

> 10 minor

HDL cholesterol Codominant APOA1, LCAT, ABCA1 1/1000 > 100

Triglycerides Recessive LIPB 1/10000 > 100 minor

Sitosterol Recessive ABCG5, ABCG8 Rare > 50 minor

Homocysteine Recessive CBS, MTHFR 1/106 > 10

Diabetes Dominant HNF1, HNF4, GK
(MODY)

Rare > 100

Hypertension Dominant (Liddle) rare > 10

Hypertension Dominant (GC-treated
aldosteronism)

> 10

Hypertension Recessive MC-Rez rare > 10

LDLR, LDL receptor; APOB, apolipoprotein B; LIPA, acid lipase; ARH, autosomal rescessive hypercholestero-
laemia gene; APOE, apolipoprotein E; LIPC hepatic lipase; APOA1, apolipoprotein A-I; LCAT, lecithin:cholesterol
acyltransferase; ABCA1, ATP binding cassette transporter A1; LIPB, lipoprotein lipase; ABCG5 and ABCG8, ATP
binding cassette transporters G5 and G8; CBS, cystathion beta synthase; MTHFR methlyenetetra hydrofolate
reductase; HNF1 and HNF 4, hepatic nuclear factor 1 and 4; GK, glucokinase; cholesterol-C.

6
Conclusion

The classical risk factors have a high negative predictive value especially if
they are combined in scores and algorithms, the use of which is currently
advocated by international consensus guidelines for primary prevention of
cardiovascular disease. Because costs are high relative to the small chance of
findingcases,novel risk factor shouldnotbe included inunselectedpopulation-
wide screening programs. However, global risk estimates have insufficient
positive predictive value, and so there is a clear need to improve risk estimation
in individuals at high and intermediate risk. This applies to 20% to 25% of the
population. These individuals are the proper target for any novel risk factor
(and non-invasive imaging method for the early detection of clinically relevant
atherosclerosis). As yet, all emerging risk factors have to be investigated along
these lines, before they are introduced into clinical practice. Among the novel
risk factors currently under discussion, CRP has apparently been evaluated
best.

Several authorsadvocate theuseofnovel risk factors inpatientswithexisting
coronary heart disease and who lack any classical risk factors. However, in this
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Table 6 Examples of genetic polymorphisms affecting cardiovascular risk (from www.chd-
taskforce.com)

Polymorphism and gene Frequency of rare allele/haplo- Odds ratio for atherosclerosis

type in general population in carriers of rare allele or
haplotype

G20210A polymorphisms in the factor
II (prothrombin) gene

0.02 1.3

gly460trp polymorphism in the alpha
adducin (ADD1) gene

0.19 1.3*

glu298asp (G894T) polymorphism in
the endothelial nitric oxide synthase
(NOS3) gene,

0.35 1.3*

cys112arg, arg158cys polymorphisms
in the apolipoprotein E (APOE) gene

112cys,158cys (E2): 0.08
112cys, 158arg (E3): 0.75
112arg, 158arg (E4): 0.17
ε2/2: 0.01; ε2/3: 0.12; ε3/3:
0.59; ε3/4: 0.24; ε4/4: 0.02

ε3/3 vs. ε2/3: 1.2
ε3/4 vs. ε2/3: 1.4

leu33pro polymorphism in β3 inte-
grin subunit (platelet glycoprotein IIIa,
ITGB3) gene

0.15 1.2

4G/5G polymorphism in the plasmino-
gen activator inhibitor 1 (PAI1) gene

0.47 1.3

val640leupolymorphismthep-selectin
(SELP) gene

0.11 1.6

C582Tpolymorphism in the interleukin
4 (IL4) gene

0.17 1.4

secondary prevention setting, a novel risk factor is of limited use if it does
not lead to specific treatment. For example, so far it is not justifiable to make
decisions concerning the use of statins or aspirin in patients with manifest
atherosclerosis dependent on CRP or Lp(a) levels. In this setting, parameters
connected with specific treatment decisions have a great potential. However,
randomized intervention studies are needed to prove the relevance of these
risk factors and the benefit of the intervention based on their results.
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Abstract The metabolic syndrome is a constellation of metabolic risk factors for atheroscle-
rotic cardiovascular disease (ASCVD) occurring in one individual. There are five cardio-
vascular risk factors that accompany the metabolic syndrome: atherogenic dyslipidemia
[elevated apolipoprotein B (apo B), elevated triglyceride, small low-density lipoprotein
(LDL) particles, and low high-density lipoprotein (HDL)cholesterol], elevated blood pres-
sure, elevated glucose, a prothrombotic state, and a proinflammatory state. The likelihood
of an individual developing metabolic syndrome is enhance by underlying risk factors,
notably, obesity, insulin resistance, lack of physical activity, advancing age, and hormonal
factors (e.g., androgens and corticosteroids). Besides being at higher risk for ASCVD, per-
sons with the metabolic syndrome are at increased risk for type 2 diabetes. Persons with the
metabolic syndrome deserve management in the clinical setting to reduce the risk for both
ASCVD and type 2 diabetes. The two major therapeutic strategies for treatment of affected
persons are modification of the underlying risk factors and separate drug treatment of the
particular metabolic risk factors when appropriate. First-line therapy for underlying risk
factors is therapeutic lifestyle changes, i.e., weight loss in obese persons, increased physical
activity, and anti-atherogenic diet. These changes will improve all of the metabolic risk fac-
tors. Whether use of drugs to reduce insulin resistance is effective, safe, and cost-effective
before the onset of diabetes awaits the results of more clinical research. Turning to individ-
ual risk components, for atherogenic dyslipidemia, drug therapies that promote lowering
of apo B and raise HDL cholesterol will be needed for higher risk patients. Treatment of
categorical hypertension with drugs has become standard practice. When hyperglycemia
reaches the diabetic level, glucose-lowering agents will become necessary when dietary
control is no longer effective, and reduction of a prothrombotic state with low-dose aspirin
may be indicated in higher-risk patients.

Keywords Metabolic syndrome · Therapeutic lifestyle changes · Pharmacology therapy ·
Atherogenic dyslipidemia · Insulin resistance · Hypertension · Hyperglycemia ·
Prothrombotic state · Proinflammatory state

1
Introduction

Clinical atherosclerotic cardiovascular disease (ASCVD) has been shown to be
preceded in most people by identifiable risk factors (Kannel and Wilson 1995).
These risk factors are of several types. According to the United States National
Cholesterol Education Program’s Adult Treatment Panel III report (US NCEP
ATP III) [Third report of the National Cholesterol Education Program (NCEP)
expert panel on detection, evaluation, and treatment of high blood choles-
terol in adults 2002], they fall into three major categories: major, underlying,
and emerging risk factors. The major risk factors are advancing age, cigarette
smoking, high blood pressure, elevated serum total cholesterol [or low-density
lipoprotein (LDL) cholesterol], low levels of high-density lipoprotein (HDL)
cholesterol, and diabetes. The underlying risk factors are obesity (especially
abdominal obesity), physical inactivity, and genetics. In addition, insulin re-
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sistance has been increasingly recognized as an underlying risk factor. The
emerging risk factors include abnormalities in lipoproteins and apolipopro-
teins [e.g., elevated lipoprotein(a), elevated apolipoprotein B (apo B), low
apolipoprotein A-I], impaired glucose tolerance (IGT)/impaired fasting glu-
cose (IFG), a prothrombotic state, and a proinflammatory state. The latter are
called emerging risk factors because they are associated with ASCVD. How-
ever, to date, they have not proved to be independent risk factors, i.e., to add
substantially to the risk beyond that imparted by the major risk factors. As
shown in the Framingham Heart Study (Kannel and Wilson 1995), combina-
tions of the major risk factors are common in the population and account for
much of the population burden of ASCVD.

Combinations of risk factors associated with ASCVD do not occur ran-
domly. In fact, various patterns of combinations have been identified, among
them a particular combination of risk factors of metabolic origin (metabolic
risk factors). This constellation of metabolic risk factors is termed metabolic
syndrome. The recent US NCEP ATP III report [Third report of the National
Cholesterol Education Program (NCEP) expert panel on detection, evaluation,
and treatment of high blood cholesterol in adults 2002] identified the metabolic
syndrome as a multi-dimensional risk factor requiring increased attention in
clinical management along with elevated LDL cholesterol (LDL-C). The inclu-
sion of the metabolic syndrome into the cholesterol-management guidelines
has generated considerable interest in the cardiovascular community. At the
same time, it must be recognized that not only is the metabolic syndrome
a risk factor for ASCVD, but it also frequently precedes the development of
type 2 diabetes. Thus, the diabetes community has shown great interest in
the metabolic syndrome as well. This interest in the metabolic syndrome is
driven to no small extent by the emerging epidemic of obesity in the USA and
worldwide. That obesity strongly associates with the metabolic syndrome is
well established.

A fundamental issue for the medical community is how to approach the
clinical management of patients who present with the metabolic syndrome.
Before this issue can be addressed, questions of definition and causation must
be considered. Answers will have implications for clinical management. A fun-
damental issue for clinical management is the question whether the medical
community should give priority to therapeutic lifestyle changes or to the use
of pharmacology in the treatment of the metabolic syndrome.

2
Definition of Metabolic Syndrome: Implications for Therapeutic Priority

The components that compose the metabolic syndrome are a combination of
major and emerging risk factors [Third report of the National Cholesterol Ed-
ucation Program (NCEP) expert panel on detection, evaluation, and treatment
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of high blood cholesterol in adults 2002]. They can generally be divided into
the following five categories:

– Atherogenic dyslipidemia: elevations of serum triglycerides, total apo B,
and small LDL particles and low HDL levels

– Elevated blood pressure

– Elevated plasma glucose: IGT, IFG, or type 2 diabetes

– A prothrombotic state

– A proinflammatory state

Epidemiological studies demonstrate that persons who carry these meta-
bolic risk factors are at increased risk for both ASCVD and type 2 diabetes
(Isomaa et al. 2001; Alexander et al. 2003; Hunt et al. 2003; Lakka et al. 2002).
What is not currently known is how these factors lead to an increase in risk,
particularly for ASCVD. Presumably, each of the metabolic risk factors in
some way affects the atherogenic process. To date, the relative contributions of
each have not been worked out. A key hypothesis of the metabolic syndrome
is that the metabolic risk factors are interconnected, i.e., have a common
basis. This concept adds to the difficulty of determining just how each factor
independently raises the risk for ASCVD. On a mechanistic basis, the relation
between metabolic syndrome and type 2 diabetes is better understood. Much,
but perhaps not all of this relationship is mediated through insulin resistance.
The association of the metabolic syndrome with ASCVD obviously is more
complex, but worthy of speculation. Such speculation can be a stimulus for
research to better understand the underlying mechanisms. This research may
uncover new targets for therapy. Let us therefore speculate on how each of the
metabolic risk factors may be related to the risk for ASCVD.

2.1
Atherogenic Dyslipidemia

Among the risk factors for ASCVD, the relationship between elevated LDL
levels and the development of atherosclerosis is best understood [Third report
of the National Cholesterol Education Program (NCEP) expert panel on de-
tection, evaluation, and treatment of high blood cholesterol in adults 2002].
In persons with elevated serum LDL, LDL enters the arterial wall and initi-
ates an inflammatory response, building the foundation of atherogenesis. This
connection between LDL and atherosclerosis is most obvious in persons with
severe hypercholesterolemia. In clinical practice, the presence of excess LDL is
detected by measurement of LDL-C. In persons with the metabolic syndrome,
however, the LDL-C level is an incomplete description of atherogenic lipopro-
tein abnormalities. For example, a more important abnormality seemingly is
an increase in the number of lipoprotein particles of atherogenic potential.
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These particles are found in LDL, but also in triglyceride-rich very low-density
lipoproteins (VLDL). Both LDL and VLDL contain apo B. When the triglyc-
eride concentration is high, the LDL-C level is not a good indicator of the
concentration (or number) of apo B-containing lipoproteins. This is true for
at least two reasons. First, the LDL particles are small and partially depleted
of cholesterol; hence, there are more LDL particles than shown by LDL-C. In
addition, with higher triglyceride, more atherogenic particles are present in
the VLDL fraction. One measure of the atherogenic lipoprotein particle num-
ber is the total apo B, which can be measured by immunological techniques.
Another measure is LDL+VLDL-C (also called non-HDL-C). In most persons,
the non-HDL-C level is better correlated with the total apo B level than LDL-C.

It is not known whether the measurement of total apo B captures all of
the atherogenic potential of apo B-containing lipoproteins. This is because
all lipoproteins carrying apo B may not have the same atherogenic potential.
Increases in certain lipoprotein fractions are widely believed to be unusually
atherogenic. One highly atherogenic species includes the remnants of VLDL
(Krauss 1998). Another fraction of greater atherogenicity may be composed of
small LDL particles (Krauss 1995). Evidence to support variable atherogenic
potential among the different fractions of apo B-containing lipoproteins is
mostly indirect and has not been discerned with certainty. Regardless, at
present, elevations of LDL+VLDL-C (or total apo B) nevertheless appear to
be a more appropriate target of lipid-lowering therapy than LDL-C in persons
with the metabolic syndrome (Grundy 2002).

A low level of serum HDL is another common lipoprotein abnormality as-
sociated with the metabolic syndrome. Many studies show that low HDL levels
are accompanied by an increased risk for ASCVD. The reasons, however, re-
main to be elucidated. Some investigators believe that HDL somehow protects
against the development of atherosclerosis; if so, some of this protective effect
may be lost in persons with lower HDL levels. Certainly, the mechanistic rela-
tionship between HDL levels and the development of atherosclerosis is more
complicated than for LDL [Third report of the National Cholesterol Education
Program (NCEP) expert panel on detection, evaluation, and treatment of high
blood cholesterol in adults 2002]. HDL may be related to ASCVD in at least
three ways (Vega and Grundy 1996). First, high levels of HDL may protect
against the development of atherosclerosis, whereas low levels may allow for
accelerated atherogenesis. Several theories are proposed to explain this protec-
tive effect. For example, HDL may prevent atherogenic modification of LDL,
i.e., oxidation and precipitation. Further, it may enhance reverse cholesterol
transport, i.e., the removal of excess cholesterol from the arterial wall. And
finally, HDL may carry protective substances that slow down the progression
of atherosclerosis. A second connection between HDL and ASCVD is that HDL
is a marker for increases in atherogenic lipoproteins, i.e., increases in athero-
genic VLDL and LDL. There is an inverse relationship between HDL levels and
atherogenic lipoproteins in patients with atherogenic dyslipidemia. Third, low
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levels of HDL are associated with the non-lipid risk factors of the metabolic
syndrome. Whether a low HDL level per se is a potential target for clinical
intervention is uncertain at present. Several new approaches for raising HDL
levels are in development. They are likely to be tested in clinical trials over
the next few years. If they prove to be efficacious, they could become one new
approach to the management of patients with the metabolic syndrome.

2.2
Elevated Blood Pressure

Higher levels of blood pressure have long been classified as a major risk factor
for ASCVD (Chobanian et al. 2003). Hypertension undoubtedly raises the risk
for ASCVD, but what are the underlying mechanisms? Does hypertension ac-
celerate the deposition of lipid in the arterial wall? If so, by what mechanism?
Does elevated blood pressure cause endothelial dysfunction allowing for more
infiltration of lipoprotein into the arterial wall? Or does it change the vascular
biology by otherwise damaging the arterial wall? There are no definitive an-
swers. The available evidence suggests that higher blood pressure accelerates
atherosclerosis in pre-existing, lipid-rich lesions. A simple hypothesis is that
elevations of atherogenic lipoproteins initiate atherosclerosis and hyperten-
sion accelerates it. Pathological studies suggest that hypertension promotes
smooth muscle cell proliferation and fibrosis. Whatever the mechanism, there
is no doubt that elevated blood pressure is an attractive target for treatment in
patients with the metabolic syndrome. Clinical trials amply show that blood
pressure reduces the risk for stroke; but at the same time, it decreases the risk
for myocardial infarction (Chobanian et al. 2003).

2.3
Elevated Plasma Glucose

Patients with type 2 diabetes are at increased risk for ASCVD. A long-standing
question is whether elevated plasma glucose accelerates the development of
atherosclerosis. Patients with type 1 diabetes have hyperglycemia for many
years, and yet many of them do not have advanced coronary atherosclerosis.
A recent study (Nathan et al. 2003), on the other hand, suggests that therapeutic
lowering of glucose in patients with type 1 diabetes will slow the progression of
atherosclerosis and/or reduce the frequency of major coronary events. Multiple
mechanisms have been proposed by which elevated plasma glucose might
promote atherosclerosis (Aronson and Rayfield 2002). They include, among
others, enhancement of oxidative stress in the arterial wall, glycolyation of
arterial wall proteins, deposition of advanced glycation products in the arterial
wall, and activation of protein kinase C (Aronson and Rayfield 2002). There
is no question that lowering of glucose levels will retard the development
of microvascular disease. It is likely that glucose lowering will also reduce
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the progression of macrovascular disease (atherosclerosis); nonetheless, that
hypoglycemic therapy will specifically reduce major ASCVD events remains to
be convincingly shown in controlled clinical trials.

Because there is some uncertainty about whether the lowering of glucose
levels from the diabetic range will reduce macrovascular events, it is not sur-
prising that the evidence that glucose lowering in persons with IGT/IFG will
decrease major cardiovascular events is even weaker. This is not to say that
treatment of IGT/IFG with agents that lower glucose levels may fail to re-
duce major cardiovascular events; but if so, this has not been demonstrated.
Moreover, the benefits could be due to effects of these agents other than glucose
lowering per se. For example, they could reduce insulin resistance, which could
modify other risk factors independently of glucose lowering.

2.4
Prothrombotic State

One of the features of the metabolic syndrome is an increase in circulating
factors that shift the balance of prothrombotic to antithrombotic states to-
wards the former (De Pergola and Pannacciulli 2002). Some of these factors
are pro-coagulant, whereas others are anti-fibrinolytic. Among the latter are
increases in circulating fibrinogen and Factor VII, whereas an increase in PAI-1
is anti-fibrinolytic. Although it is widely assumed that a prothrombotic state
will increase the likelihood of major cardiovascular events, the evidence for
this is not iron-clad, nor are the mechanisms understood. It has been suggested
that a prothrombotic state causes endothelial dysfunction, which accelerates
atherosclerosis (Vague et al. 1995). Another possibility, however, is that when-
ever a small plaque undergoes rupture or erosion, the resulting thrombosis
will be larger in a person who is under the influence of a prothrombotic state.
If so, this person is more likely to sustain a major life-threatening cardio-
vascular event. Even though the mechanisms by which a prothrombotic state
predisposes to major cardiovascular events are not understood, there is strong
evidence that anti-platelet therapy or anti-coagulant therapy will reduce the
risk for major cardiovascular events (Pearson et al. 2002). Thus, this is indirect
evidence of benefit from intervention on a prothrombotic state.

2.5
Proinflammatory State

One common feature of the metabolic syndrome is a high–normal level of C-
reactive protein (CRP) (Ridker et al. 2003). This finding implies that the liver is
responding to a chronic stimulation by inflammatory cytokines that promote
the production of acute phase reactants, one of which is CRP. Epidemiological
studies reveal that high–normal levels of CRP carry predictive power for major
cardiovascular events (Ridker 2003). What is not known is the mechanistic
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basis for this association. One hypothesis holds that higher levels of CRP
reflect the presence of unstable atherosclerotic lesions that presumably contain
large quantities of macrophages; activation of these macrophages triggers the
release of cytokines that cause increased synthesis of acute phase reactants
by the liver. But perhaps more interesting is the question of whether the acute
phase reactants made in the liver have proinflammatory properties in their own
right. For example, they could deposit in existing arterial lesions to enhance
the local inflammatory response. If such a mechanism pertains, then higher
levels of CRP (and other acute phase reactants) possibly (a) reflect enhanced
chronic inflammation in arterial lesions, and (b) contribute to atherogenesis.
Even though atherogenesis represents an inflammatory response to injury,
it is less than certain whether high circulating levels of CRP in individuals
with the metabolic syndrome directly connect with the presence of unstable
atherosclerotic plaques.

3
Pathogenesis of Metabolic Syndrome: What Does It Mean for Therapy?

The metabolic syndrome arises out of the interaction between underlying risk
factors and the more distal processes that produce the metabolic risk factors.
The major underlying risk factors are (a) obesity and other disorders of adi-
pose tissue, and (b) physical inactivity and disorders of skeletal muscle. Both
adipose tissue and skeletal muscle are subject to acquired and genetic disor-
ders, and both appear to be importantly involved in the pathogenesis of the
metabolic syndrome. Disorders of adipose tissue and skeletal muscle undoubt-
edly have adverse effects on the metabolism in other tissues, particularly but
not exclusively the liver. Out of this secondary aberrant metabolism grow the
metabolic risk factors. Considerations of the pathogenesis of this syndrome
have important implications for therapeutic approaches. For this reason, the
key features of pathogenesis deserve some review.

3.1
Underlying Risk Factors

3.1.1
Obesity and Disorders of Adipose Tissue

The majority of people expressing the metabolic syndrome are overweight or
obese [Third report of the National Cholesterol Education Program (NCEP)
expert panel on detection, evaluation, and treatment of high blood cholesterol
in adults 2002]. In this paper, the term obesity will encompass both overweight
andobese categories.Definitions for these categories varyaccording tonational
standards. The worldwide increasing frequency of the metabolic syndrome
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strongly correlateswith an increasingprevalenceof obesity. If obesity is amajor
underlying cause, what is its mechanistic link to the syndrome? This is one of
the key questions in the pathogenesis of the metabolic syndrome. Hence we are
led to ask whether systemic responses to excessive production of several factors
from adipose tissue largely account for the syndrome (Lyonet al. 2003; Coppack
2001). The adipose tissue secretes a variety of factors: non-esterified fatty
acids (NEFAs), inflammatory cytokines, prothrombotic factors, leptin, and
adiponectin. Plasma NEFAs are the product of lipolysis of triglyceride stored
in adipose tissue. Inflammatory cytokines coming out of adipose tissue include
tumor necrosis factor (TNF) α and interleukin (IL)-6. A major prothrombotic
factor released by adipose tissue is plasminogen activator inhibitor-1 (PAI-
1). Leptin is produced in adipose tissue and suppresses the appetite, whereas
another product, adiponectin, appears to reduce insulin resistance in several
tissues. In the presence of obesity, the release of all of these factors is increased
except for adiponectin, which is reduced. Each of the factors responds in one
way or another to circulating insulin. In other words, insulin suppresses the
lipolysis of triglyceride and reduces the production of inflammatory cytokines,
PAI-1, and leptin; it also seemingly stimulates the production of adiponectin.
As circulating insulin in obese persons fails to suppress adipose tissue products
down to normal levels, we must ask whether it is not appropriate to say that
adipose tissue in obese persons is insulin resistant.

If adipose tissue of obese persons is insulin resistant, what might be the rea-
sons? Several causes have been considered (Reynisdottir et al. 1994; Engfeldt
and Arner 1988; Olefsky 1977; Gruen et al. 1980; Ek et al. 2002; Ryden et al.
2002). First, adipocytes that are engorged with fat could be relatively resistant
to the action of insulin. Second, in obesity, there is an increase in the number
of adipocytes, each of which is engorged with triglycerides. This high number
of abnormal cells could result in a greater release of bio-active substances from
adipose tissue. Third, if adipose tissue in obesity produces increased amounts
of inflammatory cytokines, these cytokines could down-regulate insulin sig-
naling (Hotamisligil 2003). Insulin sensitivity of adipose tissue further appears
to vary depending on the adipose tissue location. Overproduction of adipose
tissue products (or underproduction of adiponectin) seems to be particularly
pronounced in persons with upper body obesity (Misra and Vikram 2003).
Thus, upper body adipose tissue acts as if it is more insulin resistant than
lower body adipose tissue. Studies have shown that adipose tissue of women
with upper body obesity is more insulin resistant than that of lower body
obesity. Thus, the insulin resistance of adipose tissue in obesity is likely to be
of multifactorial origin. Clearly, obesity represents a target of therapy in the
management of the metabolic syndrome.

The problem of insulin resistance of obese adipose tissue is seemingly ex-
acerbated in those who have genetic abnormalities in the insulin-signaling
cascade. The transmission of the insulin signal to various metabolic control
points in cells is highly complicated and, not surprisingly, subject to individ-
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ual differences based on polymorphic variation in insulin-signaling proteins.
Several examples have been reported in the literature. One is a polymorphism
in a protein called PC-1 that interacts directly with the insulin receptor (Abate
et al. 2003). Polymorphisms in other proteins in the insulin-signaling cascade,
notably IRS-1 and IRS-2, could further enhance insulin resistance of adipose
tissue (White 2002). A more severe disorder of adipose tissue is called lipodys-
trophy (Garg 2004). In this condition, there is a severe deficiency of adipose
tissue. Consequently, any degree of overnutrition will lead to excessive deposi-
tion of lipids in other tissue because of a lack of storage space in adipose tissue.
Patients with lipodystrophy exhibit many features of the metabolic syndrome,
some of them in extreme forms (Garg 2004).

Themostnotable consequenceof insulin resistanceofobese adipose tissue is
excessive release of NEFA. The result of high NEFA output is increased accumu-
lation of lipid, particularly in muscle and liver. Lipid accumulation in muscle
results in insulin resistance of this tissue (Shulman 2000). This change impairs
the glucose uptake in muscle, threatening an increase in plasma glucose. The
only way to avoid hyperglycemia when muscle tissue is insulin resistant is by
compensatory hyperinsulinemia, i.e., a rise in plasma insulin from increased
production of insulin by pancreatic beta cells. Some evidence suggests that an
increase in NEFA entering beta cells is one stimulant to the overproduction of
insulin (Newgard and McGarry 1995). The overload of liver with excess influx
of NEFA produces a fatty liver and modifies various pathways of the hepatic
metabolism of glucose and lipids. Theoretically, if NEFA release from obese
adipose tissue could be dampened, this should diminish insulin resistance and
might reduce other metabolic risk factors. Drugs known to inhibit adipose
tissue lipolysis—acipimox (Santomauro et al. 1999) and thiazolidinediones
(Boden et al. 2003)—have in fact been shown to reduce insulin resistance.

The other products released by adipose tissue—inflammatory cytokines,
PAI-1, adiponectin, and leptin—mayhave systemic effects aswell, but their role
is less well defined than that of excess NEFA. A discussion of the pathogenesis
of the metabolic risk factors will consider their role.

3.1.2
Physical Inactivity and Disorders of Skeletal Muscle

The major site of nutrient utilization is skeletal muscle. Physical activity en-
hances energy utilization in muscle and reduces insulin resistance (Perseghin
et al. 1996). Conversely, physical inactivity will increase insulin resistance. In
addition, regular physical activity has a prolonged beneficial effect on energy
utilization by promoting muscle development. Even so, with aging, there is
a gradual loss of muscle mass. This change with aging will reduce the uptake
and utilization of energy by muscle. Thus, unless the nutrient intake is cur-
tailed in parallel with the loss of muscle, excess nutrients will lead to increased
obesity. Recently, it has been observed that aging muscle is accompanied by
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a reduction in efficiency of fatty acid oxidation in mitochondria (Petersen et al.
2003). This too will increase insulin resistance in muscle, and it will divert in-
creased amounts of NEFA to the liver. Thus, sedentary life habits and the aging
process have adverse effects on skeletal muscle metabolism and are signifi-
cant contributors to the development of insulin resistance and the metabolic
syndrome.

3.2
Pathogenesis of Particular Metabolic Risk Factors

3.2.1
Atherogenic Dyslipidemia

Theprimarydriving forcebehind thedevelopmentof atherogenicdyslipidemia
is fatty liver. Excess fat in the liver derived from high plasma NEFA levels
serves as a stimulus for the formation and secretion of VLDL. The result
will be an increased influx of triglyceride and apo B into the circulation.
Higher serum triglycerides are responsible for the reduction in size of LDL and
HDL particles [Third report of the National Cholesterol Education Program
(NCEP) expert panel on detection, evaluation, and treatment of high blood
cholesterol in adults 2002]. When concentrations of VLDL-triglycerides are
elevated, cholesterol esters in LDL and HDL are exchanged for triglycerides,
reducing the size and cholesterol content of both lipoproteins. Most of the
excess apo B in serum will reside in small, dense LDL particles. Another cause
of low HDL-C is increased activity of hepatic lipase (Vega and Grundy 1996),
which is secondary to obesity and lipid accumulation in the liver (Nie et al.
1998).

3.2.2
Elevated Blood Pressure

The causes of elevated blood pressures associated with the metabolic syndrome
appear to be multifactorial. Certainly, obesity tends to be associated with
higher blood pressures (Anonymous 1998); some evidence suggests that blood
pressure is heightened further by physical inactivity. Multiple factors have
been postulated to link the underlying risk factors to hypertension (Hall 2003).
Many patients with hypertension are insulin resistant, and both compensatory
hyperinsulinemia and insulin resistance itself have been implicated in raising
thebloodpressure.Obesepersonswithhypertensionhavebeenshownto retain
sodium, which raises the blood volume (Hall 2003). One theory holds that
mechanical compression of the kidneys with excess peri-renal fat contributes
to sodium retention (Hall 2003). Finally, inflammatory factors have recently
been implicated in the development of endothelial function, vasoconstriction,
and higher blood pressures (Sesso et al. 2003).
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3.2.3
Elevated Plasma Glucose

Insulin resistance of muscle predisposes to higher glucose levels by impairing
the glucose uptake in muscle (Shulman 2000). Insulin resistance in liver sec-
ondary to fatty liver results in enhanced gluconeogenesis and increased hepatic
glucose output (Haque and Sanyal 2002). Hyperinsulinemia associated with
insulin resistance helps to suppress hepatic gluconeogenesis, but when the
liver is insulin resistant, this suppression is partially lost. When insulin levels
fall secondary to beta-cell failure, hepatic gluconeogenesis is enhanced. Thus,
although compensatory overproduction of insulin by pancreatic beta-cells can
prevent the onset of hyperglycemia in the presence of obesity and sedentary life
habits, the insulin secretory capacity eventually declines, allowing for a rise in
plasma glucose. As the insulin secretory capacity declines, the first abnormal-
ity is IGT. IFG follows, and finally, categorical hyperglycemia (type 2 diabetes)
sets in. Both genetic and acquired factors may accelerate the decline in beta
cell function (LeRoith 2002).

3.2.4
Prothrombotic State

In individuals with the metabolic syndrome, multiple abnormalities in coag-
ulation and fibrinolysis the origin of which is uncertain have been reported
(De Pergola and Pannacciulli 2002) . High levels of PAI-1 seemingly arise
by increased PAI-1 production from excess adipose tissue. Elevated fibrino-
gen represents enhanced stimulation of fibrinogen in the liver, probably in
response to inflammatory stimuli arising either within or outside the liver. Fi-
nally, diabetes has been implicated in the development of platelet dysfunction
(Yazbek et al. 2003).

3.2.5
Proinflammatory State

A state of chronic inflammation is suggested by the presence of increased
circulating cytokines and acute phase reactants (e.g., CRP). The stimulus for
these changes remains to be determined. One source may be an overproduc-
tion of inflammatory cytokines by adipose tissue. Another could be cytokine
overproduction by macrophages in unstable atherosclerotic plaques. Whether
either source is sufficient to produce elevations of CRP is uncertain. Another
possibility is that increases in CRP are secondary to the fatty liver that ac-
companies obesity. Hepatic responses to excess fat in the liver are variable.
Occasionally, patients develop significant inflammation (nonalcoholic hepatic
steotosis). Even more show low-grade increases in serum transaminases. And
probably still more will have modest increases in CRP. The accumulation of
lipids in tissue is presumably a stimulus for an inflammatory response of
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varying degrees of severity (Chitturi et al. 2002). Thus, it seems likely that
lipotoxicity is the major cause of the proinflammatory state of the metabolic
syndrome (Chitturi et al. 2002).

4
Clinical Management of the Metabolic Syndrome

4.1
Clinical Diagnosis of the Metabolic Syndrome

The clinical management of the metabolic syndrome of course requires the
identification of subjects having the condition. In recent years, several attempts
havebeenmade toprovide clinical criteria fordiagnosisof the syndrome.Three
different organizations have proposed clinical criteria. All of them overlap
considerably, although there are significant differences, depending on the view
of the fundamental pathogenesis of the condition. In the following, they are
reviewed briefly.

4.1.1
World Health Organization

In 1998, a WHO consultation group (Alberti and Zimmet 1998) proposed
clinical criteria that have been slightly modified, as shown in Table 1. Clinical
evidence of insulin resistance is a requirement for diagnosis. Identification of
insulin resistance depends on one of several criteria: type 2 diabetes, impaired

Table 1 World Health Organization clinical criteria for metabolic syndromea

Insulin resistance, identified by one of the following: type 2 diabetes, impaired fasting glucose, impaired
glucose tolerance, or for those with normal fasting glucose levels (< 110 mg/dl) glucose uptake below
the lowest quartile for background population under investigation under hyperinsulinemic, euglycemic
condition

Plus any two of the following:

Antihypertensive medication and/or high blood pressure (≥ 140 mmHg systolic or ≥ 90 mmHg
diastolic)

Plasma triglycerides ≥ 150 mg/dl (≥ 1.7 mmol/l)

HDL cholesterol < 35 mg/dl (< 0.9 mmol/l) in men

< 39 mg/dl (1.0 mmol/l) in women

BMI > 30 kg/m2 and/or waist:hip ratio > 0. 9 in men, > 0.85 in women

Urinary albumin excretion rate

≥ 20 µg/min or albumin:creatinine ratio ≥ 30 mg/g

aWorld HealthOrganization: Definition, diagnosis and classification of diabetesmellitus and its complications:
Report of a WHO Consultation. Part 1. Diagnosis and classification of diabetes mellitus. Geneva, World Health
Organization, 1999. http://whqlibdoc.who.int/hq/1999/WHO_NCD_NCS_99.2.pdf.
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fasting glucose, impaired glucose tolerance, or for those with normal fasting
glucose values (<110 mg/dl), a glucose uptake below the lowest quartile for
background population under hyperinsulinemic, euglycemic conditions. If
a person shows evidence of insulin resistance, a diagnosis of the metabolic
syndrome can be made if two or more of the following features are present:
hypertension, increased body mass index (BMI) (or increased waist/hip ratio),
high triglycerides, low HDL-C, and microalbuminuria. The need to carry out
an oral glucose tolerance test (OGTT) in patients without elevated glucose
levels seems to be a logistical disadvantage of the WHO criteria.

4.1.2
ATP III Report

In 2002, the NCEP ATP III report [Third report of the National Cholesterol
Education Program (NCEP) expert panel on detection, evaluation, and treat-
ment of high blood cholesterol in adults] suggested a somewhat different
set of criteria for the diagnosis of the metabolic syndrome (Table 2). When
a person has three of five characteristics listed in Table 2, the diagnosis is
made. Criteria include abdominal obesity, defined by increased waist cir-
cumference, raised triglycerides, reduced HDL-C, elevated blood pressure,
and raised plasma glucose. Patients with type 2 diabetes are not excluded
from diagnosis if they otherwise meet the criteria of the metabolic syn-

Table 2 ATP III clinical identification of the metabolic syndrome

Risk factor Defining level

Abdominal obesitya Waist circumferenceb

Men > 102 cm (> 40 inches)

Women > 88 cm (> 35 inches)

Triglycerides ≥ 150 mg/dl

HDL-C

Men < 40 mg/dl

Women < 50 mg/dl

Blood pressure ≥ 130 or ≥ 85 mmHg

Fasting glucose ≥ 110 mg/dlc

aOverweight and obesity are associated with insulin resistance and the metabolic syndrome. However, the
presence of abdominal obesity is more highly correlated with the metabolic risk factors than is an elevated
BMI. Therefore, the simple measure of waist circumference is recommended to identify the body weight
component of the metabolic syndrome.
bSome male patients can develop multiple metabolic risk factors when the waist circumference is only
marginally increased, e.g., 94–102 cm (37–39 inches). Such patients may have a strong genetic contribution
to insulin resistance. They should benefit from changes in life habits, similarly to men with categorical
increases in waist circumference.
cRecently the fasting glucose has beenlowered to ≥ 100 mg/dl (Grundy et al. 2004a, 2004b)
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drome according to ATP III. However, identification of insulin resistance is
not required. ATP III diagnosis does not require OGTT when patients have
normoglycemia.

4.1.3
The American Association of Clinical Endocrinology

The American Association of Clinical Endocrinology (AACE) (Einhorn 2003)
uses the term ‘insulin resistance syndrome’ instead of ‘metabolic syndrome’.
AACE criteria for diagnosis include many of those listed in WHO and ATP III
definitions (Table 3). However, a 2-h post-prandial glucose is recommended
for individuals with normoglycemia who otherwise appear to be at risk for
metabolic syndrome. The diagnosis is made based on clinical judgment—no
specific number of fixed criteria is required for diagnosis. A diagnosis ‘insulin
resistance syndrome’ cannot be applied if a person already has type 2 diabetes;
the two diagnoses are mutually exclusive.

Table 3 American Association of Clinical Endocrinologists’ Clinical criteria for diagnosis of
the insulin resistance syndromea

Risk factor components Cut-off points for abnormality

Overweight/obesity BMI ≥ 25 kg/m2

Triglycerides ≥ 150 mg/dl

Low HDL cholesterol < 40 mg/dl in men

< 50 mg/dl in women

Elevated blood pressure ≥ 130/85 mmHg

2-h Post-glucose challenge > 140 mg/dl

Fasting glucose Between 110 mg/dl–126 mg/dl

Other risk factors Family history of type 2 diabetes, hypertension or CVD

Polycystic ovary syndrome

Sedentary lifestyle

Advancing age

Ethnic groups having high risk for type 2 diabetes or CVD

aDiagnosis depends on clinical judgment based on risk factors.

4.2
Risk Assessment for ASCVD and Type 2 Diabetes

Several prospective studies show that persons with the metabolic syndrome
are at increased risk for both ASCVD and type 2 diabetes (Lakka et al. 2002;
Olijhoek et al. 2004; Alexander et al. 2003). Recently, the United States National
Heart Lung and Blood Institute (Grundy et al. 2004a) held a conference in
which data on the risk from the metabolic syndrome was examined from the
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Framingham Heart Study. The results reported by the Framingham group can
be summarized as follows.

4.2.1
Metabolic Syndrome as a Predictor of ASCVD

In the Framingham Heart Study, approximately 25% of new-onset ASCVD
could be attributed to the metabolic syndrome. The relative risk for ASCVD
was approximately twofold higher in persons with the syndrome compared
to those without. Even so, in the presence of metabolic syndrome in per-
sons without established diabetes, the 10-year risk for coronary heart dis-
ease (CHD) did not reach the level of a CHD risk equivalent, i.e., more than
20%. In most men with the syndrome, the 10-year risk was typically in the
range of 10%–20%, whereas in women, it averaged less than 10%. It is im-
portant to note that assessment of the metabolic syndrome is not a substi-
tute for multi-factorial risk assessment for projecting the risk for ASCVD. It
does not contain all of the major risk predictors such as age, cigarette smok-
ing, and total cholesterol. Neither does it grade the severity of risk factors.
The use of metabolic syndrome to assess the risk for ASCVD is a misguided
effort.

4.2.2
Metabolic Syndrome as a Predictor of Diabetes

In the Framingham Heart Study, the presence of metabolic syndrome was
highly predictive of new-onset type 2 diabetes. For both men and women,
the presence of metabolic syndrome carried a relative risk approximately
five times higher than its absence. When IFG is present, the 10-year risk for
type 2 diabetes is about 40%–50%. If IGT is detected by OGTT, the 10-year
risk for type 2 diabetes is approximately the same. The latter suggests the
value of carrying out OGTT when metabolic syndrome by ATP III criteria is
present.

4.3
Management of Underlying Risk Factors

ATP III placed increased emphasis on the metabolic syndrome for the express
purpose of reducing the risk for ASCVD and type 2 diabetes through modifica-
tion of the underlying risk factors with therapeutic lifestyle changes. Although
some of the metabolic risk factors may require drug therapies, effective treat-
ment of the underlying risk factors offers the best opportunity to reduce all of
the metabolic risk factors simultaneously. The American Heart Association re-
cently sponsored a conference on the management of the metabolic syndrome.
The results of this conference will be highlighted in this section (Grundy et al.
2004b).
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4.3.1
Overweight and Obesity

Evidence-based clinical guidelines for the management of overweight and
obesity were published in 1998 by the NHLBI and National Institute of Diabetes
and Digestive and Kidney Diseases (Anonymous 1998). In these guidelines,
overweight and obesity were defined as BMI of 25–29.9 kg/m2 and 30 kg/m2

or higher, respectively. As diagnostic criteria for the metabolic syndrome,
ATP III adopted obesity guidelines for abdominal obesity, which was defined
as a waist circumference of 102 cm or above (>40 inches) in men and 88 cm or
above (>35 inches) in women. ATP III, however, noted that some persons can
develop metabolic syndrome at lesser waist circumferences [Third report of the
National Cholesterol Education Program (NCEP) expert panel on detection,
evaluation, and treatment of high blood cholesterol in adults 2002]. This is
particularly the case in certain ethnic groups, e.g., the populations of South
and Southeast Asia.

Obesity guidelines (Anonymous 1998) recommend two therapeutic ap-
proaches to weight reduction: reduced caloric intake and behavioral change.
The latter should incorporate increased physical activity. The diet to be em-
ployed in weight reduction should be designed to reduce the caloric intake
and be a lifetime diet, not a ‘crash diet’ and ‘extreme diet’. The latter almost
universally fail to produce long-term weight reduction. More extreme diets are
popular because they promise to bring a ‘quick fix’ to the obesity problem.
Examples include diets that are very low calorie, very low fat, or very high fat.
At present, low-carbohydrate, high-fat diets are popular ‘quick fix’ diets in the
USA. For the vast majority of overweight/obese persons, these diets ultimately
fail. They are too extreme for long-term adherence. Moreover, they would not
be healthy as a lifetime diet. A more realistic approach to a weight loss diet is
to reduce the caloric intake by 500–1000 calories per day. A useful goal when
undergoing such diets is to reduce the body weight by approximately 10%
during the first 6–12 months.

A diet appropriate for long-term weight reduction is consistent with current
recommendations for a healthy diet. Emphasis should be given to reducing
the consumption of saturated fatty acids, trans fatty acids and cholesterol,
a reduced intake of simple sugars, and ample intakes of fruits, vegetables, and
whole grains. Some investigators favor a relatively high intake of unsaturated
fatty acids at the expense of carbohydrates. This dietary pattern is similar to
that of the ‘Mediterranean diet’. Avoidance of high-carbohydrate intakes will
improve atherogenic dyslipidemia and reduce a post-prandial rise in glucose
and insulin (Grundy 1999). Again, as mentioned before, extremes of high-fat
or low-fat intakes should be avoided.

Behavioralmodification is a secondmajor requirement for successfulweight
reduction (Grundy et al. 2004b). Examples of behavioral changes that will
increase the chances of long-term weight reduction are:
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– Setting of goals for weight reduction and physical activity

– Development of strategies to avoid situations that tempt to overeat

– Planning to prevent eating binges

– Systematic planning of meals

– Eating regular meals (avoiding eating or snacking between meals)

– Eating smaller portions (and eating slower)

– Self-monitoring of eating behavior and, if possible, keeping a diet diary

– Establishing social and group support

– Management of stressful situations

– Setting aside time for regular physical activity

Resources for patients are readily available in many places. For instance,
information on dietary change and behavioral modification can be obtained
on-line from the NHLBI (www.nhlbi.nih.gov) and the American Heart Associ-
ation (www.americanheart.org).

Successful weight reduction will mitigate all of the risk factors of the
metabolic syndrome (Anonymous 1998). It will improve atherogenic dyslipi-
demia, reduce blood pressure, lower plasma glucose, improve coagulation
and fibrinolytic factors, and reduce the proinflammatory state. Clinical trials
(Tuomilehto et al. 2001; Knowler et al. 2002) further show that even moderate
weight reduction will delay the onset of type 2 diabetes in patients with pre-
diabetes, defined as IFG or IGT (Anonymous 1998). Improvement of metabolic
risk factors suggests that long-term weight reduction will reduce risk for AS-
CVD (Anonymous 1998). Such a favorable outcome, although highly likely, has
not been demonstrated unequivocally through controlled clinical trials.

4.3.2
Physical Inactivity

In the USA, 70% or more of the population is sedentary. The situation may
be somewhat better in Europe, but social and employment forces are driv-
ing all developed and urban societies towards a sedentary existence. Physical
inactivity is a major underlying risk factor for the metabolic syndrome, and
regular physical activity and attaining physical fitness will correct most of
the metabolic risk factors. There is growing evidence that regular activity will
reduce the risk for both ASCVD and type 2 diabetes (Thompson et al. 2003).

Current recommendations for healthy physical activity (Thompson et al.
2003), which can be applied to patients with the metabolic syndrome, include
30 min of daily moderate-intensity exercise. Suggested activities that will com-
ply with this recommendation are:
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– Adding routine exercise to daily activities (e.g., brisk walking, jogging,
swimming, biking, golfing, team sports)

– Using simple exercise equipment for the home (e.g., treadmills)

– Including several short (10–15-min) bouts of activity (brisk walking)

– Minimizing sedentary activities in leisure time (television watching and
computer games)

4.4
Management of Metabolic Risk Factors

Although first-line therapy for the metabolic syndrome aims to improve the
underlying risk factors through lifestyle changes, in higher risk patients, it
may be necessary to include drug therapies directed at individual metabolic
risk factors (Grundy et al. 2004b). The decision to use drug therapies heavily
depends on a person’s absolute risk and is determined through multi-factorial
risk algorithms.

4.4.1
Atherogenic Dyslipidemia

The primary feature of atherogenic dyslipidemia is an increase in apo B-
containing lipoproteins, most notably small LDL and remnant lipoproteins.
In higher risk patients with the metabolic syndrome, primary therapy should
therefore focus on lowering the concentrations of these atherogenic lipopro-
teins. Statins represent the first-line treatment for lowering apo B-containing
lipoproteins. Clinical trials show that statin therapy is effective in reducing the
risk for major acute coronary events in all types of patients, including those
with the metabolic syndrome and type 2 diabetes [Third report of the National
Cholesterol Education Program (NCEP) expert panel on detection, evaluation,
and treatment of high blood cholesterol in adults 2002; Ballantyne et al. 2001;
Collins et al. Heart Protection Study Collaborative Group 2003]. Most patients
with the metabolic syndrome who have established ASCVD will be candidates
for statin therapy [Third report of the National Cholesterol Education Program
(NCEP) expert panel on detection, evaluation, and treatment of high blood
cholesterol in adults 2002]. The goal of therapy is an LDL-C of <100 mg/dl
(non-HDL-C <130 mg/dl or total apo B <100 mg/dl). Recent clinical trials
suggest that lowering LDL-C well below 100 mg/dl will provide added risk re-
duction (Heart Protection Study Collaborative Group 2002; Cannon et al. 2004;
Nissen et al. 2004). Many patients with type 2 diabetes are also candidates for
intensive LDL-lowering therapy. The ATP III guidelines [Third report of the
National Cholesterol Education Program (NCEP) expert panel on detection,
evaluation, and treatment of high blood cholesterol in adults 2002] identified
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most patients with diabetes as being at high-risk and deserving of intensive
LDL lowering. At the least, non-HDL-C should be reduced to <130 mg/dl (or
total apo B to <100 mg/dl). In other countries, a more individualized approach
to patients with diabetes is made, such that the intensity of therapy will depend
on the estimated risk. If a patient has metabolic syndrome but not established
ASCVD or diabetes, less-intensive LDL-lowering therapy is needed. In such
persons, the LDL-C goal should be <130 mg/dl. A portion of these patients will
require statin therapy to attain the goal of treatment.

Undoubtedly, some persons with metabolic syndrome will maintain an
elevated triglyceride in spite of statin therapy. For the treatment of these
patients, combiningafibratewithastatincanbeconsidered.Forexample, itwas
shown in the VA-HIT study that fibrate therapy will reduce the risk for ASCVD
events in patients who have insulin resistance and/or type 2 diabetes (Rubins
et al. 1999). Although it has not been proven in controlled clinical trials that
the combination of statins and fibrate will reduce the risk for cardiovascular
disease (CVD) events, the finding that each type of drug independently reduces
the risk provides supporting evidence for this assumption. If a fibrate is used
with a statin, the drug of choice should be fenofibrate. The combination of
statin and gemfibrozil carries an unacceptably high risk for severe myopathy,
whereas the risk is apparently not so high with the combination of statin and
fenofibrate (Vega et al. 2003). An alternative to the combination of statin and
fenofibrate is the combination of statin and nicotinic acid (Bays and McGovern
2003). In termsof lowering triglycerides andraisingHDL,nicotinic acid ismore
potent than a fibrate. On the other hand, fibrates have the advantage of having
an evidence base in the VA-HIT trial and fewer side effects than nicotinic
acid. Nonetheless, if patients can tolerate nicotinic acid therapy, this drug is
attractive for use in combination with a statin.

Finally, a low HDL-C concentration is characteristic of the metabolic syn-
drome. The combinations of statin plus fibrate or statin plus nicotinic acid are
useful for raising HDL levels as well as for lowering triglycerides (Vega et al.
2003; Bays and McGovern 2003). For this reason, combination drug therapy
can also be considered after statin therapy if the HDL level remains low.

4.4.2
Elevated Blood Pressure

ATP III defined elevated blood pressure as a component of the metabolic syn-
drome as a blood pressure level of 130 mmHg or above systolic or 85 mmHg or
above diastolic. The Seventh Report of the Joint National Committee (JNC7)
emphasized lifestyle therapy as first-line therapy of high blood pressure (Cho-
banian et al. 2003). However, if lifestyle changes do not reduce the blood pres-
sure to below 140/90 mmHg, drug therapy should be considered. An important
question is whether the presence of the metabolic syndrome requires a priority
in choice of anti-hypertensive medication. JNC7 does not identify a priority,
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but these guidelines favored first use of diuretics and beta-blockers for rea-
sons of cost-effectiveness. It is well known that high doses of these drugs can
increase insulin resistance and predispose to hyperglycemia. Consequently, if
these drugs are to be used in patients with metabolic syndrome with or without
type 2 diabetes, the doses of these drugs should be kept as low as practical.
The use of an aldosterone receptor blocker (eplerenone or spironolactone)
is an alternative to thiazides, but they have not been adequately studied in
combination with other drugs in large populations. A next question is whether
angiotensin converting enzyme inhibitors (ACE-I) and angiotension-receptor
blockers (ARB) should be first-line therapy in patients with metabolic syn-
drome and/or type 2 diabetes. Their use as first-line drugs is supported by
some, but not all clinical trials (Abbott and Bakris 2004). The combination of
ACE-I (or ARB) plus low-dose diuretics is more attractive than higher dose
diuretics (Krum et al. 2003). Other anti-hypertensive drugs (calcium channel
blockers, alpha-1 blockers and central alpha-2 blockers) appear to be neutral
with respect to the metabolic syndrome. In many patients, multiple drug com-
binations are required to achieve the goals of therapy (ALLHAT Officers and
Coordinators for the ALLHAT Collaborative Research Group 2002). In those
with metabolic syndrome without type 2 diabetes or CVD, the goal is to reduce
the blood pressure to below 140/90 mmHg; for those with type 2 diabetes and
CVD, the blood pressure is to reduce to a level of less than 130/85 mmHg
(Chobanian et al. 2003).

4.4.3
Elevated Plasma Glucose

An important but unresolved question is whether drug therapy to reduce
insulin resistance will reduce the risk for type 2 diabetes and CVD in persons
with the metabolic syndrome. The strongest evidence to support a reduction
in risk with drug therapy comes from the Diabetes Prevention Program (DPP)
(Knowler et al. 2002). This clinical trial showed that metformin therapy in
persons with pre-diabetes (impaired glucose tolerance and impaired fasting
glucose) will reduce the risk for type 2 diabetes. The drug troglitazone was
also initiated in the DPP, but withdrawn because of side effects. Nonetheless,
post hoc analysis of the troglitazone data suggested a strong trend towards
a reduction in risk for the development of diabetes (Grundy et al. 2004b).
A similar trend for reducing the risk of developing diabetes with troglitazone
was noted in another study (Buchanan et al. 2002). In spite of these trials, most
authorities do not recommend that drugs reducing insulin resistance be used
in patients with pre-diabetes (Grundy et al. 2004b). The benefit of reducing the
risk for type 2 diabetes has not been shown to be cost effective. The currently
used drugs to reduce insulin resistance are not without side effects, so that the
benefit/harm ratio is not fully defined for the patient at risk for type 2 diabetes
either.
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Once categorical diabetes develops in a person with metabolic syndrome,
clinical management turns to the control of hyperglycemia. Reducing glucose
levels in patients with diabetes is known to reduce the risk for microvascular
complications. Whether it will decrease the risk for macrovascular compli-
cations has not been established. This is an important question, but clinical
trials yield ambiguous results. Nevertheless, according to current guidelines,
the hemoglobin A1c should be reduced to less than 7%. The choice of hy-
poglycemic drugs beyond lifestyle changes must be individualized according
to clinical judgment. Without any doubt, however, high priority should be
given to the treatment of major risk factors—smoking, elevated LDL-C, and
high blood pressure. Smoking cessation is imperative. LDL-C levels should be
reduced to lower than 100 mg/dl [Third report of the National Cholesterol Ed-
ucation Program (NCEP) expert panel on detection, evaluation, and treatment
of high blood cholesterol in adults 2002], and blood pressure to lower than
120/80 mmHg (Chobanian et al. 2003). A triglyceride-lowering drug (fenofi-
brate or nicotinic acid) can be added to statin therapy if the patient has elevated
triglyceride (Rubins et al. 1999; Grundy et al. 2002).

4.4.4
Prothrombotic State

Patients with the metabolic syndrome appear to have a prothrombotic state,
as suggested by elevations of fibrinogen, PAI-1, and possibly other coagulation
factors. Anti-coagulant therapy in these patients is not practical; nonetheless,
the risk for thrombotic events can be reduced by aspirin therapy. The American
HeartAssociation (Pearsonet al. 2002) currently recommends theuseof aspirin
prophylaxis when the 10-year risk for CHD is 10% or higher, as determined by
the Framingham risk scoring. This recommendation can certainly be applied
to patients with the metabolic syndrome who show a prothrombotic state.

4.4.5
Proinflammatory State

The possibility that the metabolic syndrome may predispose to a proinflam-
matory state, characterized by elevated cytokines (e.g., TNFα and IL-6) and el-
evations in acute phase reactants (CRP and fibrinogen), has received increased
attention. There are, however, important unresolved questions: (a) what are
the origins of inflammatory markers? (b) are they targets for therapy?, and
(c) if so, what would be the preferred intervention? The origin is uncertain;
the association between obesity and inflammatory markers suggests that ex-
cess lipids in adipose tissue or liver may elicit an inflammatory state. If so,
weight reduction would be the primary intervention. Currently, there are no
drugs that specifically target the proinflammatory state. Nonetheless, some
investigators hold that evidence of a proinflammatory state, as suggested by
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elevations of CRP, justifies more intensive intervention on other risk factors of
the metabolic syndrome, e.g., atherogenic dyslipidemia, hypertension, and the
proinflammatory state itself. Whether CRP levels can yield information useful
for decisions about the selection of risk factor intervention or the intensity of
therapy nevertheless remains an open question.
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Abstract Sedentary lifestyle andoverweight aremajorpublichealth, clinical, andeconomical
problems in modern societies. The worldwide epidemic of excess weight is due to imbalance
between physical activity and dietary energy intake. Sedentary lifestyle, unhealthy diet, and
consequent overweight and obesity markedly increase the risk of cardiovascular diseases.
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Regular physical activity 45–60 min per day prevents unhealthy weight gain and obesity,
whereas sedentarybehaviors suchaswatching televisionpromote them.Regularexercise can
markedly reduce body weight and fat mass without dietary caloric restriction in overweight
individuals. An increase in total energy expenditure appears to be the most important
determinant of successful exercise-induced weight loss. The best long-term results may be
achieved when physical activity produces an energy expenditure of at least 2,500 kcal/week.
Yet, the optimal approach in weight reduction programs appears to be a combination of
regular physical activity and caloric restriction. A minimum of 60 min, but most likely
80–90 min of moderate-intensity physical activity per day may be needed to avoid or limit
weight regain in formerly overweight or obese individuals. Regular moderate intensity
physical activity, a healthy diet, and avoiding unhealthy weight gain are effective and safe
ways to prevent and treat cardiovascular diseases and to reduce premature mortality in
all population groups. Although the efforts to promote cardiovascular health concern the
whole population, particular attention should be paid to individuals who are physically
inactive, have unhealthy diets or are prone to weight gain. They have the highest risk for
worsening of the cardiovascular risk factor profile and for cardiovascular disease. To combat
the epidemic of overweight and to improve cardiovascular health at a population level, it
is important to develop strategies to increase habitual physical activity and to prevent
overweight and obesity in collaboration with communities, families, schools, work sites,
health care professionals, media and policymakers.

Keywords Physical activity · Overweight · Obesity · Cardiovascular disease ·
Health promotion

1
Introduction

Sedentary lifestyle and overweight are major public health and clinical prob-
lems. They are the most prevalent risk factors for common chronic diseases
and premature mortality. More than one-half of the adults in the USA do not
engage in physical activity at the level currently recommended for health pro-
motion, e.g., 30 min or more of moderate intensity physical activity on most
days of the week (Pate et al. 1995; Centers for Disease Control and Preven-
tion 2003b; Thompson et al. 2003). What is even more alarming is that almost
two-thirds of children 9–13 years of age do not participate in any organized
physical activity during their leisure time and almost one in four children of
this age do not engage in any leisure time physical activity (Centers for Disease
Control and Prevention 2003a).

Two in three adults in the USA are currently classified as overweight [body
mass index (BMI) 25.0–29.9 kg/m2) or obese (BMI ≥30 kg/m2), compared with
fewer than one in four adults in the early 1960s (Kuczmarski et al. 1994; Flegal
et al. 2002). This trend is similar for all age, gender and race groups (Flegal et al.
2002). More than one-half of the adults in most European and other developed
countries are overweight or obese, and the prevalence of obesity is increas-
ing rapidly in these countries (World Health Organization 2000). Overweight
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in childhood and adolescence has more than doubled over the past decades
in the USA (Ogden et al. 2002), some European countries, and Japan (World
Health Organization 2000). Adulthood and childhood overweight is increasing
in many developing countries as well (World Health Organization 2000). The
worldwide scenario is that the increase in childhood and adolescence over-
weight will translate later into an even greater prevalence of adulthood obesity
and complications such as cardiovascular diseases.

Theworldwide epidemicof excessweight is a consequenceofpositive energy
balance due to both reduced energy expenditure and increased energy intake.
Urbanization and automation in recent decades has resulted in a progressive
reduction in the level of habitual physical activity associated with work and
chores of daily living as well as a growing amount of time spent in very
sedentary activities such as watching TV, working on the computer and playing
video games (World Health Organization 2000; Crespo et al. 2001). The almost
unlimited availability of highly palatable, energy-dense foods and drinks and
increased portion sizes are undoubtedly contributing to the current epidemic
of overweight and obesity (Prentice and Jebb 1995; Grundy 1998; World Health
Organization 2000; Popkin and Nielsen 2003).

The epidemic of sedentary lifestyle and overweight has serious public health
and economical consequences. Physical inactivity increases the incidence of
coronary heart disease, stroke, hypertension, obesity, type 2 diabetes, osteo-
porosis, cancers of the breast and colon, depression and premature mortality
(Pate et al. 1995; Thompson et al. 2003). Overweight and obesity increase the
risk of coronary heart disease, hypertension, type 2 diabetes, dyslipidemia,
gout, osteoarthritis, gallbladder disease, cancers of the breast, endometrium
and colon, psychosocial problems, sleep apnea, disability and premature mor-
tality (National Institutes of Health 1998; World Health Organization 2000;
Fontaine et al. 2003). Physical inactivity, unhealthy diet and obesity have been
estimated to account for about 14% of all deaths in the USA (McGinnis and
Foege 1993; Allison et al. 1999). If current trends continue, these modifiable
risk factors will overtake smoking as the primary preventable cause of death
(Allison et al. 1999). According to conservative estimates, physical inactivity
accounts for about 4% and obesity for about 7% of direct health care costs in
the USA, figures that are comparable to those of smoking (Colditz 2000).

2
Physical Activity and Energy Balance

2.1
Fundamental Principles of Energy Balance

The most important determinants of long-term energy balance and body fat
stores are energy intake and energy expenditure (Fig. 1) (Bouchard 2004).
Total energy intake refers to all calories consumed as food and drink that can
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Fig. 1 Diagram of the determinants of long-term positive energy balance and fat deposition.
Themost importantdeterminantsof long-termenergybalance and fat deposition are energy
intake and energy expenditure. Nutrient partitioning is emerging as another important
determinant of long-term energy balance. The amount of adipose tissue may also increase
due to increased adipogenesis. (Adapted from Bouchard 2004)

be metabolized inside the body. Fat provides the most energy per unit weight
(9 kcal/g), and carbohydrate (4 kcal/g) and protein (4 kcal/g) the least. Soluble
fibersundergobacterial degradation in the large intestine toproduce fatty acids
that are then absorbed and used as energy (1.5 kcal/g). Alcohol consumption
can significantly contribute to energy balance in some individuals (7 kcal/g).
In sedentary adults, basal metabolic rate accounts for 60%–70% of total energy
expenditure, the thermic effect of food for about 10%, and physical activity for
the remaining 20%–30%. Positive energy balance occurs when energy intake
is greater than energy expenditure and promotes the storage of energy as fat
(Fig. 1). Negative energy balance occurs when energy expenditure is larger
than energy intake and results in the utilization of energy stores (Fig. 1). Un-
der normal circumstances, energy balance oscillates from day to day, but the
human body keeps energy stores and weight stable through multiple physi-
ological regulatory mechanisms. Overweight and obesity develop only when
positive energy balance prevails for a considerable period of time (Fig. 1).

In addition to energy intake and energy expenditure, nutrient partitioning
is emerging as another important determinant of long-term energy balance
(Fig. 1) (Bouchard 2004). Under positive energy balance conditions, individu-
als who are more likely to gain weight will partition more energy for storage
in adipose tissue, which results in adipocyte hypertrophy, while those who
are less likely to gain weight tend to partition relatively more for fat oxidation
by skeletal muscle and other tissues (Ravussin and Smith 2002). The amount
of adipose tissue may also increase due to increased adipogenesis (Fig. 1)
(Bouchard 2004), which results from a complex interplay between prolifera-
tion and differentiation of preadipocytes. Mature adipocytes regulate energy
balance by behaving as an endocrine and autocrine organ (Gregoire 2001).
Positive energy balance may also result in storage of fat in nonadipose tissues
(Ravussin and Smith 2002).
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2.2
Physical Activity and Total Energy Expenditure

Regular physical activity is a major determinant of total energy expenditure.
Physical activity accounts for 20%–30% of total daily energy expenditure in
sedentary individuals, but it may represent up to 50% of all energy expended
in persons who engage in heavy manual work or demanding exercise training
(Livingstone et al. 1991). Physical activity accounts for most of the variation in
total energy expenditure within and between individuals (Ravussin et al. 1986).
The contribution of physical activity to total energy expenditure depends on
the amount and intensity of physical activity, but also many other factors such
as body mass (Ravussin et al. 1986; Livingstone et al. 1991). Total physical
activity can be divided into (1) spontaneous activity such as movement of
arms, legs and head, taking small steps, fidgeting, and even mastication, (2)
work-related activities such as office work, (3) the activities of daily living
such as climbing stairs, walking a few blocks instead of taking a car or bus,
walking and cycling to and from work, household work, and yard work and
(4) conditioning exercise such as walking, running, cycling, skiing, swimming,
dancing, ball games, aerobics, and resistance training. Spontaneous activity
can substantially increase energy cost in some individuals. In modern soci-
eties, the contribution of work-related activities to total energy expenditure is
much smaller than it used to be. The activities of daily living account for most
of the energy cost of physical activity in individuals who do not engage in reg-
ular exercise and who represent the majority of the populations in developed
countries. In physically active individuals, however, purposeful conditioning
exercise is the most important determinant of the energy expenditure of phys-
ical activity.

2.3
Physical Activity and Substrate Balance

Regular physical activity increases the capacity of the body to use lipid sub-
strates rather than carbohydrates as a source of energy during low and mod-
erate intensity exercise, especially when maintained over a long period of
time (Hurley et al. 1986). A 20-week exercise-training program resulted in
a 20% increase in fat oxidation in previously unfit individuals (Hurley et al.
1986). Regular physical activity also increased fat oxidation during the shift
to a high-fat diet (Smith et al. 2000). These findings suggest that physically
active individuals consume rather than store excess fat and tolerate high-fat
diets better without gaining weight than sedentary persons. These observa-
tions may also partly explain why regular physical activity prevents over-
weight.
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2.4
Physical Activity and Food Intake and Preferences

It is often said that a bout of moderate-intensity exercise stimulates appetite
and leads to an increased food intake that exceeds the energy cost of the pre-
ceding activities. There is, however, little scientific evidence for this assertion.
If a compensatory increase in energy intake occurs, it tends to be accurately
matched to energy expenditure so that long-term energy balance is maintained
(Saris 1996). Acute vigorous exercise, and possibly low-intensity exercise of
long duration, can suppress appetite over the short term, but this results in
a delay in the onset of eating rather than a reduction in the amount of food
consumed (King et al. 1994). Although physical activity has been associated
with an increased intake of carbohydrate-rich foods in some studies (Westert-
erp et al. 1996), whether exercise affects food and macronutrient preferences
remains uncertain. However, some studies suggest that physical inactivity is
associated with an increased consumption of unhealthy foods and an increased
fat intake (World Health Organization 2000).

3
Physical Activity, Overweight and Obesity

3.1
Physical Activity in the Prevention of Weight Gain

Cross-sectional studies have shown that physically active adults and children
are leaner and have less abdominal fat than sedentary individuals (Andersen
et al. 1998; Martinez-Gonzalez et al. 1999). The difference in body adiposity
between physically active and inactive individuals appears to persist from early
adulthood to old age (Voorrips et al. 1992). Total energy expenditure has been
inversely associated with body weight and weight gain in adults and children
(Ravussin et al. 1988; Schulz and Schoeller 1994; Davies et al. 1995). Prospective
epidemiological studies have observed that regular physical activity prevents
unhealthy weight gain and obesity, whereas sedentary behaviors such as watch-
ing television, working at the computer or playing video games promote them
(Coakley et al. 1998; Erlichman et al. 2002; Hu et al. 2003; Saris et al. 2003)
(Fig. 2). It has been estimated that about 30% of new cases of obesity could be
prevented by adopting a relatively active lifestyle, including more than 30 min
of brisk walking and fewer than 10 h of TV watching per week (Hu et al. 2003).
There is some evidence that sedentary lifestyle is a better population-level
predictor of weight gain than increased caloric or fat intake (Prentice and Jebb
1995). Regular physical activity, as estimated by cardiorespiratory fitness, may
play a stronger role in attenuating age-related weight gain than in promoting
long-term weight loss (DiPietro et al. 1998).
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Fig. 2 Changes in the risk of developing obesity among normal-weight women associated
with sedentary behaviors and regular physical activity. Regular exercise prevents unhealthy
weight gain and obesity, whereas sedentary behaviors such as watching television promote
them. (Adapted from Hu et al. 2003)

Epidemiological studies suggest that moderate intensity physical activity
45–60 min per day is needed to prevent unhealthy weight gain and obesity
(Saris et al. 2003). Brisk walking is effective in the prevention of obesity, but
low-intensity activities of daily living also appear to be beneficial (Hu et al.
2003). Vigorous exercise may provide some additional benefit beyond low-
intensity and moderate-intensity physical activity in the prevention of weight
gain (Coakley et al. 1998). There are no randomized controlled trials that
specifically address the questions of whether regular physical activity prevents
long-term weight gain and fat accumulation and what types, amount and
intensity of physical activity are needed to achieve such long-term benefits.
Although it is likely that physical activity is important to maintain healthy
body weight and to prevent harmful weight gain, long-term energy balance
will be easier to achieve if regular physical activity and a healthy diet are
combined.

3.2
Physical Activity in the Promotion of Weight Loss

A number of randomized controlled trials have shown that regular physi-
cal activity can markedly reduce body weight and fat mass without dietary
caloric restriction in overweight men and women (Ballor and Keesey 1991;
Garrow and Summerbell 1995; Andersen et al. 1999; Ross et al. 2000; Ross



144 T.A. Lakka and C. Bouchard

and Janssen 2001; Donnelly et al. 2003; Irwin et al. 2003; Jakicic et al. 2003;
Jeffery et al. 2003; Saris et al. 2003; Slentz et al. 2004). The effective exercise
training programs have typically lasted for 3–12 months and have included
three to five exercise sessions per week of 30–60 min each, and the total du-
ration of physical activity has varied between 3 and 5 h per week (Ballor and
Keesey 1991; Garrow and Summerbell 1995; Andersen et al. 1999; Ross et al.
2000; Ross and Janssen 2001; Donnelly et al. 2003; Irwin et al. 2003; Jakicic
et al. 2003; Jeffery et al. 2003; Saris et al. 2003; Slentz et al. 2004). Regular
physical activity reduces body weight and adiposity already within 3 months
(Ross et al. 2000), and further reduction can be seen at least until 9 months
(Kirk et al. 2003). An increase in total energy expenditure appears to be the
most important determinant of successful exercise-induced weight loss. The
larger the reduction in body weight and fat, the greater has been the amount
of physical activity (Ross et al. 2000; Irwin et al. 2003; Jakicic et al. 2003;
Jeffery et al. 2003; Slentz et al. 2004), which suggests that regular exercise
decreases body adiposity in a dose-dependent manner. The best long-term
results may be achieved when physical activity produces an energy expen-
diture of at least 2500 kcal/wk (Jeffery et al. 2003). Short-term studies have
generally resulted in a greater weight and fat loss than long-term studies. The
most likely explanation for this apparent discrepancy is that it is difficult to
maintain high levels of energy expenditure for a long period of time (Ross
and Janssen 2001; Saris et al. 2003). Indeed, adherence to the exercise-training
program is a critical factor for a successful long-term weight loss. Adher-
ence may be particularly problematic among obese subjects (Fogelholm and
Kukkonen-Harjula 2000).

Most randomized controlled trials have included mainly aerobic exercise
such as running, walking and cycling (Ballor and Keesey 1991; Garrow and
Summerbell 1995; Andersen et al. 1999; Ross et al. 2000; Ross and Janssen
2001; Donnelly et al. 2003; Irwin et al. 2003; Jakicic et al. 2003; Jeffery et al.
2003; Saris et al. 2003; Slentz et al. 2004). However, there is some evidence
that resistance training also reduces body fat (Santa-Clara et al. 2003; Schmitz
et al. 2003) and that the effect is independent of other physical activities
and changes in energy intake (Schmitz et al. 2003). A combination of aer-
obic and weight training may be more effective in producing changes in
body composition than aerobic exercise alone (Santa-Clara et al. 2003). An-
other advantage of resistance training is that it may increase skeletal mus-
cle mass and perhaps resting metabolic rate if the program is sufficiently
intense and demanding. Resistance exercise may also improve insulin sen-
sitivity, an important benefit for overweight and obese individuals (Ballor
and Keesey 1991; Garrow and Summerbell 1995; Cuff et al. 2003). Limited
evidence suggests that lifestyle activity can be effective in reducing body
weight (Andersen et al. 1999). The effects of regular physical activity on car-
diovascular risk factors such as insulin resistance, glucose tolerance, type
2 diabetes, dyslipidemia and elevated blood pressure are stronger if asso-
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Fig. 3 Effects of regular physical activity on body weight, cardiovascular risk factors, the
incidence of cardiovascular disease, and cardiovascular and total mortality. The effects of
regular exercise on cardiovascular risk factors are partly mediated by weight loss and are
stronger if associated with weight reduction

ciated with weight reduction (Thompson et al. 2003) (Fig. 3). Yet, the op-
timal approach in weight reduction programs appears to be a combination
of regular physical activity and caloric restriction (Ballor and Keesey 1991;
Garrow and Summerbell 1995; Ross et al. 2000; Ross and Janssen 2001; Jef-
fery et al. 2002; Irwin et al. 2003; Jakicic et al. 2003; Saris et al. 2003; Slentz
et al. 2004). It not only results in effective weight reduction but also has the
strongest effect on cardiovascular risk factors (Thompson et al. 2003). Includ-
ing physical activity, especially resistance training, in weight reduction pro-
grams also helps in maintaining skeletal muscle mass (Ballor and Keesey 1991;
Garrow and Summerbell 1995).

3.3
Physical Activity in the Prevention of Weight Regain After Weight Loss

Although several approaches, including dietary energy restriction and drugs,
are available for weight reduction, weight maintenance after successful weight
loss remains difficult. A large proportion of individuals will eventually re-
gain weight up to their initial body weight (Jeffery et al. 2002), and new
approaches to prevent weight regain are needed. Ninety percent of individ-
uals who have been able to maintain weight after a significant weight loss
report that regular physical activity is a critical component of their success
(Klem et al. 1997). Randomized controlled trials have shown a modest and
inconsistent effect of regular physical activity on weight maintenance (Fo-
gelholm and Kukkonen-Harjula 2000). One explanation for the mild effect
may be that the amount of physical activity has been inadequate to main-
tain reduced body weight in overweight and obese individuals who are prone
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to weight regain. Indeed, exercise programs have typically consisted of 1.5–
3.0 h per week of walking or cycling, which corresponds to an energy ex-
penditure of 500–1000 kcal per week. It is likely that much larger amounts of
physical activity are required to prevent weight gain after weight loss. People
who have succeeded in avoiding weight regain have reported a mean exer-
cise energy expenditure of about 2700 kcal per week, which equals about
4 miles (6.44 km) of walking per day (Klem et al. 1997). Recent reviews
have concluded that a minimum of 60 min, but most likely 80–90 min of
moderate-intensity physical activity per day, corresponding to about 2000–
2500 kcal per week, may be needed to avoid or limit weight regain in formerly
overweight or obese individuals (Fogelholm and Kukkonen-Harjula 2000;
Saris et al. 2003).

3.4
Physical Activity and Fat Distribution

There is some evidence that abdominal obesity is an independent risk factor
for cardiovascular diseases and may provide additional information beyond
overall adiposity (Larsson et al. 1984; Welin et al. 1987; Casassus et al. 1992;
Folsom et al. 1993; Rexrode et al. 1998; Fujimoto et al. 1999; Folsom et al.
2000; Rexrode et al. 2001; Lakka et al. 2002b). Regular physical activity reduces
abdominal visceral and subcutaneous fat independent of changes in dietary
energy intake in healthy, overweight and obese men and women (Mourier
et al. 1997; Wilmore et al. 1999; Ross et al. 2000; Donnelly et al. 2003; Irwin
et al. 2003). However, regular exercise does not appear to preferentially re-
duce total abdominal and visceral fat beyond the changes in total adiposity
(Ross et al. 2000; Irwin et al. 2003; Slentz et al. 2004). Although most studies
have not been able to demonstrate a dose–response relationship between reg-
ular physical activity and reduction in abdominal adiposity (Ross and Janssen
2001), a recent study in overweight postmenopausal women showed that larger
amounts of regular exercise resulted in a greater reduction in abdominal fat
(Irwin et al. 2003).

As the ability of peripheral adipocytes to store fat is exceeded, the fat cells
become insulin resistant, which results in increased lipolysis, release of fatty
acids into the blood stream, and decreased uptake of fatty acids. This is thought
to favor storage of lipids in skeletal muscle, liver, pancreas, heart, and possibly
other tissues. This spillover of lipids in non-adipose tissues may contribute to
the pathogenesis of lipotoxic diseases such as type 2 diabetes (Ravussin and
Smith 2002; Unger 2002). There is some evidence that regular physical activity
may reduce the amount of intramyocellular lipids (van Loon et al. 2003), but the
issue is not entirely clear (Schrauwen-Hinderling et al. 2003). Limited evidence
in rats suggests that exercise may also prevent fat accumulation in the liver
(Gauthier et al. 2003).
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4
Physical Activity and Cardiovascular Diseases

4.1
Physical Activity and Cardiovascular Mortality

Sedentary lifestyle is currently recognized as one of the major risk factors for
atherosclerotic cardiovascular diseases, the most important cause of death in
industrialized countries (Pate et al. 1995; Thompson et al. 2003). Prospective
epidemiological studies have consistently shown that regular physical activity
and cardiorespiratory fitness prevent cardiovascular diseases and premature
cardiovascular mortality in men and women (Paffenbarger et al. 1986; Blair
et al. 1989; Sandvik et al. 1993; Blair et al. 1996; Laukkanen et al. 2001) (Fig. 4).
Moreover, an increase in physical activity and an improvement in cardiores-
piratory fitness have been associated with reduced cardiovascular and total
mortality (Paffenbarger et al. 1993; Blair et al. 1995; Erikssen et al. 1998; Wan-
namethee et al. 1998). The association between physical activity and cardio-
vascular mortality is graded with the risk being the lowest in the most active
individuals and independent of conventional cardiovascular risk factors. The
protective effect is strong, with the most physically active individuals gener-
ally having about half the cardiovascular mortality of the least active people.
Exercise or sports in young adulthood do not prevent premature cardiovas-
cular mortality in later years, which emphasizes the importance of lifelong
engagement in physical activity (Paffenbarger et al. 1984).

Fig. 4 Levels of physical activity (Paffenbarger, Morris, Leon) or cardiorespiratory fitness
(Blair, Ekelund, Sandvik) and cardiovascular mortality. Values for more active or fit indi-
viduals are expressed as the ratio of the event rate for more active or fit divided by the event
rate for least active or fit. (Adapted from Haskell 1994)

4.2
Physical Activity and Coronary Heart Disease

The epidemiological evidence on the role of regular physical activity in the
prevention of atherosclerotic cardiovascular diseases is strongest for coronary
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heart disease (Thompson et al. 2003). Regular physical activity, an increase
in the level of physical activity, and cardiorespiratory fitness prevent coro-
nary heart disease in men and women (Lakka et al. 1994; Wannamethee et al.
1998; Manson et al. 1999; Lee et al. 2000; Sesso et al. 2000; Tanasescu et al.
2002). Moderate-intensity aerobic exercise such as walking may be as effec-
tive as more vigorous exercise in the prevention of coronary heart disease
(Wannamethee et al. 1998; Manson et al. 1999). However, some studies suggest
that vigorous exercise confers further protection and that the risk decreases in
a dose-dependent fashion with increasing intensity of regular exercise (Tanas-
escu et al. 2002). Resistance training may also reduce the risk of coronary heart
disease (Tanasescu et al. 2002). The accumulation of shorter daily sessions
of physical activity may be as effective as longer, continuous exercise bouts
(Lee et al. 2000).

Regular physical activity is also beneficial in the treatment of patients
with coronary heart disease. Meta-analyses have shown that comprehensive
exercise-based cardiac rehabilitation reduces total and cardiovascular mor-
tality after myocardial infarction (Oldridge et al. 1988; O’Connor et al. 1989;
Jolliffe et al. 2001). Cardiac rehabilitation programs consisting of initially su-
pervised exercise training of 2–6 months followed by unsupervised physical
activity reduced totalmortalityby27%andcardiacmortalityby31%inpatients
who had sustained a myocardial infarction, had angina pectoris or coronary
artery disease identified by angiography, or had undergone coronary artery
bypass grafting or percutaneous transluminal coronary angioplasty (Jolliffe
et al. 2001). However, physical activity did not reduce the risk of recurrent
nonfatal myocardial infarction (Jolliffe et al. 2001).

Strenuous exercise can trigger myocardial infarction and sudden cardiac
death, particularly in habitually sedentary people (Mittleman et al. 1993; Al-
bert et al. 2000), but the absolute risk of myocardial infarction or sudden
cardiac death during any particular episode of vigorous exertion is extremely
low (Mittleman et al. 1993; Albert et al. 2000). Moreover, it is important to
recognize that regular physical activity effectively reduces the occurrence of
myocardial infarction and sudden cardiac death associated with an episode
of vigorous exertion (Mittleman et al. 1993; Albert et al. 2000). Due to the
potential, albeit low, cardiac risks of strenuous exercise, the current recom-
mendations of regular moderate-intensity physical activity appear to be well
justified (Pate et al. 1995; Thompson et al. 2003).

4.3
Physical Activity and Stroke

There is accumulating evidence that regular physical activity and cardiorespi-
ratory fitness prevent ischemic stroke in men and women (Wannamethee and
Shaper 1992; Lindenstrom et al. 1993; Kiely et al. 1994; Gillum et al. 1996; Sacco
et al. 1998; Hu et al. 2000; Kurl et al. 2003). However, the associations are slightly
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weakerand less consistent than forcoronaryheartdisease (Goldsteinet al. 2001;
Thompson et al. 2003). Regular exercise has been observed to protect against
ischemic stroke in different ethnic groups, including Whites, Blacks and His-
panics (Sacco et al. 1998). There is some evidence that regular physical activity
reduces the incidence of stroke in a dose–response manner (Wannamethee
and Shaper 1992; Sacco et al. 1998; Hu et al. 2000). Whereas some studies have
found that moderate-intensity physical activity such as walking is as effective
as vigorous exercise in the prevention of ischemic stroke (Wannamethee and
Shaper 1992), other studies suggest that more vigorous exercise confers some
further protection (Sacco et al. 1998; Hu et al. 2000). The American Heart As-
sociation has recently emphasized the importance of regular physical activity
for the prevention of ischemic stroke (Goldstein et al. 2001).

4.4
Physical Activity and Peripheral Artery Disease

Regular physical activity is effective in the treatment of claudication, the pri-
mary symptom of peripheral artery disease (Gardner and Poehlman 1995; Leng
et al. 2000; Stewart et al. 2002). A meta-analysis of randomized controlled trials
concluded that regular exercise improves maximal walking time by an average
of 150 min (Leng et al. 2000), which suggests that the effect of exercise exceeds
that attained with medication (Stewart et al. 2002). Clinical benefits have been
observed as early as 4 weeks after the initiation of exercise and may continue
to accrue after 6 months of participation (Stewart et al. 2002). Improvement in
walking ability due to regular exercise results in improvement in routine daily
activities (Stewart et al. 2002). Better functional capacity in turn allows for an
increase in the level of physical activity, which likely improves cardiovascular
risk factors and protects against future cardiovascular events in patients with
peripheral artery disease (Stewart et al. 2002).

4.5
Physical Activity and Cardiovascular Risk Factors

Regular physical activity both prevents and helps in the treatment of many
risk factors for atherosclerotic cardiovascular diseases (Fig. 3). Regular ex-
ercise reduces body adiposity, increases insulin sensitivity, improves glucose
tolerance, reduces postprandial hyperglycemia, decreases plasma triglyceride
concentrations and increases plasma high-density lipoprotein (HDL) choles-
terol concentrations, decreases blood pressure, favorably affects hemostatic
factors (Thompson et al. 2003), improves endothelial function (Hambrecht
et al. 2000) and reduces the risk of developing metabolic syndrome (Laak-
sonen et al. 2002) and type 2 diabetes (Helmrich et al. 1991). The effects of
regular physical activity on cardiovascular risk factors such as insulin resis-
tance, glucose tolerance, type 2 diabetes, dyslipidemia and elevated blood
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pressure are stronger if associated with weight reduction (Thompson et al.
2003) (Fig. 3). Another advantage of including regular exercise in weight re-
duction programs is that physical activity can decrease plasma low-density
lipoprotein (LDL) cholesterol and limit the reduction in plasma HDL choles-
terol that often occurs with a decrease in dietary saturated fat (Stefanick et al.
1998). The favorable effects of exercise on insulin sensitivity and the lipid
profile tend to dissipate a few days after the last exercise session (Thompson
et al. 2001), which provides support for the recommendation that adults should
participate in moderate-intensity physical activity on most days of the week
(Pate et al. 1995; Thompson et al. 2003).

Most effects of regular physical activity on cardiovascular risk factors are
of a lesser magnitude than those achieved by pharmacological therapies, al-
though the impact can be significantly magnified by favorable changes in diet
and weight loss (Thompson et al. 2003). For example, lifestyle intervention,
including regular exercise, dietary modification and weight reduction, reduced
the incidence of type 2 diabetes by 58% in persons with impaired glucose tol-
erance and overweight (Tuomilehto et al. 2001; Knowler et al. 2002). In fact,
lifestyle intervention was found to be more effective than metformin treatment
to prevent type 2 diabetes (Knowler et al. 2002). It is important to recognize
that regular physical activity favorably affects many cardiovascular risk fac-
tors, and the summation of these effects results in a marked reduction in the
incidence of atherosclerotic cardiovascular diseases and premature mortality
(Paffenbarger et al. 1986; Blair et al. 1989; Sandvik et al. 1993; Lakka et al.
1994; Blair et al. 1996; Manson et al. 1999; Sesso et al. 2000; Lakka et al. 2001b;
Tanasescu et al. 2002). There are also large individual differences in the mag-
nitude of the effect of regular exercise on cardiovascular risk factors, and this
variation in responses is influenced by age, sex, health status, body size and
genetic factors (Bouchard and Rankinen 2001; Wilmore 2001).

5
Overweight, Obesity and Cardiovascular Diseases

5.1
Overweight, Obesity and Cardiovascular Mortality

Overweight and obesity are currently recognized as important risk factors
for atherosclerotic cardiovascular diseases and premature mortality (National
Institutes of Health 1998; National Task Force on the Prevention and Treatment
ofObesity 2000;WorldHealthOrganization2000). Prospective epidemiological
studies have shown that cardiovascular and total mortality increase throughout
the range of overweight and obesity (Fig. 5). Overweight and obesity predict
cardiovascular mortality in both men (Lee et al. 1993; Stevens et al. 1998; Calle
et al. 1999) and women (Manson et al. 1995; Stevens et al. 1998; Calle et al.
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Fig. 5 Overweight, obesity and the risk of death from cardiovascular diseases and coronary
heart disease. Cardiovascular and coronary mortality increase throughout the range of
overweight and obesity. (Adapted from Manson et al. 1995)

1999). Obesity also markedly decreases life expectancy, particularly in young
adults (Fontaine et al. 2003). The associations of overweight and obesity with
cardiovascular and overall mortality may even be stronger in healthy non-
smoking individuals (Manson et al. 1995; Calle et al. 1999). There is some
evidence that the risk of cardiovascular diseases and cardiovascular mortality
starts to increase at BMI levels as low as 22–23 kg/m2 (Manson et al. 1990,
1995; Lee et al. 1993; Willett et al. 1995; Field et al. 2001), which suggests
that the optimal BMI may be in the middle of the range of values currently
considered as normal weight. Overweight and obesity increase cardiovascular
and total mortality in all adult age groups, although the relative risk appears
to be higher among younger individuals (Stevens et al. 1998; Calle et al. 1999).
Because mortality rises dramatically with age, however, the absolute excess
risk associated with overweight and obesity increases rather than decreases
with age. The association of overweight and obesity with cardiovascular and
total mortality was observed in both Whites and Blacks although the relative
risk was greater for Whites (Calle et al. 1999).

5.2
Overweight, Obesity and Coronary Heart Disease

Prospective epidemiological studies have consistently shown that overweight
and obesity are associated with an increase risk of coronary heart disease
(Fig. 5). Overweight and obesity predict coronary heart disease in both men
and women (Manson et al. 1990; Rimm et al. 1995; Willett et al. 1995; Rexrode
et al. 1998, 2001; Folsom et al. 2000; Field et al. 2001). Abdominal obesity
has been found to be a stronger risk factor for coronary heart disease than
overall obesity in men and women (Larsson et al. 1984; Casassus et al. 1992;
Folsom et al. 1993, 2000; Rexrode et al. 1998; Fujimoto et al. 1999; Lakka et al.
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2002b) and may provide additional information beyond overall obesity in the
prediction of coronary heart disease (Larsson et al. 1984; Casassus et al. 1992;
Folsom et al. 1993, 2000; Rexrode et al. 1998; Fujimoto et al. 1999; Lakka et al.
2002b). While the relative risk of coronary heart disease associated with obesity
appears to decline with increasing age, abdominal obesity remains a strong
and independent predictor of cardiovascular diseases in men of all age groups,
including the elderly (Larsson et al. 1984; Rimm et al. 1995; Baik et al. 2000).
However, some studies suggest that abdominal obesity is not associated with
the risk of coronary heart disease independent of BMI and does not add to the
predictive value of overall obesity (Rexrode et al. 2001).

5.3
Overweight, Obesity and Stroke

Prospective epidemiological studies have reported that overweight and obe-
sity are associated with an increased risk of stroke in men and women (Walker
et al. 1996; Rexrode et al. 1997; Kurth et al. 2002; Suk et al. 2003). Abdomi-
nal obesity has been more closely associated with the risk of stroke than has
overall obesity, and the increased risk appears to be independent of over-
all obesity (Larsson et al. 1984; Welin et al. 1987; Walker et al. 1996; Suk
et al. 2003). Abdominal obesity, but not overall obesity, was also associated
with accelerated progression of carotid atherosclerosis in men (Lakka et al.
2001a). The association between abdominal obesity and the risk of ischemic
stroke was evident in all ethnic groups, including Whites, Blacks and Hispan-
ics (Suk et al. 2003). Obesity has been associated with an increased incidence
of ischemic stroke (Rexrode et al. 1997; Suk et al. 2003), whereas the asso-
ciation with hemorrhagic stroke remains controversial (Rexrode et al. 1997;
Kurth et al. 2002).

5.4
Overweight, Obesity and Peripheral Artery Disease

Evidence on the associations of overweight and obesity with peripheral artery
disease is quite limited and is based only on cross-sectional data. One study
observed an association between obesity and an increased prevalence of pe-
ripheral artery disease in elderly men (Mendelson et al. 1998). Another study
found that abdominal obesity, but not overall obesity, was associated with the
prevalence of peripheral artery disease in elderly men (Planas et al. 2001).

5.5
Overweight, Obesity and Cardiovascular Risk Factors

Overweight and obesity increase the risk of cardiovascular diseases partly
through their effects on cardiovascular risk factors (Fig. 6). Overweight and
obesity are associated with insulin resistance, impaired glucose tolerance,
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Fig. 6 The effects of overweight and obesity on cardiovascular risk factors, the incidence of
cardiovascular diseases, and cardiovascular and total mortality. The effects of obesity on
cardiovascular risk factors are stronger than those of overweight. The increased incidence of
cardiovascular diseases and mortality associated with overweight and obesity are mediated
by the effects on cardiovascular risk factors

increased incidence of type 2 diabetes, elevated blood pressure, hypertriglyc-
eridemia, increased plasma LDL cholesterol, decreased plasma HDL choles-
terol (Colditz et al. 1990; Ashton et al. 2001), as well as elevated plasma C-
reactive protein, fibrinogen, plasminogen activator inhibitor-1 and other in-
flammatory and hemostatic factors (Visser et al. 1999; Duncan et al. 2000).
Moreover, excess adiposity is a major determinant of the metabolic syndrome
(Haffner and Taegtmeyer 2003), which has emerged as an important general
risk factor for cardiovascular diseases (Lakka et al. 2002a). The cardiovascular
risk factor profile worsens in a dose–response fashion as the BMI increases
from 20 kg/m2 to over 30 kg/m2 (Willett et al. 1999; Ashton et al. 2001). The in-
crease in the incidence of some risk factors such as type 2 diabetes is steep even
below a BMI of 25 kg/m2 (Willett et al. 1999). Abdominal obesity in particular
is associated with unfavorable levels of risk factor, including insulin resis-
tance, impaired glucose tolerance, elevated blood pressure, increased plasma
triglycerides, LDL cholesterol and small dense LDL, and decreased plasma
HDL cholesterol (Despres et al. 2001). However, the results of the association
between abdominal fat and cardiovascular risk factor profile in normal weight
individuals are controversial, possibly due to differences in sex and ethnic
groups (Tanaka et al. 2003).

5.6
Weight Gain and Cardiovascular Diseases

Most people are not overweight when growth ends at around 20 years of age,
and most excess body fat accrues in subsequent decades (Willett et al. 1999).
Weight gain among men and women during early and middle adulthood has
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been associated with a significantly increased risk of cardiovascular diseases
in a dose–response fashion (Colditz et al. 1995; Rimm et al. 1995; Willett et al.
1995, 1999; Huang et al. 1998). Men and women with even a modest weight gain
of 5–10 kg during early and middle adulthood are at increased risk of coronary
heart disease, type 2 diabetes and hypertension as compared with individuals
who maintain their weight within 2 kg of their weight at 18–20 years of age
(Colditz et al. 1995; Rimm et al. 1995; Willett et al. 1995, 1999; Huang et al.
1998). Also non-smoking women who experienced a weight gain of more than
10 kg since the age of 18 years had higher premature cardiovascular mortality
than those who maintained their weight within 4 kg of their weight (Manson
et al. 1995). The increased risk of coronary heart disease during adulthood
associated with weight gain is evident at any level of BMI at the age of 18 years
(Fig. 7).

Fig. 7 Weight changes since the age of 18 years and the risk of death from coronary heart
disease in women. The increased risk of coronary heart disease during adulthood associated
with weight gain is evident at any level of BMI at the age of 18 years. (Adapted from Willett
et al. 1995)

5.7
Weight Loss and Cardiovascular Diseases

Epidemiological prospective studies and clinical trials have shown that even
modest weight reductions of 5%–10%, due to either an increase in physical
activity or a decrease in energy intake or both, can substantially lower blood
pressure (Lee et al. 2001); improve blood lipid profile (Lee et al. 2001), insulin
sensitivity (Lee et al. 2001) and glucose tolerance (Lee et al. 2001); and de-
crease the incidence of type 2 diabetes (Colditz et al. 1995) and hypertension
(Huang et al. 1998) among overweight individuals. In prospective epidemio-
logical studies, intentional weight loss has been associated with a reduction or
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no change in cardiovascular and total mortality (Williamson et al. 1995; French
et al. 1999), while unintentional weight loss, likely reflecting existing disease,
has been associated with increased premature mortality (French et al. 1999).
Although clinical trials have not specifically examined the effect of weight re-
duction on the incidence of clinical cardiovascular disease, weight loss is likely
to be important in the prevention and treatment of cardiovascular diseases,
because it improves many cardiovascular risk factors (Lee et al. 2001).

5.8
Weight Fluctuation and Cardiovascular Diseases

Information on the association between weight fluctuation and the risk of
cardiovascular diseases is limited and inconsistent. Whereas some studies
have observed that a large weight variability is associated with an increased
risk of cardiovascular and total mortality, especially at the lower end of the
body weight distribution (Blair et al. 1993), other studies suggest that weight
variability does not predict mortality independent of weight loss or weight
gain (Dyer et al. 2000).

6
Conclusions

Sedentary lifestyle and overweight are major public health, clinical, and eco-
nomical problems in modern societies. The worldwide epidemic of excess
weight is due to imbalance between physical activity and dietary energy in-
take. Sedentary lifestyle, unhealthy diet, and consequent overweight and obe-
sity markedly increase the risk of cardiovascular diseases. Regular moderate-
intensity physical activity, a healthy diet, and avoiding unhealthy weight gain
are effective and safe ways to prevent and treat cardiovascular diseases and to
prevent premature cardiovascular and total mortality in all population groups.
Although the efforts to promote cardiovascular health concern the whole pop-
ulation, particular attention should be paid to individuals who are physically
inactive, have unhealthy diets or are prone to weight gain. They have the
highest risk for worsening of the cardiovascular risk factor profile and for
cardiovascular disease. To combat the epidemic of overweight and to improve
cardiovascular health at a population level, it is important to develop strategies
to increase habitual physical activity and to prevent overweight and obesity
in collaboration with communities, families, schools, work sites, health care
professionals, media and policymakers.
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Abstract Most research concerning the effects of dietary fatty acids on atherosclerotic risk
has focused on their effects on lipid and lipoprotein metabolism. However, it is known that
fatty acids also influence a number of other relevant mechanisms involved in atherosclerosis
such as lipid peroxidation, inflammation and haemostasis. The most favourable distribution
of cholesterol over the various lipoproteins is achieved when saturated and trans fatty acids
are replaced by a mixture of cis-unsaturated fatty acids. Furthermore, fatty acids from fish oil
lower triacylglycerol concentrations. Effects on other atherosclerotic risk markers are less
evident. Monounsaturated fatty acids may be preferable above other fatty acids with respect
to low-density lipoprotein oxidation as measured by indirect in vitro assays. The relevance
of these assays for the in vivo situation is, however, limited. With respect to inflammation,
mainly the effects of n-3 polyunsaturated fatty acids from fish oil have been studied, but
results were inconsistent. Also results from studies evaluating the effects of fatty acids
on haemostatic risk markers were inconsistent, which may be partly related to the use of
different analytical methods. The most consistent finding however is the potential beneficial
effect of moderate intakes of fish oil on platelet aggregation. Furthermore, reducing total fat
intake rather than changing the fatty acid composition of the diet may beneficially affect the
coagulation system. In conclusion, while beneficial effects on atherosclerotic risk are mainly
ascribed to cis-unsaturated fatty acids, it remains debateable whether trans and saturated
fatty acids in the diet have to be replaced by cis-unsaturated fatty acids or by carbohydrates.
To answer this question adequately more validated methods are needed that reflect in vivo
lipid peroxidation, inflammation and haemostasis.

Keywords Fatty acids · Lipoprotein metabolism · Lipid peroxidation · Inflammation ·
Haemostasis
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1
Dietary Fatty Acids

Although dietary fats and oils always consist of a mixture of fatty acids, each
fat and oil has its own characteristic fatty acid composition. Usually, one or
two fatty acids are predominant (Table 1), each with its own characteris-
tics.

Based on chain length, fatty acids can be classified as short-chain fatty
acids (4–6 carbon atoms), medium-chain fatty acids (8–10 carbon atoms),
long-chain fatty acids (12–18 carbon atoms) and very-long chain fatty acids
(>18 carbon atoms). In addition, fatty acids may vary in the number of double
bonds. Major fatty acid classes are saturated fatty acids with no double bonds,
monounsaturated fatty acids with one double bond, and polyunsaturated fatty
acids with two or more double bonds. Based on the position of the double
bond nearest to the methyl end of the carbon chain, fatty acids are divided
into families. So palmitoleic acid, a metabolite of palmitic acid, belongs to
the n-7 family, oleic acid to the n-9 family, linoleic acid to the n-6 family, and
α-linolenic acid to the n-3 family. Finally, the configuration of the double bond
can be cis or trans.

Table 1 Major fatty acids in some edible fats ands oils

Common name Formula Source

Saturated fatty acids
Medium-chain fatty acids C4:0-C10:0 Dairy fat, coconut oil, palm kernel oil

Lauric acid C12:0 Dairy fat, coconut oil, palm kernel oil

Myristic acid C14:0 Dairy fat, coconut oil, palm kernel oil

Palmitic acid C16:0 Meat, palm oil

Stearic acid C18:0 Meat, cocoa butter

Monounsaturated fatty acids
Oleic acid C18:1 n-9 Olive oil, rapeseed oil, avocado, nuts

Polyunsaturated fatty acids
Linoleic acid C18:2 n-6 Sunflower oil, safflower oil, soybean oil

α-Linolenic acid C18:3 n-3 Soybean oil, rapeseed oil, flaxseed

EPA C20:5 n-3 Fish

DHA C22:5 n-3 Fish
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In most diets, about 30%–40% of total dietary energy intake is provided
by fat. Palmitic and stearic acids are the most prevailing saturated fatty acids,
while the most widespread monounsaturated and polyunsaturated fatty acids
are oleic acid and linoleic acid, respectively.

Ultimately all fatty acids are degraded and oxidized for energy via β-
oxidation in the mitochondria of cells. However, fatty acids not only provide
energy, but are also important structural components of cell membranes and
precursors of a wide range of eicosanoids (prostaglandins, thromboxanes and
leukotrienes) involved in haemostasis and inflammation. Furthermore, fatty
acids are ligands for transcription factors, therebymodulatinggeneexpression.
In this manner, dependent on their characteristics, fatty acids exert different
effects on atherosclerotic risk markers. In this chapter, the effects of fatty acids
on lipid and lipoprotein metabolism, lipid peroxidation, inflammation and
haemostasis will be discussed (Table 2).

Table 2 Factors that are positively (↑) or negatively (↓) related to atherosclerotic risk

Risk marker Atherosclerotic risk

Lipid and lipoprotein metabolism
Total cholesterol ↑
LDL cholesterol ↑
HDL cholesterol ↓
Total/HDL cholesterol ratio ↑
Triacylglycerols ↑
Oxidative stress
In vitro LDL susceptibility to oxidation ↑
Oxidized LDL ↑
F2-isoprostanes ↑
Inflammation
Adhesion molecules ↑
Pro-inflammatory cytokines ↑
Anti-inflammatory cytokines ↓
Haemostatic function
Platelet aggregation ↑
Coagulation

Factor VII ↑
Fibrinogen ↑
Prothrombin fragment 1+2 ↑

Fibrinolysis

TPA ↓
PAI-1 ↑
d-dimers ↑
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2
Fatty Acids and Lipoprotein Metabolism

Lipoproteins are the major transporters of lipids in the blood. While the classi-
cal risk factor for coronary heart disease is an increased concentration of serum
total cholesterol, later studies have demonstrated that the various lipoprotein
classes have their specific effects on cardiovascular risk.

Two major cholesterol-transporting lipoproteins are the low-density lipo-
proteins (LDL) and high-density lipoproteins (HDL), carrying respectively
60%–70% and 20%–30% of the total amount of cholesterol in the blood. While
LDL is atherogenic, HDL may protect against atherosclerosis. Epidemiological
studies now suggest that an increment of 0.1 mmol/l in LDL cholesterol re-
sults in an increase of 3.5%–4.0% in cardiovascular risk, while an increase of
0.1 mmol/l in HDL cholesterol lowers cardiovascular risk with 8%–12% (Gor-
donandRifkind1989).However, the total/HDLcholesterol ratiomaybeaneven
more specific marker to predict cardiovascular risk than total or lipoprotein
cholesterol concentrations. A decrease of 0.1 unit in this ratio is associated with
a 5.3% reduction in the risk of myocardial infarction (Stampfer et al. 1991).
Another, less-validated, risk marker is the concentration of triacylglycerols.
Triacylglycerols, which are found mainly in the very-low-density lipoproteins
(VLDL), are positively related to cardiovascular risk and a 0.1 mmol/l increase
in triacylglycerol is associated with a 1.4% increase in cardiovascular risk for
men and a 3.7% increase for women (Hokanson and Austin 1996).

As outlined below, these cardiovascular risk markers are differently affected
by the various fatty acids in the diet. However, the definition of a cholesterol-
raising or cholesterol-lowering fatty acid is not straightforward. When fat is
simply added to a diet, energy intake increases and as a result body weight
will increase also. As body weight is an important determinant of serum total
cholesterol concentrations, it will not be possible to disentangle dietary effects
from those of changes in body weight. Therefore, in dietary intervention stud-
ies or meta-analyses intended to compare the effects of fatty acids on the serum
lipoprotein profile, any change in the saturated, monounsaturated or polyun-
saturated fatty acid, or carbohydrate composition of the diet is balanced by
opposite changes in one or more of the others. Therefore, the effects of specific
fatty acids are generally expressed relative to those of an iso-caloric amount of
carbohydrates or of another fatty acid.

2.1
Mixtures of Saturated Fatty Acids

Well controlled dietary studies carried out in the 1950s and 1960s found that–
relative to an iso-energetic amount of carbohydrate–a mixture of saturated
fatty acids increased serum total cholesterol concentrations (Hegsted et al.
1965; Keys et al. 1965). These earlier studies, however, did not examine the
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effects of fatty acids on specific lipoproteins. From a recent meta-analysis,
it can be concluded that replacement of carbohydrates with saturated fatty
acids not only increased serum total cholesterol concentrations, but also those
of LDL and HDL (Fig. 1). The total/HDL cholesterol ratio however was not
affected. In addition, effects on the serum lipoprotein profile were dependent
on the chain length of the saturated fatty acid (Mensink et al. 2003).

Fig.1 Effects of the major fatty acids on serumtotal, LDL and HDL cholesterol, triacylglycerol
concentrationsand total/HDLcholesterol ratiowhen1%ofdietary carbohydrates is replaced
by fatty acids under iso-energetic conditions

2.1.1
Medium-Chain Fatty Acids

Although medium-chain fatty acids are found in significant quantities in sev-
eral natural fats and oils, the total amount in regular diets is in general low. This
mayexplainwhyeffectsofmedium-chain fattyacidson lipoproteinmetabolism
have not been well studied. Initially, it was suggested that medium-chain fatty
acids had a neutral effect on serum total cholesterol concentrations (Hegsted
et al. 1965; Keys et al. 1965). Results from two recent studies, however, sug-
gested that relative to oleic acid, medium-chain fatty acids slightly increased
serum total and LDL cholesterol, but did not affect HDL cholesterol concentra-
tions. Triacylglycerol concentrations were slightly increased (Cater et al. 1997;
Temme et al. 1997).
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2.1.2
Lauric, Myristic and Palmitic Acids

Palmitic acid (C16:0) along with lauric (C12:0) and myristic (C14:0) acids,
are the most potent cholesterol-raising saturated fatty acids. Their relative
cholesterol elevating effects, however, are controversial. In fact, it is difficult to
examine the effects of the individual saturated fatty acids, because in natural
fats, high levels of one fatty acid are associated with high levels of another
fatty acid. Coconut oil, for example, contains high amounts of both myristic
and lauric acids, while dairy fat is rich in both myristic and palmitic acids.
This makes it difficult to ascribe the observed effects to one single fatty acid.
Therefore, more recent studies have used synthetic and semi-synthetic fats,
specifically enriched in one of the saturated fatty acids.

Palmitic acid is the major saturated fatty acid in the diet. It is well accepted
that palmitic acid raises total, LDL and HDL cholesterol and decreases tria-
cylglycerol concentrations, relative to carbohydrates. Effects of palmitic acid
relative to those of oleic acid are more controversial. In studies that compared
the effects of palmolein oil (rich in palmitic acid) with olive oil (rich in oleic
acid), palmitic and oleic acids had comparable effects on the serum lipopro-
tein profile (Choudhury et al. 1995; Ng et al. 1992). However, the majority
of well-controlled studies have found that relative to oleic acid, palmitic acid
increased total and LDL cholesterol concentrations (Denke and Grundy 1992;
Temme et al. 1996; Zock et al. 1994).

Myristic acid has for long been suspected to be the most cholesterol-raising
fatty acid (Hegsted et al. 1965). Several studies concluded that myristic acid
increased total cholesterol concentrations relative to oleic acid, due to an
increase in LDL as well as in HDL cholesterol (Temme et al. 1997; Zock et al.
1994).However, theseeffectsof the semi-synthetic fats enriched inmyristic acid
were much less than suggested by two independent meta-analyses (Hegsted
et al. 1965; Mensink et al. 2003).

Lauric acid is the fourth most common saturated fatty acid in the diet after
palmitic, stearic and myristic acids. Hegsted et al. (1965) already reported that
lauric acid had only a mild cholesterol-raising effect relative to carbohydrates.
The effects of lauric acid on lipoprotein concentrations were compared with
those of oleic acid by Denke and Grundy (1992). It was concluded that lauric
acid elevated total and LDL cholesterol concentrations relative to oleic acid,
but did not have any effect on HDL cholesterol and triacylglycerol concentra-
tions. Using mixtures of natural fats, these results were confirmed by Temme
et al. (1996), but in that study also an additional, significant increase in HDL
cholesterol concentrations was observed.

In a recent meta-analysis the effects of the individual saturated fatty acids
on the serum lipoprotein profile have been estimated (Mensink et al. 2003).
Iso-energetic replacement of carbohydrates with lauric, myristic and palmitic
acids all resulted in increased total, LDL and HDL cholesterol concentrations
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(Fig. 2). With increasing chain length, these effects decreased. Because the
cholesterol-raising effects of lauric acid were proportionally higher on HDL
than on LDL cholesterol, replacement of carbohydrates by lauric acid resulted
in a significantly lower total/ HDL cholesterol ratio, which suggests a decrease
in atherosclerotic risk. Compared with carbohydrates, myristic and palmitic
acids did not affect the ratio of total/HDL cholesterol, while lauric, myristic
and palmitic acids lowered triacylglycerol concentrations to the same extent
(Mensink et al. 2003).

Fig. 2 Effects of the individual saturated fatty acids lauric (C12:0), myristic (C14:0), palmitic
(C16:0) and stearic acid (C18:0) on serum total, LDL and HDL cholesterol, triacylglycerol
concentrationsand total/HDLcholesterol ratiowhen1%ofdietary carbohydrates is replaced
by a specific fatty acid under iso-energetic conditions

2.1.3
Stearic Acid

Compared with the other long-chain saturated fatty acids, stearic acid sig-
nificantly lowered total, LDL and HDL cholesterol concentrations (Tholstrup
et al. 1994a, 1994b). In fact, it has been found that stearic acid and oleic acid,
the major monounsaturated fatty acid, had similar effects on serum lipopro-
teins (Bonanome and Grundy 1988). However, other studies found an HDL
cholesterol-lowering effect of stearic acid relative to unsaturated fatty acids
(Kris-Etherton et al. 1993; Zock and Katan 1992). Thus, stearic and oleic acids
are equivalent in their effects on LDL cholesterol and triacylglycerol, but may
differ somewhat in their effects on HDL. These effects of stearic acid were con-
firmed by a meta-analysis, which furthermore reported that stearic acid did
not change the total/HDL cholesterol ratio when compared with carbohydrates
(Mensink et al. 2003).
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2.2
Monounsaturated Fatty Acids

Mortality rates of coronary heart disease in traditional Mediterranean popula-
tions consuming high-fat diets rich in olive oil, a major source of monounsat-
urated fatty acids, are low (Keys 1970). However, previous studies concluded
that monounsaturated fatty acids had similar effects on serum total choles-
terol concentrations as carbohydrates (Hegsted et al. 1965; Keys et al. 1975).
Therefore, many researchers compared the effects of monounsaturated fatty
acids, in particular of oleic acid, and carbohydrates on the distribution of
cholesterol over the different lipoproteins (Grundy 1986; Mensink and Katan
1987). From these studies it appeared that effects of oleic acid and carbohy-
drates on total cholesterol concentrations are indeed similar, but that oleic acid
increased HDL cholesterol and lowered very-low-density lipoprotein (VLDL)
cholesterol and triacylglycerol concentrations. As a result, a significant de-
crease in the total/HDL cholesterol ratio was observed. Similar conclusions
were drawn based on results of a meta-analysis (Mensink et al. 2003). Thus,
monounsaturated fatty acids have a more favourable effect on atherosclerotic
risk than carbohydrates, because of the increase in HDL and decrease in VLDL
concentrations.

2.3
Polyunsaturated Fatty Acids

Polyunsaturated fatty acids belong to either the n-6 or n-3 family. Unlike
saturated and monounsaturated fatty acids, the polyunsaturated fatty acids,
linoleic acid and α-linolenic acid, cannot be synthesized de novo by humans.
These fatty acids need to be provided by the diet and are therefore called
essential fatty acids. The most abundant essential fatty acid in the diet is
linoleic acid (C18:2n-6), while a small part of the dietary polyunsaturates is
provided by α-linolenic acid (C18:3n-3). Linoleic acid, member of the n-6
family of fatty acids, serves as the precursor of arachidonic acid (C20:4n-6),
which has important biological effects in the body. α-Linolenic acid, an n-3
fatty acid, can be converted into eicosapentaenoic acid (C20:5n-3, EPA), which
can be further elongated, desaturated and β-oxidized into docosahexaenoic
acid (C22:6n-3, DHA). However, the major part of the very-long chain fatty
acids in the human body are provided through the consumption of fatty fish,
rich in EPA and DHA.

2.3.1
n-6 Polyunsaturated Fatty Acids

Relative to carbohydrates,Keys et al. (1965)haveestimated that thehypocholes-
terolaemic effect of linoleic acid is half as much as the hypercholesterolaemic
effect of saturated fatty acids. However, more recent meta-analyses reported
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slightly lesser, but still significant, effects of linoleic acid, not only on serum to-
tal cholesterol, but also on LDL cholesterol concentrations. Moreover, linoleic
acid lowered triacylglycerol and increased HDL cholesterol concentrations
compared with carbohydrates. Although linoleic acid may raise HDL choles-
terol less than monounsaturated and saturated fatty acids, linoleic acid still has
the most favourable effect on the total/HDL cholesterol ratio (Mensink et al.
2003).

To investigate whether linoleic acid is more beneficial than oleic acid, several
studies compared the effects of linoleic acid with those of oleic acid side-
by-side. However, results are inconsistent, which may relate to differences
in the intake of linoleic acid. When intake of linoleic acid exceeds 15% of
energy, linoleic acid lowered serum total, LDL and HDL cholesterol, and serum
triacylglycerol concentrations compared to oleic acid (Mattson and Grundy
1985). At more realistic intakes of linoleic acid (less than 15%), differences
in effects on lipoprotein profile between linoleic and oleic acids are marginal
(Hodson et al. 2001; Howard et al. 1995; Mensink and Katan 1989).

2.3.2
n-3 Polyunsaturated Fatty Acids

The principal n-3 fatty acids are EPA and DHA typically present in fatty fish
and fish oils. Although dietary intake of these long-chain, highly unsaturated
fatty acids is normally very low, almost 30 times lower than that of linoleic acid
(Katan et al. 1994), these fatty acids lower triacylglycerol and VLDL concentra-
tions compared to carbohydrates and other fatty acids. Furthermore, fish fatty
acids may slightly raise LDL cholesterol, especially in hypertriglyceridaemic
subjects, but do not affect HDL cholesterol (Harris 1997).

The metabolic precursor of the marine n-3 fatty acids is α-linolenic acid,
a plant-derived fatty acid. The effects of α-linolenic acid are comparable to
those of linoleic acid, an n-6 polyunsaturated fatty acid. In particular, the
characteristic effects of EPA and DHA on serum triacylglycerol concentrations
are not shared by α-linolenic acid (Harris 1997).

2.4
Trans Fatty Acids

Trans and cis isomers of unsaturated fatty acids are produced during hydro-
genation of vegetable oils, either by bacteria in the first stomach (rumen) of
ruminant animals or by industrial hardening of oil. The main purpose of this
latter process is to convert the liquid oil into a solid or semi-solid fat, which
can be used for the production of certain types of margarines or shortenings
for frying or baking. More than 80% of all trans fatty acids in the diet are trans
isomers of oleic acid, and more than 10% are isomers of trans linoleic acid.
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Many studies have shown unfavourable effects of trans fatty acids on serum
lipids. Relative to cis-monounsaturated fatty acids, trans-monounsaturated
fatty acids raise total and LDL cholesterol, and lower HDL cholesterol con-
centrations, resulting in an increased total/HDL cholesterol ratio. Further-
more, trans fatty acids elevate triacylglycerol concentrations (Judd et al. 1994;
Mensink and Katan 1990; Zock and Katan 1992). Effects of trans fatty acids
and saturated fatty acids on total and LDL cholesterol concentrations are not
very different. However, trans fatty acids lower HDL cholesterol as compared
to saturated fatty acids (Judd et al. 1994; Mensink and Katan 1990). This means
that the total/HDL cholesterol ratio is also unfavourably changed (Mensink
et al. 2003). Therefore, trans fatty acids have the worst effects on blood lipids
among all dietary fatty acids.

2.5
Conclusions

Dietary fatty acid composition affects the distribution of cholesterol over
the various lipoproteins. Under iso-energetic metabolic conditions, the most
favourable lipoprotein profile to lower atherosclerotic risk is achieved when
saturated and trans fatty acids are replaced by a mixture of cis-unsaturated
fatty acids. However, which unsaturated fatty acid–oleic acid, linoleic acid or
fish fatty acids–is the most beneficial, is hard to conclude, because fatty acids
also affect other pathways involved in the development of atherosclerosis. Fur-
thermore, it should be noted, that not much is known about the effects of diet
on the composition and particle size distribution of LDL, HDL and VLDL,
which may also affect cardiovascular risk. For example, carbohydrates lower
LDL cholesterol concentrations, but at the same time unfavourably change LDL
particle size (Dreon et al. 1999). These effects are more difficult to translate into
cardiovascular risk and are as yet not a solid basis for dietary recommenda-
tions. More information therefore is needed to elucidate how fatty acids affect
lipid and lipoprotein metabolism at the molecular level.

3
Fatty Acids and Lipid Peroxidation

Reactive oxygen species, as present in vivo, induce the oxidation of lipids. This
may lead to oxidative modification of LDL, which is critical in the initiation and
evolution of atherosclerosis. Increased uptake of oxidized LDL by macrophages
via the scavenger pathway results in the formation of foam cells and ultimately
atherosclerotic plaques (Fig. 3). Oxidized LDL is cytotoxic and induces athero-
genicmechanismssuchas chemotaxis, and transmigrationand transformation
of monocytes into macrophages. In addition, oxidized LDL is a potent inducer
for the production of inflammatory molecules (Berliner et al. 1995).
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Fig.3 Involvementof lipidperoxidesand inflammation in thedevelopmentof atherosclerosis.
Endothelial dysfunction causes increased endothelial permeability to lipoproteins and up-
regulation of leukocyte and endothelial adhesion molecules followed by the recruitment
of monocytes and T lymphocytes into the arterial wall. LDL enters the intima layer of
the vascular endothelium and is modified by reactive oxygen species into oxidized LDL.
Oxidized LDL causes endothelial damage resulting in the release of cytokines. Monocytes
recruited into the artery wall become macrophages and express scavenger receptors that
bind oxidized LDL particles. Macrophages become lipid-loaded foam cells by engulfing
oxidized LDL

A variety of methods has been developed to assess LDL oxidation, but no
golden standard exists. In fact, there is a clear need for validated biomark-
ers to measure in vivo lipid peroxidation and LDL oxidation. Methods for
evaluation of LDL oxidation include direct and indirect assays. Direct assays
measure certain lipid peroxides, such as malondialdehydes (MDA), thiobarbi-
turic acid reactive substances (TBARS), or conjugated dienes. However, these
assays lack specificity in particular for body fluids and tissue samples. In this
respect, measurement of isoprostanes is more promising. Isoprostanes are iso-
mers of prostaglandin, which are primarily generated by free-radical mediated
peroxidation of polyunsaturated fatty acids and are chemically stabile. Uri-
nary concentrations of F2-isoprostanes were indeed increased in patients with
hypercholesterolaemia (Reilly et al. 1998). Another assay measures the con-
centrations of MDA-modified LDL, a lipid peroxide decomposition product,
which is increased in patients with unstable atherosclerotic cardiovascular dis-
ease (Holvoet et al. 1995). Also the amount of circulating oxidized LDL can be
measured and is associated with cardiovascular diseases (Holvoet et al. 1998).
Furthermore, the presence of auto-antibodies against epitopes on oxidized
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LDL can be quantified and is an independent predictor of the progression of
atherosclerosis (Jialal and Devaraj 1996). However, all of these assays need
further validation. In the past, mainly indirect assays were used, which mea-
sured the in vitro susceptibility of LDL to oxidation induced by metal ions.
Usually three parameters are measured in these assays. The lag time indicates
the time until oxidation of the LDL particle starts, while the rate of oxidation
denotes the amount of peroxidation products formed per unit of time. Finally,
the total amount of lipid peroxidation products formed can be analysed. Fre-
quently used methods are based on the spectrophotometric measurements of
the cytotoxic aldehydes, conjugated dienes, lipid hydroperoxides or apo B-100
fluorescence after induction of LDL oxidation with copper (Jialal and Devaraj
1996). Although this has been the most frequently used assay to examine effects
of fatty acids on LDL oxidation, the relevance of these outcome parameters for
the in vivo situation is doubtful.

Due to the presence of double bonds, the susceptibility of fatty acids to
oxidative modification increases with the degree of unsaturation. Because the
fatty acid composition of the diet is reflected by the fatty acid composition
of the LDL particle, dietary fat therefore not only determines LDL cholesterol
concentrations, but also the in vitro susceptibility of LDL to oxidative modifi-
cation. Particle size may also be important, as small dense LDL is more readily
modified than larger LDL (de Graaf et al. 1991), but effects of fatty acid in-
take on LDL particle size as related to LDL modification has not been studied
indetail.

3.1
Dietary Fat and Saturated Fatty Acids

Low-fat diets and high-fat diets rich in monounsaturated fatty acids have
comparable effects on the susceptibility of LDL to oxidation (Hargrove et al.
2001). Effects of saturated fatty acids on LDL oxidation have not been well
examined. In theory, saturated fatty acids should beneficially affect in vitro
LDL susceptibility, because they do not have any double bonds. However, some
studies surprisingly found unfavourable effects on the susceptibility of LDL
to oxidation, when monounsaturated fatty acids were replaced by saturated
fatty acids (Kratz et al. 2002; Mata et al. 1996). In particular, the lag time was
decreased. This suggests that minor dietary components from edible oils affect
LDL oxidation as well.

3.2
Oleic Acid Versus Linoleic Acid

Several human studies have shown that enrichment of the diet with oleic
acid at the expense of linoleic acid increased resistance of LDL to oxidative
modification. When oleic acid is replaced with linoleic acid, lag time decreased,
oxidation rate increased, and production of conjugated dienes was higher after
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copper-induced LDL oxidation (Kratz et al. 2002; Mata et al. 1996). Whether
or not these results also indicate that compared with oleic acid linoleic acid
elevates atherogenicity of lipoproteins in vivo has yet to be shown.

3.3
n-6 and n-3 Polyunsaturated Fatty Acids

Replacement of n-6 with n-3 polyunsaturated fatty acids in the normal diet
did not affect lag time and TBARS, but conjugated diene production was
significantly increased after the n-3 enriched diet (Mata et al. 1996). In another
study, effects of fish oil and oils rich in n-6 polyunsaturated fatty acids were
compared using indirect (LDL oxidation in vitro and TBARS) and direct (F2-
isoprostanes and MDA-modified LDL) assays, but a trend towards higher LDL
susceptibility to in vitro oxidation was found only on the diet rich in n-3 fatty
acids (Higdon et al. 2000). Only one study evaluated the effects of α-linolenic
acid, and found a beneficial effect of α-linolenic acid above EPA and DHA on
susceptibility of LDL to oxidation (Finnegan et al. 2003).

The effects of diets supplemented with n-3 polyunsaturated fatty acids,
mainly EPA and DHA from fish oils, on LDL oxidation are contradictory. Using
fish oil supplements for 3 or 6 weeks, some studies observed an increased
susceptibility of LDL to oxidation (Leigh-Firbank et al. 2002; Oostenbrug et al.
1994), butother studiesdidnot see anyeffectswhen supplementswere given for
2 or 4 months (Bonanome et al. 1996; Higgins et al. 2001). Not only the duration
of supplementation, but also differences in the doses of n-3 polyunsaturated
fatty acids may explain these apparent discrepancies.

3.4
Conclusions

While polyunsaturated fatty acids have a larger hypocholesterolaemic effect,
in vitro assays suggest that the effects of monounsaturated fatty acids on LDL
oxidation are the most beneficial. However, the relevance of these indirect,
in vitro, assays to measure LDL oxidation, for the in vivo situation is lim-
ited. Future studies should therefore use more direct measurements of lipid
peroxidation products such as F2-isoprostanes and MDA-modified LDL.

4
Fatty Acids and Inflammation

During the early phases of plaque development, inflammatory processes al-
ready play an important role, starting with the interaction between the vas-
cular endothelium and circulating blood leukocytes. After recruitment and
infiltration of mainly monocytes and T lymphocytes into the arterial intima,
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monocytes are transformed into macrophages, which can take up oxidized
LDL rapidly. This process results in the formation of foam cells and ultimately
a fatty streak (Lusis 2000). Moreover, T lymphocytes produce several pro- and
anti-inflammatory cytokines, which play an important role in orchestrating
the inflammatory process (Young et al. 2002). More recently, C-reactive protein
(CRP), an acute phase reactant produced by the liver during systemic inflam-
mation, has also been identified as an important risk marker for cardiovascular
disease (Ridker et al. 2000).

4.1
Endothelial Cell Adhesion

Cellular adhesion molecules mediate the attachment of leukocytes to vascular
endothelial cells and the subsequent trans-endothelial migration of monocytes
and lymphocytes into the arterial wall. While selectins are involved in the
initial rolling of the circulating leukocyte over the endothelium, other cellular
adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1) and
vascular cell adhesionmolecule-1 (VCAM-1),mediate thefinalfirmattachment
(Lusis 2000).

Because in vivo the accessibility of human endothelial cells is limited, effects
of fatty acids on expression of adhesion molecules have been examined mainly
in vitro using endothelial cell lines. From a series of experiments in which
endothelial cells were incubated with various fatty acids, it was concluded that
with increased degree of unsaturation of the fatty acid, VCAM-1 expression on
the surface of endothelial cells decreased. These effects were observed when
cells were stimulated with lipopolysaccharide or cytokines [interleukin (IL)-
1α or IL-1β or tumour necrosis factor (TNF)α]. Inhibitory potencies of the
fatty acids were not influenced by chain length, cis/trans configuration, or the
position of the double bond. Results were confirmed by analysis of mRNA
expression of VCAM-1. Without stimulation, however, none of the fatty acids
affected VCAM-1 expression (De Caterina et al. 1998). In contrast, another
study reported that addition of linoleic acid and α-linolenic acid to the medium
increased mRNA expression of ICAM-1 and VCAM-1 even in unstimulated
endothelial cells. On the other hand, oleic acid inhibited mRNA expression
of these adhesion molecules (Toborek et al. 2002). Whether these changes in
mRNA expression also resulted in changes in surface protein expression was
not examined. These contrasting findings indicate that in vitro findings depend
on the experimental conditions used and are difficult to extrapolate to the in
vivo situation.

In contrast with endothelial cells, peripheral blood mononuclear cells
(PBMC) are easily sampled which gives the opportunity to use PBMC to ex-
amine the effects of dietary fatty acids on the expression of the ligands for
the endothelial adhesion molecules. Furthermore, ICAM-1 is also present on
PBMC. Until now, not many studies have made use of these possibilities. In one
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study, effects of fish oil supplementation for 3 weeks were studied on ICAM-1
and leukocyte-function-associated antigen-1 expression, the ligand for ICAM-
1. After stimulation of monocytes with interferon-γ, the expression of these
adhesion molecules was lowered in the fish oil group relative to baseline values
and to those of control subjects (Hughes et al. 1996). In a study with healthy
volunteers, who consumed diets enriched with α-linolenic acid or fish oil for
12 weeks, no effect on ICAM-1 surface expression was found. In this latter
study, PBMC were not stimulated (Wallace et al. 2003). In another study with
healthy men, the effects of consumption for 2 months of a diet rich in monoun-
saturated fatty acids were compared with those of a regular diet. Expression of
ICAM-1 on PBMC was decreased in the subjects on the monounsaturated fatty
acid enriched diet (Yaqoob et al. 1998).

Alternatively, the soluble variants of the above mentioned adhesion mole-
cules–sICAM-1, sVCAM-1 and sE-selectin–can be analysed in plasma. In-
creased concentrations of these soluble adhesion molecules in the blood, which
may indicate increased expression of membrane-bound molecules and im-
paired endothelial function, are indeed associated with future cardiovascular
events in apparently healthy individuals (Blankenberg et al. 2001). It should be
emphasized, however, that sVCAM-1 and sE-selectin are almost exclusively de-
rived from endothelial cells, while ICAM-1 is expressed and shed from several
cell types (Gearing and Newman 1993). In patients with increased atheroscle-
rotic risk, the effects of supplementation with relatively high doses of n-3 fatty
acids (4–5 g/day) have been investigated, but results were inconsistent (Brown
and Hu 2001). In healthy subjects, α-linolenic acid and fish oil, but not purified
DHA, decreased sVCAM-1 expression. This suggests that possible favourable
effects of fish oil should be attributed to EPA (Thies et al. 2001).

4.2
Cytokines

Inflammation is mediated by cytokines, which modulate infiltration and ac-
cumulation of immuno-competent cells (T lymphocytes and macrophages) by
increasing the expression of adhesion molecules by endothelial cells. Further-
more, cytokines mediate activation and proliferation of both smooth mus-
cle cells and macrophages. With respect to atherosclerosis, cytokines can be
divided into three major classes. The pro-inflammatory cytokines typically
mediate pro-atherogenic processes, whereas anti-inflammatory cytokines are
involved in anti-atherogenic pathways. Major pro-inflammatory cytokines are
IL-1, IL-6 and TNFα, while IL-4 and IL-10 are examples of anti-inflammatory
cytokines. In addition, some cytokines, such as interferon-γ have pro- as well
as anti-inflammatory effects (Young et al. 2002). TNFα, which is produced by
endothelial cells, smooth muscle cells and macrophages, plays a pivotal role
in the cytokine cascade as it stimulates the synthesis of other cytokines. Also
IL-1 and IL-6 are versatile cytokines. IL-6, for example, is a central mediator
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of the acute-phase response and the primary determinant of CRP production
by the liver (Yu and Rifai 2000).

In one of the earlier studies, production of the pro-inflammatory cytokines
IL-1 and TNFα by in vitro stimulated PBMC was suppressed after supplemen-
tation with a high dose (18 g fish oil/day) of n-3 polyunsaturated fatty acids
(Endres et al. 1989). Because these results were confirmed by some (Caughey
et al. 1996), but not all studies (Thies et al. 2001; Wallace et al. 2003), it was
suggested that in vitro production of pro-inflammatory cytokines is decreased
only when EPA plus DHA was consumed for at least 4 weeks and daily intake
exceeded 2.4 g (Kelley 2001). However, even long-term supplementation with
3.2 g fish oil/day for 6 or 12 months did not decrease in vitro production of
IL-1 and TNFα after whole-blood stimulation (Blok et al. 1997). Despite these
inconsistent results, fish fatty acids are considered to exert anti-inflammatory
properties.

In another study, it was found that replacement of the habitual fat from
the diet of Dutch volunteers by palm oil reduced TNFα production, whereas
IL-6 and IL-8 (two other pro-inflammatory cytokines) concentrations were
not affected (Engelberts et al. 1993). Compared to soybean oil (linoleic acid
with α-linolenic acid), hydrogenated fat rich in trans fatty acids increased
production of IL-6 and TNFα, but not of IL-1 in humans with moderately
elevated LDL cholesterol levels. In this study, soybean oil and butter, the latter
rich in saturated fatty acids, had similar effects (Han et al. 2002). Finally,
arachidonic acid supplementation did not alter pro-inflammatory cytokine
production (Kelley et al. 1998).

Though most studies investigated in vitro or ex vivo cytokine production af-
ter exposing PBMC to an inflammatory stimulant, a few studies have evaluated
the effects of in particular polyunsaturated fatty acids on circulating plasma
cytokine concentrations. It was found that fish oil decreased circulating con-
centrations of several pro- as well as anti-inflammatory cytokines in patients
with a wide variety of inflammatory diseases (Kelley 2001). In healthy volun-
teers, fish oil did not reduce plasma cytokine concentrations (Blok et al. 1997).
Compared with linoleic acid, consumption of α-linolenic acid for 3 months de-
creased concentrations of the pro-inflammatory IL-6 in dyslipidaemic patients
(Rallidis et al. 2003).

4.3
C-reactive Protein

With the newly developed high-sensitive assays, even slightly elevated CRP
concentrations can be detected in individuals with mild, non-overt inflamma-
tion that may result from the ongoing atherosclerotic process. However, effects
of fatty acids on serum CRP concentrations have not been studied very well.
Some studies focused on effects of n-3 fatty acids, but results are equivocal.
In studies with healthy volunteers no effects of fish oil supplements on CRP
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concentrations were found, despite reductions of several other acute-phase
proteins (Ernst et al. 1991; Madsen et al. 2003). In dyslipidaemic patients, how-
ever, replacement of linoleic acid for α-linolenic acid during 3 months reduced
CRP concentrations, independently of lipid changes (Rallidis et al. 2003).

4.4
Conclusions

As atherosclerosis has a strong inflammatory component, it is important to
examine the effects of fatty acids on inflammatory risk markers. Until now,
many in vivo studies have focused on the effects of n-3 polyunsaturated fatty
acids from fish oil. However, results are inconsistent. Effects of other fatty acids
on in vivo inflammatory markers have been studied even less and this area of
research clearly deserves further exploration. Furthermore, attention has to
be paid to underlying mechanisms.

5
Fatty Acids and Thrombotic Tendency

Under normal physiological conditions, haemostatic balance between throm-
bus formation and dissolution is regulated by the endothelial wall, blood
platelets, and coagulation and fibrinolytic factors. Any disturbances of this
delicate balance might result in activation of the haemostatic system and in
increased thrombotic tendency. In this way, the most common complications
of cardiovascular disease result from thrombus formation, caused by the ex-
posure of blood platelets to the subendothelial matrix material or disruption
of an atherosclerotic plaque (Fig. 4). Thrombosis is initiated by platelet acti-
vation, adhesion and aggregation. Platelets become activated by compounds
released from the endothelium, or exposed during rupture of an atheroscle-
rotic plaque. After activation, platelets adhere on the place of injury and release
their granules, which results in platelet aggregation. Activation of platelets also
leads to the release of free arachidonic acid, which can be metabolized into
eicosanoids. Following platelet activation, the coagulation cascade is initiated,
resulting in the activation of several clotting factors. Ultimately fibrinogen is
converted by activated thrombin into fibrin monomers, which polymerize into
a fibrin network. In this fibrin network, blood cells and aggregated platelets
are captured to form a thrombus, which can occlude the blood vessel. The dis-
solution of the blood thrombus is regulated by the fibrinolytic system (Kelly
et al. 2001a).

Because of the findings from the 1960s showing a very low incidence of
thrombosis amongfish-eatingGreenlandEskimos, considerableworkhasbeen
carried out in the past few decades to understand how dietary fat and fatty
acids, especially long-chain n-3 fatty acids, affect haemostatic risk markers.
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Fig. 4 Schematic representation of the haemostatic system

5.1
Platelet Aggregation

A frequently used method to assess platelet aggregability is the in vitro platelet
aggregation test. However, this method measures the ability of platelets to react
to a single external stimulus, a situation not comparable with platelet aggre-
gation in vivo. Still, increased ADP-induced platelet aggregation is associated
with increased atherosclerotic risk (Elwood et al. 1991). Unfortunately, how-
ever, studies are difficult to compare due to the many different methods used to
measure platelet aggregation. For example, blood can be anti-coagulated with
citrate, heparin or hirudin, while platelet aggregation–in either whole blood
or platelet-rich plasma–can be triggered with collagen, ADP, arachidonic acid
or thrombin.

Many studies have focused on the effects of n-3 polyunsaturated fatty acids.
In general, collagen-induced aggregation decreased, while results of ADP-
induced aggregation were very inconsistent (Mutanen 1997). Effects of other
fatty acids have also been examined, but results are conflicting. When satu-
rated fatty acids in the diet are replaced by oleic acid or linoleic acid, platelet
aggregation was increased, decreased, or not changed. Comparable conflict-
ing results have been found when oleic and linoleic acids were compared
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side-by-side (Lahoz et al. 1997; Mutanen et al. 1992; Turpeinen et al. 1998a).
Some studies compared the effects of the different saturated fatty acids with
each other. Relative to oleic acid, medium-chain fatty acids, lauric, myristic
or palmitic acids did not affect collagen-induced whole blood aggregation.
Furthermore, ADP-induced aggregation was not changed by medium-chain
fatty acids or myristic acid (Temme et al. 1998). Thus, dietary fatty acids can
modulate platelet aggregation, but the use of many different in vitro methods
makes comparison and extrapolation to the in vivo situation difficult.

5.2
Eicosanoid Production

Thromboxanes (TX) and prostaglandins (PG), two eicosanoids, play an impor-
tant role in the haemostatic balance. Both types of eicosanoids are synthesized
from the C20 fatty acids, arachidonic acid (C20:4n-6) and eicosapentaenoic
acid (C20:5n-3, EPA), after release from membrane phospholipids (Fig. 5).
Eicosanoids of the n-2 series such as thromboxane A2 (TXA2) are synthesized
from the n-6 fatty acid arachidonic acid in platelets, while prostaglandin I2
(PGI2) is synthesized in the vascular endothelium. TXA2 is a potent vasocon-
strictor and a stimulus for platelet aggregation, whereas PGI2 has opposite
effects. Eicosanoids of the n-3 series such as thromboxane A3 (TXA3) and
prostacyclin (PGI3) are principal metabolites of the n-3 fatty acid EPA. How-
ever, TXA3 is biologically less active than TXA2, while the anti-aggregatory
effects of PGI3 and PGI2 are comparable. This may explain why fish oils lower
platelet aggregation (Abeywardena and Head 2001).

Eicosanoids have a short half-life time and are quickly catabolized into
their stable metabolites, such as TXB2 and 6-keto-PGF1α. These metabolites

Fig. 5 Formation of eicosanoids from n-3 and n-6 polyunsaturated fatty acids
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can be converted into respectively 2,3 dinor-TXB2 or 11-dehydro-TXB2, and
2,3 dinor-6-keto-PGF1α, which are excreted in the urine. In this way, analysis
of these urinary metabolites represents a non-invasive surrogate to assess in
vivo eicosanoid formation (Oates et al. 1988). In line with the anti-aggregatory
effects of fish oils, several studies showed that n-3 fatty acids indeed decreased
urinary excretion of TXA2 metabolites. Prostaglandin excretion, however, was
not always affected (Abeywardena and Head 2001; Lahoz et al. 1997). With
respect to saturated fatty acids, lauric, myristic, palmitic and stearic acids had
similar effects on urinary thromboxane and prostaglandin excretion (Blair
et al. 1994; Mustad et al. 1993). Also, the effects of trans fatty acids were
comparable with those of stearic acid (Turpeinen et al. 1998b). Furthermore,
n-6 polyunsaturated fatty acids increased urinary 11-dehydro-TXB2 excretion
compared with saturated and monounsaturated fatty acids, which seemed to
reflect ADP-induced platelet aggregation results (Lahoz et al. 1997).

5.3
Blood Coagulation

Important risk markers of the blood coagulation system associated with car-
diovascular events are factor VII, fibrinogen and prothrombin fragment 1+2
(Miller et al. 1996). Factor VII plays a key role in the initiation of the tissue
factor pathway of blood coagulation. Ultimately, the blood coagulation cascade
results in the formation of an insoluble fibrin clot from fibrinogen, which can
be cleaved by thrombin. Fragment 1+2, a prothrombin fragment, reflects the
amount of prothrombin converted into thrombin.

5.3.1
Factor VII

Increased concentrations of coagulation factor VII, which are associated with
fatal cardiovascular events (Miller et al. 1996), can be lowered by reducing
total fat intake. In contrast, effects of the individual fatty acids were negligible,
although some studies have indicated that stearic acid may slightly decrease
factor VII (Kelly et al. 2001b; Tholstrup et al. 1994a). This, however, might
be explained by the poorer digestibility and absorption of the high-stearic
acid fats used in these studies. Interestingly, in one study it was reported
that replacement of oleic acid for lauric or palmitic acids increased factor VII
activity only in women (Temme et al. 1999). These sex-specific effects need
to be confirmed in future experiments. Markedly, while n-3 fatty acids from
fish oil affected platelet aggregation favourably, no effects on factor VII were
observed (Agren et al. 1997).

Likewise, post-prandial studieshave indicated that the total fat contentof the
diet, rather than the fatty acid composition, increased factorVII concentrations
(Hunter et al. 1999; Sanders et al. 2000). In one study, post-prandial increases
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in activity of factor VII were less after consumption of meals rich in saturated
fat, especially stearic acid, than after consumption of meals enriched with
unsaturated fatty acids (Tholstrup et al. 2003).

5.3.2
Fibrinogen

Although fibrinogen plays a crucial role in the clotting cascade to stabilize
a loose thrombus, it is doubtful whether this functional role of fibrinogen
explains the association between fibrinogen and atherosclerosis (Miller et al.
1996). Because fibrinogen is also an acute phase reactant, fibrinogen concen-
trations might also increase, at least in part, as a consequence of inflammatory
reactions that occur in atherosclerosis. However, dietary fatty acid composi-
tion does not seem to regulate fibrinogen levels (Agren et al. 1997; Hunter et al.
2000; Junker et al. 2001; Temme et al. 1999; Tholstrup et al. 1994b).

5.3.3
Prothrombin Fragment 1+2

Fasting prothrombin fragment 1+2 concentrations are not changed by the fatty
acid composition of the diet (Agren et al. 1997; Hunter et al. 2000; Junker et al.
2001; Temme et al. 1999). Post-prandially, however, concentrations increased
after a high-fat meal independently of the fatty acid composition, which agrees
with the finding that high-fat diets increase factor VII (Hunter et al. 2001).

5.4
Fibrinolysis

Fibrinolysis is initiated by the conversion of plasminogen into plasmin through
the action of tissue plasminogen activator (tPA). Plasmin catalyses the degra-
dation of cross-linked fibrin of a thrombus. tPA activity is inhibited by plas-
minogen activator inhibitor-1 (PAI-1). Decreased concentrations of tPA and
elevated concentrations of PAI-1 are associated with increased atherosclerotic
risk. Furthermore, degradation products of cross-linked fibrin like D-dimers
reflect fibrinolytic activity and increased concentrations are surprisingly as-
sociated with an increased risk for atherosclerosis (Ridker 1997).

5.4.1
Tissue Plasminogen Activator

Several studies examined the effects of fatty acid composition of the diet on
tissue plasminogen activator (tPA) activity, but no different effects of specific
fatty acids were found (Hunter et al. 2000; Junker et al. 2001; Mutanen and
Aro 1997; Tholstrup et al. 1994a). Also reduction of dietary fat content did not
affect tPA activity (Marckmann et al. 1994). Post-prandial tPA levels also did
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not change significantly from fasting levels after consumption of a high-fat
meal (Hunter et al. 2001; Tholstrup et al. 1996). However, in one study diets
rich in saturated fatty acids (stearic, palmitic or a mixture of myristic with
palmitic acids) resulted in a greater rise in post-prandial tPA concentrations
than unsaturated test fats rich in oleic, linoleic or trans fatty acids (Tholstrup
et al. 2003).

5.4.2
Plasminogen Activator Inhibitor-1

While high-fat diets do not affect plasminogen activator inhibitor-1 (PAI-1)
concentrations, effects of the fatty acid composition of the diet on PAI-1 are
not uniform. Although some studies concluded that n-3 polyunsaturated fatty
acids increased PAI-1 activity, others found no effects. A recent meta-analysis
however concluded that fish oil had no specific effects on PAI-1 (Hansen et al.
2000). Effects of other fatty acids on PAI-1 are also marginal, although in one
study an increase in PAI-1 activity was found when oleic acid in the diet was
replaced by palmitic acid (Temme et al. 1999). Post-prandially, however, PAI-1
concentrations decreased, but these changes were not related to the fat content
or fatty acid composition of the diet (Hunter et al. 2001; Salomaa et al. 1993).

5.4.3
d-dimers

Nochanges ind-dimersconcentrationsafter consumptionof specific fattyacids
have been detected (Junker et al. 2001; Mutanen and Aro 1997; Turpeinen and
Mutanen 1999).

5.5
Conclusions

Interpretation of the effects of fatty acids on haemostatic risk markers is diffi-
cult, partly due to the use of several methods and difficulties in extrapolating
in vitro findings to the more complex in vivo situation. The most consistent
finding is that n-3 fatty acids lower collagen-induced in vitro platelet aggrega-
tion. Furthermore, reducing total fat intake rather than changing the fatty acid
composition of the diet may beneficially affect the coagulation system.

6
Concluding Remarks

To prevent the development of atherosclerosis, no doubt exists that the di-
etary intake of trans fatty acids should be as low as possible. Saturated fat
intake should also decrease, although effects of the various saturated fatty
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acids differ. These conclusions are based mainly on effects of fats and oils
on the lipoprotein profile, because effects on the other atherosclerotic risk
markers discussed in this chapter are less evident. An exception, however, are
the potential beneficial effects of moderate intakes of fish oil on inflammatory
markers and on platelet aggregation, while total fat intake has unfavourable
effects on both fasting and post-prandial factor VII concentrations. Further-
more, monounsaturated fatty acids may be preferable above polyunsaturated
fatty acids with respect to oxidative processes measured by indirect in vitro
assays. However, this latter conclusion has to be confirmed by direct methods
measuring lipid peroxidation products.

The question can then be raised if saturated and trans fatty acids have to be
replaced by unsaturated fatty acids or by carbohydrates. The favourable effects
of unsaturated fatty acids on lipoprotein metabolism might be opposed by
unfavourable effects of high-fat diets on thrombotic tendency, mainly due to
effects on the coagulation system. Furthermore, high-fat diets might promote
weightgain resulting inobesity.Also increasedamountsofdietary fathavebeen
related tochanges in insulin sensitivity leading todiabetes and increasedcancer
risk. However, evidence for these latter associations are still a matter of debate.
With respect to atherosclerosis, both prospective epidemiological and inter-
vention studies have shown that high-unsaturated fat diets lower atheroscle-
rotic risk (SacksandKatan2002).Therefore, fat isnotnecessarilybad, as longas
body weight is not increased. However, when body weight is increased, it is ad-
visable to reduce not only the intake of fat, but also of the other macronutrients.
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Abstract As early as at the beginning of the last century, animal studies have pointed to
a causal role of dietary cholesterol in atherogenesis. In humans, however, most observational
studies have not provided convincing evidence for an impact of cholesterol intake on
coronary heart disease (CHD). Rather, these studies have consistently established a close
association between a certain eating pattern and the risk of CHD. This eating pattern has
usually been characterized by a high intake of total fat, saturated fatty acids (SFA) and
cholesterol, and a low intake of fiber and polyunsaturated fatty acids (PUFA). In typical
western diets the amounts of total fat, SFA, and cholesterol are strongly correlated with each
other, while they are negatively related to the intake of fiber and PUFA. Thus, it has not
been possible to determine whether the association between the above mentioned eating
pattern and CHD is due to the high consumption of SFA, cholesterol, both, or an insufficient
supply of one or more protective factors such as fiber or PUFA. As the consumption of
eggs leads to a high intake of cholesterol without necessarily resulting in high uptake levels
of SFA and total fat, several groups have tried to elucidate the effect of cholesterol by
investigating the relationship between the consumption of eggs and the development of
CHD. Based on these studies, the association between dietary cholesterol and CHD risk is,
if anything, minor in nature. This is consistent with the finding that an increase in dietary
cholesterol intake results in only a minimal increase in the total/high-density lipoprotein
cholesterol ratio. Taken together these studies suggest that the association between dietary
cholesterol and CHD is small, as most subjects can effectively adapt to higher levels of
cholesterol intake. Nevertheless, lowering dietary cholesterol content might reduce the risk
of CHD considerably in a subgroup of individuals who are highly responsive to changes in
cholesterol intake.
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1
Introduction

For more than a decade now scientists have tried to elucidate whether dietary
changes can beneficially affect the risk of individuals to coronary heart disease
(CHD). It was noted very early that atherosclerotic lesions consist largely of
cholesterol (Cowdry 1933). Thus, it was assumed as early as the beginning of
the last century that the amount of cholesterol in the diet might be a major
contributing factor in the development of atherosclerotic lesions. The early
suggestion that dietary cholesterol induces or exacerbates atherosclerosis led
to the conduction of feeding experiments in a variety of animal models. These
experiments will be briefly discussed in Sect. 2.1. However, soon more and
more questions arose on whether the findings yielded in these experiments
were transferable to CHD in humans. This brought about a large number of
observational and interventional studies in humans (Sect. 2.2). Soon it was
discovered that serum concentrations of total, low-density lipoprotein (LDL)-
and high-density lipoprotein (HDL)-cholesterol are closely associated with
CHD risk. Numerous studies were then conducted to elucidate the impact of
dietary cholesterol on the serum levels of these lipids in order to assess the
qualitative and quantitative relationship between dietary cholesterol and CHD
risk indirectly. Findings from these studies will be discussed in Sect. 3, along
with a brief summary of the basics of cholesterol metabolism.

2
Dietary Cholesterol, Atherosclerosis and CHD

2.1
Animal Studies

At the beginning of the twentieth century, Russian scientists were the first
to generate atherosclerotic lesions in rabbits by feeding them diets rich in
meat, milk, and/or eggs (Weiss and Minot 1933). First, it was assumed that
overconsumption of animal protein was the cause of the observed vascu-
lar changes. However, Anitschkow (1933) suspected dietary cholesterol to be
causally related to atherosclerosis. This hypothesis was corroborated when
he could induce atherosclerotic lesions in rabbits by feeding them vegetable
oil enriched in cholesterol (Anitschkow 1933). Since those days, numerous
studies using a variety of different species have provided general support for
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the idea that the consumption of a diet rich in cholesterol is associated with
the development of atherosclerotic lesions (reviewed by Cowdry 1933 and
Kritchevsky 1995). However, transferring these findings to the human situa-
tion is questionable. Recent years have provided more and more evidence of
species differences in lipid and lipoprotein metabolism, atherosclerotic lesion
formation, the localization of lesions, and the events leading to a clinical event
such as plaque rupture or hemostasis and thrombosis (Moghadasian et al.
2001; Rosenfeld et al. 2002). Inference from the animal model to humans is
most obviously aggravated by the fact that the susceptibility to dietary choles-
terol varies widely even between closely related species. For example, Rudel
(1997) recently compared the atherogenic response of five different primate
species to dietary fat and cholesterol. From all the animals used for exper-
iments on dietary cholesterol and atherosclerosis these nonhuman primates
are most closely related to humans. The serum total and LDL-cholesterol re-
sponse to dietary cholesterol differed widely between the five species. Upon
enrichment of a saturated fatty acid (SFA)-rich diet with cholesterol, LDL-
cholesterol increased between 361% and 1,094%, while HDL-cholesterol de-
creased in most species. In all species, this effect of dietary cholesterol on
LDL-cholesterol was several fold more pronounced than what can be expected
even in the most cholesterol-responsive human subjects (compare Sect. 3).
Also, the reduction of HDL-cholesterol concentrations upon consumption of
a cholesterol-enriched diet implies that lipoprotein metabolism is very differ-
ently regulated in human beings and these nonhuman primates. These studies
of different animal species have undoubtedly provided much valuable insight
into the biochemical and physiological processes involved in atherogenesis.
Nevertheless, these experiments have not been helpful in answering the ques-
tion of whether small changes in dietary cholesterol intake have an effect on
the risk of CHD in humans. Thus, this article will summarize the relevant data
from studies in humans that have either directly or indirectly tried to shed
light on this subject.

2.2
Human Studies

2.2.1
Intervention Studies

In humans, controlled long-term primary prevention or intervention studies
that investigate the impact of dietary changes on CHD risk are hard to conduct.
First of all, it is difficult to ensure compliance of the subjects for a prolonged
period of time. Also, ethical concerns more or less forbid the long-term admin-
istration of study diets that are hypothesized to be atherogenic. Nevertheless,
some intervention studies, mostly with institutionalized subjects, have been
published that investigated the effect of dietary manipulations on CHD. In
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these studies, however, the dietary cholesterol content was changed along with
the fatty acid composition, which makes it difficult to determine the impact of
dietary cholesterol alone.

Among thefirst interventionstudies tobepublishedwas theLondonMedical
Research Council Study. In this study, 393 male myocardial infarction survivors
were randomized either into a control group or to receive dietetic advice to
minimize SFA and cholesterol intake and to include a plant oil rich in ω-6-
polyunsaturated fatty acids (PUFA) into their diet (Research Committee to the
Medical Research Council 1968). After a period of 2–7 years there were no
statistically significant differences between these groups with regard to major
relapses or deaths from CHD. In the Oslo Diet-Heart Study (Leren 1970),
412 male survivors of a myocardial infarction were randomized to either the
typical Norwegian diet or to the experimental group. The latter was given
dietary advice to reduce their intake of SFA and cholesterol and to increase
their intake of oils rich in ω-6-PUFA. The study duration was 5 years with
a subsequent 6-year follow-up. Eleven years after the beginning of the study,
79 subjects had died from CHD in the experimental diet group compared to
94 in the control group (P=0.004).

While the dietary intervention in these two studies consisted of dietary
advice to consume a more ‘healthy’ diet, two studies have been conducted
where the participants were directly supplied with the respective diets. Day-
ton and colleagues (1969) published the results of their well controlled ran-
domized dietary intervention trial conducted in 846 middle aged and el-
derly men, most of whom were free of CHD. These subjects, inhabitants of
a U.S. veterans’ domicile, were given either a diet rich in SFA and choles-
terol or a low-cholesterol diet rich in ω-6-PUFA. After a study period of
more than 8 years, 96 subjects in the control group had suffered from pri-
mary or secondary end points compared with 66 in the experimental group,
which was a highly significant difference. In the Finnish Mental Hospital Study
(Miettinen et al. 1983; Turpeinen et al. 1979), male and female patients of
a mental hospital, all initially free of CHD, were included into a cross-over
study of two dietary periods. The patients of one hospital received a low-
cholesterol diet rich in ω-6-PUFA for the first 6 years, followed by the con-
trol diet, which was rich in cholesterol and SFA, for another 6 years. The
patients in another hospital received these diets in reverse order. In men,
there was a highly significant difference between the two dietary regimes
with regard to the primary end points (P=0.001), which were major electro-
cardiogram changes or coronary death. In women, this difference was not
significant.

Taken together, these intervention studies suggest that the risk of cardio-
vascular disease and coronary death in primary and possibly also secondary
prevention can be reduced by decreasing the intake of cholesterol and SFA
while increasing the consumption of ω-6-PUFA. Thus, these studies are in line
with the proposition that a reduction in dietary cholesterol might reduce the
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risk of CHD. However, as the experimental diets in these studies differed in
both the dietary fat composition and cholesterol content, they do not provide
direct support for a causal role of dietary cholesterol in the etiology of CHD.

2.2.2
Observational Studies

Because of the above mentioned problems with long-term dietary interven-
tion studies, the relationship between dietary cholesterol and CHD has mostly
been addressed by observational studies. Epidemiological investigations on
diet–disease relationships, however, face the major problem that humans do
not consume isolated nutrients, but complex food items that consist of mix-
tures of known and unknown constituents. Within a diet study, only a limited
amount of nutrients, food items or food groups can be assessed. In the available
observational studies these usually comprised total energy, protein, carbohy-
drate, total fat, SFA, monounsaturated fatty acids, PUFA, and cholesterol intake.
Because these are highly associated with each other in typical western diets
(Howell et al. 1997), it is difficult to discern between their individual effects.
For example, food items rich in cholesterol mostly are also rich in total fat
and SFA. Another problem is that findings might be confounded by positive or
negative associations with nutrients or food items that have not been assessed.
For example, eating patterns that provide a high amount of cholesterol usually
contain a high amount of meat, dairy or other animal products and a propor-
tionately smaller amount of food items from plant origin such as vegetables,
legumes, and fruit. A retrospective case–control study conducted in northern
Italy showed that all these food groups in themselves are associated with the
risk of CHD. In this study, the habitual food intake of 287 female survivors of
a myocardial infarction and 649 controls were analyzed. These data demon-
strated that the risk of acute myocardial infarction was directly associated
with the consumption of meat, ham, salami, and butter, and inversely with the
consumption of fish, carrots, green vegetables, and fresh fruit (Gramenzi et al.
1990). Basically, CHD risk was associated with food items high in total fat, SFA,
and cholesterol, while it was negatively associated with food items that, with
the exception of fish, contained no cholesterol and only low amounts of SFA.
The higher risk associated with the consumption of the animal products might
have been due to their higher SFA content, their higher cholesterol content,
their lower fiber content, or another as yet unknown factor. The essential point
to bear in mind is that from these kinds of studies it is difficult to determine
the contributions of individual nutrients or food items to disease.

Up to now, several observational studies have shown positive associations
between cholesterol intake and CHD. One of these was the Honolulu Heart Pro-
gram, a prospective cohort study in more than 8,000 Japanese men (McGee et
al. 1984). Main findings were that men who developed CHD had lower average
intakes of calories, carbohydrates, and vegetable protein. These men also had
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higher average intakes from protein, fat, SFA, PUFA (all in percentage of calo-
ries), and cholesterol (per 1000 kcal) than those who remained free of CHD. In
multivariate analysis including age, systolic blood pressure, serum cholesterol,
cigarettes smoked per day, and physical activity, dietary cholesterol intake was
still significantly associated with higher risk. This indicates that a high dietary
cholesterol intake might, at least partly, increase the incidence of CHD through
mechanisms that are independent from its effect on serum cholesterol levels.
While this is one possibility, this finding might as well indicate that high dietary
cholesterol intake is associated with one or several other dietary factors that
affect CHD risk independently from serum lipid concentrations.

An association between dietary cholesterol content and cardiovascular dis-
ease has also been found in the Western Electric Study, which prospectively
followed 1824 middle-aged men for a period of 25 years (Shekelle et al. 1981;
Shekelle and Stamler 1989). An analysis by means of a relative hazards model,
which included allowance for age, diastolic blood pressure, cigarettes smoked
per day, body mass index, serum cholesterol, and intake of energy, SFA, PUFA,
and alcohol showed that a higher cholesterol intake was significantly associated
with increased mortality from cardiovascular diseases. Although this informa-
tion was not provided, the data imply that the general eating pattern must have
been different between the quintiles of cholesterol intake. Particularly, the
consumption of vegetables, fruit, and legumes is likely to have been distinctly
different. In the Ireland-Boston Diet-Heart Study, investigators found that
those subjects who died from CHD had a higher intake of SFA and cholesterol
and a lower intake of PUFA than those who did not die from CHD (Kushi et al.
1985). Furthermore, a vegetable-foods score and the intake of fiber, vegetable
protein, and starch were lower among those who died from CHD. The authors
noted that “it is difficult to separate the effects of increased consumption of
SFA and dietary cholesterol from those of decreased consumption of vegetable
protein and fiber, since these two usually go hand in hand in individual diets.”
Basically, the same is true for a study published by Mann and colleagues (1997).
The main finding from their prospective cohort study was that an increased
consumption of total fat, SFA, animal fat, and dietary cholesterol was asso-
ciated with an increased risk of fatal ischemic heart disease. Taken together,
these studies provide support for an association between dietary cholesterol
intake and CHD. However, they do not rule out the possibility that dietary
cholesterol is more an indicator of a certain ‘unhealthy’ eating pattern than
a crucial causal trigger of the disease.

This problem is further illustrated by findings from the Zutphen Study, the
EURODIAB IDDM Complications Study, the Health Professionals Follow-Up
Study, and the Seven Countries Study. In the Zutphen Study, dietary choles-
terol intake per 1,000 kcal was positively related to CHD (Kromhout and de
Lezene Coulander 1984). However, these authors also found energy intake to
be inversely related to CHD risk. Dividing the dietary content of a nutrient
by another confounding nutritional factor tends to make this variable posi-
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tively associated with risk of disease (Willett 1998). Accordingly, the authors
of the Zutphen Study noted that this relationship was “no longer statistically
significant when energy intake per kg of body weight was added to the logistic
model.” In the EURODIAB IDDM Study, increased intake of cholesterol was
related to a higher prevalence of cardiovascular disease (Toeller et al. 1999).
However, this association was no longer significant after adjustment for dietary
fiber intake. A similar finding was reported by Ascherio et al. (1996) from the
Health Professionals Follow-up Study. These investigators also reported that
the intake of cholesterol was associated with an increased risk of CHD. In this
study, the association was largely explained by confounding differences in fiber
intake. In a report of findings from the Seven Countries Study, 25-year death
rates from CHD were positively related to the consumption of SFA, trans fatty
acids, and dietary cholesterol (Kromhout et al. 1995). However, the average
intakes of SFA, trans fatty acids, and dietary cholesterol of the different cohorts
were highly correlated. Therefore, the authors noted that “independent effects
of the individual fatty acids and dietary cholesterol on serum cholesterol and
CHD mortality could not be analyzed in multivariate analysis.”

Rather than identifying a single dietary component associated with in-
creased risk these studies provide strong evidence that a certain eating pattern
increases risk. While the identified eating pattern in most studies included
a high consumption of dietary cholesterol, it always also included a high intake
of SFA, with concomitantly low consumption of putatively protective factors
such as PUFA, fiber, vegetables, legumes, and fruit.

Investigators of the Framingham Study tried to circumvent the problem
of the association between dietary cholesterol and the intake of SFA, energy,
PUFA, and fiber (Dawber et al. 1982). These authors investigated whether
egg consumption was associated with the risk of CHD. Eggs provide a high
amount of cholesterol without a high amount of total fat and SFA. Also, the
uptake of cholesterol through egg consumption does not necessarily have an
impact on the whole eating pattern. For example, taking up the amount of
cholesterol contained in one egg from meat or dairy products likely leads
to a considerable replacement of other foods such as vegetables or fruit. In
the Framingham cohort, egg consumption was estimated for a subgroup of
912 subjects, and the relationship with CHD was investigated. No association
was found. Essentially the same approach was taken by Hu and colleagues
(1999), who analyzed data from two large prospective cohort studies, the
Health Professionals Study and the Nurses Health Study. The incidence of
nonfatal and fatal CHD and stroke corresponding to the daily egg consump-
tion was determined in 37,851 men and 80,082 women. After adjustment for
age, smoking, and other potential CHD risk factors, no evidence for an over-
all significant association between egg consumption and risk of CHD and
stroke was found. The authors found a significant association between egg
consumption and CHD and stroke in only a subgroup of diabetic patients.
The CHD risk of those patients in the highest quintile of egg consumption
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(more than one egg per day) was substantially increased compared with the
patients in the lowest quintile (less than one egg per week). This latter find-
ing might be explained by certain abnormalities in lipid metabolism that
make diabetic subjects more susceptible to dietary cholesterol. The reason for
this finding might also be that the impact of dietary cholesterol on CHD is
in general minor in nature. Thus, the relationship became apparent only in
a subgroup that is generally more prone to the development of cardiovascular
disease. Besides this observation, the authors concluded that “these findings
suggest that consumption of up to one egg per day is unlikely to have sub-
stantial overall impact on the risk of CHD or stroke among healthy men and
women.”

In addition to the studies discussed above, a large number of observa-
tional studies did not find any relationship between the intake of dietary
cholesterol and the risk of CHD. Among these were the Honolulu Heart Study,
the Puerto Rico Heart-Health Program, the Lipid Research Clinics Prevalence
Follow-upStudy, theNursesHealthStudy, theAlpha-TocopherolBeta-Carotene
Cancer Prevention Study, the Hawaii Cardiovascular Study, and the Fram-
mingham Study (Bassett et al. 1969; Esrey et al. 1996; Finegan et al. 1968;
Garcia-Palmieri et al. 1980; Gordon et al. 1981; Hu et al. 1997; Khaw and
Barrett-Connor 1987; Morris et al. 1977; Pietinen et al. 1997; Posner et al. 1991;
Yano et al.1978).

Taken together, the observational studies conducted to date provide con-
vincing evidence that the development of CHD is promoted by a certain eating
pattern that is associated with high cholesterol intake. However, the large num-
ber of studies that has not found any association between dietary cholesterol
and CHD, and the studies on the impact of egg consumption suggest that
dietary cholesterol alone has a minor, if any, effect on CHD.

3
Dietary Cholesterol and Serum Lipid and Lipoprotein Concentrations

3.1
Dietary Cholesterol and Serum Concentrations of Total, LDL-, and HDL-Cholesterol

As both interventional and observational studies have not been able to fully
elucidate the impact of dietary cholesterol on CHD, numerous studies have
been undertaken to address this issue indirectly by measuring the effect of
dietary cholesterol on serum lipid and lipoprotein concentrations. It has been
well established that total and LDL-cholesterol levels are positively, and that
HDL-cholesterol is negatively associated with risk of CHD. Also, reducing LDL-
cholesterol concentrations by means of lipid-lowering drugs has repeatedly
been shown to reduce the risk of a cardiovascular event. More details on this
issue are provided in the chapter by von Eckardstein, this volume.
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Howell and colleagues (1997) conducted a large meta-analysis of 224 stud-
ies published on the effect of dietary fat and cholesterol on plasma lipid and
lipoprotein concentrations. Based on multivariate regression analyses the pre-
dicted serum total cholesterol response to a 100 mg/day increase in dietary
cholesterol was an increase of 2.2 mg/dl. However, the authors also observed
a large inter-individual variability in response to changes in dietary choles-
terol content. In the majority of individuals, an increase in dietary choles-
terol intake had a relatively small effect on plasma cholesterol concentra-
tions. Howell et al. ascribe this low responsiveness to dietary cholesterol to
“the existence of precise feedback mechanisms balancing the input of ex-
ogenous dietary cholesterol and endogenous synthesis of cholesterol”. These
mechanisms and the metabolic reasons for the distinct inter-individual vari-
ability in serum cholesterol response to dietary cholesterol will be discussed
in Sect. 3.2. Dietary cholesterol showed a positive bivariate correlation with
serum LDL-cholesterol levels, but in multivariate linear regression analysis
including the different dietary fatty acids, dietary cholesterol was no longer
significantly associated with LDL-cholesterol. Neither was the dietary choles-
terol content significantly associated with HDL-cholesterol concentrations in
this meta-analysis. By contrast, serum triglyceride concentrations were in-
creased by 1.44 mg/dl for each 100 mg/day increase in dietary cholesterol
content.

The findings by Howell and colleagues essentially are in agreement with
those of a recent meta-analysis of studies that specifically investigated the effect
of dietary cholesterol from eggs on serum lipids and lipoproteins (Weggemans
et al. 2001a). In a total of 17 studies conducted on this subject, the authors
found an increase in total cholesterol of 2.2 mg/dl and of HDL-cholesterol of
0.3 mg/dl per 100 mg/day increase in dietary cholesterol content. Overall, this
led to an increase in the total/HDL-cholesterol ratio by 0.02 units.

Although these two meta-analyses yielded consistent results, it might well
be that they underestimated the effect of increases in dietary cholesterol on
serum lipids when baseline cholesterol intake is low. This is suggested by an
earlier meta-analysis conducted by Paul Hopkins (1992). In contrast to other
groups, this author used a nonlinear regression analysis including baseline
dietary cholesterol content to evaluate the effect of additional uptake of dietary
cholesterol on total serum cholesterol. A good fit to the data of 29 controlled
studies was provided by the equation:

y = 1. 22
(
e−0.00384x0

)(
1 − e−0.00136x) . (6.1)

In this equation, y is the change in serum cholesterol (in mmol/l), x is added
dietary cholesterol, and x0 is baseline dietary cholesterol (both in mg/day). This
equation reflects that the serum cholesterol elevating effect of a certain amount
of dietary cholesterol is lower at high baseline cholesterol intake levels (Fig. 1).
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Fig. 1 Effect of added dietary cholesterol on serum total cholesterol [courtesy of Dr. Paul
N. Hopkins, reproduced by permission of the American Society for Clinical Nutrition
(Hopkins 1992)]. These curves are based on a nonlinear regression analysis model that
included baseline dietary cholesterol content to estimate changes in serum total cholesterol
concentration in response to changes in dietary cholesterol intake. The increase in serum
cholesterol concentration in response to additional cholesterol intake is more pronounced
at lower compared with higher baseline cholesterol intake levels

For example, the serum cholesterol concentration of an average person
increases by 6.0 mg/dl when dietary cholesterol intake is increased from 0
to 100 mg per day. This figure would drop to a mere increase of 1.3 mg/dl
when dietary cholesterol intake was increased from 400 to 500 mg per day.
The average American consumes 256 mg cholesterol per day. According to
the Hopkins model, the serum cholesterol concentration could on average be
lowered by about 6 mg/dl if the intake was lowered to 100 mg per day. While
a reduction in total serum cholesterol by 6 mg/dl sounds considerable, one
should keep in mind that the reduction in LDL-cholesterol is only slightly
more pronounced than that in HDL-cholesterol. Thus, the ratio of LDL-/HDL-
cholesterol would on average be reduced only marginally by this measure.
Moreover, a further reduction by 60% of the already relatively low intake would
call for considerable changes in dietary habits of most Americans. However,
there are many individuals who consume much more cholesterol than 256 mg
per day. Also, some subjects are much more sensitive to the serum cholesterol-
elevating effect of dietary cholesterol. Thus, a reduction in dietary cholesterol
intake might lead to a distinctly more pronounced reduction in total and
LDL-cholesterol concentrations in these subgroups of the population.
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3.2
Factors Affecting Responsiveness to Dietary Cholesterol

Along with a brief summary of the basics of cholesterol metabolism, partic-
ularly cholesterol absorption and endogenous synthesis, the possible causes
for the differences in responsiveness to dietary cholesterol will be discussed in
this chapter.

As mentioned in the previous section, it has been known for several years
that the inter-individual serum cholesterol response to dietary cholesterol in-
take varies widely. In 1986, Katan and colleagues (Katan et al. 1986) reported
consistent differences of healthy individuals in their serum cholesterol re-
sponses to dietary cholesterol. In a follow-up study, the same group found that
the responsiveness of serum cholesterol to dietary cholesterol highly correlates
with the responsiveness to dietary SFA (Katan et al. 1988). Thus, it seems that
the subgroup of highly responsive subjects would benefit most from a con-
sequent change in the eating pattern to avoid food items rich in SFA and
cholesterol.

These inter-individual differences in responsiveness can partly be attributed
to differences in percent cholesterol absorption. Bosner and colleagues (1999)
measured cholesterol absorption from dietary sources by a dual stable isotope
method, and reported a mean absorption rate of 56%, with a wide range from
29% to 80%. In this study, percent cholesterol absorption was significantly
higher in African–Americans than in all other racial groups, but was inde-
pendent of age and sex. Similar absorption rates were found by McNamara
and colleagues (1987), while other groups reported somewhat lower numbers
in the range of 45% to 47% (Connor and Lin 1974; Heinemann et al. 1993;
Miettinen and Kesaniemi 1989). Interestingly, Ostlund et al. (1999) observed
that the relative rate of dietary cholesterol absorbed decreases with increasing
intake of cholesterol.

As depicted in Fig. 2, cholesterol is incorporated into micelles, which are
formed by the interaction between cholesterol, fatty acids, and bile salts. Fac-
tors that interfere with this mechanism are the dietary contents of fiber and
phytosterols such as β-sitosterol or campesterol (Brown et al. 1999; Law 2000).
Therefore, the effect of dietary cholesterol on serum lipid and lipoprotein con-
centrations is lower on a background diet rich in fiber and phytosterols. The
exact mechanism by which cholesterol is then taken up into the enterocyte
is not clear. Several mechanisms are feasible. The scavenger receptor class B
type 1 has been implicated in the specific removal of cholesterol from mixed
micelles, but this mechanism has as yet not been fully elucidated (discussed
by Lu et al. 2001). A recent publication by Kramer et al. (2003) suggests that
intestinal absorption of cholesterol is not regulated by a single protein, but by
a complex machinery that includes an as yet unidentified cholesterol-binding
protein of 80 kDa. Also, another integral membrane protein with a molecu-
lar weight of 145 kDa seems to be involved in discharging cholesterol back
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Fig. 2 Basic mechanisms of cholesterol absorption. After being incorporated into micelles,
sterols are taken up by enterocytes by an as yet unidentified mechanism. Phytosterols are
then discharged back into the intestinal lumen almost completely (see chapter by Tikkanen,
this volume), while a portion of the cholesterol might also be discharged, possibly by
means of a mechanism involving the ATP-binding cassette transporter A1. The majority
of the sterols are then esterified by catalytic activity of the enzyme acyl-coenzyme A:
cholesterol acyltransferase, and sterol esters are incorporated into chylomicrons together
with triglycerides, phospholipids, and a number of apolipoproteins (apos) including apoB-
48, apoC-II and apoA-IV

into the intestinal lumen (Kramer et al. 2003). This function has also been
attributed to the ATP-binding cassette transporter A1 (Knight et al. 2003);
however, this is not fully supported by all the available data (discussed in
Lu et al. 2001).

After cholesterol has been taken up into the enterocyte, it is esterified
with a fatty acid by means of acyl-coenzyme A: cholesterol acyltransferase
(ACAT). The esterification step catalyzed by ACAT might play a major role in
cholesterol absorption. In mice lacking ACAT2, which is specifically expressed
in cells of the intestinal mucosa, the capacity to absorb dietary cholesterol
was distinctly reduced (Buhman et al. 2000). A large number of other proteins
have been implicated in the regulation of cholesterol absorption, including
those affecting synthesis and secretion of bile by the liver (summarized in
Lu et al. 2001).

After the esterification step, cholesterol esters, triglycerides, phospholipids,
and a variety of apolipoproteins (apos) including apoA-IV, apoB-48, and apoC-
II are assembled into chylomicrons. Chylomicrons then enter the circula-
tion through the thoracic duct. These large lipoproteins contain about 98%
triglycerides, which are hydrolyzed from its surface by means of lipoprotein
lipase located at the capillary endothelial surface in muscle and adipose tis-
sue. This turns the chylomicrons into so-called chylomicron remnants, which
are relatively richer in cholesterol and protein. Chylomicron remnants are
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selectively removed from the circulation by binding of their apoE or apoB
molecules to their specific receptors on the surface of liver cells. Thus, di-
etary and biliary cholesterol ultimately enters the liver. Cholesterol esters are
hydrolyzed in lysosomes, and enter the intracellular pool of free cholesterol.
In hepatocytes, the intracellular free cholesterol pool is important in regu-
lating both endogenous cholesterol synthesis and LDL-receptor expression.
If the concentration of intracellular free cholesterol is high, the activities of
the key enzyme of cholesterol synthesis, 3-hydroxy-3-methylglutaryl coen-
zyme A reductase and of the LDL-receptor are suppressed (Dietschy et al.
1993). This results in a reduced endogenous synthesis of cholesterol, a re-
duced uptake of LDL particles from the circulation and thus an increase in
serum LDL-cholesterol concentrations. Free cholesterol can be esterified by
ACAT, which reduces the amount of intracellular free cholesterol. This ester-
ification is to a certain degree regulated by the types of fatty acids accessible
to ACAT.

Even this basic description of the biochemical and physiological mecha-
nisms involved in cholesterol metabolism makes it clear that defects in a num-
ber of different proteins might theoretically have an impact on the serum
cholesterol response to dietary cholesterol. Up to now, common polymor-
phisms in the genes encoding apoA-IV and apoE have most clearly been
associated with changed serum lipid responses to dietary cholesterol.

The gene that has been most closely and consistently associated with re-
sponsiveness of serum cholesterol to dietary cholesterol has been the apoA-IV
gene. Several groups independently found that subjects carrying a glutamine
for histidine mutation at amino acid 360 in at least one allele are significantly
less responsive to changes in dietary cholesterol (Clifton et al. 1997; McCombs
et al. 1994; Ordovas et al. 1995; Weggemans et al. 2001c). Only Weggemans
et al. (2000) found no effect of this polymorphism on responsiveness to dietary
cholesterol in a group of healthy Dutch subjects.

Sarkkinen and colleagues (1998) found that the apoE genotype modified
the lipid response to changes in both dietary fat and cholesterol in mildly
hypercholesterolemic subjects. The response to dietary changes was greatest
in subjects with apoE genotype 4/4 compared with subjects not carrying an
apoE 4 allele. Ordovas et al. (1995) reported a similar finding. According to
these authors the apoE genotype effects are modulated by alterations in the
amount and composition of dietary fat rather than dietary cholesterol. This
latter finding is consistent with a report by Weggemans and colleagues. In their
study, the response to dietary cholesterol did not differ between subjects with
various apoE genotypes (Weggemans et al. 2001b).

A number of other genes have also been implicated in the responsiveness
to dietary fat and cholesterol, including apoA-I, apoC-III, apoB, lipoprotein
lipase, cholesterol ester transfer protein, and lecithin-cholesterol acyltrans-
ferase. Possible implications of mutations in these genes have recently been
summarized and discussed by Ye and Kwiterovich (Ye and Kwiterovich 2000).
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The available evidence clearly suggests that most humans are able to adapt
to an increase in dietary cholesterol intake to a considerable degree. Rea-
sons for the relatively small impact of dietary cholesterol on serum lipid and
lipoprotein concentrations in most subjects include that only a portion of the
intestinal cholesterol is absorbed, that the relative amount absorbed decreases
with increased intake, and that a reduction in endogenous cholesterol synthe-
sis partly compensates for an increased uptake (McNamara et al. 1987). On the
other hand, minor defects in genes encoding proteins involved in cholesterol
or lipoprotein metabolism attenuate the adaptive capabilities and increase the
responsiveness to dietary cholesterol.

4
Conclusions

Taken together, the studies presented in this chapter support the hypothesis
that an eating pattern that is associated with a high intake of dietary cholesterol
might increase atherogenesis and the risk of CHD. However, by the strictest
scientific standards, the evidence that dietary cholesterol itself is associated
with CHD risk is not ultimate. In particular, the strong correlation between
dietary cholesterol content and the extent of atherosclerosis seen in animal
studies could be explained by large species-differences in the response to di-
etary cholesterol. In contrast to most animal species including nonhuman pri-
mates, the majority of humans is able to effectively adapt to changes in dietary
cholesterol intake. Consistent with these findings is the fact that observational
studies have not yielded convincing and definite evidence for an effect of di-
etary cholesterol on CHD risk. These investigations point much more strongly
to an effect of a certain eating pattern on disease risk rather than an effect of
dietary cholesterol alone. In particular, this eating pattern is characterized by
a high intake of food items of animal origin such as meat, cheese, butter, cream
and milk, leading to a high intake of total fat, SFA and cholesterol. Also, such
a diet pattern usually is associated with a simultaneously lower intake in food
items such as vegetables, legumes, whole grain products, plant oils, or fruit.
Thus, the increased CHD risk found in a group of individuals with a high intake
of SFA and cholesterol might be due to the increased consumption of SFA, or
cholesterol, or both. Alternatively, it could also be due to lower consumption
of PUFA, fiber, or certain vitamins.

In addition to this frail scientific evidence from observational studies, the
relationship between dietary cholesterol and serum lipid and lipoprotein con-
centrations is, on average, also rather weak. Meta-analyses have shown that
dietary cholesterol increases the crucial total-cholesterol/HDL-cholesterol ra-
tio only minimally.

Finally, food items don’t consist of isolated nutrients, but are rather com-
plex. For example, the consumption of eggs might slightly increase the total
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cholesterol/HDL-cholesterol ratio, but other components of eggs might out-
weigh this adverse effect in other regards. For example, it was recently reported
that the consumption of eggs distinctly reduces postprandial glycemia and in-
sulinemia (Pelletier et al. 1996). Eggs have also been shown to be a good source
of highly bioavailable lutein and zeaxanthin (Handelman et al. 1999). Thus, in
this example, eggs might slightly increase the ratio of total/HDL-cholesterol,
but compensate or even overcompensate this by other beneficial health effects.
While this is to a certain degree speculative as the health benefits of these
features might not be immediately clear, the point this author wants to make is
that food items should not be categorized into ‘good’ and ‘bad’ foods based on
only one component. Natural food is very complex, and it might be a mistake
to ignore the vast majority of complex interactions that we as yet do not know
enough about.

What the large amount of studies has demonstrated so far is that with
regard to CHD risk dietary cholesterol is, if any, only a minor factor in the
large majority of the population, especially when compared with other dietary
factors such as SFA, unsaturated fats, trans-fatty acids, or fiber. However, the
explicit recommendation to lower cholesterol intake might nevertheless be
appropriate for a subgroup of individuals who respond strongly to dietary
cholesterol.

Despite the lack of definitive information on the impact of dietary choles-
terol, it is relatively easy to recommend a certain eating pattern for CHD
risk prevention in the general population. Rather than single nutrients, the
strongest positive association to the risk not only of CHD but also of type 2 di-
abetes mellitus and cancer is provided by an eating pattern that is characterized
by a high consumption of meat, cheese, butter and cream and a concomitantly
low intake of vegetables, legumes, plant oils, whole grains, and fruit. Thus, the
mostly recommended eating pattern is low in animal fats but rich in food from
plant sources (Krauss et al. 2000). A diet complying with this recommended
eating pattern not only is low in cholesterol, but also low in SFA and trans-fatty
acids and high in PUFA and fiber. It is still the subject of intense discussion
whether the consumption of food items that provide dietary cholesterol with-
out large amounts of SFA such as eggs or seafood should be restricted in
the context of such a diet. The available evidence suggests that this question,
however, is of minor importance. For the time being, it should be answered
in relation to a patient’s overall eating pattern as well as his or her dietary
preferences and global cardiovascular risk profile.
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Abstract The expanding market of ‘functional foods’ containing plant sterols and stanols
has focused interest on their cholesterol-lowering effects as well on possible adverse effects.
Trials of cholesterol lowering demonstrate that intake of 2 g/day of plant sterols and stanols
reduces serum low-density lipoprotein (LDL) cholesterol concentrations by approximately
10%. Safety concerns regarding elevations in serum plant sterol levels, or effects on fat-
soluble vitamin absorption or hypothetical effects on serum sex hormone balance have
received attention and been addressed in studies. Plant sterol (but not stanol) supplemen-
tation increased serum plant sterol concentrations but these levels remained much lower
than those observed in homozygous sitosterolemia making an adverse health effect unlikely.
Prolonged statin therapy also causes elevations in all cholesterol-adjusted plant sterol levels
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as well as small but significant elevations in serum unadjusted campesterol levels from
baseline. This is probably caused by a statin-induced reduction in biliary cholesterol ef-
flux resulting in a diminished intestinal cholesterol pool. The diminished competition with
cholesterol molecules allows more plant sterol molecules to become incorporated in mixed
micelles facilitating theiruptake in enterocytes.With the exceptionofβ-carotene, reductions
in serum concentrations of fat-soluble (pro)vitamins are usually abolished by adjustment
for cholesterol suggesting that they reflect reductions in carrier lipoproteins, mainly LDL.
The small reductions in serum β-carotene are not regarded as a major concern, nor have
any adverse effects on sex hormone metabolism been demonstrated apart from parenteral
administration of large doses in experimental animals. However, as increasing consumer
populations become exposed to a large variety of food products enriched with plant sterols
and stanols the likelihood of rare adverse effects increases and surveillance is necessary.

Keywords Phytosterols · Phytostanols · Cholesterol absorption · Cholesterol lowering

1
Background

Introduction of ‘functional foods’ containing plant sterols and stanols, mainly
in fat-soluble esterified form, has produced urgent interest in their proposed
beneficial cholesterol-lowering effects, as well as in possible adverse effects.
These substances were first incorporated in margarines and other dietary fats,
and later studies were carried out using low-fat or fat-free foods fortified with
plant sterols. Low-fat food products containing plant stanols and sterols are
currently being introduced. Large and rapidly growing consumer populations
are therefore exposed to a variety of food products containing these substances.

The usual intake of plant sterols in unsupplemented Western diets varies
between 150 and 350 mg/day and plant stanol intake is around 50 mg/day
(Miettinen et al. 1990). Many investigators have proposed that daily intake of
significantly larger quantities of these natural substances obtained from edi-
ble vegetables might provide the basis for population strategies of cholesterol
lowering, and their potential usefulness has been recognized by the National
Cholesterol Education Program in the United States (Expert Panel 2001). How-
ever, while cholesterol-lowering drugs have to be tested in large-scale clinical
endpoint trials, plant sterols and stanols can be marketed without any such
trials. Commercially available supplemented foods generally contain 2 g plant
stanol or sterol in daily portions. Simultaneous use of several such products
(e.g., margarine, yogurt, cheese) may increase the daily dose several-fold. This
makes it even more important to investigate the effects of various doses of
different sterols and stanols and their derivatives in populations with different
diets and also in combination with various drugs. In comparison to the ex-
panding market of foods enriched with these substances, the field covered by
investigations appears limited indeed.
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2
Structure of Plant Sterols and Stanols

Plant sterols (phytosterols) and their saturated forms plant stanols (phy-
tostanols) cannot be synthesized in animal organisms. They are derived exclu-
sively from vegetables and vegetable oils and they are thought to have a role
in plants similar to that of cholesterol in animals. More than 40 different
plant sterols have been identified but the most abundant ones are sitosterol
and campesterol. The chemical structures of plant sterols are very similar to
cholesterol (Fig. 1). Sitosterol differs from cholesterol in that it has an addi-
tional ethyl group in its side chain (24-ethylcholesterol), while campesterol has
a methyl group instead (24-methylcholesterol). Some natural as well as com-
mercially produced stanols differ from sterols in that the ∆-5 double bond has
been saturated to form 5α-stanols. For some reason, these very small struc-
tural differences profoundly affect the absorption efficacy from the intestine.
Although 50% of the cholesterol entering the intestinal lumen is absorbed,
plant sterols are absorbed to a much smaller extent and stanols only mini-
mally: absorption ranges between 10% and 15% for campesterol and between
4% and 7% for sitosterol (Salen et al. 1992; Heinemann et al. 1993; Lütjohann
et al. 1995), and only 1% of sitostanol is absorbed (Czubayko et al. 1991). Even
these values may be overestimates as much smaller absorption rates have been
reported in recent studies using mass spectroscopy with deuterated standards:
absorption was 1.9% for campesterol, 0.5% for sitosterol and absorption of the
corresponding stanols was only one-tenth of the parent sterol (Ostlund et al.
2002) Serum plant sterol levels are used as markers of cholesterol absorption
effectiveness (see Sect. 3.1).

Fig. 1 Structures of major plant sterols and stanols
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3
Role of Intestinal Metabolism

3.1
Plant Sterols as Markers of Cholesterol Absorption

Small amounts of noncholesterol sterols are present in serum. The concentra-
tions of plant sterols are 500- or 1,000-fold lower than cholesterol concentra-
tions and must be determined by high-performance liquid chromatography
or gas-liquid chromatography. These water-insoluble substances are trans-
ported exclusively in lipoprotein molecules, mainly in the large low-density
lipoprotein (LDL) fraction. Thus, their concentrations are altered by changes
in their carrier lipoprotein concentrations, e.g., they are elevated in hyperc-
holesterolemia and may fall when LDL levels decrease. Their levels are there-
fore preferably expressed as ratios to cholesterol, i.e., plant sterol:cholesterol
(mmol/mol). The ratios of sitosterol, campesterol and avenasterol as well as
the cholesterol metabolite cholestanol correlate positively with the fractional
absorption of dietary cholesterol measured by the sterol balance technique
(Miettinen et al. 1990) and they serve as markers of cholesterol absorption.
These ratios are reliable markers under conditions of unchanged dietary intake
of plant sterols. The cholesterol precursor sterols cholestenol, desmosterol and
lathosterol correlate positively with cholesterol synthesis and their ratios (pre-
cursor sterol:cholesterol) serve as markers of cholesterol synthesis (Miettinen
1970).

3.2
Cholesterol Absorption and the Exogenous Pathway of Cholesterol Metabolism

Some 1,200–1,700 mg of cholesterol enter the lumen of the small intestine every
day in people adhering to a typical Western diet. Approximately one-third of
this is of dietary origin, and two-thirds is derived from the bile and to a limited
extent to sloughing of the intestinal mucosa (Fig. 2). Fifty percent of this sterol
is absorbed and 50% is excreted (Bosner et al. 1999; Sudhop et al. 2002).

Dietary sterols togetherwithother lipidsenter the small intestine inanemul-
sion which mixes with bile as well as pancreatic juice which contains cholesterol
esterase. The latter enzyme hydrolyzes the proportion of cholesterol which is
in esterified form. The next essential step in the sterol absorption process is to
solubilize cholesterol (or other sterols) into mixed micelles consisting of bile
acids, monoacyl-glycerol, phospholipids and fatty acids. The incorporation
into micelles makes it possible for the cholesterol to be transferred through the
unstirred water-layer separating the enterocyte brush border membrane from
the bulk of the aqueous phase of intestinal contents. The mechanisms under-
lying the uptake of sterols by the enterocyte are not fully known. It has been
recently demonstrated that Niemann–Pick C1 Like 1 (NPC1L1) protein, the
expression of which is enriched in the brush border of intestinal enterocytes,
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Fig. 2 Schematic representation of the absorption process of cholesterol and plant sterols.
Arrows indicate directions of sterol transport. Dotted arrows indicate reduced transport.
Cholesterol and plant sterols appear to share a common transporter mediating uptake into
the enterocyte, which is likely to be the Niemann-Pick C1 Like 1 protein which is proposed
to reside in the ezetimibe-sensitive pathway responsible for intestinal sterol absorption.
The ABC G5/8-mediated transfer back into the intestinal lumen is more effective for plant
sterols than for cholesterol resulting in very limited secretion of plant sterols into the lymph

plays a critical role in the cholesterol absorption process (Altmann et al. 2004).
This process appears to be also regulated by the ATP-binding cassette (ABC)
subfamily G, member 5 and 8 (ABCG5 and ABCG8) transporter proteins which
pump plant sterols from the enterocytes into the intestinal lumen (Berge et al.
2000; Lee et al. 2001). The ABCG5/8 function selectively keeps the absorption
of plant sterols low, but loss of this function by mutation of one of these trans-
porter genes was shown to cause hyperabsorption of plant sterols resulting in
sitosterolemia (phytosterolemia) (Berge et al. 2000; Lee et al. 2001). The role
of ABCG5/8 in cholesterol absorption may not be crucial as sitosterolemia pa-
tients reportedly have cholesterol absorption rates in the high–normal range
(Salen et al. 1989; Lütjohann et al. 1995). However, studies in experimental
animals suggest that the role of ABCG5/8, although limited under conditions
of low dietary intake of cholesterol, may become more significant during high
cholesterol intake (Turley and Dietschy 2003).

Within the enterocyte, cholesterol is esterified by acyl CoA:cholesterol
acyltransferase-2. The newly formed cholesteryl ester becomes incorporated
together with apolipoprotein B48, triacylglycerols, and some free sterols in
nascent chylomicrons in a process regulated by microsomal triglyceride trans-
fer protein. The chylomicrons are transported with intestinal lymph through
the thoracic duct to the circulation. This mechanism effluxes approximately
700 mg cholesterol daily into the bloodstream (Turley and Dietschy 2003).
During the transport of chylomicrons in the circulation triacylglycerols are
hydrolyzed by endothelial lipoprotein lipase in the capillaries which results in
the formation of smaller particles called chylomicron remnants which can be
taken up by receptors in the liver. Accordingly, increased influx of cholesterol
via this exogenous pathway downregulates HMGCoA reductase suppressing
endogenous synthesis of cholesterol, and, conversely, reduced influx upregu-
lates the enzyme causing increased hepatic synthesis (Dietschy et al. 1993).
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Thus, high cholesterol absorption rates are associated with suppressed choles-
terol synthesis, and conversely, low cholesterol absorption rates correlate with
increased synthesis (Miettinen et al. 2000).

3.3
Mechanism of the Cholesterol-Lowering Action of Plant Sterols and Stanols

One current theory is that plant sterols and stanols act in the intestinal lu-
men by displacing cholesterol from the mixed micelles which are necessary for
their solubilization and transport to the brush border of enterocytes (Heine-
mann 1991; Nissinen et al. 2002) (Fig. 2). It appears that a daily intake of
2 g plant sterols or stanols is enough to competitively displace significant
amounts of cholesterol molecules from the micelles resulting in markedly
reduced absorption.

In addition, studies involving a novel specific inhibitor of cholesterol ab-
sorption, ezetimibe,have raised thepossibility that cholesterol andplant sterols
may share a common transporter protein which facilitates their uptake by the
enterocytes. Accordingly, ezetimibe was shown to lower plasma plant sterol
concentrations in sitosterolemic patients (von Bergmann et al. 2002). There is
now compelling evidence that this ezetimibe-sensitive transporter protein or
‘permease’ is the NPC1L1 protein residing in the brush border of enterocytes
(Altmann et al. 2004).

4
Cholesterol-Lowering Efficacy of Plant Sterols and Stanols

4.1
Trials of Cholesterol Lowering

Early treatments consisted of rather high doses of plant sterols, up to 18 g/day,
which caused reductions in serum cholesterol of about 10% (Pollak 1953,1985;
Best et al. 1994,1995; Farquhar et al. 1956). Later on, investigators observed
that, depending on the physical form, smaller plant sterol quantities could
achieve similar cholesterol absorption inhibition as the higher doses (Lees
et al. 1977; Lees and Lees 1976; Grundy and Mok 1977). Further developments
were the discovery that hydrogenation of sterols to stanols resulted in more
efficient inhibition of cholesterol absorption (Ikeda and Sugano 1978; Sugano
et al. 1976,1977; Heinemann et al. 1986,1993; Becker et al. 1993). It had been
proposed earlier that the crystalline form of sterols might not be optimal
for their action and that esterification with fatty acids would facilitate their
incorporation in dietary fats enhancing inhibition of cholesterol absorption
(Mattson et al. 1982). Studies in the 1990s carried out in Finland demonstrated
that esterification of plant stanols indeed improved their ability to interfere
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with cholesterol absorption (Vanhanen and Miettinen 1992; Vanhanen et al.
1994; Gylling et al. 1995,1997; Gylling and Miettinen 1994, 1996).

A recent meta-analysis (Katan et al. 2003) of double-blind trials comparing
foods with and without added plant stanols or sterols has summarized current
expert opinion. In most but not all (Tikkanen et al. 2001) of the 41 trials
listed, stanols or sterols were esterified, and in all trials they were solubilized
in fat-containing foods. On average, the reduction in LDL cholesterol with
increasing stanol or sterol dose appeared to level off at intakes of 2 g/day with
little additional decrease at doses exceeding 2.5 g/day. In an analysis excluding
low-dose trials (<1.1 g/day) and trials in children, stanols decreased LDL
cholesterol by 10.1% (27 trials, mean dose 2.5 g/day) while sterols decreased
LDL cholesterol by 9.7% (21 trials, mean dose 2.3 g/day). In general, stanols or
sterols had very little effect on high-density lipoprotein (HDL) cholesterol or
triglyceride levels (Katan et al. 2003).

The majority of trials have been short-term studies of 3–10 weeks. However,
Miettinen et al. (1995) reported a 1-year trial of cholesterol lowering using
sitostanol-ester margarine in a mildly hypercholesterolemic population. This
landmark study laid the basis for the marketing of the first sitostanol-ester
margarine, followed later by sitosterol-ester margarine and other fortified
foods, also including low-fat products. It was shown that replacement of 24 g of
dietary fat daily with a margarine containing 2.6 g of sitostanol-ester reduced
LDL cholesterol by 14.1% (vs. 1.1% in the control group). In one arm of the
study, 1.8 g/day of stanol lowered LDL cholesterol by 8.5% in comparison
to placebo. The trial also demonstrated that serum campesterol levels were
significantly decreased in the sitostanol-ester margarine group, the greatest
reductions in LDL cholesterol concurring with those in campesterol (Miettinen
et al. 1995). A recent 1-year trial using 1.6 g/day of plant sterol-ester reported
a placebo-corrected reduction in LDL cholesterol by 6% (Hendriks et al. 2003).
Because data were based on single studies and the treatment doses were not
identical, it has not been possible to reach consensus regarding the issue
whether the long-term efficacies of sterols and stanols are different (Katan
et al. 2003). Recently, Miettinen and Gylling (2004) pointed out that plant
sterols but not stanols reduced bile acid synthesis which could in the long term
counteract cholesterol-lowering efficacy of sterols.

4.2
Combination of Plant Stanols with Statin Therapy

Additive efficacy has been studied mainly by using combinations of statin and
stanol margarine. In a trial of 167 patients receiving statin therapy, an addi-
tional lowering of LDL cholesterol by 10% was achieved by adding stanol-ester
margarine (Blair et al. 2000). Somewhat greater reductions in LDL choles-
terol by 14%–20% have been reported in smaller studies in which stanol-ester
margarine intake was started in statin-treated patients with coronary heart



222 M.J. Tikkanen

disease, familial hypercholesterolemia or type 2 diabetes (Gylling et al. 1997;
Vuorio et al. 2000; Gylling and Miettinen 1996). The effects are greater than the
6% additional reduction in LDL cholesterol usually achieved by doubling the
statin dose. Statin treatment apparently reduces the intestinal cholesterol pool
as a consequence of reduced synthesis decreasing biliary cholesterol excretion,
and therefore facilitates absorption of plant sterols leading in some situations
to elevated serum concentrations (see Sect. 5.1.2)

5
Safety Aspects Concerning Plant Sterol and Stanol Supplementation of Foods

The enrichment of foods with substances that may have effects on circulating
levels of plant sterols or fat-soluble vitamins and antioxidants, or on hormonal
factors, poses a public health concern. Although the effects may be relatively
small, large populations will be exposed and some individuals may consume
a variety of sterol and stanol-containing food components raising the daily
intake to high levels. Concerns have arisen regarding elevated serum plant
sterol levels because they have been linked to promotion of atherosclerosis
in patients with the very rare disorder sitosterolemia (phytosterolemia). Low
carotenoid and fat-soluble vitamin levels could have adverse health effects, and
some animal studies have raised the possibility that plant sterols could have
estrogenic properties.

5.1
Serum Plant Sterol and Stanol Concentrations

5.1.1
Effects of Dietary Plant Sterol and Stanol Intake on Their Concentrations in Serum

There is some concern regarding the physiologic effects of elevations in serum
plant sterol and stanol concentrations. This arises from the knowledge that
in a rare autosomally inherited metabolic disorder called sitosterolemia (phy-
tosterolemia) elevated serum plant sterol concentrations are associated with
tendon xanthomas and premature atherosclerotic disease (Bhattacharyya and
Connor 1974; Lee et al. 2001). Although sitosterolemia shares some clin-
ical characteristics with homozygous familial hypercholesterolemia, sitos-
terolemia patients differ in that they have normal or moderately elevated serum
cholesterol but markedly elevated serum plant sterol (sitosterol, campesterol,
stigmasterol, avenasterol) and plant stanol levels. Sitosterol levels usually range
between 10 and 30 mg/dl (Patel et al. 1998) while sitosterol and campesterol
levels rarely exceed 1 mg/dl in normal individuals. Parents have normal choles-
terol and sitosterol levels in their serum suggesting that one functional copy
of the gene is enough to maintain normal sterol metabolism. Mutational anal-
yses have revealed that sitosterolemia is caused by mutation in either one of
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two ATP binding cassette transporter genes, ABCG5 or ABCG8 (Berge et al.
2000; Lee et al. 2001) coding for two transporter proteins (sterolins 1 and 2).
Sitosterolemia patients appear to hyperabsorb sterols from the intestine and,
in addition, to have an inability to excrete sterols into the bile. Several different
underlying mechanisms explaining the disorder are possible. One possibility
is that the sterolin transporters have a bi-directional function. They mediate
the entry of plant sterols and cholesterol from the intestinal lumen into the
enterocytes having a higher affinity for cholesterol in this process, and they
pump sterols back into the lumen, having a higher affinity for plant sterols
(Fig. 2). Analogous mechanisms could apparently work for the excretion of
sterols from hepatocytes into the bile. In sitosterolemia, loss of the sterolin
function would result in reduced transport of plant sterols out of the entero-
cytes into the intestinal lumen and out of the hepatocytes into the bile, causing
increased serum and hepatic levels of these substances.

Several studies have indicated that administration of varying doses (0.63–
12 g/day) of sitosterol results in increases in serum sitosterol levels by 13%–68%
and in reductions of serum campesterol concentrations by 17%–27% (Jones
et al. 1997; Schlierf et al. 1978; Becker et al. 1992; Vanhanen and Miettinen 1992;
Becker et al. 1993;MiettinenandVanhanen1994).On theotherhand, sitostanol
administration consistently resulted in significant reductions in both serum
sitosterol and serum campesterol concentrations (Vanhanen and Miettinen
1992; Becker et al. 1993; Miettinen and Vanhanen 1994; Vanhanen et al. 1993,
1994; Gylling and Miettinen 1994; Miettinen et al. 1995; Weststrate and Meijer
1998) while serum sitostanol was barely detectable (Heinemann et al. 1986).

In summary, dietary intake of 2 g/day of plant sterols usually increases
serum sitosterol to some extent and results in doubling of serum campesterol
concentrations (Hallikainen et al. 2000; Nguyen et al. 1999). Consumption of
sterol-ester margarine produces mean serum levels of plant sterols (sitosterol
and campesterol combined) of approximately 1.5 mg/dl (Weststrate and Meijer
1998; Hallikainen et al. 2000), corresponding to a 50% increase from baseline
but still constituting only 5%–15% of the serum plant sterol concentrations in
homozygous sitosterolemia. However, serum plant sterol levels also increase
during long-term statin therapy which has caused concern in some investiga-
tors. This will be discussed in Sect. 5.1.2.

5.1.2
Effects of Cholesterol-Lowering Drugs on Serum Plant Sterol and Stanol
Concentrations

Miettinen et al. (2003) reported a continuous, time-dependent statin-induced
increase in serum cholesterol-adjusted concentrations of sterols that are re-
garded as cholesterol absorption markers. In the 1-year comparison study
between atorvastatin and simvastatin, this effect was more evident in pa-
tients receiving atorvastatin, and even the unadjusted serum concentrations
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of campesterol and sitosterol were elevated from their respective baseline lev-
els of 0.6 mg/dl and 0.3 mg/dl by about 10%. Conversely, simvastatin caused
a 10% reduction in the corresponding concentrations. However, in a previ-
ous study, the same investigators demonstrated increased serum campesterol
during simvastatin treatment. They divided the Finnish subgroup of the 4S
into quartiles according to the cholestanol:cholesterol ratio (the highest ra-
tio indicating highest cholesterol absorption) (Miettinen et al. 2000). In the
highest quartile (high absorption associated with low synthesis) the authors
noted a slightly smaller reduction in serum cholesterol compared to the lowest
quartile (low absorption associated with high synthesis), as well as an increase
in serum campesterol from 0.7 mg/dl to 0.9 mg/dl after 5 years. This seemed to
indicate that patients with high basal cholesterol synthesis responded to statin
therapy somewhat better than those with low basal synthesis. Some other
studies seem to support this (Thompson et al. 2002). Miettinen et al. (1998)
also reported that although simvastatin therapy in the 4S subgroup reduced
coronary events in other quartiles, it did not in the highest quartile (hyper-
absorbers, low synthesizers). However, the slightly smaller decrease in serum
cholesterol achieved in the highest quartile was too small to explain differences
in clinical endpoints. The authors pointed out that baseline serum plant sterol
levels were highest in this quartile and increased most during the 5-year study
implying that an adverse effect could not be excluded during extended statin
therapy (Miettinen et al. 2003). Since plant sterols are transported in lipopro-
tein particles, mainly in the large LDL fraction, statin-induced increases are
attenuated or abolished by the LDL-lowering effect of the treatment. The find-
ing that campesterol levels unadjusted for cholesterol nevertheless increased,
deserves attention.

5.2
Effects on Serum Fat-Soluble Vitamin and Carotenoid Concentrations

Because of their mechanism of action, plant sterol- and stanol-enriched foods
could potentially affect absorption of fat-soluble vitamins and other lipophilic
substances. Most of these molecules are transported in the circulation by
lipoprotein particles, mainly in the large LDL fraction. Accordingly, their lev-
els should be expressed both as absolute concentrations as well as in relation
to serum cholesterol. Katan et al. (2003) summarized 18 plant sterol and stanol
trials that had used doses of 1.5 g/day or more and reported serum or plasma
concentrations of fat-soluble vitamins. On the average, serum carotenoid (α-
carotene, β-carotene and lycopene) levels decreased significantly in the treat-
ment groups compared to controls. Following adjustment for change in serum
cholesterol, only the reduction in β-carotene remained statistically significant
(Katanet al. 2003), although this was not observed in all trials (Hallikainenet al.
2000). The findings indicate that the decreases in carotenoid concentrations
were partly caused by decreases in carrier lipoprotein (mainly LDL) concen-



Plant Sterols and Stanols 225

trations, and, at least for β-carotene, by reduced absorption. The reduction
in α-tocopherol was completely abolished when corrected for the change in
serum cholesterol. On the average, concentrations of vitamin D and vitamin A
(retinol) did not change during plant sterol or stanol administration. Vitamin
K1 (Hendriks et al. 1999) and vitamin K-dependent clotting factors (Plat and
Mensink 2000) remained unaltered during stanol feeding

5.3
Effects on Hormone Metabolism

The resemblance of the ring structure of plant sterols with that of estrogens
has prompted investigations concerning possible phytoestrogenic effects of
plant sterols (Ling and Jones 1995). Estrogenic effects of plant sterols have
been suggested in animal studies. Subcutaneous administration of large doses
of sitosterol (0.5–5 mg/kg per day) to rats reduced sperm count and had other
antifertility effects (Malini and Vanithakumari 1991). Weak estrogenicity has
been suggested based on biological assays in fish and breast cancer cell lines
(Mellanen et al. 1996; Tremblay and Van Der Kraak 1998). As summarized
by Baker et al (1999), estrogenicity data have been produced in studies using
subcutaneous administration of various sitosterol containing mixtures. Oral
administration did not appear to have estrogenic activity as measured by
uterotrophic assay in the rat. Moreover, plant sterols did not bind to estrogen
receptors, nor did they stimulate transcriptional activity of the human estrogen
receptor in a recombinant yeast strain (Baker et al. 1999). A study carried
out in man reported no significant changes in plasma concentrations of sex
hormones (Hendriks et al. 2003). Based on current knowledge, dietary intake
of plant sterols or stanols is very unlikely to have effects on sex hormone
concentrations or on fertility.

6
Conclusions

Cholesterol-lowering studies indicate that intake of 2 g/day of plant sterols and
stanols reduces serum LDL cholesterol concentrations by approximately 10%.
Based on cholesterol-lowering trials of coronary prevention this translates to
adecreaseof 15%–20%incoronaryheartdisease eventsover aperiodof 5years.
Safety concerns regarding effects on fat-soluble vitamin absorption, elevations
of serum concentrations of plant sterols, and hypothetical effects on serum sex
hormone concentrations have been addressed in many studies. With the excep-
tion of β-carotene, reductions in serum levels of fat-soluble (pro)vitamins are
usually abolished by correction for changes in serum cholesterol suggesting
that these alterations reflect decreases in serum levels of carrier lipoproteins.
For reductions in serum β-carotene, also impaired absorption can contribute
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but the small reductions do not appear to be of major concern. Serum plant
sterol concentrations became elevated during supplementation but remained
much lower than the levels observed in sitosterolemiamakinganadversehealth
effect unlikely, although no safety data are available for prolonged intake ex-
ceeding 1 year. Plant stanol intake, on the other hand, does not increase but
decreases serum sterol levels with negligible increases in serum plant stanol
concentrations. Prolonged treatment with statins also causes small but signifi-
cant mean increases in serum campesterol concentrations from baseline as well
as elevations in all cholesterol-adjusted plant sterol levels. This effect is prob-
ably caused by reduction of the intestinal cholesterol pool, which facilitates
incorporation of plant sterols into mixed micelles enhancing their uptake into
enterocytes. While adverse health outcomes due to this effect appear unlikely
in view of the established benefit of statin therapy, exploration of possible sub-
groups of individuals with markedly increased plant sterol absorption during
long-term statin therapy are indicated. Adverse effects on steroid hormones
are speculative and do not appear to exist except in experimental animals re-
ceiving large parenteral doses. Despite lack of clinical endpoint trials, sterol
and stanol supplementation of foods can be regarded as a safe therapeutic
alternative when moderate lowering of LDL cholesterol is aimed at. As larger
consumer populations will become exposed to these substances, the likelihood
of rare adverse effects will increase, necessitating safety monitoring in subsets
of such populations.
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Abstract The most widely spread eating habit is characterized by a reduced intake of di-
etary fiber, an increased intake of simple sugars, a high intake of refined grain prod-
ucts, an altered fat composition of the diet, and a dietary pattern characterized by a high
glycemic load, an increased body weight and reduced physical activity. In this chapter
the effects of this eating pattern on disease risk will be outlined. There are no epidemio-
logical studies showing that the increase of glucose, fructose or sucrose intake is directly
and independently associated with an increased risk of atherosclerosis or coronary heart
disease (CHD). On the other hand a large number of studies has reported a reduction of
fatal and non-fatal CHD events as a function of the intake of complex carbohydrates—
respectively ‘dietary fiber’ or selected fiber-rich food (e.g., whole grain cereals). It seems
that eating too much ‘fast’ carbohydrate [i.e., carbohydrates with a high glycemic index
(GI)] may have deleterious long-term consequences. Indeed the last decades have shown
that a low fat (and consecutively high carbohydrate) diet alone is not the best strategy
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to combat modern diseases including atherosclerosis. Quantity and quality issues in car-
bohydrate nutrient content are as important as they are for fat. Multiple lines of evi-
dence suggest that for cardiovascular disease prevention a high sugar intake should be
avoided. There is growing evidence of the high impact of dietary fiber and foods with
a low GI on single risk factors (e.g., lipid pattern, diabetes, inflammation, endothelial func-
tion etc.) as well as also the development of the endpoints of atherosclerosis especially
CHD.

Keywords Carbohydrates · Dietary fiber · Glucose · Fructose · Glycemic index · Obesity ·
Metabolic syndrome · Diabetes mellitus

1
Introduction

Despite enormous advances in the elucidation of its pathogenesis, atheroscle-
rosis, represents the major health problem in our society. In many less accul-
turated societies, a Westernized lifestyle increases the prevalence of atheroscle-
rosis and the corresponding risk factors as well as endpoints. The economic
development and concomitant changes in lifestyle (especially regarding our
dietary habits) has led to an altered disease pattern and increased the risk
for atherosclerosis (Perry 2002). The Westernization of eating habits includes
a reduced intake of dietary fiber, an increased intake of simple sugars and
refined grain products, altered fat composition of the diet and a dietary pat-
tern characterized by a high glycemic load. This dietary changes correlate
with increased body weight and reduced physical activity (Egusa et al. 2002).
There are different single dietary components (e.g., saturated fat) that are as-
sociated with the development of atherosclerosis. However, single dietary risk
factors are less important than the dietary pattern as a whole. Dietary modi-
fication represents a cornerstone in the prevention and therapy of all modern
chronic diseases. Several recent studies focusing on more global changes of
the diet, i.e., changes of the dietary pattern have led to a greater improve-
ment of cardiovascular risk than strategies focusing only on changes of single
components of the diet (Tucker et al. 1992; Appel et al. 1997; Schulze and
Hu 2002; van-Dam et al. 2002; Jenkins et al. 2003). The current recommen-
dations for the prevention of coronary heart disease (CHD) encourage the
consumption of a low-fat diet rich in fruit and vegetables (which means rich
in antioxidants, in many other non-nutritive compounds and in complex car-
bohydrates). However, the promotion of a low-fat diet alone leads to a com-
pensatory increased intake of carbohydrates and especially of simple sugars
and refined grain products, which is not without risk for the pathogenesis of
chronic diseases.
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Carbohydrates are a large group of metabolically very heterogeneous sub-
strates. From the biochemical point of view, carbohydrates can be divided into
two large groups according to their degree of polymerization: simple carbohy-
drates (or simple sugars) and complex carbohydrates (Cho et al. 1999). Simple
carbohydrates include monosaccharides (e.g., glucose or fructose) and disac-
charides [e.g., saccharose (=sucrose), maltose or lactose]. The complex carbo-
hydrates include polysaccharides (e.g., starch and non-starch polysaccharides
such as celullose or hemicellulose, and pectins). The complex carbohydrates
also include the compounds generally known as ‘dietary fiber’. From the med-
ical and physiological point of view it may be better to classify carbohydrates
or, more generally, their food sources based on their glycemic or insulinemic
response after ingestion. This classification corresponds to the concept of the
glycemic index (GI). Since the postprandial incremental area for blood glucose
might change as a function of absorption kinetics, some authors also use the
term ‘slow carbohydrates’ or ‘fast carbohydrates’ (‘fast sugars’) (Jenkins et al.
2002). The different classifications indicate that the source of carbohydrate in
the diet may be as important as (or even more important than) their amount.
The latter is also true for several forms and sources of dietary fatty acids.
On the other hand, the different classifications also reflect the controversies
surrounding the role of the physiological and pathophysiological effects of dif-
ferent sugars. Some of this controversy as well the insecurity for the consumer
will be discussed in this chapter. Initially, the role of complex carbohydrates as
a central component in the cardioprotective dietary pattern will be examined.
In the second part of this short review, the focus will be directed at the role
of the GI, the effect carbohydrate on the different lipoproteins, and the effects
of selected carbohydrates on the risk of atherogenesis. This review focuses on
the effects carbohydrates have on lipids, and less on other risk factors. Table 1
summarizes the effect of different carbohydrates sources and forms on the
different lipid fractions and other risk factors.

2
Epidemiology

Due to difficulties in the assessment of the exact composition of carbohydrate
intake, epidemiological studies revealed inconsistent correlations between car-
bohydrates and atherosclerosis and CHD. In the present context, the most
important carbohydrates are the monosaccharides glucose and fructose, the
disaccharide sucrose, and complex carbohydrates summarized as dietary fiber.
There arenoepidemiological studies showing that the increase inglucose, fruc-
tose or sucrose intake directly and independently correlates with an increased
risk of atherosclerosis or CHD. Despite this lack of epidemiological evidence
for selected sugars, one cannot ignore data suggesting that the amount and
form of carbohydrate might play a part in the pathogenesis of atherosclerosis.
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Nearly 40 years ago, Yudkin postulated, based on epidemiological observa-
tions, that different hormonal and metabolic abnormalities leading to CHD
may be caused by a high sucrose intake (Yudkin 1960, 1978). In the Scottish
Heart Health Study, Bolton-Smith and Woodward (1994) studied the effects
of different sugars (extrinsic, intrinsic, and lactose) and of dietary fat/sugar
ratio on the CHD prevalence. In this cross-sectional study the sugar intake was
assessed with a food-frequency questionnaire. More than 10,000 participants
were divided into groups with newly diagnosed CHD, previously diagnosed
CHD and no CHD. In these three groups, the men’s sugar consumption dif-
fered, the women’s did not. The odds ratios showed a trend for a U-shaped
relationship between the prevalence of CHD and the intake of extrinsic sugar
(Bolton-Smith and Woodward 1994). After adjustment for other CHD risk
factors, the relationship between sugar intake and CHD lost its statistical sig-
nificance. In addition, there was no correlation between the fat/sugar ratio and
the prevalence of CHD. These results are interesting but in view of the method-
ological difficulties to assess sugar intake the results must be interpreted with
caution.

More recently, several studies showed an increased risk for CHD, type 2
diabetes and dyslipidemia in individuals consuming a diet with a high glycemic
load (see also Sect. 5) (Augustin et al. 2002).

In agreement with these observations, certain mono- and disaccharides,
especially fructose and sucrose, respectively, may negatively modulate the risk
of atherosclerosis through different mechanisms, as will be discussed later in
this chapter.

On the other hand, a large set of studies reported a reduction of fatal
and nonfatal CHD events as a function of increased intake of complex car-
bohydrates or ‘dietary fiber’, respectively, or selected fiber-rich food (e.g.,
wholegrain cereals). The degree of risk reduction (comparing the highest
and lowest intake levels of total dietary fiber) varied from 20% (Khaw and
Barrett-Connor 1987) to 50% (Humble et al. 1993) depending on various char-
acteristics of the populations studied. In the majority of studies, including
the Nurses’ Health Study (Wolk et al. 1999) and the Iowa Women’s Health
Study (Jacobs et al. 1998), the difference between the lowest and the highest
quartiles of consumption amounted to a risk reduction of 30%. In the Nurses’
Health Study, the age-adjusted relative risk for major CHD events was 0.53
[95% confidence interval (CI), 0.40–0.69] for women in the highest quintile of
total dietary fiber intake as compared to women in the lowest intake quintile.
The median total dietary fiber intake of the two extremes was 22.9 g/day and
11.5 g/day, respectively (Wolk et al. 1999). However, the reduced CHD risk
was only associated with a higher intake of cereal fibers and whole grains
(Wolk et al. 1999), but not with refined grain intake (Jacobs et al. 2000). This
is important, as the industrial processing of wholegrain foods changes the
quality and the physiological effects of food considerably. The studies cited
above investigated the whole diet and total dietary fiber intake. However,
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a considerable risk reduction is achievable only by increasing the ingestion
of selected fiber-rich foods. A recent study using data from Norway analyzed
the self-reported bread intake (refined white bread, light whole grain bread,
and dense whole grain bread) and the mortality risk (Jacobs et al. 2001). The
study reported significant inverse hazard rate ratios (HRR) for total mortality
with an increasing intake of wholegrain bread. Furthermore, the HRR were
graded across all wholegrain bread score categories (category 5 versus cate-
gory 1 HRR, 0.75; 95% CI, 0.63–0.89 in men, and HRR, 0.66, 95% CI, 0.44–0.98
in women) (Jacobs et al. 2001). In general, wholegrain foods have a low GI.
Correspondingly, a diet with a high GI or glycemic load (GL) is associated
with an increased risk of fatal and nonfatal myocardial infarction and also
with type 2 diabetes (Liu et al. 2000; Augustin et al. 2002). Some studies
failed to report this correlation, perhaps as a result of methodological issues
(van Dam et al. 2000).

Insulin resistance, the metabolic syndrome and finally type 2 diabetes are
central risk factors for the development of atherosclerosis. Again, there are
no convincing epidemiological data on the relationship between the intake
of total carbohydrates or certain sugars and the risk of type 2 diabetes. In
view of the difficulties of assessing the intake of certain sugars in epidemi-
ological studies, the important relationship between obesity and the risk of
diabetes and finally the metabolic and pathophysiological interrelationships
of the major energy substrates (i.e., fat and carbohydrate), it is not surprising
that epidemiological relationships are missing or inconsistent (Castro-Cabezas
et al. 2001; Frayn 2003; Mokdad et al. 2003). The role of carbohydrates in the
treatment of diabetes is well established but it has to be remembered that
there is currently no supportive evidence for the assumption that the percent-
age of calories from carbohydrates is of major pathophysiological importance
in the development of type 2 diabetes as long as body weight is maintained
(Franz and Bantle 1999). By contrast, because diabetes is very frequently con-
founded with a high carbohydrate intake, fibers even have favorable effects
on the risk of diabetes due to their lower caloric content. Using the GI or GL
approach, several studies observed a higher risk for the development of type
2 diabetes in subjects consuming a high GI (GL) diet. Other studies did not
find any relationship (Stevens et al. 2002), which may again be the result of
the methodologies used (e.g., the chance of finding a relationship increases
if an increasing number of items included in the food frequency question-
naire) (Salmeron et al. 1997). In the study by Salmeron et al. (1997), the risk
for diabetes was especially high in individuals consuming a combination of
a diet with a high GI and a low intake of dietary fiber. In most studies, the
intake of complex carbohydrates is associated with a reduction of the risk
of diabetes. Through an increased dietary fiber intake, the risk of develop-
ing diabetes can be reduced by up to 40% (Fung et al. 2002), which also
translates into favorable effects on the risk of atherosclerosis (Aronson and
Rayfield 2002).
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3
Consumption and Dietary Sources of Carbohydrates

In the last decades, food consumption has changed considerably. According
to data obtained by the US Economic Research Service, the average daily
calorie consumption in the USA in 2000 exceeded the intake level of 1985 by
12% (approximately 300 calories) (Economic-Research-Service 2003). Refined
grains (i.e., food with a very high GI) accounted for approximately 44% of
the increase, added fats for 24%, added sugars for 23%, fruit and vegetables
for 8% (Economic-Research-Service 2003). These data clearly show that the
increase in energy intake was not at all caused by very healthy choices! The
average annual flour and cereal product consumption (again, all food items
with a high GI) rose from 135 pounds (61 kg) in 1970 to 200 pounds (90 kg)
in 2000 (Putnam et al. 2002). The total of daily Pyramid-Based-Servings per
capita was 9.97, of which 7.69 servings consisted of white and whole-wheat
flour (Putnam et al. 2002). The daily caloric sweetener supply was 31.4 tea-
spoons (approximately 150 g) per capita (adjusted for loss and waste) (Putnam
et al. 2002). The consumption of added sugars is nearly three times as high
as the recommended consumption of 12 teaspoons (approximately 56 g) per
day. The intake of fruit (in pounds, fresh weight) increased by only 17% from
240 pounds (108 kg) in 1970 to 280 pounds in 2000 (Putnam et al. 2002).
These data give an idea about the intake of carbohydrates and the changes
during the last few years. Nevertheless, looking at these data we should re-
member the difficulties of assessing correctly any consumption data in gen-
eral, and on sugars at the individual and the population level in particular
(Sigman-Grant and Morita 2003). Despite some constraints, these consump-
tion data show that we eat too much ‘fast’ carbohydrates (i.e., carbohydrates
with a high GI). Some consequences of this behavior will be discussed in this
chapter.

In nonprocessed food, glucose and fructose are found in similar small
amounts (fruit, vegetables and berries). A higher content is found in honey
and glucose syrup (e.g., corn syrup) and in so-called high-fructose corn syrup,
HFCS). The latter contains large amounts of fructose and glucose. The major
unprocesseddietary sourcesof sucrose are fruit, vegetables, berries andnatural
honey. The major part of consumed sucrose comes from sugar cane and sugar
beet (Mann 2001).

4
The Cardioprotective Dietary Pattern: The role of Carbohydrates

The relationship between certain dietary components (e.g., cholesterol and
saturated fatty acids, SFA) and atherosclerosis in general or certain atheroscle-
rotic diseases (CHD) is well established. Therefore, the diet–heart hypothesis
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focusing on dietary cholesterol and saturated fatty acids has dominated re-
search as well as clinical practice for the last 40 years. More than 30 years ago,
a look at the global prevalence of diseases lead to the conclusion that the in-
take of highly-refined foods (including highly refined carbohydrate) increases
the risk of CHD (Trowell 1972), and that an increased intake of unrefined
carbohydrates (complex carbohydrate in the form of nondigestible dietary
fiber) may be protective. Extraction, purification, and refinement of dietary
carbohydrate sources are only a very recent phenomenon in human evolu-
tion (Spiller 2002; Walker et al. 2003), as is the pandemia of chronic diseases.
Worldwide nutrition-related health patterns have changed significantly dur-
ing the last decades and this has led to a change of the risk factor profile for
atherosclerosis and other diseases and, in consequence, of disease patterns also
(Bermudez and Tucker 2003; Ciccarone et al. 2003; Galal 2003; Newby et al.
2003). In view of the epidemiological trends of CHD, the dietary approach was
only partially helpful. CHD mortality has declined during the last 20 years
as a result of improved medical treatments (Capewell et al. 1999). CHD mor-
bidity, however, has declined little. There is increasing evidence that a greater
risk reduction may be achieved by multiple dietary changes rather than by
a monocausal or monofactorial strategy, such as the reduction of saturated fat
or cholesterol intake. A dietary pattern reducing the risk for the development
of chronic diseases, including atherosclerosis and CHD, is characterized by
a predominant intake of nonhydrogenated unsaturated fats as the main form
of dietary fat, whole grains as the main form of carbohydrate, a high intake
of fruit, vegetables and legumes as well as a higher intake of omega-3-fatty
acids (Joshipura et al. 1999, 2001; Hu and Willett 2002). The increased intake
of complex nonrefined carbohydrate plays an important part in the overall
protective dietary pattern. The higher the intake of refined food, the worse
the overall cardiovascular risk profile (e.g., regarding hypertension, hyper-
glycemia, hypercholesterolemia) (van Dam et al. 2003). This protective dietary
pattern is further characterized by a high dietary fiber intake, a low intake of
refined sugar, a high level of physical activity, abstinence from smoking and
the maintenance of a healthy body weight. For clinical practice, the promo-
tion of a healthy dietary pattern, i.e., of a whole diet approach, is useful on
an individual as well as population level for the prevention of chronic dis-
eases and the control of specific risk factors such as obesity, hypertension,
physical inactivity, smoking and others (Appel et al. 1997; Walker et al. 2003;
Sacks et al. 2001; Trichopoulou et al. 2003; Roberts et al. 2002). Although
the beneficial effects of a healthy diet cannot be linked to a single nutrient
(Wirfält et al. 2001), it has to be emphasized that a high intake of dietary
fiber and of whole cereal grains is a central component of a healthy eating
pattern.
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4.1
Dietary Fiber

‘Dietary fiber’ is a term most consumers use widely and know well. However,
from the scientific point of view, the term is obscure, lacking a uniformly
accepted definition (Cho et al. 1999). Plant substances resisting hydrolysis
during small bowel digestion are regarded as dietary fiber. The Macronutri-
ent Report of the Institute of Medicine’s Dietary Reference Intakes states that
dietary fiber consists of nondigestible carbohydrates and lignin that are intrin-
sic and intact in plants, and further that functional fiber consists of isolated
nondigestible carbohydrate eliciting beneficial physiological effects in humans
(Institute of Medicine 2002). The term ‘total fiber’ stands for the sum of di-
etary fiber and functional fiber. The American Association of Cereal Chemists
(De Vries 2003) defines dietary fiber as follows: “...the edible parts of plants
or analogous carbohydrates that are resistant to digestion and absorption in
the human small intestine with complete or partial fermentation in the large
intestine. Dietary fiber includes polysaccharides, oligosaccharides, lignin, and
associated plant substances. Dietary fibers promote beneficial physiological
effects including laxation, and/or blood cholesterol attenuation, and/or blood
glucose attenuation” (De Vries 2003). Despite this new definition of dietary
fiber, the controversy will probably continue. For clinical purposes, a classifi-
cation of dietary fibers according to their solubility and bacterial fermentation
characteristics and thus their major clinical effects is more reasonable.

4.2
Soluble or Insoluble Dietary Fiber?

Epidemiological studies showed that an increased intake of soluble (Rimm
et al. 1996; Kushi et al. 1999; Bazzano et al. 2003) and total (insoluble and
soluble) (Rimm et al. 1996; Kushi et al. 1999) dietary fiber from different
food sources (especially wholegrain foods) reduced the risk of CHD. Data
from adults participating in the National Health and Nutrition Examination
Survey I (NHANES I) during an average follow-up of 19 years revealed that
the relative risk of CHD for those in the highest (median soluble fiber intake
5.9 g/day) compared with those in the lowest (0.9 g/day) quartile of soluble
dietary fiber intake was 0.85 (95% CI, 0.74–0.98; P=0.004 for trend) for CHD
events and 0.90 (95% CI, 0.82–0.99; P=0.01 for trend) for cardiovascular disease
(CVD) events (Bazzano et al. 2003). Soluble fiber has a bigger impact on CHD
risk factors (especially lipid factors) than does insoluble fiber (Spiller 1993).
Nevertheless, in many epidemiological studies the cereal fiber consumption
(which has a lower soluble fiber content) was inversely related to the CHD risk
(Liu et al. 1999; for a review see Truswell 2002). Data from the Nurses Health
Study showed an inverse relationship between wholegrain intake and CHD
risk (Liu et al. 1999). In this study, the CHD risk decreased from 1.0 in the
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lowest quintile to 0.75 in the highest quintile of wholegrain intake (95 % CI,
0.59–0.95; P for trend=0.01) after adjustment for the classical risk factors (Liu
et al. 1999). The subgroup of individuals who had never smoked was protected
most effectively (R=0.49 for the extreme quintiles of whole grain intake; 95%
CI, 0.30–0.79; P for trend=0.003) (Liu et al. 1999). In the same study, the risk
of ischemic stroke also decreased with an increasing wholegrain intake (Liu
et al. 2000). After adjustment for the classical risk factors, the relative risk
for ischemic stroke from the lowest to the highest quintiles of whole grain
intake declined from 1.0 to 0.68 (95% CI, 0.35–0.69), 0.69 (95% CI, 0.51–0.95),
0.49 (95% CI, 0.35–0.69), and 0.57 (95% CI, 0.42–0.78; for trend P=0.003) (Liu
et al. 2000). A hospital-based case–control study reported protective effects
of dietary fiber on nonfatal acute myocardial infarction (Negri et al. 2003),
although the causal mechanisms of these effects remain unclear. In view of the
diet–heart hypothesis that emphasizes the dietary fat intake and the known
effects of soluble fibers on lipoprotein metabolism, the protective effects of
dietary fiber on CHD are surprising as cereals mainly contain insoluble fibers.
However, as cereal grains contain several cardioprotective compounds, such
as antioxidants, unsaturated fatty acids, phytosterols and, last but not least,
total dietary fiber, these findings are not astonishing (Slavin 2003). Again,
the example of fiber intake and the apparently paradoxical reduction of CHD
emphasizes the importance of multiple interacting mechanisms by which a diet
may elicit cardioprotective effects and underlines the importance of the dietary
pattern as discussed above.

In the daily diet, we usually ingest a mixture of soluble and insoluble dietary
fiber. About 25% of fiber from cereal sources is water soluble (Spiller 1993). The
apparently paradoxical finding that cereal grains (cereal fibers) are cardiopro-
tective despite the relatively low content of soluble fiber strongly supports the
theory that it is much more important to follow a cardioprotective dietary pat-
tern than to focus on single food components. The American Heart Association
recommends a daily fiber intake of 25–30 g/day (van Horn 1997). It is difficult
to separate the effects of soluble and insoluble fibers, as a balanced diet is com-
posed of a combination of the two major types of fiber. In general, wheat, rice,
rye and the majority of grains contain a large portion of insoluble dietary fibers
(Spiller 1993). An exception from this rule is oats, being a very good source of
soluble fiber (Spiller 1993; Bell et al. 1999). Legumes are excellent sources of
both types of fiber (Spiller 1993). The fiber content of fruit and vegetables is
generally lower than the one of legumes and cereal grains (Spiller 1993).

There are many direct and indirect mechanisms by which dietary fiber
may protect from atherosclerosis, the latter including cholesterol absorption,
cholesterol synthesis as well as lipid-independent mechanisms (e.g., protection
of endothelial dysfunction) (Spiller 1993). Clinical and in vitro studies showed
that the direct lowering effect on cholesterol is mainly associated with the
ingestion of soluble fibers (Spiller 1993; Fernandez 2001). Most studies in
humans reported that wheat fiber had no significant effects on dyslipidemia.
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Wheat fiber does not lower total cholesterol, low-density lipoprotein (LDL)-
cholesterol and triglycerides (TG), and it does not have a significant effect on
high-density lipoprotein (HDL)-cholesterol (Spiller 1993; Truswell 2002).

Cereals and cereal products (e.g., wheat grains, rye or oats) are our main
sources of dietary fiber. The total dietary fiber content of cereals varies from
10% to 15 %, however, the content of soluble fiber varies from 20% (wheat)
to approximately 50% (oats) (Spiller 1993). Dietary fiber consumption has
been dramatically reduced during the last 50 years (Spiller 2002), mainly as
a result of the increased refinement of cereal (wholegrain) products and the
production of white flour (Spiller 2002). This change in the dietary pattern and
an increase in the prevalence of chronic diseases including CHD, hypertension,
obesity, diabetes, the metabolic syndrome and certain types of cancer appeared
simultaneously. The cereals with the highest content of soluble fiber are oats,
rye and barley. Their consumption results in favorable lipid effects, including
the lowering of cholesterol (Davidson et al. 1991; Bourdon et al. 1999; Leinonen
et al. 1999, 2000).

The fiber of oats is characterized by the high content of β-glucan (the major
soluble fiber of oats) and lowers lipid levels significantly. A meta-analysis
(based on 10 out of 20 studies meeting the inclusion criteria) by Ripsin
et al. (1992) reported a total cholesterol lowering effect of oats amounting
to −0.13 mmol/l (95% CI, −0.19 to −0.017 mmol/l). The effect was more pro-
nounced in subjects with higher plasma cholesterol and in studies using a dose
of 3 g β-glucan. There is a linear inverse relationship between the daily dose
of β-glucan and the change of total cholesterol and/or LDL-cholesterol from
baseline (Davidson et al. 1991). Nearly 50 studies on the effects of oats or β-
glucan on plasma cholesterol and other plasma lipids have been published and
showed consistent results (Bartnikowska 1999; Webster 2002). As a function of
specific study characteristics (degree of dyslipidemia, body weight status and
weight loss during intervention, type of oats used), plasma cholesterol declined
by more than 20% (Bartnikowska 1999; Anderson et al. 1984). The effects of
β-glucan are more pronounced in individuals with high total cholesterol, and
in general there is no HDL-cholesterol lowering effect occurring. The content
of the soluble oat fiber varies in different oat products from 4 to 5 g in rolled
oats and from 6 to 7.5 g in oat bran (Webster 2002). In view of the consistent
effects of oats on total and LDL-cholesterol, an authorized health claim on the
relationship between the β-glucan soluble fiber from whole oat sources and
a reduced risk of CHD has been formulated (Food and Drug Administration
2002). According to the Food and Drug Administration (FDA) regulation rolled
oats, oat bran and whole oat flour, the soluble fraction of oat bran or whole oat
flour with a β-glucan content of up to 10% on a dry weight basis (dwb) and not
less than the one of the starting material (dwb), is an appropriate source of β-
glucan soluble fiber for this health claim (Food and Drug Administration 2002).

Other cereal-based sources of soluble fiber are rye, barley and rice bran. An
increased consumption of soluble fibers from these sources improves the lipid
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profile. The ingestion of a rather large amount of rye bread (20% of the daily
energy intake, thus increasing the fiber intake by 15 g) for 4 weeks without any
other change in the usual diet resulted in a decrease of total cholesterol by 8%
(−0.53 mmol/l, P=0.002) and LDL-cholesterol (−0.36 mmol/l) (Leinonen et al.
1999). To achieve this effect, the subjects in the study by Leinonen et al. (1999)
had to ingest about eight slices of rye bread per day, which is much higher than
the two to three slices of bread currently consumed by the average Finnish
person. Similar effects on total and LDL-cholesterol have been reported after
the intake of barley or rice bran (Cicero and Gaddi 2001; Rajnarayana et al.
2001). Usually, large amounts of these fibers are needed and the effects are
comparatively small even when enriched barley-derived β-glucan is used (De-
laney et al. 2003; Keogh et al. 2003). To obtain a clinically relevant effect, large
quantities of the corresponding food sources need to be ingested (Keogh et al.
2003), which is not necessarily easy to achieve. Further, our society consumes
some of these food items in small quantities only and the acceptance of these
foods is often too low to significantly reduce the risk at the population level.

A good source of soluble fiber is psyllium (psyllium seed husk) that is also
associatedwithaconsiderable reductionofplasmacholesterol levels.Anderson
et al. (2000) studied the effectiveness of 5.1 g psyllium twice per day in reducing
plasma cholesterol as compared to a cellulose placebo. During this 26-week
trial, the serum of total cholesterol and LDL-cholesterol declined by 4.7% and
6.7%, respectively (Anderson et al. 2000). The active component of psyllium
seems to be a highly-branched arabinoxylan consisting of a xylose backbone
and arabinose- and xylose-containing side chains (Marlett and Fischer 2003).
The effects of psyllium and other dietary fiber sources are comparatively small.
However, it should not be forgotten that they represent only a part of a more
holistic approach, i.e. a change of the whole dietary pattern alone or even
combined with drugs.

The combination of psyllium with an increased intake of MUFA (mono-
unsaturated fatty acids) may favorably modify the lipid effects of viscous
soluble fibers. A higher MUFA intake (approximately 12% of MUFA, 29%
of total fat) in combination with a defined soluble fiber intake from psyllium
(1.4g/MJ) improved the triacylglycerol reduction (16.6±5.5%,P=0.006)and the
ratio of LDL/HDL cholesterol (7.3±2.8%, P=0.015) compared to the psyllium
phase without MUFA (Jenkins et al. 1997).

5
Glycemic Index and Atherosclerosis

During the last few years there has been increasing evidence that metabolic
abnormalities surrounding glucose and insulin metabolism are key events in
the pathogenesis of many chronic diseases including atherosclerosis. Over-
weight and obesity are often associated with the metabolic syndrome that
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is characterized by abdominal obesity (waist circumference in men >102 cm
and in women >88 cm), elevated plasma TG concentration (≥1.69 mmol/l),
low HDL-cholesterol (<1.0 mol/l in men and >1.29 mmol/l in women), an
increased blood pressure (≥130/85 mmHg) and an elevated plasma glucose
(>6.1 mmol/l) (Adult Treatment Panel III 2002). The metabolic syndrome can
be observed in all age groups of our society at an increasing rate (Ford et
al. 2002). A basic pathophysiological event triggering the development of the
metabolic syndrome is insulin resistance (Reaven 2002, Stolar and Chilton
2003). Lifestyle factors such as body weight or physical activity are important
modulators of insulin resistance (Reusch 2002). Many studies showed that low
GI diets may favorably influence the pathogenesis of insulin resistance and
especially several of the clinical consequences and endpoints (Liu et al. 2000;
van Dam et al. 2000; Stevens et al. 2002; Liu et al. 2000; Brand-Miller et al. 2003;
Ford and Liu 2001; Liu 2002, Ludwig 2003). The GI corresponds to the increase
in blood glucose concentration after the ingestion of the corresponding food
(standardized to obtain 50 g CHO) as compared to the increase in blood glucose
after the ingestion of glucose or white bread (Jenkins et al. 1981). The glycemic
response is subject to many different influences, such as the composition of
starch and polysaccharides, the amount of soluble fiber, food processing and
cooking, as well as interactions with other food components (e.g., protein or
fat) (Augustin et al. 2002). Dietary fibers and their composition are important
determinants of the GI (Bjoerck and Elmstahl 2003), however, the absolute
content of glucose seems to be the major determinant (Engelyst et al. 2003).
Accordingly, it is not surprising that the GIs of whole-wheat bread or white
bread are very similar, although the fiber content varies considerably. As the GI
is defined according to the increase of the plasma glucose, only sugars leading
to a change in the plasma glucose are considered to be a determinant of the GI.
Sugar (sucrose or ordinary table sugar), however, plays a very important role
in nutrition and health maintenance, as a disaccharide (composed of glucose
and fructose) with a relatively small GI, as long as it is not ingested in large
amounts. Still, the comparatively low GI of sucrose will be significantly altered
by a disproportionally high glucose intake. It is therefore recommended not
to eat more than 10 teaspoons (50 g) of sugar. However, in view of the very
high sugar content of many popular foods, this maximum of 10 teaspoons is
frequently exceeded (e.g., a 12-oz (330 ml) soft drink contains approximately
10 teaspoons of sugar). The present sugar intake in the USA is more than
30 % higher than in the year 1983 (Center for Science in Public Interest CSPI
2003). From the pathophysiological and biochemical point of view, the high
sugar content of our diet favors the development of chronic and acute diseases
through pathophysiological events linked to a high GI. Epidemiological studies
reported a relationship between the GI and the risk of CHD (Liu et al. 2000).
This is not surprising, as the GI is associated with different cardiovascular risk
factors such as insulin sensitivity, metabolic syndrome and diabetes, dyslipi-
demia (low HDL-cholesterol–high TG), hypertension or inflammation (Ford
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and Liu 2001; Sciarrone et al. 1993; Sacks and Katan 2002). HDL-cholesterol is
one of the central lipid determinants for the risk of atherosclerosis. Ford and
Liu (2001) examined data from the NHANES III and identified a high dietary
GI to be an independent determinant of HDL-cholesterol. In obese individu-
als, the ingestion of a low GI/low fat/high protein diet was associated with an
improved metabolic risk profile (Dumesnil et al. 2001). In addition, such a diet
may have favorable long-term effects on body weight regulation, since its food
components alleviate hunger and increase satiation (Dumesnil et al. 2001; Ball
et al. 2003).

Again, for the treatment of patients high GI foods do not need to be avoided
altogether. It is the overall composition of the diet that is important. Adding
fiber-rich foods or isolated dietary fiber (e.g., β-glucan) to high GI foods
reduces the GI (Jenkins et al. 2002). Moreover, foods with a high GI can easily
be identified in the diet of patients by using published tables (Foster-Powell
et al. 2002).

The concept of the GI is very appealing but nevertheless controversial
(Raben 2002). However, in view of the deleterious effects of insulin resistance
and the metabolic syndrome, the GI-hypothesis describing hyperglycemia and
the overproduction of insulin fits well into the pathophysiological cascade of
atherosclerosis. Further, societies with a low prevalence of chronic diseases,
including atherosclerosis, do consume a low GI diet (Jenkins et al. 2003).

6
Carbohydrates and Selected Risk Factors

6.1
Obesity and Diabetes

Obesity, especially abdominal obesity, is one of the most important risk factor
for atherosclerosis. There is no other single risk factor that is positively associ-
atedwithmostof the classical cardiovascular risk factors (Bosello andZamboni
2000; Alexander 2001; Lakka et al. 2002). Obesity is increasing worldwide, and
this development is paralleled by a rise in the prevalence of the metabolic
syndrome and frank diabetes mellitus type 2 (Ford et al. 2002; Popkin and
Doak 1998). Especially abdominal obesity leads to an unfavorable clustering
of various risk factors that constitute the metabolic syndrome (Reaven 2002).
A shift from traditional to modern diets includes a shift from staple foods with
a high starch and dietary fiber content to diets characterized by the consump-
tion of processed starch and cereal products. This shift in diet contributes to
an increasing prevalence of overweight, obesity and type 2 diabetes (Fung et al.
2002). Type 2 diabetes is associated with an increased risk for atherosclerosis
due to different mechanisms including dyslipidemia (Stolar and Chilton 2003;
Solymoss et al. 2003). An increased intake of wholegrain foods has been asso-
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ciated with a reduced risk for developing diabetes and heart disease. A higher
wholegrain intake is associated with higher insulin sensitivity (Liese et al. 2003)
and thus a reduced risk for developing diabetes. A high fiber diet was found
to exert long-term favorable effects on glucose tolerance and dyslipidemia,
regardless of the composition of the dietary fiber (Bosello et al. 1980; Villaume
et al. 1984). Some controversial results can be explained by the insufficient
duration of the corresponding interventions. Most foods eliciting favorable
effects on glucose tolerance and lipid status are characterized by a low GI. It is
debatable whether a low GI diet presents an advantage for obese individuals for
weight reduction purposes. Ebbeling et al. (2003) found that in obese adoles-
cents an ad libitum, reduced-GL diet was more effective for body weight control
than a conventional energy-restricted, reduced-fat diet (Ebbeling et al. 2003).

The consumption of fiber-rich foods (e.g., fiber-rich bread) was associated
with a lower risk for abdominal obesity (Wirfält et al. 2001). A diet with an
increased GI or GL is associated with an increased risk for fatal and nonfatal
myocardial infarction (Liu et al. 2000). This is only true, however, for over-
weight individuals who will soon account for the largest fraction of the US
population (Kuczmarski et al. 1994; McLellan 2002). In the study by Liu et al.
(2000) the GL was only associated with a greater CHD risk in individuals with
a body mass index (BMI) greater than 23 kg/m2. This observation is in agree-
ment with the pathophysiological relationship between body weight, insulin
resistance, and carbohydrate intake. A recent meta-analysis confirmed that the
consumption of a low-GI diet may be useful in the management of diabetes
(Brand-Miller et al. 2003).

6.2
LDL-Cholesterol

LDL-cholesterol lowering remains akey strategy for theprimary and secondary
prevention of CHD (Expert Panel on Detection 2001). According to these
guidelines, the therapeutic approach for LDL control should include dietary
and pharmacological strategies. However, in view of the powerful effects of
modern drug therapy, dietary strategies are often neglected. Several studies
reported an additional decrease in LDL-cholesterol from 5% (Hunninghake
et al. 1993) to 10% (Clifton et al. 1994) if drugs were combined with dietary
fiber as compared to the drug regimen alone. These studies mainly included
diets low in saturated fatty acids. Implementing a more global dietary approach
in patients on cholesterol-lowering drugs in the form of the so-called Pritikin
diet, i.e., a diet with a very low fat content (<10% from fat) and rich in complex
carbohydrates, in combination with an exercise program, lead to an additional
reduction of total cholesterol (−19%), of LDL-cholesterol (−20%), and TG
(−29%) (P<0.01 for all parameters) (Barnard et al. 1997). After the completion
of this intervention, 60% of the patients met the LDL goal of the National
Cholesterol Education Program (NCEP) compared to only 27% at the start
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of the intervention (Barnard et al. 1997). In this study, the additional lipid
lowering effects were much more pronounced than in most other studies,
which is a result of the rather extreme and strongly supervised intervention.
This intervention study lasted only 3 weeks and long-term compliance to such
a program may be a problem. The dramatic effects described above are a result
of the combination approach of diet, exercise and also body weight changes
and are hardly achievable for the majority of patients. Ingesting 5–10 g of
soluble fiber will result in a reduction of LDL-cholesterol of approximately 5%.
A meta-analysis by Brown et al. (1999) concluded that each gram of soluble
fiber of the diet will result in a total cholesterol change of −0.045 mmol/l
(95% CI, −0.054 to −0.035) and a LDL-cholesterol change of −0.057 mmol/l
(95 % CI, −0.070 to −0.044) (Brown et al. 1999). At first glance, this effect
is small, but it translates into considerable risk reduction if a large enough
quantity is ingested for long enough. The ingestion of 9 g/d of psyllium leads
to a decrease in LDL-cholesterol of 6%–7% (Brown et al. 1999). The effects
of the major soluble fiber in the form of oats, psyllium, or pectin on plasma
lipids were not significantly different, as shown by the results of this meta-
analysis.Other solublefibers, suchas isolatedβ-glucan,normal and/ordefatted
flaxseed (Prasad 2000; Lucas et al. 2002) or konjacmannan (Chen et al. 2003)
showed a dose–response relationship to LDL-cholesterol lowering in the range
of approximately 7%–20 %. It has to be remembered that the food matrix
and/or the food processing (including cooking) methods can exert adverse
effects on the hypocholesterolemic properties of the β-glucan of oats, but also
of other dietary fibers (Kerckhoffs et al. 2003).

6.3
HDL-Cholesterol

Dietary fiber per se has no direct effect on HDL-cholesterol. In view of the
effects of dietary fiber as well as the GI and/or load on TG levels, it is not
surprising that HDL-cholesterol is favorably influenced as a function of the
quality of the ingested carbohydrate. A low GI or GL diet may represent an ideal
strategy for the maintenance of higher HDL-cholesterol levels (Ford and Liu
2001). An evaluation of the data from NHANES III (Ford and Liu 2001) showed
an inverse relationship between GI and GL and HDL-cholesterol concentration
across all subgroups of participants categorized by sex or BMI. After adjusting
for different covariates and considering GI as a continuous variable, a change
in the GI by 15 units was found to increase the HDL-cholesterol concentration
by 0.06 mmol/l (P<0.001). The latter effect seems small, but in view of the
big impact of small changes of HDL-cholesterol on the risk for CHD and the
simultaneous reduction of LDL-cholesterol these effects translate into a large
clinical benefit (Asztalos and Schaefer 2003). Older and newer studies reported
that a high sucrose intake is associated with a lower HDL-cholesterol (Ernst
et al. 1980; Archer et al. 1998). The HDL-cholesterol lowering effect of sucrose
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is not surprising, as a higher sucrose intake (>20% of total energy) leads to an
increase in the plasma TG concentration (see Sect. 6.4). The TG enrichment
of HDL leads to an increased catabolism of apolipoprotein A-1 (apoA-1) and
thus to a decline in HDL-cholesterol (Lamarche et al. 1999).

6.4
Triglycerides

During the last few years evidence has accumulated that an elevated TG con-
centration represents an independent risk factor for CHD (Austin et al. 1998).
The increase in plasma TG concentration in response to already small in-
creases in carbohydrate intake is well known and a universal phenomenon.
Neither the pathophysiological mechanisms nor the clinical consequences are
well understood (Parks and Hellerstein 2000). Simple sugars and starch have
the strongest effect on TG levels, which, however, is modulated by dietary fiber.
As recently reviewed by Anderson (2000), several metabolic ward studies re-
ported that a high-carbohydrate/low-fiber diet increases fasting TG levels by
53% on average (95% CI, 34–71%). In contrast, high-carbohydrate/high fiber
diets lead to a decrease in fasting TG of approximately 10% (95 % CI, −1 to
−17) (Anderson 2000). Only the combination of a high carbohydrate diet and
weight loss avoided the increase in TG concentration (Lichtenstein et al. 1994).

In a very elegant study Hudgins et al. (1996) observed that a eucaloric low
fat/high carbohydrate diet stimulates fatty acid synthesis, and that this effect
is identical in lean and obese subjects (Hudgins et al. 2000). The stimulation
of fatty acid synthesis is increased after the equicaloric substitution of simple
carbohydrates for complex carbohydrates (Hudgins et al. 1998). The stimula-
tory effect was higher on a 10%-fat diet than on a 30%-fat diet (Hudgins et al.
2000). These important data prove that not only the amount but also the type
of carbohydrate is an important determinant for the rate of fatty acid synthe-
sis. Further, they support some critiques on the low-fat dietary approach to
atherosclerosis. Many unfavorable effects of the diet on risk factors are more
important in obese individuals. The data from Hudgins et al. (2000) showed no
significant difference in the carbohydrate-induced fatty acid synthesis in lean
and obese subjects, despite the increased insulin levels in the obese subjects.
They also described a correlation between fasting TG levels and fatty acid
synthesis on the 10%-fat carbohydrate diet. The effect of carbohydrates on TG
levels occurs on all levels of intake but increases with increasing carbohydrate
intake and decreasing fat intake and shows considerable individual variation
(Parks and Hellerstein 2000; Retzlaff et al. 1995). Dietary fructose, consumed
in larger amounts, also has a very strong effect on the plasma triglyceride
concentration (see Sect. 7) (Bantle et al. 2000). The TG modulating effects of
the different carbohydrates are counteracted by physical activity and exercise
(Suter et al. 2001; Laaksonen et al. 2002; Gill and Hardman 2003) or other di-
etary components such as more complex carbohydrates (Hudgins et al. 1998).
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The relationship between high carbohydrate intake and plasma TG is one of
the most consistent biochemical observations in carbohydrate metabolism and
nutrition. How much carbohydrate is too much carbohydrate? This question
cannot be answered yet today and varies as a function of unknown genetic
factors, the baseline lipoprotein pattern and especially the presence of other
cardiovascular risk factors. For an individual presenting with increased body
weight, physical inactivity, high fasting TG and/or hyperinsulinemia the intake
of simple carbohydrate and starch should be low to moderate. In view of the
present evidence, probably the lower the better.

6.5
Postprandial Lipemia

More than 20 years ago, Zilversmit and Mamo et al. postulated that atheroscle-
rosis is to a larger extent a postprandial phenomenon (Zilversmit 1979; Zil-
versmit 1995; Mamo et al. 1997). Postprandial lipemia as well as hormonal
changes occurring during the postprandial phase seem to represent impor-
tant modulators of atherosclerosis. The postprandial clearance of TG-rich
lipoproteins represents a major determinant of HDL-cholesterol concentration
(Miesenböck and Patsch 1992). As a consequence of the diet–heart hypothesis
low-fat, high-carbohydrate diets have been promoted. However, such a diet
will also lead to an increase in the postprandial lipemia (increased peak TG
concentration, increased TG area under the curve and an increased duration
of the postprandial lipemia) (Leinonen et al.1999; Flatt et al. 1985; Jeppsen
et al. 1995; Dubois et al. 1998; Parks 2001). Postprandial lipemia is affected
by many nonmodifiable (e.g., genetic) and modifiable factors, e.g., exercise,
alcohol, obesity, body composition, the baseline TG concentration and sub-
strate composition of the diet (Suter et al. 2001; Hyson et al. 2003). A diet
high in carbohydrate causes increased postprandial TG concentrations and, as
a consequence, a decrease in HDL-cholesterol concentration and lipoprotein
particle size as well as the occurrence of small dense LDL particles (Koutsari
et al. 2000; Lemieux et al. 2000). Physical activity is a central modulator of
postprandial lipemia (Hardman and Herd 1998). Present evidence suggests
that carbohydrate enhances postprandial lipemia only in physically inactive
individuals (Koutsari and Hardman 2001). Recently, Koutsari and Hardman
(2001) reported that the increase in the postprandial TG response of more than
one-third on a high-carbohydrate diet (70% of energy) could be reversed by
a low degree of daily physical activity of 30 min of daily walking. The outcome
of this short-term study may be extrapolated to the longer term, since many
Asian and African populations do not show increased postprandial lipemia in
the presence of high level physical activity, although they consume large quan-
tities of carbohydrate as their staple food (Xie et al. 1998). However, as soon
as a Western lifestyle is adapted, this favorable risk profile is lost (Bermudez
and Tucker 2003; Dwyer et al. 2003). Without changing the pattern of physical
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activity, a low-carbohydrate diet significantly decreases the fasting and post-
prandial triglyceride plasma concentration, increases HDL-cholesterol and
improves the total cholesterol/HDL-cholesterol ratio in normal-weight and
normolipidemic individuals (Volek et al. 2003). Especially overweight or obese
individuals not pursuing regular (i.e., daily) physical activity should avoid
a high intake of simple carbohydrate, particularly if they are hypertriglyceri-
demic.

6.6
Inflammation

An elevated C-reactive protein (CRP) value has been identified as an inde-
pendent CHD risk factor (Jialal and Devaraj 2003). Pharmacological and non-
pharmacological strategies can help reduce inflammation and, hence, CRP
levels. Recently, Jenkins et al. (2003) evaluated the lipid-lowering effects of
a dietary portfolio according to the present recommendations (i.e., low in
saturated fat together with plant sterols and viscous fibers) as compared to
a statin. In this study, the participants were randomized to obtain, during
1 month, a diet containing very low amounts of saturated fat, consisting of
milled whole-wheat cereals and low-fat dairy products (=control group). An-
other group obtained the same diet plus 20 mg of lovastatin (=lovastatin
group). The third group corresponded to the so-called dietary portfolio group
and received a diet with a higher content of plant stanols (1 g/1000 kcal), rich
in soy protein (21.4 g/1000 kcal), viscous fibers (9.8 g/1000 kcal) and almonds
(14 g/1000 kcal). The mean ± SE reduction of LDL-cholesterol was significant in
all three groups, but was lowest in the control group (8 ± 2.1 %) and very similar
in the lovastatin and dietary portfolio group (28.6 ± 3.2% versus 30.9 ± 3.6%)
(Jenkins et al. 2003). The mean reductions in CRP levels amounted to 10% in
the control group (P=nonsignificant), 33% in the lovastatin group (P=0.002)
and 28% in the dietary portfolio group (P=0.02) (Jenkins et al. 2003). The CRP
reduction was not related to changes in LDL-cholesterol, which–if this had
been the case–would have suggested direct effects of the diet or certain dietary
components. Different dietary factors have been reported to lower CRP levels
(Clifton 2003) such as a cholesterol-lowering diet, weight loss or a change in
most of the traditional cardiovascular disease risk factors (Esposito et al. 2003;
Saito et al. 2003).

7
The Role of Sucrose and Fructose

Ordinary sugar (sucrose or saccharose) is a disaccharide formed by glucose
and fructose. As discussed above, the major carbohydrate-related determinant
of the glycemic index is glucose. Sucrose as a disaccharide, consisting of equal
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parts of fructose and glucose, has a rather low GI. However, in the setting of
a large sucrose intake the impact of the corresponding relatively high glucose
intake may become pathophysiologically relevant (see also Sect. 5). A low
intake of fructose, on the other hand, is metabolically inert and may have
favorable effects (Moore et al. 2000). However, this inertness of fructose is lost
if fructose is consumed in large amounts, since it bypasses the major regulatory
steps of glycolysis. Glycerol-3-phosphate, which is formed from fructose-1-
phosphate, is the starting point for TG synthesis. Accordingly, a high intake
of fructose increases the availability of the TG backbone glycerol-3-phosphate
and, thereby, TG and very-low-density lipoprotein (VLDL) synthesis (Frayn
and Kingman 1995). In a randomized, balanced cross-over study during which
two identical diets were fed, except that crystalline fructose was added to one
diet and crystalline glucose to the other, Bantle et al. (2000) illustrated the effect
of fructose on plasma lipids. Fifty-five percent of total energy in these diets
was provided by carbohydrate, including 17% and 3% provided by fructose in
the fructose and glucose regimens, respectively. In males participating in this
study, thehigh fructose intake led toasignificantlyhigher fasting,postprandial,
and daylong plasma TG concentration as compared to the glucose regimen
(Bantle et al. 2000). Others reported a similar effect of fructose on the plasma
lipid pattern (Reiser et al. 1989).

The increase of fructose from fruit and vegetables is comparatively small in
view of the large fraction of added sugar (in the form of HFCS or sucrose in
numerous processed foods and beverages). From the metabolic point of view,
it is conceivable that a continuously high intake of fructose may have long-
term adverse effects, especially if these dietary habits are practiced for several
decades, start early in life and are combined with a lifestyle characterized by
a low level of physical activity. For fructose, there are no controlled long-term
data available and accordingly, no final conclusion can be drawn. Nevertheless,
there are rather consistent experimental data for potential adverse effects that
need to be taken seriously in view of the continuous increase in sucrose intake
as well as the pandemia of obesity. The potentially adverse effects are more
pronounced in the setting of a low dietary fiber intake, a higher body weight
status (Lichtenstein et al. 1994) and last but not least a low level of physical
activity (Wood et al. 1994; Durstine et al. 2002; Petitt and Cureton 2003). Al-
though the data are not yet conclusive and are controversial, a high intake of
added sugars should be avoided, especially in the presence of increased body
weight and physical inactivity. This recommendation is also in agreement
with the present dietary guidelines and American Heart Association (AHA)
recommendations (Howard and Wylie-Rosett 2002). The pathophysiological
potential of the combination of a high-sucrose and high-fat diet in atheroge-
nesis is supported by animal data (Yin et al. 2002), even though these data,
resulting fromanimal testing,need tobe interpretedwithcaution.An increased
carbohydrate intake, especially an increased sucrose intake, is associated with
decreased lipid oxidation and thus an increased risk for a positive fat balance
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and for obesity (Acheson et al. 1982; Flatt 1993). The latter is also associated
with a decreased catabolism of triglyceride-rich lipoproteins TRL, resulting
in prolonged lipemia (Brunzell et al. 1973). Although some experimental con-
ditions may be rather artificial, sucrose leads to a dose-dependent increase
in the triglyceride concentration (Albrink and Ullrich 1986; Raben et al. 1998;
Marckmann et al. 2000). In a short-term study (11 days) by Albrink and Ullrich
(1986), the sucrose effect was counteracted by the addition of dietary fiber at
the lower intake levels (36% sucrose diet). However, at high intake levels (52%
in this study), dietary fiber had no effect. In this study, a lower intake (<18%) of
sucrose had no effect on the TG concentration, which may be due to the lower
fructose intake. Most studies are only short term and some evidence suggests
that the effects of increasing the TG of high-carbohydrate, high sugar diets may
become less relevant over time (Saris et al. 2000), as long as certain adaptive
mechanisms are working. The latter may be impaired or lost in overweight
and obese subjects or in the presence of insulin resistance and/or physical
inactivity, respectively. The hypertriglyceridemic effects of sucrose and other
carbohydrates are modulated by the body weight status, fat distribution pat-
tern and physical activity (Durstine et al. 2002; Petitt and Cureton 2003; Roust
et al. 1994).

8
Conclusion and Recommendations

During the last decades, a low-fat (and consecutively high carbohydrate) diet
has been promoted for the combat of modern diseases including atheroscle-
rosis. We now know that low-fat diets are not very helpful in the control of
the chronic diseases of the modern society. Further, we do know that not all
fats are ‘bad fats’. A diet high in monounsaturated and polyunsaturated fatty
acids is promoted and regarded as very healthy (de Lorgeril et al. 1999; Tri-
chopoulou et al. 2003). Besides the latter discoveries it was found that not all
carbohydrates are equal regarding the metabolic response pattern as well as
the pathophysiological potential. Quantity and quality issues are as important
for dietary carbohydrate as for dietary fat. A recent Scientific Statement for
Health professionals issued by the AHA about the role of sugar in cardiovascu-
lar disease concluded that high sugar intake should be avoided (Howard and
Wylie-Rosett 2002), as there is no nutritional value in sugar other than calories.
A high intake of sugar displaces nutrient-dense foods and should be controlled
accordingly (Howard and Wylie-Rosett 2002).

In this chapter, we focused on a few selected aspects of carbohydrates and
dietary fiber regarding the risk of atherosclerosis, especially the metabolic risk
factors related to lipoprotein metabolism. There is growing evidence of the
high impact of dietary fiber and foods with a low GI on single risk factors
(e.g. lipid pattern, diabetes, inflammation, endothelial function etc.) as well
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as the development of clinical endpoints of atherosclerosis, especially of CHD.
The present evidence is not yet complete, but we nevertheless do have enough
evidence for action, i.e., implementation. In view of the very potent drugs used
for the treatment of dyslipidemia, hypertension or diabetes, the important role
of dietary factors in prevention and therapy gets lost and even forgotten. We
do know about the additive effects of drug combinations. However, we forget
about the additive effects of the combination of dietary and pharmacological
strategies (Clemmer et al. 2001; Foster et al. 2003). There are many drugs
available and the right choice is important. Equally, there is no single diet
that is optimal for each and every patient. Nevertheless, as reviewed in this
chapter, an eating pattern for the prevention of chronic diseases including
atherosclerosis should contain a large fraction of dietary fiber (whole cereal
grains) and moderate amounts of disaccharides (sucrose and fructose). The
ingestion of the latter should be avoided, especially in patients with overweight,
physical inactivity, insulin resistanceor themetabolic syndrome. Suchadietary
pattern has favorable effects on the major cardiovascular risk factors and
may also help control body weight (Foster et al. 2003). The promotion of
healthy protective dietary strategies (such as increasing the intake of complex
carbohydrates or of wholegrain diets) is more effective than forbidding single
unhealthy food habits (Michels and Wolk 2002). It is important to recognize
that there are different fats and carbohydates. Present evidence suggests that
at least compliant individuals increase their chance of finding the ‘Garden of
Eden’ (Jenkins et al. 2003) on Earth with the help of a plant-based diet, rich in
complex (nondigestable) carbohydrates.
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Abstract Oxidative modification of low-density lipoprotein (LDL) in the arterial wall plays
a key role in the pathogenesis of atherosclerosis. Under oxidative stress LDL is exposed to
oxidative modifications by arterial wall cells including macrophages. Oxidative stress also
induces cellular-lipid peroxidation, resulting in the formation of ‘oxidized macrophages’,
which demonstrate increased capacity to oxidize LDL and increased uptake of oxidized LDL.
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Macrophage-mediated oxidation of LDL depends on the balance between pro-oxidants and
antioxidants in the lipoprotein and in the cells. LDL is protected from oxidation by antioxi-
dants, as well as by a second line of defense—paraoxonase 1 (PON1), which is a high-density
lipoprotein-associated esterase that can hydrolyze and reduce lipid peroxides in lipoproteins
and in arterial cells. Cellular paraoxonases (PON2 and PON3) may also play an important
protective role against oxidative stress at the cellular level. Many epidemiological studies
have indicated a protective role for a diet rich in fruits and vegetables against the de-
velopment and progression of cardiovascular disease. A large number of studies provide
data suggesting that consumption of dietary antioxidants is associated with reduced risk
for cardiovascular diseases. Basic research provides plausible mechanisms by which di-
etary antioxidants might reduce the development of atherosclerosis. These mechanisms
include inhibition of LDL oxidation, inhibition of cellular lipid peroxidation and conse-
quently attenuation of cell-mediated oxidation of LDL. An additional possible mechanism
is preservation/increment of paraoxonases activity by dietary antioxidants. This review
chapter presents recent data on the anti-atherosclerotic effects and mechanism of action
of three major groups of dietary antioxidants—vitamin E, carotenoids and polyphenolic
flavonoids.

Keywords Antioxidants · LDL · Oxidized-LDL · Paraoxonase · Flavonoids · Vitamin E ·
Carotenoids · Atherosclerosis

1
LDL Oxidation and Atherosclerosis

The ‘oxidative modification of lipoproteins’ hypothesis of atherosclerosis pro-
poses that the oxidation of low-density lipoprotein (LDL) plays a pivotal role in
early atherogenesis (Albertini et al. 2002; Aviram 1995, 1996, 2000; Berliner and
Heinecke 1996; Glass and Witztum 2001; Hayek et al. 2005; Kaplan and Aviram
1999; Jialal and Devaraj 1996; Parthasarathy and Rankin 1992; Parthasarathy
et al. 1998; Steinberg 1997; Witztum and Steinberg 1991). This hypothesis is
supported by evidence that LDL oxidation occurs in vivo (Herttuala 1998)
and contributes to the clinical manifestation of atherosclerosis. The early
atherosclerotic lesion is characterized by the accumulation of arterial foam
cells, which are initially derived mainly from cholesterol-loaded macrophages
(Gerrity 1981; Schaffner et al. 1980). Most of the accumulated cholesterol in
foam cells originates from plasma LDL. However, LDL has to undergo oxida-
tive modification in order to be taken up by macrophages at an enhanced rate
via the macrophage scavenger receptors pathway [scavenger receptors type A
(SRA), CD-36], which, unlike the LDL receptor, are not subjected to downreg-
ulation by the cellular cholesterol content (Aviram 1993; Goldstein and Brown
1990; Steinberg et al. 1989). The uptake of oxidized LDL (Ox-LDL) via scav-
enger receptors promotes cholesterol accumulation and foam cell formation
(Aviram 1991; Aviram and Rosenblat 2001; Steinberg et al. 1989; Parthasarathy
and Rankin 1992), the hallmark of early atherosclerosis.
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1.1
Oxidation of LDL in a Cell-Free System

Oxidation of LDL involves free radical attack on the lipoprotein components
including cholesterol, phospholipids, fatty acids and apolipoprotein B-100.
LDL oxidation results first in the consumption of its antioxidants (mainly
vitamin E and carotenoids), and in a substantial loss of polyunsaturated fatty
acids (PUFA) and of cholesterol, which are converted to oxidized PUFA and
oxysterols.

During the oxidation of LDL, apolipoprotein B-100 also undergoes direct
and indirect modifications. Direct attack of oxidants oxidizes amino acid side
chains and fragments the polypeptide backbone.

1.2
Macrophage-Mediated Oxidation of LDL

Macrophage-mediated oxidation of LDL is considerably affected by the oxida-
tive state in the cells, which depends on the balance between cellular oxidases
and macrophage-associated antioxidants (Aviram and Fuhrman 1998a; Szuch-
mann et al. 2005). Macrophage binding of LDL to the LDL receptor initiates
the activation of cellular oxygenases (Aviram and Rosenblat 1994; Aviram et al.
1996). When NADPH oxidase is activated, the cytosolic components of the
NADPH oxidase complex, P-47 and P-67, translocate to the plasma membrane,
where they form–together with the membrane bound cytochrome b558–the
active NADPH oxidase complex. On the other hand, macrophage antioxidants
also contribute to the extent of cell-mediated oxidation of LDL. Cellular re-
duced glutathione (GSH) is a most potent antioxidant (Meister and Anderson
1983; Rosenblat and Aviram 1997), and an inverse relationship has been shown
between the extent of macrophage-mediated oxidation of LDL and the cellular
GSH content (Rosenblat and Aviram 1997). Macrophage-mediated oxidation of
LDL can also result from an initial cellular lipid peroxidation. When cultured
macrophages were exposed to oxidants such as ferrous ions or angiotensin II,
cellular lipid peroxidation took place (Fuhrman et al. 1994, 1997). These ‘oxi-
dized macrophages’ could easily oxidize the LDL lipids, even in absence of any
added transitionmetal ions. Furthermore,macrophage capacity tooxidizeLDL
increased during in vivo monocyte−to−macrophage differentation (Fuhrman
et al. 2004a). Figure 1 summarizes our current view of macrophage-mediated
oxidation of LDL and atherosclerosis.

2
Dietary Antioxidants and LDL Oxidation

For a compound to be defined as an antioxidant it must satisfy at least two
basic conditions:
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Fig. 1 Nutritional antioxidants and macrophage-foam cell formation. Nutritional antioxi-
dants (vitamin E, carotenoids, flavonoids) can associate directly with LDL, resulting in the
inhibition of LDL oxidation. Nutritional antioxidants can also associate with arterial cells
such as macrophages, resulting in the inhibition of cellular oxygenases such as NADPH
oxidase (NADPH-Ox), or in the activation of cellular antioxidants such as the glutathione
(GSH) system. Reduction in the formation and the release of reactive oxygen/nitrogen
species (ROS/RNS, respectively) in macrophages by antioxidants thus inhibits the formation
of ‘oxidized macrophages’ and hence reduces cell-mediated oxidation of LDL. Altogether,
these effects lead to a reduced formation of macrophage-foam cells, and thus attenuate the
development of atherosclerotic lesion

– When present in low concentration relative to the substrate to be oxidized,
it can delay, retard, or prevent auto-oxidation or free radical-mediated oxi-
dation.

– The resulting radical formed after scavenging must be stable in order to
interrupt the oxidation chain reaction.

The oxidation rate of LDL was shown to be reduced by dietary antioxidants
intervention. Dietary antioxidants can inhibit LDL oxidation by several means:

– By scavenging free radicals, chelation of transition metal ions, or protection
of the intrinsic antioxidants in the LDL particle (vitamin E and carotenoids)
from oxidation.

– By protecting cells in the arterial wall against oxidative damage, and–as
a result–inhibition of cell-mediated oxidation of LDL.

– By preservation of serum paraoxonase activity, and–as a result–promotion
of the hydrolysis of LDL and arterial cell-associated lipid peroxides.
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The beneficial health effects, attributed to the consumption of fruits and
vegetables, are related at least in part, to their antioxidant activity.

Vitamin E (α-tocopherol) has been proposed to be the most important lipid-
soluble radical-scavenging antioxidant in cellular and subcellular membranes
and also in plasma lipoproteins (Burton et al. 1983). Vitamin E is synthesized
by plants, and it is found primarily in plant products. Rich sources of vitamin
E are vegetable oils, margarine, nuts, seeds and cereal grains. LDL is the major
carrier of vitamin E in the circulation. It is estimated that for individuals who
are not receiving any supplement, the LDL particle contains six molecules of
vitamin E.

Carotenoids are natural pigments with lipophylic properties, widely dis-
tributed in fruits and vegetables, and possess some antioxidant characteristics
(Krinsky 2001; Sies and Stahl 1995; Stahl and Sies 1997). β-Carotene and ly-
copene are the major carotenoids in human plasma. Lycopene is the open chain
analog of β-carotene, and it is an acyclic carotenoid that contains 11 conju-
gated double bonds arranged linearly in the all-trans form. Carotenoids are
transported in human blood complexed to plasma lipoproteins and mainly to
the LDL particle. Lycopene, which lacks hydrophilic substituents, is extremely
hydrophobic, is located within the hydrophobic core of LDL and thus, its free
radical-scavenging ability is limited mostly to the interior of the lipoprotein.

Polyphenols constitute one of the largest category of phytochemicals, most
widely distributed among plants, and are an integral part of the human diet.
Flavonoids compose the largest and most studied group of plant polyphenols,
and over 4,000 different flavonoids have been identified to date. Flavonoids
are powerful antioxidants against LDL oxidation, and their activity is related
to their localization in the LDL particle, as well as to their chemical structure
(Rice-Evans et al. 1996). The free radical scavenging capability of flavonoids
stems from the fact that their reducing potential is lower than that of the alkyl
peroxyl radical and the superoxide radical and hence it results in free radi-
cals inactivation. Flavonoids are effective scavengers of hydroxyl and peroxyl
radicals, as well as superoxide anion (Yuting et al. 1999; Morel et al. 1993),
and some of them act as antioxidants due to their potent chelation capacity to
transition metal ions.

2.1
Vitamin E

Enrichment of LDL with vitamin E was reported to protect LDL against ex
vivo oxidative modification (Dieber et al. 1991; Jialal et al. 1995; Reaven et al.
1993; Wen et al. 1999). However, recent mechanistic studies of the early stage of
lipoprotein lipid peroxidation show that the role of vitamin E in this process is
not simply that of a classical antioxidant (Stocker 1999a). It was demonstrated
that vitamin E can display neutral, anti-, or even pro-oxidant activity under
certain conditions (Noguchi and Niki 1998; Upston et al. 1999), depending on
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the fate of α-tocopheroxyl radical (α-TȮ) formed during the oxidation process.
Unless the α-TȮ is eliminated, it can replace the lipid peroxyl radical (LOȮ)
as the peroxidation-chain carrying species. Effective protection of LDL lipids
requires the presence of vitamin E plus a suitable reducing agent, which can
reduce α-TȮ and eliminate the resulting radical from interaction with the LDL
particle. Vitamin E is regenerated by the water-soluble vitamin C (Sharma
and Buttner 1993), and also by other co-antioxidants, including ubiquinol-10
or α-tocopheryl hydroquinone, which is obtained from the diet. Thus, the
benefits of vitamin E supplementation together with other antioxidants that
work in concert may explain why dietary vitamin E might be more beneficial
against cardiovascular diseases than vitamin E supplements. Furthermore,
we have recently demonstrated that vitamin E can act synergistically with
lycopene, with β-carotene or with flavonoids, providing a better protection of
LDL against oxidation (Fuhrman et al. 2000).

As our understanding of the antioxidant effect of vitamin E evolved, it
became clear that vitamin E can also affect inhibition of cellular oxidative
responses such as cell-mediated LDL oxidation. In vitro, cell supplementation
with vitamin E did not influence their ability to oxidize LDL (Baoutina et al.
1998), whereas dietary supplementation of vitamin E to apolipoprotein E de-
ficient (E0) mice for a period of 6 weeks resulted in reduced capacity of their
harvested macrophages to oxidize LDL (Rosenblat et al. 2002). This effect was
associated with reduced cellular content of oxysterols, and inhibition of super-
oxide production by impairing the assembly of the NADPH–oxidase complex
(Cachia et al. 1998; Rosenblat et al. 2002). One common mechanism to account
for these effects is the inhibition of protein kinase C activation by vitamin E,
which in turn maintains normal vascular homeostasis (Keany et al. 1999).

2.2
Carotenoids

We have previously demonstrated that LDL supplementation with β-carotene
or with lycopene increases its resistance to oxidation, in some, but not all,
LDL samples that were studied (Fuhrman et al. 1997a). This effect was fur-
ther potentiated when the carotenoids were present in combination with vita-
min E. When lycopene was supplemented as tomato oleoresin, which besides
lycopene contains several other micronutrient antioxidants, including vita-
min E, the inhibition of LDL oxidation was significantly greater than that
of lycopene alone. Dietary antioxidants exist in nature in combination, and
combinations of different antioxidants may act additively and even syner-
gistically. Our study presented the first evidence that lycopene can indeed
act as an effective antioxidant against LDL oxidation in synergism with sev-
eral natural antioxidants, including vitamin E, the isoflavan glabridin and
also the phenolics rosmarinic and carnosic acids (but not with tocotrienols)
(Fuhrman et al. 2000a).
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Enrichment of LDL with a mixture of vitamin E, β-carotene lycopene, an-
thaxanthin and lutein following a single oral supplementation resulted in the
protection of LDL PUFA and of its cholesterol moieties against oxidative mod-
ification (Linseisen et al. 1998).

Lycopene was shown to react also with peroxynitrite, and to protect LDL
against peroxynitrite-induced oxidation (Panasenko et al. 2000), suggesting
that this carotenoid scavenges peroxynitrite in vivo. We have extended our
studies to analyze the effect of lycopene on the susceptibility of LDL to ox-
idation in E0 mice, as their LDL is highly susceptible to oxidation. Dietary
supplementation of lycopene (50µg/mouse/week) for 6 weeks to E0 mice re-
sulted in a significant reduction in the susceptibility of their LDL to copper
ion-inducedoxidation.However,when lycopenewasadministeredasLycomato
(the tomato’s lipid extract where lycopene is present in combination with vita-
min E, β-carotene and phytofluene), its antioxidative effect was substantially
potentiated (Fuhrman et al. 1997a).

Dietary supplementation of β-carotene (180 mg/day) for 2 weeks to healthy
volunteers resulted in enrichment of the subjects’ LDL, as well as their mono-
cyte derived macrophages (MDM) with β-carotene. However, β-carotene en-
richment of MDM did not affect the capacity of the cells to oxidize LDL (Levy
et al. 1996).

The impact of LDL carotenoid content on its oxidation by human aortic
endothelial cells was also studied (Dugas et al. 1998, 1999) and the results
showed that enrichment of LDL with β-carotene, but not with lycopene, or
with lutein, in vivo or in vitro, protected it from oxidation by endothelial cells.

2.3
Flavonoids

The antioxidant capacity against LDL oxidation of a respective flavonoid or
flavonoid-rich nutrient is determined by its quantity and its quality. This is
evidenced by the observation that white wine, which is very poor in flavonoids
in comparison to red wine, exhibits very limited antioxidant protection against
LDL oxidation when studied in vitro, as well as in vivo (Fuhrman and Aviram
1996; Fuhrmanet al. 2001;Tubaroet al. 1999;VinsonandHontz1995).However,
enrichment of white wine with flavonoids (by incubation of whole squeezed
grapes for 18 h with 18% alcohol) increased significantly the wine antioxidant
capacity (inhibition by 87% of copper ion-induced LDL oxidation), almost
similar to the antioxidant capacity of red wine, although the flavonoid content
was still fourfold less than that found in red wine (Fuhrman et al. 2001). These
results suggest that not only is the quantity of flavonoids an important deter-
minant of the wine antioxidant capacity, but also that the diversity of flavonoid
types plays an important role in this protective effect against LDL oxidation.
This was further evidenced by the discrepancies in the results obtained in hu-
man intervention studies with red wine (Howard et al. 2002), which could be
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related to the variations in flavonoid composition of the various wines used.
Different groups of flavonoids exhibit different extents of inhibitory activity
against LDL oxidation at a similar concentration. Among the different groups
of flavonoids, the flavonols, flavanols and isoflavans are most potent protectors
of LDL against copper ion-induced oxidation. Furthermore, within each group
of flavonoids, there are differences in the antioxidant capacity of the individual
flavonoids, which is a function of their structure. Structure–function stud-
ies on the inhibitory effect of the licorice derived isoflavan glabridin on LDL
oxidation, revealed that the antioxidant effect of glabridin on LDL oxidation
resides mainly in the 2′-hydroxyl group of the isoflavan B ring. The hydropho-
bic moiety of the isoflavan was also essential to obtain the inhibitory effect
of glabridin on LDL oxidation, and the position of the hydroxyl groups at the
B ring significantly affected the ability of glabridin to inhibit LDL oxidation
(Belinky et al. 1998a).

Flavonoids can also protect LDL from oxidation by their ability to spare
LDL-associated antioxidants. We have demonstrated that enrichment of LDL
with glabridin prevented the consumption of β-carotene and that of lycopene
by 41% and 50%, respectively, after 1 h of LDL oxidation in the presence of the
free radical generator AAPH, but failed to protect vitamin E, the major LDL-
associated antioxidant, from oxidation (Belinky et al. 1998b). On the contrary,
other flavonoids (quercetin glycosides, as well as its aglycone form) were shown
to inhibit the consumption of LDL-associated vitamin E during its oxidation
(De-Whalley et al. 1990).

The beneficial effects of flavonoid consumption on LDL oxidation were
studied in humans and in animal models. A substantial increase in the re-
sistance of LDL to oxidation was obtained following red wine consumption
by humans (Aviram and Fuhrman 1998; Fuhrman et al. 1995; Nigdikar et al.
1998) or by the atherosclerotic E0 mice (Hayek et al. 1997). Flavonoids from
red wine were shown to be absorbed following red wine ingestion, and to bind
to the LDL particle, thus protecting it from oxidation. On the contrary, a recent
study showed that although red wine consumption increased plasma phenols
concentration, this increase was insufficient to protect LDL from oxidation
(Caccetta et al. 2000). Red wine consumption increased the resistance of LDL
to oxidation also in the postprandial state (Miyagi et al. 1997). Studies on the
effect of the nonalcoholic components of red wine resulted in contradictory
results. Dealcoholized red wine did not affect the susceptibility of LDL to cop-
per ion-induced oxidation (de Rijke et al. 1996), whereas ingestion of purple
grape juice was shown to reduce LDL susceptibility to oxidation in patients
with coronary artery disease (CAD) (Stein et al. 1999). Following adminis-
tration of pro-anthocyanidins-rich extract from grape seeds, these flavonoids
protected LDL from oxidation, although they could be detected only in plasma
but not in LDL (Yamakoshi et al. 1999). Potent antioxidant activities against
LDL oxidation were also obtained following consumption of other groups of
flavonoids. Consumption by humans or by E0 mice of licorice extract or its
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major polyphenol glabridin, resulted in increased resistance of LDL to oxi-
dation and to aggregation (Aviram et al. 2004b; Fuhrman et al. 1997; Belinky
et al. 1998). This effect could also be related to the absorption of glabridin
and it’s binding to plasma LDL. Consumption by human volunteers of soy bars
containing genistein and daidzein resulted in a marked increase in plasma
flavonoid’s level, and an increase in the resistance of the LDL to oxidation
although LDL-associated flavonoids were not increased (Tikkanen et al. 1998).
Tea flavonoids also inhibited LDL oxidation in some (Ishikawa et al. 1997; Ser-
afini et al. 1996), but not in all studies (McAnlis et al. 1998; Princen et al. 1998;
Van het Hof et al. 1997). Remarkable inhibition of LDL oxidation was observed
following consumption of pomegranate juice (PJ) (Aviram et al. 2000a), ginger
extract (Fuhrman et al. 2000b), or olive oil (Aviram and Eias 1993).

Consumption of PJ resulted in the inhibition of cellular lipid peroxidation
and the formation of ‘oxidized macrophages’ (Aviram et al. 2000a). Consump-
tion of nutrients rich in flavonoids such as PJ (Aviram et al. 2000), or red wine
(Hayek et al. 1997), or the use of purified flavonoids such as glabridin, catechin
or quercetin, by E0 mice, resulted in a reduced capacity of the mice-harvested
macrophages to oxidize LDL (Aviram and Fuhrman 1998b).

In an attempt to explore the mechanism by which flavonoids inhibit macro-
phage-mediated oxidation of LDL, cells were incubated in vitro with different
flavonoids. Upon incubation of macrophages with the isoflavan glabridin, with
the flavanol catechin, or with the flavonol quercetin, all of these flavonoids
accumulated in the cells in a time- and dose-dependent manner, and this
phenomenon was accompanied by a substantial reduction in the capacity of
the flavonoid-enriched cells to oxidize LDL. We have shown that glabridin,
which accumulated in the macrophages, inhibited cell-mediated oxidation of
LDL via the inhibition of superoxide anions release due to the inhibition of
the macrophage NADPH oxidase machinery (Rosenblat et al. 1999). Glabridin
inhibited the activation of NADPH oxidase, secondary to its inhibitory effect
on the translocation of the cytosolic component P-47 to the plasma membrane,
and this effect was related to inhibition of the macrophage protein kinase C.

3
Dietary Antioxidants and Atherosclerosis Development

Epidemiological studies have demonstrated an association between increased
intake of antioxidant vitamins and reduced morbidity and mortality from
CAD (Chan 1998; Hertog et al. 1993; Kaul et al. 2001; Mayne 1996; Muldoon
andKritchevsky1996).Thebeneficial health effects, attributed to the consump-
tion of fruits and vegetables are related, at least in part, to their antioxidant
activities (Frei 1999; Halliwel 1994; Sies and Sthal 1995; Stahl and Sies 1997;
Stocker 1999b). Animal studies have shown that dietary antioxidant supple-
mentation inhibits the progression of atherosclerosis development (Fuhrman
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and Aviram 2001a; Fuhrman et al. 2005a; Kaplan and Aviram 2004; Maor et al.
1997; Pratico et al. 1998). However, the results of randomized trials in human
with antioxidants demonstrated inconsistent results (Chopra and Thurnham
1999; Futterman and Lemberg 1999; Jialal and Devaraj 2003; Paolisso et al.
1999; Rao 2002; Ursini et al. 1999; Visioli et al. 2002). There are several major
issues that should be addressed when performing dietary antioxidant studies
as illustrated in Table 1. For a dietary antioxidant to act against LDL oxidation
in the arterial wall, it should be absorbed and reach the appropriate tissue,
cell and subcellular localization, it should reach appropriate levels, and it also
should be active and being able to be reactivated.

Table 1 Factors that determine the antioxidative capacity of an antioxidant

1. Biological absorption

2. Concentration

3. Rate constants for radical reactions

4. Location—aqueous or lipid domains (or in both phases)

5. Mobility in hydrophobic domains

6. Lifetime

7. Rate of regeneration or recycling activity

8. Metal scavenging (chelating, binding) activity

9. The presence of an additional (different) antioxidant

10. The extent of oxidative stress in the studied system

3.1
Vitamin E

3.1.1
Human Studies: Epidemiology

The role of vitamin E in the prevention of cardiovascular disease (CVD) is con-
troversial and the subject of active debate (Chan 1998; Emmert and Kirchner
1999; Jialal and Devaraj 2003; Pryor 2000; Susukawa et al. 1998; Swain and Ka-
plan1999;Visioli et al. 2002).Although, contradictoryfindingswere reported in
the literature regardingvitaminEsupplementation,most of the studiesdemon-
strated that populations using vitaminE supplementationare protected against
CVD. Epidemiological data suggest that dietary consumption of vitamin E re-
duces the incidence of CVD. A substantial reduction in mortality generally
correlates with elevated levels of vitamin E in plasma. A cross-sectional study
of 16 European populations, the MONICA study, showed a significant inverse
correlation between α-tocopherol concentrations and mortality from CAD
(Gey et al. 1991). A 40% higher plasma vitamin E concentration was shown
to be associated with an 84% lower mortality rate (Gey et al. 1991). Moreover,
one longitudinal study involving 5133 Finnish men and women reported an
inverse association between dietary α-tocopherol intake and coronary mor-
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tality with a 32% risk reduction (Knekt et al. 1994). Three large prospective
epidemiologic studies that included the Nurses Health Study (Stampfer et al.
1993 which investigated 87,245 nurses), the Health Professionals Follow-Up
Study (Rimm et al. 1993; which investigated 39,910 male health professionals),
and an Elderly US population study (Losonczy 1996; composed of 11,178 el-
derly individuals), found that α-tocopherol supplementation reduced the risk
of CAD. In the US Nurses’ Health Study (Stampfer et al. 1993) vitamin E supple-
ment, rather than dietary vitamin E, reduced the risk for CHD. Both the Nurses
and the Health Professionals studies found that subjects in the highest quintile
of α-tocopherol intake had about 40% reduction in CVD (Rimm et al. 1993;
Stampfer et al. 1993). In the Elderly population study α-tocopherol supplement
use was associated with a 41% reduction in CAD mortality and a 37% reduction
in total mortality (Losonczy 1996). A Canadian study (of 2226 men) also re-
ported a significant risk reduction for subjects using α-tocopherol (Meyer et al.
1994). Retrospective evaluation of clinical trials like the Cholesterol-Lowering
Atherosclerosis Study (CLAS), a randomized placebo controlled study, pro-
vided additional support that coronary artery lesion progression was lowered
with α-tocopherol (>100 IU/day) (Hodis et al.1995).

However, in the Iowa Womens’ Health Study, Kushi et al. (1996) reported
a risk reduction of coronary mortality (21,809 women) from food-derived
α-tocopherol intake (>9.64 IU/day) but not from supplements.

3.1.2
Human Studies: Intervention

Prospective large-scale, randomized control clinical trials have been inconclu-
sive regarding the protective role of vitamin E against atherosclerosis (Kaul
et al. 2001).

Results from the Cambridge Heart Antioxidant Study (CHAOS) showed that
vitamin E therapy (400–800 IU/day for 510 days) significantly reduced nonfatal
myocardial infarction by 77% in 2002 patients with angiographically proven
CAD (Stephen et al. 1996). Also, Steiner et al. (1995) showed in a double-blind
randomized study in 100 patients with transient ischemic attacks, that the
group receiving α-tocopherol (400 IU/day) in addition to aspirin, had signifi-
cantly decreased platelet adhesion and lower incidence of recurrent transient
ischemic attacks and ischemic strokes, than patients receiving aspirin alone.

The secondary prevention of CVD in end-stage renal disease (SPACE) with
antioxidants, reported a significant reduction in composite CVD endpoints
and myocardial infarction with vitamin E supplementation in patients with
pre-existing CVD (Boaz et al. 2000). In this study only those patients with in-
creased oxidative stress showed cardiovascular manifestation (Aviram 2003a;
Boaz et al. 2003). It thus might be important to use vitamin E or an antioxidant
treatment in general, only in those patients with enhanced oxidative stress
(Aviram 2003a).
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Two trials (ABTC and GSSI) demonstrated benefit for vitamin E supple-
mentation on certain endpoints, despite the primary endpoint not being sig-
nificant. The ATBC trial, which used α-tocopherol alone or in combination
with β-carotene, failed to show any effect on coronary heart disease (CHD)
(Rapola 1997). However, the ABTC trial did show that vitamin E supplemen-
tation significantly reduced cerebral infarction and onset of angina (Rapola
1997). Furthermore, the GISSI trial showed that in 2,830 patients who had prior
myocardial infarction and were on a Mediterranean diet (which is enriched
with antioxidants) supplementation with all rac-α-tocopherol (272 IU/day for
3.5 years) had no effect on the composite endpoint of death, nonfatal my-
ocardial infarction and stroke (Investigators 1999). However, when a more
appropriate four-way analysis was undertaken, the following significant ef-
fects were observed: 20% reduction in cardiovascular deaths, 23% reduction in
cardiac death, 25% reduction in coronary death and 35% reduction in sudden
death (Investigators 1999).

In the Heart Outcomes Prevention Evaluation (HOPE) study, 2,545 women
and 6,696 men 55 years or older who were at high risk for CAD events, were
enrolled. They were randomized to receive 400 IU of α-tocopherol from natural
sources or placebo and either an angiotensin converting enzyme inhibitor or
a matching placebo for a mean of 4.5 years (Hope Investigators 2000). Primary
outcome was a composite of myocardial infarction, stroke, and CAD death.
There were no significant differences in primary or secondary outcome vari-
ables in the subjects taking α-tocopherol. However, this study was undertaken
inmanycountrieswheredietary intakesof antioxidants andobjectivemeasures
of supplementation (e.g., plasma levels of vitamin E), were not reported.

The effects of vitamin E on regression of atherosclerotic lesions are also in-
consistent. There is evidence to suggest that people on vitamin E supplements
(>100 IU/day) demonstrate less atherosclerotic lesion progression in compar-
ison to those who do not consume supplements (Hodis et al. 1995). Moreover,
supplementation with antioxidant vitamins C and E retards the early pro-
gression of transplant-associated coronary arteriosclerosis given as average
intimal index (plaque area divided by vessel area) and measured by intravas-
cular ultrasonography (Fang et al. 2002). In the Antioxidant Supplementation
in Atherosclerosis Prevention Study (ASAP) (Salonen et al. 2003), after 6 years
of vitamin E supplementation (136 IU) twice daily plus 250 mg of slow-release
vitaminC to520hypercholesterolemic subjects, a slowedprogressionof carotid
atherosclerosis was found in men but not in women, thus confirming previous
findings published after 3 years of supplementation (Salonen et al. 2000).

The vitamin E atherosclerosis prevention study (VEAPS) has shown that
vitamin E supplementation (400 IU/day) had no effect on the progression of
the common carotid artery far-wall intima-media thickness (IMT) assessed
by computer image-processed B-mode ultrasonograms in healthy men and
women at low risk for CVD (Hodis et al. 2002). Table 2 summarizes the results
of human interventional trials with vitamin E supplementation.
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3.1.3
Animal Studies

Animal studies allow a more direct investigation of the effect of vitamin E
supplements on atherosclerosis. Although the earliest animal studies yielded
ambivalent results (Kaul et al. 2001), most of the later studies described here
have supported slow progression and prevention of atherosclerosis following
vitamin E supplementation. We were the first to demonstrate that consumption
of vitamin E by E0 mice resulted in a 35% reduction in their aortic lesion area
(Maor et al. 1997). Pratico et al. (1998) also reported that E0 mice supplemen-
tation with vitamin E (2,000 IU/kg chow) significantly reduced aortic lesion.
Cholesterol-fed macaques that were supplemented with vitamin E exhibited
a 35% inhibition of atherosclerotic lesion formation as assessed by carotid
Doppler studies over a 3-year period (Verlangieri and Buxh 1992). Moreover,
in cholesterol-fed rabbits, a 70% inhibition of atherosclerotic lesion formation
with 40 mg/kg/day vitamin E was reported (Prasad 1980). Reduced resteno-
sis after angioplasty in rabbits with established experimental atherosclerosis
was seen following vitamin E supplementation (Lafont et al. 1995). In an-
other study (Williams et al. 1992), dietary vitamin E administered to modified
Watanabe rabbits, led to reduced cholesterol levels and reduced LDL oxida-
tion associated with the inhibition of early aortic lesion development. Also,
chickens fed high doses of vitamin E had reduced concentrations of plasma
peroxides and less aortic intimal thickening compared with controls (Smith
and Kummerow 1989). Recently, administration of vitamin E-supplemented
diet to LDL-deficient mice (Cyrus et al. 2003) as well as administration of a vi-
tamin E water soluble to atherosclerotic rabbits (Yoshida et al. 2002), was also
shown to reduce the progression of atherosclerosis. Table 3 summarizes the
animal’s trials with vitamin E supplementation.

At present, there is no conclusive evidence in epidemiological studies that
vitamin E supplements provide the benefits observed for vitamin E rich nutri-
ents.

The inconsistent results may be due to the various biological functions of
vitamin E, including its role in protection of LDL against oxidation, as well
as its other activities on cells of the vascular wall. The dosages of vitamin E
administrated in the various studies varied considerably, and it seems that
there might be a threshold dose of vitamin E (>800 IU/day) that is effective
(Jialal and Devaraj 2003).

Most importantly, the problem of patient selection in human intervention
trials has been highlighted recently (Jialal et al. 2001; Visioli et al. 2002). Sev-
eral parameters must be taken into consideration when planning antioxidants
clinical trials. These include the use of analyses, detailed information on the
patient’s dietary intake, reliable biological markers for oxidative stress and the
selection of a population that is suitable for antioxidant treatment (Aviram
2003a).
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Table 3 Animals supplementation with vitamin E, carotenoids or flavonoids and atheroscle-
rotic lesions development

Study Dose and duration Animal population Endpoint

A. Vitamin E
Maor et al. 50 mg vit E/kg/day for 3

months
Apolipoprotein E deficient
mice

↓ 33% Aortic lesion area

Prasad et al. 40 mg/kg/day vit E for 2
months

Hypercholesterolemic
rabbits

↓ 70% Aortic lesion area

Lafont et al. 5 g/kg diet for 19 days Hypercholesterolemic
rabbits after angioplasty

↓ 43% Restenosis

Williams et al. 0.5% vit E for 12 weeks Watanabe heritable
hyperlipidemic rabbits

↓ 32% Aortic arch lesion
area

Pratico et al. 2,000 IU/kg chow vit E for
16 weeks

Apolipoprotein E deficient
mice

↓ 67% Aortic lesion area

Smith et al. 1,000 IU vit E /kg diet for 2
months

Hyperlipidemic hens ↓ 38% Intimal thickness

Cyrus et al. 2,000 IU vit E/kg diet for 3
months

LDL-receptor deficient
mice

↓ 50% Aortic lesion area

Yoshida 0.8%water soluble vitamin
E for 12 weeks

Watanabe heritable
hyperlipidemic rabbits

↓ 20% Aortic lesion area

B. Carotenoids
Shaish et al. 0.01% all trans β-carotene

for 11 weeks
Hypercholesterolemic
rabbits

↓ 38% Aortic arch lesion
area

Dwyer et al. 0.2% Synthetic β-carotene
/weight for 8 weeks

Apolipoprotein E deficient
mice

↓ 43% Aortic lesion area

Sun et al. Intravenous injection β-ca-
rotene (215 mg/kg/twice
weekly)+0.5% vit E for 8
weeks

Hypercholesterolemic
rabbits

↓ Atherosclerotic lesion
area, intimal thickness

Crawfordetal. 1,000 mg β-carotene/kg
/day +200 mg vit E/kg
/d+100 mg vit C/kg/day
for 8weeks

LDL-receptor deficient
mice

↓ 60% Aortic lesion area

Shaish A et al. 0.05% all-trans β-carotene
+0.05% vit E for 16 weeks

Apolipoprotein E deficient
mice

↔ Aortic sinus lesion
↔ aortic lesion area

C. Flavonoids
Hayek et al. 0.5 ml Red wine/mouse

/day for 12 weeks
Apolipoprotein E deficient
mice

↓ 48% Atherosclerotic
lesion area,

Aviram et al. 31 µl Pomegranate juice
/mouse/day for 12 weeks

Apolipoprotein E deficient
mice

↓ 44% Atherosclerotic
lesion area

Fuhrmanetal. 200µgLicorice/mouse/day
for 12 weeks

Apolipoprotein E deficient
mice

↓ Atherosclerotic lesion
area

Fuhrmanetal. 250 µg ginger/mouse/day
for 12 weeks

Apolipoprotein E deficient
mice

↓ 44% Atherosclerotic le-
sion area

vit, Vitamin.
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Table 3 continued

Study Dose and duration Animal population Endpoint

Lee et al. 0.1% naringin or 0.05%
naringenin for 8 weeks

New Zealand rabbits ↓ 18% Aortic fatty streak
area

Vinson et al. 100 mg/kg/day grape
seed proanthocyanidin
extract for 10 weeks

Hypercholesterolemic
hamsters

↓ 63% Atherosclerosis
development

Yamakashi et
al.

0.1% grape seed proan-
thocyanidin-rich extract for
8 weeks

Hypercholesterolemic
rabbits

↓24% Aortic arch lesion

Wakabayashi
et al.

7 ml red wine/kg/day for
14 months

Watanabe heritable
hyperlypidemic rabbits

↔ Aortic and coronary
atherosclerotic lesion size

vit, Vitamin.

3.2
Carotenoids

3.2.1
Human Studies: Epidemiology

Dietary carotenoid consumption was shown in epidemiological studies to
be associated with reduced cardiovascular mortality (Kohlmeier and Hast-
ing 1995; Pavia and Russell 1999). However, intervention trials with carotenoid
supplements demonstrated no effect or even the opposite effects (Tavani and La
Vecchia 1999). A Mediterranean diet rich in tomatoes, tomato products, lyco-
pene, and other carotenoids is associated with the low incidence of atheroscle-
rosis and CHD (Rao 2002). Low serum levels of carotenoids were associated
with an increased risk of subsequent myocardial infarction among smokers
(Street et al. 1994).

The cross-sectional association between intake of carotenoids with provita-
min A activity and carotid artery plaques, as examined in 12,773 participants in
the Atherosclerosis Risk in Communities Study, suggests that carotenoids may
exert their influence later, rather than earlier, in the atherosclerotic process.
It thus supports the hypothesis that carotenoids may play a role in preventing
arterial plaque formation (Kritchevsky et al 1998). In a cross-sectional study
comparing Lithuanian and Swedish populations showing diverging mortality
rates from CHD, lower blood lycopene levels were associated with increased
risk and mortality from CHD (Kritenson et al. 1997). In another study, a com-
parison of determinants for coronary heart disease was made among Czech,
Bavarian and Israeli men (Bobak et al. 1999). The mortality rates, as well as the
prevalence of CHD, were highest in Czech, intermediate in Bavarian and low
in Israelis, and these observations correlated with the lycopene concentrations
in plasma.
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An inverse association between carotid IMT and lycopene was found in
patients with essential hypertension and peripheral vascular disease (Gianetti
et al. 2002). Low blood levels of lycopene were found to be associated with
atherosclerosis risk in middle-aged men from eastern Finland. In women,
however, the protective effect was weaker (Tiina et al. 2002).

The strongest population-based evidence comes from a multicenter case–
control study (EURAMIC) that evaluated the relationship between adipose
tissue antioxidant status and acute myocardial infarction (Kohlmeier et al.
1997). In subjects (662 cases and 717 controls) from ten European countries
adipose tissue levels of α- and β-carotenes, lycopene, and α-tocopherol were
measured shortly after myocardial infarction. After adjusting for age, body
mass index, socioeconomic status, smoking, hypertension, and maternal and
paternal history of the disease, only lycopene levels, but not β-carotene, were
found to be protective.

3.2.2
Human Studies: Intervention

Several interventional trials (Greenberg et al.1996; Omenn et al. 1996; Rapola
1997; Redlich et al. 1999) using high dose of β-carotene supplements, showed
an increase in CVD mortality in the supplemented groups, ranged from 12% to
26%, whereas in a trial among 11,036 healthy physicians, 12 years’ supplemen-
tation with β-carotene (50 mg on alternate days) produced neither benefit not
harm in terms of CVD or death from all causes (Hennekens et al. 1996). Rather,
the high-risk population (smokers and asbestos workers) in these interven-
tional trials showed an increase in cancer and angina cases. It appears that
carotenoids (including β-carotene) can promote health when taken in small
dosages, but may have adverse effects when taken in high dose by subjects who
smoke or who have been exposed to asbestos (Pavia and Russell 1999). The
Carotene and Retinol Efficacy Lung Cancer Chemoprevention Trial (CARET)
(Redlich et al. 1999) ended prematurely due to the unexpected findings that the
active treatment group on the combination of 30 mg β-carotene and 25,000 IU
retinyl palmitate had a 46% increased lung cancer mortality and a 26% in-
creased cardiovascular mortality compared with the placebo group (Redlich
et al. 1999). Table 2 summarizes the results of human interventional trials with
carotenoids.

3.2.3
Animals Studies

Supplementation of synthetic β-carotene (Shaish et al. 1995), or synthetic
lutein (Dwyer et al. 2001) to atherosclerotic animals showed a protective ef-
fect on the progression of atherosclerosis . However, administration of dietary
α-tocopherol in combination with β-carotene significantly inhibited the de-
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velopment of atherosclerotic lesion in some (Crawford et al. 1998; Sun et al.
1997) but not all studies (Shaish et al. 1999). Table 3 summarizes the results of
animal trials with carotenoids.

The epidemiologic evidence is generally supportive of the notion that a diet
rich in carotenoids is associated with a reduced risk for CHD. The clinical trials
however show that supplementation of β-carotene does not prevent CHD,
although the benefits of other carotenoids, such as lycopene, have not been
ruled out.

It might be that serum β-carotene levels are confounded by one or more
unmeasured factors that may correlate with reduced β-carotene levels and
predict the risk of CHD risk (Kritchevsky 1999). Moreover, no trials have
been conducted with lycopene, although its numerous antioxidative activities,
mainly in combination with other antioxidants, were demonstrated (Fuhrman
et al. 2000; Krinsky 2001; Levy et al. 1996).

3.3
Flavonoids

3.3.1
Human Studies

Consumption of flavonoids in the diet was shown to be inversely associated
with morbidity and mortality from CHD (Hertog et al. 1995). Moreover, an
inverse association between flavonoid intake and subsequent occurrence of
ischemic heart disease, or cerebrovascular disease was shown (Knekt et al.
1996, 2002). Reduced risk for ischemic heart disease mortality was shown in
individuals with high intake of apples and onions, which are rich with the
flavonols quercetin and kaempferol (Knekt et al. 2002).

In most countries, a high intake of saturated fats is strongly correlated with
high mortality from CHD, but this is not the case in some regions of France,
the so-called ‘French paradox’ (Renaud and de Lorgeril 1992). This anomaly
has been attributed to the regular intake of red wine (Fuhrman et al. 2001).

We investigated the effects of PJ consumption by patients with carotid artery
stenosis (CAS) on carotid lesion development in association with changes in
oxidative stress (Aviram et al. 2004a). Ten patients were supplemented with PJ
for up to 1 year, and nine other patients that did not consume PJ served as
a control group. Blood samples were collected before treatment and after 3,
6, 9 and 12 months of PJ consumption. Patients’ carotid IMT was compared
between the PJ group and the control group. While in the control group IMT
increased by 10% during 1 year, PJ consumption resulted in a significant IMT
reduction by up to 43%. Our results clearly demonstrate that PJ consumption
by patients with CAS decrease lesion size and systolic blood pressure, and these
effects could be related to the potent antioxidant characteristics of PJ.
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3.3.2
Animal Studies

Dietary consumption of flavonoid-rich nutrients, as well as pure flavonoids,
was shown to attenuate the progression of atherosclerosis in animals (Aviram
1996, 1999a, 2000a; Aviram and Fuhrman 1998b, 2003; Fuhrman and Aviram
2001b, 2001c). Reduced development of atherosclerotic lesion areas in the
atherosclerotic E0 mice was demonstrated following consumption of PJ (Avi-
ram et al. 2000a; Kaplan et al. 2001), red wine (Hayek et al. 1997), grape powder
(Fuhrman et al. 2005a), licorice root extract (Fuhrman et al. 1997), or ginger
extract (Fuhrman et al. 2000b). Consumption of the flavonol quercetin or the
isoflavan glabridin also showed a remarkable attenuation of lesion size in E0

mice (Hayek et al. 1997).
In New Zealand white rabbits supplemented with 0.1% naringin or 0.05%

naringenin, aortic fatty streak areas were significantly lower by 20% in com-
parison to the control group (Lee et al. 2001). In hamsters fed with hyperc-
holesterolemic diet that was supplemented with grape seed proanthocyanidin
extract (100 mg/kg/day), the atherosclerotic lesion size was reduced by up
to 63% (Vinson et al. 2002). Ingestion of proanthocyanidin-rich extract from
grape seeds also reduced severe atherosclerosis in the aorta of cholesterol-fed
rabbits (Yamakoshi et al. 1999). In the Watanabe heritable hyperlipidemic rab-
bits however, administration of red wine reduced the susceptibility of LDL to
oxidation, but it failed to prevent the progression of atherosclerotic lesion de-
velopment (Wakabayashi 1999). Table 2 summarizes the results of the animal’s
trials with flavonoids.

The epidemiologic evidence, along with results observed in animal stud-
ies, clearly suggest that a diet rich in flavonoids may possess potent anti-
atherosclerotic effects also in humans.

Figure 2 summarizes the effect of antioxidant nutrients consumption by
the atherosclerotic E0 mice on their LDL oxidation in a cell- free system (A),
on macrophage-mediated LDL oxidation (B), and on atherosclerotic lesion
development (C).

4
The Paraoxonase Gene Family

The paraoxonase (PON) gene family includes three members, PON1, PON2,
and PON3 (Hegele 1999; Primo-Parmo et al. 1996). These PON genes appear to
have arisen by gene duplication of a common evolutionary precursor because
they share considerable structural homology and are located adjacently on
chromosome 7 in humans, and on chromosome 6 in mice. Within a given
species, PON1, PON2, and PON3 share about 70% identity at the nucleotide
level.
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Fig. 2A–C Antioxidants consumption protects LDL from oxidation and attenuates
atherosclerotic lesion development. Consumption of nutritional antioxidants (12.5 µl/day
pomegranate juice, 0.5 ml/day red wine, 200µg/day licorice extract, or 1 mg/day vitamin E)
by E0 mice inhibits oxidation of LDL (A), macrophage-mediated oxidation of LDL (B), and
the development of atherosclerotic lesion (C)

4.1
Serum Paraoxonase 1

Human serum paraoxonase (PON1) is an esterase of 354 amino acids and
a molecular mass of 43 kDa (La Du et al. 1993; Mackness et al. 1996), which is
physically associated with HDL (Mackness et al. 1996), and is also distributed
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in tissues such as liver, kidney and intestine (Rodrigo et al. 2001). PON1 is
bound to the HDL phospholipids via its retained N-terminal leader sequence,
and HDL-associated apolipoprotein A-I stabilized PON1 activity (Sorenson
et al. 1999). PON1 was also present in postprandial chylomicrons (Fuhrman et
al. 2005b).

4.1.1
PON1 and Atherosclerosis

Human serum PON1 activity was shown to be inversely related to the risk
of CVD (Aviram 1999b; Aviram 2004; Durrington et al. 2001; Mackness et al.
2001), as shown in atherosclerotic, hypercholesterolemic and diabetic patients
(Abbott et al. 1995; Boemi et al. 2001; Garin et al. 1997; Letellier et al. 2002;
Mackness et al. 1991a), as well as in the atherosclerotic E0 mice. PON1 activity
was also decreased in rabbits fed a pro-atherogenic diet (Mackness et al. 2000a).

PON1/apolipoprotein E dual knockout mice exhibited accelerated athero-
sclerosis (Shih et al. 2000), and in human PON1 transgenic mice, a decreased
lesion formation was shown in comparison to control mice (Rozenberg et al.
2005; Tward et al. 2002). This effect may be related to PON1 ability to en-
hance HDL-mediated macrphage cholesterol efflux via the ABCA1 transporter
(Rosenblat et al. 2005).

4.1.2
PON1 and Oxidative Stress

An inverse relationship between serum PON1 activity and the extent of lipid
peroxidation was indeed shown (La Du 1996). In PON1/apolipoprotein E dual
knockout mice, increased lipoprotein oxidation was shown (Shih et al. 2000).
Furthermore, HDL isolated from human PON1 transgenic mice was more
protected from copper ion-induced oxidation than control HDL (Oda et al.
2002). PON1 protects both LDL and HDL against lipid peroxidation (Aviram
et al 1998; Mackness et al. 1991b, 1993, 2000b; Navab et al. 1996). Inhibition
of HDL oxidation by PON1 was shown to preserve the anti-atherogenic effects
of HDL in reverse cholesterol transport. PON1 hydrolyzes oxidized cholesteryl
esters, as well as specific oxidized phospholipids in oxidized lipoproteins and
also in cells (macrophages) and in atherosclerotic tissue (Ahmed et al. 2001;
Aviram et al. 2000b; Navab et al. 1996; Rozenberg et al. 2005). This mode of
action resembles that of acetylcholine esterase (AChE), which share with PON1
the AChE-PON1 locus on chromosome 7 (Fuhrman et al. 2004b).

We have recently demonstrated that PON1 deficiency results in increased
oxidative stress not only in serum, but also in tissues, as evident in arterial,
as well as in peritoneal macrophages. This phenomenon may contribute to
the accelerated atherosclerosis seen in PON1 knockout mice (Rozenberg et al.
2003). Incubation of macrophages from PON10/E0 mice with purified human
PON1 resulted in a reduction in the level of lipid peroxides, in the amount of
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superoxide anion release (Rozenberg et al. 2003), and in macrophage-mediated
oxidation of LDL. This phenomenon may be related to the ability of PON1
to hydrolyze lipid peroxides in ‘oxidized macrophages’ obtained from the
atherosclerotic E0 mice (Fig. 3) (Kaplan and Aviram 2004b). While PON1 can
hydrolyze lipid peroxides and thus protects against oxidative stress on the one
hand, PON1 was shown to be inactivated by oxidative stress on the other hand.
Furthermore, injection of oxidized phospholipid (oxidized 1-palmitoyol-2-
arachidonyl-sn-glycerol-3-phosphoryl choline, Ox-PAPC) into C57BL/6J mice
resulted in a marked reduction in PON1 activity.

4.1.3
Dietary Antioxidants and PON1

Consumption of antioxidant-rich nutrients, such as PJ or red wine, by healthy
subjects or by atherosclerotic patients, as well as by the atherosclerotic E0 mice
was shown to preserve PON1 activity, probably by reducing the oxidative stress,
thereby contributing to PON1 hydrolytic activity on lipid peroxides in oxidized
lipoproteins and in atherosclerotic lesions (Aviram 2003b, 2004, Aviram and
Rosenblat 2004, Aviram et al. 2000b, 2004, Fuhrman and Aviram 2002; Kaplan
et al. 2001; Rosenblat and Aviram 2005). In a recent study it was demonstrated
that vitamin C and vitamin E intake by patients with CAS was associated with
increased PON1 activity (Jarvik et al. 2002).

We have shown that PJ consumption by patients with CAS significantly
reduced their LDL oxidation rate, and that this was paralleled by a substantial
increment in serum PON1 activity (Aviram et al. 2004a).

Intake of the monounsaturated fatty acid, oleic acid, by healthy subjects
increased serum PON1 activity, especially in patients carrying the PON1-192R
allele.

In another study, meals rich in olive oil (oleic acid rich) were associated
with increased postprandial serum PON1 activity in middle-aged and older
diabetic women (Tomas et al. 2001), whereas a diet rich in safflower oil had no
such effect (Wallace et al. 2001).

In contrast, a high intake of vegetables, berries, and apples combined with
a high intake of linoleic or oleic acid for 6 weeks only slightly affected mark-
ers of lipid peroxidation and paraoxonase activity (Freese et al. 2002), and in
some studies even a reduction in PON1 activity was noted (Kleemola et al.
2002; Rantala et al. 2002). In vitro studies (Aviram et al. 1999) suggest that
dietary antioxidants and antioxidant enzymes and PON1 showed a co-activity
in protecting LDL from oxidation (Sozmen et al. 2001). Antioxidants, such
as the flavonoids glabridin (from licorice root), or quercetin (from red wine)
when present during LDL oxidation together with PON1, reduced the amount
of lipoprotein-associated lipid peroxides and preserved PON1 activities, in-
cluding its ability to hydrolyze Ox-LDL cholesteryl linoleate hydroperoxides
(Aviram et al. 1999).
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Fig. 3A–C Serum paraoxonase 1 (PON1) decreases macrophage oxidative stress. Mouse
peritoneal macrophages (MPM) were harvested from PON10/E0 mice, and incubated for
18hat37°CwithoutorwithpurifiedPON1(7.5arylesteraseUnits/ml).Macrophageoxidative
stress was expressed as cellular peroxide content (A), superoxide anions release (B) and cell
capacity to oxidize LDL (C). A For cellular peroxide content, cells were incubated for 30 min
at 37°C with DCFH-DA and cellular fluorescence was determined by flow cytometry. B
Superoxide anions release from macrophage was measured after 1 h of cell incubation with
cytochrome C at 37°C. C LDL oxidation was determined after cell incubation for 6 h at
37°C with LDL (100 mg protein/l), in the presence of 5 µmol/l of CuSO4. At the end of the
incubation, LDL oxidation was measured by the TBARS assay. All the results are given as
mean percentage±SD (n=5). *P<0.01 (vs. control)
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PONs possess lactonase activity, and they are capable of hydrolyzing statins
(HMG-CoA reductase inhibitors, which are potent hypocholesterolmic drugs).
Statin therapy can reduce the level of oxidized lipids (in the serum of hyperc-
holesterolemic patients) and hence, preserves or even increases PON1 activity.
Indeed, atorvastatin or simvastatin therapies increased serum PON1 activity
(Fuhrman et al. 2002; Rosenblat et al 2004, Tomas et al. 2000,). In rats, cerivas-
tatin decreased the level of oxidative stress, improved plasma antioxidant
defense and also enhanced PON activity (Beltowski et al. 2002).

4.2
PON 2 and PON 3 and Oxidative Stress

By using PON3 specific peptide antibodies, human PON3 was detected as a
40-kDa protein, which, like PON1, is also associated with serum high-density
lipoprotein (HDL) (La Du 2001; Reddy et al. 2001). In contrast to PON1, PON3
has very limited arylesterase activity, and no PON activity at all, but it rapidly
hydrolyzes lactones such as statin pro-drugs like lovastatin (Draganov et al.
2000). While the mRNA expression of PON1 and PON3 is restricted primarily
to the liver, PON2 mRNA is more widely expressed, and is found in a number
of tissues, including brain, liver, kidney, testis, and also in white blood cells
(Mochizuki et al. 1998).

PON2 overexpression was shown to lower the intracellular oxidative state
of cells that were pretreated with either hydrogen peroxide or with Ox-PAPC
(Ng et al. 2001). Minimally modified LDL (MM-LDL) that was incubated with
cells overexpressing PON2 showed lower levels of lipid hydroperoxides, and
was less able to induce monocyte chemotaxis than MM-LDL incubated with
control cells (Ng et al. 2001). These data suggest that PON2 may act as a cellular
antioxidant, and may thus play an antiatherogenic role by reducing the cellular
oxidative stress.

We have recently demonstrated the presence (mRNA, protein, activity) of
PON2 and PON3, but not PON1, in murine macrophages, whereas in hu-
man macrophages, only PON2 was expressed (Rosenblat et al. 2003). PON2
expression was shown to be upregulated via a NADPH oxidase-dependent
mechanism during monocyte differentation into macrophages (Shiner et al.
2004). Like serum PON 1, also macrophage PON3 (but not PON2) was shown
to be inactivated, by up to 57%, under oxidative stress. Dietary antioxidants
such as vitamin E or PJ significantly increased (23%–40%) macrophage PON3
activity.
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5
Perspectives and Future Directions

LDL oxidation by arterial cells, including macrophages, and the uptake of Ox-
LDL by arterial macrophages, leading to foam cell formation, the hallmark of
early atherogenesis, is a seminal event in atherosclerosis development. Epi-
demiological studies, randomized clinical trials and basic research studies,
support the hypothesis that changes in dietary patterns to increase dietary
antioxidant consumption, will decrease the risk of atherosclerosis. However,
clinical trials on antioxidants, mainly with vitamin E and β-carotene, were
not supportive of the effects observed in epidemiological studies. There are
several important issues that must be addressed prior to the use of an an-
tioxidant. Because a combination of antioxidants can provide a wider range
of free radical scavenging activity than an individual antioxidant, clinical and
nutritional studies in humans should be directed towards the use of combi-
nations of several types of dietary antioxidants, including combinations of
flavonoids together with the other nutritional antioxidants, such as vitamin E
and carotenoids. It is most important to use reliable biological markers of ox-
idative stress, and to identify populations suitable for antioxidant treatment,
as antioxidant treatment may be beneficial only in subjects who are under
oxidative stress.

Compounds called antioxidants may possess activity beside their antiox-
idant properties. Antioxidants differ in their ability to react with different
reactive oxygen/nitrogen species (ROS/RNS). Some antioxidants exhibit addi-
tional anti-atherogenic activities beyond their antioxidant effects.

The exact roles of humoral (PON1) and cellular (PON2) PONs in macro-
phage foam cell formation under oxidative stress during the development of
atherosclerosis is still not understood (Aviram 2003c, Aviram and Rosenblat
2004). Strategies to reduce LDL oxidation and to attenuate atherosclerosis
may include appropriate antioxidant combinations that can, on the one hand,
reduce oxidative stress as a first line of defense, and on the other hand increase
PON activity as a second line of defense against CVDs.
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Abstract Consumption of soy protein is associated with a lower risk of cardiovascular
disease in man, and reduced atherosclerosis in a variety of experimental animals. Although
a portion of the cardiovascular protective effects appears to be due to reductions in plasma
lipoprotein concentration, in most people the magnitude of this effect is relatively small. In
many, but not all studies using animal models, the reduction in atherosclerosis is in part
independent of changes in plasma lipids and lipoproteins. This implies that there may be
adirect effecton thearterialwall ofoneormoreof thecomponents in soyprotein that reduces
susceptibility to atherosclerosis. The most actively studied components of soy protein that
may be responsible for these anti-atherogenic effects are the isoflavones and various protein
factions. Extraction of isoflavones and other alcohol-soluble components from soy protein
lowers, but does not eliminate its ability to reduce atherosclerosis. Surprisingly, in most
studies, adding back the isoflavone-rich alcohol extract to the previously extracted soy
protein, or to another protein, does not restore its lipoprotein lowering or anti-atherogenic
properties. This implies that alcohol extraction either destroys an active component of soy,
alters the structural integrity of the soy proteins, or disassociates a required isoflavone–
soy protein complex. Understanding the mechanism of this effect is an important goal for
future research. Likewise, the sites of action on the arterial wall, and the mechanisms by
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which various soy components act to reduce atherosclerosis are just now being studied.
The recent demonstration that expression of estrogen receptor alpha is required for athero-
protection by soy protein provides important new mechanistic insight. Other properties of
soy, including antioxidant, anti-inflammatory and potentially antithrombogenic properties
need to be explored more mechanistically before the full potential of dietary soy protein for
the protection from cardiovascular disease will be known.

Keywords Risk factors · Compliance · Estrogen receptors · LDL receptors · Lipoproteins

1
Introduction

There is an inverse relationship between consumption of soy protein and car-
diovascular disease (Nagata 2000; Nagata et al. 2002; Sasazuki et al. 2001; van
der Schouw et al. 2002; Zhang et al. 2003). Asian populations, for example,
consume 30 to 50 times more soy protein than Western populations and have
a low prevalence of cardiovascular disease (Coward et al. 1993). This does not
necessarily mean that there is a cause-and-effect relationship between soy con-
sumption and lower cardiovascular disease rates, but it does suggest that this is
a relationship that deserves additional study. The potential importance of soy
protein in a healthful diet is supported by the action of the US Food and Drug
Administration. In 1999, they authorized a health claim stating that “25 grams
of soy protein per day, as part of a diet low in saturated fat and cholesterol, may
reduce the risk of heart disease” (US Department of Health and Human Ser-
vices 1999). The component(s) in soy protein responsible for these beneficial
effects, and whether they target solely cardiovascular disease risk factors or
also have direct effects on the arterial wall, remains to be determined. In this
chapter we will review the effects of soy and some of its components on cardio-
vascular risk factors and atherosclerosis, with a particular focus on the effects
of soy protein and/or isoflavone that cannot be explained by improvements in
risk factors, suggesting a direct effect on the arterial wall.

2
Epidemiology of Soy and Cardiovascular Disease

Several epidemiologic studies have explored the relationship between soy con-
sumption and cardiovascular morbidity and mortality. One line of evidence
is from cross-cultural studies. Asian populations with high soy consumption
have coronary heart disease (CHD) rates that are lower than those of Western
populations with low soy intakes. For example, the age-adjusted CHD mortality
rates are about eight times higher for US men and women relative to Japanese
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men and women (Beaglehole 1990). Migrant studies, such as the Ni-Hon-San
cohort study, provide evidence that the observed differences in CHD rates be-
tween the US and Japan are not entirely due to genetic factors. Robertson, et al.
(1977) reported the incidence of myocardial infarction and death from CHD
in Japanese men, 45–68 years of age, living in Japan, Hawaii and California.
The lowest incidence rate was seen in Japanese men living in Japan, which was
reported to be half that of the Japanese men living in Hawaii (P<0.01). For
Japanese men in California the incidence rate was approximately 50% higher
than that of the Japanese men in Hawaii (P<0.05). Thus, Japanese men who
have emigrated from Japan to Hawaii and to California have increased CHD
risk with increased westernization. This suggests that environmental factors,
including diet, may play a key role in mediating some of the large differences
in CHD risk observed among countries.

More recently, Nagata et al. (2000) did an ecologic study in Japan evaluat-
ing the relationship between soy and isoflavone intake (at a population level)
with mortality from heart disease and cancer. Soy product and major nutri-
ent intake was derived from the National Nutritional Survey in which dietary
habits were surveyed annually by 3-day diet records in 6000 randomly selected
households in 12 geographical districts covering 47 prefectures, from 1980 to
1985. The survey included the following four soy products: miso, tofu, fried
tofu, soybeans, and other soy products (e.g., yuba, soy milk). Soy protein intake
was estimated from food tables and isoflavone intake was derived from data
published for Japanese foods. The mean values for soy and isoflavone intake
were assigned to the prefectures forming the district.

Nagata et al. (2002) reported a significant inverse correlation between heart
disease mortality rate and soy protein consumption in women (r=−0.48,
P<0.01) and a modest correlation in men (r=−0.25, P=ns). For both men
and women this association was attenuated (women: r=−0.27, men: r=0.07)
when adjusted for differences in age, employment, smoking, animal fat intake,
salt intake, and energy intake.

Somewhat more convincing evidence regarding the association between
soy consumption and CHD derives from three large population-based obser-
vational studies. A population-based case–control study in Japanese men and
women, age 40–79 years of age, (Sasazuki et al. 2001) included 660 incident
cases of nonfatal acute myocardial infarction (MI) and 1,277 controls matched
for age, sex, and residence. In women, but not men, there was a significantly
lower risk of acute MI with more frequent consumption of tofu. Women who
ate tofu four or more times per week had a 50% lower risk of acute MI (odds
ratio=0.5, 95% confidence interval 0.3–0.9) than those women who ate tofu
less than twice per week. There was a significant P-value for trend (P=0.008)
across the tertiles of tofu consumption in women after adjusting for smok-
ing, alcohol use, sedentary job, leisure time physical activity, hyperlipidemia,
hypertension, diabetes mellitus, angina pectoris, obesity, and fish and fruit
consumption. There was no trend in men.
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Inacohortof13,355menand15,724womenwhowere residentsofTakayama,
Gifu, Japan (Nagata et al. 2002), a semi-quantitative food frequency question-
naire was administered at baseline and follow-up was for 7 years. During that
time 2,062 participants died, including 635 cardiovascular deaths. There was
a significant trend for lower all-cause mortality with increasing quintile of
soy intake in women (P for trend=0.04) and a marginally significant trend in
men (P for trend=0.07) after adjustment for age, total energy, marital status,
years of education (women only), body mass index, smoking, alcohol intake,
coffee intake (men only), age at menarche (women only), menopausal status
(women only), exercise, history of hypertension (men only) and diabetes. In
the men with the highest soy product intake (median 166.4 g/day) there was
a 17% lower risk of death compared to the lowest soy product intake (median
40.6 g/day, adjusted risk ratio 0.83, 95% confidence interval 0.69 to 1.01). In
women with the highest level of soy product intake (median 148.6 g/day) the
adjusted risk ratio was 0.83, the same as for men, with a 95% confidence inter-
val of 0.68–1.02, compared to those with the lowest intake (median 38.5 g/day).
For cardiovascular mortality, the adjusted risk ratio for men was 0.78 for the
highest quintile of soy intake, a 22% lower risk compared to the lowest quintile;
however, the P for trend was not significant (P=0.29) and the 95% confidence
interval was 0.55–1.12, not statistically significant at the 5% level of confidence.
For women, the adjusted risk ratio for cardiovascular mortality was 0.90 with
95% confidence interval 0.63–1.28 and the P for trend was not significant
(P=0.57). The association between soy intake and cardiovascular mortality
was not very robust in this analysis, but the trend for all-cause mortality was
stronger.

In a report from the Shanghai Women’s Health Study (Zhang et al. 2003),
acohort study involvingabout75,000Chinesewomen,aged40–70yearsatbase-
line, information regarding frequency and amount of soy food intake was col-
lected at a baseline interview. Only women without previously diagnosed CHD,
stroke, cancer and diabetes were included in this analysis (n=64,915 women
contributing 162,277 person-years). After an average follow-up of 2.5 years,
there were 62 incident cases of CHD (43 nonfatal MIs and 19 CHD deaths).
There was a significant monotonic trend for lower total CHD across quartiles
of soy consumption (P=0.003) after adjustment for age, smoking, body mass
index, waist-to-hip ratio, hypertension, menopausal status, regular exercise,
level of education, family income, alcohol consumption, season of recruitment,
total energy intake, intake of fat, fiber, fruit, and vegetables. The women with
the highest intake of soy protein (≥11.2 g protein/day) had a 75% lower risk of
total CHD (adjusted risk ratio=0.25, 95% confidence interval 0.10–0.63) com-
pared to the quartile with the lowest soy protein consumption (<4.5 g/day).
In this study, the association appeared to be stronger for nonfatal MI than
CHD death. It is of interest that in most of these recent studies the association
between soy intake and CHD appears to be more robust in women and for
nonfatal MI.
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3
Soy Bioactive Components

The components of soy responsible for the cardiovascular effects have been the
subject of much research (Erdman and Fordyce 1989; Potter 1995, 1998). Be-
ginning in the 1970s, the amino acid composition of soy protein was evaluated
for its effect on plasma lipid and lipoprotein metabolism and its role in athero-
genesis. More recently, other protein components, including specific protein
fractions and globulins have been studied. Non-nutritive components of soy
protein isolate have also been investigated, including the saponins, phytic acid,
trypsin inhibitors, and isoflavones.

There is considerable evidence that the components of soy protein respon-
sible for a portion of its hypocholesterolemic and atheroprotective effects are
alcohol-extractable, or at least are affected by alcohol washing. Studies in
both humans and nonhuman primates show that alcohol-washed soy protein,
compared to unextracted soy protein isolate, is less beneficial for modulating
plasma lipid and lipoprotein concentrations and is less effective at inhibiting
atherosclerosis (Anthony et al. 1996, 1997; Clarkson et al. 2001; Crouse et al.
1999; Gardner et al. 2001; Merz-Demlow et al. 2000; Wangen et al. 2001).

Isoflavones (non-steroidal phytoestrogens), saponins, and phytosterols are
all removed from soy protein isolate when it is alcohol-washed (Anderson and
Wolf 1995). A recent study in nonhuman primates tested the effects of adding
either a semi-purified isoflavone extract or the whole alcohol-extractable frac-
tion back to alcohol-washed soy protein. These groups were compared to
groups fed casein+lactalbumin, alcohol-washed soy protein isolate and unex-
tracted soy protein isolate (Anthony et al. 2002b). While the isoflavone extract
did not restore the benefits of alcohol-washed soy on plasma lipid concentra-
tions, the whole alcohol-extracted fraction did restore a portion of the benefit.
These findings suggest that both protein and alcohol-extractable material con-
tribute to the plasma lipid benefits of soy; and further, that alcohol washing
disrupts some component(s) preventing restoration of the full benefits of un-
extracted soy protein. Therefore, based on current knowledge, the unextracted
soy protein appears to provide the greatest benefit for cardiovascular health.

4
Soy, Isoflavones and Their Effects on Lowering Plasma Lipids
and Lipoproteins

4.1
Lipid and Lipoprotein Concentrations

In a meta-analysis conducted in 1995, Anderson et al. (1995) summarized the
resultsof 38controlledclinical trials inwhich theeffectsof soyproteinonserum
lipids was measured. Subjects ingested an average of 47 g of soy protein per
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day which resulted in a 9.3% lower total plasma cholesterol, a 12.9% decrease
in low-density lipoprotein (LDL) cholesterol, a 10.5% decrease in triglycerides,
and a nonsignificant 2.4% increase in high-density lipoprotein (HDL) choles-
terol concentrations. The greatest effect on LDL cholesterol reduction was in
those subjects having the highest plasma cholesterol concentrations at baseline
(Anderson et al. 1995). As little as 20 g of soy protein per day has been shown to
lower non-HDL cholesterol [LDL+ very-low-density lipoprotein (VLDL)] and
apolipoprotein B (ApoB) in a well-controlled study in which the same amount
of total protein was fed (50 g/day), but with different mixtures of isolated soy
protein and casein (Teixeira et al. 2000). In the 10 years since this meta-analysis
was published, their conclusions have been largely confirmed by others (Baum
et al. 1998; Crouse et al. 1999; Duane 1999; Teede et al. 2001; Teixeira et al. 2000).

The effects of soy protein on lipoprotein(a) [Lp(a)], concentrations have
been inconsistent (reviewed by Anthony 2002a). Three studies reported sig-
nificantly higher Lp(a) concentrations with soy protein containing isoflavones
(40–154 g protein/day) compared to casein (Nilausen and Meinertz 1999; Teede
et al. 2001) or isoflavone-devoid soy protein (Meinertz et al. 2002), while at least
five other studies reported no effect of soy containing isoflavones on Lp(a)
concentrations at protein intake up to 63 g/day (Crouse, et al. 1999; Dent et al.
2001; Merz-Demlow et al. 2000; Teixeira et al. 2000; Wangen et al. 2001). In
the two studies by Meinertz and colleagues (Meinertz et al. 2002; Nilausen and
Meinertz, 1999), about 150 g/day of soy protein was consumed which is two-
to threefold higher than most studies. However, in the study by Teede et al.
(2001), the amount of soy protein (40 g/day) was comparable to other studies.
This potentially adverse effect of soy protein on Lp(a) concentrations deserves
further study.

4.2
Are Isoflavones Responsible for the Cholesterol Lowering Effects of Soy Proteins?

Although the hypocholesterolemic effects of soy protein have been known
for many years (Carroll 1982), a major unanswered question is which of the
many components in soy protein are responsible for the lipid lowering effect.
The soy isoflavones have received the greatest attention recently, and are the
subject of several recent reviews (Ghatge et al. 2003; Nestel 2003; Yeung and Yu
2003). Isoflavones (genistein, daidzein and glycetin) have been implicated due
to the fact that soy protein depleted of isoflavones by extraction with alcohol
is generally less effective in lowering plasma lipids than is the unextracted soy
protein. This has been shown in man (Crouse et al. 1999; Merz-Demlow et al.
2000; Wangen et al. 2001), rodents (Blair et al. 2002; Kirk et al. 1998; Peluso
et al. 2000), and monkeys (Anthony et al. 1996, 1997; Clarkson et al. 2001).
As mentioned earlier, the problem with this approach is that alcohol extracts
other lipid soluble components, and may alter the functional integrity of the
remaining soy protein as well.
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What is reasonably clear, however, is that the intake of isolated isoflavones
has been largely disappointing with respect to lipid lowering. In people with
intermediate levels of plasma cholesterol and nonhuman primates, the intake
of 55–150 mg per day of isolated soy isoflavones has little effect on plasma
lipids (Dewell et al. 2002; Greaves et al. 1999; Hodgson et al. 1998; Howes et al.
2000; Nestel et al. 1997, 1999; Simons et al. 2000). In contrast, when isoflavone
concentrations were varied by using soy protein containing different amounts
of isoflavones, from 3 to 62 mg per day in a soy protein beverage containing
25 g/day of total soy protein, an isoflavone dose–response effect on plasma
lipids was shown, with the highest concentration of isoflavones (62 mg/day)
showing the greatest effect (Crouse et al. 1999). For the entire study popu-
lation, there was a small but significant lowering of total and LDL choles-
terol by 4% and 6% respectively in the highest isoflavone group (62 mg/day).
In patients with LDL cholesterol levels in the top half of the population at
baseline, the total and LDL cholesterol reduction was 9% and 10% respec-
tively in the 62 mg isoflavone group (Crouse et al. 1999). However, another
study of soy protein containing different levels of isoflavones did not shown
a clear isoflavone dose effect (Baum et al. 1998). Surprisingly isoflavones added
back to the alcohol extracted soy protein from which they were removed did
not produce a lipid lowering effect, even though the unextracted soy protein
did (Anthony et al. 2002b). The reason for this discrepancy is not clear, but
could be due to the inactivation of a component of soy protein, a protein–
isoflavone complex, or some other component of isolated soy protein that is
necessary for lipid lowering, but is lost or inactivated during the extraction
process.

After extraction of soy protein with alcohol, the extracted protein, some-
times called soy(−), has been shown to still retain the ability to reduce plasma
lipid and lipoprotein levels to some extent, when compared to a casein pro-
tein control (Blair et al. 2002; Song et al. 2003). This suggests that compo-
nents in soy protein in addition to isoflavones, are responsible for some of
its lipid lowering effects. The major storage protein fractions of soy protein
are β-conglycinin (or 75 globulins), and glycinin (or 11S globulins). Sirtori
et al. (1993) showed that the 7S globulin when fed to rats reduces plasma
cholesterol concentrations by 35%. Thus, there is some evidence that one or
more of the proteins in a soy protein mixture may be responsible for the
residual cholesterol lowering properties of alcohol-extracted soy protein. In
a recent study using ApoE null and LDLr null:ApoB transgenic mice, Adams
et al. (2004) showed that a β-conglycinin-enriched protein fraction also has
a marked inhibitory effect on atherosclerosis that was greater than the ef-
fects of a glycinin-enriched protein fraction and unfractionated soy protein,
and independent of changes in plasma lipoprotein concentrations. Thus, addi-
tional studies are needed to identify the mechanisms by which β-conglycinin
reduces atherosclerosis, as well as how it lowers plasma cholesterol concentra-
tions.
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5
Beneficial Effects of Soy and Isoflavones on Atherosclerosis

Because atherosclerosis is difficult to quantify noninvasively in human be-
ings, most of the research on the effect of soy protein or isolated isoflavones on
atherosclerosishasbeendone inanimalmodels. In thefirst study to testdirectly
the effect of soy with and without isoflavones on atherosclerosis Anthony, et al.
(1997) compared the effect of intact soy protein [soy(+)] with that of alcohol-
extracted soy(−) on atherosclerosis in cholesterol-fed male cynomolgus mon-
keys. A casein+lactalbumin-containing diet was used as a control. In all arterial
beds studied, animals consuming the control diet (casein+lactalbumin) had
the greatest atherosclerosis, with soy(+) having the least and soy(−) being
intermediate (Fig. 1).

The difference in atherosclerosis could not be explained entirely by reduc-
tions in plasma lipoproteins, since total plasma cholesterol and LDL+VLDL
concentrations in animals fed soy(−) were not different from the control group.
This suggests that one or more of the components of soy has an effect on
atherosclerosis that is independent of its lipoprotein lowering effect. This is an
important concept since the cholesterol lowering effects of soy or isoflavones
are much smaller or even nonexistent in human beings relative to most animal
models. Although there is no doubt that some of the cardiovascular beneficial
effects of soy protein can be explained by their plasma lipid and lipoprotein
lowering effects when they are present (Anthony et al. 1996, 1997; Crouse et al.
1999), other studies to be discussed below suggest that the reduction in plasma
cholesterol concentrations canexplainonlypart of the athero-protective effects
of soy protein.

Fig. 1 Effect of unextracted and alcohol-extarcted soy protein isolate on coronary artery
atherosclerosis (plaque size) in male cynomolgus monkeys. Animals were fed cholesterol-
containing atherogenic diets that were matched except for protein. The dietary groups
contained either casein+lactalbumin as the control (Casein), isolated soy protein (Soy+),
or isolated protein that was extracted with alcohol to remove isoflavones (Soy−). After
14 months coronary artery atherosclerosis was evaluated. (Reproduced from Anthony et al.
1997, by permission of Lippincott Williams and Wilkins)
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In a study in surgically postmenopausal nonhuman primates, the effects on
atherosclerosis of unextracted soy protein and estrogen-replacement therapy
(conjugated equine estrogens) were compared to an alcohol-extracted soy
protein control group. In this study, the animals were fed an atherogenic diet
for a 2-year premenopausal exposure period. Atherosclerosis was measured
at the end of the premenopausal period (baseline) in an iliac artery biopsy.
The animals were then ovariectomized and randomized either into a group
fed soy(−), soy(+), or soy(−) with conjugated equine estrogens (CEE) for an
additional 3 years. Some of the results of this study are shown in Fig. 2 and
suggestbeneficial effectsofbothunextractedsoyproteinandCEEfor inhibition
of progression of atherosclerosis in arteries with pre-existing atherosclerosis.

In a recent study by Wagner et al. (2003), a diet containing casein (ca-
sein+lactalbumin) as the source of protein was supplemented with a semi-
purified alcohol extract of soy protein containing isoflavones and other alcohol
soluble components, and effects on plasma lipids, lipoproteins and atheroscle-
rosis were compared with those in animals receiving the same amount of
isoflavones as unextracted soy protein. Plasma levels of total isoflavones were
not different between the soy(+) group and the casein+isoflavones group, while
there were no detectable isoflavones in the plasma of the casein control group.
There was no reduction in plasma lipids or lipoproteins (Greaves et al. 1999),
and no protection from atherosclerosis (Wagner et al. 2003) by addition of
isoflavones to the casein diet (Fig. 3).

The intact soy protein diet showed a significant lowering in plasma ApoB
containing lipoproteins, an increase in HDL-cholesterol, and a greater than
65% reduction in carotid artery esterified cholesterol content (a measure of
atherosclerosis). The reduction in atherosclerosis by intact soy protein was
associated with a 50% decrease in the degradation of LDL in the arterial wall.
This couldnotbe explainedbyadifference inpermeability of the arterialwall to
LDL,but insteadwasmost likely the result of reduceddeliveryofLDLsecondary
to the reduction in plasma LDL concentrations. The possibility cannot be
excluded, however, that some component of intact soy protein reduced the
retention of LDL in the arterial wall, much as has been reported for estrogens
(Wagner et al. 1991). If such a mechanism was working, it would be hard
to attribute it to isoflavones as they were present in the plasma at the same
concentration in the casein+isoflavones group as the group receiving the intact
soy protein. Thus, this study is consistent with the conclusion that isolated
isoflavones are not effective in reducing experimental atherosclerosis.

In addition to studies in monkeys, there are studies in other animal models
suggesting a protective effect of soy protein on atherosclerosis. This includes
an extensive literature going back nearly 40 years that substitution of soy
protein for animal proteins will reduce experimental atherosclerosis in rabbits
(Howard et al. 1965; Huff et al. 1977).

Studies using mouse models of atherosclerosis have not only strengthened
the concept that soy protein or one of its components act independently of
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Fig.2A,B Effectof soyphytoestrogensandconjugatedequineestrogensonprogressionof iliac
artery atherosclerosis, and on carotid artery atherosclerosis. Female cynomolgus monkeys
were fed an atherogenic diet for 26 months to produce atherosclerosis similar to what would
be present in premenopausal women. Animals were then ovarectomized, divided into three
groups and fed one of three atherogenic diets that differed in the following treatments.
The control group was fed a diet containing soy(−), the second group a diet containing
soy(+), and the third group soy(−) plus CEE. A After the premenopausal phase (baseline)
and again after the postmenopausal phase (outcome), atherosclerosis was evaluated by
quantitative histomorphometry of the surgically removed right and left iliac arteries. The
ratio of outcome/baseline iliac artery plaque size (mean±SEM) is shown. B Atherosclerosis
in the common carotid arteries measured only after the outcome phase of the experiment.
(Reproduced from Clarkson et al. 2001, by permission of The Endocrine Society, Stanford
University Libraries)

the effects on plasma lipids or lipoproteins to reduce atherosclerosis, but also
have provided important insight into potential mechanisms. In order to deter-
mine if the LDL receptor was required for the athero-protective effects of soy
protein or isoflavones, the effect of soy(+) and soy(−) on plasma lipids, LDL
oxidation and atherosclerosis were studied in LDL receptor (LDLr) null mice
and C57BL/6 mice fed an atherogenic diet (Kirk et al. 1998). Plasma cholesterol
concentrations in LDLr-null mice were unaffected by soy(+) relative to soy(−),
but in the C57BL/6 mice soy(+)-fed animals had plasma cholesterol concen-
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Fig. 3 Effect of isolated soy isoflavones on carotid artery atherosclerosis of surgically post-
menopausal cynomolgus monkeys. Overectomized female cynomolgus monkeys were fed
an atherogenic diet for 20 weeks. The control diet (CAS) contained casein+lactalbunim as
the protein source. The CAS+ISO diet was identical except for the addition of isolated soy
isoflavones (ISO) derived from an alcohol extract of soy protein containing similar amounts
of isoflavones found in soy(+). Atherosclerosis was evaluated based on arterial cholesteryl
ester content. Results are mean±SEM. (Reproduced from Wagner et al. 2003, , by permission
of Lippincott Williams and Wilkins)

trations that were 30% lower. There was no effect on LDL oxidation. Dietary
isoflavones did not protect against development of atherosclerosis in LDLr-
null mice, but did reduce atherosclerosis in C57BL/6 mice fed an atherogenic
diet. The authors suggest that this effect was due to stimulation by isoflavones
of LDLr activity in the C57BL/6 mice, which lowered plasma cholesterol and
in turn reduced atherosclerosis. This effect was not seen in LDLr-null mice.
The authors suggest this was because they had no LDLrs to be stimulated and
therefore LDL receptors were necessary for an isoflavone effects on plasma
lipid concentrations and atherosclerosis.

Different results were found by Adams et al. (2002a) in a more recent study
in which LDLr null:human ApoB transgenic mice and ApoE null mice were
used. Although both develop atherosclerosis, the LDLr null:ApoB transgenic
mice have a more human-like lipoprotein profile. At 6 weeks of age, male and
ovarectomized female mice were assigned to one of three diets. A diet contain-
ing casein+lactalbubin as the control protein, a diet containing soy(+) (total
isoflavone content=1.72 mg/g) and a diet containing the same amount of soy
(−) containing only trace amounts of isoflavones (0.04 mg isoflavones/g). To
equalize plasma cholesterol concentrations in the two types of mice, the diet
fed to the ApoE null mice was supplemented with cholesterol. After 16 weeks,
atherosclerosis was evaluated by measurement of aortic cholesteryl ester con-
tent. Both alcohol-washed and intact soy proteins produced a slight decrease
in LDL and VLDL in male and overectomized female mice of both types.
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Considering both types of mice, there was a significant 24% reduction in
atherosclerosis in mice fed the soy(−) diet, and a 49% reduction in mice fed
soy(+), relative to controls (Fig. 4).

The athero-inhibitory effects of the diets in both mouse models were inde-
pendent of effects on plasma lipoproteins. These results are in contrast to the
earlier report by Kirk et al. (1998), who showed that there was no difference
in plasma lipids or atherosclerosis in LDLr null mice fed soy(+) or soy(−), but
that soy(+) significantly lowered plasma lipids and reduced atherosclerosis in
cholesterol-fed C57BL/6 mice. Since these animals had functioning LDLrs, the
authors concluded that LDLrs were required for the athero-protective effects of
soy(+). There is no obvious explanation for the differences in these two studies,
other than the methods of quantification of atherosclerosis, the duration of the
studies, and the much higher plasma cholesterol concentrations in the study
by Kirk et al.

Given that isoflavones are phytoestrogens that can bind to estrogen recep-
tors (ER), it is possible that ERs are required for the beneficial effects of soy
proteins or isoflavones to be expressed. To test this possibility, Adams and
coworkers (2002b) used ApoE null mice that were also devoid of either ERα or
ERβ, to determine if the athero-protective effects of soy protein required either
ER. Atherosclerosis was reduced 20%–27% by intact soy protein in ERβ wild-
type, ERα wild-type, and ERβ null mice, but had no effect on ERα null mice.
This study shows that the athero-inhibitory effect of soy protein was unrelated
to the sex of the mice, or plasma lipoprotein concentrations, but requires the
presence of ERα. This is similar to the requirement for ERα to mediate the
athero-protective effects of 17β-estrodial, described by Hodgin et al. (2001) in
ApoE null mice (Fig. 5).

Fig. 4 Percentage decrease in atherosclerosis for LDLr null:ApoB transgenic (LDLr−/−) and
ApoE−/− mice consuming soy(+) or soy(−) protein for 16 weeks. There were 10–12 mice
of each sex in each group. There were no sex differences in atherosclerosis. Results are
mean±SD. (Reproduced from Adams et al. 2002a, by permission of the American Society
for Nutritional Sciences)
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There have been two studies that have found reductions in atherosclerosis
with isoflavone extracts. In a study in rabbits, a dose-dependent reduction
in atherosclerosis was seen in animals fed a soy isoflavone extract along with
cholesterol (Yamakoshi et al. 2000). This was seen without any effect on plasma
lipid concentrations, but a significant reduction was seen in measures of both
arterial and LDL oxidation. More recently, Jiang et al. (2003) showed that
24 months of treatment of ApoE null mice consuming a Western diet with
the daidzein metabolites dihydrodaidzein and dehydroequol, lowered plasma
cholesterol levels, improved endothelial nitric oxide-mediated vasorelaxation,
and reduced thickness of atherosclerotic plaques in the aortic arch, although
the effect on atherosclerosis did not reach statistical significance.

There are several potential mechanisms by which one or more of the com-
ponents of soy protein could act at the level of the arterial wall to reduce
atherosclerosis. Some possibilities are summarized in the following sections.

Fig. 5 Percent difference in atherosclerosis with a soy(+) diet versus a soy(−) control diet
in Apo E null mice expressing ERα (AA) or ERβ (BB) versus controls not expressing
ERα (aa) or ERβ (bb). All animals were bred to the ApoE null background as indicated
by the ee genotype. Each bar represents data from approximately 50 mice, both intact
males and ovarectomized females, in each genotype, after 16 weeks of cholesterol feeding.
Aortic atherosclerosis was evaluated by measurement of aortic cholesteryl ester content/mg
protein. *Significant difference between animals in the same genotype fed the soy(−) versus
soy(+) diets at P<0.05. (Reproduced from Adams et al. 2002b, by permission of Lippincott
Williams and Wilkins)

5.1
Antioxidant Properties of Isoflavones

Soy isoflavones can act as antioxidants reducing the formation of oxidized
lipoproteins like LDL (Hwang et al. 2000). If this occurred in the arterial wall, it
could result in less atherosclerosis even if there was no effect on plasma lipopro-
tein concentrations (Hwang et al. 2003), as was found in the study by Yamakoshi
et al. (2000). There is a large body of evidence suggesting that lipoprotein oxi-
dation is one of the early events in the pathogenesis of atherosclerosis (Witztum
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and Steinberg 2001). A number of authors have reported a reduced oxidative
potential in the serum of people consuming soy protein (Jenkins et al. 2000;
Tikkanen et al. 1998; Wiseman et al. 2000). This includes a reduction in the
concentration of conjugated-dienes, copper-induced oxidation lag time, and
cholesteryl ester hydroperoxides. Isoflavones have structural similarities to
estrogens, which also can act as antioxidants at supraphysiological concen-
trations (Schwenke 1998). At high levels of intake, however, isoflavones can
be present in the plasma at up to micromolar concentrations, which makes it
more likely that they can function as physiologically important antioxidants in
vivo (Hwang et al. 2000). The antioxidant properties of phytoestrogens are the
result of their phenolic structure which resembles 17β-estradiol (Ruiz-Larrea
et al. 1997), and the ability of specific phytoestrogens (e.g., genistein) to inhibit
tyrosine kinases in a redox-sensitive manner (Akiyama et al. 1987). Phytoe-
strogens also have been reported to act synergistically with other antioxidants
to inhibit LDL oxidation (Hwang et al. 2000). Like estrogens, isoflavones may
be esterified to fatty acids, making them much more lipophilic and poten-
tially able to partition into the hydrophobic core of lipoproteins where they
could function more efficiently to protect the lipoprotein cholesteryl esters
from oxidation (Tikkanen et al. 2002). Not all phytoestrogens are equivalent
with respect to their antioxidant properties. Equol, for example, a metabo-
lite of daidzein, has greater antioxidant activity than genistein or daidzein.
Equol inhibits LDL oxidation in vitro, and LDL oxidative modification by J774
monocyte/macrophages (Hwang et al. 2003).

5.2
Inflammation

Inflammation coupled with dyslipidemia is believed to be a key component in
the pathogenesis of atherosclerosis (Libby 2002). Since phytoestrogens bind to
estrogen receptors, it is possible that they might act as do estrogens to modu-
late the immune response. In addition, genistein, a principle isoflavone of soy
protein, has been implicated in the anti-inflammatory properties of isoflavones
(Boersma et al. 2001; Verdrengh et al. 2003), including inhibition of adhesion
molecule expression (Burke-Gaffney and Hellewell 1996; Weber 1996; Wolle
et al. 1996), oxygen radical generation (Lim et al. 1997; Nagata et al. 1997),
inhibition of chemotactic factor production (Tanabe et al. 1994), and cell-
mediated immunity (Curran et al. 2004). The isoflavones have demonstrated
anti-inflammatory properties in a variety of animal models of human dis-
ease, including chronic ileitis (Sadowska-Krowicka et al. 1998), inflammatory
corneal neovascularization (Hayashi et al. 1997), ischemic reperfusion injury
(Deodato et al. 1999), asthma (Regal et al. 2000), etc. Thus, a potential mech-
anism by which isoflavones may reduce the development of atherosclerosis is
by modulation of one or more of these inflammatory processes.
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5.3
Effects on Vascular Reactivity and Blood Pressure

Soyproteinandphytoestrogenshavebeenshownto improvevascular reactivity
in response to acetylcholine and flow-mediated dilation (FMD). Both of these
effects are secondary to the releaseofnitricoxide fromarterial endothelial cells.
These end points appear to be useful monitors of endothelial dysfunction in
people, as there is a significant correlation between coronary endothelium-
dependent vasoreactivity to acetylcholine and FMD of the brachial artery, and
subsequent cardiac events (Schachinger et al. 2000; Suwaidi et al. 2000). Some
(Cuevas et al. 2003; Honore et al. 1997; Squadrito et al. 2002, 2003; Steinberg
et al. 2003; Walker et al. 2001; Yildirir et al. 2001), but not all studies (Hale
et al. 2002; Nestel et al. 1997; Simons et al. 2000; Teede et al. 2001, 2003) show
that isolated soy protein and isolated isoflavones improve endothelial func-
tion. Dysfunctional endothelial cells show a marked reduction in nitric oxide
release in response to acetylcholine. An interesting development is the observa-
tion by Williams et al. (2001) showing that with in vivo treated ovarectomized
cynomolgus monkeys, there was acetylcholine-induced coronary artery dila-
tion of 5% with 17β-estradiol and 12% with soy protein plus 17β-estradiol,
while there was no effect of the soy protein diet alone. This is consistent with
the concept that in the absence of a critical level of 17β-estradiol, soy protein
will not produce vasodilation. This may explain the failure of soy isoflavones
to stimulate vasodilation in some studies of postmenopausal women (Nestel
et al. 1997; Simons et al. 2000).

There are several reports suggesting that consumption of soy protein or
isolated isoflavones also can influence other cardiovascular parameters. These
include compliance (arterial stiffness) and blood pressure. Decreased compli-
ance has been shown to be a risk factor for CHD (Kingwell and Gatzka 2002).
Using pulse wave velocity measurements to assess aortic stiffness, van der
Schouw et al. (2002) demonstrated an association between isoflavone intake
estimated from food-frequency questionnaires and a decreased pulse wave
velocity (i.e., reduced stiffness). Teede et al. (2001) reported on a 3-month
double-blind, placebo-controlled intervention study with each subject con-
suming 40 g of isolated soy protein per day containing 118 mg of isoflavones
or 40 g of casein. In these normotensive men and postmenopausal women, the
soy protein group compared to the casein group had significantly improved
peripheral pulse wave velocity and blood pressure, but central pulse wave ve-
locity and systemic arterial compliance were not different (Teede et al. 2001).
More recently, Teede and colleagues (2003) reported on another clinical trial
in which 80 normotensive men and postmenopausal women were treated with
80 mg/day isoflavone tablets or placebo for 6 weeks and then crossed over to
the alternate treatment for 6 weeks. The isoflavone intervention significantly
improved systemic arterial compliance and central pulse wave velocity, but
there was no significant effect on blood pressure or peripheral pulse wave
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velocity. Similarly, Nestel and colleagues reported significant improvements
in systemic arterial compliance in peri- and postmenopausal women treated
with 80 mg/day isoflavone tablets derived from soy (Nestel et al. 1997) or 80 mg
isoflavones/day derived from red clover (Nestel et al. 1999). Thus, the effects
on arterial elasticity appear to be relatively consistent and are likely to be due
to the isoflavones, rather than to the soy protein. Due to the relatively short
duration (a few weeks to a few months) of these studies, it is likely that this
represents largely an effect on peripheral resistance. More long-term effects
could be secondary to changes in the content or composition of connective
tissue components of the arterial wall.

Several studies have evaluated the effects of soy protein or isoflavone tablets
on blood pressure. Hodgson et al. (1999), found that 55 mg of isoflavanoids
isolated from subterranean clover in patients with borderline hypertension
did not lower blood pressure. A similar conclusion was reached by Teede et al.
(2003) in another study in which isoflavone tablets prepared from red clover
(80 mg/day) were administered for 6 weeks to postmenopausal women and
men of the same age. In another study by this group (Teede et al. 2001) in
which 118 mg/day of isoflavones were administered in soy protein, there was
a significant reduction in both systolic and diastolic blood pressure (3.9 and
2.4 mmHg, respectively) when compared to a control group given casein. In
a randomized double blind crossover trial with 51 perimenopausal women,
20 g of soy protein containing 34 mg of phytoestrogens split into two doses
a day produced a significant 5 mmHg lowering in diastolic blood pressure
(Washburn et al. 1999). There was no effect when the same total dose was
given once a day (Washburn et al. 1999). Nestel and coworkers (1997, 1999)
compared purified isoflavone supplements from soy and red clover, since the
composition of the isoflavones is somewhat different. In neither study was
there a significant effect on blood pressure. Thus, the effects of soy protein
and/or isoflavones on blood pressure are inconsistent. This might be due to the
variability in the measurement of blood pressure, or that most of the subjects
of these studies were normotensive. Even where significant effects were seen,
the reduction in blood pressure was small.

5.4
Thrombosis

In 1995, Wilcox and Blumenthal (1995) speculated that genistein could reduce
thrombosis. This was based on in vitro studies showing that genistein, by vir-
ture of its tyrosine kinase inhibitionary action, could interfere with the action
of growth factors, platelet activation and agonist-induced platelet aggregation.
If similar effects occurred in vivo, genistein might be effective in reducing
thrombosis associated with plaque rupture. Since that time little research in
this area has been done. Dent et al (2001), in a double-blind study in peri-
menopausal women, showed that consumption of either isoflavone-poor or
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isoflavone-rich soy protein (40 g/day containing 80 mg isoflavones) had no
effect on thrombotic or fibrinolytic markers. In contrast, in studies in young
adult female rhesus monkeys fed an atherogenic diet for 6 months, intact soy
protein reduced the constrictor response to intracoronary infusion of colla-
gen compared to the animals consuming the isoflavone-poor soy protein diet
(Williams and Clarkson 1998). In this same study, in vitro platelet aggregation
to thrombin and serotonin were less in the animals receiving the isoflavone-
rich soy protein. These studies suggest that dietary isoflavones may reduce
platelet aggregation in vivo (Williams and Clarkson 1998). Similar results were
found in a mouse femoral artery model of photochemical-induced arterial
injury in which genistein reduced in vivo thrombogenesis and in vitro platelet
aggregation (Kondo et al. 2002). Additional studies are needed in this area to
determine the effect of soy protein and isoflavones on thrombosis associated
with plaque rupture.

6
Summary

There are many mechanisms by which soy protein with its isoflavones might
decreaseCHD.Thereare thewell-recognized improvements inplasma lipidand
lipoprotein concentrations; i.e., lower LDL cholesterol, lower triglycerides, and
possibly higher HDL cholesterol. There is also evidence that soy protein with
isoflavones canhave beneficial effects onarterial compliance, vascular function
in women, LDL oxidatione, and atherosclerosis. The effects of alcohol-washed
soy protein appear to be less robust than those of unextracted soy. Whether
that is due entirely to the removal of active alcohol-extractable components, or
adverse effects on the protein structures is unclear. Isolated isoflavones do not
appear to be athero-protective, although they may have some cardiovascular
beneficial effects secondary to improvements in arterial compliance.

There remain many questions surrounding soy/isoflavones and effects on
cardiovascular disease risk. Minimal effective doses of soy and isoflavones,
frequency of consumption, isoflavone metabolites (such as equol), and protein
components; all remain to be clarified. Potential interactions with endogenous
hormones is anotherareaof important research for the future.Themechanisms
by which soy and isoflavones might impact atherosclerosis and cardiovascu-
lar disease risk also are not well understood. Although some proportion of
the athero-protective effects of soy can be explained by modification of risk
factors, such as lowering of plasma LDL concentrations, in most people this
effect appears to be rather small. An equivalent or perhaps even greater pro-
portion of the athero-protective effects of soy is probably due to direct effects
on the arterial wall, the nature of which are just beginning to be understood.
Understanding the mechanisms by which this is mediated is a major challenge
for the future. Whether the beneficial effects of soy and isoflavones on cardio-
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vascular disease risk factors and on the arterial wall translate to reductions in
cardiovascular morbidity and mortality requires further exploration.
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Abstract Homocysteine (tHcy) is an intermediate sulfur-containing amino acid which acts
as a methyl group donor for methionine metabolism. Increased serum concentrations (=hy-
perhomocysteinemia, >10 µmol/l) have been associated with an increased cardiovascular
risk. Homocystinuria, an infrequent genetic disease usually due to lack of cystathione beta-
synthase, has been found with severely elevated serum homocysteine values (>150 µmol/l).
Functional gene polymorphisms of key enzymes (e.g., N5,N10-methylene-tetrahydrofolate
reductase) and dietary B-vitamin deficiencies in the elderly are, however, frequent in the
‘Western’ population. Hyperhomocysteinemia has been associated with other vascular ef-
fects such as atherothrombosis and endothelial dysfunction due to its auto-oxidative poten-
tial, thereby increasing the production of reactive oxygen species. Other effects may involve
neurodegenerative diseases such as Alzheimer or dementia praecox of the elderly. Thera-
peutic interventions lowering tHcy may therefore offer novel tools for the prevention and
treatment of atherosclerosis. B-vitamin supplementation (folic acid=vitamin B9, vitamin B6
and vitamin B12) is an efficient and safe tHcy-lowering therapy, decreases tHcy by 30%–50%
and has been shown to lower cardiovascular morbidity and mortality. Furthermore, folic
acid supplementation has been shown to reduce or even almost eliminate neurotubular
birth defects (spina bifida) and to markedly decrease the rate of megaloblastic anemia.
Thus, fortification of flour with folic acid in the USA was advocated several years ago in
order to prevent these entities.

Keywords Homocysteine · Homocystinuria · Hyperhomocysteinemia · Vitamin B ·
Folic acid
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1
Introduction

Homocysteine (tHcy) has been identified as a risk factor for atherosclerosis
only recently. It is an intermediate sulfur-containing amino acid produced from
methionine during processing of dietary protein. It has gained considerable
attention because elevated serum concentrations, even small, have been asso-
ciated with an increased cardiovascular (CV) risk, including coronary artery,
cerebrovascular, and peripheral vascular disease. Far from being a traditional
CV risk factor, increased tHcy has also been associated with other entities such
as thrombotic disease (den Heijer et al. 1996), congenital neural tube defects,
(Kapusta et al. 1999, Rosenquist, 1996; Wenstrom et al. 2000) and Parkinson
and Alzheimer diseases (Duan et al. 2002; Kruman et al. 2000, Seshadri et al.
2002).

The purpose of this chapter is to explore the current understanding of tHcy
biology and to highlight its potential role in atherosclerosis, coronary artery
and ischemic cerebrovascular disease. Furthermore, we will present evidence
that decreasing plasma tHcy by B vitamins is both an effective treatment for
major CV events and improves outcome.

2
Biology of tHcy

The methionine–tHcy–cysteine pathway is summarized in Fig. 1. Homocys-
teine accumulation (hyperhomocysteinemia) depends on a potential block
in the metabolizing pathways. Three key vitamins (folate=vitamin B9, pyri-
doxine=vitamin B6, cobalamine=vitamin B12) function as cofactors or sub-
strates for methionine–homocysteine metabolism. Accordingly, a number of
studies have demonstrated an inverse relationship between homocysteine
concentration and B vitamins. Three key enzymes have been characterized
in human pathology, namely cystathione beta-synthase, N5,N10-methylene-
tetrahydrofolate reductase (MTHFR) and methionine synthase. Hyperhomo-
cysteinemia can be due to a primary and/or secondary cause. Primary causes
classically refer to enzymatic deficiency leading to homocystinuria, a dramatic
but infrequent disorder usually due to a complete deficiency in cystathione
beta-synthase . More frequent are gene polymorphisms or mutations of key
enzyme. Secondary causes are frequent and often coexist with functional gene
polymorphisms. Examples are smoking, heavy intake of coffee or alcohol, renal
failure, vitamin deficiencies (or drugs impairing B vitamin metabolism, e.g.,
gemfibrozil) (Syvanne et al. 2004) malignant disease or hypothyroidism.

In plasma the major fraction of tHcy is oxidized and occurs as homocystine
(5%–10%), homocysteine–cysteine mixed disulfide (5%–10%) and protein-
bound homocysteine (70%–90%).
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Fig.1 Production of homocysteine from methionine, an essential amino acid. Homocysteine
can be reconverted to methionine through the remethylation pathway. When methionine is
in excess, Hcy is directed to the trans-sulfuration pathway that irreversibly converts Hcy to
cysteine. The first step in this metabolic pathway is catalyzed by the vitamin B6-dependent
enzyme cystathionine s-synthase (CBS). Under methionine deprivation, Hcy is disposed
via two methionine conserving pathways. In the liver, Hcy is remethylated by betaine–
homocysteine methyltransferase (BHMT), whereas in other tissues the remethylation of
Hcy is catalyzed by methionine synthase (MS), which uses vitamin B12 as cofactor and
methyltetrahydrofolate as substrate

3
Homocysteine: A CV Risk Factor?

Moderate elevations of plasma tHcy were first identified as a risk factor for
coronary artery disease (CAD) by McCully (1969) and later by Wilcken and
Wilcken (1976). Compelling evidence has since then supported this theory. The
majority of studies, but not all (Alfthan et al. 1994; Massy et al. 1994, Sharabi
et al. 1999 Verhoef et al. 1996, 1997) have shown an association between tHcy
concentration and classical risk factors (Nygard et al. 1995), angiographically
documented CAD (Arnesen et al. 1995; Genest et al. 1990; Graham et al. 1997;
Kang et al. 1986; Verhoef et al. 1997; Wilcken and Wilcken 1976), myocardial
infarction (Israelsson et al. 1988; Stampfer et al. 1992; Verhoef et al. 1996) as
well as CV mortality (Anderson et al. 2000; Nygard et al. 1997; Wald et al.
1998). The meta-analysis by Boushey et al. (1995) as well as the interventional
study by Malinow et al. (1998) strongly suggested that tHcy is an independent
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risk factor for atherosclerosis and that between 15% and 50% of patients
with symptomatic vascular disease have hyperhomocysteinemia. Increments
of 5 µmol/l of tHcy have been estimated to correspond to an increase in CAD
risk of approximately 60% in men and 80% in women (Boushey et al. 1995).
As with serum cholesterol, the risk seems to be skewed, i.e., the risk rises with
increasing tHcy level (Arnesen et al. 1995). Accordingly, in patients included
in the Swiss Heart Study, tHcy levels (ranging from 9.1±3.2 µmol/l in controls
to 12.4±5.4 µmol/l in patients with three-vessel disease) and the extent of CAD
were strongly correlated (Schnyder et al. 2001) (Fig. 2).

Hyperhomocysteinemia has been found in siblings prone to familial CAD
(Wu et al. 1994) raising the question whether special genotypes could trig-
ger hyperhomocysteinemia in the general population. Stimulated by the study
by Kang and colleagues (1988) who provided evidence consistent with this
hypothesis, many subsequent investigators have looked for an association be-
tween functional gene polymorphisms, tHcy and CV diseases (Boers et al. 1985;
Clarke et al. 1991; Gardemann et al. 1999; Kruger et al. 2000; Lalouschek et al.
1998; Streifler et al. 2001; Verhoef et al. 1997; Wu et al. 1994). For instance, the
thermolabilevariantof theMTHFRisdue toacommonmutation in theMTHFR
gene (C677T), which can be observed up to 40% in Caucasians. Subjects with
mutation of both alleles (TT-genotype) have a higher tHcy level than those who
are heterozygous (Kang et al. 1988). Graham et al. (1997) estimated that 14% of

Fig. 2 Kaplan–Meier curves for freedom from major adverse cardiac events (MACE) ac-
cording to homocysteine quartiles. As demonstrated by Schnyder et al., there is a strong
dose–response relationship between homocysteine quartiles and the incidence of MACE.
Hcy indicates plasma homocysteine levels, quartiles of tHcy are expressed in µmol/l. (Re-
produced from Schnyder, et al. 2001, with permission)
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patients with CAD have familial hyperhomocysteinemia. Parenthetically, but
consistent with the theory of a key role of tHcy in atherosclerosis, the remark-
able freedom from arteriosclerosis found in Down syndrome (Brattstrom et al.
1987; Murdoch et al. 1977) is attributed to increased activity of cystathionine
synthase activity and therefore decreased tHcy levels (Kraus et al. 1986).

4
Mechanism of Action

Figure 3 summarizes the current understanding of the atherogenic effect of
tHcy. At low plasma concentrations homocysteine is rapidly scavenged by ni-
tric oxide (NO) (produced by endothelial NO synthase) resulting in S-nitroso-

Fig. 3 Pathophysiology of homocysteine-induced endothelial dysfunction. In the plasma,
homocysteine is rapidly auto-oxidized and forms homocysteine–thiolactone, homocystine,
and mixed disulfides. Directly or by homocysteine–thiolactone-mediated mechanisms, ho-
mocysteine increase reactive oxygen species by oxidation of low-density lipoproteins (LDL)
and formation of foam cells. These latter have been involved in a cluster of atherothrom-
bogenic events such as vasoconstriction (and arterial hypertension), lipid peroxidation,
proliferation of vascular smooth muscle cells and prothrombotic states. Moreover, homo-
cysteine has other deleterious effects, such as stimulation of endothelial apoptosis and
vascular smooth muscle cell proliferation (VSMC). NO, Nitric oxide; eNOS, endothelial NO
synthase; NF-κB, nuclear factor kappa-B
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homocysteine. This nitroso-compound has NO functionality, such as potent
vasodilatation, regulation of glucose metabolism and oxidative modification of
low-density lipoproteins, inhibition of proliferation of vascular smooth muscle
cells, platelet aggregation and leukocyte adherence (Cook et al. 2002; Stam-
ler et al. 1992). At higher plasma concentrations, hyperhomocysteinemia is
responsible for endothelial dysfunction, platelet activation and thrombus for-
mation in vivo (Celermajer et al. 1993; Harker et al. 1974; Van den Berg et al.
1995; Welch et al. 1998). When added to plasma, homocysteine is rapidly auto-
oxidized and forms homocysteine–thiolactone, homocystine, mixed disulfides
and, directly or indirectly, reactive oxygen species (Alvarez-Maqueda et al.
2004). The latter have been involved in a cluster of atherothrombogenic effects
such as vasoconstriction, oxidation of low-density lipoproteins, lipid peroxi-
dation, proliferation of vascular smooth muscle cells and prothrombotic states.
Interestingly homocysteine appears also to alter mitochondrial function and
to cause mitochondrial-mediated cellular apoptosis (Austin et al. 1998; Cook
et al. 2002; Mercie et al. 2000; Olszewski et al. 1993).

5
Homocysteine and Stroke

Boers et al. (1985) found that one-third of patients with cerebrovascular and
peripheral atherosclerosis had high tHcy levels after methionine exposure.
Selhub and coworkers (1995) concluded that high plasma homocysteine con-
centrations and low concentrations of folate and vitamin B6, through their
role in homocysteine metabolism, are associated with an increased risk of ex-
tracranial carotid artery disease in the elderly. Perry et al. (1995) prospectively
studied 5,661 patients to determine the relationship between tHcy and stroke
risk. They found a direct correlation between the two.

Bots and coworkers (1999) compared 224 elderly patients with myocardial
infarction or cerebrovascular stroke with 533 controls (Rotterdam Study) and
found a direct relationship between the increase in tHcy and the risk of stroke.
In order to demonstrate a causal relationship between increased tHcy and
cerebral endothelial function, Lee et al. (2004) demonstrated that hyperhomo-
cysteinemia induces endothelial dysfunction in brain arteries and that dietary
folic acid supplementation lowers tHcy and restores endothelial function.

Major studies (Ay et al. 2003; Boers et al. 1985; Boysen et al. 2003; Brattstrom
et al. 1984; Howard et al. 2002; Kittner et al. 1999; Meiklejohn et al. 2001; Perry
et al. 1995; Petri et al. 1996; Sato et al. 2002; Selhub et al. 1995; Sen et al. 2002;
Streifler et al.. 2001 Tanne et al. 2003; Verhoef et al. 1994; Vermeer et al. 2003)
support a strong, dose-dependent association between plasma homocysteine,
stroke (transient ischemic attack, recurrent stroke, silent brain infarcts) and
classical risk factors for stroke, such as carotid stenosis, aortic atheroma or
cardiac LV-thrombus.
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6
Treatment of Hyperhomocysteinemia: The Role of B Vitamins

A growing body of evidence indicates tHcy as a major risk factor for CV
morbidity and mortality (Alfthan et al. 1997; Anderson et al. 2000; Bostom
et al. 1999; Moustapha et al. 1998; Retterstol et al. 2003; Wald et al. 1998) in
Western countries. Functional gene polymorphisms have been associated with
CAD, ischemic stroke and overall CV mortality. Some authors have suggested
that polymorphisms could be responsible for 15%–20% of all patients with
atherosclerotic disease. Thus, increased tHcy level accounts for a large pro-
portion of CV events. Of particular interest is the prevalence of B-vitamin
deficiencies, substrate or cofactors of the methionine–homocysteine–cysteine
pathway. Although the recommended folate intake is approximately 300–
400 µg/day in the young and 600–700 µg/day in the elderly, the mean folate
intake is less than 300 µg/day in Europe (de Bree et al. 1997; Rydlewicz et al.
2002). In vivo and in vitro studies have shown in humans and experimental
animals that high tHcy levels may cause–directly or indirectly–cellular and
subcellular modifications responsible for the development of atherothrombo-
sis. These findings open up the exciting possibility that tHcy-lowering ther-
apies may represent novel tools for the prevention and treatment of atheros-
clerosis.

B-vitamin supplementation is an efficient and safe way to reduce an elevated
tHcy levels. Brattstrom et al. (1988) showed that healthy subjects responded
to high doses of folic acid (5 mg/day) with a marked reduction in tHcy levels.
Since then, several studies have demonstrated that 0.20–10 mg/day of folic
acid alone or together with vitamin B12 and/or B6 reduce the fasting and post-
methionine loading tHcy levels by 25%–50%, in both healthy and ‘vascular’
patients. Vermeulen et al. (2000) studied healthy siblings of patients with
premature atherothrombotic disease treated with folic acid (5 mg/day) plus
vitamin B6 (250 mg/day, vs. placebo). They showed a reduction in abnormal
exercise stress tests in the B vitamin-treated group which was probably due
to an improvement in endothelial function. Chambers and coworkers (2000)
showed that tHcy was lowered and flow-mediated dilatation improved after
8 weeks treatment with folic acid (5 mg) and vitamin B12 (1 mg) daily in
CAD patients. Title et al. (2000) demonstrated that folic acid alone (5 mg/day)
reduced plasma tHcy and significantly improved brachial artery endothelium-
dependent flow-mediated dilation.

Schnyder et al. (2002, 2003) conducted a prospective, double-blind, ran-
domized trial, enrolling 205 consecutive patients who had undergone success-
ful angioplasty. They found that 6 months of treatment with a combination
of folic acid (1 mg), vitamin B12 (400 µg), and pyridoxine (10 mg) lowered
plasma tHcy levels from 11.1±4.3 to 7.2±2.4 µM (P<0.001) and reduced the
rate of restenosis (19.6% in treatment group vs. 37.6% in controls, P=0.01), as
well as the need for target lesion revascularization (10.8% in treatment group
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vs. 22.3% in controls, P<0.05). Moreover, the homocysteine-lowering therapy
decreased the incidence of major adverse cardiac events after a mean follow-up
of 11 months (Fig. 4).

Folic acid fortification of food in the USA was shown to be sufficient to de-
crease spina bifida in newborns. Recently, Anderson et al. (2004) demonstrated
that tHcy only marginally declined under substitution, which was associated
with a minimal but significant reduction in mortality. Five milligrams of folic
acid alone was also sufficient to decrease hyperhomocysteinemia and improve
flow-mediated dilation of the brachial artery in patients with unstable angina
(Guo et al. 2004). This apparent contradiction could be due to B-vitamin for-
mulation. These data underline the importance of both dose and combination
of B vitamins. A lowering of 16%–39% is expected by 0.2–5 mg of folic acid
daily (Anonymous 1998). In order to avoid the so-called folate trap, in which
vitamin B12 deficiency lead to a functional folate deficiency by trapping an
increased proportion of folate as the 5-methyl derivative, combination with
B12 vitamin supplementation is strongly recommended (Shane et al. 1985).
Accordingly, in elderly patients with a ‘normal’ serum folate and low B12 vi-
tamin (<350 pg/ml), B12 vitamin supplementation alone decreased tHcy and
increased red blood cell folate (Flynn et al. 2003).

Alternatives to B vitamins include N-acetylcysteine, betain, tamoxifen, es-
trogen replacement therapy, and aminophil drugs. Scholze and coworkers

Fig. 4 Kaplan–Meier curves for freedom from major adverse cardiac events (MACE)
after multivitamin therapy. Lowering plasma homocysteine levels (from 11.1±4.3 to
7.2±2.4 µmol/l) with B vitamins in patients following PCI decrease MACE. (Reproduced
from Schnyder et al. 2001, with permission )
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(2004) investigated effects of intravenous administration of acetylcysteine in
20patientswithend-stage renal failureanddemonstratedareductionofplasma
tHcy, which was significantly correlated with a reduction in pulse pressure.

7
Conclusions

The question is how to address the relevance of these data to ‘real-life’ cardi-
ology. Shall we treat all vascular patients with B vitamins or is the expected
effect too small to be of significance? As the B-vitamin supplementation used
in the Swiss Heart Study was shown to be safe, as well as cheap, and could
have additional protective effects on other organs, we believe that it should
be administrated to all patients with vascular disease and increased tHcy
plasma levels (>10 µmol/l). Similar recommendations have been made by the
‘DACH-organization’ against hyperhomocysteinemia (Anonymous 2003). In
medical society, the debate of whether increased tHcy levels play a pivotal
role—as does cholesterol—in the pathogenesis of atherosclerosis is ongoing
(Cook et al. 2004). Future studies will show whether the beneficial effect of B
vitamins, as outlined in this chapter, will be considered as important enough
to be followed and to become a cornerstone in prevention and treatment of
atherosclerosis.
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Abstract Alcohol consumptionaffectsoverallmortality. Light tomoderate alcohol consump-
tion reduces the risk of coronary heart disease; epidemiological, physiological and genetic
data show a causal relationship. Light to moderate drinking is also associated with a reduced
risk of other vascular diseases and probably of type 2 diabetes. Mortality and disease risk
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increase at higher levels of alcohol consumption. A substantial portion of the benefit of
moderate drinking is connected with the alcohol component. However, small differences in
effects of various alcoholic beverages on minor risk factors may occur. Proposed protective
mechanisms include improved vascular elasticity, anti-thrombotic and anti-inflammatory
processes and most importantly, the stimulation of high-density lipoprotein-mediated pro-
cesses such as reverse cholesterol transport and antioxidative effects.

Keywords Alcohol · Alcoholic beverages · Nutrition · HDL · Antioxidant ·
Reverse cholesterol transport · Inflammation · Diabetes · Haemostasis · Arterial stiffness

1
Introduction

Alcohol containing beverages play a prominent role in many societies. Alco-
holic beverages, such as wine, were consumed as early as 8,000 b.c. Even in
the first Bible, wine consumption and drunkenness are mentioned. In the early
middle ages, alcoholic beverages (beer) became of vital importance as there
was lack of clean drinking water. Nowadays alcohol is part of the diet in all
industrialized countries, constituting about 5% of the energy intake (Scheig
1970; Mitchell and Herlong 1986).

Both the type of alcoholic beverage and the occasion at which alcohol is
consumed often are based on cultural habits. However, over the past decades
the marked national differences in the type of alcohol consumed are slowly
disappearing (Hupkens et al. 1993). Also, the large differences in total per
capita alcohol consumption between countries are evening out. For instance,
in The Netherlands per capita alcohol consumption increased between 1945
and 1975, but then levelled off at about 8 l of pure alcohol per year. On the
other hand in France, the country with Europe’s highest per capita alcohol
consumption, alcohol consumption is decreasing.

Alcohol is usually drunk for pleasure and relaxation. Alcohol consumption
may however lead into alcoholism, a disease that includes alcohol craving and
continued drinking despite repeated alcohol-related problems. Alcoholism is
defined as a primary, chronic disease with genetic, psychosocial, and environ-
mental factors influencing its development and manifestations. The disease
is often progressive and fatal. It is characterized by (continuous or periodic)
impaired control over drinking, preoccupation with the drug alcohol, use of al-
cohol despite adverse consequences, and distortions in thinking, most notably
denial.
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1.1
Moderate and Excessive Drinking

The literature contains widely different applications for the terms used to
classify drinking. Research outcomes are often confusing when moderate and
excessive drinking is expressed in ‘standard drinks’. The term ‘standard drink’
was originally intended to apply to drinks of ‘standard’ strengths. However,
nowadays the alcohol content varies greatly amongst different beers, wines
and distilled spirits. Also, interpretations differ across countries of how much
alcohol is contained in a standard drink. There may also be differences in
the standard serving sizes depending on the type of beverage and on settings
for drinking, e.g. larger sizes served at home. Another problem is lack of
uniformity in the definition in which the alcohol content is measured—grams
versus ounces of ethanol, American versus British fluid ounces, or measures
of alcohol content as percentage by weight or by volume. So assessment and
comparison of data from different countries would be greatly facilitated by
the uniform expression of alcohol intakes and by the adoption of a uniform
international definition of a standard drink (Kalant and Poikolainen 1999; De
Vries et al. 1999).

Comparing average daily amounts defined as light, moderate and heavy in
a sample of recent publications shows that the lower limit of moderate alcohol
intakes ranges from4.5 to50g/day, and theupper limit fromabout24 to80g/day
(Kalant and Poikolainen 1999). On a population basis, the optimal level for the
average adult man may probably be in the range of 10 to 19 g alcohol/day and
the non-injurious level may approximately be between 30 and 40 g/day. For
a woman these levels may be less than 10 g per day and approximately 10–20 g
per day, respectively. Gender effects are caused by differences in body weight
and body composition which lead to marked differences in blood alcohol
concentrations at the same level of intake (Pikaar et al. 1988). However, the
individual differences in body size, age, and special situations that can increase
the degree of risk (pregnancy, driving, diseases and medications) should also
be taken into account.

Light and frequent drinking is suggested to be beneficial, whereas binge
drinking (drinking large amounts drunk infrequently) is harmful with respect
to disease. Chronic excessive drinking or alcoholism has several detrimental
effects.

1.2
Nutritional Aspects of Alcohol Consumption

1.2.1
Nutritional Value

The nutritional value of alcoholic beverages is limited, because they contribute
mainly to the caloric intake of the diet. The sugars in some alcoholic bever-
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ages may further add to the caloric intake. Alcohol contains calories and as
a consequence alcohol consumption has been suggested to lead to overweight.
However, the relationship between alcohol consumption and body weight is
unclear. Experimental as well as epidemiological studies provide conflicting re-
sults. Intervention studies in healthy normal-weight men consuming moderate
amounts of alcohol either result in no effect (Contaldo et al. 1989) or a small
reduction in weight (McDonald and Margen 1976). Epidemiological studies
on the relationship between alcohol and body weight are often inconclusive,
because confounding factors, specifically smoking, are not taken into account
(MacDonald et al. 1976; Muller 1999). In one study, Colditz et al. (1991) showed
that in men, calories from alcohol were taken in addition to energy intake from
other sources, whereas in women, energy from alcohol intake displaced energy
intake from sucrose. An inverse correlation was observed between body mass
index and alcohol consumption in women drinking up to 50 g per day. In
contrast, in men body mass index varied little across levels of alcohol intake.

These data suggest that excess energy from alcohol consumption may not
lead to an increased body weight. Several mechanistic explanations have been
put forward. Possibly, the inverse correlation is spurious, because people with
a higher body mass index tend to reduce their alcohol intake because of it
supposedly being fattening, with women being more concerned about their
weight than men (Veenstra et al. 1993).

Alternatively, loss of body heat increases after alcohol consumption. This
increase, however, only partly offsets the caloric surplus due to alcohol con-
sumption (Suter et al. 1992). It has therefore been hypothesized that alcohol
enters a ‘futile cycle’ in which alcohol is catabolized with loss of energy (body
heat) (Lands and Zakhari 1991). Also, subjects consuming alcohol may be
habitually more active (Westerterp et al. 2004).

Alcohol consumption generally contributes little to the vitamin intake, with
the exception of beer, which contributes to the folic acid intake (Mayer et al.
2001). Minerals and trace elements are present in both beer and wine. Con-
sumption of two or three glasses of wine may significantly contribute to the
intake of iron and potassium and, in the case of red wine, of copper. How-
ever, the overall contribution of alcoholic beverages to the intake of essential
minerals and trace elements is relatively small.

1.2.2
Malnutrition

Chronic alcohol consumption may lead to primary and secondary malnu-
trition. In particular, protein energy malnutrition is not only aggravated by
alcoholic liver disease but also correlates with impaired liver function. Clinical
trials have shown that nutritional therapy, either enterally or parenterally, im-
proves various aspects of alcohol-induced malnutrition, and there is increased
evidence that it may also prolong survival.
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Excessive alcohol consumption can result in mucosal injury resulting in
an increased prevalence for bacterial overgrowth in the small intestine. The
mucosal damage increases the permeability of the gut to macromolecules.
This facilitates the translocation of endotoxin and other bacterial toxins from
the lumen of the gut to the portal blood, thereby increasing the liver’s ex-
posure to these toxins and, consequently, the risk of liver injury (Bode and
Bode 2003).

Micronutrient deficiencies typically encountered in alcoholics, such as for
thiamine and folate, require specific supplementation. One of the most fre-
quent deficiencies is thiamine deficiency, which may lead to the Wernicke–
Korsakoff syndrome. Patients with hepatic encephalopathy may be treated
with branched-chain amino acids in order to achieve a positive nitrogen bal-
ance (Stickel et al. 2003).

2
Alcohol Consumption and Total Mortality

Over the last few years the balance between benefits and adverse health ef-
fects has often been discussed and the effects of alcohol consumption on
overall mortality were investigated in depth. Gaziano et al. (2000) recently
confirmed the U-shaped relationship between alcohol consumption and to-
tal mortality described previously (Camargo et al. 1997; Keil et al. 1997;
Renaud et al. 1998, 1999; White 1999). The reduction in total mortality is
largely due to the reduction of cardiovascular diseases (CVD). The descrip-
tion of the overall disease burden due to alcohol consumption allows for the
definition of that quantity of alcohol associated with the lowest mortality
(nadir). The nadir appears to vary substantially between countries (in the
USA, men: 69 g per week and in the UK, men: 116 g per week) and between
sexes (USA women: 26 g per week), but is not affected by age (Fuchs et al.
1995). This was shown in a systematic review of 20 cohort studies with a to-
tal of more than 60,000 deaths in men and almost 75,000 deaths in women
(White 1999).

Mortality risk or disease risk may increase at higher levels of alcohol
consumption. The increase in mortality risk at high levels of intake is at-
tributable to increased risks for accidents, cancers and cerebrovascular dis-
ease, but not for coronary heart disease. Other causes of death, typically
associated with alcohol-related problems, such as liver cirrhosis, are also
consistently increased. A Danish study confirmed the J-shaped relationship
between alcohol consumption and total mortality. Surprisingly, the risk rela-
tionship appeared not to be modified by sex, age, body mass index or smoking
(Gronbaek 1994).
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3
Diseases of the Cardiovascular System

The effects of alcohol on the cardiovascular system are studied in relation to
three main atherosclerotic diseases, which are coronary heart disease, cere-
brovascular disease and peripheral artery disease.

3.1
Coronary Heart Disease

Epidemiological studies describing the relationship between alcohol consump-
tion and coronary heart disease have been summarized recently (Grobbee et al.
1999). Some main conclusions are that light to moderate drinking is associ-
ated with a reduced risk for the development of coronary heart disease in
middle-aged and elderly men and women living in western countries and that
it is highly likely that the association is causal. Recent studies show a similar
association in non-Western populations as well (Yuan et al. 1997; Kitamura
et al. 1998). Moderate alcohol consumption could also protect after a first
myocardial infarction (Muntwyler et al. 1998).

The inverse relationship between moderate alcohol consumption and coro-
nary heart disease has now been studied both in men and women (Fuchs et al.
1995; Klatsky et al. 1997; Rehm et al. 1997; Thun et al. 1997; Nanchahal et al.
2000). Benefits for women are mostly found at lower quantities of alcohol and
appear to be most pronounced in postmenopausal women. This is not surpris-
ing since this age group, like men over the age of 50, has a marked increase in
cardiovascular risk.

Arrhythmias are associated with heavy alcohol consumption, even in men
without CVD (Engstrom et al. 1999). The prevalence of sudden cardiac death
may also be increased after heavy alcohol consumption (Wannamethee and
Shaper 1992; Kadis et al. 1999), but appears to be decreased with light to
moderate drinking (Albert et al. 1999).

3.1.1
Beverage-Specific Effects

Some reports have suggested that beverage type may be important (Renaud
et al. 1999; Gronbaek et al. 1995), an issue which is discussed extensively in
a comprehensive review (Rimm et al. 1996; Klatsky et al. 2003) of the effect
of specific beverages on coronary hart disease risk. The study by Rimm et al.
(1996) shows that observational studies, including only those that provide spe-
cific information on the consumption of beer, wine and spirits in relation to
the risk of coronary heart disease, indicate that moderate consumption of all
three alcohol-containing beverages is linked with lower risk. Thus, a substan-
tial portion of the benefit is connected with the alcohol component, rather
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than with specific non-alcohol components present in the different types of
beverages.

Also intervention studies directly comparing the effects of different alco-
holic beverages in dietary controlled, randomized clinical trials have shown
that the majority of the effect on coronary heart disease risk factors is alcohol-
mediated (Van der Gaag et al. 1999). However, small differences in the effects
of various alcohol-containing beverages on minor risk factor may occur (Van
der Gaag et al. 2000a, 2000b).

3.1.2
Drinking Pattern

Drinking pattern is being recognized as an important factor determining the
risk for diseases and drinking pattern is now being investigated more inten-
sively. A recent study by Mukamal et al. (2003) indicates that consumption of
alcohol at least 3–4 days per week was inversely associated with the risk of my-
ocardial infarction. Neither the type of beverage nor the proportion consumed
with meals substantially altered this association. This study suggests that the
frequency of light and moderate drinking is an additional important factor in
health benefits.

3.2
Cerebrovascular Diseases

Stroke is either characterized by an ischaemic necrosis of part of the brain,
i.e. cerebral infarction, or by a haemorrhage in or at the base of the brain,
i.e. haemorrhagic stroke. The association between alcohol consumption and
all types of stroke appears to be J-shaped with a lower risk observed in light
drinkers than in non-drinkers. Some evidence indicates that a modest excess
risk for all types of stroke can only be observed in the highest category of
alcohol intake, e.g. more than 60 g per day (Juvela et al. 1995; Kiyohara et al.
1995; Sacco et al. 1999).

Studies specifying the type of stroke indicate that individuals in the high-
est category of alcohol intake had an increased risk for haemorrhagic stroke
(Hansagi et al. 1995). No statistically elevated relative risk was observed for
ischaemic stroke. However, a borderline significant protective effect was found
for ischaemic stroke after consumption of less than one drink per day. As
70%–85% of strokes are ischaemic, the J-shaped association for total stroke
may result from a protective effect on ischaemic stroke and an elevated excess
risk for haemorrhagic stroke.

While case reports suggest a direct relationship between binge drinking
and stroke, epidemiological studies provide only meagre evidence for such
a relationship (Hillbom et al. 1999).
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3.3
Peripheral Artery Disease

Peripheral artery disease occurs when atherosclerosis affects the extremities.
The disease causes pain due to insufficient blood flow into the extremities. The
atherosclerotic plaques of peripheral artery disease are much more common
in the legs than the arms. Although women do get peripheral artery disease, it
is two to five times more common in men.

The association between alcohol consumption and peripheral artery disease
has been investigated in several large studies (Vliegenthart et al. 2002; Djousse
et al. 2000) reporting a protective effect of moderate drinking on the incidence
of the disease in men as well as in women.

3.4
Dementia

Risk factors for vascular disease and stroke may also be associated with cog-
nitive impairment and dementia (Breteler et al. 1998). There is evidence that
excessive alcohol abuse in the long term may permanently affect cognitive
abilities such as memory and reasoning (Bates and Tracy 1990; Elias et al.
1999). However, moderate alcohol consumption may be associated with a de-
creased risk for developing dementia (Orgogozo et al. 1997). The largest study
using a well-defined population of more than 5,000 individuals of 55 years and
older showed that moderate drinkers had a reduced incidence of dementia
particularly dementia of the vascular type (Ruitenberg et al. 2002).

4
Hypertension

High blood pressure increases the risk of heart attacks, other heart diseases,
and problems in other organs. A relationship between alcohol use and blood
pressure has been noted since 1915, when it was described that French service
men drinking 2.5 l of wine or more per day had an increased prevalence of
high blood pressure (Lian 1915).

The relationship between alcohol consumption and blood pressure has been
extensively investigated ina largenumberofpopulation studies, includingboth
observational and intervention studies (Keil et al. 1993). These studies have
almost uniformly demonstrated that blood pressure increases with increasing
levels of alcohol consumption in both men and women. A causal relationship
is further substantiated by studies showing a fall in blood pressure when heavy
drinkers abstain or restrict their alcohol intake (Howes et al. 1986; Maheswaran
et al. 1992; Parker et al. 1990).

Some studies have found that blood pressure in people consuming low
amounts of alcohol was not different from or was slightly lower than in those
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abstaining from alcohol. Yet other studies have suggested that blood pressure
increases even at low levels of alcohol consumption. Therefore, there is no cer-
tainty as to the exact shapeof the associationand the exact level of consumption
that will start to increase blood pressure. It seems likely that a threshold exists
at 30–60 g of alcohol consumed per day, above which the risk of hypertension
increases. This threshold may be lower for women than for men.

Data from population studies can be used to calculate the magnitude of
the rise in blood pressure by heavier drinking. The contribution of alcohol
consumption to the total number of people with high blood pressure in the
population may also be estimated. It has been calculated that above a daily
alcohol intake of 30 g per day, an increment of each 10 g per day (approximately
one alcoholic beverage) will increase systolic blood pressure on average by 1–
2 mmHg, and diastolic blood pressure by 1 mmHg (Keil et al. 1993).

Several mechanisms have been suggested to account for the relationship
between heavy ethanol consumption and hypertension. Ethanol at high doses
may activate the sympathetic nervous system resulting in constriction of blood
vessels and in elevation of the contractile force of the heart. In addition, ethanol
may affect the blood levels of several hormones and salts (catecholamines,
epinephrine, norepinephrine, magnesium and calcium ions), which play an
important role in cardiac function and vascular tone. Finally, it has been
suggested that receptors in arteries monitoring blood pressure may become
less sensitive, thus reducing regulation of arterial contraction and relaxation.

5
Physiological Mechanisms of Moderate Alcohol Consumption Related to CVD

It is important to examine the physiological changes occurring after moderate
alcohol consumption in order to get a better understanding of how disease ae-
tiology may be altered. However, well-controlled studies in humans describing
these physiological changes are still scarce.

A meta-analysis assessed the effects of moderate alcohol intake on lipids and
haemostatic factors (Rimm et al. 1999). Increases in high-density lipoprotein
(HDL) cholesterol, apolipoprotein AI (apoAI) and total plasma triglycerides
were quantified for an experimental dose of 30 g of alcohol/day. On the basis
of published associations between these biomarkers and risk, this dose was
estimated to reduce coronary heart disease risk by about 25%. This percentage
is comparable to the relative risks reported in several large-scale prospective
studies (Doll et al. 1994; Rimm et al. 1991; Klatsky 1994). Altogether these data
strongly suggest that alcohol consumption may be causally related to a lower
risk for coronary heart disease with HDL cholesterol increase being the most
important factor (Van Tol and Hendriks 2001).

Causality of the association between moderate drinking and coronary heart
disease risk reduction was further established by Hines et al. (2001) studying
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polymorphisms in one of the genes relevant for alcohol metabolism (alcohol
dehydrogenase 3, ADH3) and the risk of myocardial infarction. Moderate alco-
hol consumption was associated with a decreased risk of myocardial infarction
in all three genotype groups. However, the ADH3 genotype significantly mod-
ified this association; moderate drinkers who are homozygous for the slow-
oxidizing ADH3 allele have higher HDL levels and a substantially decreased
risk of myocardial infarction.

5.1
Lipid and Lipoprotein Metabolism

Lipid and lipoprotein metabolism is affected by alcohol consumption in several
ways. It is well known that moderate alcohol consumption increases HDL-
cholesterol (Gaziano et al. 1993). Based on epidemiological findings it was
estimated that more than 50% of the beneficial effect of alcohol is due to the
increase in HDL-cholesterol (Langer et al. 1992).

In a diet-controlled cross-over study a moderate daily dose of alcohol con-
sumed with the evening meal increased serum HDL-cholesterol already after
10 days (Sierksma et al. 2002). The average increase in HDL-cholesterol in
middle-aged men and postmenopausal women after 3 weeks of moderate al-
cohol consumption in a diet-controlled condition is about 12% (Van der Gaag
et al. 1999; Sierksma et al. 2002). These findings indicate that the increase in
HDL-cholesterol is a true alcohol effect.

The mechanism responsible for the HDL-cholesterol increasing effect of al-
cohol isnot completely clear,butdifferentmechanismsmaycontribute.Hepatic
lipase activity is reported to decrease within several hours of alcohol consump-
tion (Goldberg et al. 1984; Taskinen et al. 1985). Another study suggests that
elevated lipoprotein lipase contributes substantially to the alcohol-induced
rise in HDL-cholesterol (Nishiwaki et al. 1994). Also, alcohol consumption
may increase the transport rates of both apo A-I and apo A-II, the major
apolipoproteins of HDL, without affecting their fractional catabolic rate (De
Oliveira e Silva et al. 2000). The increased transport rates are most likely due to
increased hepatic production of these apolipoproteins (Amarasuiya et al. 1992;
De Oliveira e Silva et al. 2000; Tam et al. 1992). Other intervention studies show
that at least part of the increase in plasma HDL-cholesterol concentrations
may be due to increased activity of lecithin:cholesterol acyltransferase (LCAT)
(Hendriks et al. 1998).

It was recently quantified how a moderate dose of alcohol (24 g) affects
hepatic lipid metabolism. Using stable isotopes, Siler et al. (1999) confirmed
and quantified that the bulk of a moderate dose of alcohol is metabolized into
acetate. Only a minor portion (<5%) is used for de novo synthesis of fatty acids.
The acetate produced is released into the circulation (Taskinen et al. 1985) and
may inhibit whole body lipid and carbohydrate oxidation.
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Moderate alcohol consumption, which leads to inhibition of the Krebs cycle,
may inhibit hepatic oxidation of plasma free fatty acids, which are converted
to triglycerides instead. The triglycerides are secreted by the liver as very-
low-density lipoproteins (VLDL). In healthy normolipidaemic subjects this
does not lead to elevated fasting plasma triglycerides, probably due to a com-
pensatory increase in lipoprotein lipase activity. Increased VLDL turnover
contributes to the formation of HDL precursors and thus results in elevated
plasma HDL concentration (Van Tol et al. 1995). Interestingly, fasting plasma
VLDL levels are hardly affected by moderate alcohol consumption but a moder-
ate dose of alcohol transiently increases plasma triacylglycerol concentrations
(Van der Gaag et al. 1999) and decreases plasma LDL cholesterol (Van Tol
et al. 1998; Sierksma et al. 2001) when alcohol is consumed in combination
with a meal. This post-prandial hypertriglyceridaemia after moderate alcohol
consumption also profoundly affects the chemical composition of HDL (Van
Tol et al. 1995; Hendriks et al. 2001). HDL triglycerides are elevated directly
after the fat-containing meal, whereas HDL phospholipids are elevated several
hours later (Nishiwaki et al.1994).

Not only HDL lipids are changed by alcohol consumption. Studies in healthy
volunteers have shown that moderate alcohol consumption increases plasma
HDL apolipoproteins and LCAT activity levels (Hendriks et al. 1998). It is likely
that the ratesof formationofplasmaHDLapolipoproteins,HDL-phospholipids
and HDL-cholesteryl esters are all increased, resulting in an elevation of the
number of HDL particles per volume of plasma. In the fasting state, plasma
cholesteryl ester transfer by the cholesteryl ester transfer protein (CETP) is not
influenced by moderate alcohol consumption, due to normal plasma VLDL
levels and unaffected CETP concentration and activity. However, net mass
cholesteryl ester transfer is increased during alcohol consumption with an
evening meal due to the elevation of triglyceride-rich lipoproteins in the post-
prandial phase (Van Tol et al. 1998).

5.2
HDL Functions and Disease

Because moderate alcohol consumption is associated with coronary artery
disease mainly via its HDL raising effect, it is crucial to study the functional
consequences of this increase in plasma HDL concentration. Several properties
of HDL may be important.

5.2.1
HDL and Reverse Cholesterol Transport

An important property of HDL is its capacity to take up excess cholesterol from
peripheral cells and transport it to the liver for excretion and degradation to
bile acids. Three mechanisms may be important in cholesterol efflux (Van der
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Gaag et al. 2001). Firstly, a portion of cholesterol may leave the cell via aqueous
diffusion. Secondly, cholesterol may be desorbed from the plasma membrane
via the scavenger receptor BI (SRBI) and accepted by phospholipid-rich accep-
tors like HDL. Thirdly, cellular cholesterol (and phospholipid) efflux may be
facilitated by the ABCA1 protein, directing the cholesterol and phospholipids
to lipid-free or lipid-poor pre-β-HDL particles. The resulting lipoprotein par-
ticles are substrates for LCAT, which synthesizes cholesteryl esters from the
unesterified cholesterol of cellular origin. Changes in lipoprotein metabolism
allow for each of these mechanisms to be stimulated by moderate alcohol
consumption (Van der Gaag et al. 1999).

In both middle-aged men and postmenopausal women moderate alcohol
consumption increased cholesterol efflux (Sierksma et al. 2004; Van der Gaag
et al. 2001). In middle-aged men there was also an alcohol-induced increase
of cholesterol esterification (Van der Gaag et al. 2001). The increases were
independent of the type of alcoholic beverage consumed, which suggests that
the effects were due to alcohol rather than to other compounds of alcoholic
drinks. The capacity of plasma to induce cholesterol efflux from Fu5AH cells
in vitro is elevated after moderate alcohol consumption. As these cells have
very high levels of SRBI, this effect is probably due to the raised plasma HDL-
cholesterol and HDL-phospholipid concentrations. Unpublished data from our
laboratory show that also the capacity of serum to stimulate ABCA1-mediated
cholesterol efflux, evaluated using J774 macrophages, is also elevated after
moderate alcohol consumption. (Beulens et al. 2004).

5.2.2
HDL as an Antioxidant

A good antioxidant status is considered important for human health. Low
plasma levels of antioxidants as well as low intakes of dietary antioxidants
have been associated with an increased risk for atherosclerotic disease in epi-
demiological studies. However, intervention studies have been disappointing
(Gaziano 1999).

Alcohol abuse results in increased urinary lipid peroxides, indicating ox-
idative stress (Meagher et al. 1999). Red wine consumption has received much
attention as a potential factor improving the antioxdant status (Kondo et al.
1994; Sharpe et al. 1995; Cao and Prior 1998). Increases in plasma antioxidant
concentrations after consumption of red wine may (Cacetta et al. 2000; Bell
et al. 2000) or may not (Van der Gaag et al. 2000) occur. It is unlikely, however,
that the phenolic acids present in red wine, after consumption of moderate
amounts, are able to raise the plasma levels enough to protect lipoproteins from
oxidative modification. Also, ex vivo lipoprotein oxidation is not inhibited by
these compounds (Cacetta et al. 2000).

Some time ago, the anti-oxidative properties of HDL were recognized
(Mackness and Durrington 1995). Paraoxonase 1 (PON1) has been identi-
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fied as a major contributor to these properties. HDL is associated with the
enzyme PON, originally known for its ability to detoxify organophosphorus
pesticides and nerve gases. Recently, evidence has been accumulating that PON
may protect against atherosclerosis. It potently inhibits lipoprotein oxidation
in vitro (Aviram et al. 1998: Mackness et al. 1997; Mackness et al. 1998), and
protects human aortic endothelial cells against monocyte adhesion induced by
mildly oxidized LDL (Watson et al. 1995). PON activity in human pericardial
fluid is inversely related to the degree of coronary atherosclerosis (Hernandez
et al. 1993), and lower serum PON activities occur in coronary heart disease
patients as compared to healthy controls (McElveen et al. 1986; Mackness et al.
1998).

Both in middle-aged men and postmenopausal women PON activity is
increased with moderate alcohol intake (Van der Gaag et al. 1999; Sierksma
et al. 2002). Somestudies suggest that theremaybeanassociationbetweenPON
gene polymorphisms and atherosclerotic diseases (Imai et al. 2000; Leus et al.
2000). However, the relative increase in PON activity after moderate alcohol
consumption was essentially the same for different PON gene polymorphisms
(Van der Gaag et al. 1999; Sierksma et al. 2002).

Interestingly, in addition to its protection against LDL oxidation, PON may
also stimulate cellular cholesterol efflux (Aviram et al. 1998), the first step in
reverse cholesterol transport.

We have shown that the activity of PON is increased by on average 8% after
drinking moderate amounts of beer, wine and spirits (Van der Gaag et al.
1999). Consumption of moderate amounts of alcohol, rather than intake of
non-alcohol components contained in alcoholic beverages, is likely to mediate
antioxidant activity in vivo by PON raising mechanisms.

5.3
Alcohol Effects Not Mediated by HDL

Moderate alcohol consumption may not only protect by affecting HDL meta-
bolism and functioning, but probably also via a whole range of other mecha-
nisms. These include effects on haemostasis, inflammation and arterial stiff-
ness.

5.3.1
Haemostasis

Haemostatic factors may play a role in the development of coronary heart
disease mortality. Thrombotic factors may contribute to the development of
atherosclerotic plaques; fibrin and platelet components are present in plaques,
and platelets secrete chemotactic substances and growth factors in vitro. Also,
at sites of destabilized atherosclerotic plaques, thrombotic factors are involved
in occlusion, embolization, or both.
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One of the main established haemostatic risk factors for coronary heart
disease is fibrinogen (Hendriks and Van der Gaag 1998). In several epidemio-
logical studies the level of fibrinogen has been found to be independently and
significantlyassociatedwith the riskof coronaryheartdisease.Epidemiological
studies have shown an inverse association between alcohol consumption and
fibrinogen levels. In addition, in experimental studies fibrinogen levels were
decreased with moderate alcohol consumption (Dimmitt et al. 1998; Sierksma
et al. 2002).

In a cohort of 87,526 nurses, moderate drinkers had a lower risk of both
coronary heart disease and ischaemic stroke but an increased risk of haem-
orrhagic stroke (Stampfer et al. 1988). Since occlusion of blood vessels occurs
in both coronary heart disease and ischaemic stroke, and bleeding occurs
in haemorrhagic stroke, effects on haemostatic factors might explain these
different effects of moderate consumption of alcohol.

In both middle-aged men and postmenopausal women moderate alco-
hol consumption with evening meals affected the regulatory fibrinolytic fac-
tors, tissue-type plasminogen activator (tPA) and plasminogen activator in-
hibitor (PAI), temporarily. Fibrinolytic capacity decreased immediately after
an evening meal with alcoholic beverage (increase in PAI and decrease in tPA),
followed by an increased fibrinolytic capacity the following morning (increase
in tPA) (Hendriks et al. 1994; Sierksma et al. 2001). This increase in fibrinolytic
activity is mentioned as a possible protective effect against coronary heart
disease, as a large proportion of heart attacks normally take place in the morn-
ing. Alcohol probably up-regulates tPA gene expression (Grenett et al. 1998;
Booyse et al. 1999), as suggested in studies with cultured human endothelial
cells.

5.3.2
Inflammation

A second category of recently discovered biochemical effects of moderate al-
cohol consumption that may act against atherosclerosis and CVD risk involves
changes in inflammatory factors. Inflammation within the plaques contributes
considerably to the initiation and progression of atherosclerosis.

C-reactive protein (CRP), a marker for systemic inflammation, predicts car-
diovascular events among apparently healthy men and women. Even modest
elevations of the concentration of CRP were predictive (Ridker et al. 1998).
Epidemiological studies have suggested that CRP, an acute phase protein and
sensitive marker of inflammation, decreases with moderate alcohol consump-
tion (Koenig et al. 1999).

This hypothesis was tested in a randomized diet-controlled trial. Plasma
CRP levels significantly decreased by about 35% after 3 weeks of moderate
alcohol intake compared with no alcohol consumption (Sierksma et al. 2002).
These findings support the epidemiological findings and indicate that an anti-



Alcohol 353

inflammatory action of alcohol may help explain the link between moderate
alcohol consumption and lower CVD risk.

The mechanism causing moderate alcohol consumption to reduce plasma
CRP levels needs further investigation. The mechanism may involve nuclear
factor-kappa B, which is a redox-sensitive transcription factor that activates
genes involved in the immune, inflammatory, or acute-phase response, such as
cytokines and tumour necrosis factor alpha, which regulate CRP production
by the liver.

5.3.3
Homocysteine

Accumulating evidence indicates that plasma total homocysteine concentra-
tion is an independent risk factor for CVD (Bostom et al. 1999). It is suggested
that homocysteine causes vascular damage, however the definite mechanism
has not yet been identified. In vitro experiments with very high homocysteine
concentrations have identified the stimulation of atherosclerosis and thrombo-
sis through adverse effects on coagulation pathways, platelets, endothelial cells
and vascular smooth muscle cells. Homocysteine concentrations are affected
by lifestyle factors such as diet, e.g. inadequate intake of B vitamins involved
in the homocysteine breakdown.

Van der Gaag et al. (2000) showed, in a 3-week randomized cross-over
trial, that despite the equally administered amount of ethanol (four glasses per
day) beer did not affect homocysteine concentration, whereas wine and spirits
induced an increase. Homocysteine concentrations could rise by inhibition
of its two major breakdown pathways, both dependent on B vitamins. The
remethylation pathway depends on folate and vitamin B12, whereas vitamin B6
is essential in the breakdown via trans-sulphuration. No significant differences
in vitamin B12 and folate were observed. Plasma vitamin B6 increased by
about 30% after beer consumption, whereas this increase was 17% and 15%
after intake of wine and spirits, respectively. Changes in vitamin B6 showed
a significant inverse correlation with changes in homocysteine. This suggests
that vitamin B6 might be a rate-limiting factor for homocysteine breakdown
after moderate alcohol consumption.

The increase in homocysteine after wine and spirits consumption could
increase the CVD risk. However, moderate alcohol consumption is associated
with a lowered CVD risk. There are several ways to explain this apparent
contradiction. First the cardioprotective effects of moderate drinking could
exceed the increase in risk caused by higher homocysteine concentrations.
Alternatively, since vitamin B6 is inversely associated with CVD risk, indepen-
dently of homocysteine (Folsom et al. 1998), the increase in this vitamin might
contribute to a lower CVD risk.
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5.3.4
Arterial Stiffness

Several studies indicate that elevated levels of CVD risk factors are related
to atherogenesis and vascular damage, such as stiffer arteries, specifically
stiffness of the aorta (Van Popele et al. 2001). Pulse-wave velocity (PWV) is
a non-invasive parameter of arterial stiffness. PWV is calculated from mea-
surement of pulse transit time and the distance travelled by the pulse between
the common carotid artery and one of the common femoral arteries. PWV
increases with increasing arterial stiffness.

A cardioprotective effect of moderate alcohol consumption would be re-
flected in an inverse or U-shaped association between alcohol intake and PWV.
A cross-sectional study in Japanese–American middle-aged and older men and
women reported that the risk for high aortic PWV was lower among current
drinkers and ex-drinkers than among non-drinkers (Namekata et al. 1997). In
a follow-up study in middle-aged Japanese men the incidence of aortic stiff-
ness was not related to alcohol intake (Nakanishi et al. 1998), whereas another
longitudinal study in Japanese men suggested that alcohol is an important risk
factor for development of aortic stiffness at an intake of more than 16 glasses
of alcoholic beverage per week (Nakanishi et al. 2001).

Our research group also investigated the effect of alcohol consumption on
PWV, using cross-sectional data of both young adults and middle-aged men
and women. An inverse to J-shaped association between alcohol consumption
and aortic PWV is reported in cross-sectional studies among post-menopausal
women (Sierksma et al. 2004) and among men 40–80 years of age (Sierksma
et al. 2004). The lowest PWV was observed with an alcoholic beverage intake
of approximately 7–14 glasses (containing 10 g of pure alcohol) per week for
both men and women.

These findings provide evidence for the view that moderate intake of alcohol
may affect vascular elasticity. This is compatible with a vascular protective
effect of alcohol that expresses itself well before symptomatic CVD becomes
apparent.

6
Insulin Sensitivity

The results from recent studies on the association between alcohol consump-
tion, insulin resistance (Facchini et al. 1994) and type 2 diabetes mellitus type
(Conigrave et al. 2001; De Vegt et al. 2002) are very interesting. Resistance to the
metabolic actions of insulin is not only associated with type 2 diabetes, but also
plays an important role in the pathogenesis of obesity and CVD. Therefore the
insulin-sensitizing effect of moderate alcohol consumption is another potential
intermediary through which alcohol might exert its anti-atherogenic effect.
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A systematic review of 32 studies on the relationship between alcohol con-
sumption and the risk of type 2 diabetes showed that moderate alcohol con-
sumption is associated with a 33%–56% lower incidence of diabetes and a
34%–55% lower incidence of diabetes-related coronary heart disease. Com-
pared with moderate consumption, a consumption of more than 30 g of alcohol
per day may be associated with up to a 43% increased incidence of diabetes.
Moderate alcohol consumption does not acutely impair glycaemic control in
persons with diabetes (Howard et al. 2004).

To date, the mechanism explaining the increased insulin sensitivity in mod-
erate alcohol consumers is not well understood. Adiponectin is an adipocyte-
derived plasma protein, which is closely related to increased insulin sensitivity
(Cnop et al. 2003; Hotta et al. 2001) and associated with a risk of myocar-
dial infarction (Pischon et al. 2004). The effect might be mediated through an
alcohol-induced increase in adiponectin, as moderate alcohol intake increased
adiponectin levels by 11% (Sierksma et al. 2004).
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Abstract Long- and short-term trials with the 3-hydroxy-3-methylglutaryl coenzyme A re-
ductase inhibitors (statins) have demonstrated significant reductions in cardiovascular
events in patients with and without history of coronary heart disease. Statins are well-
established low-density lipoprotein (LDL)-lowering agents, but their clinical benefit is be-
lieved to result from a number of lipid and non-lipid effects beyond LDL lowering, includ-
ing a rise in plasma high-density lipoprotein levels. Beyond improving the lipid profile,
statins have additional non-lipid effects including benefit on endothelial function, inflam-
matory mediators, intima-media thickening, prothombotic factors that ultimately result in
plaque stabilization.These effects arise through the inhibitionof severalmevalonate-derived
metabolites other than cholesterol itself, which are involved in the control of different cellu-
lar functions. Although statins represent the gold standard in the prevention and treatment
of coronary heart disease, combination therapy with other lipid-lowering drugs, as well as
novel therapeutic indications, may increase their therapeutic potential.
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1
Introduction

The direct correlation between plasma levels of low-density lipoprotein (LDL)-
cholesterol (C) and thedevelopmentof atherosclerosis iswell established.Phar-
macological lipid-lowering therapy is therefore a rational approach towards
reduction of cardiovascular risk. The most significant achievements in this
field came with the development of 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors (statins). By inhibiting the committed step in
its biosynthetic pathway, statins prevent the intracellular synthesis of choles-
terol and increase expression of LDL receptors particularly in the liver, whereby
the plasma concentration of LDL particles is reduced. Several statins are cur-
rently available. All share an HMG-like moiety, which may be inactive in lacton
form, to be hydrolysed in vivo, or in active hydroxyl-acid form. Lovastatin has
been the first statin available for clinical use since 1987; thereafter simvastatin,
pravastatin, fluvastatin and atorvastatin were introduced. Rosuvastatin and
pitavastatin are the most recent additions to the group (Fig. 1; Bolego et al.
2002). Another compound, cerivastatin, was withdrawn from the market in Au-
gust 2001 because of serious adverse effects arising especially when combined
with gemfibrozil. This occurred because gemfibrozil (but not other fibrates)
impairs the biotransformation of cerivastatin, in particular its glucuronidation
(Thompson et al. 2003).

Fig. 1 The chemical structure of the newly introduced statins rosuvastatin and pitavastatin
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Despite some differences in lipophilicity (Fig. 2) and pharmacokinetics
(Table 1), statins may be regarded as a rather homogeneous class of drugs
in terms of biological activity. Atorvastatin and rosuvastatin have longer half-
lives. Atorvastatin, lovastatin and simvastatin are metabolized primarily by the
cytochrome P450 3A4 isoenzyme, whereas fluvastatin and rosuvastatin appear
to undergo little biotransformation via this pathway. By contrast, pravastatin
and pitavastatin are scarcely biotransformed by liver microsomes. Pravastatin
and rosuvastatin are rather hydrophilic compounds, in contrast to the other
members of the group. Nevertheless, large-scale trials using four different
statins so far (lovastatin, simvastatin, pravastatin, and atorvastatin) reported
relative risk reductions for major coronary events between 24% and 37% in
subjects with or without coronary heart disease (CHD) (Gotto 2003).

Statins reduce cardiovascular morbidity and mortality, as shown by large
randomized clinical trials in selected types of high-risk patients over the last
10 years (Scandinavian Simvastatin Survival Study Group 1994; Shepherd et al.
1995; Sacks et al. 1996; Downs et al. 1998; The LIPID Study Group 1998; HPS
Collaborative Group 2002; Athyros et al. 2002; Shepherd et al. 2002; Sever
et al. 2003). The most recent large trials, however, are based on the novel

Fig. 2 The relative lipophilicity of selected statins (D, partition coefficient)

Table 1 Pharmacokinetic parameters of selected statins

Lova Simva Prava Fluva Atorva Rosuva

Absorption (%) 31 60–85 35 98 30 20

Half-life (h) 2–4 1–2 1–3 1–2 15–30 20

Protein binding (%) 95 98 40–50 99 98 90

Renal excretion (%) 30 13 60 6 2 10

Active metabolites + + − − + −
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paradigm of global risk reduction, which overcomes and merges the previous
distinction between primary and secondary prevention. Accordingly, the large
5-year MRC/BHF Heart Protection Study evaluated the effect of simvastatin in
more than 20,000 patients considered at high risk for CHD death regardless of
the nature of underlying risk factors. For instance, about 4,000 patients had no
historyofCHDandabout7,000of themhadLDL-Cbelow115mg/dl (3mmol/l).
Treatment with 40 mg simvastatin daily reduced the rates of major vascular
events across the board by about 25% (HPS Collaborative Group 2002). One
of the most important lessons from this trial is that statin therapy produces
significant clinical benefit regardless of baseline cholesterol values. Similar
findings came from the LIPS trial carried out in 1,677 patients undergoing
percutaneous transluminal coronary angioplasty (Serruys et al. 2002).

2
Statins and Cardiovascular Disease: LDL Lowering and Beyond

Theclinical benefit associatedwith statin therapyhasbeenascribed to substan-
tial reduction of serum LDL-C. Although this is the most popular interpretation
of clinical trials’ results, evidence now indicates that the lowering of LDL-C
may not entirely account for the beneficial effects of statin treatment. In fact,
a number of preclinical studies showed that statins improve vascular function
in many respects without inducing major lipid changes. Further support to
this notion is provided by clinical trials showing that reductions in cerebrovas-
cular risk were achieved with lipid-lowering regimens that had limited effect
on LDL-C levels (Rubins et al. 1999). This means that statins, beyond reducing
LDL-C levels as a first-step result of their molecular mechanism, reduce non-
LDL-C as well as non-lipid risk factors, although the clinical relevance of these
pleiotropic effects still needs to be fully ascertained at the clinical level.

Statins lower LDL-C levels in a dose-dependent manner across the dose
range tested (2.5–80 mg/day). A recent comparison among different statins
indicated that rosuvastatin is more potent than atorvastatin, simvastatin and
pravastatin across dose ranges at reducing LDL-C in more than 2,000 hy-
percholesterolaemic patients as compared with baseline (Jones et al. 2003).
According to a meta-analysis of short-term trials of six statins and LDL-C re-
duction (Law et al. 2003), rosuvastatin 5 mg/day, atorvastatin 10 mg/day and
lovastatin or simvastatin 40 mg/day reduced LDL concentrations by about 35%;
fluvastatin and pravastatin produced smaller reductions even at the highest
dose of 80 mg/day. The absolute reductions in LDL-C were greater in those
with higher pre-treatment concentrations. The reduction in risk of fatal CHD
events and non-fatal myocardial infarction for each 1 mmol/l (38.5 mg/dl) de-
crease in serum LDL concentrations was estimated by duration of treatment.
Taking into account some 76,000 treated individuals, this reduction was 11%
in the first year, 24% in the second, 33% in the third to fifth year combined and
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36% in the sixth and subsequent years (Law et al. 2003). Thus, the longer one
goes with statin treatment, the more LDL drops. This translates into a remark-
able reduction in CHD associated with cholesterol reduction that can be more
apparent from the third year of treatment on.

3
Effects of Statins on Lipid Classes Other Than LDL-C

Increasing knowledge of the pathophysiology of atherosclerosis has revealed
other lipid risk factors beyond LDL-C and enhanced our understanding of
how these risk factors affect disease. Recent advances in basic science focus-
ing on the biochemical and functional heterogeneity of traditional lipoprotein
classes have allowed definition of lipoprotein subfractions such as lipopro-
tein(a) [Lp(a)]), small, dense LDL particles, and subspecies of very-low-density
lipoprotein (VLDL) and high-density lipoprotein (HDL). Recent studies indi-
cated that HDL represents a heterogeneous group of particles differing in their
biochemical function as well as anti-atherogenic potential. Today, rather than
just lowering LDL-C, drug therapy should be endowed with widespread impact
on a set of risk factors in high-risk individuals. Statins exhibit well established
effects on circulating lipids and lipoprotein subclasses that are rounded off with
an array of desirable additional effects on vascular function that are probably
unrelated to lipid lowering.

3.1
HDL Levels

Low HDL is an important risk factor in CHD. It is well established that the CHD
risk associated with low HDL-C is independent from other lipid and non-lipid
risk factors (Gordon et al. 1977; Goldbourt et al. 1997). Low HDL-C with normal
LDL-C occurs in large numbers of CHD patients. Many studies proved that
low HDL concentrations often associated with elevated triglycerides predict
premature CHD (Krauss 1998). In addition to the classical effect of increasing
reverse cholesterol transport, HDL appears to improve the biology of the
vessel wall in vivo (Nofer et al. 2002). This has been shown, for example,
by enhanced endothelium-dependent vasodilation in hypercholesterolaemic
patients after intravenous recombinant HDL infusion (Spieker et al. 2002)
or by reduced cytokine-stimulated expression of adhesion molecules after
injection of reconstituted HDL (Cockerill et al. 2001). These properties appear
to be promoted by different components of HDL. Therefore, changes in HDL
function along with mere changes in plasma HDL levels could be related to the
benefit of pharmacological alterations in HDL metabolism. Much interest has
been focused to HDL metabolism as a target for pharmacological intervention
in atherosclerosis.
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The aggregate evidence from a literature review on HDL response to therapy
points to a 5%–10% increase in HDL following statin treatment. This modest
HDL-raising effect is not dose dependent (Stein et al. 2000). The mechanism
wherebystatinsaffectHDLmetabolismremainscontroversial (vonEckardstein
and Assmann 2000). Both HDL production and HDL catabolism appear to be
possible targets of the action of statins , therefore the above-mentioned rise in
plasma levels of HDL may result from combined effects (Table 2). Statins have
been shown to increase HDL-C by acting on lipoprotein lipase and hepatic
lipase. In fact, HDL-C was positively associated with lipoprotein lipase activity
and negatively associated with HL activity (Colvin et al. 1991). Statins may
affect HDL-C metabolism also by selectively up-regulating the SR-BI receptor
in the liver, which would facilitate the selective uptake of cholesteryl ester from
circulating HDL (Tsuruoka et al. 2002). Finally, statins increase apolipoprotein
(apo)A-I synthesis and secretion into plasma (Schaefer et al. 1999) probably by
activating peroxisome proliferator-activated receptor alpha (PPARα) (Martin
et al. 2001). It cannot be ruled out though that statins affect HDL metabolism
and plasma HDL levels through modulation of ABCA1 or other transporters of
the same family involved in cholesterol trafficking in the liver and in peripheral
cells.

A recent meta-analysis of randomized comparative trials indicated that
HDL-C and apoA-I were generally increased with doses of simvastatin ranging
from 10 to 80 mg, but apparently exhibited a dose-dependent decrease with
increasing doses of atorvastatin (Wierzbicki and Mikhailidis 2002) probably
because of an enhanced turnover of apoA-I. At equivalent LDL-reducing doses,
simvastatin appears to have a greater effect on HDL than atorvastatin at higher
doses (Crouse et al. 1999, Kastelein et al. 2000). Higher doses of simvastatin
have greater effects on reducing non-HDL cholesterol and increasing HDL-C
and apo A-I (Stein et al. 2000) than the doses used, for example, in the 4S study
(20–40 mg/day) (Scandinavian Simvastatin Survival Study Group 1994). Sim-
vastatin at maximum dose (80 mg) increased HDL-C and apo A-I significantly
more than did atorvastatin (80 mg) in 917 patients with hypercholesterolaemia
at all baseline HDL level and with fewer effects on liver enzymes (Ballantyne
et al. 2003). The CURVES study is the first trial to compare the effects of all
statins in clinical use across their dose ranges in hypercholesterolaemic pa-

Table 2 Possible mechanisms underlying the effect of statins on HDL metabolism

Decreased cholesteryl ester transfer protein activity

Decreased lipoprotein lipase activity

Decreased hepatic lipase activity

Up-regulation of SR-BI in the liver

Increased synthesis and secretion of apoA-I

SR-BI, scavenger receptor BI.
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tients after 8 weeks of treatment (Jones et al. 1998). Effects on HDL, ranging
from 3% to 10%, were not different between atorvastatin and the other HMG-
CoA reductase inhibitors except at the 40-mg dose, when simvastatin produced
greater elevations in HDL-C than atorvastatin. Rosuvastatin has demonstrated
increases in HDL-C as well as reductions in triglycerides across a dose range of
up to 80 mg/day (Olsson et al. 2001), with no clear dose–response relationship.
In a recent study in patients with type IIa or IIb hypercholesterolaemia, HDL-
C levels were increased significantly in the rosuvastatin 5-mg group (13%)
compared with atorvastatin (8%). Rosuvastatin proved effective even at lower
doses, as shown in patients with primary hypercholesterolaemia (Yamamoto
et al. 2002). HDL-C increased by 3% to 7% in patients receiving once-daily
doses of 1, 2 or 4 mg rosuvastatin over 8 weeks of therapy. Although lacking
the placebo group, this study indicated for the first time that rosuvastatin is
effective on HDL as well as on total cholesterol, LDL-C and triglyceride levels
at doses as low as 1–4 mg/day.

Statins are able to increase HDL levels but the magnitude of this effect is
small compared to that on LDL and triglycerides. Some statins appear to be
more effective than others, indicating that LDL and HDL response to statin
treatment may occur through distinct pathways. Further, the mean absolute
statin-related increment in HDL across a range of baseline values varies little,
as shown by a subgroup analysis of patients included in the WOSCOPS trial
(Streja et al. 2002). This implies that factors affecting the baseline values as
well as the absolute increment of HDL could contribute to the ultimate modest
HDL elevation following statin treatment.

In a cumulative analysis of the LIPID and CARE trials, HDL-C was a sig-
nificantly stronger predictor of recurrent CHD events in patients with LDL
below 125 mg/dl than in those with 125 mg/dl or greater (Sacks et al. 2002a).
Increasing evidence suggests that HDL-raising effects should be considered
to be as important as LDL-lowering, especially in high-risk individuals with
features of the metabolic syndrome. Overall, although therapy with statins is
effective in reducing the risk of CHD through lowering LDL-C levels, the re-
maining risk associated with a low HDL-C is still significant and is only mildly
affected by the otherwise beneficial therapeutic effects of statins (Sacks et al.
2001, 2002b).

3.2
HDL Subclass Profile

As for LDL, not the concentration of HDL per se but that of specific HDL sub-
classes appears to contribute to the different functions of HDL. It is thought
that only the larger HDL subclasses confer protection against CHD, with
the smallest subclasses being associated with an increased CHD risk (von
Eckardstein et al. 1994). The effects of atorvastatin, fluvastatin, lovastatin,
pravastatin and simvastatin on HDL subclasses were compared in patients
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with established CHD (Asztalos et al. 2002a). All five statins had compa-
rable effects with regard to changes in the concentrations of HDL-C and
apoA-I. However, atorvastatin was the most effective statin at increasing the
large LpA-I α1-HDL particles, which in turn were significantly lower in CHD
patients with respect to controls, and decreasing the concentration of the
small, triglyceride-rich, LpA-I:A-II α3-HDL subpopulations. In a further sub-
group analysis (Asztalos et al. 2002b), atorvastatin significantly increased the
large LpA-I α1and pre-α1HDL particles at both 40 and 80 mg/day. The re-
sponses of HDL-C and HDL subpopulation profile were not dose dependent,
but were rather dependent on baseline lipid profiles. Thus, atorvastatin ben-
eficially modifies the HDL subclass profile towards the patterns of healthy
individuals. It will be interesting to determine whether specific HDL sub-
classes isolated from statin-treated subjects are more resistant to degradation
by cell-derived proteolytic enzymes. Consequently, selective modulation of
HDL subclasses may be the way ahead for the pharmacological management
of CHD.

3.3
Small Dense LDL

Over the past several years, the importance of specific lipoprotein subclasses
in the pathogenesis of cardiovascular disease has become more apparent. Cer-
tain lipoprotein phenotypes, such as small, dense LDL and VLDL particles,
have been identified that are associated with increased risk of CHD events,
independent of absolute LDL-C levels. Numerous studies provide evidence of
the ability of statins to beneficially modify LDL subfraction concentrations.
A recent study in hyperlipidaemic patients (Sasaki et al. 2002) showed that
3 months of treatment with atorvastatin 10–20 mg/day markedly decreased
the proportion of small, dense LDL particles, with a shift to larger, less athero-
genic particles. In patients with atherogenic dyslipidaemia (small, dense LDL
particles, low HDL-C and elevated triglycerides), 12 weeks of treatment with
atorvastatin 10 mg/day significantly increased the mean size of LDL particles
and decreased concentrations of small LDL, intermediate-density lipoprotein
(IDL), and VLDL subclass particles (McKenney et al. 2001). Increasing doses of
atorvastatin (10–40 mg/day) preferentially reduced atherogenic small, dense
LDL, IDL and the VLDL-2 subclass in patients with type IIb hyperlipidaemia
and significantly enhanced the ability of plasma to promote cholesterol efflux,
the first step in reverse cholesterol transport (Guerin et al. 2002). In patients
with diabetic dyslipidaemia, atorvastatin 80 mg/day for 2 months significantly
increased the mean LDL particle diameter from small, dense (25.29 nm) to
intermediate (26.51 nm; Pontrelli et al. 2002). In patients with moderate com-
bined hyperlipidaemia on atorvastatin and simvastatin 40 mg/day, both drugs
markedly decreased all LDL subfractions. In particular, the concentration of
small dense LDL (LDL-III) fell 64% on atorvastatin and 45% on simvastatin
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(Forster et al. 2002). A similar action applied across the spectrum of apoB-
containing lipoproteins, leading to substantial reductions in plasma triglyc-
eride and LDL cholesterol.

3.4
Lipoprotein(a)

Elevated plasma levels of Lp(a) are a well-established risk factor for prema-
ture atherosclerosis and CHD (von Eckardstein et al. 2001; The Expert Panel
2002). Although statins have not had reliably beneficial effects on Lp(a) levels,
a double-blind study of high-risk hypercholesterolaemic patients treated with
atorvastatin 10 mg/day or simvastatin 20 mg/day for 6 weeks showed that both
statins significantly reduced Lp(a) levels (Gonbert et al. 2002). Similarly, treat-
ment with 80 mg atorvastatin or 40 mg simvastatin for 2 years significantly
lowered Lp(a) in familial hypercholesterolaemic patients, but this change in
Lp(a) concentrations was not correlated with change in intima-media thick-
ness (IMT) over the time span of the trial (van Wissen et al. 2003). Overall,
despite the inconsistency of the effects of statins on Lp(a) levels, the improve-
ment of multiple risk factors with statins warrants their use in persons with
elevated Lp(a).

4
Non-lipid Effects of Statins

There is no doubt that the beneficial effects of statins involve their hypolip-
idaemic activity. However, the HMG-CoA reductase product mevalonate is
a precursor not only of cholesterol, but also of a number of key metabolites in-
volved in the control of several cellular functions (Fig. 3). In particular, statins
prevent the biosynthesis of the isoprenoids geranyl-geraniol and farnesol that
are responsible for post-translational isoprenylation of a number of proteins
regulating cell growth, membrane targeting and other key functions. Members
of the ras and rho GTPase family are major substrates for post-translational
modification by isoprenylation and may be important targets for inhibition by
statins (Liao 2002; Laufs and Liao 2003). It is therefore conceivable that statins
exert an anti-atherosclerotic action also through mechanisms other than lipid
lowering, currently referred to as pleiotropic effects, affecting vascular cells
such as macrophages, endothelial cells and smooth muscle cells (Corsini et al.
1999). Such effects may thus result in control of the main processes underlying
clinical manifestations of atherosclerosis (Vaughan et al. 1996).

The pleiotropic effects of statins include the modulation of different factors
of non-lipid nature. These include plasma markers of endothelial function
and inflammation, particularly C-reactive protein (CRP), and morphological
parameters of the arterial wall, such as IMT. An increasing number of in vitro
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Fig. 3 The biosynthetic pathway of cholesterol and other biologically active isoprenoids (PP,
pyrophosphate)

and in vivo studies indicate that statins have direct anti-inflammatory effects
that appear not to be related to their hypocholesterolaemic activity (Weitz-
Schmidt 2002).

4.1
Endothelial Function

Statins affect not only circulating lipoprotein levels and their composition, but
also the function of a number of cell types, such as endothelial cells, involved
in the pathogenesis of atherosclerosis. Endothelial dysfunction has been re-
garded as ‘the risk of the risk factors’ (Bonetti et al. 2003). These cellular effects
may contribute to the clinical benefit of statins.

Recent findings indicate that simvastatin may accelerate endothelial regen-
eration after balloon injury and decrease restenosis in the rat carotid model
(Walter et al. 2002). This activity may be related to an enhanced turnover of
intact endothelial cells from the bone marrow. Data from in vitro experiments
indicate that statins attenuate adhesion of monocytes to the endothelium,
which is an early event in atherosclerosis (Teupser et al. 2001). Pre-treatment
with atorvastatin (10 µM) reduced the adhesion of U937 monocytes to en-
dothelial cells activated with interleukin 1β (Kawakami et al. 2002). This activ-
ity of atorvastatin appears to be unrelated to its cholesterol-lowering effects.
Similarly, endothelial cell activation induced by anti-β2-glycoprotein I anti-
bodies in vitro was prevented by treatment with simvastatin and fluvastatin
(Meroni et al. 2001), thus suggesting a potential therapeutic role for statins in
anti-phospholipid-syndromes.
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Endothelial dysfunction is one of the first steps in the pathogenesis of
atherosclerosis and may occur even in the absence of angiographic evidence of
disease. One important consequence of endothelial dysfunction is the reduced
biosynthesis of nitric oxide (NO), a key mediator of vascular tone. Statins have
been shown to increase blood flow and reduce ischaemic areas in the brain
of normolipidaemic mice by upregulating endothelial NO synthase function
(Endres et al. 1998; Laufs et al. 2002). This protective effect, however, is reversed
upon acute termination of statin treatment (Gertz et al. 2003). Regional haemo-
dynamics improved with rosuvastatin in different models of hypertensive rats,
as evidenced by increased blood flow and decreased vascular resistances in the
absence of plasma lipid effects (Susic et al. 2003).

Flow-mediated vasodilation of the brachial artery is commonly used to
measure endothelial function in humans. Endothelium-dependent vasodila-
tion improved significantly after 24 weeks of fluvastatin therapy (40 mg twice
a day) compared with baseline and placebo in hypercholesterolaemic patients
on account of increased bioavailability of NO (John et al. 1998). In patients with
diabetes, in whom endothelial dysfunction often appears early, statins have
demonstrated beneficial effects. In 84 young adults with uncomplicated type 1
(insulin-dependent) diabetes and normal LDL-C levels, 6 weeks of treatment
withatorvastatin40mg/day improvedendothelial function (Mullenet al. 2000).
In a study of patients with type 2 diabetes, atorvastatin 10 and 20 mg/day for
6 months significantly improved endothelium-dependent vasodilation com-
pared with placebo. The reversal of endothelial dysfunction achieved with
atorvastatin therapy in this study was correlated not with plasma lipids but
with a significant decrease in CRP levels, suggesting an anti-inflammatory
effect of atorvastatin (Tan et al. 2002).

The Diabetes Atorvastatin Lipid Intervention (DALI) study (The DALI Study
Group 2001) was conducted in patients with type 2 (non-insulin-dependent)
diabetes and diabetic dyslipidaemia. Atorvastatin 10 or 80 mg/day for 30 weeks
effectively lowered triglycerides, LDL-C and apoB levels and increased HDL-C
levels in these patients (The DALI Study Group 2001). However, no significant
effects were reported on flow-mediated vasodilatation or response to sublin-
gual nitro-glycerine, despite the observed improvement in lipid profile (van
Venrooij et al. 2002; van Etten et al. 2002). By contrast, additional evidence for
a protective effect of statins on the endothelium comes from a study in patients
with type 2 diabetes treated with 40 mg/day simvastatin for 12 weeks (Ceriello
et al. 2002). Despite the lack of significant lipid changes, statin treatment had
acute beneficial effects on oxidative stress and improved flow-mediated vasodi-
lation and endothelial dysfunction associated with post-prandial hypertriglyc-
eridaemia and hyperglycaemia. In CHD patients treated with atorvastatin or
simvastatin (20 mg/day) for 1 year, statin treatment reduced proinflammatory
markers of endothelial dysfunction, such as intercellular adhesion molecule-1
(ICAM-1) and P-selectin, thereby attenuating the activated state of the en-
dothelium (Seljeflot et al. 2002).
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4.2
Inflammation

Considerable evidence suggests that vascular inflammation is involved in
the development, progression and clinical expression of atherosclerosis
(Ross 1999).

Atorvastatinwas shownto inhibit invitro theactivationof cytokine-induced
transcription factors, such as signal transducer and activator of transcription-
1 and nuclear factor kappa B (NF-κB), in endothelial cells, preventing the
expression of inducible NO synthase, an enzyme implicated in vascular in-
flammation (Wagner et al. 2002). Evidence for statin anti-inflammatory effects
comes also from animal studies. Of note, rosuvastatin reduced the expres-
sion of the inflammation parameters monocyte chemoattractant protein-1
and tumour necrosis factor-α in the vessel wall and lowered plasma con-
centrations of serum amyloid A and fibrinogen in apoE3-Leiden mice on
atherogenic diet, independently of its cholesterol-lowering effect
(Kleemann et al. 2003).

The prototypic marker of inflammation, CRP, binds to oxidized LDL and
apoptotic cells, but not to native LDL or viable cells, suggesting a key role for
CRP in the early development of atherosclerotic plaques (Chang et al. 2002).
Furthermore, elevated levels of CRP have been associated with increased CHD
risk (Ridker et al. 2001) and with the development of type 2 diabetes (Festa et al.
2002). The clinical benefits on levels of CRP observed with statin treatment
result, at least in part, from plaque stabilization produced by associated anti-
inflammatory mechanisms. Wiklund et al. (2002) reported that atorvastatin,
but not simvastatin, decreased the liver-derived acute phase reactants CRP
and serum amyloid A in hypercholesterolaemic patients. The two statins re-
duced markers of local inflammation (soluble phospholipase A2, ICAM-1 and
interleukin 6) to a similar degree. In addition, simvastatin 20 mg/day, pravas-
tatin 40 mg/day, and atorvastatin 10 mg/day produced similar reductions in
high-sensitive CRP levels in patients with combined hyperlipidaemia (Jialal
et al. 2001). In a substudy of the DALI trial, atorvastatin 10 and 80 mg/day
for 30 weeks lowered median CRP levels by 15% and 47%, respectively, in
patients with type 2 diabetes (van de Ree et al. 2003). Recently, high-dose ator-
vastatin treatment was shown to reduce CRP and serum amyloid A, but not
interleukin 6, in 2402 subjects with acute coronary syndromes enrolled in the
Myocardial Ischemia Reduction with Aggressive Cholesterol Lowering (MIR-
ACL) study (Kinlay et al. 2003). From a clinical perspective, it is important
to note that statins appear to have a rapid onset of anti-inflammatory activ-
ity (Plenge et al. 2002). All statins are effective at lowering CRP levels (Balk
et al. 2003; Cignarella et al, 2003). No studies reported significant correlation
between statin dose and CRP effects. By contrast, the studies that assessed
changes in the concentration of homocysteine, a possible risk marker, with
statin use indicated that statins have minor effects on homocysteine levels
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(Balk et al. 2003). Overall it appears that stable inflammatory biomarkers are
not related to lipid levels, yet both are critically involved in the atherothrom-
botic process.

4.3
LDL Oxidation

Oxidation of LDL is an important event in the atherosclerotic process. The
susceptibility of LDL to oxidation can be evaluated using different in vitro
methods, although it is not clear whether any method accurately reflects LDL
oxidation in vivo. Fluvastatin has been shown to reduce LDL oxidation by
binding to the phospholipid moiety of LDL (Hussein et al. 1997). Simvas-
tatin reduces superoxide production from macrophages with a mevalonate-
dependent mechanism, suggesting that isoprenylated proteins contribute to
this effect (Giroux et al. 1993). Atorvastatin and fluvastatin generate potent
anti-oxidant metabolites upon biotransformation (Aviram et al. 1998; Suzu-
mura et al. 2000). However, the evidence from trials supporting a beneficial
effect of statins overall on LDL susceptibility to oxidation is not consistent
(Balk et al. 2003).

4.4
Athero-thrombotic Tendency

It has been demonstrated that CRP causes aortic endothelial cells to pro-
duce higher levels of plasminogen activator inhibitor-1 (PAI-1), a marker
of atherothrombosis, especially when hyperglycaemia exists, thus suggesting
a critical role for inflammation as a prothrombotic factor in diabetes and the
metabolic syndrome (Devaraj et al. 2003). Statins have been reported to con-
trol a variety of prothrombotic factors even without major effects on plasma
lipids. These effects include, for instance, decreased expression of tissue fac-
tor, the main activator of the coagulation cascade, in macrophages incubated
with lipophilic statins (Colli et al. 1997). Treatment with fluvastatin reduced
lipid accumulation, tissue factor overexpression, NF-κB activation and platelet
deposition in hypercholesterolaemic rabbits (Camera et al. 2002). Similar find-
ings came from the ATROCAP study in patients with bilateral carotid stenosis,
in which atorvastatin (20 mg/day) decreased tissue factor antigen immunos-
taining and macrophage infiltration compared with placebo (Cortellaro et al.
2002). A large number of trials has been carried out to determine the ef-
fects of statins on the functional expression of tissue plasminogen activator,
PAI-1 and fibrinogen as well as on platelet aggregation. There is convinc-
ing evidence for a lack of effect of any statin on fibrinogen level. While it
appears that pravastatin is the only statin effective at reducing tissue plas-
minogen activator antigen levels (Avellone et al. 1994; Dangas et al. 1999),
the effects of statins on PAI-1 antigen or activity levels reported in human
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trials are not consistent (Balk et al. 2003). The evidence supporting a ben-
eficial role of statins in reducing platelet aggregation is limited. Claims that
concomitant use of statins could block the anti-platelet activity of clopidogrel
in patients with stable angina on aspirin therapy have not been confirmed
(Müller et al. 2003).

4.5
Plaque Stabilization

Local and systemic factors contribute to make plaques vulnerable over time.
Unstable plaques feature increased levels of lipids mainly in form of modified
LDL, decreased amount of connective tissue, greater presence of macrophages
and T cells with fewer smooth muscle cells, and high rate of apoptosis. Shear
stress affects the morphology and organization of endothelial cells and sup-
ports deposition of modified LDL in the subendothelial space. Shear stress is
particularly active at plaque shoulder, where the fibrous cap is thinner and
may be gradually eroded until thrombogenic plaque components underneath
the fibrous cap are exposed to blood flow, resulting in platelet activation and
ultimately thrombus formation.

Macrophage-derived foam cells, a hallmark of early atherosclerotic lesions,
store large amounts of cholesteryl ester in cytoplasm droplets. This uncon-
trolled uptake of cholesterol carried by modified LDL and its subsequent es-
terification ultimately leads to cell death and release of a number of inflamma-
tory mediators. Statins have been shown to hamper cholesterol esterification,
thereby preventing foam cell formation (Kempen et al. 1991; Bernini et al. 1993;
Cignarella et al. 1998). In addition, fluvastatin and simvastatin reduce func-
tional expression of macrophage metalloproteinase 9, a proteolytic enzyme
affecting plaque stability (Bellosta et al. 1998).

Statins elicit morphological changes in the arterial wall and in plaque com-
position that enhance plaque stabilization. In preclinical studies, fluvastatin
prevented the formationofneointimal lesionsand tissue factorover-expression
in the carotid artery of rabbits on hypercholesterolaemic diet without major
lipid-lowering effects (Baetta et al. 2002). This negative regulation of smooth
muscle cell growth and proliferation achieved with statins is of great interest,
given the significant contribution of smooth muscle cells to the progression
of atherosclerotic lesions. Impaired prenylation of proteins involved in signal
transduction, such as those from the ras family, accounts for statin-induced
inhibition of smooth muscle cell proliferation (Negre-Aminou et al. 1997).

Statins appear to be unique among drugs affecting plaque stabilization in
that they control several aspects of plaque activation (Libby and Aikawa 2003).
In a study using intravascular ultrasound, it was observed that the changes in
plaque composition induced by atorvastatin therapy (more fibrosis, smaller
lipid pool) led to less progression of plaque size and to significant different
changes in plaque echogenicity in minor coronary lesions (Schartl et al. 2001).
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These mechanisms are associated with the well-established reduction of serum
LDL-C, which remains the most widely accepted explanation for the clinical
benefit of statins.

Morphological parameters of the arterial wall, such as IMT, correlate with
severity and future risk of clinical events. B-mode ultrasonography of IMT in
the carotid artery has been shown to be correlated with existing cardiovas-
cular disease and predictive of major events in individuals without clinically
evident disease (Hodis et al. 1998; Baldassarre et al. 2000a). Carotid IMT is
now widely used as a surrogate marker for atherosclerotic disease and has
been proposed as an independent risk factor for myocardial infarction and
stroke (O’Leary et al. 1999).

The Carotid Atherosclerosis Italian Ultrasound Study (CAIUS) (Mercuri
et al. 1996) was designed to determine the efficacy of pravastatin 40 mg/day on
carotid plaque progression in asymptomatic patients. Over the 3-year study
period, pravastatin significantly delayed the rate of carotid IMT progression.
A later analysis of the CAIUS data (Baldassarre et al. 2000b) indicated that
the beneficial changes in IMT observed with pravastatin treatment occurred
independently of LDL-C lowering. A further study (Youssef et al. 2002) demon-
strated that atorvastatin 20mg/day significantly reduced IMT in the carotid and
femoral arteries after 8 weeks of treatment, with a significant trend detectable
as early as 4 weeks. Similarly, results of the Arterial Biology for the Investiga-
tion of the Treatment Effects of Reducing Cholesterol (ARBITER) trial (Taylor
et al. 2002) suggest that lowering LDL-C below than 2.59 mmol/l (100 mg/dl)
with atorvastatin 80 mg/day is more effective than pravastatin 40 mg/day in
reducing carotid IMT. The change in the mean carotid IMT at 12 months with
atorvastatin was significantly greater than that with pravastatin. Whether or
not LDL lowering and its apparent effects on IMT translate into a reduction
in clinical events, however, remains to be clarified in ongoing clinical trials
(Kastelein et al. 2003).

4.6
Lipid or Non-lipid: Is That the Question?

Several large randomized controlled trials using statins have shown reductions
in mortality and CHD events in a variety of clinical settings. Statins are very
effective in lowering total cholesterol and LDL-C levels. As the Heart Protection
Study taught us, however, the high-risk patient for CHD does not match a single
phenotype and may have normal cholesterol levels. By contrast, such patients
featured multiple predisposing causes of cardiac events and yet could benefit
from treatment with statins, which appear to reduce an array of risk factors.
It seems therefore advisable to integrate the classical view of reducing LDL-C
for prevention and treatment of CHD. Beyond LDL-C, a number of novel risk
markers are emerging in the clinical arena and their role in vascular disease
is supported by increasingly convincing evidence. Endothelial function and
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vascular inflammation, for example, claim further attention as primary targets
of therapy, because of their crucial involvement in the regulation of progression
and stability of atherosclerotic lesions (Szmitko et al. 2003; Bonetti et al. 2003).
Today, rather than just lowering LDL-C, pharmacological therapy of CHD
should be endowed with beneficial impact on the whole set of risk factors
in high-risk individuals. Accordingly, statins exhibit well established effects
on circulating lipids and lipoprotein subclasses that are rounded off with an
array of desirable additional effects on vascular function that are probably
unrelated to lipid lowering (all summarized in Table 3). Yet current evidence in
humans suggests that the lipid-lowering effects pave the way for further effects
of statins. The clinical relevance, if any, of non-lipid effects of statins shall be
determined in clinical trials that would allow the cholesterol-dependent and
-independent effects of statins to be evaluated separately.

Table 3 Potential effects of statins beyond LDL lowering

Lipoprotein subfractions
Beneficially modify HDL particles

Decrease proportion of small, dense LDL particles

Shift small, dense to larger LDL particles

Markers of endothelial function
Attenuate adhesion of monocytes to endothelium

Up-regulate endothelial NO synthase

Decrease oxidative stress

Vascular inflammation
Reduce levels of CRP

Reduce markers of local inflammation

Plaque stabilization
Inhibit macrophage foam cell formation

Prevent smooth muscle cell proliferation

Decrease plaque thrombogenicity

Delay carotid IMT progression

CRP, C-reactive protein; HDL, high-density lipoprotein; IMT, intima-media thickness; LDL, low-density
lipoprotein; NO, nitric oxide.

5
Future Directions of Statin Therapy

The array of statin effects associated with lipid-lowering have led investiga-
tors to test their therapeutic potential in clinical settings other than vascular
disease. Despite the lack of clinical evidence, preclinical results or observa-
tional studies are encouraging and warrant further investigation. For instance,
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simvastatin reduced collagen-induced arthritis in mice (Leung et al. 2003).
Statins also attenuate transplant graft arterial disease in murine heart trans-
plants, showing a potential immunosuppressive activity (Shimizu et al. 2003).
Similarly, much interest has arisen whether statins might prove effective in
the treatment of central nervous system autoimmune and neuroinflammatory
disorders including multiple sclerosis and related disease (Stuve et al. 2003).
Moreover, observational studies point to beneficial effects of statins in depres-
sion and anxiety (Young-Xu et al. 2003). An over-enthusiastic interpretation of
these preliminary studies, however, should be avoided. The clinical benefits of
statins in CHD are well established and are associated with remarkable safety
and risk to benefit ratio. Beyond seeking further therapeutic indications for
statins, attention should be focused on the at least 60% of CHD events continu-
ing to occur despite lipid-lowering therapy. In this regard, combination therapy
with statins and other lipid-lowering drugs such as ezetimide or nicotinic acid
may prove a rewarding strategy. In addition, statins could be associated with
other drugs acting on the cardiovascular system, such as ACE inhibitors or
calcium channel blockers.

6
Conclusion

From the above considerations, successful therapeutic approaches in athero-
sclerosis should allow control of multiple aspects of vascular biology. Statins
fulfil such a requirement in that they show well-established lipid-lowering
properties along with direct effects on the vessel wall. The latter might con-
tribute to the eventual clinical benefit. Yet combination therapy may be of use
in specific clinical settings to extend clinical benefit to a larger proportion of
patients.
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Abstract Atherosclerosis of the large arteries is the main origin of cerebro- and cardiovas-
cular diseases, the leading causes of mortality and morbidity in industrialized countries.
The pathophysiology of coronary and cerebrovascular atherosclerosis is multifactorial and
complex. Fibrates are hypolipidemic drugs that lower progression of atherosclerotic le-
sions mainly through activation of the nuclear receptor peroxisome-proliferator activated
receptor-α. In addition, fibrates exert pleiotropic and anti-inflammatory actions. In this
chapter, we will focus on the different effects of fibrates impacting on the development of
atherosclerosis.

Keywords Fibrates · PPARα · Atherosclerosis

1
Introduction

Atherosclerosis is a chronic disease of the large arteries characterized by a local
inflammatory response and the accumulation of lipids and fibrous connective
tissue in the subendothelial space resulting in formation of the neointima
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(Lusis 2000). Atherosclerosis is the main origin of vascular diseases of the
heart and brain, leading to clinical endpoints such as myocardial infarction and
stroke, the major causes of mortality and morbidity in industrialized countries.
Epidemiological studies have revealed several genetic and environmental risk
factors predisposing to atherosclerosis.

Fibrates are drugs used in the management of hypertriglyceridemia, com-
bined hyperlipidemia, diabetic dyslipidemia and transplant dyslipidemias ei-
ther as monotherapy or as a component of combination therapy (Guay 2002).
Fibrates are activators of the peroxisome proliferator-activated receptor al-
pha (PPARα), a transcription factor belonging to the superfamily of nuclear
receptors, that modulates several metabolic risk factors.

The PPAR subfamily consists of three distinct subtypes termed α (NR1C1),
β/δ (NR1C2) and γ (NR1C3) which display tissue-selective expression pat-
terns reflecting their biological functions (Barbier et al. 2002). PPARα is ex-
pressed preferentially in tissues where fatty acids are catabolized (Barbier
et al. 2002; Duval et al. 2002). PPARα is furthermore expressed in most cell
types of the vascular wall as well as in atherosclerotic lesions (for a review
see Chinetti et al. 2000a), where it affects atherogenic processes. Numerous
studies have illustrated the role of PPARs in the control of glucose homeosta-
sis, insulin resistance and hypertension (Barbier et al. 2002; Torra et al. 2001;
Willson et al. 2001).

Most of the physiological functions of PPARα can be explained by its activ-
ity as transcription factor, modulating the expression of specific target genes
(Barbier et al. 2002; Duval et al. 2002). Upon ligand activation, PPARα regu-
lates gene transcription by dimerizing with the retinoid X receptor (RXR) and
binding to PPAR response elements (PPREs) within the regulatory regions of
target genes (Barbier et al. 2002). These PPREs usually consist of a direct repeat
of the hexanucleotide sequence, AGGTCA, separated by one or two nucleotides
(DR1 or DR2) (Fig. 1). PPARα can also repress gene transcription in a DNA
binding-independent manner by interfering with the nuclear factor-kappa
B (NF-κB), signal transducer and activator of transcription (STAT), activa-
tor protein-1 (AP-1), CCAAT/enhancer binding protein and other signaling
pathways via protein–protein interactions and cofactor competition (Chinetti
et al. 2000a; Delerive et al. 2000b; Gervois et al. 2001). Such trans-repression
mechanism is likely to participate in the anti-inflammatory actions of PPARα
(Chinetti et al. 2000a).

Fatty acids (FA) and FA-derived compounds are natural ligands for PPARα.
Natural eicosanoids derived from arachidonic acid via the lipoxygenase path-
way, such as 8-S-hydroxytetraenoic acid and leukotriene B4 activate PPARα
(Barbier et al. 2002). Oxidized phospholipids derived from oxidized lipopro-
teins are also natural ligands for PPARα (Davies et al. 2001; Delerive et al.
2000a). In addition, PPARα is activated by lipolysis products (Ziouzenkova
et al. 2003) and mediates some of the effects of eicosapentaenoic acid (EPA)
and docosahexaenoic acid on the vascular wall (Sethi et al. 2002).
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Fig. 1 Target gene activation by PPARα. PPARα acts in a transcriptional complex as a het-
erodimer with RXR. The PPAR/RXR complex is activated by natural or synthetic agonists
that bind to PPARα. Both RXR and PPARα possess a ligand-binding domain (LBD) and
a DNA-binding domain (DBD)

PPARs are promising therapeutic targets not only for the treatment of
metabolic disorders predisposing to atherosclerosis but acting also on the
atherosclerosis process itself. Synthetic agonists of PPARs are used in the
treatment of metabolic diseases, such as dyslipidemia and type 2 diabetes.
The antidiabetic glitazones, which are insulin sensitizers, are synthetic high
affinity ligands for PPARγ (Lehmann et al. 1995; Martens et al. 2002; Raji
and Plutzky 2002). The hypolipidemic fibrate drugs are low affinity PPARα
ligands (Willson et al. 2000). Recently, novel high affinity subtype-specific
PPAR agonists have been synthesized, such as the human PPARα ligand
GW7647 (Brown et al. 2001), the PPARγ activators GW1929 and GW7845
(Brown et al. 1999; Li et al. 2000) and the PPARβ/δ specific agonist GW501516
(Oliver et al. 2001). Recently, novel dual PPAR α/ γ agonists were designed
in an attempt to obtain simultaneously synergistic and complementary ef-
fects on lipid metabolism, insulin sensitivity and glucose utilization. Dual
activation of PPARα/ γ decreases circulating triglyceride levels and improves
glucose homeostasis in insulin resistant animal models (Lohray et al. 2001)
(Table 1).

As a regulator of lipid and lipoprotein metabolism, PPARα controls plasma
concentrations of lipoproteins, major risk factors for coronary heart disease
(CHD) (Staels et al. 1998). Angiography intervention studies, such as the LO-
CAT, BECAIT, and DAIS trials, indicate that fibrate treatment lowers progres-
sion of atherosclerotic lesions in humans (Ericsson et al. 1996 ; Frick et al.
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Table 1 Transactivation affinities of novel PPARα/γ agonists and activation activities of
classical fibrates

Name Chemical class Clinical tests EC50 (µM) mouse EC50 (µM) human

PPARα PPARγ PPARα PPARγ
Ragaglitazar
(NNC 61–0029,
DRF-2725)

Propanoic acid
derivative

Investigations
stopped in
phase III

– – 3.21 0.57

GW-409544 Tyrosine
derivative

Phase III – – 0.002 0.0003

Tesaglitazar/AZ-
242

Tyrosine
derivative

Phase III 32 0.25 9.44 1.82

MK-767/KRP-
297

TZD Investigations
stopped in
phase III

10 0.14 0.85 0.083

LY-465608 Non-TZD Preclinical 0.003 – 0.15 0.882

NC-2100 TZD Preclinical 40 30 – –

Farglitazar/GI-
262570

Tyrosine
derivative

Stopped – – 0.4 0.0003

Wy-14643 Close to fibrate Not clinically
used

0.63 32 5 60

Clofibrate Fibrate Rarely clinically
used

50 500 55 500

Fenofibrate Fibrate Clinically used 18 250 30 300

Bezafibrate Fibrate Clinically used 90 55 50 60

EC50, The molar concentration of an agonist, which produces 50% of the maximum response for that agonist
as tested in a cell-based transactivation assay; TZD, thiazolidinedione, PPAR, peroxisomeproliferator-activated
receptor (based on Willson et al. 2000 and Duran-Sandoval et al. 2003); –, unknown.

1997; Guay 2002). Moreover, the effects of gemfibrozil resulted in decreased
mortality and morbidity of cardiovascular disease and stroke in the VA-HIT
Trial (Robins 2003). In this chapter, we will focus on the role of fibrates as
cardio-protective agents.

2
The Fibrate Family

Fibrates are amphiphatic carboxylic acids that have been proven useful in the
treatment of hypertriglyceridemia. Studies performed using PPARα-deficient
mice have demonstrated the obligatory role of PPARα in mediating most of
the effects of fibrates on lipid and lipoprotein metabolism (Peters et al. 1997).
The prototypical members of this compound class were developed prior to the
identification of PPARs, using in vivo assays in rodents to assess lipid-lowering
efficacy (Thorp and Waring 1962). Clofibrate, gemfibrozil and fenofibrate acti-
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vate PPARα with a tenfold selectivity over PPARγ. On the contrary, bezafibrate
is a pan-agonist that shows similar potency on all three isoforms (Fig. 2). In hu-
mans, all the fibrates must be used at high doses (200–1,200 mg/day) to achieve
efficacious lipid-lowering activity (Berger and Wagner 2002). Pharmacological
activation of PPARα by fibrates decreases plasma triglyceride concentrations
by acting on different metabolic pathways (Staels et al. 1998). Fibrates increase
FA uptake and catabolism resulting in decreased triglyceride and very-low-
density lipoprotein (VLDL) production by the liver (Staels et al. 1998). Fibrate
treatment induces FA transport protein 1 and FA translocase mRNA levels in
rodent liver (Martin et al. 1997; Motojima et al. 1998). In addition, hepatic
expression of intracellular FA binding protein is regulated by fibrates. Fibrate-
induced PPARα activation also controls FA uptake and catabolism in mito-
chondria via stimulation of muscle and liver carnitine palmitoyltransferase I
and II (Brandt et al. 1998; Guerre-Millo et al. 2000; Louet et al. 2001; Mascaro
et al. 1998) and several mitochondrial FA-catabolizing enzymes (Djouadi et al.
1998). Simultaneously, fibrates enhance intravascular triglyceride metabolism.
Intravascular lipolysis activity is controlled by the activity of lipoprotein lipase
(LPL). Fibrates control LPL activity by inducing its expression in the liver and
by regulating the hepatic expression of apolipoprotein (apo)C-III, LPL activity
and remnant catabolism inhibitor (Hertz et al. 1995; Schoonjans et al. 1996;
Staels et al. 1995), and apoA-V, a stimulator of triglyceride catabolism (Vu-Dac
et al. 2003). These effects promote lipolysis and catabolism of triglyceride-rich
lipoproteins, thus contributing to the decrease of plasma triglycerides. Inter-
estingly, combination treatment of fenofibrate with simvastatin significantly
increased high-density lipoprotein (HDL) cholesterol levels (Vega et al. 2003).
Thus, combination treatment appears to be a promising means of combating
atherosclerosis (for a review see Black 2003).

Fig. 2 Chemical structures of fibrates and PPARα agonists
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3
Fibrates, Early Stages of Atherogenesis and Endothelial (Dys)Function

Undernormal conditions, theendotheliumformsarelatively impermeablebar-
rier between circulating blood and the vessel wall. Endothelial injury is thought
to be a primary event in atherosclerosis which leads to the attraction, recruit-
ment and activation of different cell types, including monocytes/macrophages,
T lymphocytes, endothelial cells (ECs) and smooth muscle cells (SMCs).

The recruitment of monocytes to the intima requires the interaction of lo-
cally produced chemokines with specific cell surface receptors, such as CCR2,
the receptor for monocyte chemoattractant protein-1 (MCP-1). The effects
of PPARα on monocyte recruitment are controversial. Indeed, whereas both
natural and certain synthetic, but not clinically used, PPARα ligands stimu-
late basal expression of MCP-1 in human aortic ECs (Lee et al. 2000; Pasceri
et al. 2001), it has been demonstrated that C-reactive protein -induced MCP-
1 expression in human ECs is inhibited by synthetic PPARα ligands such as
fenofibrate (Pasceri et al. 2001). Moreover fenofibric acid abrogated MCP-1
mRNA expression in glycoxidized low-density lipoprotein (LDL)-stimulated
human ECs (Sonoki et al. 2003). It has also been demonstrated that oxidized,
but not unoxidized EPA significantly inhibits human monocyte adhesion to
ECs through a PPARα-dependent mechanism (Sethi et al. 2002).

The activation of ECs, macrophages and T lymphocytes leads to the release
of pro-inflammatory molecules, such as cytokines, and the onset of a chronic
inflammatory response. In inflammation, the transcription factor NF-κB is
activated and increases the expression of multiple pro-inflammatory genes.
PPARα activation by fibrates results in a negative crosstalk with inflammatory
transcription factors, such as NF-κB, STAT-1 and AP-1, to block their down-
stream target genes (for a review see Chinetti et al. 2000a). T-cell recruitment to
inflammation sites may be modulated by PPARα. Indeed, PPARα ligands may
induce the expression of interleukin (IL)-8, a cytokine exerting chemotactic
effects on T-lymphocytes (Lee et al. 2000). Activation of T lymphocytes and
their ensuing elaboration of proinflammatory cytokines, such as interferon
(IFN)-γ, represents a critical step in atherogenesis. Fibrates may influence the
expression of proinflammatory cytokines in human CD4-positive T cells. Dif-
ferent synthetic PPARα activators reduced anti-CD3-induced IFNγ secretion
(Marx et al. 2002), and inhibited tumor necrosis factor (TNF)α and IL-2 pro-
tein expression (Jones et al. 2002; Marx et al. 2002). In clinics, TNFα release is
inhibited by gemfibrozil in peripheral blood mononuclear cells from both CHD
patients and controls (Zhao et al. 2003). Thus, activation of PPARα in human
CD4-positive T cells limits the expression of proinflammatory cytokines, such
as IFN-γ (Jones et al. 2002; Marx et al. 2002). PPARα-dependent suppression
of the adaptive immune response has also been reported in vivo by studying
the PPARα-deficient mouse model (Yang et al. 2002). Rolling and adhesion of
circulating leukocytes to the ECs is a critical early step in atherogenesis, and
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several cell adhesion molecules are involved in this process, including intercel-
lular adhesion molecule-1 and vascular cell adhesion molecule-1 (VCAM-1).
Fibrate-activated PPARα inhibits VCAM-1 transcription, in part, by inhibiting
the NF-κB pathway (Marx et al. 1999; Rival et al. 2002).

In addition, the expression and secretion (Kandoussi et al. 2002; Martin-
Nizard et al. 2002) of endothelin-1 (ET-1), a vasoconstrictor peptide, monocyte
chemoattractant and potent inducer of cell adhesion molecules (for review
see Agapitov and Haynes 2002), is repressed by different PPARα ligands in
ECs. PPARα appears to act indirectly by blocking the AP-1 signaling pathway
(Delerive et al. 1999). Iglarz et al. have recently extended these observations in
vivo by studying the effects of fenofibrate in deoxycorticosterone acetate -salt
treated rats, a model of endothelin-dependent hypertension (Iglarz et al. 2003).
Moreover, an inhibition of ET-1 by PPARα activators has also been observed
in rats with overload induced cardiac hypertrophy (Ogata et al. 2002).

Under basal conditions, endothelium-derived nitric oxide (NO), produced
by endothelial NO synthase, inhibits leukocyte attachment and promotes
vascular relaxation (Napoli 2002; Russo et al. 2002). Recently it has also
been demonstrated that the combination of fenofibrate and coenzyme Q(10)
markedly improves endothelial function in dyslipidemic type 2 diabetic pa-
tients. The favorable vascular effect of this therapeutic combination could be
due to an increase in the bioactivity of and/or responses to endothelium-
derived relaxing factors, including NO (Playford et al. 2003).

However, NO may also present pro-atherogenic effects, since it promotes
oxidative stress and inflammation when produced at high concentration by
inducible NO synthase (iNOS). PPARα ligands inhibit iNOS expression in
macrophages, and as such reduce inflammatory NO production (Colville-Nash
et al. 1998). Zuckerman et al. have recently shown that the synthesis of both
NO, iNOS dependent and β-2 integrin CD11 induced by IFN-γ is inhibited
in peritoneal macrophages from apoE deficient mice treated with a PPARα/γ
coagonist, thus leading to the inhibition of macrophage activation (Zuckerman
et al. 2002).

Thus, the effects of PPARα on chemokines, adhesion molecules and NO pro-
duction suggests that fibrates may influence the early stages of atherosclerosis
characterized by chemo-attraction and leukocyte adhesion to ECs.

4
Fibrates, Lipid Accumulation and Reverse Cholesterol Transport

After recruitment into the subendothelial space, monocytes differentiate into
macrophages. Accumulation of cholesterol by macrophages leads to the for-
mation of foam cells. These cells are characteristic of the early atherosclerotic
lesion and participate in the chronic inflammation associated with lesion pro-
gression (Lee et al. 2003).
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Before uptake by macrophages, atherogenic lipoproteins undergo modi-
fications, such as oxidation, glycosylation and aggregation. In ECs, PPARα
modulates the generation of free radicals, which contribute to oxidized LDL
(OxLDL) formation. For instance, bezafibrate increases the expression of the
Cu2+, Zn2+ superoxide dismutase, a superoxide scavenger enzyme, which pro-
tects arteries from the deleterious effects of reactive oxygen species (Inoue
et al. 2001). Fenofibrate treatment decreases oxidant stress in the brains of
mice that were submitted to ischemia (Deplanque et al. 2003). PPARα activa-
tion by OxLDL, fenofibrate and Wy14643 also results in the downregulation
of platelet-activating factor (PAF)-receptor gene expression in human mono-
cytes and macrophages (Hourton et al. 2001). PAF is a potent pro-inflammatory
substance playing an important role in LDL oxidation and whose effects are
mediated by a specific cell receptor (PAF-receptor).

In addition, PPARα plays an important role in regulating cholesterol up-
take and homeostasis in macrophages. Overall, PPARα does not promote
LDL accumulation in macrophages. Moreover, PPARα inhibits apoB48 re-
ceptor expression, which mediates lipid accumulation of triglyceride-rich
lipoproteins (Haraguchi et al. 2003) and decreases glycated LDL uptake
(Gbaguidi et al. 2002).

Cholesterol efflux is the first step of the reverse cholesterol transport path-
way, the centripetal transport of cholesterol from peripheral cells back to the
liver. Macrophage cholesterol efflux to HDL occurs either via passive diffusion
facilitated or not by proteins, such as SR-B1/CLA-1, or via active efflux medi-
ated by the ATP-binding cassette (ABC) transporters directed towards apoA-I.
In human macrophages, PPARα activators induce expression of SR-B1/CLA-1
(Chinetti et al. 2000b) and ABCA-1 (Chinetti et al. 2001) and, as such, stimulate
cholesterol efflux from macrophages. Fibrates regulate ABCA-1 by an indirect
mechanism via induction of the liver X receptor α (LXRα) (Chinetti et al.
2001). Finally, PPARα activation by fibrates decreases the cholesteryl ester/free
cholesterol ratio in macrophages resulting in an enhanced availability of free
cholesterol for efflux through theABCA-1pathway (Chinetti et al. 2003). In type
2 diabetic patients, fenofibrate treatment increases expression of both LXRα
and ABCA-1 genes in isolated monocytes, thus demonstrating the relevance of
these findings in the clinical setting (Forcheron et al. 2002).

PPARα influences HDL-cholesterol metabolism also by regulating its major
apolipoproteins as well as a number of HDL remodeling enzymes. Fibrates
induce the expression of phospholipid transfer protein (Bouly et al. 2001), an
enzyme that transfers phospholipids from VLDL/LDL to HDL, and decrease
lecithin/cholesterol acyl transferase (Staels et al. 1992), in mice and rats respec-
tively. The molecular mechanisms behind this induction and the relevance for
the human situation remain to be clarified.

ApoA-I and apoA-II, the major HDL apolipoproteins, are induced by fi-
brates in humans, via PPARα binding to PPREs in their promoters (Vu-
Dac et al. 1994, 1995). Interestingly, fenofibrate treatment increased plasma
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and hepatic expression levels of apoA-I in apoE-deficient mice expressing
the human apoA-I transgene resulting in a decrease of atherosclerotic le-
sion size (Duez et al. 2002). Although the increase of plasma apoA-I is un-
doubtedly beneficial, as has recently been shown in patients infused with
apoA-I Milano (Nissen et al. 2003), substantial controversy exists on the
role of apoA-II in atherosclerosis. Indeed, whereas transgenic mice over-
expressing murine apoA-II are more prone to develop atherosclerosis (Warden
et al. 1993), over-expression of human apoA-II protects against atherogenesis
(Tailleux et al. 2000).

Thus, PPARα appears to protect against accumulation of cholesterol in
macrophages and to promote cholesterol efflux, to decrease cholesterol esteri-
fication in macrophages and to increase HDL production.

5
Fibrates, Plaque Progression and Plaque Stability

Formation of the fibrous plaque is due to SMC migration and proliferation
in the intima. SMCs participate in the production of the extracellular ma-
trix (ECM), which gives rise to a fibrous cap. Inhibition of SMC proliferation
may thus be beneficial to prevent early plaque formation. However, in ad-
vanced plaques, these cells may play an important role in maintaining plaque
stability. Factors influencing SMC proliferation and apoptosis probably influ-
ence atherosclerosis–albeit with opposite outcomes–depending on the stage
of plaque development. Inhibition of ET-1 secretion, a potent inducer of SMC
proliferation, by PPARα agonists (Delerive et al. 1999; Iglarz et al. 2003; Kan-
doussi et al. 2002; Martin-Nizard et al. 2002) might represent one mechanism
by which PPARα may interfere with SMC proliferation. Gemfibrozil influences
the development of early fibrinogen-rich vascular lesions in a porcine model
of atherosclerosis by decreasing platelet–fibrinogen binding (Royo et al. 2000).
Gemfibrozil also significantly decreases vascular biosynthesis of proteogly-
can and glucosaminoglycan (Nigro et al. 2002), two important components
of the ECM.

Plaque rupture is the end-stage of the atherogenic process, leading to throm-
bus formation, occlusion and the clinical sequels of atherosclerosis. Plaque
instability is partly due to the degradation of the extracellular matrix. PPARα
ligands inhibit secretion and gelatinolytic activity (Shu et al. 2000) of MMP-
9, a matrix degrading protein secreted in response to inflammatory activa-
tion. In addition, PPARα agonists decrease the expression of PAF receptor in
macrophages (Hourton et al. 2001). PAF stimulates the secretion of elastase-
type enzymes, which contribute to plaque instability and rupture.

Angiogenesis also participates in plaque instability. Fenofibrate inhibits
EC proliferation induced by angiogenic factors, and at high concentrations
increases apoptosis, inhibits capillary tube formation in vitro, and inhibits
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angiogenesis in vivo (Varet et al. 2003).
Finally, plaque stability is also influenced by apoptosis of SMCs and macro-

phages (Boitier et al. 2003; Kockx et al. 1998; Roberts et al. 2002). Apoptosis oc-
curring in atherosclerotic areas is potentially involved in necrotic core forma-
tion and plaque rupture which may trigger atherothrombotic events (for a re-
view see Chinetti et al. 1998). The significance of apoptosis in atherosclerosis
remains unclear. Although it has been proposed that apoptotic cell death con-
tributes to plaque instability, rupture and thrombus formation, macrophage
apoptosis also decreases inflammation of macrophage origin and avoids the
disruption of ECM collagen which maintains the elasticity of the plaque (Mar-
tinet and Kockx 2001). Once activated, PPARα controls apoptosis via negative
cross-talk with the anti-apoptotic NF-κB pathway in macrophages (Chinetti
et al. 1998).

6
Fibrates and Thrombosis

Fibrates also modulate platelet aggregation. Tissue factor (TF) is a major fac-
tor in thrombus formation and blood coagulation at the site of the ruptured
plaque. PPARα agonists inhibit TF expression in monocytes and macrophages
(Marx et al. 2001; Neve et al. 2001). In addition, fenofibrate and gemfibrozil also
modulate the secretion of plasminogen activator inhibitor-1 (PAI-1) which is
an important pro-thrombotic factor (Durrington et al. 1998). Low concentra-
tions of clofibric acid and bezafibrate increase PAI-1 transcription and secre-
tion. In contrast, both fenofibrate and gemfibrozil markedly decreased PAI-1
transcription and secretion from human umbilical vein endothelial cells and
EA.hy926 cells (Nilsson et al. 1999). PPARα agonists also decrease production
of fibrinogen by hepatocytes (Gervois et al. 2001).

On the whole, PPARα activation by fibrates could be protective against
atherothrombosis. However, the exact mechanisms and effects of different
fibrates are still unclear and consequences for atherothrombosis remain to be
clarified.

7
Anti-atherosclerotic Effects of Fibrates: Results from In Vivo Studies

Compelling evidence for a regulatory role of fibrates on atherogenesis in vivo
comes from studies in animal models of atherosclerosis and human clinical
trials.

Various animals models presenting accelerated atherosclerosis have been
developed to study the pathophysiology of the disease and/or the evaluation
of potential therapeutic strategies (for a review see Tailleux et al. 2003).
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Protection against myocardial ischemic injury and improvement of en-
dothelial vasodilatation by activation of PPARα by fenofibrate was demon-
strated in mice (Tabernero et al. 2002). In addition, fenofibrate reduces lesion
surface area in the aortic sinus of apoE-deficient mice expressing the human
apoA-I transgene (Duez et al. 2002). However, surprisingly, PPARα-deficiency
in the apoE null background results in lowered atherosclerosis (Tordjman
et al. 2001). These double knockout mice are characterized by higher con-
centrations of atherogenic lipoproteins, but also higher insulin sensitivity,
lower blood pressure and fewer intimal lesions. Paradoxically, it has been re-
cently demonstrated that mice lacking apoE treated with ciprofibrate and other
PPARα agonists (fenofibrate, bezafibrate and WY14,643) developed a three to
fourfold increase in their plasma cholesterol levels resulting in a considerably
more advanced development of atherosclerotic lesions than untreated animals
(Fu et al. 2003). This pro-atherogenic effect has been recently shown to be due
to the downregulation of hepatic SR-BI expression in these mice (Mardones
et al. 2003).

A number of clinical studies have revealed that fibrates improve the car-
diovascular risk profile. Several angiographic intervention trials, including
the Lipid Coronary Angiography Trial (LOCAT), the Diabetes Atherosclero-
sis Intervention Study (DAIS) and the Bezafibrate Coronary Atherosclerosis
Intervention Trial (BECAIT), have demonstrated beneficial effects of fibrates
on atherosclerotic lesion progression (Ericsson et al. 1996; Frick et al. 1997;
Steiner 2001). Furthermore, secondary prevention trials, such as the Veterans
Administration-HDL-Cholesterol Intervention Trial (VA-HIT) (Rubins et al.
1999) and the Helsinki Heart Study (HSS) (Frick et al. 1987), demonstrated
a decreased incidence of cardiovascular events following fibrate treatment.
In patients with type 2 diabetes, who are characterized by moderate hyper-
triglyceridemia and low HDL-cholesterol concentrations, fibrates decrease the
incidence of myocardial infarction, as observed in the Mary’s Ealing, North-
wick Park Diabetes (SENDCAP) study (Elkeles et al. 1998).

Running trials, such as the Fenofibrate Intervention and Event Lowering
in Diabetes (FIELD), will provide additional evidence for possible clinical
cardiovascular benefits of PPARα agonists, such as fibrates, in the diabetic
population. Several PPARα/γ co-agonists are currently in phase 3 development
for the treatment of patients with type 2 diabetes (Ebdrup et al. 2003).

8
Conclusion

Considerable evidence indicates that PPARα activation by fibrates has benefi-
cial effects on inflammatory diseases, including atherosclerosis. Although the
molecular mechanisms are not yet fully established and the pathophysiological
complexity is important, PPARα interferes at different steps of atherogenesis
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by blocking vascular cell recruitment, by modulating foam cell formation, by
interfering with the inflammatory response and by inhibiting fibrous plaque
development. Its implication in plaque stability and atherothrombosis is less
clear, and its understanding requires further studies.

In conclusion, synthetic PPARα agonists are pharmacological drugs with
high potential. Combination treatment with statins (for example) and devel-
opment of PPARα/γ co-agonists appear to be promising future options for an
optimal treatment of atherosclerosis.
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Abstract The biological actions of angiotensin II (ANG), the most prominent hormone
of the renin–angiotensin–aldosterone system (RAAS), may promote the development of
atherosclerosis in many ways. ANG aggravates hypertension, metabolic syndrome, and en-
dothelial dysfunction, and thereby constitutes a major risk factor for cardiovascular disease.
The formation of atherosclerotic lesions involves local uptake, synthesis and oxidation of
lipids, inflammation, as well as cellular migration and proliferation—mechanisms that may
all be enhanced by ANG via its AT1 receptor. ANG may also increase the risk of acute throm-
bosis by destabilizing atherosclerotic plaques and enhancing the activity of thrombocytes
and coagulation. After myocardial infarction, ANG promotes myocardial remodeling and
fibrosis, and its many pathological mechanisms deteriorate the prognosis of these high-risk
patients in particular. Therapeutically, inhibitors of the angiotensin I-converting enzyme
(ACEI) and AT1 receptor blockers (ARB) are available to suppress the generation and cellular
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signaling of ANG, respectively. Despite major differences in the efficacy of ANG suppression
and the modulation of other hormones and receptors, both classes of drugs are generally
effective in attenuating numerous pathomechanisms of ANG in vitro, and in diminishing
the development of atherosclerotic lesions and restenosis after angioplasty in various an-
imal models. In clinical therapy, ACEI and ACE are well-tolerated antihypertensive drugs
that also improve the prognosis of heart failure patients. After myocardial infarction and
in stable coronary heart disease, ACEI have been shown to reduce mortality in a manner
independent of hemodynamic alterations. However, there is little evidence that inhibitors
of the RAAS may be effective against arterial restenosis, and a possible benefit of these sub-
stances compared to other antihypertensive drugs in the primary prevention of coronary
heart disease in hypertensive patients is still a matter of debate, possibly depending on the
specific substance and condition being investigated. As such, the general clinical efficacy of
ACEI and ARB may be due to a positive influence on hemodynamic load, vascular function,
myocardial remodeling, and neuro-humoral regulation, rather than to a direct attenuation
of the atherosclerotic process. Further therapeutic advances may be achieved by identifying
optimum drugs, patient populations, and treatment protocols.

Keywords Renin-angiotensin-aldosterone system · Angiotensin I ·
Angiotensin I-converting enzyme · ACE inhibitor · Angiotensin AT1-receptor

Abbreviations
RAAS Renin-angiotensin-aldosterone system
ANG Angiotensin II
ACE Angiotensin I-converting enzyme
SHR Spontaneously hypertensive rat
oxLDL Oxidized low-density lipoprotein
LOX-1 Lectin-like oxidized low-density lipoprotein receptor-1
CRP C-reactive protein
ARB Angiotensin AT1-receptor blocker
ACEI ACE inhibitor
IMT Intimal medial thickness
MCP-1 Monocyte chemoattractant protein-1
PDGF Platelet derived growth factor
MMP Matrix metallo-proteinase
EGF Epidermal growth factor

1
Introduction

Research over the past decades has drawn a complex picture of the pathophys-
iology of human vascular disease. Intrinsic risk factors have been described–
such as hypertension, dyslipidemia, and endothelial dysfunction–that have
paved the way to understanding the cellular pathomechanisms involved in
the initiation or promotion of atherosclerotic plaque formation (Ross 1999).
This disease is now understood primarily as an inflammatory process of the
vascular wall that includes dysfunctional regulation, invasion of white blood
cells, cellular proliferation, and at the molecular level activation of cytokines,
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adhesion factors, growth hormones, as well as oxygen radicals. Usually, this
process proceeds over years until it culminates in an acute vascular occlu-
sion, frequently initiated by plaque rupture and activation of thrombocyte
aggregation and coagulation. With the occurrence of ischemic episodes or
an acute atherothrombotic event, cardiovascular disease becomes clinically
manifest and launches additional pathophysiological mechanisms. Recurrent
thrombosis now becomes threatening and must be prevented by antiplatelet or
anticoagulant drugs. In the case of a negotiated myocardial infarction, the se-
quel of scar formation,myocardial remodelingandphysical impairment entails
the risk of severe clinical complications, e.g., cardiac arrhythmias and heart
failure, which ultimately determine the prognosis of cardiovascular disease.

The discovery and investigation of the renin–angiotensin–aldosterone sys-
tem (RAAS) is intimately intertwined with scientific advances in the field of

Fig.1 Major risk factors of atherosclerosis target the RAAS which provides a link to numerous
pathophysiologic events.Componentsof the renin-angiotensin systen, e.g., angiotensinogen
[the parent peptide of angiotensin I (ANG I)], angiotensin I converting-enzyme (ACE), and
AT1 receptors are upregulated by common metabolic and hormonal alterations. Via its AT1
receptor, ANG promotes a variety of pathomechanisms that are significant in the initiation,
progression, and clinical prognosis of cardiovascular disease
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atherosclerosis. Originally, circulating angiotensin II (ANG) was recognized as
a major factor causing hypertension, and was therefore regarded as a risk fac-
tor of atherosclerosis. More recently, evidence has accumulated that the RAAS
is acting as a pathogenic factor at virtually all stages of cardiovascular disease.
Many pathophysiological details have been revealed about the function of ANG
as a mediator of lipid alterations and inflammation in the initiation phase of
atherosclerosis. Conversely, major risk factors of atherosclerosis modulate the
expression of angiotensinogen, angiotensin I converting-enzyme (ACE) and
AT1 receptors, so that the RAAS provides an important functional link between
the risk factors and pathomechanisms of this disease (Fig. 1). Angiotensin II
also appears to contribute significantly to the progression and clinical progno-
sis of cardiovascular disease which will be decided by acute atherothrombosis
and by ischemia related cardiovascular pathophysiology. This review attempts
to differentiate the implications of the RAAS in the individual pathomecha-
nisms of cardiovascular disease, and will focus on the experimental and clinical
experiences obtained with its pharmacological suppression.

2
Pathogenic Mechanisms Linking RAAS and Atherosclerosis

2.1
Physiology and Localization of ANG Formation

Hypertension has long been known as a risk factor for the development of
atherosclerosis, and its association with kidney disease has shown that circu-
lating ANG can constitute a decisive pathogenic factor. With the identification
of endothelial dysfunction and vascular inflammation as prominent pathome-
chanisms of vascular disease, the significance of multiple local, tissue-based
RAAS has been disclosed more and more. Numerous organs, including heart,
blood vessels, kidneys and brain express the components of ANG synthesis
(Dzau et al. 2002), so that locally released ANG can act as an autocrine and
paracrine hormone which is not only of major significance for blood pres-
sure regulation, but also for proliferation, growth and inflammatory processes
(Fig. 2). The local restriction of such ANG actions has been demonstrated
using transgenic rats overexpressing angiotensinogen in the myocardium in
a tissue-specific manner. These animals develop myocardial hypertrophy in the
absence of an increase in blood pressure or circulating ANG levels (Mazzolai
et al. 1998). On the other hand, deletion of the membrane-bound form of ACE
in mice resulted in a cardiovascular phenotype very closely resembling that of
completely ACE-deficient animals (Esther et al. 1997). These mice also show
less generation of oxygen radicals by macrophages and less lipid peroxidation,
and are protected from the development of atherosclerosis when deletion of
apolipoprotein (apo) E is introduced as a pathogenic factor (Hayek et al. 2003).
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Fig.2 Local generation and actions of angiotensin II (ANG) in the vascular wall. Components
like angiotensinogen (Aogen) and angiotensin I converting-enzyme (ACE) are expressed in
endothelial cells (EC), vascular smooth muscle cells (SMC), fat cells (FAT) and macrophages
that combine with incorporated renin to form local systems of ANG synthesis. Circulat-
ing renin can be taken up by some of these cells. This system is activated in diseases
like hypertension and hyperinsulinemia, and also in the inflammatory environment of
atherosclerotic plaques. Angiotensin II promotes atherogenesis by stimulating cholesterol
synthesis in macrophages, as well as by vascular and cellular uptake of LDL. Stimulation
of all vascular cell types by ANG induces vasoconstriction, hypertrophy, proliferation and
generation of the superoxide radical (O2

-) that further promotes endothelial dysfunction
and LDL oxidation. The product of this reaction (oxLDL) is avidly taken up by macrophages
via scavenger receptors, but also by the lectin-like receptor LOX-1 whose expression is
induced by ANG among other mediators

For local ANG forming systems, the only external requirement appears to be
active renin that must be taken up from the circulation despite the fact that
prorenin can be expressed in the myocardium and vascular wall under patho-
physiological conditions (Dostal et al. 1999;Endo-Mochizuki et al. 1995;Hilgers
et al. 2001). This puts into perspective the significance of the last step of ANG
synthesis that is conferred by ACE, chymase, or enzymes forming ANG directly
from angiotensinogen such as cathepsin G and other chymostatin-sensitive
enzymes (Danser 2003; Dostal et al. 1999). These enzymes are predominantly
membrane bound and occur with a wide organ distribution in many tissues.
ACE is most prominently expressed by the endothelium, from which its circu-
lating activity originates as a result of shedding; it is also present in fibrocytes,
leukocytes and parenchymal cells of various tissues (Kim et al. 2000; Ruiz-
Ortega et al. 2001; Zhuo et al. 1998). Most importantly, the myocardial activity
of ACE is upregulated in cardiac hypertrophy, in infarcted myocardium, and
also in atherosclerotic vessels, where ACE has been localized to macrophages
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and foam cells of atherosclerotic plaques and myofibroblasts of the neointima
(Fig. 2) (Diet et al. 1996; Rakugi et al. 1994a; Schunkert et al. 1990). While the
role of ACE in ANG formation is convincingly established, uncertainty exists
as to the relative contribution by chymase. Whereas the vascular activity of this
enzyme is negligible in the rabbit, it represents the majority of ANG forming
activity in human myocardium (Akasu et al. 1998; Wolny et al. 1997), and it
is upregulated in arteries of hypercholesteremic patients (Ihara et al. 1999;
Uehara et al. 2000). However, chymase in the intima of atheromatous plaques
was found to be restricted to the cytosol of mast cells, and its location in the
vascular wall did not correlate with that of ANG (Ohishi et al. 1999).

2.2
Cardiovascular Pathophysiology: Role of the Genetic Variability of ACE

The chromosomal loci of the ACE and angiotensinogen genes have been linked
to the variabilities of respective protein levels. Moreover, ACE activity and an-
giotensinogen levels appear to modulate arterial blood pressure, as well as
left ventricular mass (independently of blood pressure) as demonstrated in
several rodent breeding experiments (Harris et al. 1995; Jacob et al. 1991).
Particularly, a deletion/insertion (D/I) polymorphism of intron 16 of the hu-
man ACE gene appears to be functionally relevant as it is associated with
14%–50% of the interindividual variance of serum and cardiac ACE activity
(Danser et al. 1995; Schunkert 1997). Plasma levels, as well as the deletion
allele of the polymorphism, have been associated with the risk of developing
myocardial infarction or left ventricular hypertrophy (Cambien et al. 1994,
1995; Schunkert et al. 1995, 1997). These results, although largely reproducible,
have not been duplicated by all investigators (Lindpaintner et al. 1995, 1996;
Schunkert 1997). It has been suggested that in healthy subjects, negative feed-
back inhibition may neutralize the genetically enhanced expression of singular
components in the ANG synthetic cascade (Danser et al. 1998). By contrast,
the ACE DD genotype appears to play a permissive role in the development of
left ventricular hypertrophy when the cardiac growth machinery is activated.
This hypothesis is impressively illustrated by recent data from Montgomery
et al. in which young healthy subjects were studied before and after a rigor-
ous exercise protocol (Montgomery et al. 1997). Only those participants who
carried the ACE deletion allele displayed an increase in left ventricular mass.
Thus, the ACE genotype may act only under specific conditions suggesting an
interaction between altered hemodymanics, ACE, and/or other genetic cofac-
tors in the modulation of left ventricular mass. In agreement with this notion
are the observations of Pinto et al. and Ohmichi et al. who both found that
pathological remodeling early after myocardial infarction occurs predomi-
nantly in those subjects with the ACE DD genotype (Ohmichi et al. 1996;
Pinto et al. 1995). Even more strikingly, transgenic rats with high levels of car-
diac ACE expression have normal hearts as long as these animals are housed
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under physiological conditions. However, cardiac growth and diastolic dys-
function were augmented in the same ACE transgenic rats when the animals
were stressed by abdominal aortic banding and subsequent cardiac pressure
overload (Pinto et al. 1997).

2.3
Role of RAAS in the Pathogenesis of Atherosclerosis

2.3.1
Risk Factors and Endothelial Dysfunction

The development of atherosclerotic disease is a multifactorial process and
ANG may be implicated in all of its pathomechanisms. In the following, we
will discuss the significance of the molecular actions of ANG in the multi-
faceted pathomechanisms of atherosclerosis, as summarized in Fig. 3. Before
going into the molecular details of local vascular processes, attention should
be called to the fact that ANG may contribute to most of the general risk
factors for atherosclerosis. This connection is evident in the case of renal
hypertension which is provoked by ANG as a monogenic factor, and which
clearly fosters the development of atherosclerosis (Weiss et al. 2001). Similar
considerations may apply to some of the pathomechanisms of primary hy-
pertension. Increased sympathetic tone is found in hypertensive patients and
in the spontaneously hypertensive rat model, and is mutually connected with
the RAAS. AT1 receptors are located in central nervous nuclei of autonomic

Fig. 3 Pathogenic mechanisms of angiotensin II with potential relevance in atherosclerosis
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regulation, in sympathetic ganglia, and at the prejunctional membranes of pe-
ripheral adrenergic neurons (Palatini 2001; Veerasingham et al. 2003). At these
locations, ANG may stimulate central nervous sympathetic tone, the firing
rate of peripheral adrenergic nerves, as well as the amount of catecholamines
released with each action potential (Brasch et al. 1993; Dendorfer et al. 2002).
Conversely, renin release from the iuxtaglomerular cells is under strict control
of sympathetic innervation in a manner mediated by β1 receptors. Denerva-
tion of the kidneys of spontaneously hypertensive rats at a prehypertensive
age delays the establishment of hypertension (DiBona 2002). The RAAS is also
known as a pathogenic contributor to the metabolic syndrome. Plasma renin
activity is negatively correlated with insulin sensitivity in hypertensive patients
and normotensive subjects (Townsend et al. 1994; Wheatcroft et al. 2003), and
insulin has the potential to activate the RAAS by upregulating the expression
of AT1 receptors (Fig. 1) (Nickenig et al. 1998).

One common denominator of vascular, autonomic and metabolic dysregu-
lation fostered by ANG can be addressed as endothelial dysfunction (Fig. 1).
This describes the impaired ability of the endothelium to provoke vasodila-
tion, and to suppress leukocyte adhesion, platelet aggregation, and prolifer-
ation of media cells, due to a reduced synthesis of mediators such as nitric
oxide (NO), prostacyclin, and endothelium-derived hyperpolarizing factor.
Endothelial dysfunction is detectable in patients with hypertension, hyperc-
holesterolemia, or hyperinsulinemia, and represents the first functional abnor-
mality present at the initiation of atherosclerosis (Mancini 1998; Wheatcroft
et al. 2003). Besides a variety of hormonal, autonomic, and metabolic con-
ditions, endothelial dysfunction may also be provoked by ANG, as has been
demonstrated in ANG-infused rats and rabbits (Rajagopalan et al. 1996). One
hallmark in the suppression of endothelial function by ANG is constituted
by an increased generation of oxygen radicals which react with and inacti-
vate NO (Fig. 4). ANG activates NADH/NADPH-oxidases of endothelial and
smooth muscle cells via AT1 receptors, and thereby induces the formation
of superoxide anion (O2

−) and hydrogen peroxide (H2O2) (Griendling et al.
1997; Lassegue et al. 2003; Seshiah et al. 2002). Reaction of NO with super-
oxide in particular will not only inactivate the vasodilator, but will give rise
to peroxynitrite (ONOO−) which is considered as a more cytotoxic radical
because it readily oxidizes free and protein-associated tyrosine (Droge 2002;
Dusting et al. 1998; Napoli et al. 2001). Oxygen radicals trigger a variety of
redox-sensitive intracellular signaling pathways that further impair the func-
tional capacity of endothelial cells. Endothelial NO synthase is upregulated
and decoupled in response to ANG infusion, so that it contributes to vascular
superoxide formation (Mollnau et al. 2002). Finally, oxygen radicals increase
the expression of the vasoconstrictor endothelin, and may trigger the cascade
resulting in apoptosis (Feuerstein et al. 2000; Herizi et al. 1998; Schiffrin 2001).

ANG induces the described detrimental effects via its AT1 receptor sub-
type. These actions may be balanced by stimulation of AT2 receptors that are



ACE Inhibitors and Angiotensin II Receptor Antagonists 415

Fig. 4 Role of oxygen radicals in the suppression of NO availability and in the signaling
of inflammatory and proliferative actions of angiotensin II. Reactions are summarized
that provoke the stimulation of NADH/NADPH-oxidase by AT1 receptors (black), or that
mediate the growth and inflammatory responses to the intracellular generation of H2O2
(gray). Stimulation of NADH/NADPH oxidases via the AT1 receptor results in the genera-
tion of superoxide anion (O2

-) which, after conversion to H2O2 by superoxide dismutase
(SOD), constitutes an important intracellular signaling molecule, and also inactivates the
vasodilator NO

greatly expressed during fetal development, but restricted to certain organs
(e.g., brain, kidney, adrenal medulla) in adults. In particular, AT2 receptors
represent the main subtype in human myocardium, whereas their expression
is low in rodents (Regitz-Zagrosek et al. 1995). Cardiovascular AT2 receptors
are present at endothelium, fibroblasts, cardiomyocytes and smooth muscle
cells and are upregulated in pathophysiological conditions such as heart fail-
ure and myocardial infarction (Matsubara 1998). In general, AT2 receptors
may counteract the signal transduction of AT1 receptors by activating protein
phosphatases, thereby reverting the signaling of AT1-activated protein kinases
(Cui et al. 2001; Sohn et al. 2000). Furthermore, AT2 receptors promote the
generation of bradykinin, a nonapeptide that stimulates the release of en-
dothelial autacoids via B2 receptors, thereby alleviating the vasopressor and
fibrogenic actions of ANG (Kurisu et al. 2003; Siragy et al. 1999). This physio-
logical significance of AT2 receptors has mainly been derived from studies with
AT2-deficient mice. These mice show a slight elevation of blood pressure, vas-
cular hypertrophy and enhanced sensitivity to ANG (Brede et al. 2001), and are
prone to neointima formation in vascular lesions (Suzuki et al. 2002). Blockade
of AT2 receptors has been shown to promote the formation of aneurysms in
ANG-infused apoE−/− mice, and to diminish the protective action of an AT1
antagonist after myocardial infarction (Daugherty et al. 2001; Liu et al. 1997).
In the latter situation, both an AT1 antagonist and an ACE inhibitor attenuated
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remodeling, but AT2 receptor stimulation appeared to be functional during
AT1 blockade, exclusively (Xu et al. 2002). Suppression of proliferation via AT2
receptors has been clearly demonstrated in neointima formation after balloon
injuryof carotidarterywhichwas significantly attenuatedby local gene transfer
and overexpression of these receptors (Nakajima et al. 1995). However, under
certain conditions, AT2 receptors mediate effects that may be detrimental in
cardiovascular diseases. Myocardial hypertrophy and fibrosis induced by ANG
infusion were abolished in AT2

−/−mice (Ichihara et al. 2001). AT2 receptors
may trigger apoptosis in cardiomyocytes and may impair the proliferation of
endothelial cells (Dimmeler et al. 1997; Goldenberg et al. 2001). Evidence has
also been obtained that AT2 receptors activate nuclear factor κB (NF-κB) in
smooth muscle cells, an effect resembling the prominent inflammatory actions
of AT1 receptors (Ruiz-Ortega et al. 2000). As such, the contribution of AT2
receptors in processes relevant for atherosclerosis has not been conclusively
characterized, and there is no in vivo evidence of any anti-atherosclerotic in-
fluence of overexpression or exogenous stimulation of AT2 receptors. Overall,
most pathophysiological mechanisms of ANG appear to be mediated by the
AT1 subtype.

2.3.2
Plaque Formation

Early in the development of atheromatous plaques, cholesterol accumulates
in the vascular wall due to either enhanced invasion, stimulated cellular up-
take, or exaggerated synthesis by tissue macrophages. Locally formed ANG
may accelerate all of these processes. Atherosclerosis in ANG-infused apoE−/−

mice is related to an increase in cholesterol synthesis that is provoked in
macrophages by transcriptional upregulation of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase via the AT1 receptor (Fig. 2) (Keidar et al.
1999). Diffusion of low-density lipoprotein (LDL) into the vascular wall is
greatly enhanced by the vasopressor effects of ANG (Nielsen et al. 1994), and
may proceed unrestrictedly when the integrity of the endothelium is locally
disturbed. LDL also binds ANG and this complex is taken up at an enhanced
rate by the macrophage scavenger receptor (Keidar 1998). Oxidation is another
modification of lipoproteins that fosters their uptake into the vessel wall. ANG
promotes LDL oxidation by increasing radical production via activation of
NADH/NADPH oxidases in macrophages and endothelial cells, as described
above. Strong interactions exist between these effects of ANG and hypercholes-
terolemia. In the aorta of cholesterol-fed rabbits, superoxide production was
about doubled as a result of endothelial NADH oxidase activity (Warnholtz et
al. 1999). Interestingly, administration of an AT1 antagonist normalized lipid
oxidation, suggesting an at least local activation of the RAAS by lipid alter-
ation. This activation is based on several molecular mechanisms. The ANG
generating enzymes, ACE and chymase, have been found to be upregulated
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in atherosclerotic lesions of hypercholesterolemic animals (Mitani et al. 1996;
Takai et al. 1997). The vascular responsiveness to ANG is increased in hyper-
cholesteremia due to post-translational enhancement of AT1 receptor density
in vascular smooth muscle (Nickenig et al. 1997). The oxidized forms of LDL
(oxLDL) also promote AT1 mRNA expression in human coronary endothe-
lial cells via activation of NF-κB (Li et al. 2000). Within this setting, it is not
surprising that hypercholesterolemic patients respond with exaggerated blood
pressure increases to infused ANG (Nickenig et al. 1999). The interaction be-
tween ANG and vascular lipids is further confirmed by the observation that
enhanced vascular sensitivity to ANG as well as AT1 receptor expression in vas-
cular smooth muscle and endothelial cells could be normalized by HMG-CoA
reductase inhibitors (Nickenig et al. 1999; Wassmann et al. 2001).

OxLDL exerts a certain atherogenic toxicity (Steinberg et al. 1989) that arises
not only from its uncontrolled uptake by macrophages via scavenger receptors,
but also from its stimulation of the lectin-like oxidized low-density lipoprotein
receptor-1 (LOX-1) (Fig. 2) . This receptor has been described as a specific
uptake mechanism for oxLDL in endothelial cells, but it is also present in
macrophages and smooth muscle cells (Chen et al. 2002; Kume et al. 2000).
Binding of oxLDL to this receptor not only triggers its internalization, but
also activates pathophysiological signal pathways. In endothelial cells, LOX-
1 activation induces apoptosis and expression of monocyte chemoattractant
protein-1 (MCP-1) as well as further cell adhesion molecules [vascular cell
adhesion molecule-1 (VCAM), intercellular adhesion molecule-1 (ICAM-1), P-
selectin] (Li et al. 2000) in a manner involving increased generation of oxygen
radicals andsubsequentactivationofNF-κBas signalingpathways (Cominacini
et al. 2000). The vascular expression of LOX-1 is upregulated in the conditions
of hypercholesterolemia, hypertension and diabetes (Mehta et al. 2002), where
it is mediated by vasoconstrictors and cytokines such as ANG, endothelin
and tumor necrosis factor-α (Morawietz et al. 1999, 2001; Moriwaki et al.
1998). In hypercholesterolemic rabbits, the RAAS seems to be responsible for
the induction of LOX-1 expression in artherosclerotic plaques, since it was
largely prevented by losartan treatment (Chen et al. 2000). Conversely, LOX-1
contributes to the local activation of the RAAS by enhancing the expression of
ACE and AT1 receptors in endothelial cells (Li et al. 2003)

2.4
Role of RAAS in the Pathogenesis of Atherothrombosis

2.4.1
Inflammation and Proliferation

Propagation of atherosclerosis is characterized by foam cell formation, in-
flammation, and proliferation of smooth muscle cells (Ross 1999). Again,
there is ample evidence for an involvement of ANG in these processes. The
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AT1 receptor activates a variety of redox-sensitive signaling pathways that
promote inflammation and growth whereby accumulating oxygen radicals
mediate many of these processes (Fig. 4). ANG activates NF-κB in mono-
cytes, vascular smooth muscle cells, and endothelial cells (Brand et al. 1996;
Kranzhofer et al. 1999). Expression of interleukin (IL)-6, MCP-1, and VCAM-
1 and ICAM-1 can be attributed to this transcription factor (Collins et al.
2001; Schieffer et al. 2000; Tummala et al. 1999). As a consequence, these
mediators promote invasion of the vascular wall by monocytes, T lympho-
cytes, and mast cells, and thereby create the conditions for cellular inflam-
mation and the release of further inflammation factors, such as tumor necro-
sis factor-α. In vascular smooth muscle cells, the AT1 receptor induces con-
traction by stimulating phospholipase C, but growth responses depend on
a variety of protein kinases and their targets, including ERK, p90RSK, JAK2,
STAT1, JNK, p38, and AP-1 (Griendling et al. 1997). The essential signaling
of ANG-induced hypertrophy in these cells seems to be related to p70S6K,
MEK and ERK, and ultimately to ANG-induced tyrosine phosphorylation of
the epidermal growth factor receptor that results in trans-activation (Fig. 4)
(Eguchi et al. 1998). These messengers stimulate vascular smooth muscle
hypertrophy and the synthesis of extracellular matrix proteins (fibronectin,
collagen, laminin, tenascin) in a manner that is at least partially indepen-
dent of increased physical stress in hypertension (Griffin et al. 1991; Kato
et al. 1991; Sharifi et al. 1992). Smooth muscle cells respond to ANG with
proliferation, particularly when further stimulatory conditions are present,
e.g., during neointima formation after balloon injury (Su et al. 1998). This
action of ANG seems to be related to the activation of PI3-kinase and to
the autocrine release of basic fibroblast growth factor (Saward et al. 1997).
However, ANG induces the release of various additional growth factors such
as tumor growth factor-β1, platelet-derived growth factor, vascular endothe-
lial growth factor, and insulin-like growth factor whose roles in the redif-
ferentiation and proliferation of vascular smooth muscle cells are not yet
established (Delafontaine et al. 1993; Gibbons et al. 1992; Naftilan et al. 1989;
Williams et al. 1995).

Disruption of vulnerable atherosclerotic plaques is considered as a major
trigger of thrombosis and ultimate infarction. Destabilization of plaques con-
curs with a high lipid content and a high inflammatory activity. ANG, ACE,
the AT1 receptor and IL-6 are colocalized in the lesion zones bearing the high-
est risk of rupture (Schieffer et al. 2000). The acute-phase C-reactive protein
(CRP) represents a strong predictor of cardiovascular death (Ridker 2001).
Besides the predictive value of CRP, its functional involvement in the process
of atherosclerosis has also recently been recognized. CRP acts as a media-
tor of inflammation by itself, and provokes various pathophysiological events,
including activation of NF-κB and expression of AT1 receptors in vascular
smooth muscle cells (Hattori et al. 2003; Wang et al. 2003). The RAAS further
contributes to plaque destabilization by provoking smooth muscle apoptosis
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which is highly prevalent in culprit lesions (Mallat et al. 2000), and by inducing
matrix metallo-proteinases (MMPs) that degrade the fibrous cap (Chen et al.
2002). The collagen-cleaving MMP-9 is particularly involved in the degradation
of the basal membrane that is necessary for smooth muscle cell migration and
proliferation. Excessive activation of MMP-9 is able to destabilize atheroscle-
rotic plaques (Morishige et al. 2003). Finally, the RAAS should also support the
pathomechanisms of thrombosis. Platelets possess ANG receptors that allevi-
ate aggregation by promoting the effects of other platelet agonists (Ding et al.
1985). The RAAS increases the production and release of plasminogen activa-
tor inhibitor-1 (PAI-1) from endothelial cells and vascular smooth muscle cells
(Nakamura et al. 2000; Vaughan 2002), and is apparently also involved in the
accumulation of tissue factor in atherosclerotic plaques, that was found to be
reduced in ACE inhibitor-treated patients (Soejima et al. 1999).

2.5
Role of RAAS in the Pathogenesis of Cardiovascular Disease

2.5.1
Secondary Events and Restenosis

When vascular disease proceeds to manifest ischemia or even infarction, the
RAAS becomes involved in multiple pathophysiologic mechanisms that lead
to hemodynamic and neurohumoral dysbalance, and ultimately organ dam-
age. Based on the multiple studies demonstrating protective effects of ACEI,
it is tempting to hypothesize that ANG sets the basis for ischemia by pro-
moting vascular and ventricular hypertrophy. Furthermore, ANG aggravates
myocardial infarction, the risk of cardiac arrhythmias, and post-ischemic my-
ocardial stunning by impairing reperfusion and by increasing oxygen radical
generation, leukocyte emigration, wall stress, and sympathetic activity. In the
infarcted myocardium, ANG may foster myocardial remodeling by induction
of inflammation, myocyte apoptosis, and cardiac fibrosis. The sequels of these
pathomechanisms will ultimately precipitate heart failure, supported by multi-
ple interactions of ANG with neurohumoral homeostasis and by hemodynamic
alterations in the kidney. It needs to be stated that the causal role of the RAAS
is not proven in any of these processes, but is reflected by the therapeutic spec-
trum of RAAS inhibitors. However, this includes effects that are not restricted
to the suppression of ANG actions. For ACEI, potentiation of preconditioning,
reduction of infarct size, attenuation of fibrosis, and improved perfusion of the
kidney may be attributed to the potentiation of bradykinin actions (Linz et al.
1995). Stimulation of AT2 receptors may contribute to the attenuation of postin-
farct myocardial remodeling achieved with AT1 receptor blockers (ARB) (Liu
et al. 1997). The various implications of the RAAS in ischemic cardiac disease
and heart failure have been reviewed recently (Brewster et al. 2003), and will
not be gone into further because they occur subsequently to the atherosclerotic
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process, which is the main focus of the present review. However, it should be
kept in mind that these actions of the RAAS will determine the clinical prog-
nosis of cardiovascular disease which constitutes the most relevant endpoint
assessed in clinical studies.

Restenosis is a major complication occurring after angioplasty of diseased
vessels. The tissue trauma induces migration and proliferation of medial
smooth muscle cells that ultimately occlude the vessel by forming a neoin-
tima. Local activation of the RAAS by this process has been demonstrated in
terms of an enhanced expression of ACE and AT1 receptors in the neointima of
rat arteries after balloon injury (Fernandez-Alfonso et al. 1997; Viswanathan
et al. 1992). Endogenous ANG appears to be involved in the activation of mi-
togenic protein kinases (JNK, ERK, AP-1) after vascular trauma, since this
signaling was attenuated by ACEI and ARB treatment (Kim et al. 1998). ANG
appeared to be of highest significance for initiating proliferation and mi-
gration of medial smooth muscle cells (Fingerle et al. 1995). Accordingly,
treatment with ACEI has been shown to reduce neointima formation in rat
and porcine models (Matsumoto et al. 2001; Wong et al. 1997). Accumu-
lation of bradykinin has been implicated in the antiproliferative action of
ACEI (Farhy et al. 1993). Reduction of neointima formation has also been
achieved with ARBs (Igarashi et al. 2001), whereby the beneficial action of
valsartan in a mouse model appeared to be contributed by AT2 receptor
stimulation (Wu et al. 2001). It has been pointed out that a highly efficient
RAAS inhibition is required to exert antiproliferative actions. ACE inhibi-
tion in plaques was observed only at a substantially higher dose of quinapril
than needed for inhibition of plasma ACE or for blood pressure reduction
in rats (Rakugi et al. 1994b). The clinical potential of RAAS blockade may
also be limited by the finding that ANG suppression will only remove a trig-
ger of the proliferation response, whereas further growth factors are more
relevant for the long-term development of restenosis (Fingerle et al. 1995;
Wong et al. 1997).

3
Actions of ACEI and ARB in Experimental Atherosclerosis

3.1
Pharmacodynamic Differences Between ACEI and ARB

The general ability of ACE inhibitors (ACEI) and of angiotensin AT1-receptor
blockers (ARB) to attenuate virtually all of the cardiovascular actions of the
RAAS is commonly accepted. The differences between the two drug classes
comprise a differential impact on the affected angiotensin receptor subtypes,
a different involvement of peptide hormones other than ANG, and possible
differences in the efficacy of RAAS suppression (Fig. 5). ACEI reduce the
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Fig. 5 Differential interaction of ACE inhibitors (ACEI) and AT1 receptor blockers (ARB)
on hormone levels and pathways within the renin–angiotensin and the kinin–kallikrein
systems. By blocking the degradation of angiotensin I, ACEI decrease the availability of
angiotensin II ([1–8]-ANG) and promote accumulation of angiotensin I ([1–10]-ANG) (in-
dicated by arrows at the right side of the angiotensin metabolic pathway). Blockade of
bradykinin degradation by ACEI also efficaciously potentiates the actions of bradykinin at
its B2 receptors. Despite blockade of ACE, angiotensin II can be generated by alternative
pathways. Alleviation of negative feedback on renin activity induces accumulation of an-
giotensin I under therapy with both, ACEI and ARB. This may be of functional significance
since this peptide enables the generation of active metabolites, e.g., [1–7]-ANG. Increased
levels of angiotensin II are observed during AT1 blockade, a condition leading to enhanced
stimulation of the AT2 receptor subtype, and to the generation of further angiotensin
fragments, such as angiotensins III and IV whose biological significance has not yet been
clarified

stimulation of AT1 and AT2 receptors, but inhibition may be overcome by
activation of renin, by induction of ACE, and by alternative ANG-forming
enzymes, such as chymase. Inhibition of ACE blocks the degradation of various
peptides, the most important of which is the vasodilator bradykinin. ACEI
produce a marginal increase in circulating concentrations of bradykinin, but
increase the functional potency of bradykinin by factors of 3–50 (Bonner et al.
1990). Bradykinin stimulates NO release from endothelial cells via B2 receptors,
and exerts a variety of beneficial actions that have been implicated in the organ-
protective actions of ACEI (Linz et al. 1995). Within their class, ACEI may be
differentiated according to their lipophilicity which may foster preferential
inhibition of tissue vs. plasma ACE, and according to their ability to form high
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affinity complexes with ACE. Clinically approved ACEI do not differentiate
between the two catalytic centers of ACE, and nonspecific properties, e.g.,
a radical scavenging ability of sulfhydryl-containing substances, do not appear
to be of therapeutic significance.

Therapeutically used ARB are highly selective for the AT1 subtype of ANG
receptors, so that during therapy AT2 receptors will be stimulated by the re-
flective activation of the RAAS (Fig. 5). The therapeutic impact of AT2 receptor
stimulation is not clearly established, as described above. It has been demon-
strated experimentally that AT2 receptor stimulation enhances bradykinin
generation, so that some vasodilatory or diuretic actions of ARB may arise
through this pathway (Carey et al. 2001). However, bradykinin potentiation
by ARB is inferior to that of ACEI, a fact that may limit some of the ther-
apeutically desired actions, but that also lowers the incidence of unwanted
angioedema. ACEI and ARB have in common that they enhance renin ac-
tivity by interruption of negative feedback, and thus increase the genera-
tion of angiotensin I. This peptide accumulates during ACE inhibition, while
ARB increase both angiotensin I and ANG. As such, both therapies increase
the levels of potentially active cleavage fragments that are derived from an-
giotensin I (e.g., the fragments [1–7]-ANG, and [1–9]-angiotensin I), whereas
those resulting from cleavage of ANG (angiotensin III and angiotensin IV)
will be enhanced only by ARB treatment. Functional differences between ap-
proved ARB may arise from their propensity to form high-affinity recep-
tor complexes which varies greatly between the individual substances. The
slow dissociation rates of such complexes implicate an ‘insurmountable’ bind-
ing of the antagonists that results in a noncompetitive mode of antagonism.
This may be reflected by a higher efficacy of inhibition under conditions
of RAAS activation and, eventually, by a higher maximum efficacy of insur-
mountable substances for reducing blood pressure in hypertensive patients
(Elmfeldt et al. 2002).

3.2
Anti-atherosclerotic Efficacy of ACEI and ARB in Experimental Models

With so many implications of the RAAS in the pathomechanisms of atheroscle-
rosis, it is tempting to speculate about the therapeutic success of pharmacolog-
ical RAAS suppression. Indeed, in the classical model of atherosclerosis (the
cholesterol-fed rabbit), an impressive reduction of area and of cholesterol con-
tent of aortic lesions could be achieved with enalapril treatment (Schuh et al.
1993). Similar results with different ACE inhibitors were obtained in the Watan-
abe heritable hyperlipidemic rabbit, in cholesterol-fed hamster, mini-pig, and
cynomolgus monkey, as well as in apoE-deficient mice (Candido et al. 2002;
Hayek et al. 2002; Miyazaki et al. 1999). Corresponding experiments could be
successfully reproduced using ARB (Hope et al. 1999; Keidar et al. 2000; Li et al.
1999; Miyazaki et al. 1999; Strawn et al. 2000). The anti-atherosclerotic actions



ACE Inhibitors and Angiotensin II Receptor Antagonists 423

of both types of RAAS antagonists appeared to be unrelated to their hypoten-
sive or metabolic effects, because most studies performed in normotensive
animals disproved an alteration of blood pressure or plasma cholesterol in
the treatment groups (Keidar et al. 2000; Miyazaki et al. 1999). In some rabbit
models, an ARB failed to reduce atheroma formation, was less effective than
an ACEI, or was active only at a blood pressure reducing dosage (Hope et al.
1999; Li et al. 1999; Schuh et al. 1993). Thus, it was tested whether a superior
efficacy of ACEI might be related to the potentiation of the known protective
actions of bradykinin. Cotreatment with the B2 antagonist HOE 140 did not
suppress the salutary effect of ACE inhibition on aortic atheroma formation in
cholesterol-fed rabbits, or in apoE-deficient mice (Fennessy et al. 1996; Keidar
et al. 2000), however the functional reactivity of the endothelium was better
restored by ACEI than by ARB treatment (Sun et al. 2001). As such, only minor
differences between both groups of drugs have been recognized, which cannot
permit a prediction of therapeutic success in humans.

Many of the pathophysiological events outlined above could be identified
as targets of RAAS suppressive therapies in vivo. AT1 antagonism improved
endothelial function and decreased oxidative stress in cholesterol-fed rabbits
(Warnholtz et al. 1999). This was paralleled by enhanced oxidation resistance
of plasma lipoproteins and by reduced levels of oxLDL in plasma (Napoli et
al. 1999; Strawn et al. 2000). AT1 blockade also reduced expression of LOX-1,
uptakeofoxLDL, andcholesterol synthesis inmacrophages isolated fromANG-
injected or apoE-deficient mice (Keidar et al. 1995; Keidar et al. 1999). Expres-
sion of inflammation markers NF-κB, IL-8, MCP-1 was reduced by quinapril
in a rabbit model of accelerated atherosclerosis (Hernandez-Presa et al. 1997,
1998). The suppression of PDGF, fibronectin, PAI-1 and of many signaling
protein kinases (c-fos, c-jun, p46-JNK, p55-JNK) by ACEI or ARB was demon-
strated in rat arteries after balloon injury (Abe et al. 1997; Hamdan et al. 1996;
Kim et al. 1995; Kim et al. 1998).

4
Clinical Efficacy of RAAS Inhibitors in Thromboembolic Disease

4.1
Modulation of Risk Factors and Surrogate Parameters

A variety of surrogate parameters of atherosclerotic activity determined in
experimental studies could also be assessed as effects of clinical therapy.
A comparison of antihypertensive treatments with hydrochlorothiazide or
the ARB eprosartan revealed reduced levels of MCP-1 and of soluble cell ad-
hesion molecules, and an increased oxidation resistance of LDL only in the
ARB-treated patients (Rahman et al. 2002). AT1 receptor blockade reduced the
expression of a NADH/NADPH oxidase subunit, gp91-phox, in human inter-
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nal mammary artery (Rueckschloss et al. 2002). Treatment with enalapril after
myocardial infarction lowered the circulating levels of MCP-1 and tissue factor
(Soejima et al. 1999).

Major functional improvements of endothelial vasodilation were achieved
by RAAS inhibition. The TREND study was the first to demonstrate that treat-
ment with quinapril, an ACEI, for 6 months can abolish acetylcholine-induced
coronary vasoconstriction in normotensive patients (Mancini et al. 1996).
These findings were confirmed by the BANFF study which compared quinapril,
enalapril, losartan and amlodipin in their efficacies to enhance flow-mediated
brachial artery vasodilation in patients with coronary disease (Anderson et al.
2000). Amongst these treatments, only quinapril alleviated endothelial dys-
function significantly, and this effect was restricted to patients with the II- or
I/D-genotype of ACE. Quinapril also exerted greater efficacy on endothelial
function in comparison to enalapril in heart failure patients (Hornig et al.
1998). In the BANFF study, however, measurements were taken 72 h after
the last application of drugs, so that the duration of action of the individ-
ual drugs may have decisively influenced their efficacies. In further studies,
enalapril augmented acetylcholine-provoked vasodilation in coronary arter-
ies, where improvement of endothelial function was greatest in patients with
hypercholesterolemia, in patients bearing at least one D-allele of ACE, and in
smokers (Prasad et al. 2000a). Similarly, losartan improved endothelial func-
tion of femoral arteries in patients with vascular disease (Prasad et al. 2000b).
Interestingly, ramipril (ACEI) and losartan (an ARB) appeared to be equivalent
in their potential for improving endothelial vasodilation and reducing vascu-
lar stress due to oxygen radicals (Hornig et al. 2001). Correspondingly, even
the improvement of flow-dependent vasodilation provoked acutely by the ARB
candesartan was shown to be related to an enhanced activity of bradykinin
(Hornig et al. 2003). In general, ACEI and ARB improve endothelial function
in diseased, but not in healthy vessels, and eventually with preference for the
coronary vascular bed and for certain ACE genotypes (Mancini 2002). Differ-
ences between specific ACEI may be related to their selectivity for tissue ACE,
which may not be regarded as a predictor of clinical efficacy.

4.2
Retardation or Regression of Manifest Vascular Disease

Although RAAS inhibitors positively influence many biochemical and func-
tional parameters of atherosclerosis, the assessment of morphological alter-
ations in existing vascular lesions has rarely been successful. An outstanding
positive example is given in the SECURE study that was designed as a substudy
of the HOPE trial (Lonn et al. 2001; Yusuf et al. 2000b). This study random-
ized 693 patients with vascular disease or diabetes mellitus and at least one
additional risk factor to treatment with ramipril (2.5 or 10 mg/day), vitamin
E (400 IU/day) or corresponding placebos, and followed the development of
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intimal medial thickness (IMT) in carotid arteries for 4.5 years. IMT in the
placebo group increased by 0.0217 mm per year, which was significantly more
rapid than it was in the ramipril-treated groups (0.018 mm/year at 2.5 mg/day,
and 0.0137 mm/year at 10 mg/day). Supplementation with vitamin E failed to
retard atherosclerosis, a finding that corresponds to the reduction of mortality
and various cardiovascular events with ramipril, but not with vitamin E in
the overall HOPE study (Yusuf et al. 2000b, 2000a). In contrast, a similarly
designed study, PART-2, failed to confirm such protection (MacMahon et al.
2000). In PART-2, 617 patients suffering from coronary, carotid, or periph-
eral vascular disease were treated with ramipril (5–10 mg/day) or placebo for
4 years. Carotid IMT in the placebo group showed only a slight progression
from 0.79 to 0.81 mm over this time, which was not intercepted by ramipril
(final IMT 0.83 mm) (MacMahon et al. 2000). A further study failed to de-
tect retardation of coronary atherosclerosis by ACE inhibition. The SCAT trial
compared enalapril and simvastatin in 460 normocholesterolemic patients
with coronary heart disease. After 4 years, coronary diameters and the steno-
sis to lumen ratio were reduced by simvastatin, but not by enalapril. However,
enalapril effectively reduced blood pressure and lowered the combined in-
cidence of death, myocardial infarction and stroke, by more than 40% (Teo
et al. 2000). The fact that SECURE remained the only study demonstrating
morphological retardation of plaque progression by an ACEI may be related to
the type and dose of the ACEI used, and to differing sensitivities of techniques
for carotid ultrasound measurement (Lonn et al. 2001). Due to the improved
clinical outcome of coronary heart disease in ACEI-treated patients, however,
the effect of treatment on the process of restenosis per se cannot be ascertained
further.

The promotion of growth by ANG has also been implicated in the pro-
liferation of smooth muscle cells after vascular trauma, a pathomechanism
that emerges clinically as restenosis after angioplasty. As such, clinical studies
have evaluated the potential of ACEI to prevent this complication. The trials
QUIET (1,750 patients treated for 27 months with quinapril after coronary
angioplasty or atherectomy), MARCATOR (1436 patients treated with cilaza-
pril for 6 months after coronary angioplasty) and PARIS (79 patients with the
DD genotype of ACE treated with quinapril for 6 months after coronary stent-
ing) consistently denied any beneficial effect of an ACEI on the morphology
of coronary atherosclerosis and on the risk of cardiovascular events (Cashin-
Hemphill et al. 1999; Faxon 1995; Meurice et al. 2001; Pitt et al. 2001). It has
been discussed whether certain ACE genotypes or the mode of angioplasty
with or without stenting may impair the therapeutic efficacy of ACE inhibitors.
However, lack of clinical success with ACEI has been confirmed in patients
bearing the DD genotype of ACE after interventional stenting (Koch et al.
2003). The efficacy of ACEI in this situation may be limited by the fact that
in-stent restenosis occurs as a purely proliferative process with high expres-
sion of AT1 receptors by myofibroblasts, but little accumulation of ACE in the
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neointima (Wagenaar et al. 2003). This observation suggests a higher efficacy
of AT1 antagonists in this indication. Indeed, treatment with valsartan after
coronary stenting reduced the incidence of in-stent restenosis by 50% in an
open-label study (Peters et al. 2001), however this therapeutic approach awaits
further confirmation.

4.3
Endpoint Studies of Secondary Prevention

Therapies of secondary prevention aim to reduce vascular ischemic events
in patients with preexistent symptomatic cardiovascular disease. The use of
antihypertensive agents in this situation is based on several pathophysiologic
considerations. First, reduction of blood pressure lowers mechanical stress
in the vascular wall, which constitutes a first-line risk for the promotion
and rupture of atherosclerotic plaques. Second, reduction of hemodynamic
load reduces oxygen consumption, wall stress, hypertrophy, remodeling and
ultimately fibrosis in the diseased heart so that myocardial protection re-
sults. Third, lower perfusion pressure may protect further organs, e.g., the
kidney, which play a key role in determining cardiovascular mortality (Hil-
lege et al. 2002). Fourth, vasodilators may improve blood supply in post-
stenotic areas, thereby alleviating symptoms and complications of ischemia
such as inflammation, venous thrombosis and necrosis. The success of ther-
apeutically targeting these pathomechanisms has been demonstrated for va-
sodilators in severe heart failure, and the many implications of the RAAS
have been confirmed with the demonstration of superior improvements by
ACEI in the prognosis of severe, moderate, and asymptomatic heart failure
(The CONSENSUS Trial Study Group 1987; The SOLVD Investigators 1992).
These positive findings have been extended to the use of losartan, valsartan
and candesartan in heart failure (Cohn et al. 2001; Pfeffer et al. 2003; Pitt
et al. 2000), and to the treatment of heart failure following myocardial in-
farction (Rutherford et al. 1994; The Acute Infarction Ramipril Efficacy Study
Investigators 1993).

A difficulty, however, remains to discern the influence that RAAS inhibition
exerts directly on the process or complications of atherosclerosis, rather than
on its risk factors or on sequels of ischemia. The first landmark study in this
regard was the HOPE study, performed on 9297 patients suffering from either
manifest vasculardiseaseor type2diabetesand featuringat leastoneadditional
risk factor, but no sign of heart failure (Yusuf et al. 2000b). The prevalence of
cardiovascular disease or diabetes in the study population was 88% and 38%,
respectively. Treatment with ramipril (10 mg/day) reduced the occurrence of
thecombinedendpoint (myocardial infarction, stroke,orcardiovasculardeath)
by 22% within the 5-year observation period. In parallel, ramipril reduced the
individual risks of myocardial infarction, stroke, revascularization, cardiac ar-
rest, heart failure, diabetic complications, and all-cause mortality by 15%–37%.
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This profound benefit could not be explained by the minor reduction in blood
pressure (−3 mmHg systolic blood pressure) occurring in the ramipril-treated
group, and was evenly distributed amongst the study population, including
patients unaffected by diabetes or preceding infarction. These results strongly
suggest a delay of the atherosclerotic process by ramipril therapy. However, due
to the high prevalence of patients with preceding myocardial infarction in this
study (53%), the possible significance of protective hemodynamic or myocar-
dial influences could not be denied. Indeed, the PART-2 study demonstrated in
a comparable population that ramipril (5–10 mg/day) reduced left ventricular
mass by 5%, thus indicating either direct or blood pressure-dependent actions
of ramipril on the myocardium. The clinical implications of the HOPE study
were strengthened by the recently completed EUROPA trial that confirmed the
success of HOPE in 12,218 patients with stable coronary heart disease and no
apparent heart failure (Fox 2003). Treatment with perindopril (8 mg/day) over
4.2 years reduced the combined cardiovascular endpoint by 20%, and provoked
a blood pressure reduction similar to the HOPEstudy (−5 mmHg systolic blood
pressure). Generalized to the whole class of drugs, these data mandate the ap-
plication of an ACEI after myocardial infarction and for any kind of coronary
heart disease, regardless of the morphological status of atherosclerosis, blood
pressure, or cardiac performance.

4.4
Endpoint Studies of Primary Prevention

Primary prevention aims to attenuate an anticipated atherosclerotic process,
whereby at this early stage organ protection is unlikely to affect clinical out-
come. Antihypertensive therapy reduces one common pathogenic factor of
vascular disease and is generally effective for primary prevention. On the
basis of the vast experimental evidence implicating the RAAS in the develop-
ment of atherosclerosis, RAAS-suppressing drugs were expected to reduce the
incidence of ischemic vascular disease in a manner superior to other antihy-
pertensive drugs. The first approaches for direct evaluation of ACEI therapy
were the ‘UK Prospective Diabetes Study’ (UKPDS, 1,148 hypertensive patients
with type-2 diabetes treated with captopril or atenolol) and the ‘Captopril Pre-
vention Project’ (CAPPP, 10,985 hypertensive patients treated with captopril
or alternative antihypertensives) (Hansson et al. 1999; UK Prospective Dia-
betes Study Group 1998). These studies did not find significant advantages of
captopril with regard to the prevention of diabetic complications, myocardial
infarction, or cardiovascular mortality.

Two recent studies set out to clarify the prospects of ACEI as a first-line
therapy for the reduction of mortality in hypertensive patients. In the ALL-
HAT study, 33,357 patients with hypertension and at least one additional risk
factor for coronary heart disease were randomized to treatment with either am-
lodipine, lisinopril, doxazosin, or chlorthalidone (The ALLHAT Collaborative
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Research Group 2002). The study population had a considerable prevalence of
cardiovascular disease (52%) and diabetes (36%). The doxazosin arm of the
study was terminated prematurely because of a higher incidence of clinical
signs of heart failure, as compared to the chlorthalidone arm. After a mean
follow-up of 4.9 years, the risk of the primary endpoint (cardiovascular death
or nonfatal myocardial infarction), as well as total mortality did not differ be-
tween the remaining three treatment groups. Lisinopril proved to be inferior
to chlorthalidone with regard to the relative risks of stroke (1.15) and heart
failure (1.19). These negative results for lisinopril may have resulted from a less
effective reduction of blood pressure compared to the chlorthalidone group
(−2 mmHg systolic blood pressure vs. lisinopril). Alternatively, the inclusion
of a high percentage of Black patients, a group known to be less responsive
to ACE inhibition, may explain this unexpected finding. Indeed, African–
Americans had high incidences of both complications (relative risks of 1.4
and 1.32, respectively) and more pronounced differences in achieved blood
pressure levels during lisinopril treatment (systolic blood pressure higher by
4 mmHg). Interestingly, a very similar ‘Comparison of Outcomes with ACEI
and Diuretics for Hypertension in the Elderly’ (Second Australian National
Blood Pressure Study, ANBP 2) obtained different results (Wing et al. 2003).
This study involved 6,083 mainly Caucasian hypertensive patients, 65–84 years
of age, and with a low prevalence of coronary heart disease (8%). Treatment was
performed with ACEI or diuretics as primary medications, using substances
chosen by the contributing practitioners (enalapril or hydrochlorothiazide
were recommended). After a mean follow-up of 4.1 years, identical blood
pressure levels were achieved in both groups, and ACEI treatment reduced
the primary endpoint (all cardiovascular events or death from any cause) by
11%, but did not affect total mortality. In the ACEI group, the risk of my-
ocardial infarction was decreased (relative risk 0.68), and a corresponding
tendency was also observed for heart failure. Total strokes were evenly dis-
tributed in both groups, however fatal strokes occurred more frequently under
ACEI treatment. Although these treatment effects apply to the total study pop-
ulation, any differences between the treatments were confined to the subgroup
of male patients.

Definite reasons for the discrepancies between ALLHAT and the ANBP 2
study (The ALLHAT Collaborative Research Group 2002; Wing et al. 2003) are
not evident. Regarding the therapy of non-Black patients, both studies concur
that an ACEI in comparison with a thiazide diuretic will not negatively affect
the risks of all-cause mortality, coronary events, or heart failure. However,
potential therapeutic advantages of ACEI are limited to an 11% reduction in
the combined risk of cardiovascular events and all-cause mortality, which was
derived mainly from a reduced risk of nonfatal cardiovascular events (Wing
et al. 2003). On the negative side, both studies indicate that ACEI may not
be optimally effective to decrease the risk of stroke, particularly that of fatal
stroke, and furthermore that diuretics should be preferred for the treatment
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of Black patients. The lack of clinical advantages of ACEI was even more
surprising, since plasma cholesterol and fasting glucose levels, as well as the
incidence of diabetes were lowered by lisinopril in the ALLHAT study, thus
confirming the similar metabolic findings of the HOPE study (Yusuf et al.
2000b). It could be said that the follow-up of ALLHAT was too short for
this reduction of risk factors to translate into clinical outcomes. However,
even in patients followed for up to 7 years, there was no evident decline in
the yearly rate of combined cardiovascular disease, whereas a tendency for
a delayed benefit occurred after 4 years of lisinopril treatment with regard to
the development of heart failure (The ALLHAT Collaborative Research Group
2002). It is important to note that the findings of ALLHAT and of ANBP 2 were
obtained in patients of higher age (mean age 67 and 72 years, respectively) and
should not be extrapolated to patients with uncomplicated hypertension in
which treatment is usually initiated. It is plausible to assume that prophylactic
measures will be more effective when they are started at a less advanced stage
of disease.

In contrast, the first primary prevention study evaluating an ARB revealed
positive aspects of the novel treatment. The LIFE study compared losartan
against the β-receptor blocker atenolol in 9,193 hypertensive patients (mean
age 67 years) with proven left ventricular hypertrophy, of which 25% had any
kind of vascular disease (Dahlof et al. 2002). Within 4 years of equieffective
treatment, losartan reduced the combined risk of cardiovascular death, my-
ocardial infarction or stroke by 14%, and the risk of stroke by 25%, whereas
cardiovascular mortality and the incidence of myocardial infarction were not
affected. These differences were even more pronounced in the diabetic patients
of the LIFE study (1,195 patients), who benefited from losartan with a 23%
lower incidence of cardiovascular events, and with a reduced risk of cardio-
vascular and total mortality (Lindholm et al. 2002). In nondiabetic patients,
losartan reduced the risk of newly diagnosed diabetes by 25%, thus extending
the antidiabetic action of ramipril, as documented in the HOPE study, to the
ARB losartan. An overview over ALLHAT, LIFE, and ANBP 2 suggests that
antihypertensive treatment with RAAS inhibitors is effective at preventing the
onset of diabetes, and will more positively influence cardiovascular events in
patients who have lower prevalence of cardiovascular disease at the onset of
therapy. However, the risk of strokes will not be lowered more effectively than
with diuretics or β-blockers provided that comparable antihypertensive effects
have been achieved. This seems to contradict the HOPE study, where ramipril
prevented ischemic events including stroke in high-risk patients. As such, clin-
ical evidence seems to suggest a therapeutic differentiation between secondary
prevention which mandates the use of an ACEI for organ protection, and pri-
mary antihypertensive treatment that favors diuretics or ARB, the two drugs
representing the extremes of economic choice. Although a direct comparison
of both drugs is lacking, ARB should be beneficial in hypertensive patients if
they are either diabetic or at risk of developing diabetes.
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5
Conclusion

It can be concluded that despite enormous biochemical and experimental evi-
dence for strong implications of the RAAS in the pathogenesis of atherosclero-
sis, there is little proof that the clinical benefits of RAAS inhibitors arise from
direct actions on the atherosclerotic process. ACE inhibitors and AT1 receptor
antagonists are successfully applied in the treatment of hypertension, heart
failure, diabetes, as well as coronary heart disease. However, their principle
efficacy after myocardial infarction or in stable coronary heart disease appears
to be related to their influence on neuro-humoral regulation, blood supply,
myocardial hypertrophy and remodeling, and perhaps on the vulnerability of
existing atherosclerotic plaques. The earliest conditions in which ACEI have
been evaluated for primary prevention of atherosclerosis was in high-risk pa-
tients with established hypertension. Although the comparative data on ACEI
and diuretics in this application are controversial, a superiority of ACEI, if
existent, is certainly limited in extent. On the other hand, the excellent tol-
erability of these agents, their potential to prevent the onset of diabetes and
the profound knowledge of the functional implications of an activated RAAS
support a widespread use. Future prospects may focus on the possibility that
ARB might perform better than ACEI in primary prevention. Furthermore, the
prophylactic activities of RAAS inhibitors may arise more clearly when treat-
ment is started at the onset of disease, and when combined treatments will
target more efficaciously the alternative pathomechanisms of atherosclerosis,
such as lipid disorders, inflammation and thrombosis.
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Abstract It has recently been established that platelets are involved at all stages of atheroscle-
rotic disease. A major platelet mediated process is the acute vessel closure at the site of
atherosclerotic plaque rupture and there is emerging evidence for platelet adhesion to en-
dothelial cells in the early stage of atherosclerotic disease. This, through engagement of other
cells, leads to the development of the atherosclerotic plaque. Beside dietary, cholesterol- and
lipid-lowering, and other pharmaceutical approaches antiplatelet therapy plays an impor-
tant part in the treatment of atherosclerosis and its multifarious clinical manifestations.
Antiplatelet therapy and the currently approved substances for oral (acetylsalicylic acid,
dipyridamole, cilostazol, ticlopidin and clopidogrel) and parenteral (acetylsalicylic acid,
abciximab, eptifibatide and tirofiban) administration are discussed in the following sec-
tion. Attention is given to each single agent and its mechanism of action. Differences in
pharmacodynamic and pharmacokinetic properties are elucidated and outlook on future
antiplatelet strategies is discussed.

Keywords Atherosclerosis · Antiplatelet drugs · Acetylsalicylic acid · Clopidogrel ·
Dipyridamole · GPIIb/IIIa inhibitors · Platelet activation
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1
The Role of Platelet Adhesion and Aggregation in Atherosclerosis

The intact endothelium helps to prevent platelets from adhering to vessel
walls. Both the secretion of inhibitory substances, such as nitric oxide and
prostacycline, and the intact mechanical barrier to adhesive substrates of the
subendothelial matrix are crucial to keep circulating platelets in their nonre-
active state. It is well known that in the late stage of atherogenesis platelets
adhere to denuded vessel wall areas via exposed matrix proteins. Less well
known is the fact that already very early in atherogenesis platelets stick to
endothelial cells that express an ‘atherogenic’ profile of cell membrane-bound
adhesion molecules. The adhering platelets recruit other cells (platelets and
white blood cells) and deliver growth signals to the neighboring vessel wall
cells, such as smooth muscle cells and fibroblasts. Aggregating platelets and
other blood cells are incorporated into the growing atherosclerotic plaque.
Finally, after acute plaque rupture, the formation of platelet aggregates leads
to acute vessel closure and severe clinical sequelae. Coronary artery disease
and acute coronary syndromes (ACS) are some of the manifold manifestations
of atherosclerosis. Considering the central role of platelets in the pathogenesis
described above, it is clearly justified to administer a therapy aiming at the
inhibition of platelet function to treat acute and chronic atherosclerosis and
their clinical sequelae.

1.1
Receptors That Mediate Platelet Adhesion, Stimulation and Aggregation

Disruption of the endothelium in atherosclerosis allows platelets to interact
with the subendothelial matrix. The release of subendothelial von Willebrand
factor and the exposure of collagen lead, at conditions of high shear rates, to the
adhesion of unactivated platelets (Turrito et al. 1985, Kehrel et al. 1998). GPIb-
IX-V is the platelet receptor binding von Willebrand factor, and glycoprotein VI
(GPVI) is the major collagen receptor on the platelet surface. Besides binding
to platelet GPVI, collagen also serves as a binding site for von Willebrand
factor in the subendothelial matrix and therefore contributes to the adhesion
of unactivated platelets via GPIb-IX-V (Savage et al 1998). The more or less
passiveprocessofadhesion is followedbyanactivemetabolicprocessofplatelet
activation leading to platelet aggregation by binding the activated integrin
αIIbβ3 (the platelet receptor for fibrinogen, also termed GPIIb/IIIa) to soluble
fibrinogen or von Willebrand factor. Both fibrinogen and von Willebrand
factor, bound to activated GPIIb/IIIa, crosslink platelets, which contributes to
the formation of a thrombus.

Collagen and thrombin are the most potent physiological activators of
platelets. Thrombin is an agonist for two platelet receptors the protease ac-
tivated receptors 1 (PAR1) and 4 (PAR4) (Kahn et al. 1998). These receptors
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belong to the family of the G-protein coupled receptors. PAR1 mediates platelet
activation at low concentrations of thrombin while PAR4 is activated at higher
concentrations. A blockade of PAR4 has little effect on platelet aggregation,
whereas a blockade of both PAR1 and PAR4 virtually ablates platelet aggrega-
tion even at high concentrations of thrombin (Kahn et al. 1999).

Exposed to ADP, platelets undergo shape changes, activate the fibrinogen
receptor GPIIb/IIIa, aggregate, release the contents of their granules and pro-
duce thromboxane (TX) A2. The receptors binding extracellular nucleotides
such as ADP have been classified as P2 receptors. P2 receptors are subdivided
into P2X intrinsic ion channels and P2Y G-protein-coupled receptors. Three
different types of P2 receptors have been identified onplatelets: P2X1, P2Y1 and
PTY12. P2X1 has been identified as an ADP-stimulated calcium channel that
enables fast calcium entry into the platelet upon ADP binding (MacKenzie et
al. 1996). P2Y1 is a G-protein-coupled seven-transmembrane domain receptor
that changes the platelet shape and mobilizes calcium from intracellular stores
by activating phospholipase C (Jin et al. 1998). The P2Y12 receptor inhibits
the platelet adenylate cyclase and seems to be responsible for a positive feed-
back mechanism that amplifies platelet stimulation especially by weak agonists
(Hollopeter et al. 2001). Therefore, this receptor plays a central part in the final
step of platelet aggregation and stabilization of aggregates (Gachet 2001).

Epinephrin and other catecholamines stimulate the platelet α2A-adrenergic
receptor coupled to a G-protein and inhibit adenylate cyclase activity (Keularts
et al. 2000), thereby antagonizing the cAMP-elevating effect of agents like
prostacyclin and prostaglandin E1 (Paul et al. 1998). Other G-protein coupled
receptors expressed on the platelet surface are the serotonin receptor 5-HT2a
(Hourani and Cusack 1991), the vasopressin receptor V1 (Siess et al. 1986), and
the receptor for platelet activating factor (Chao and Olson 1993).

Active phospholipase A2 mediates the release of arachidonic acid from
membrane phospholipids of activated platelets. The arachidonic acid is then
converted to the prostaglandin endoperoxide intermediates PGG2 and PGH2
by action of cyclooxygenase-1 (COX-1). The prostaglandin endoperoxide in-
termediates are subsequently converted to TXA2 by the TX synthase (Smith
et al. 1996). TXA2, when released from the platelets, binds to the G-protein-
coupled TX receptor TP and functions as an agonist for platelet stimulation
(Hirata et al. 1991).

After stimulation, the platelet releases the contents of granules in the platelet
cytoplasm. This process has been termed platelet secretion. Platelets contain
several dense granules (δ-granules) and around 50 α-granules. δ-granules
mainly contain ADP, ATP, calcium, pyrophosphate and serotonin. α-granules
contain a variety of plasma proteins including fibrinogen, von Willebrand
factor, Factor V and albumin. Other proteins are synthesized by the megakary-
ocyte itself, for example platelet-derived growth factor, thrombospondin, β-
thromboglobulin, and platelet factor 4. The α-granule membrane also contains
the platelet integrin αIIbβ3, the von Willebrand receptor GPIb-IX-V, P-selectin,
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and osteonectin. These receptors reflect the platelet pool of receptors that, once
activated, can be translocated to and incorporated into the platelet membrane
during the process of secretion. The newly incorporated receptors may con-
tribute to some of the pharmacological effects of antiplatelet drugs such as
inconsistence in platelet aggregation inhibition.

2
Clinically Approved Antiplatelet Drugs

To date, various orally and intraveneously administered agents have been made
available for antiplatelet therapy. Some of them do act synergistically by in-
hibiting different steps of platelet adhesion and aggregation. In the following
chapter, the four now clinically approved strategies for platelet function inhi-
bition are discussed: (1) inhibition of cyclooxygenase; (2) phosphodiesterase
inhibition; (3) blockade of the P2Y12 ADP receptor; and (4) blockade of the GP
IIb/IIIa receptor.

2.1
Inhibition of Cyclooxygenase with Acetylicsalicylic Acid (Aspirin)

2.1.1
Mechanism of Action

Acetylsalicylic acid inhibits the enzymes COX-1[prostaglandin (PG)H-synth-
ase-1] and cyclooxygenase-2 (COX-2, PGH-synthase-2) in their conversion of
arachidonic acid to PGG2 and PGH2 (Patrono 1994). COX-1 is constitutively
expressed in most cell types, whereas COX-2 is detectable after induction in
inflammatory, endothelial and other cells. It is generally believed that platelets
express only COX-1, although in one study COX-2 was found in platelets too
(Weber et al. 1999). Aspirin selectively acetylates the serine residue at position
529 of COX-1, which results in the steric hindrance of arachidonic acid to access
the catalytic center and thereby in a permanent loss of cyclooxygenase activity.
COX-2 is inhibited by the same mechanism; however, higher doses of aspirin
are needed for inhibition. In human platelets PGH2, the product of COX 1, is
predominantly metabolized to TXA2. Through its release and binding to the
TXA2-receptor, TXA2 represents an amplification system of the platelets that
is active after stimulation with divergent primary platelet agonists (ADP, col-
lagen, thrombin, epinephrin, etc.). Since platelets cannot re-synthesize COX-1,
the irreversible blockade of COX-1 results in irreversible platelet inhibition.
Thus, although aspirin is detectable in plasma only for a limited time (plasma
half-life, 15 min), platelet inhibition can be demonstrated for about 7–10 days
(Patrono et al. 2001).
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2.1.2
Clinical Use of Acetylsalicylic Acid as an Antiplatelet Drug

The pivotal role of platelets in arterial thrombosis has been established essen-
tially by the beneficial effects of aspirin in patients with myocardial infarction
(MI). In the ISIS-2 trial, the administration of aspirin reduced the 5-week
mortality of patients with MI by 23%. The effect of platelet inhibition equaled
and added to the effect of thrombolysis by streptokinase (ISIS-2 Collaborative
Group 1988). In the 10-year-follow-up, the original benefit of aspirin was still
present (Baigent et al. 1998). Unstable angina is also associated with platelet
activation (Fitzgerald et al. 1986) and, in fact, aspirin does reduce the rate of
death and MI in patients with unstable angina (Lewis et al. 1983; Cairns et al.
1985; Theroux et al. 1988). Coronary angioplasty is linked to platelet activation,
and aspirin significantly reduces the rate of acute vessel closure (Barnathan et
al. 1987; Gawaz et al. 1996). In all these acute clinical situations, the adminis-
tration of aspirin is a therapeutic necessity. Nevertheless, aspirin saved most
lives in the secondary prevention of cardiovascular events—and as a single
drug it probably saved the most lives in all. In the Antiplatelet Trialists’ meta-
analysis of approximately 70,000 patients with coronary artery disease, TIA,
stroke or peripheral arterial vascular disease, aspirin showed a risk reduction
of 25% for MI, stroke or vascular death (Antiplatelet Trialists’ Collaboration
1994). Just recently, a meta-analysis of 200,000 patients treated with antiplatelet
drugs confirmed the benefits and even showed additional advantages of an-
tiplatelet therapy for the secondary prevention of cardiovascular complications
in patients with stable angina pectoris, intermittent claudication, and (if oral
anticoagulants are unsuitable) atrial fibrillation (Antiplatelet Trialists’ Collab-
oration 2002). In the primary prevention of cardiovascular events, the increase
of hemorrhagic strokes—a severe side effect of aspirin—seems to counteract
the beneficial effects of aspirin on the rate of MI (Peto et al. 1988; Steering
Committee of the Physicians’ Health Study Research Group 1989; ETDRS In-
vestigators 1992). In the Physicians’ Health Study, the rate of stroke increased
by 21% and the rate of MI decreased by 44% (Peto et al. 1988). Nevertheless,
a reduction of mortality from all cardiovascular causes was not associated with
aspirin (Peto et al. 1988). When extrapolated from the data of aspirin treat-
ment in primary and secondary prevention, the cut point at which the benefit
in the prevention of ischemic cardiovascular events outweighs the increase of
the risk of stroke has to be determined with caution. A higher cardiovascular
risk seems to correlate with a higher benefit conferred by aspirin. However,
patients with clear cardiovascular risk factors, especially with diabetes mel-
litus, may indeed profit from aspirin treatment in the primary prevention of
cardiovascular events (Hansson et al. 1998; The Medical Research Council’s
General Practice Research Framework 1998; Avanzini et al. 2000).

For a long time, the dosing of aspirin has been debated controversially.
There is no doubt that aspirin-induced gastrointestinal toxicity is dose de-
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pendent (Roderick et al. 1993). On the other hand, an increase in dose does
not correlate with an increase in the antiplatelet effects of aspirin. The results
of the recent Antithrombotic Trialists’ Collaborations’ meta-analysis convinc-
ingly demonstrate that high daily doses of aspirin (500–1500 mg) are not more
effective than medium doses (160–325 mg) or low doses (75–150 mg). (An-
tithrombotic Trialists’ Collaboration 2002). Thus, low-dose aspirin seems to
exert the full antiplatelet efficiency with the lowest risk of side effects.

2.2
Inhibition of the Phosphodiesterase

2.2.1
Mechanism of Action

The phosphodiesterases (PDE) are a family of enzymes catalyzing the hydroly-
sis of cyclic nucleoside monophosphates, namely cyclic adenosine monophos-
phate (cAMP) and cyclic guanosine monophosphate (cGMP) (Beavo 1995). At
least nine different isoforms termed PDE1 through PDE9 have been identi-
fied in mammalian tissues (Soderling et al. 1998). Platelets have been found
to express PDE2, PDE3 and PDE5 isoenzymes. Two substances acting by in-
hibition of PDE—dipyridamole and cilostazol—are now clinically approved.
Dipyridamole primarily inhibits the degradation of cGMP (Ziegler et al. 1995)
by PDE5 inhibition, but it also elevates platelet cAMP levels. The increased
platelet cAMP and cGMP concentrations lead to a reduced platelet reactivity
by decreasing the cytoplasmic calcium and inhibiting platelet prostaglandin
synthesis. Another nonplatelet-specific effect of dipyridamole is the elevation
of extracellular adenosine levels by reducing their uptake and metabolism
(Newsholme 1978). Dipyridamole also enhances the release and prevents the
metabolic degradation of endothelial prostaglandin PGI2 (Moncada and Kor-
but 1978; Neri et al. 1981), a potent inhibitor of platelet aggregation.

Cilostazolpotently inhibits thePDE3andadenosineuptake, thereby increas-
ing platelet and vascular smooth muscle cell cAMP levels, which ultimately
helps to inhibit platelet aggregation (Schror 2002). Additional beneficial ef-
fects of cilostazol have been observed and cannot be explained solely by the
elevation of cAMP-levels. Lipid metabolism seems to be influenced in a pos-
itive way, as cilostazol facilitates the removal of triglycerides and increases
high-density lipoprotein (HDL) cholesterol levels (Elam et al. 1998; Thompson
et al. 2002).

2.2.2
Dipyridamole (Persantin)

Since the first introduction of dipyridamole as an antianginal medication
in 1959, there has been a lot of controversy about the clinical relevance of
dipyridamole as an antithrombotic agent. Two major studies were performed
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to elucidate the role of dipyridamole in the secondary prevention of MI: first,
the Persantine-Aspirin Reinfarction Study (PARIS I) (The Persantine-Aspirin
Reinfarction Study research group 1980) and second, the PARIS II study (Klimt
et al. 1986). PARIS I directly compared aspirin 324 mg three times daily to the
same dose of aspirin plus dipyridamole 75 mg three times daily in a total of
2,026 patients. Primary endpoints were total mortality, coronary mortality,
and fatal plus nonfatal MI. The average follow-up was 41 months. There was no
statistical significant difference between the two treatment groups. In PARIS
II, patients were randomized to aspirin plus dipyridamole or placebo. A 24%
reduction of coronary adverse events was found in the group treated with
aspirin plus dipyridamole. However, a group receiving aspirin only was not
included in this trial, so that a direct beneficial effect of dipyridamole added
to aspirin could not be proven.

Furthermore, other clinical trials failed to show consistent benefit of dipyri-
damole added to aspirin in patients having undergone coronary artery bypass
surgery (Sanz et al. 1990), in patients with peripheral vascular disease (Kohler
et al. 1984), or in patients with prosthetic heart valves (Stein et al. 1986).
However there is evidence that dipyridamole plays an important part in the
prevention of stroke. The European Stroke Prevention Study 2 (ESPS-2) was
a randomized placebo-controlled double-blind trial examining aspirin 50 mg
daily, dipyridamole 400 mg daily, a regimen of both drugs together or placebo.
The combined treatment with aspirin 50 mg and dipyridamole 400 mg daily
reduced the relative risk of major vascular events by 22% compared to a treat-
ment with aspirin alone (The ESPS-2 Group 1997). The mechanism by which
dipyridamole prevents stroke still needs to be determined. A recent study
failed to establish a link between dipyridamole and a permanent reduction of
blood pressure. This link would have explained how strokes are prevented (De
Schryver 2003).

2.2.3
Cilostazol (Pletal)

The quinolinone derivative cilostazol has been shown to inhibit platelet ac-
tivation (Kimura et al. 1985) and increase vasodilation (Tanaka et al. 1988).
Cilostazol inhibits the proliferation of vascular smooth muscle cells (Takahashi
et al. 1992). After oral administration, cilostazol is extensively metabolized
by hepatic cytochrome P-450 enzymes. Two metabolites of cilostazol are ac-
tive and account for the pharmacologic effects observed in patients treated
with cilostazol 100 mg or 50 mg (when administered together with other
antiplatelet drugs) twice daily. The elimination half-lives of cilostazol and its
active metabolites amount to 11–13 h. The substance has been extensively stud-
ied in patients with peripheral vascular disease and intermittent claudication.
A meta-analysis of placebo controlled trials with cilostazol in the treatment of
peripheral artery disease showed that cilostazol therapy (administered for 12–
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24 weeks) increased the maximal and pain-free walking distance in patients
with intermittent claudication by 50% and 67%, respectively (Thompson et
al. 2002). In addition to the enhancement of quality of life, treatment with
cilostazol reduced plasma triglyceride levels by 15.8% and increased HDL by
12.8% (Thompson et al. 2002). Cilostazol is primarily used for the treatment of
symptomatic peripheral artery disease. The role of cilostazol in the treatment
of other diseases secondary to atherosclerosis needs to be carefully investigated
in larger scale placebo-controlled clinical trials.

2.3
P2Y12 ADP Receptor Antagonists Ticlopidin and Clopidogrel

2.3.1
Mechanism of Action

The thienonyridines ticlopidin and clopidogrel are prodrugs metabolized in
the liver by cytochrome P450. The short-lived active metabolite of clopidogrel
was recently identified as being a thiol derivate of the parent agent clopidogrel
(Savi et al. 2000). The selectivity of thienopyridines for the P2Y12 ADP receptor
is thought to be caused by covalent modification of the four cystein residues in
the P2Y12 receptor via the thiol metabolites (Hollopeter et al. 2001; Savi et al.
2000).

2.3.2
Ticlopidin (Ticlid) and Clopidogrel (Plavix/Iscover)

The inhibition of platelet aggregation by the thienopyridine ticlopidine was
already reported by Thebault et al. (1975). Rather recently, clopidogrel, also
belonging to the thienopyridines, replaced ticlopidine in its clinical use, as
ticlopidine showed significant adverse effects such as skin rash, gastrointesti-
nal symptoms and bone marrow toxicity with severe and fatal neutropenia.
Treatment with clopidogrel, however, caused none or many fewer of these
problems (CAPRIE Steering Committee 1996; Bennett et al. 2000; Bertrand et
al. 2000; Bhatt et al. 2002). The breakthrough study for the widespread clin-
ical use of clopidogrel was the CAPRIE trial (CAPRIE Steering Committee
1996). In this study, clopidogrel proved to be slightly more effective than as-
pirin for the secondary prevention of thrombembolic complications in patients
with atherosclerotic disease (prior MI, ischemic stroke or peripheral vascular
disease). In addition, safety and tolerability of clopidogrel and aspirin were
similar. In interventional cardiology the combinational therapy of aspirin and
clopidogrel after stent placement has become a widespread standard (Bhatt
et al. 2002). In particular, the risk of a subacute stent thrombosis after stent
placement could be reduced substantially by the combination of aspirin and
thienopyridines (Bhatt et al. 2002; Schomig et al. 1996; Moussa et al. 1999;
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Cosmi et al. 2001). Finally, just recently evolving has been the concept of long-
term treatment of coronary syndromes with the combination of aspirin and
clopidogrel (Yusuf et al. 2001).

The specific abundance of the P2Y12 ADP receptor limited to platelets and
potentially to the brain makes this receptor an interesting pharmacological
target, promising nearly ideal selectivity (Hollopeter et al. 2001). Clopidogrel
has been shown to block all available P2Y12 receptors on the platelet and thus
demonstrates highest efficiency (Gachet 2001). Clopidogrel presents an al-
most ideal safety and tolerability profile (CAPRIE Steering Committee 1996;
Bertrand et al. 2000; Bhatt et al. 2002). In fact, clopidogrel is a remarkable
pharmaceutical agent. Nevertheless, two characteristics of clopidogrel justify
the search for other P2Y12 ADP receptor inhibitors. First, even with a loading
dose of 300 mg at least two, but probably up to 12 h are needed for the full
antiplatelet effect of clopidogrel to develop (Savcic et al. 1999). The data of the
ISAR REACT study suggest that with a loading dose of 600 mg, a steady state
can be reached in less time than with 300 mg, and that the higher dose may
lead to a better outcome in the setting of percutaneous coronary interventions
(PCI) (ACC 2003, late breaking trials). However, in acute MI or urgent coronary
interventions for example, the antiplatelet effect of clopidogrel comes too late.
Second, the P2Y12 receptor is irreversibly blocked and thus the effect persists
for the entire platelet life span (Weber et al. 2001). Since there is no antag-
onist available, needed for example when urgent operations are performed,
bleeding complications may occur. To overcome these problems, a new class
of P2Y12 ADP receptor inhibitors has been developed (Story 2001), based on
the fact that ATP is a competitive antagonist of ADP. Structural homologues
were screened for selectivity against the P2Y12 receptor, and there were indeed
several agents found, some of them already having been tested in clinical trials.
The advantage of these agents consists in their immediate antiplatelet effects
after intravenous application that, because of their short half-life, are rapidly
reversible (Storey 2001). Some of these agents can be used as intravenous, some
as oral drugs (Storey 2001).

2.4
GP IIb/IIIa Inhibitors

2.4.1
Mechanism of Action

GPIIb/IIIa, or integrin αIIbβ3, is the platelet receptor for fibrinogen and me-
diates the final step in platelet aggregation. As the default state of αIIbβ3 is
a nonactivated and resting state, it needs to become activated in order to bind
its major ligand, i.e., soluble fibrinogen. This occurs after the activation of
platelets by physiological agonists (e.g., thrombin, ADP, collagen) stimulate
intracellular signal pathways and thereby induce conformational changes of
αIIbβ3. This process is termed ’inside-out’ signaling (Shattli 1999). It switches
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the receptor into an activated state with high affinity for fibrinogen and numer-
ous other ligands (Phillips et al. 1998). As a result of αIIbβ3-mediated binding
to the bivalent molecule fibrinogen, platelets aggregate and form a throm-
bus rich in platelets. To date, two binding sites have been well characterized
in αIIbβ3: an Arg-Gly-Asp (RGD)-binding site and a Lys-Glu-Ala-Gly-Asp-
Val (KQAGDV)-binding site (Tcheng 2000). Other binding sites have been
described as well, with yet unknown functional properties (Lin et al. 1997;
Basani et al 2000). Interestingly, fibrinogen binds via the KQAGDV-binding
site. Agents that bind within the ligand-binding region of αIIbβ3 and block
the binding of its natural ligands have been developed and termed GPIIb/IIIa
inhibitors. Of the three clinically approved parenteral GPIIb/IIIa inhibitors,
one (abciximab; ReoPro, Lilly, IN, USA) is based on an antibody structure, and
the two others (eptifibatide; Integrilin, Millennium/Schering-Plough, NJ, USA
and tirofiban; Aggrastat, Merck, NJ, USA) are described as small-molecule
GPIIb/IIIa inhibitors. All of them bind to αIIbβ3 either in the resting or acti-
vated conformation and inhibit fibrinogen binding and, consequently platelet
aggregation. The first substance to be developed was a murine monoclonal
antibody (mAb) that blocked αIIbβ3 (Coller et al. 1989). The immunogenicity
of this mAb could be reduced by its humanization, i.e., by the exchange of the
constant regions of the mouse antibody with the constant regions of human
immunoglobulin IgG1 to produce a chimeric Fab fragment called abciximab.
The other two GPIIb/IIIa inhibitors belong to the group of small molecules and
can be subdivided into synthetic peptide inhibitors (eptifibatide) and synthetic
nonpeptide inhibitors (tirofiban).

2.4.2
Abciximab (ReoPro)

The Fab fragment abciximab, with a molecular mass of 48 kDa and a reported
equilibrium dissociation constant (KD) of 5 nM is a high-affinity GPIIb/IIIa
inhibitor for parenteral use only (Scarborough et al. 1999). The high receptor
affinity and low KD characterize the antagonist–receptor binding as noncom-
petitive, rendering a low plasma concentration of unbound abciximab that is
eliminated through protein metabolism. Besides binding to αIIbβ3, abciximab
has been reported to bind to with equal affinity to integrin αVβ3 (Tam et al.
1998) and with lower affinity (KD, 160 nM) to the activated integrin αMβ2
(Mac-1) on monocytes and granulocytes (Coller 1999). The blockade of Mac-1
by abciximab inhibits leukocyte adhesion and aggregation and thus directly
attenuates inflammatory reactions (Schwarz et al. 2002). Furthermore, since
abciximab inhibits the binding of Factor X and its conversion to Factor Xa,
it attenuates the cell-based initiation of the coagulation cascade (Schwarz et
al. 2002). However, the clinical relevance of the cross-reactivity of abciximab
against αVβ3 and Mac-1 remains to be determined. Interestingly, abciximab
competes with heparin for binding to Mac-1 (Peter et al. 1999) and may thereby
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prolong the activated clotting time. This has been observed in patients treated
with unfractionated heparin and abciximab (Moliterno et al. 1995; Ammar
et al. 1997). The cross-reactivity of abciximab with the endothelial cell inte-
grin αVβ3 and the leukocyte integrin Mac-1 provides a possible explanation
for abciximab-related effects on the coronary microcirculation. Microvascular
coronary resistance decreased after abciximab bolus administration in patients
with unstable refractory angina pectoris and hemodynamic-relevant coronary
artery stenosis (Marzilli et al. 2002). Abciximab is currently approved for the
use in patients undergoing PCI. It has also been studied as first-line medical
treatment in patients with ACS in the absence of PCI, but for up to 48 h no
benefit of abciximab treatment could be reported in this setting (The GUSTO
IV-ACS Investigators 2001). Initial dose-finding trials were performed to iden-
tify the dosage leading to over 80% inhibition of platelet aggregation in humans
or to less than 20% of baseline ADP-induced platelet aggregation. The findings
led to the current administration as a bolus of 0.25 mg/kg followed by a 12-h
infusion of 0.125 µg/kg/min (Tcheng et al. 1994). This dosing regimen has
been kept constant in several clinical trials with a huge number of patients.
The trials proved the benefit of abciximab treatment in the setting of acute
MI and PCI. A newer study using the current dosing regimen showed that al-
though most of the abciximab-treated patients achieved a platelet inhibition of
95% or higher 10 min after bolus administration, as assessed with the Ultegra
Rapid Platelet Function Assay, the level of platelet inhibition 8 h after bolus
administration and during continuous infusion of 0.125µg/kg/min was only
90%±11%. Patients showed a significant higher rate of major cardiac adverse
events if platelet inhibition was less than 95% 10 min after bolus administration
(Steinhubl et al. 2001). This result may lead to further dose-adjustment trials
monitoring the platelet function inhibition. The high affinity and the low half-
time rate of dissociation from the receptor led to prolonged platelet inhibition
lasting for up to 7 days and distinguished abciximab from the small-molecule
inhibitors with a lower affinity and more rapid dissociation (Mascelli et al.
1998; Peter et al. 2000). Due to the rapid plasma clearance of unbound abcix-
imab and the high receptor affinity, a dose reduction in patients with renal
disease does not seem to be necessary and platelet inhibition can be reversed
rapidly by platelet transfusion. A rare adverse event of abciximab adminis-
tration is the development of acute, severe thrombocytopenia with platelet
counts of less than 20,000 platelets/µl. This condition develops within 24 h in
approximately 0.7% of patients (Berkowitz et al. 1997). The pathogenesis of this
thrombocytopenia is unknown. One of the most often discussed theories states
that pre-existing antibodies against αIIbβ3 conformations induced by abcix-
imab or other antagonists can induce thrombocytopenia (Bednar et al. 1999).
There was one patient described who presented with severe thrombocytopenia
and in whom abciximab treatment resulted in direct platelet activation. It has
been hypothesized that the sequestration of these activated platelets caused
thrombocytopenia (Peter et al. 1999).
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2.4.3
Eptifibatide (Integrilin)

Eptifibatide is a synthetic heptapeptide with a mass of 800 Da, modeled on
the active site of barbourin, a peptide from the disintegrin family found in the
venom of the southeastern pigmy rattlesnake. Unlike other disintegrins that
have an RGD sequence and block all integrins that recognize this sequence,
barbourin mediates its high affinity to αIIbβ3 through a Lys-Gly-Asp (KGD)
sequence (Phillips and Scarborough 1997). Eptifibatide contains a modified
KGD sequence and binds with high specificity to αIIbβ3, but with a lower
affinity (KD, 120 nM) than abciximab.

Despite its initially proposed specificity for αIIbβ3, binding of eptifibatide
to αV integrins has been reported (Thibault et al. 2001) and inhibition of
αVβ3 on different cell types, including smooth muscle and endothelial cells,
has been demonstrated (Lele et al. 2001). The low affinity of the drug accounts
for the high plasma concentration of unbound eptifibatide with only 25% of
eptifibatide bound to plasma proteins. As eptifibatide is eliminated through
the kidney, dose reductions in patients with severe renal disease or renal fail-
ure are necessary. Eptifibatide is currently approved for patients with ACS
and patients undergoing PCI. The Integrilin to Minimize Platelet Aggrega-
tion and Coronary Thrombosis (IMPACT II) trial (IMPACT-II Investigators
1997) showed that eptifibatide, given as a 0.135 µg/kg bolus followed by a
0.75-µg/kg/min infusion, reduced the rate of ischemic events during the 24-h
treatment period in patients undergoing elective, urgent or emergency PCI.
It was found that the calcium-chelating property of the anticoagulant sodium
citrate used for platelet aggregation assays in the IMPACT II trial led to an
overestimation of the inhibitory effect of eptifibatide (Phillips et al. 1997).
The dosing regimen was re-evaluated in the Posicor Reduction of Ischemia
During Exercise (PRIDE) trial (Tcheng et al. 2001), with the direct thrombin
inhibitor Phe-Pro-Arg chloromethyl ketone (PPACK) as an anticoagulant for
platelet aggregation assays. In the PRIDE trial, the dose of 180µg/kg bolus
followed by a 2.0-µg/kg/min infusion proved to be sufficient to achieve and
maintain over 90% inhibition of 20 µM ADP-induced platelet aggregation. This
dosing regimen was confirmed in the Platelet Glycoprotein IIb/IIIa in Unsta-
ble Angina trial [Receptor Suppression Using Integrilin Therapy (PURSUIT)
trial]. Compared to a treatment with placebo, patients with unstable angina or
non-ST-segment elevation MI (NSTEMI) had a significantly lower incidence
of death or MI when treated with eptifibatide 180 µg/kg bolus followed by
2.0-µg/kg/min infusion (The PURSUIT trial investigators 1998).

The plasma elimination half-life of eptifibatide is approximately 2.5 h. The
level of platelet aggregation inhibition 4 h after cessation of the infusion is
less than 50% and the bleeding time 6 h after cessation is not remarkably
prolonged. As an early peak level with a small decline within 4–6 h after the
bolus administration was observable, a double bolus of 180µg/kg followed by
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another 180µg/kg 10 min later was considered safe in patients undergoing
PCI in the Enhanced Suppression of the Platelet IIb/IIIa Receptor with Inte-
grilin Therapy (ESPRIT) trial (The ESPRIT trial investigators 2000). Data from
patients who underwent PCI suggest that the decline in platelet aggregation in-
hibition could be overcome by the double bolus administration of eptifibatide
(Gilchrist et al. 2001).

2.4.4
Tirofiban (Aggrastat)

The synthetic nonpeptide tirofiban is a small-molecule (500 Da) GPIIb/IIIa
inhibitor that mimics the RGD sequence (Egbertson et al. 1994). Tirofiban is
a competitive antagonist with a receptor affinity higher than eptifibatide but
lower than abciximab (KD, 15 mM). To date, no cross-reactivity of tirofiban
with other integrins has been reported. The fraction of unbound tirofiban
in human plasma is 35%, the plasma elimination half-life of 2 h is compa-
rable with eptifibatide. Normal hemostatic function is restored within 4 h of
cessation of the drug infusion. The renal clearance of tirofiban accounts for
39%–69% of the plasma clearance. Patients with creatinine clearance of less
than 30 ml/min present a significantly decreased plasma clearance (>50%) of
tirofiban. For these patients, the manufacturer recommends a weight-adjusted
reduction of the dose by 50%. Tirofiban is licensed for the treatment of ACS and
in the setting of PCI. The dosing regimen for the use in ACS is a bolus infusion
of 0.4 µg/kg/min over 30 min, followed by an infusion of 0.1 µg/kg/min. In
patients undergoing PCI, a bolus dose of 10 µg/kg given 10 min prior to PCI
followed by a 0.15-µg/kg/min infusion for 18 h has been used in the Random-
ized Efficacy Study of Tirofiban for Outcomes and Restenosis (RESTORE) trial
(RESTORE Investigators 1997). Sufficient and consistent platelet aggregation
inhibition of more than 80% in the response to 20 µM ADP has been reported
with either dosing regimen during the time of infusion (Batchelor et al. 2002).
However, an inhibition of platelet aggregation exceeding 80% after a bolus of
10 µg/kg (RESTORE regimen) was not achieved in all patients at 15 and 30 min,
but could be observed after 4 h (Batchelor et al. 2002). The same dosing regi-
men for tirofiban was used in the Tirofiban and ReoPro Give Similar Efficacy
Outcomes trial (TARGET) (The Target Investigators 2001). This trial, intended
to asses the noninferiority of tirofiban compared to abciximab, was the first
direct comparison of the two GPIIb/IIIa inhibitors abciximab and tirofiban in
the setting of PCI. The 30-day results demonstrated the superiority of abcix-
imab. The primary end point occurred in 7.6% of patients treated with tirofiban
versus 6% of patients treated with abciximab. A possible explanation for this
phenomenon is the incomplete inhibition of platelet aggregation by tirofiban.
Platelet aggregation measurements were not incorporated in the study proto-
col. Therefore, this issue has to be addressed by further investigations.
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2.4.5
Oral GPIIb/IIIa Inhibitors

The rationale behind the development of oral GPIIb/IIIa antagonist was the
assumption that long-term inhibition of αIIbβ3 would provide a new thera-
peutic approach for the prevention of recurrent ischemic events in patients
with cardiovascular disease. Four oral GPIIb/IIIa antagonists (lotrafiban, or-
bofiban, sibrafiban and xemilofiban), all of which are nonpeptide prodrugs,
have been examined in large Phase III clinical trials. None of them fulfilled the
high expectations. Therapies applying these substances have not proven to be
superior to aspirin therapy. Furthermore, a meta-analysis of four major Phase
III trials [Evaluation of Oral Xemilofiban in Controlling Thrombotic Events
(EXCITE), Orbofiban Post Unstable Coronary Syndromes (OPUS), Sibrafiban
versus Aspirin to Yield Maximum Protection from Ischemic Heart Events Post-
acute Coronary Syndromes (SYMPHONY) and 2nd SYMPHONY] including
33,326 patients showed a statistically significant increase in mortality in pa-
tients treated with the oral GPIIb/IIIa antagonists (Chew et al. 2001). The short
plasma half-life of these drugs that causes undulating plasma levels and pro-
aggregatory effects especially at low concentrations of the GPIIb/IIIa blockers
is discussed as a potential reason for the disappointing outcomes of these large
Phase III trials (Peter et al. 1998).
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Abstract The liver and (small) intestine are key organs in maintenance of cholesterol home-
ostasis: both organs show active de novo cholesterogenesis and are able to transport im-
pressive amounts of newly synthesized and diet-derived cholesterol via a number of distinct
pathways. Cholesterol trafficking involves the concerted action of a number of transporter
proteins, someofwhichhavebeen identifiedonly recently. Inparticular, severalATP-binding
cassette (ABC) transporters fulfil critical roles. For instance, the ABCG5/ABCG8 couple is
crucial for hepatobiliary and intestinal cholesterol excretion, while ABCA1 is essential for
high-density lipoprotein formation and, hence, for inter-organ trafficking of the highly
water-insoluble cholesterol molecules. Very recently, the Niemann–Pick C1-like 1 protein
has been identified as a key player in cholesterol absorption by the small intestine and may
represent a target of the cholesterol absorption inhibitor ezetimibe. Alterations in hepatic
and intestinal cholesterol transport affect circulating levels of atherogenic lipoproteins and
thus the risk for cardiovascular disease. This review specifically deals with the processes
of hepatobiliary cholesterol excretion and intestinal cholesterol absorption as well as the
interactions between these important transport routes. During the last few years, insight
into the mechanisms of hepatic and intestinal cholesterol transport has greatly increased
not in the least by the identification of involved transporter proteins and the (partial)
elucidation of their mode of action. In addition, information has become available on (tran-
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scription) factors regulating expression of the encoding genes. This knowledge is of great
importance for the development of a tailored design of novel plasma cholesterol-lowering
strategies.

Keywords Hepatocyte · Enterocyte · ABC transporters · Niemann–Pick C1-like 1 protein ·
Lipoproteins

1
Introduction

Elevated plasma cholesterol concentrations comprise a major risk factor for
the development of atherosclerosis; cardiovascular disease remains the leading
cause of morbidity and mortality in Western societies. This, in combination
with the fact that a relativelyhighproportionofhypercholesterolaemicpatients
fail to reach their target low-density lipoprotein (LDL)-cholesterol concentra-
tions on ‘standard’ (diet, statins) therapy alone, provides the basis for a quest
for more effective treatment modalities and/or supportive strategies. The de-
velopment of ezetimibe, a specific and potent inhibitor of intestinal cholesterol
absorption (van Heek et al. 1997) that reduces plasma LDL-cholesterol by
approximately 20% in mildly hypercholesteroleamic patients (Sudhop et al.
2002), and the established LDL-lowering effects of dietary plant sterols/stanols
(Ostlund 2002) that interfere with cholesterol absorption has focused atten-
tion on the intestine as a promising site of action. As a consequence, there
is an increased interest in achieving a better understanding of the molecular
mechanisms involved in control of intestinal cholesterol absorption. Uptake
from the intestine represents a major source for cholesterol entry into the body
pools (Turley and Dietschy 2003). However, it should be realized that although
the intestine is an important station in cholesterol trafficking, the liver is the
dominant regulatory unit. Therefore, the plasma cholesterol-lowering effects
of cholesterol absorption inhibitors are primarily brought about by metabolic
adaptations in the liver, i.e. the organ in which diet-derived cholesterol ends up
via the chylomicron remnant pathway. Furthermore, it must be kept in mind
that the major part of cholesterol that is taken up by the intestine on a daily
basis is not derived from the diet but is actually biliary cholesterol that comes
directly fromthe liver.Acomprehensive and integratedpictureof intestinal and
hepatic cholesterol metabolism is therefore required to design more effective
strategies for prevention or treatment of cardiovascular disease. During the last
few years, there have been highly significant advances in our understanding
of specific areas of cholesterol transport, particularly concerning mechanisms
of hepatobiliary cholesterol excretion and the actual cholesterol absorption
process. This chapter reviews these recent developments and addresses some
of the still unresolved issues.
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1.1
Quantitative Estimates of Cholesterol Transport Rates

The total turnover of body cholesterol pools in adult humans (∼70 kg) equals
about 1–1.5 g/day, i.e. in the order of 1% of the whole body cholesterol content
(Turley and Dietschy 2003). A major part of this turnover reflects the conver-
sion of cholesterol to bile salts by the liver and their subsequent loss via the
faeces (Stellaard et al. 1983). Under steady-state conditions, the loss of choles-
terol from the body is compensated for by de novo synthesis and absorption
from the diet. De novo synthesis in adults amounts up to 0.6–1 g/day, as re-
vealed by careful balance studies and confirmed by direct measurements using
stable isotope techniques (e.g. Neese et al. 1993). A “’typical Western diet”
provides 0.3–0.5 g/day of cholesterol which mixes with an even larger amount
of biliary cholesterol, i.e. approximately 1 g/day, in the upper small intestine.
There are data to indicate that biliary cholesterol is absorbed from the intestine
with greater efficacy than is dietary cholesterol (see Wilson and Rudel 1994),
because it is delivered in mixed micelles and thus is readily available for ab-
sorption. Cholesterol therefore undergoes extensive enterohepatic circulation,
which represents an important yet often ignored factor in the control of choles-
terol homeostasis. Most studies showed that humans absorb about 50% of all
cholesterol entering the intestine (e.g. Ostlund et al. 1999). These figures clearly
demonstrate that the intestine processes a considerable amount of cholesterol
each day, which, via the chylomicron remnant pathway, is directly delivered to
the liver. Because the liver is the principal site for the production as well as the
clearance of LDL-cholesterol (Dietschy et al. 1993), alterations in the delivery
of intestine-derived cholesterol to the liver can potentially have a significant
impact on plasma LDL-cholesterol concentrations through interference with
hepatocytic cholesterol metabolism.

Themassive enterohepatic circulationof cholesterol has importantbutoften
underestimated methodological implications when evaluating cholesterol ab-
sorption in experimental settings. In most recent studies in humans as well as
in experimental animals, dual (radioactive or stable) isotope tracer techniques
are used to estimate fractional cholesterol absorption. Principally, two ap-
proaches can be discerned, i.e., the dual-isotope faecal collection method and
the dual-isotope plasma ratio method. In the first, labelled cholesterol is given
orally together with a labelled non-absorbable marker, in most cases sitostanol
or sitosterol, and faeces are collected for a given period of time. The faecal ra-
tio of labelled cholesterol over marker provides an estimate of the fractional
absorption rate. The second method requires simultaneous administration
of exact amounts of (differently) labelled cholesterol both intravenously and
orally/intragastrically, and plasma ratios over time provide a value for the frac-
tional absorption rate. The pros and cons of these two methods have recently
been discussed by Turley and Dietschy (2003) and Wang and Carey (2003): the
important issue with respect to interpretation of the data is that the cholesterol
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absorption rates obtained always reflect a fractional (percent) value and are,
therefore by definition, not a measure of the absolute amount of cholesterol
that is delivered to the liver from the intestine. For the latter, one needs to know
the mass of the intraluminal cholesterol pool and this is usually not the case
since the contribution from bile and other endogenous sources (e.g. sloughing
of intestinal cells) is unknown in most situations. Hence, a direct translation
of changes in fractional absorption rates to absolute changes in the amounts
of chylomicron remnant cholesterol reaching the liver is sometimes difficult to
make.

2
Mechanisms of Hepatobiliary Cholesterol Transport

Bile formation is an important function of the liver, which is performed by
the parenchymal liver cells or hepatocytes. Hepatocytes are polarized cells
with their basolateral (sinusoidal) membrane facing the blood and their apical
(canalicular) membrane facing the bile canaliculus. Both membrane domains
are separated from each other by tight junctions. Bile is an aqueous solu-
tion that contains, apart from a variety of other organic molecules, bile salts,
phospholipids and free cholesterol in millimolar concentrations. These bile
components are present mainly in the form of aggregates, i.e. mixed micelles,
simple micelles or vesicular structures (see Verkade et al. 1995). Formation of
bile is an osmotic process. Bile salt secretion, which is mediated by the so-called
Bile Salt Export Pump (BSEP) or ABCB11, provides the major driving force
for bile formation and, in addition, stimulates the secretion of cholesterol (see
below).

2.1
Dependency of Biliary Cholesterol Secretion on Bile Salt and Phospholipid Secretion

It has been known for decades that biliary cholesterol and phospholipid secre-
tion is tightly coupled to that of bile salts. Infusion of bile salts into different
animal species as well as in humans invariably leads to induction of biliary
cholesterol (and phospholipid) secretion (see Verkade et al. 1995 for review).
The stimulatory actions of bile salts on biliary lipid secretion depend to a large
extent on their relative hydrophobicity: the more hydrophobic the higher their
efficacy to induce lipid secretion. When bile salts are incubated with isolated
cells or erythrocytes, release of cholesterol and phospholipid is readily induced
(Billington and Coleman 1978a, 1978b). Hence, biliary lipid secretion that oc-
curs at the canalicular pole of the hepatocyte could be a passive process fully
controlled by the detergent actions of bile salts. It therefore came as a great
surprise when it was found that biliary lipid secretion is fully abrogated in mice
lacking the gene encoding Mdr2 P-glycoprotein (Mdr2), now known as ABCB4
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(Smit et al. 1993). This ABC transporter supposedly mediates transport of
phosphatidylcholine from the inner leaflet to the external leaflet of the canalic-
ular membrane where, in concert with bile salts, phospholipid/cholesterol-
containing vesicles are formed that are subsequently secreted into the canalic-
ular lumen. The most convincing evidence for this concept came from studies
of the group of Crawford (Crawford et al. 1995a, 1995b, 1995c) demonstrating
the presence of vesicle-like structures expanding from the canalicular mem-
brane using ultra-rapid fixation of liver tissue. As far as we know, reconstitution
of this system in cultured polarized cell systems has not succeeded. Therefore,
formal proof of this mechanism of lipid secretion is still lacking. ABCB4 is sup-
posed to provide the driving force for vesicle formation since in the absence
of this protein no vesicles could be detected (Crawford et al. 1995b). Since the
Abcb4-null mice, in addition to a complete absence of phospholipid, also show
a virtually complete absence of biliary cholesterol secretion (Oude Elferink et
al. 1995, 1996; Smit et al. 1993), the sterol was supposed to follow phospholipids
passively. However, this concept has appeared to be too simplistic, because in
later studies it was shown that cholesterol secretion can be restored to almost
normal levels when Abcb4-null mice are infused with hydrophobic bile salts
(Oude Elferink et al. 1996). A clear uncoupling of cholesterol secretion into
bile from that of phospholipids and bile salts has also been shown in a number
of other conditions (Verkade et al. 1993, 1995). Biliary cholesterol secretion
shows great species-to-species variation whereas the cholesterol content in the
liver seems much less variable (Kuipers et al. 1997).

2.2
The Abcg5/Abcg8 Heterodimer as Mediator of Biliary Cholesterol Secretion

Very recently, candidate proteins that may account for the phenomena de-
scribed in Sect. 1.2.1 have been identified. In 2002, the groups of Hobbs (Berge
et al. 2000) and Patel (Lee et al. 2001) almost simultaneously identified mu-
tations in the genes that encode two ABC half-transporters, i.e. ABCG5 and
ABCG8, that underlie the inborn error of metabolism called sitosterolaemia.
Patients suffering from this disease accumulate large amounts of plant sterols
in their bodies, have an increased cholesterol absorption, a decreased bile
cholesterol secretion, and, finally, a complete abrogation of secretion of plant
sterols into the bile (Patel et al. 1998; Berger et al. 1998; Salen et al. 2002).
ABCG5 and G8 were postulated to function as exporters of sterols in the form
of a heterodimer at the apical membranes of small intestinal epithelial cells (see
below) and of hepatocytes. A defect in either of the two proteins is sufficient to
cause the full phenotype of sitosterolaemia, suggesting that expression of only
one of the two proteins does not salvage the transport function.

ABCG5/Abcg5 and ABCG8/Abcg8 are predominantly expressed in hepato-
cytes and in small intestinal enterocytes in humans and mice. The two genes
are arranged in a head-to-head configuration in the human (Remaley et al.
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2002) and mouse (Lu et al. 2002) genome. Expression of both genes is co-
ordinately regulated and highly induced in mice kept on a high-cholesterol
diet (Repa et al. 2002a). LXRα, a nuclear receptor activated by oxysterols and
that plays a crucial role in regulating genes involved in cholesterol traffick-
ing (Repa et al. 2002b), is required for induction of murine Abcg5 and Abcg8
expression upon cholesterol feeding (Repa et al. 2002a). Treatment of mice
with synthetic LXR agonists induces the expression of both genes in liver and
intestine (Plösch et al. 2002; Repa et al. 2002a).

Via adenoviral over-expression of the human genes in cell lines it was re-
cently found that both proteins are required to ensure proper processing from
the endoplasmic reticulum (ER) through the Golgi and subsequently to the
apical membrane. ABCG5 or G8 expressed singly remained in the ER. These
studies by Graf et al. (2002) were carried out with tagged proteins which still
leaves the possibility open that the tags may have disrupted the normal routing
of the proteins. The proposed concept that simultaneous expression of ABCG5
and G8 is at least essential for proper transport via the secretory pathway could
explain why mutations in either gene induce the full phenotype in sitostero-
laemia patients. The group of Hobbs has subsequently constructed transgenic
ABCG5/G8 over-expressing mice as well as double knock-out mice (Yu et al.
2002a; Yu et al. 2002b). In the transgenics, a P1 clone containing both human
genes with the connecting promoter region was inserted, leading to up to 14
times over-expression of both genes exclusively in liver and intestine (Yu et al.
2002b). In gallbladder bile of these mice, the cholesterol content was fivefold
increased while bile salt content was unchanged. This supported an important
role of the heterodimer in biliary cholesterol secretion. Detailed analysis of
Abcg5/g8 double knock-out mice confirmed the role of the heterodimer in bil-
iary sterol secretion. The cholesterol content of gallbladder bile was decreased
by more than 90% in these mice whereas no significant effects on bile salt con-
tent were observed. Interestingly, also plasma and liver cholesterol contents
were decreased in the Abcg5/g8 knock-out mice. Since the content of plant
sterols was increased dramatically, secondary effects caused by these sterols
may underlie this phenomenon. Heterozygous Abcg5/g8 mice showed a 30%–
40% decrease in biliary cholesterol concentration, indicating that the biliary
phenotype is not due to a secondary effect induced by massive amounts of
plant sterols in the liver. Feeding these mice a high-cholesterol diet induced
a massive increase of cholesterol in the liver but had little effect on biliary
cholesterol secretion, again indicating a crucial role of ABCG5 and ABCG8 in
biliary cholesterol secretion (Yu et al. 2002a).

The molecular mechanism by which the ABCG5/ABCG8 heterodimer medi-
ates cholesterol secretion is still an enigma. It is generally assumed that choles-
terol readily flips between the lipid bilayers in biological membranes. Studies
in model membranes invariably show high rates of flipping, making a role for
ABCG5/G8 as a cholesterol flippase unlikely. Recently, Small (2003) advanced
an alternative hypothesis. In his view, ABCG5/G8 activity decreases the acti-
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vation energy for cholesterol efflux out of the outer leaflet of the canalicular
membrane. If Small’s hypothesis is true, current schemes of the mechanism of
biliary cholesterol secretion need substantial revision. Presently, co-secretion
of the two lipids in the form of vesicles is the most favoured mechanism, based
on the rather strict coupling of cholesterol and phospholipid that has been
observed in a large variety of studies. However, when ABCG5 and G8 indeed
serve to lower activation energy for cholesterol efflux, one might assume that
mixed micelles would be the preferred carrier to capture this activated choles-
terol rather than to assume that cholesterol diffuses laterally into phospholipid
domains before their combined secretion in the form of vesicles.

Based on the genetics of sitosterolaemia, i.e. no phenotypic differences in
humans with defects in either ABCG5 or ABCG8, mouse studies and in vitro
studies as described above, it was hypothesized that Abcg5 and Abcg8 func-
tion as obligate heterodimers. In line herewith, quantitative trait locus analysis
identified Abcg5/Abcg8 as important genes for the genetic susceptibility and
pathogenesis of cholesterol cholelithiasis in inbred strains of mice (Witten-
burg et al. 2003). Kosters et al. (2003) found a close relationship between biliary
cholesterol secretion rates normalized to phospholipid secretion and both hep-
atic Abcg5 and Abcg8 expression levels normalized to Abcb4 expression, when
various mouse models of cholesterol hypo- and hypersecretion were included
in the analysis. It should be noted, however, that there was one exception to the
rule: the 15-fold induction of biliary cholesterol secretion induced by diosgenin
feeding occurred without any change in Abcg5/Abcg8 expression. Very recently,
Klett et al. (2004) reported a mouse model of sitosterolaemia created by a tar-
geted disruption of the Abcg8 gene alone. These mice showed very significantly
elevated levels of plasma and tissue plant sterols (sitosterol, campesterol) con-
sistent with sitosterolaemia. These mice also showed an impaired ability to
secrete cholesterol into bile (−70%), as determined after gallbladder canula-
tion. Heterozygous Abcg8+/— mice that were not sitosterolaemic showed an
intermediate phenotype with respect to biliary cholesterol secretion (−34%).
In a separate study, Plösch et al. (2004) reported that the cholesterol content of
gallbladder bile was decreased by approximately 60% in sitosterolaemic mice
in which the Abcg5 gene alone was disrupted: no heterozygous mice were in-
cluded in this particular study. It is of interest to note that hepatic expression
levels of Abcg5 and of Abcg8 were reduced in the mice in which the respective
partner gene was selectively disrupted (Klett et al. 2004; Plösch et al. 2004),
possibly as a consequence of the close proximity of the two genes.

All together, these data support an important role of the Abcg5/Abcg8
heterodimer in control of biliary cholesterol secretion. However, some issues
warrant further evaluation to establish its exact role in the secretory process.
First, Kosters et al. (2003) observed that diosgenin-induced hypersecretion of
cholesterol into bile does not require induction of Abcg5/Abcg8 expression.
In addition, it should be noted that cholesterol secretion is not completely
abrogated in the Abcg5/Abcg8 double knock-out mouse and that there is still
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a considerable amount (30%–40%) of biliary cholesterol secretion left in both
the Abcg5 and Abcg8 single knock-outs (Klett et al. 2004; Plösch et al. 2004).
Surprisingly, the cholesterol content of gallbladder bile of Abcg5-deficient mice
was remarkably enhanced by treatment of these animals with a synthetic LXR
agonist, to a similar extent as observed in wild-type mice (Plösch et al. 2004),
in spite of the fact that hepatic Abcg8 mRNA level was not induced. Combined,
thesedata suggest that alternative secretorymechanisms,possibly independent
of Abcg5/Abcg8, may exist.

3
Mechanisms of Intestinal Cholesterol Absorption

Intestinal cholesterol absorption has long been considered to primarily rep-
resent a passive process, in spite of the fact that it was recognized decades
ago that the process is selective in the sense that dietary cholesterol is ab-
sorbed relatively efficiently while structurally similar plant sterols and other
noncholesterol sterols are not. After hydrolysis of the small portion of dietary
cholesterylester and solubilization by mixed bile salt/(phospho)lipid micelles,
cholesterol was supposed to traverse the unstirred water layer where the mi-
celles subsequently disintegrated in the local acid microclimate to deliver their
cargo at the enterocytic membrane. Size and composition of the bile salt pool
(Wang et al. 1999; Schwarz et al. 2001) as well as the amount of phospholipids
present in the intestinal lumen (Voshol et al. 1998; Eckhardt et al. 2002) were
shown to exert regulatory actions on the amount of cholesterol that is ulti-
mately absorbed. During the last few years, however, the paradigm of passive
enterocytic cholesterol uptake has changed considerably. Cholesterol absorp-
tion has been shown to be saturable and to display very large person-to-person
variation. Several groups have worked intensely to identify and characterize
the proteins involved. Scavenger receptor (SR)-B1 appeared to be a good can-
didate. This protein was shown to be expressed at the apical membranes of
enterocytes of mainly duodenum and jejunum, exactly the sites where most
cholesterol is likely to be absorbed (Voshol et al. 2001). In isolated brush border
membrane vesicles cholesterol uptake could be inhibited by the SR-B1 ligand
apoA-I and also by antibodies against SR-B1 (Werder et al. 2001; Schulthess et
al. 2000). In addition, the recently developed specific inhibitor of cholesterol
absorption, ezetimibe, was found to bind to SR-B1 (Altmann et al. 2002). How-
ever, SR-B1 null mice absorbed even more cholesterol than the corresponding
wild-type mice did, indicating that SR-B1, if indeed involved in transport, is at
least redundant. It cannot be excluded that the SR-B1 null mice have compen-
sated for their defect by up-regulation of other cholesterol transporters, but as
far as we know this has not yet been studied in detail.
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3.1
Has the “Real Cholesterol Transporter” Been Identified?

Inavery recentpaper (Altmannet al. 2004), the identityof aprimecandidate for
the putative cholesterol uptake transporter has been revealed. Altmann and his
colleagues searched human and rodent expressed sequence tag databases for
sequences highly expressed in the intestine that contained several characteris-
tic ‘transporter’ features, i.e. transmembrane domains, extracellular signal se-
quences, sites for N-linked glycosylation, but, in addition, also a sterol-sensing
domain. These domains are found in a number of important proteins involved
in cholesterol metabolism, including HMGCoA reductase, Niemann–Pick C1
(NPC1) and sterol regulatory element binding protein cleavage-activating pro-
tein. From their analysis only a single credible candidate gene emerged: the
rat homologue of Niemann–Pick C1 Like 1 protein (NPC1L1). NPC1L1 has
approximately 50% amino acid homology to NPC1 (Davies et al. 2000). The
latter protein functions in intracellular cholesterol trafficking and is defective
in the inborn cholesterol storage disease Niemann–Pick Type C. In contrast to
NPC1, which is ubiquitously expressed, NPC1L1 appeared to be predominantly
expressed in the small intestine in humans, rats and mice. Much lower expres-
sion levels were observed in liver, gallbladder, testis and stomach. In the rat
small intestine, NPC1L1 mRNA levels varied along the duodenum–ileum axis
with peak expression in the proximal jejunum, i.e. the site were most of the
cholesterol is thought to be absorbed. NPC1L1 protein levels showed a similar
distribution pattern along the length of the small intestine. In the jejunum,
NPC1L1 mRNA was confined to enterocytes and the protein appeared to be
predominantly localized apically, i.e. close to or at the plasma membrane facing
the intestinal lumen.

NPC1L1-null (Npc1l1−/−) mice were created to establish the actual role of
the protein in cholesterol absorption. NPC1L1-deficiency did not affect devel-
opment, fertility or any hematological or plasma parameter that was measured.
Intestinal morphology was normal. Plasma cholesterol and triglyceride levels
were similar in knock-out and wild-type littermates while a significantly lower
hepatic cholesterylester content was observed in theNpc1l1−/− mice. Fractional
cholesterol absorption rates, determined by a faecal dual isotope method, were
51%±3% and 45%±4% in wild-type (Npc1l1+/+) and heterozygous Npc1l1+/−

mice, respectively, but only 16%±0.4% in Npc1l1−/− mice. Addition of cholate
to the diet did not improve cholesterol absorption in the latter, indicating
that bile salt deficiency is not the cause of cholesterol malabsorption in these
animals. Interestingly, ezetimibe treatment reduced cholesterol absorption ef-
ficiency in wild-type mice to exactly the value seen in non-treated Npc1l1−/−

mice while the drug had no additional effect in these knock-outs. Together,
these data indicate that NPC1L1 plays an essential role in ezetimibe-sensitive
cholesterol absorption and that part of the absorption process (∼ 30% of total
in this particular mouse strain) is NPC1L1-independent. Acute experiments
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using radiolabelled cholesterol demonstrated that uptake by the enterocytes
was drastically reduced in the Npc1l1−/− mice, supporting a role of the pro-
tein in the uptake of cholesterol across the apical membrane of the enterocytes.
These data are of great importance for our understanding of the cholesterol ab-
sorption process. Obviously, identification of NPC1L1 as a bona fide cholesterol
transporter awaits demonstration of actual transport activity in appropriate
systems. In addition, a number of other issues remain to be addressed. For
instance, it should be demonstrated that ezetimibe really binds to or interacts
with the NPC1L1 protein. It was reported that attempts in this direction have
been unsuccessful so far.

In this context it is highly interesting that Smart et al. (2004) very re-
cently identified annexin2 (ANX2) and caveolin1 (CAV1) as potential impor-
tant components of the intestinal sterol transport machinery that may also
be targeted by ezetimibe. Complexes of CAV1 and ANX2 with cyclophilins
A and 40 have been implicated in trafficking of exogenous cholesterol from
caveolae at the plasma membrane to the ER. Studies in zebrafish larvae us-
ing morpholino oligonucleotide antisense technology revealed that deletion
of ANX2 prevented complex formation as well as processing of a fluorescent
cholesterol reporter and results in reduced sterol mass. Exposure of fish em-
bryos to ezetimibe completely disrupted the complex, with CAV1 and ANX2
detected only as monomers. Feeding of ezetimibe to chow-fed C57BL/6 mice
did not affect complex stability in enterocytes but, intriguingly, when mice
were fed a cholesterol-containing Western-type diet the complex did become
sensitive to disruption by ezetimibe. Likewise, ezetimibe treatment disrupted
the CAV2–ANX2 complex in hypercholesterolaemic LDL receptor-deficient
mice. Furthermore, it was shown by immunopreciptitation on enterocytes fol-
lowed by mass spectrometry that cholesterol selectively co-precipitated with
the complex, and that this could be prevented by pretreatment of the entero-
cytes with ezetimibe. Experiments in CaCo2 cells revealed that ezetimibe itself
co-precipitated with CAV1 but not with ANX2 or with cyclophilin A. Thus,
these data suggest that ezetimibe disrupts the CAV1–ANX2 complex through
a direct interaction with CAV1 protein, implying an intracellular site of action
of the drug. Whether or not interactions between NPC1L1 and CAV1-ANX2
are operational at some stage of the cholesterol absorption process remains
elusive for the moment.

3.2
Controlled Efflux to the Intestinal Lumen as a Determinant of Cholesterol
Absorption Efficacy?

In addition to a role of proteins in cholesterol uptake, there is good evidence
now that ABC transporter proteins are involved in efflux of sterol from the
enterocytes to the intestinal lumen and that the efficiency of the absorption
process is, at least in part, governed by this ‘reflux’ system. The function of
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ABCG5/G8 in biliary cholesterol secretion has been discussed above. Both
proteins are also expressed in the intestine, mainly in jejunal sections, where
they are responsible for the efflux of plant sterols as indicated by the greatly
increased absorption of plant sterols in patients with sitosterolaemia (Berge
et al. 2000; Lee et al. 2001). Since these proteins mediate cholesterol secretion
from liver to bile one may assume that they have similar activity in the in-
testine. Indeed, over-expression of both human proteins reduced cholesterol
absorption efficiency and greatly increased faecal neutral sterol loss (Yu et
al. 2002a). The role of the intestine in cholesterol homeostasis has long been
confined to its absorptive function towards bile- and diet-derived cholesterol.
However, the notion that the intestine itself may function as an important
secretory organ for cholesterol is novel. Plösch et al. (2002) studied the ef-
fect of dietary administration of the LXR agonist T0901317 in C57BL/6 and
in DBA/1 mice. By determination of biliary cholesterol secretion and faecal
neutral sterol loss, the net intestinal transport could be estimated. In C57Bl/6
mice, the intestine secretedmorecholesterol thanwas (re)absorbedand thisnet
secretion tripled during treatment with T0901317. A similar conclusion can
be drawn from the work of Yu et al. (2002a; 2002b; 2003). In the Abcg5/g8
double knock-out mice, biliary cholesterol secretion is almost absent, yet
their endogenous neutral sterol excretion is barely affected. Conversely in
the ABCG5/G8 over-expressor neutral sterol output was strongly increased. In
these mice faecal neutral sterol output was increased more than fivefold to
reach a value of about 110 µmol/day/100 g body weight. Unfortunately, bil-
iary output was not quantified making a direct comparison with the data of
Plösch et al. (2002) impossible. The increase in faecal neutral sterol excretion of
about 90 µmol/day/100 g body weight is equivalent to 60 nmol/min/100 g body
weight of biliary cholesterol flow on the assumption that no biliary cholesterol
is reabsorbed. This underestimated value is about threefold higher than the
(already very high) total T0901317-induced biliary cholesterol secretion re-
ported by Plösch et al. (2002). Accordingly, one has to conclude that also in the
experiments of Yu et al. (2002b) substantial net cholesterol secretion from the
intestine occurs.

The origin of this net intestinal cholesterol secretion is an intriguing is-
sue. It is generally assumed that there is no appreciable cholesterol flux from
the circulation to the enterocyte. When this assumption would hold in the
now rapidly changing understanding of cholesterol fluxes, the cholesterol se-
creted into the intestine can only be derived directly from the enterocytes.
In the experiments of Plösch et al. (2002) intestinal HMG-CoA reductase ex-
pression did not change. So, either the enzyme in the intestine is regulated
post-transcriptionally or the extra cholesterol is not derived from de novo
synthesis. Yu et al. (2003) did not find any effect of the LXR agonist on intesti-
nal neutral sterol output in the Abcg5/g8 double knock-out mouse indicating
that the heterodimer is fully responsible for the LXR-mediated effect on neutral
sterol excretion. There have been reports for a role of other genes in regulation
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of sterol uptake (Schwarz et al. 2001; Sehayek et al. 2002). Whether these genes
are involved in cholesterol uptake or in additional efflux pathways is not clear
at the moment and requires further investigation.

3.3
Intestinal Lipoprotein Formation as Part of the Cholesterol Absorption Cascade

Cholesterol that has entered the enterocyte traffics to the ER to be esterified
by acylCoA:cholesterol acyltransferase-2 (ACAT2), the ACAT isoform that is
highly expressed in intestine and liver. The mechanisms by which cholesterol
and plant sterols move to the ER are largely unknown but, as outlined above,
several chaperones of vesicular transport have been implicated in the pro-
cess. Studies in ACAT2-deficient mice (Buhman et al. 2000) revealed that the
fractional absorption of dietary cholesterol was not affected as compared to
wild-type controls when the animals were fed a low-cholesterol chow diet.
Yet, when animals were fed a high-fat, high-cholesterol diet, fractional choles-
terol absorption was much less in ACAT2-deficient mice than in controls. As
a consequence, these animals were protected from diet-induced hypercholes-
terolaemia and gallstone formation. Thus, ACAT2 seems to be of regulatory
importance in cholesterol absorption in mice only when cholesterol intake is at
an appreciable level, as also appeared to be the case for ABCG5/ABCG8 (Yu et
al. 2002). It has been postulated that selectivity of intestinal sterol absorption
is, at least in part, related to sterol selectivity of ACAT2: the enzyme shows
a strong preference for cholesterol rather than sitosterol (Temel et al. 2003).
In this scenario, microsomal sterols not esterified by the actions of ACAT2
would be transported back to the apical plasma membrane to be effluxed by
the ABCG5/ABCG8 heterodimer. The nature of this apical transport process
is still unresolved. Nonselective ACAT inhibitors, exemplified by the sulfamic
acid phenyl ester avasimibe, have been developed and were shown to reduce
the absorption of dietary cholesterol, to impair the secretion of very-low-
density lipoprotein (VLDL) particles by liver cells and to reduce the extent of
atherosclerosis in animal models (e.g. Delsing et al. 2001). Avasimibe is cur-
rently in clinical trials and has, for instance, been shown to induce a modest
reduction of triglycerides and VLDL-cholesterol with no significant changes
in LDL-cholesterol in subjects with combined hyperlipidaemia (Insull et al.
2001). Avasimibe monotherapy was not effective in subjects with homozygous
familial hypercholesterolaemia (Raal et al. 2003), and showed only a modest
synergistic effect on total cholesterol levels when given with atorvastatin. Thus,
the clinical benefit of this particular drug appears limited for the moment: it
may be that increasing selectivity of novel drugs towards ACAT2, perhaps with
an intestine-specific profile, will improve the effectiveness of this approach.

A final crucial event in the cholesterol absorption process involves the in-
corporation of newly esterified cholesterol molecules, together with a small
amount of unesterified sterol, triglycerides and phospholipids, along with



The ABC of Hepatic and Intestinal Cholesterol Transport 477

apolipoprotein B48 into nascent chylomicrons that are delivered into the lym-
phatics. The availability of apoB48 is essential for cholesterol absorption: mice
lacking functional apoB48 in their intestine do not absorb measurable quanti-
ties of cholesterol (Young et al. 1995). The assembly of chylomicrons, like that
of VLDL in hepatocytes, is facilitated by the microsomal triglyceride transfer
protein (MTP). The remarkable effects of MTP inhibitors on plasma lipid con-
centrations may involve consequences of reduced cholesterol absorption but
there are safety concerns with respect to the use of these drugs that need to be
solved (Sudhop and von Bergmann 2002).

It has been known for decades that the intestine is an important source of
high-density lipoprotein (HDL) but whether or not intestinal HDL serves spe-
cific physiological functions, for instance in cholesterol absorption, is not clear.
ABCA1, crucial for HDL formation, is highly expressed in enterocytes of the
small intestine and present at the basolateral plasma membrane (Wellington
et al. 2002). In a chicken model of ABCA1 dysfunction, Mulligan et al. (2003)
showed that the percentage of orally administered 14C cholesterol appearing in
plasma was reduced by 79% and that radiolabelled cholesterol accumulated in
the intestinal wall. From these data, the authors concluded that ABCA1 regu-
lates the effluxof cholesterol fromthebasolateralmembraneduringabsorption
of dietary cholesterol in chicken which, unlike mammals, lack lymphatic con-
tribution to intestinal lipid absorption. The quantitative importance of this
pathway in overall absorption in mammals remains, therefore, to be estab-
lished. Measurement of fractional cholesterol absorption in ABCA1-deficient
mice by different dual isotope measurements revealed no marked differences
in comparison to wild-type controls when animals were kept on low choles-
terol diets (McNeish et al.2000; Drobnick et al. 2001). Since biliary cholesterol
content is not affected in ABCA1-deficient mice (Groen et al. 2001), it is likely
that absolute amounts of cholesterol absorbed were also not strongly affected
in the absence of ABCA1 under these experimental conditions. Likewise, mea-
surement of fractional cholesterol absorption in a single patient with Tangier
disease revealed a value in the ‘normal range’ (Schaeffer et al. 2001). Interest-
ingly, fractional cholesterol absorption was significantly higher in ABCA1−/−

mice than in wild-type mice when fed a high-cholesterol Western type diet
(McNeish et al. 2000). Evidently, the mechanisms of action of and the inter-
actions between the various pathways involved in cholesterol absorption, that
may be different under various dietary conditions, need further exploration.

4
Concluding Remarks

Since the beginning of this century insight into mechanisms involved in regu-
lation of cholesterol handling in liver and intestine has increased considerably,
as summarized in Fig. 1. Separate proteins active in cholesterol import and
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Fig.1 Schematic representationof cholesterol transport in liver and intestine and theproteins
involved (chol: cholesterol; ps: plant sterol; ce cholesterol ester)

efflux have been characterized in the intestine, constituting a so-called sub-
strate cycle. It has been known for many years that in humans the responses
to dietary cholesterol and cholesterol-lowering medication as well as several
parameters of cholesterol metabolism (fractional absorption rate, conversion
to bile salts, biliary secretion rates) show wide inter-individual variations. Sub-
tle difference in the activity of one or both of the arms of the substrate cycle
may account for these variations. Although most of the regulatory modulators
active in vivo have not yet been elucidated, the available knowledge allows de-
velopment of drugs specifically targeted to these transport systems. Ezetimibe
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and dietary plant sterols probably already fulfil these criteria. In this chapter
we have shown that biliary secretion may not be the only pathway via which
cholesterol can be excreted from the body. A direct route has to exist as well al-
though it is not yet clear which carriers and transcellular mechanism account
for this activity. Nevertheless elucidation of the steps involved may provide
attractive additional targets to stimulate cholesterol disposal from the body.
Such strategies potentially would be powerful complements to the traditional
therapies aimed at decreasing cholesterol synthesis and together with statins
may lead to potent regression of atherosclerotic lesions.
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Abstract Increased serum concentrations of low density lipoproteins represent a major car-
diovascular risk factor. Low-density lipoproteins are derived from very low density lipopro-
teins secreted by the liver. Apolipoprotein (apo)B that constitutes the essential structural
protein of these lipoproteins exists in two forms, the full length form apoB-100 and the
carboxy-terminal truncatedapoB-48.Thegenerationof apoB-48 isdue toeditingof theapoB
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mRNA which generates a premature stop translation codon. The editing of apoB mRNA is an
important regulatory event because apoB-48-containing lipoproteins cannot be converted
into the atherogenic low density lipoproteins. The apoB gene is constitutively expressed in
liver and intestine, and the rate of apoB secretion is regulated post-transcriptionally. The
translocation of apoB into the endoplasmic reticulum is complicated by the hydrophobicity
of the nascent polypeptide. The assembly and secretion of apoB-containing lipoproteins
within the endoplasmic reticulum is strictly dependent on the microsomal tricylceride
transfer protein which shuttles triglycerides onto the nascent lipoprotein particle. The
overall synthesis of apoB lipoproteins is regulated by proteosomal and nonproteosomal
degradation and is dependent on triglyceride availability. Noninsulin dependent diabetes
mellitus, obesity and the metabolic syndrome are characterized by an increased hepatic
synthesis of apoB-containing lipoproteins. Interventions aimed to reduce the hepatic secre-
tion of apoB-containing lipoproteins are therefore of great clinical importance. Lead targets
in these pathways are discussed.

Keywords Apolipoprotein B · mRNA editing · Translocation · Lipoprotein assembly ·
Proteosomal degradation

1
Introduction

Arteriosclerotic cardiovascular disease (CVD) is the major cause for morbid-
ity and mortality in industrialized societies and an emerging disease in the
developing world. Large prospective cohort studies identified four major risk
factors for arteriosclerosis and CVD: (a) hypertension; (b) elevated levels of
low-density lipoprotein (LDL) cholesterol; (c) smoking; and (d) diabetes mel-
litus (Wilson and Culleton 1998). A reduction of these risk factors through
changes in nutrition, behavior or life style or by using drug therapy can lower
morbidity and mortality of arteriosclerotic CVD (Levine et al. 1995). The accu-
mulation of LDL particles in the subendothelial matrix is the causal event in the
initiation and progression of arteriosclerosis, and is dependent on interactions
between the sole protein constituent apolipoprotein (apo) B-100 and matrix
proteoglycans (Boren et al. 1998, Skalen et al. 2002). The regulation of synthesis
and metabolism of the triglyceride-rich very-low-density lipoproteins (VLDL)
as the precursors of LDL formation is therefore of outstanding importance
(Glass and Witztum 2001). Prevalent disorders such as non-insulin-dependent
diabetes mellitus (NIDDM), obesity and the metabolic syndrome are char-
acterized by an increase of VLDL secretion (Brunzell and Hokanson 1999;
Ginsberg 2000). This chapter describes the molecular basis of the assembly
and secretion of apoB lipoproteins and discusses obvious targets for nutri-
tional and/or pharmaceutical interventions to reduce VLDL secretion. Since
apoB is the essential protein core component of VLDL and the only protein
constituent of LDL, the regulation of apoB transcription, mRNA processing,
translation and secretion is described in detail.
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2
Transcription and Editing of ApoB mRNA

2.1
Genomic Organization and Transcription of the ApoB Gene

The apoB gene encoded on chromosome 2 (2p23) covers approximately 43 kb
with 29 exons and is expressed constitutively in liver and intestine, and also
in placenta (Knott et al 1985; Blackhart et al. 1986, Demmer et al. 1986). The
tissue-specific expression of the apoB gene is controlled by distinct enhancer
and control regions for efficient transcription in the liver or in the intestine,
respectively (Levy-Wilson et al. 1992; Levy-Wilson et al. 2000; Antes et al. 2000).
While the amount of apoB secreted varies in parallel with the rate of lipogenesis
and the nutritional supply, apoB mRNA levels in the liver in vivo remain nearly
constant despite of a coordinate increase of lipoprotein assembly and secretion
(Borchard and Davis 1987; Leighton et al. 1990). Similarly, in hepatoma cells in
vitro the apoB mRNA levels remain unchanged even when the amount of apoB
secreted is modulated seven-fold by addition of oleate or albumin to the culture
medium (Pullinger et al. 1989). Thus, the transcription of the apoB gene is not
influenced by nutritional or hormonal stimuli, and the post-transcriptional
processing of apoB is of central importance for the coordinate control of VLDL
assembly and secretion in the liver (Davis and Hui 2001).

2.2
Editing of ApoB mRNA

2.2.1
Metabolic Differences of ApoB100 and ApoB48

apoB exists in two different forms, the full-length protein apoB-100 and the
carboxy-terminal truncated apoB-48 (Kane 1983). ApoB-100, with a molecular
weight of 512 kDa is one of the largest proteins in humans, is the essential
protein core component of VLDL that are secreted by the liver (Kane 1983).
After triglyceride hydrolysis most of the VLDL remnants are rapidly removed
by the liver, but some are further metabolized to LDL which circulate with
an approximate half-life of 20 h (Brown and Goldstein 1986). LDL consist
mainly of cholesterol and apoB-100 and contain approximately 60%–70% of
the total cholesterol of human plasma (Kane 1983, Brown and Goldstein 1986).
Mutations in the ligand binding domain in the carboxy-terminal half of apoB-
100result in retardedclearanceofLDLandare thebasisof thegenetic syndrome
Familial Defective ApoB, a phenocopy of Familial Hypercholesterolemia (FH)
that is caused by defective LDL receptors (Innerarity et al. 1987, Boren et al.
1998). ApoB-100 contains an unpaired cysteine residue in its carboxy-terminal
half that can link apoB-100 to apo(a) via a disulfide bond to generate lipopro-
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tein (a) (McLean et al. 1987, Young 1990, Brunner et al. 1993). Lipoprotein (a)
is a second atherogenic lipoprotein and is emerging as an important risk factor
for arteriosclerotic CVD (Marcovina et al. 2003).

ApoB-48 consists only of the amino-terminal 48% of apoB-100 and is lack-
ing both the LDL receptor domain as well as the linkage site for apo(a) (Kane
1983; Knott et al. 1986, Powell et al. 1987). In humans, apoB-48 is synthe-
sized exclusively in the intestine and serves as the integral protein component
of chylomicrons that transport dietary lipids (Kane et al. 1983, Greeve et al.
1993). The large chylomicrons are secreted into the mesenteric lymph vessels
and enter the blood stream via the thoracic lymph duct (Kane 1983). After
triglyceride hydrolysis, chylomicron remnants are completely removed by the
liver via interaction of apoE with the LDL receptor related protein (Herz and
Willnow 1995). In contrast to the hepatic derived VLDL, chylomicrons do not
serve as precursors of LDL formation and are cleared from the plasma very
rapidly with an average half-life of less than 10 min (Windler et al. 1988).
The existence of apoB-48 is the sole explanation for this complete hepatic
removal of intestinal derived lipoproteins, and apoB-48 can be viewed as a bio-
chemical portal vein that channels lipophilic nutrients directly and rapidly
to the liver (Greeve et al. 1993). Generally, apoB-48 is referred to as the ex-
ogenous and apoB-100 as the endogenous lipoprotein pathway (Brown and
Goldstein 1986).

2.2.2
mRNA Editing Leads to ApoB48 and Prevents LDL Formation

Asingle post-transcriptional base change at nucleotide 6666 in the apoB mRNA
from C to U, termed editing of apoB mRNA, generates a premature stop
translation codon and explains the translation of the truncated apoB-48 in the
intestine (Powell et al. 1987; Chen et al. 1987) (Fig. 1). In contrast to humans
and other mammalian species that edit the apoB mRNA only in the intestine,
but not in liver, some species such as dog, horse, rat and mouse do edit also the
hepatic apoB mRNA (Greeve et al. 1993). The synthesis of apoB-48-containing
VLDL by the liver of these species correlates to very low concentrations of
LDL in plasma (Greeve et al. 1993). Thus, editing of apoB mRNA in the liver
is a genetic mechanism to prevent the accumulation of the atherogenic LDL
(Greeve et al. 1993).

2.2.3
Regulation of ApoB mRNA Editing

In the rat liver, apoB mRNA editing remains low until the third postnatal week
when it increases strongly and attains adult levels (Funahashi et al. 1995).
The editing of apoB mRNA in the small intestine increases sharply before
birth, resulting in editing of 90%–95% of the intestinal apoB mRNA post-
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Fig. 1 Illustration of the apoB mRNA editing enzyme-complex

natally (Patterson et al. 1992). Both in rat and human small intestine, the
complete editing of apoB mRNA is sustained throughout life and increases
with the differentiation of the enterocytes along the crypt-to-villus functional
unit (Teng et al 1990, Patterson et al. 2003). In rat liver, editing of apoB mRNA
increases after feeding carbohydrates or ethanol (Baum et al. 1990, Lau et
al. 1995), after administration of thyroid hormones (Davidson et al. 1988),
growth hormone (Sjöberg et al. 1992), or insulin (Thorngate et al. 1994), and
decreases during starvation (Baum et al. 1990) or after estrogen administration
(Seishima et al. 1991).

2.2.4
Familial Hypobetalipoproteinemia Due to Truncated Apoforms

In subjects with familial hypobetalipoproteinemia (FHBL) various heterozy-
gous point mutations in the apoB gene lead to premature termination of apoB
translation (Linton et al. 1993; Young 1996, Schonfeld 2003). In a subject with
homozygous FHBL, the identical C to T mutation at codon 2252 in both apoB
alleles generated a premature stop translation codon with the subsequent syn-
thesis of only apoB-50 and led to the complete absence of LDL in plasma
(Hardman et al. 1991). In patients with heterozygous FHBL, low LDL levels
below the 5th percentile were observed (Schonfeld 2003). Two mechanisms
lead to these low LDL levels: first, the truncated apoB forms are not converted
to LDL, but are rapidly metabolized (Parhofer et al. 1990, 1992). Second, the
truncated apoB forms inhibit the synthesis and secretion of apoB-100 encoded
by the normal apoB allele (Aguilar-Salinas et al. 1995, Kim et al. 1998, Schon-
feld 2003). Kinetic studies have shown that the production rates of apoB-100
are reduced by 70%–80% in heterozygous FHBL instead of the expected 50%
(Aguilar-Salinas et al. 1995, Welty et al. 1997, Schonfeld 2003). The inhibition of
apoB-100 production by the truncated apoB-38.9 has been demonstrated most
elegantly in transgenic mice that express only apoB-100 and a truncated apoB-
38.9 transgene (Chen et al. 2003). Moreover, freshly isolated primary horse
hepatocytes that edit approximately 40%–50% of the apoB mRNA secrete
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predominantly apoB-48 (Greeve et al. 1993). In rat hepatoma McArdle7777
cells, apoB-48 is preferentially translated over apoB-100 when apoB mRNA is
increased by stable expression of betaine-homocysteine S-methyltransferase
(Collins et al. 2000).

2.2.5
The ApoB mRNA Editing Enzyme Complex

The editing of apoB mRNA occurs co- or post-transcriptionally coincident
with splicing and polyadenylation of the apoB pre-mRNA, and is mediated
by an enzyme complex that deaminates C6666 to uridine (Greeve et al. 1991,
Hodges et al. 1991, Lau et al. 1991, Johnson et al. 1993). An 11-nucleotide
‘mooring’ motif (nt 6,671–6,681) immediately downstream of the editing site
C6666 is absolutely required for editing (Shah et al. 1991). Sequences located
upstream and downstream of this indispensable mooring sequence enhance
editing, indicating that the essential elements for physiological editing at C6666
consist of upstream efficiency elements, the mooring sequence and a 3’ef-
ficiency element, encompassing approximately 139 nucleotides (Hersberger
and Innerarity 1998). Phylogenetic analyses, computer predictions and ri-
bonuclease probing predict a stem–loop structure around the editing site
(Richardson et al. 1998, Hersberger et al. 1999).

The catalytic subunit APOBEC-1 (apoB mRNA editing enzyme catalytic
component 1) of this enzyme-complex was cloned by Davidson and colleagues
(Teng et al. 1993). APOBEC-1 is a cytidine deaminase and related in quaternary
and tertiary structure to Escherichia coli cytidine deaminase (ECCDA) as both
enzymes form homodimers in a head-to-tail configuration (Navaratnam et
al. 1993, 1998; Lau et al. 1994). Molecular modelling by superimposing the
primary sequence of APOBEC-1 on the crystal structure of ECCDA proposes
that the active-site residues of the deaminase domain recognize the target C,
whereas the opposite ‘pseudoactive’ site binds a downstream U and targets the
active site for deamination (Navaratnam et al. 1998).

APOBEC-1 alone although it contains a novel, albeit weak, RNA binding
motif cannot edit the apoB mRNA by cytidine deamination, but requires ad-
ditional ‘auxiliary’ components for activity (Teng et al. 1993, Yamanaka et al.
1994, Navaratnam et al. 1995). The second essential component of the apoB
mRNA editing enzyme complex was purified and cloned simultaneously by
our group (Lellek et al. 2000) and Driscoll and colleges (Mehta et al. 2000).
This protein, termed APOBEC-1 complementing factor (ACF) or APOBEC-1
stimulating protein (ASP), is a novel type of RNA-binding protein with three
nonidentical RNA recognition motifs for single-stranded RNA and an addi-
tional putative binding domain for double-stranded RNA (Lellek et al. 2000;
Mehta et al. 2000). Recombinant ACF/ASP and APOBEC-1 reconstitute efficient
apoB mRNA editing activity in vitro and in yeast in vivo (Lellek et al. 2000,
2002; Mehta et al. 2000). Thus, APOBEC-1 and ACF/ASP constitute the apoB
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mRNA editing-holoenzyme. The specificity of editing is due to the specific
binding of ACF/ASP to the apoB mRNA (Mehta et al. 2002).

Coexpression of ACF/ASP and APOBEC-1 leads to an entirely nuclear lo-
calization of APOBEC-1 that without ACF/ASP is also found in the cytoplasm
(Blanc et al. 2001). A novel nuclear localization signal has been identified in the
auxiliary domain of ACF/ASP that regulates nucleo-cytoplasmic shuttling of
ACF/ASP (Blanc et al. 2003). Apparently, both APOBEC-1 and ACF/ASP shuttle
as a complex associated with the apoB mRNA and prevent nonsense-mediated
decay of edited apoB mRNA (Chester et al. 2003).

2.2.6
Expression of APOBEC-1 in Liver to Reduce LDL Plasma Levels

APOBEC-1 is the only missing component of the apoB mRNA editing en-
zyme complex in the liver of species without hepatic apoB mRNA editing
(Giannoni et al. 1994; Greeve et al. 1996; Kozarsky et al. 1996). The hepatic
expression of APOBEC-1 in mice or rats is mediated by an additional pro-
moter at the 5’end of the APOBEC-1 gene that confers low level expression in
extra-intestinal tissues including the liver (Nakamuta et al. 1995; Qian et al.
1997; Hirano et al. 1997; Greeve et al. 1998). The lack of this additional pro-
moter in the human APOBEC-1 gene explains the absence of APOBEC-1 and
apoB mRNA editing in the human liver (Hirano et al. 1997; Fujino et al. 1998).
Homozygous APOBEC-1 deficient mice are healthy and fertile and have only
slightly elevated LDL levels (Morrison et al. 1996; Hirano et al. 1996; Nakamuta
et al. 1996). However, LDL-receptor−/− and APOBEC-1−/− double knock-out
mice have strongly elevated LDL levels as compared to LDL-receptor−/− mice
(Powell-Braxton et al. 1998). The markedly less severe phenotype in LDL-
receptor deficient mice as compared to patients with homozygous FH or to
the homozygous LDL-receptor deficient Watanabe heritable hyperlipidemic
(WHHL) rabbits is explained by the editing of the hepatic apoB mRNA in mice
(Powell-Braxton et al. 1998).

We and Davidson and colleges demonstrated by adenovirus-mediated hep-
atic gene transfer of APOBEC-1 that induction of hepatic apoB mRNA editing
reduces the elevated LDL levels of WHHL rabbits by up to 70% (Greeve et al.
1996; Kozarsky et al. 1996). These experiments provide the proof of principle
that induction of editing in the liver has the capacity to reduce elevated plasma
LDL levels irrespective of their metabolic or genetic basis (Greeve et al. 1996;
Kozarsky et al. 1996).

An alternative approach for the delivery of APOBEC-1 used TAT-mediated
protein transduction in primary rat hepatocytes and rat hepatoma McArdle
cells (Yang et al. 2002). The effects, however, were rather small, and most im-
portantly the antigenic properties of the protein adducts make their reiterated
use in humans in vivo rather unlikely.
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2.2.7
APOBEC-1 Genes Can Act as DNA Mutators

Innerarity and colleges expressed APOBEC-1 in transgenic animals using the
strong apoE promoter and observed hepatocellular dysplasias and carcinomas
in several independent transgenic lines (Yamanaka et al. 1995). This oncogenic
potential of APOBEC-1 is related to the over-expression as transgenic lines
with low APOBEC-1 expression do not develop carcinomas (Qian et al. 1998).
Initially, the oncogenic effect of APOBEC-1 was attributed to aberrant hyper-
editing of other mRNAs apart from apoB such as the translational repressor
NAT-1 (Yamanaka et al. 1997). Recent findings, however, suggest a different
view on the oncogenic potential of APOBEC-1.

In 1999, activation-induced cytidine deaminase (AID), a close homologue
of APOBEC-1, was identified in a murine lymphoma cell line (Muramatsu et
al. 1999). In homozygous AID deficient mice, immunoglobulin class switch
recombination and somatic hypermutations of the immunoglobulin genes
(SHM) are complete abolished (Muramatsu et al. 2000). In human patients with
the autosomal recessive form of the hyper-IgM syndrome various mutations in
the human AID gene cripple AID function (Revy et al. 2000). In chicken B cells,
AID is required for immunoglobulin gene conversion that provides the genetic
diversification of the immunoglobulin genes in chicken, rabbits, cattle and
pigs by retrotransposition of pseudogene V elements into the functional VDJ
exon (Arakawa et al. 2002). Thus, AID is of central importance for antibody
diversity and represents a point of convergence for these seemingly separate
genetic mechanisms.

A series of recent studies indicate that AID acts by cytidine deamination
directly in theDNA.Over-expressionofAID inbacteria leads toahypermutator
phenotypewithnucleotide transitionsatdC/dG inacontextdependentmanner
(Petersen-Mahrt et al. 2002). In eukaryotic cells, uracils in the DNA generated
by either enzymatic or nonenzymatic cytosine deamination are removed by
base excision repair with the uracil being cleaved from the ribose moiety by
uracil-DNA-gylcosylase (Di Noia and Neuberger 2002). Replication of the DNA
over the abasic site without base repair should result in random incorporation
of nucleotides with a predominance of transversions over transitions at a 2:1
ratio (Di Noia and Neuberger 2002). Indeed, expression of a bacteriophage
derived inhibitor protein of uracil-DNA glycosylase in chicken DT40 cells
that are deficient in the repair gene XRCC2 shifts the pattern of SHM from
transversions to transitions (Di Noia and Neuberger 2002). Similarly, in uracil-
DNA glycosylase deficient mice the mutations at the dC/dG sites in the variable
region exons of the immunoglobulin genes are shifted toward transitions (Rada
et al. 2002). Moreover, both AID and APOBEC-1 have been shown to exert
cytidine deamination activity on DNA in vitro (Pham et al. 2003; Bransteitter
et al. 2003; Dickerson et al. 2003; Petersen-Mahrt and Neuberger 2003) and
also in bacteria in vivo (Petersen-Mahrt et al. 2002; Harris et al. 2003).
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We have demonstrated recently that AID mRNA is constitutively expressed
in germinal center B-NHL, while during normal B cell maturation the expres-
sion of AID is restricted a discrete period of 24–36 h during the development of
the B cell germinal center (Greeve et al. 2003). Thus, a deregulation of AID ex-
pressionmay predispose to the development of germinal center B-NHL (Greeve
et al. 2003). Indeed, AID transgenic mice with a constitutive and ubiquitous
AID expression by the β-actin promoter develop T-cell lymphomas and lung
adenocarcinomas (Okazaki et al. 2003).

In 2002, a cluster of five APOBEC-1 related genes and two probable pseudo-
genes designated APOBEC3A-G were identified on chromosome 22 (Jarmuz et
al. 2002). Most recently, APOBEC3G was shown to be responsible for the failure
of Vif-deficient HIV strains to replicate in nonpermissive cell lines (Sheehy et
al. 2002). The first hint that APOBEC3G deaminates DNA came from a study
demonstrating that APOBEC-1, APOBEC3C and APOBEC3G induce mutations
in bacteria at a more frequent rate as compared to AID (Harris et al. 2002).
A series of recent studies demonstrated that APOBEC3G mediates innate im-
munity to various retroviruses including HIV by deamination of cytidines in
the retroviral first (minus)-strand cDNA (Harris et al. 2003; Mangeat et al. 2003;
Mariani et al. 2003; Zhang et al. 2003). The HIV Vif protein binds APOBEC3G
and induces its degradation by the proteasome, thus enabling HIV to replicate
in T cells in the presence of APOBEC3G (Marin et al. 2003; Sheehy et al. 2003;
Stopak et al. 2003).

Taken together, these results suggest that all members of the APOBEC gene
family including APOBEC-1 have DNA mutator activity and therefore poten-
tially can exert oncogenic effects. The RNA editing activity of APOBEC-1 might
be the exception rather than the rule for these proteins

3
Translation of ApoB and Lipoprotein Assembly

3.1
Translation of ApoB and Translocation Across the ER Membranes

ApoB contains a signal peptide that directs the translated apoB into the lumen
of the ER (Taskinen et al. 1988). The translocation of secretory proteins oc-
curs cotranslationally via a tight junction between the ribosome and the ER
membrane, and once initiated the polypeptide chain translocation into the ER
progresses to completion (Hedge and Lingappa 1996; Liao et al. 1997). Unlike
most other secretory proteins, apoB is not translocated entirely, but appears to
be exposed during translation both to the ER lumen as well as to the cytosol
(Davis et al. 1990; Furukawa et al. 1992). In isolated microsomes, domains of
apoB are accessible for exogenous proteases, indicating that apoB, although
it lacks a classical transmembrane domain, is exposed to the cytosol at some
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points during synthesis or intracellular transport (Chen et al. 1998; Linnik et
Herscovitz 1998). Studies in cell free translation systems demonstrated putative
‘pause-transfer’ sequences in apoB that can interrupt translocation across the
ER membrane without pausing translation (Chuck et al. 1990). Alternatively,
pausing is explained by transient translocation difficulties due to the apoB
secondary structure or to the β-sheet domains in the apoB protein structure
(Pease et al. 1991; Liang et al. 1998). Inefficient translocation, regardless of its
molecular basis, apparently results in the escape of the nascent apoB polypep-
tide from the translocon into the cytosol, and completion of translation is
delayed until a lipid-associated signal for secretion occurs (Mitchell et al. 1998;
Pariyarath and Fisher 2001).

3.2
Lipoprotein Assembly

3.2.1
Two-Step Lipidation Model of ApoB Lipoprotein Assembly

In rat liver, apoB-48 VLDL and also apoB-100 VLDL are assembled in the
ER in two discontinuous lipidation steps (Boren et al. 1994; Stillemark et
al. 2000; Rustaeus et al. 1995, 1998). In the first step, apoB-48 is associated
cotranslationally with a small amount of lipid to form a ‘high-density’ apoB
lipoprotein particle. This HDL-like particle is further lipidated in a second
step that is expanding its triglyceride content to form a VLDL particle. The
assembly of apoB-48-containing chylomicrons in the enterocytes also occurs
as a two-step process: The first step produces dense apoB-48 phospholipid-rich
particles which accumulate in the smooth ER. In the second step, these dense
particles rapidly acquire the bulk of triglycerides and additional phospholipid
(Cartwright and Higgins 2000). Similarly, the assembly of apoB-100 VLDL in
hepatoma cells involves a two-step pathway in which without adequate supply
of lipids most of the apoB-100 is degraded intracellularly (Rustaeus et al. 1995,
1998; Stillemark et al. 2000).

3.2.2
Microsomal Triglyceride Transfer Protein

The assembly of apoB-containing lipoproteins requires, in addition to the
translocation of the nascent apoB polypeptide, a number of molecular chap-
erones: heat-shock-protein70 (hsp70) in the cytosol, calnexin in the ER mem-
branes, and most importantly, microsomal triglyceride transfer protein (MTP)
within the ER lumen (Zhou et al. 1995; Wu et al. 1996; Wang et al. 1996; Lin-
nik et Herscovitz 1998). MTP is a heterodimer that consists of the ubiquitous
ER-localized chaperone protein-disulfide isomerase and a unique 97-kDa sub-
unit (Wetterau et al. 1990). The genetic syndrome abetalipoproteinemia, that is
characterized by the inability to secrete intestinal or hepatic apoB lipoproteins,
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is caused by mutations in the gene encoding the large 97-kDa subunit (Sharp et
al. 1993). Thus, abetalipoproteinemia illustrates the outstanding importance
of MTP for apoB lipoprotein assembly. MTP has the capacity to transport
neutral and amphipathic lipids between membranes and vesicles (Wetterau
et al. 1997). During the cotranslational phase of lipoprotein assembly (‘first
step’) MTP transfers lipids from the ER membrane or other donor sites onto
the nascent apoB particle (Wetterau et al. 1997). This process requires a phys-
ical interaction between MTP and the amino terminus of apoB (Patel and
Grundy 1996; Hussain et al. 1998; Bradbury et al. 1999). The interaction of
MTP with apoB is also required for initiation of translocation (Fleming et al.
1999; Liang and Ginsburg 2001). The cotranslational lipid transfer mediated
by MTP prevents the early proteosomal degradation of apoB (Benoist and
Grand-Perret 1997; Zhou et al. 1998).

The ‘second-step’ in apoB lipoprotein assembly that provides bulk lipid
addition to the HDL-like apoB precursor lipoprotein is less well defined. MTP
is required for the availability of triglyceride-rich droplets in the ER lumen
(Wang et al. 1997, 1999; Hebbachi et al. 1999; Raabe et al. 1999). The final step
in lipoprotein assembly that involves the fusion of the HDL-like apoB precursor
lipoprotein with this triglyceride-rich droplet can occur independently of MTP
activity or of triglyceride synthesis (Olofson et al. 1999; Raabe et al. 1999; Pan
et al. 2002). This step in lipoprotein synthesis requires the exit of apoB from the
ER, isdependentonCOPIIvesicles, and is concluded inapost-ERcompartment
(Gusarova et al. 2003).

Studies using MTP deficient mice have contributed substantially to the in-
sight of the role of MTP in apoB lipoprotein assembly. Homozygote deficiency
of MTP results in embryonic lethality in mice, most probably due to an im-
paired capacity of the yolk sac to export lipids to the developing embryo
(Raabe et al. 1998). Heterozygote MTP deficiency in mice reduces the apoB
lipoprotein secretion without any adverse effect by about 50% (Raabe et al.
1998, Leung et al. 2000). Thus, the activity of MTP is rate limiting for the
production of VLDL in the liver. This important conclusion is underscored
by studies using adenovirus-mediated overexpression of MTP that lead to in-
creased VLDL production (Liao et al. 1999; Tietge et al. 1999). A liver-specific
conditional gene knock-out of MTP abolishes apoB-100 lipoprotein secretion
by the liver completely (Raabe et al. 1999; Chang et al. 1999). Interestingly,
these two studies differed in the extent of the inhibition of hepatic apoB48
secretion by the conditional MTP knock-out. While Chang et al. (1999) found
a complete inhibition of both apoB-100 and apoB-48, Raabe et al. (1999) re-
ported that only the apoB-100 secretion was completely abolished, while the
apoB-48 secretion was almost unaffected. Young and coworkers have recently
generated a mouse model (‘reversa mice’) that is homozygous deficient for
the LDL-receptor (Ldlr−/−), expresses only apoB-100 (ApoB100/100), and har-
bors a homozygous conditional MTP gene knock-out that can be executed by
liver-specific expression of a Cre-transgene from the inducible Mx1-promoter
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(Lieu et al. 2003). The severe hypercholesterolemia with strongly elevated LDL
plasma levels in the Ldlr−/−, ApoB100/100 mice can completely be reversed by
inactivation of MTP in the liver (Lieu et al. 2003). The inactivation of hepatic
apoB lipoprotein synthesis does not only correct the hyperlipidemia in these
‘reversa mice’, but also prevents the development of premature arteriosclerosis
(Lieu et al. 2003).

Besides MTP, other unconditional cofactor(s) for apoB lipoprotein secretion
from the small intestine must be required. This is demonstrated by autosomal
recessive disorders of chylomicron secretion that are characterized by a se-
lective defect in chylomicron production with little impact on hepatic VLDL
synthesis (Kane and Havel 1995). Chylomicron retention disease (CMRD),
Anderson disease and CMRD with the neuromuscular disorder Marinseco–
Sjogren syndrome are all characterized by deficiency in fat-soluble vitamins,
low blood cholesterol levels and the complete absence of chylomicrons (Jones
et al. 2003). Obvious candidate genes for these genetic disorders such as in-
testinal apoproteins, MTP or fatty acid binding proteins could be excluded
by linkage studies (Dannoura et al. 1999; Davidson and Shelness 2000). By
carrying out a genome-wide scan the group of James Scott and Carol Shoul-
ders identified a region of apparent homozygosity in four affected families
and could pin-point homozygous coding sequence variants of SARA2 in 11
affected individuals from eight different families with CMRD or Anderson
disease (Jones et al. 2003). SARA2 belongs to the Sar1-ADP-ribosylation factor
family of small GTPases which govern the intracellular trafficking of proteins
in COPII (coat protein)-coated vesicles (Schekman and Orci 1996; Takai et al.
2001). All five missense mutations associated with CMRD or Anderson disease
cause damage the GTP-binding pocket of the SARA2 gene product (Sar1b) as
deduced from alignment to the crystal structure of hamster Sar1 that shares
99% amino-acid sequence identity with Sar1b (Jones et al. 2003). The three
amino acid changes associated with CMRD or Anderson disease are expected
to profoundly compromise the ability of SAR1b to bind GTP, while a homozy-
gous splice site mutation abolishes the production of functional Sar1b (Jones
et al. 2003). This study therefore establishes a link between chylomicron secre-
tion and the COPII transport machinery. The precise function of Sar1b in the
intracellular trafficking of chylomicrons, however, remains to be established.

3.2.3
Regulated Intracellular Degradation of ApoB

In the liver, a major proportion of newly synthesized apoB is degraded intra-
cellularly as first demonstrated in HepG2 cells and primary rat hepatocytes
(Bostrom et al. 1986; Borchard and Davis 1987). Numerous subsequent studies
have since shown that apoB is degraded both by proteasomal and nonprotea-
somal pathways.
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3.2.3.1
Proteosomal Degradation of ApoB

When apoB translation and translocation is arrested, the translocation-arrest-
ed apoB is targeted by ubiquitinylation for degradation by the proteasome
(Benoist and Grand-Perret 1997; Yeung et al. 1996; Fisher et al. 1997). The lack
of co-translational lipid association with the nascent β-sheets of apoB results
in an increased cytosolic exposure of apoB domains and targets apoB to the
ubiquitin–proteosome pathway. This degradation is facilitated by the cytoso-
lic chaperones hsp70 and hsp90, involves the chymotrypsin-like activity of
the proteasome, and begins co-translationally (Zhou et al. 1998; Benoist and
Grand-Perret 1997; Yeung et al. 1996; Fisher et al. 1997; Gusarova et al. 2001,
Fisher and Ginsburg 2002). In contrast to most other proteins that are retro-
translocated into the cytosol for proteosomal degradation after being fully
translocated into the ER, apoB is targeted co-translationally for degradation
while it is still bound to the ribosome (Liao et al. 1998; Fisher et al. 1997;
Mitchell et al. 1998; Pariyarath et al. 2001; Zhou et al. 1998; Chen et al. 1998;
Liang et al. 2000). The degradation of apoB by the proteasome is regulated by
various metabolic factors. A lack of triglycerides or low activity of MTP are the
most important conditions that lead to an increased proteosomal degradation
of apoB. The total lack of apoB secretion in humans with abetalipoproteinemia
and in MTP deficient mice proves the central role of MTP in the regulation of
proteosomal degradation of nascent apoB.

Increased lipogenesis induced by SREBP-1 protects apoB from proteoso-
mal degradation and results in increased hepatic apoB lipoprotein secre-
tion (Wang et al. 1997). Besides hsp70, hsp90 promotes apoB degradation
by the ubiquitin–proteasome pathway by unfolding the apoB substrate into
the narrow mouth of the 19S cap subunit of the proteasome (Verma et al.
2000; Gustarova et al. 2001). Ubiquitinylation of apoB is, at least partly,
mediated by GP78, a ubiquitin protein ligase (Liang et al. 2003). Taken to-
gether, insufficient lipid association of the nascent apoB polypeptide ini-
tiates the targeting of apoB to cotranslational quality control mechanisms
that are designed to prevent the exit of misfolded proteins from the ER
(Ellgard et al. 1999).

3.2.3.2
Non-proteosomal Degradation of ApoB

Both n-3 (omega-3) fatty acids of fish oil and insulin stimulate apoB degra-
dation and decrease the secretion of buoyant apoB lipoproteins, yet this type
of apoB degradation is insensitive to proteosomal inhibitors (Fisher et al.
2001; Fisher and Ginsburg 2002). Most probably, these stimuli induce apoB
degradation after lipoprotein assembly and exit from the ER (Phung et al.
1997; Fisher et al. 2001). Inhibition of phosphatidylinositol 3-kinase reduces
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this non-proteosomal degradation of apoB (Sparks et al. 1996; Fisher et al.
2001). The increased rate of apoB lipoprotein secretion that develops fre-
quently in NIDDM as a consequence of insulin resistance thus might be ex-
plained by a decrease of the non-proteosomal degradation of apoB (Fisher and
Ginsburg 2002).

A further potential important regulation of apoB lipoprotein production
by the liver is related to the activity of hepatic LDL receptors. In FH not only
the clearance of LDL is decreased, but the hepatic secretion of VLDL is in-
creased substantially (Packard et al. 1976; Soutar et al. 1977). Statin therapy
can effectively lower LDL plasma levels even without affecting LDL clearing
rates, and therefore at least a proportion of the LDL lowering effect can be
attributed to a decreased production rate of VLDL (Huff and Burnett 1997).
The LDL receptor mediates presecretory degradation of apoB-100 within the
secretory pathway in primary mice hepatocytes (Twisk et al. 2000). A naturally
occurring mutant LDL receptor as well an engineered LDL receptor mutant
consisting of only the ligand-binding domains and a carboxy-terminal endo-
plasmic retention sequence both of which are retained within the ER abolish
apoB secretion in primary hepatocytes of Ldlr−/− mice (Gillian-Daniel et al.
2002). When the ligand-binding domain of the truncated receptor was dis-
rupted, this receptor was unable to block apoB secretion (Gillian-Daniel et al.
2002). These findings establish LDL receptor-mediated pre-secretory degra-
dation as a pathway distinct from the re-uptake of nascent apoB-lipoproteins
at the cell surface. However, these results are not undisputed as Millar et al.
(2002) did not find an effect of the LDL receptor on apoB lipoprotein se-
cretion in the mouse liver in vivo when they measured hepatic triglyceride
and apoB production in LDL receptor−/− mice in comparison to wild-type
mice.

ApoB degradation is rapid and complete in HepG2 cells after addition
of oleate to facilitate apoB translocation (Fig. 2), of brefeldin A to inhibit
the vesicular transport from the ER to the Golgi apparatus, and of N-acetyl-
leucinyl-leucinyl-norleucinal (ALLN) to inhibit neutral cysteine proteases and
the proteasome (Wu et al. 1997). Additional treatment with dithiothreitol
(DTT) prevents this degradation (Wu et al. 1997). Thus, the co- and post-
translational degradation of apoB involves a DTT-sensitive protease within the
ER lumen in addition to proteosomal degradation (Wu et al. 1997). A candidate
protease for nonproteosomal degradation of apoB within the ER lumen is the
ER-60 protease that has been shown to interact physically with apoB (Adeli
et al. 1997). In addition, dexamethasone decreases the activity of a cysteine
protease that degrades apoB in a post-ER compartment (Wang et al. 1995).
In a cell-free assay system a major proportion of the intracellular degradation
of newly synthesized apoB occurs in a post-ER compartment, possibly the
Golgi apparatus, mediated by this dexamethasone inducible cysteine protease
(Wang et al. 1995).
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Fig. 2 Illustration of apoB translocation, lipoprotein assembly and proteosomal and non-
proteosomal degradation

3.2.4
Bulk Lipidation and Maturation of ApoB Lipoproteins

The cascades in the final assembly of mature, triglyceride-enriched apoB
lipoproteins are less well defined. As outlined above, the addition of bulk lipids
requires the fusion of dense, ‘HDL’-like apoB lipoproteins with preformed
triglyceride-rich droplets either in a specialized ER compartment or in a pre-
Golgi compartment (Pan et al. 2002). This ‘second-step’ occurs independently
of MTP, yet MTP is required for the formation of the triglyceride-rich droplet
that reside preformed within the secretory pathway (Pan et al. 2002). The dense
nascent apoB lipoproteins are still associated with the ER membranes and the
translocon (Hebbachi et al. 1999; Pan et al. 2002). This transmembrane con-
formation of apoB persists until apoB is transported to the Golgi-apparatus
(Liao et al. 2003). The bulk lipidation occurs just prior to secretion of the ma-
ture apoB lipoproteins and may be linked to the generation of oleoyl-enriched
phospholipids and associated membrane changes that are necessary for the
formation of triglyceride-rich droplets within the ER lumen or their fusion
with the lipoprotein particle (Tran et al. 2000). Therefore, oleate stimulation of
apoB lipoprotein secretion by cultured cells may act as a signalling molecule
rather than serving merely as a lipid source (Tran et al. 2000; Fisher and Gins-
berg 2002). This second-step in lipoprotein formation occurs at the distal end
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of the secretory pathway, and is probably most active in a distal Golgi com-
partment adjacent to the site of secretion (Tran et al. 2002). This process does
not require palmitylation of apoB, but palmitylation may influence the parti-
tioning of apoB between microsomal membranes and the microsomal lumen
(Vukmirica et al. 2003).

4
Lead Targets for the Inhibition of ApoB Lipoprotein Synthesis

Prevalent disorders such as NIDDM, obesity and the metabolic syndrome are
characterized by an increase of VLDL secretion that results in hyperlipidemia
and leads to accelerated atherosclerosis (Brunzell and Hokanson 1999; Gins-
berg 2000). Means to reduce hepatic apoB lipoprotein production are therefore
of great clinical significance. First, in some species, but notably not in humans,
the hepatic synthesis of apoB-48 as a consequence of mRNA editing in the liver
represents the physiological response to high-caloric diet. The proven mutator
activity of APOBEC-1, however, precludes its use a therapeutic gene in humans
for the treatment of hyperlipidemia and atherosclerosis. Second, the activity
of MTP is the rate-limiting step in apoB lipoprotein secretion and therefore
the most obvious target for medical intervention. Strategies aimed to directly
increase apoB degradation without affecting MTP activity represent a valuable
alternative. Approaches to reverse the insulin resistance in the liver to inhibit
the hepatic lipoprotein secretion are a further alternative.

4.1
Inhibition of MTP

4.1.1
Nutritional Effects on MTP Activity

The restriction of calorie intake and of dietary lipids is the most straight-
forward approach to reduce the hepatic secretion of apoB lipoproteins. As
outlined above, lipid deprivation slows the ‘first-step’ in the lipidation pro-
cess mediated by MTP and leads to increased proteosomal degradation of the
nascent apoB polypeptide. In addition, some nutritional ingredients affect
hepatic apoB lipoprotein secretion and lower LDL plasma levels. Flavonoids
are naturally occurring molecules abundantly present in fruits, vegetables,
nuts, seeds and beverages such as tea and wine. The roles of naringenin
and the related citrus flavonoid, hesperetin, in prevention and treatment of
hyperlipidemia and atherosclerosis as well as cancer has recently attracted
a great deal of attention. Narigenin and hespertin are found largely as the
glycosides, naringin and hesperidin, in grapefruit and oranges, respectively
(Wilcox et al. 2001). These glycosides are hydrolyzed to their active forms,
narigenin and hespertin, by intestinal bacteria (Wilcox et al. 2001). Studies
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in animal models have demonstrated that diets supplemented with grapefruit
juice, orange juice or narigenin or hespertin lead to a reduction of plasma
cholesterol levels (Choi et al. 1991; Monforte et al. 1995; Shin et al. 1999;
Bok et al. 1999; Kurowska et al. 2000). Naringenin and hesperitin have been
shown not only to lower plasma lipids in rodent models, but also to reduce
atherosclerosis (Lee et al. 2001). Studies in hepatoma cells in vitro have shown
that hepatocyte apoB secretion is inhibited by naringenin and hesperitin via
a reduced expression of ACAT2 and also MTP (Wilcox et al. 2001). Recent
studies have demonstrated that the decrease of apoB secretion induced by
naringenin and hesperitin is caused by the inhibition of MTP and the subse-
quent limitation of microsomal triglycerides within the ER, not by limiting
cholesteryl-esters in the ER lumen as a consequence of the ACAT inhibition
(Borradaile et al. 2002, 2003).

Many epidemiological studies have demonstrated that a high intake of fruits
and vegetables is associated with lower plasma levels of LDL and a reduced
risk of coronary artery disease (Bazzano et al. 2002). A reduced rate of apoB
lipoprotein secretion due to flavonoid-induced MTP inhibition may contribute
to this inverse association between fruit intake and CVD.

4.1.2
Hormonal Influences on MTP Activity

4.1.2.1
Effects of Insulin on MTP Activity

Insulin decreases the hepatic secretion of apoB lipoproteins, and this effect
requires the activation of phosphatidylinositol 3-kinase (PI3-K) (Sparks and
Sparks 1990; Phung et al. 1997). The inhibition of the hepatic apoB secre-
tion by insulin is mediated by an increase of apoB degradation (Sparks and
Sparks 1990; Phung et al. 1997). Emerging evidence from studies in ani-
mals indicates that the dsylipidemia associated with insulin resistance in
NIDDM is associated with an increased hepatic expression of MTP mRNA
(Kuriyama et al. 1998; Taghibiglou et al. 2000, 2002; Bartels et al. 2002).
The mRNA expression of MTP in hepatocytes is increased by carbohydrate-
rich diets and is decreased by insulin (Lin et al. 1994, 1995; Hagan et al.
1994). Insulin lowers MTP mRNA levels mainly through transcriptional re-
pression of the MTP gene that is mediated through the MAPKerk cascade,
but not through the PI3-K pathway (Hagan et al. 1994; Au et al. 2003). Cel-
lular MAPKp38 has a counterbalancing role in fine-tuning MTP activity in
the liver through an inhibition of MEK1/2 by cross-talk between MEK1/2 and
MAPKp38 (Au et al. 2003). Specific MAPKp38 inhibitors such as SB202190 or
SB203580 lead to reduced MTP mRNA levels in human hepatoma HepG2 cells
even in the absence of insulin, and can further augment the extent of insulin-
mediated inhibition of MTP expression (Au et al. 2003). On the contrary,
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stimulating MAPKp38 in HepG2-cells by the constitutively activated MKK6-
EE increases the MTP promoter activity (Singh et al. 1999; Au et al. 2003).
Therefore, approaches to inhibit MAPKp38 activity have considerable potential
to lower the activity of MTP in liver and to decrease the hepatic secretion
of apoB lipoproteins.

An alternative pharmacological approach to lower MTP activity is through
interference with peroxisome proliferator-activated receptors (PPARs). The
PPARs are members of the nuclear receptor superfamily, and exist in three
subtypes: PPARα, PPARγ and PPARδ (Lee et al. 2003). The thiazolidinediones
(i.e., rosiglitazone or pioglitazone) are agonists of PPARγ and improve the
insulin sensitivity both in the adipose tissue as well as in the liver (Stumvoll
2003). The fructose-fed golden Syrian hamster develops a syndrome of in-
sulin resistance with mild hypertriglyceridemia, VLDL-apoB overproduction,
increased intracellular apoB-particle stability and an increased expression of
hepatic MTP similar as observed in patients with NIDDM (Taghibiglou et al.
2000). Treatment of fructose-fed golden Syrian hamsters with rosiglitazone
ameliorated the defect in hepatic insulin-stimulated tyrosine phosphorylation
of the insulin receptor and of the insulin-receptor substrate 1 and 2, reduced
MTP protein in the liver and resulted in a significant reduction of intracellular
apoB stability (Carpentier et al. 2002). Thus, PPARγ agonists lead to a reduc-
tion of hepatic VLDL assembly and secretion as a consequence of a decrease in
MTP expression and a concomitant increase in intracellular apoB degradation
(Carpentier et al. 2002).

4.1.2.2
Effects of Growth Hormone on MTP Activity

Growth hormone (GH) increases hepatic VLDL production (Elam et al. 1992;
Linden et al. 2000). Studies in rats demonstrated a higher MTP expression
in female rats that could be explained by the feminine GH secretory pattern
(Ameen and Oscarsson. 2003). GH appears to be a central regulator for MTP
expression (Ameen and Oscarsson. 2003). The signal transduction pathways
induced by GH that ultimately lead to the increase in MTP expression are still
not well defined, but offer possibilities for pharmacological interventions to
decrease hepatic MTP expression for lowering of VLDL secretion.

4.1.3
Pharmacological Inhibition of MTP Activity

Due to the central role of MTP in the regulation of VLDL secretion by the
liver, the pharmaceutical industry has devised both screening protocols as
well as drug-design strategies to identify potent MTP inhibitors. Independent
efforts have yielded strikingly similar series of lipophilic amide inhibitors
(Chang et al. 2002).



Inhibition of the Synthesis of Apolipoprotein B-Containing Lipoproteins 501

Fig. 3 Structure of the MTP inhibitor CP-346086 (Pfizer)

In rat hepatoma McArdle7777 cells and in primary rat hepatocytes a de-
crease in MTP activity by addition of the MTP inhibitor BMS-200150 (Bristol-
MyersSquibb) leads toaproportionaldecrease in the secretionof apoB lipopro-
teins (Jamil et al. 1998). The inhibition of MTP activity in rat hepatoma McAr-
dle7777 cells by BMS-197636 (Bristol-Myers Squibb) promotes both proteaso-
mal and non-proteasomal degradation of apoB-100 (Cardozo et al. 2002). In
HepG2-cells, the MTP inhibitor CP-10447 (Pfizer) leads to a specific reduction
of apoB synthesis due to reduced rates of apoB elongation even in the pres-
ence of proteasomal inhibitors such as ALLN (Pan et al. 2000). Treatment of
LDL receptor deficient mice with the MTP inhibitor 8aR (Novartis) for 7 days
lowered plasma lipids to normal control values, while liver triglyceride levels
were increased only about fourfold (Liao et al. 2003). Similarly, administration
of the MTP inhibitor Implitapide (Bayer) to LDL receptor deficient WHHL
rabbits decreased the plasma cholesterol and triglyceride levels by 70% and
45%, respectively, and the VLDL secretion rate by 80% (Shiomi and Ito 2001).
Recently, the first report of the MTP inhibitor CP-346086 (Pfizer) in humans
was made (Chandler et al. 2003) (Fig. 3). After 2 weeks of treatment, CP-346086
reduced plasma total and LDL cholesterol, and triglycerides by 47%, 72% and
75%, respectively, with little change in HDL cholesterol (Chandler et al. 2003).
Significant toxicity was not observed in the healthy human volunteers, nor in
experimental animals treated with CP-34086.

The most important side effect of MTP inhibitors is the increase of intestinal
and hepatic triglyceride content, ultimately the induction of a fatty liver. The
dosing of MTP inhibitors appears to be critical in this respect. In experimen-
tal animals, MTP inhibition by CP-34086 resulted in increases in both liver
and intestinal triglyceride content when CP-34086 was administered in close
temporal proximity to feeding. However, when dosed away from feeding, only
hepatic triglycerides were increased (Chandler et al. 2003).

The pharmacological inhibition of MTP activity in the liver is a promising
approach for the treatment of hyperlipidemia and arteriosclerosis, especially
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in patients with NIDDM and increased VLDL production. It is eagerly awaited
whether or not any of the currently explored compounds will meet the expec-
tations and can pass the necessary safety requirements to finally make it to the
market.

4.2
Stimulation of Intracellular ApoB Degradation

The unique features of post-translational apoB proteolytic degradation offer
targets for inhibition of the hepatic assembly and secretion of apoB lipopro-
teins. Most notably, the lipid lowering potential of some forms of fatty acids
appears to be due to stimulation of presecretory degradation of apoB.

4.3
Nutritional Effects on Intracellular ApoB Degradation

4.3.1
Effects of Omega-3 Fatty Acids

Omega-3 fatty acids are associated with a lipid-lowering effect in vivo (Harris
1989) and with reduced rates of CVD (von Schacky 1999). Two specific omega-3
fatty acids, eicosapentaenoic acid (EPA, 20:5) and docosahexanoid acid (22:6)
have been shown to stimulate the degradation of newly synthesized apoB by
cultured rat hepatocytes and rat hepatoma McArdle7777 cells (Wang et al.
1993, 1994). Because omega-3 fatty acids can enhance the expression of the
LDL receptor in hepatocytes, an enhanced LDL receptor-mediated re-uptake of
secreted VLDL could explain this effects that is most pronounced for the most
buoyant lipoproteins (Wang et al. 1993). In primary rat hepatocytes and rat
hepatoma cells, however, EPA inhibited apoB secretion even when re-uptake
was completely inhibited (Fisher et al. 2001). Inhibition of proteosomal degra-
dation by lactocystin produced little if any inhibition of EPA-induced apoB
degradation (Fisher et al. 2001). However, the specific PI3-K inhibitor wort-
mannin nearly completely inhibited EPA-induced apoB degradation (Fisher
et al. 2001). These results establish that the treatment of hepatic cells with
omega-3 fatty acids induces the degradation of newly synthesized apoB by
a third pathway distinct from re-uptake or proteosomal degradation within in
the ER (Fisher et al. 2001). On the contrary, saturated fatty acids such as myris-
tic acid reduce the intracellular degradation of apoB and induce the secretion
of dense apoB lipoproteins (Kummrow et al. 2002). For this type of apoB degra-
dation the term ‘post-ER presecretory proteolysis’ (PERPP) has been proposed
(Fisher et al. 2001). The protease and the potential signal transduction path-
ways involved in PERPP are currently unknown, but they represent excellent
targets for pharmacological interventions. Most importantly, a diet that is rich
in omega-3 fatty acids is a simple mode to reduce hepatic VLDL secretion.
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4.3.2
Effects of PPARα on ApoB Secretion

PPARα has a central role in the regulation of hepatic lipid metabolism. Long-
chain fatty acids are amongst the natural ligands for PPARα, and PPARα is also
activated by the so-called peroxisome-proliferators, a group of compounds that
includes the lipid-lowering fibrates (Schoonjans et al. 1996). The PPARα ago-
nist WY14,643 (Chemsyn Co.) increased the secretion of apoB-100-containing
lipoproteins from primary rat hepatocytes, and simultaneously decreased the
biosynthesis of triglycerides (Linden et al. 2002). WY14,643 also increased
the expression and biosynthesis of liver fatty acid-binding protein (LFABP),
while transfected LFABP increased apoB-100 secretion, decreased triglyceride
biosynthesis and increased PPARα mRNA (Linden et al. 2002). These findings
indicate that PPARα and LFABP synergistically induce the hepatic synthesis
of apoB lipoproteins. Thus, both PPARα and LFABP are potential targets for
pharmacological interventions of hepatic lipoprotein synthesis and secretion.
A partial antagonist of PPARα that reduces its stimulating effect on lipopro-
tein assembly while retaining its inhibitory effect on triglyceride biosynthesis
would be an ideal substance to reduce hepatic VLDL secretion.
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Abstract Lipoprotein (a) [Lp(a)] appears to be one of the most atherogenic lipoproteins. It
consists of a low-density lipoprotein (LDL) core in addition to a covalently bound glyco-
protein, apolipoprotein (a) [apo(a)]. Apo(a) exists in numerous polymorphic forms. The
size polymorphism is mediated by the variable number of kringle-4 Type-II repeats found
in apo(a). Plasma Lp(a) levels are determined to more than 90% by genetic factors. Plasma
Lp(a) levels in healthy individuals correlate significantly high with apo(a) biosynthesis and
not with its catabolism. There are several hormones known to have a strong impact on
Lp(a) metabolism. In certain diseases, such as kidney disease, Lp(a) catabolism is impaired
leading to up to fivefold elevations. Lp(a) levels rise with age but are otherwise influenced
only little by diet and lifestyle. There is no safe and efficient way of treating individuals
with elevated plasma Lp(a) concentrations. Most of the lipid-lowering drugs have either no
significant influence on Lp(a) or exhibit a variable effect in patients with different forms
of primary and secondary hyperlipoproteinemia. There is without doubt a strong need to
concentrate on the development of specific medications to selectively target Lp(a) biosyn-
thesis, Lp(a) assembly and Lp(a) catabolism. So far only anabolic steroids were found to
drastically reduce Lp(a) plasma levels. This class of substance cannot, of course, be used
for treatment of patients with hyper-Lp(a). We recommend that the mechanism of action
of these drugs be studied in more detail and that the possibility of synthesizing derivatives
which may have a more specific effect on Lp(a) without having any side effects be pursued.
Other strategies that may be of use in the development of drugs for treatment of patients
with hyper-Lp(a) are discussed in this review.

Keywords Atherosclerosis · Risk factor · Fibrinolysis · Metabolism · Hormones

1
Introduction

Lipoprotein(a) [Lp(a)] was first described in 1963 as a genetic variant of β-
lipoprotein (Berg 1963). Despite intensive research the physiological function
of Lp(a) remains elusive. In the late 1970s several research groups includ-
ing our own suggested that Lp(a) might be a highly atherogenic lipopro-
tein. This was based on case–control studies with only few patients and on
observational reports of single families. Based on the results of numerous
more recent prospective studies with large sample sizes it became clear that
the risk of developing coronary artery diseases in the Western population is
more than two times higher in individuals with increased plasma Lp(a) levels
(Marcovina et al. 2003).

Unfortunately we are still left in the dark concerning Lp(a) biosynthesis and
catabolism and have therefore so far not reached our target to reduce plasma
Lp(a) levels in patients who are at an increased coronary risk. Today, there is
no safe medication known to selectively reduce plasma Lp(a) except for Lp(a)
apheresis. Current therapies concentrate on reducing other risk factors such
as low-density lipoprotein (LDL), which have been shown to potentiate the
adverse effect of Lp(a).
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2
Lp(a) Structure

Lp(a) is a complex particle which disintegrates upon treatment with reducing
agents into apolipoprotein (a) [apo(a)], a highly glycosylated protein, and
a lipoprotein particle which is chemically and structurally indistinguishable
from LDL. A disulfide bridge links Cys4326 in apoB-100 with the only free
Cys in apo(a), i.e., Cys4057 located in kringle four Type-9. Chemically, Lp(a)
consists of approximately 30% protein, 10% carbohydrates, 37% cholesterol +
cholesteryl esters, 18% phospholipids and 5% triglycerides (Fig. 1).

Fig. 1 Schematic view of an Lp(a) particle

Apo(a), the characteristic glycoprotein component of Lp(a) has a rather
unique structure. It consists of repetitive protein segments, which are highly
homologous to structures in plasminogen (Plg), so-called kringles, i.e., stretch-
es of approximately 110 amino acids forming a secondary structure, which
resembles ’Danish kringles’ (McLean et al. 1987). The major part of apo(a)
consists of numerous repetitive copies of Plg-like kringle-IVs (K-IV). In ad-
dition, one copy of a K-V like kringle and a protease like domain of Plg are
found. In humans there exist in excess of 30 genetically determined apo(a)
isoforms giving rise to a great size heterogeneity. The smallest apo(a) iso-
form contains the protease domain, K-V and 11 K-IVs of which K-IV Type-
1 (T-1) and T-(3-10) are unique in their primary structure, whereas K-IV
T-2 is present in two identical copies. Larger isoforms differ by the num-
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ber of K-IV T-2s; the largest apo(a) described so far had 52 K-IVs. Be-
tween the K-IV domains there are linker regions, which are highly glyco-
sylated by N- and O-linked sugars. Although the majority of apo(a) is com-
plexed to LDL, there are small and variable amounts present in plasma in
the free form (Gries et al. 1987). It is assumed that this fraction of free
apo(a) plays an important role in Lp(a) metabolism and its physiological
function.

3
Lp(a) Metabolism and Genetics

Most if not all of apo(a) is biosynthesized in the liver. Apo(a) appears to be
constitutively expressed yielding constant plasma levels over long periods of
time. Between 90 and 95% of the plasma Lp(a) levels are inherited. The gene for
apo(a) is located on chromosome 6q26-q27 and the 5’ flanking region contains
a variable number of tandem repeats with the pentanucleotide TTTTA. Within
the 40-kilobase pair apo(a)–plasminogen intergenic region, two segments with
enhancer sequences have been characterized. These include Sp1 and perox-
isome proliferator-activated receptors binding sites and highly homologous
binding sites for AP-1, NF-κB, GATA-1, C/EBP and GR. It also appears that
HNF-1 is crucial for mediating apo(a) expression. Finally interleukin (IL)-6
like and sex hormone binding sites are abundant in the apo(a) promoter. None
of these elements so far provide any clue for the non-Gaussian distribution of
plasma Lp(a) concentrations, and the plasma levels which vary among indi-
viduals by a factor of 1000. The basis for understanding these variations was
provided by Utermann et al. (1987). Large isoforms were found to correlate
with low plasma Lp(a) levels and vice versa. The molecular mechanism of these
findings is based, on the one hand, on the fact that large apo(a) isoforms are
trapped and degraded in the rough endoplasmic reticulum and in the Golgi
compartment to a much greater extent than small isoforms (White et al. 1994).
On the other hand the +93 C/T polymorphism of the untranslated region in
the apo(a) gene in addition to several other mutations and polymorphisms
in unique K-IVs have an additional impact on Lp(a) plasma levels. All to-
gether 90%–95% of the plasma Lp(a) levels are inherited, the rest is caused by
environmental factors.

3.1
Assembly of Lp(a)

Apo(a) binds with high affinity to LDL, a process that may be observed in
vitro by mixing these two components in a test tube. In vivo, the assembly
probably occurs on the surface of liver cells. The final assembly to Lp(a) pro-
ceeds in two steps (reviewed in Frank et al. 1994). In the first step, a loose
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association between apo(a) and LDL is formed which is competitively inhib-
ited by Lys-analogs. This association brings free–SH groups of apo(a) and
apoB into close vicinity which in turn form a stable covalent disulfide bond.
For the first assembly step the unique K-IV T-6 or T-7 and for the second
K-IV T-9 are essential. The binding of apo(a) to LDL occurs in close vicin-
ity of the LDL-receptor (LDL-R) binding site, which in turn yields a par-
ticle with low LDL-R binding. On the other hand, particles with low affin-
ity to the LDL-R such as very-low-density lipoprotein (VLDL) do not form
stable complexes with apo(a); this is also true for lipoproteins that contain
apo B-48. It must be emphasized however that in vivo turnover studies in
man using stable isotopes strongly suggest that the assembly of Lp(a) occurs
intracellularly.

The pathways responsible for the catabolism of Lp(a) in humans are mostly
unexplored. We have shown previously that the apo(a) antigen of Lp(a) in
blood is cleaved by metalloproteinases yielding fragments of variable size. Only
a small fraction of these fragments is secreted into urine, yet the majority is
rapidly cleared from the circulation by various tissues and organs in transgenic
mice (Frank et al. 2001). Yet, less than 1% of Lp(a) catabolism is accounted
for by the urinary secretion of apo(a) fragments (Kostner et al. 1996). The
majority of Lp(a) in animal experiments is taken up by the liver yet the specific
role of various receptors in Lp(a) catabolism is controversial and not fully
explored for the in vivo situation (Wo et al. 1997). It was suggested that LDL-R
related protein, megalin and the VLDL-receptor all might be involved in Lp(a)
catabolism. In addition we have demonstrated that the galactose specific asialo
glycoprotein receptor (ASGPR) might play a crucial role as well (Hrzenjak et
al. 2003). ASGPR knock-out mice exhibited a slower catabolism and a reduced
uptake of native freshly isolated Lp(a). COS-7 cells transfected with ASGPR on
the other hand showed an increased binding of Lp(a). Thus we suggest that
some of the newly synthesized Lp(a) might be devoid of terminal sialic acids
or alternatively, a sialidase might be active in human plasma which in turn
leads to the catabolism of Lp(a) by the ASGPR pathway.

4
Nongenetic Factors Affecting Plasma Lp(a) Levels

Epidemiologic studies have revealed that at given apo(a) isoform size there
are striking differences in plasma Lp(a) concentrations among different ethnic
groups. In the black population for example, Lp(a) levels are approximately
twice as high as compared to the white population. In the Asian population
on the other hand Lp(a) is much lower than in Caucasians. Although it cannot
be excluded that variations in the apo(a) gene might be responsible for these
observations it is generally believed that other as yet unknown factors might
be operative.
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Within a given individual, the plasma Lp(a) concentration is rather constant
over time. On the other hand, Lp(a) rises quite significantly with age. This is
particularly true for the first weeks immediately after birth. An increase how-
ever, has also been found in each decade of life. There are in addition numerous
nongenetic factors leading to significant modifications of plasma Lp(a) levels
including alcohol abuse, various types of dietary fatty acids, smoking, obesity,
hypercholesterolemia and more.

4.1
Major Factors and Conditions Affecting Plasma Lp(a) Levels

Cholestatic liver diseases, particularly patients with the occurrence of high
lipoprotein-X concentrations, are also linked to very low plasma Lp(a) levels.
This may be caused, in part, by an impairment of the Lp(a) assembly due to
the lack of normal LDL.

Chronic alcohol intake has a very drastic effect and reduces plasma Lp(a)
by 60% and more. Serum Lp(a) is inversely and dose dependently related with
alcohol intake and this relationship is independent of the size distribution of
apo(a) isoforms (Catena et al. 2003). The mode by which alcohol reduces Lp(a)
is not completely understood, however the effect might be caused by its action
on insulin-like growth factor (IGF) binding protein. Furthermore, cigarette
smoking also lowers plasma Lp(a) by 10%–20%.

Patients suffering from cancer of different locations and origin exhibit up
to twofold elevated plasma Lp(a) concentrations (Wright et al. 1989). Patients
with acute myelotic leukemia have very high Lp(a) levels that normalize upon
chemotherapy with immune suppressive agents. These changes in Lp(a) are
associated with fluctuations in plasma IL-6, suggesting that the IL-6 elements
in the apo(a) promoter are functional.

Increased Lp(a) levels in acute phases, such as after surgery, inflammation,
pregnancy, myocardial infarction, psoriasis, gout and others have been re-
ported. These increased Lp(a) levels normalize after the stimulus for the acute
phase disappears. It is also worth mentioning here that Lp(a) has been shown
to be a potent chemoattractant for human peripheral monocytes (Syrovets et
al. 1997).

The anti-diabetic drug rosiglitazone has been shown to increase plasma
Lp(a) levels by about 15% in one study (Ko et al. 2003). There are also numerous
reports that individuals with familial hypercholesterolemia (FH) exhibit signif-
icantly higher Lp(a) levels than control individuals despite the assumption that
LDL-R does not catabolize Lp(a). The pathomechanism of this phenomenon
remains to be elucidated.

Under certain circumstances, diet has also a measurable effect on Lp(a)
levels. Polyunsaturated fatty acids, e.g., fish oils were found to reduce plasma
Lp(a) particularly in physically active individuals. It has also been reported
that saturated fatty acids found in palm oil reduce Lp(a). Obese individuals or
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overweight patients unsurprisingly have lower plasma Lp(a) levels than control
individuals and weight loss is accompanied by a measurable rise in Lp(a). It
would be of importance to elucidate the pathomechanisms involved in all the
phenomena described above.

4.2
Hormonal Influences on Plasma Lp(a) Levels

Hormonal effects on plasma Lp(a) levels are divergent and not coupled to their
effect on other plasma lipids or lipoproteins. It appears that steroid hormones
or derivatives thereof have the most profound reducing effect on plasma Lp(a)
concentrations. Of all of the other hormones known to significantly affect Lp(a)
levels, human growth hormone (HGH) is the only one that increases plasma
levels significantly.

4.2.1
Sex Hormones

The only substance known so far to drastically reduce Lp(a) levels are anabolic
sterols such as stanazolol and danazolol. These hormones lower plasma Lp(a)
by more than 70%. Much lower effects are found with estradiol and testos-
terone. The latter effects may be caused by an increase in Lp(a) catabolism
by endocrine organs, e.g., the gonads. In support of this is the finding that
gonadotropin releasing hormone analogs reduce plasma Lp(a) by up to 50%.
It is also important to note that tamoxifen treatment reduced plasma Lp(a)
by 30%–40%. Finally, Lp(a) levels rise by a factor of two and more during
pregnancy and normalize post-partum.

4.2.2
Corticoid Hormones

Adrenocorticotrophic hormone administration has a profound effect on Lp(a)
concentrations and yields reductions of up to 30%–40%.

4.2.3
Thyroid Hormones

Hypothyroid patients have increased, while hyperthyroid patients have de-
creased plasma Lp(a) levels in comparison to euthyroid controls. Treatment of
hypothyroid patients with T4 drastically reduces elevated plasma Lp(a) levels.
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4.2.4
Insulin

The effect of insulin on plasma Lp(a) is highly controversial. Type-I diabetics
appear to have Lp(a) levels comparable to controls. Improvement of metabolic
control in these patients has little impact on Lp(a). Type-II [noninsulin de-
pendent diabetes mellitus (NIDDM)] patients, on the other hand, revealed
increased plasma Lp(a) levels compared to controls. One possibility for these
elevated levels is the finding that NIDDM patients with decreased kidney func-
tion excrete significantly less apo(a) fragments into their urine compared to
controls, which could lead to increased plasma Lp(a) levels (Clodi et al. 1997).
There are, however, numerous studies which show opposite results with respect
to plasma Lp(a) levels in Type-II diabetics. This most probably relates to the
type of hyperlipoproteinemia associated in such collectives.

4.2.5
IGF-I and HGH

The administration of these two hormones has opposing effects on serum
Lp(a) (Laron et al. 1997) While HGH drastically increases Lp(a) by up to 120%,
IGF-I was found to decrease Lp(a) levels by 60%.

5
Is There a Physiological Function of Lp(a)?

Early studies carried out in the group of Berg (1963) suggest that individuals
who were ‘Lp(a) negative’ do not suffer from any defect whatsoever. As the
sensitivity of the Lp(a) assays increased, it turned out that these ‘Lp(a) negative’
individuals might have Lp(a) values up to 25 mg/dl. We have studied probands
with background plasma Lp(a) levels (<0.5 mg/dl) and to our surprise their
urinary excretion of apo(a) fragments was comparably high. Thus it appears
that bona fide Lp(a) negative individuals rarely exist, and the old dogma that
Lp(a) has no function needs to be reiterated. It is hard to rationalize that nature
has designed such a complex molecule without any physiological function.

5.1
Lp(a) and Angiogenesis

Several groups including our own suggested that Lp(a) interferes with an-
giogenesis and vessel outgrowth. The rationale behind this is the fact that
angiogenesis starts with the remodeling of matrix proteins and the activation
of matrix metalloproteinases (MMPs). MMPs are normally synthesized as in-
active zymogens, which need to be activated by proteases. Here plasmin was
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found to play a key role. As Lp(a) interferes with the activation of plasminogen
it appears quite plausible that Lp(a) might have an anti-angiogenic effect. Re-
cently we have demonstrated that apo(a) and also apo(a) fragments secreted
into urine are highly effective inhibitors in the tube-forming assay, an in vitro
surrogate assay for angiogenesis (Schulter et al. 2001). Apo(a) had no effect on
plasminogen activator inhibitor (PAI-I)-1 accumulation and only little effect
on urokinase activation in our test system suggesting that alternative pathways
must be operative. Other investigators found that apo(a) inhibits angiogenesis
dependent colon tumor outgrowth in nude mice (Kim et al. 2003). Another ob-
servation which is noteworthy here is the fact that among the older population
(80+ years) there is a relatively high proportion of individuals with increased
Lp(a) plasma levels. We therefore rationalize that those individuals who escape
from premature cardiac death might be partially protected from cancer, the
second most important life threatening disease in humans.

5.2
Lp(a) and Hemostasis

Due to the striking homology between apo(a) and plasminogen it was sug-
gested that Lp(a) interferes with fibrinolysis in several ways (Harpel et al. 1995).
Lp(a) competitively inhibited plasminogen binding to fibrinogen and fibrin.
Lp(a) is postulated also to interfere with plasminogen conversion to plasmin.
Furthermore it was found that PAI-I biosynthesis in endothelial cells is stimu-
lated by Lp(a). Lp(a) also up-regulated PAI-2 expression in blood monocytes
(Buechler et al. 2001). Another link between Lp(a) and thrombosis is the bind-
ing and inactivation of tissue factor pathway inhibitor (Caplice et al. 2001).
All of these pro-thrombotic effects of Lp(a) are counteracted by the finding
that Lp(a) binds platelet activating factor acetyl hydrolase with high affinity
and specificity. Thus it not only inactivates one of the strongest factors known
for platelet aggregation, PAF, but also hydrolyses short chain phospholipids
which are generated during lipid peroxidation (Blencowe et al. 1995). Further-
more Lp(a) also attenuated collagen mediated platelet aggregation and in turn
thromboxane secretion. Taken together it appears that many of the proposed
prothrombotic properties of Lp(a) are counterbalanced by some quite signif-
icant anti-thrombotic effects and it remains to be determined which effect
prevails under different in vivo situations.

6
Lp(a) and Atherosclerosis

Numerous case–control and prospective studies have revealed that Lp(a) is
an independent risk factor for coronary artery disease (CAD), stroke and pe-
ripheral artery disease. Animal studies of the past and present underline this
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association. Recently Fan et al. (2001) showed that increased levels of Lp(a)
enhanced the development of atherosclerosis in the setting of hypercholes-
terolemia in Watanabe heritable hyperlipidemic transgenic rabbits expressing
human apolipoprotein(a). The combination of high Lp(a) plasma concentra-
tions with other cardiovascular risk factors, in particular low levels of high-
density lipoprotein (HDL), strongly increases the risk for CAD. In a prospective
population study in 788 male participants of the PROCAM study von Eckard-
stein et al. (2001) reported that Lp(a) increases coronary risk, especially in
men with high LDL-cholesterol, low HDL-cholesterol, hypertension and high
global cardiovascular risk. In a subanalysis of participants in the prospective
Multiple Risk Factor Intervention Trial (MRFIT), small apo(a) isoforms were
significantly associated with coronary heart disease deaths among smokers
(Evans et al. 2001). Polymorphisms in the promoter and coding regions of the
apo(a) gene have also been associated with an increased risk for myocardial
infarction (MI) (Holmer et al. 2003).

It should be mentioned however, that other prospective studies in the past,
such as the Physicians Health Study, have shown contrasting results (Ridker et
al. 1993). In some of these reports, Lp(a) was measured in long term, frozen
samples with insufficiently evaluated test kits. Moreover, due to the extremely
wide range of plasma Lp(a) levels from less than 0.1 mg/dl to more than
300 mg/dl and the highly skewed distribution, studies that include a small
number of cases/controls are prone to random deviations. Another reason
why studies on Lp(a) are sometimes controversial is the fact that due to its
heterogeneity it is difficult to standardize the measurement of Lp(a).

Another aspect, which has been brought up recently, is that Lp(a) may play
a role in acute coronary syndromes. Shindo et al (2001) found significantly
higher apo(a) and PAI-1 stainable areas in atherectomy specimens of patients
with unstable than in those with stable angina. Interesting in this context is the
fact that Fu et al. (2001) found mRNA of apo(a) but not of apoB within the vessel
wall. Cerebral vascular disease, peripheral vascular disease and more recently
carotid atherosclerosis have also been associated with elevated Lp(a) levels.
Lp(a) may also be involved as a cofactor in essential hypertension (Antonicelli
et al. 2001).

There are several hundreds reports in the literature dealing with one or the
other aspect of atherosclerosis, MI, stroke and peripheral vascular diseases in
relation to elevated plasma levels or various isoforms of apo(a). The majority
of them strongly suggest that Lp(a) in fact is a severe risk factor—in several
studies even the best discriminator for the atherogenic risk. Since Lp(a) is
metabolically not related to any other plasma lipoprotein it is not surprising
that the atherogenic risk of Lp(a) is independent of other factors.
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7
Treatment of Elevated Lp(a) Levels

Even though Lp(a) has been established as an independent risk factor for coro-
nary artery disease and cerebrovascular disease, it is still not clear whether
lowering of Lp(a) is beneficial. This is mainly due to the fact that to date
no practical treatment is available to reduce elevated Lp(a) levels. Further-
more most effective treatments like LDL-apheresis also affect LDL levels. Most
lipidologists and clinicians recommend lowering LDL cholesterol more ag-
gressively to levels below 100 mg/dl in cases of elevated Lp(a) levels above
30 mg/dl, even though the hard evidence for this is also lacking.

7.1
Diet

Dietary influences on plasma Lp(a) levels are variable and moderate, yet mea-
surable. Polyunsaturated fatty acids and saturated fatty acids found in palm oil,
have a mild, although significant, reducing effect. Dietary intake of omega-3
fatty acids has been shown to decrease plasma Lp(a) levels in some studies.
A diet rich in coconut oil has also been shown to reduce plasma Lp(a) levels
(Muller et al. 2003). In a similar way trans fatty acids were suggested to have
a lowering effect on Lp(a).

Taking all published studies on dietary treatment of hyper-Lp(a) patients
together it is fair to say that the effects are moderate and transient in many
cases and appear to vary among individuals depending on their type of hyper-
lipoproteinemia. Long-term studies on this topic in fact are lacking.

7.2
Lipid-Lowering Drugs

7.2.1
Statins

Statin treatment may have a variable effect on plasma Lp(a) concentrations.
In most studies Lp(a) remains unchanged after treatment with HMG CoA
reductase inhibitors. Treatment of hypercholesterolemic patients for 6 weeks
revealed that approximately one-third responded with a reduction of plasma
Lp(a), in one-third there was no change and in the remaining third Lp(a)
was significantly increased (Kostner et al. 1989). Some studies have shown
lowering of Lp(a) by long-term treatment of FH patients with statins
(Van Wissen et al. 2003).
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7.2.2
Nicotinic Acid

Nicotinic acid and its derivatives can reduce Lp(a) levels by up to 30%, however
hypertriglyceridemic patients may respond with an increase of Lp(a) (Carlson
et al. 1989). Niceritrol, a nicotinic acid derivative has also been shown to reduce
plasma Lp(a) levels in patients with chronic renal disease and hyperlipidemia.
Of all the lipid-loweringdrugsdescribed so far, nicotinic acidand itsderivatives
appear to be the most efficient in lowering Lp(a). However, there are no studies
addressing the questions of dose–response and long term efficacy.

7.2.3
Fibrates

There are numerous reports in the literature concerning the influence of fi-
brates, which include clofibrate, fenofibrate and gemfibrocil on plasma Lp(a)
levels. In essence it appears that there is no uniform response as some treated
patients respond with approximate 25% decreases in plasma Lp(a), in some
there are no changes and there are also numerous individuals whose plasma
Lp(a) increases upon fibrate therapy. The latter group of patients is charac-
terized by rather high plasma triglycerides and VLDL, and respond to fibrate
therapy with elevations of LDL in addition to elevations of Lp(a). The path-
omechanism of this phenomenon remains to be elucidated.

7.2.4
Other Agents

All angiotensin I-converting enzyme (ACE) inhibitors in monotherapy lower
elevated Lp(a) plasma concentrations in proteinuric patients by reversing pro-
teinuria and in turn enhanced Lp(a) production by the liver (Schlueter et al.
1993). Fosinopril seems to be the only ACE inhibitor to reduce Lp(a) concentra-
tions also in nonproteinuric patients, probably by increasing apo(a) fragmen-
tation and excretion into the urine (K. Kostner and G. Kostner, unpublished
results).

Lp(a)-lowering steroid hormones are not indicated for treatment due to side
effects. Likewise, tranexamic acid is able to lower Lp(a) plasma concentrations
in vivo, but cannot be used in the majority of patients due to possible side
effects. The anti-estrogen tamoxifen has also an interesting Lp(a)-lowering
effect (Shewmon et al. 1994). The synthetic steroid tibolone reportedly reduced
Lp(a)byabout 35%,however thiswas accompaniedbya concomitant reduction
of the anti-atherogenic HDLs by about 20%. Raloxifene is a selective estrogen
receptor modulator and an alternative to estrogen replacement as it obviates
the need for a progestin and does not increase C-reactive protein levels. In
a recent study it was reported that raloxifene significantly reduced Lp(a) by
18% (Sbarouni et al. 2003).
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As mentioned previously ACTH has been found to decrease Lp(a) by more
than 50% and also resulted in lower total cholesterol, LDL and apoB levels in
hemodialysis patients and steroid treated healthy and hyperlipidemic individ-
uals.

Recently L-carnitine was shown to reduce elevated Lp(a) levels by about
10% in patients with and without diabetes mellitus (Derosa et al. 2003). There
are also reports indicating that aspirin and vitamin C lower elevated Lp(a)
levels.

7.2.5
Apheresis

The most effective therapy for lowering Lp(a) known to date is extracorporal
elimination with apheresis. LDL-apheresis and selective Lp(a)-apheresis us-
ing antibody coupled columns, precipitation and complex formation at low
pH, double filtration and direct absorption have been demonstrated to lower
plasma Lp(a) to the same extent as LDL-cholesterol (up to 80%). However these
treatments are expensive and accessible only to a small number of high-risk
patients (Kostner 1999). Lp(a) apheresis has also been shown to have a re-
bound effect, i.e., if the intervals between treatment are more than 4 days,
Lp(a) plasma concentrations in some patients increase to above pre-treatment
levels.

7.3
Future Targets for the Development of Lp(a)-Lowering Medication

There are several possible strategies to design drugs, which may either inter-
fere with Lp(a) biosynthesis, Lp(a) assembly from LDL and apo(a), with the
hydrolytic cleavage of apo(a) into fragments, or with Lp(a) catabolism. As it
appears that the apo(a) gene is constitutively expressed, the most straightfor-
ward strategy certainly would be to interfere with apo(a) biosynthesis. A very
interesting approach which so far has been proven to be successful only in
cell cultures or in animal studies is the inhibition of apo(a) synthesis by aden-
ovirus mediated apo(a) antisense RNA expression, as shown in mice (Frank et
al. 2001). Future research will tell whether this approach might be also feasible
in humans.

The mechanism of action of anabolic steroids on the reduction of plasma
Lp(a) levels is unknown. However it appears that these compounds interfere
with Lp(a) biosynthesis. With respect to that, the observations in transgenic
mice containing a YAC clone with the whole genomic DNA and including the
promoter region of human apo(a) are noteworthy: female animals exhibited
by far higher plasma apo(a) levels than males. Thus we strongly suggest that
steroids might be the target to focus on in searching for drugs with high
efficacy. It is suggested to evaluate derivatives of anabolic steroids for specific
effect, on Lp(a) biosynthesis without the class specific side effects.
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Many regulatory elements and transactivating factors have been char-
acterized in the apo(a) gene, yet it is unknown how they may be influ-
enced by medication. We definitely need more mechanistic studies related
to the biosynthesis of apo(a) to design new drugs for Lp(a). The inhibition
of Lp(a) assembly is another promising approach. A synthetic apoB pep-
tide has recently been shown to be an effective inhibitor of Lp(a) assembly
(Sharp et al. 2003).

An alternative approach of course is to speed up Lp(a) catabolism. Liver is
the major organ in which Lp(a) is degraded. This has been proven in many lab-
oratory animals including mice, rats, rabbits and even hedgehogs. We therefore
believe that also in man the liver may account for the removal of more than
50% of the Lp(a) from circulation. In a recent study we have demonstrated that
the asialo glycoprotein receptor specific for galactose not only avidly binds and
catabolizes neuraminidase treated Lp(a) but certainly also ‘native’ Lp(a) iso-
lated form fresh plasma (Hrzenjak et al 2003). Thus there might be a strategy
to activate this pathway by stimulating endogenous neuraminidases specific
for lipoproteins, or alternatively to increase artificially the galactose content of
Lp(a), a task which proved to be successful in animals studies for removal of
other atherogenic lipoproteins (Bijsterbosch et al. 1992).

Patients with elevated LDL-C—in particular FH patients exhibit signifi-
cantly higher Lp(a) levels than control individuals. This is not due to the ineffi-
cient action of the LDL-R, because drugs that strongly increase the number of
this receptor in the liver are without significant effect on plasma Lp(a) levels.
Thus it appears that derivatives of statins or resins (e.g., cholestyramine) will
be ineffective in the future. Nevertheless it is feasible that other lipid-lowering
agents might be effective also for Lp(a). This has been postulated for nicotinic
acid and some of the fibrates, yet their action is restricted only to patients with
certain subtypes of hyperlipidemia. Once it is known why FH patients have
such high Lp(a) levels it will be possible to think about mechanisms to inter-
fere therapeutically with increased Lp(a). One possibility is that this relates to
a faster or more efficient assembly of Lp(a); an alternative explanation would
be that during the assembly of Lp(a) on the surface of liver cells, as suggested
by White (1994), the binding of LDL to LDL-competes with apo(a) binding
and assembly. If the binding of LDL to its receptor is low, there might be more
LDL available to assemble with apo(a). This theory is purely speculative at the
present time.

We also know from in vivo and in vitro studies that free apo(a) not com-
plexed to LDL is effectively bound to a variety of cells including liver cells,
and is then internalized and degraded. So if LDL is structurally altered as, for
example, in patients with liver diseases, lecithin/cholesterol acyl transferase
deficiency and others, it assembles only slowly to form Lp(a), and degradation
prevails over release of Lp(a) into the circulation. One therapeutic strategy
might therefore be to take advantage of this phenomenon and interfere with
Lp(a) assembly by altering the structure of LDL. In fact many well-known
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lipid-lowering drugs do alter VLDL/LDL structure or cause a redistribution
of the pattern of lipoproteins with d<1.063. As this varies significantly be-
tween patients and depends on the hyperlipoproteinemic phenotype, it may
explain the diverging effects of almost any lipid lowering drug on plasma Lp(a)
concentrations among individuals.

As pointed out above, there are apo(a) fragments found in the circulation
which are removed very effectively and extremely quickly from the circulation;
a portion of them is found in urine. The actual protease leading to this type
of Lp(a) fragmentation is not known at present. It might therefore be worth-
while to put more emphasis on the characterization of that protease and in
turn evaluate the possibility of speeding up Lp(a)catabolism by activating that
system.

Patients with many forms of kidney disease exhibit striking elevations of
plasma Lp(a) levels. In patients with end-stage renal disease (ESRD), Lp(a)
and the apo(a) phenotype are predictors for both the degree of preclinical
atherosclerosis and atherosclerotic events. In ESRD and nephrotic syndrome
elevations of Lp(a) are not only due to overproduction of Lp(a) by the liver
but also to diminished excretion of apo(a) fragments into the urine (Kostner
and Kostner 2002). This opens up the possibility to aim at activating renal
processes, which are linked to the catabolism of Lp(a), e.g., by increasing
urinary apo(a) secretion. It is well established that upon successful treatment
of kidney diseases plasma Lp(a) returns back to pre-treatment values. This is
true also for patients who undergo kidney transplantation. Thus, it appears
that the kidney may be one target organ for reducing Lp(a) values.

Without doubt, the liver is the most efficient organ for uptake and degra-
dation not only of Lp(a) but also for apo(a). The actual mechanism by which
liver achieves this has not been unambiguously elucidated. All of the receptors
that bind Lp(a) in vitro need to be studied in more detail in experiments in
vivo to clearly establish their significance for Lp(a) catabolism. Modulation of
their activity will, without doubt, have an impact on plasma Lp(a) levels.

What remains for now is to concentrate on risk factors for atherosclerosis
and MI other than Lp(a), in particular on LDL. We believe that the most
important therapeutic measure for the time being in patients with elevated
Lp(a) (>30 mg/dl) is to reduce LDL-cholesterol to values below 100 mg/dl,
especially in patients with additional cardiovascular risk factors.
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Abstract Low high-density lipoprotein (HDL)-cholesterol (C) is an important risk factor
for coronary heart disease. In vitro, HDL exerts several potentially anti-atherogenic effects
including reverse cholesterol transport (RCT) from peripheral cells to the liver. Hence,
raising HDL-C has become an interesting target for anti-atherosclerotic drug therapy.
Levels of HDL-C and the composition of HDL subclasses in plasma are regulated by
apolipoproteins, lipolytic enzymes, lipid transfer proteins, receptors, and cellular trans-
porters. The interplay of these factors leads to RCT and determines the composition and
thereby the anti-atherogenic properties of HDL. Recent findings suggest that the mecha-
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nism of HDL modification rather than a sole increase in HDL-C determines the efficacy
of anti-atherosclerotic drug therapy. In several controlled and prospective intervention
studies, patients with low HDL-C and additional risk factors benefited from treatment
with fibrates or statins. However, in only some of the fibrate trials was prevention of coro-
nary events in patients with low HDL-C and hypertriglyceridaemia related to an increase
in HDL-C. This may be because currently available drugs increase HDL-C levels only
moderately and because HDL levels per se do not necessarily correlate with the func-
tionality of HDL. However, several novel targets to modify RCT have emerged from the
recent understanding of HDL synthesis, maturation and catabolism. The four major tar-
gets for an anti-atherogenic strategy in HDL metabolism include stimulation of apoA-I
synthesis and secretion, the stimulation of ABCA1 expression, the inhibition of choles-
terol ester transfer protein, and the up-regulation of scavenger receptor BI. These and
other modulations of HDL metabolism are thought to result in improved RCT making
them attractive targets for the development of new regimens of anti-atherogenic drug
therapy.

Keywords High-density lipoprotein · HDL · Drug · Medication ·
Reverse cholesterol transport

1
Introduction

Numerous clinical and epidemiological studies have demonstrated the in-
verse association of high-density lipoprotein (HDL) cholesterol (C) with the
risk of coronary heart disease (CHD) events (Hersberger and von Eckard-
stein 2003). HDL exerts various potentially anti-atherogenic properties and
increasing HDL-C was found to protect from atherosclerosis in several genetic
animal models (Hersberger and von Eckardstein 2003). In vitro, HDL ex-
erts several potentially anti-atherogenic activities. HDLs mediate the reverse
cholesterol transport (RCT) from peripheral cells to the liver, inhibit oxida-
tion of low-density lipoprotein (LDL), adhesion of monocytes to the endothe-
lium, apoptosis of vascular endothelial and smooth muscle cells and platelet
activation, and stimulate the endothelial secretion of vasoactive substances
as well as smooth muscle cell proliferation. These anti-atherogenic proper-
ties have been reviewed in detail previously (Hersberger and von Eckard-
stein 2003; Nofer et al. 2002; von Eckardstein and Assmann 2000). There-
fore and since the vascular, anti-inflammatory and anti-oxidative targets of
pleiotropic HDL effects are covered in other articles of this volume (see
chapters by Aviram et al., Spieker and Lüscher, Cynshi and Stocker in this
volume) we focus in this article on the modulation of HDL metabolism
and RCT.
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2
HDL Metabolism and RCT

RCT describes both the metabolism and an important anti-atherogenic func-
tion of HDL, namely the HDL-mediated efflux of cholesterol from non-hepatic
cells and its subsequent delivery to the liver and steroidogenic organs where
it is used for the synthesis of lipoproteins, bile acids, vitamin D, and steroid
hormones.

Approximately 9 mg cholesterol/kg body weight is synthesized by peripheral
tissues every day and has to be delivered to the liver for effective catabolism
(von Eckardstein et al. 2001b). Distortion of RCT contributes to the deposi-
tion of cholesterol within the arterial wall and thereby to the development of
atherosclerosis.

Lipid-poor HDL-precursors are produced either as nascent HDL by hepa-
tocytes and the intestinal mucosa, or dissociate from chylomicrons and very-
low-density lipoprotein (VLDL) during lipoprotein lipase (LPL) mediated hy-
drolysis of triglycerides, or are generated by the conversion of HDL2 and HDL3
by cholesteryl ester transfer protein (CETP), hepatic lipase (HL), scavenger
receptor BI (SR-BI), and endothelial lipase (EL) (Barter 2002; Hersberger and
von Eckardstein 2003) (Fig. 1). Lipid-free apolipoproteins or lipid-poor parti-
cles (i.e. preβ1-LpA-I) acquire phospholipids and unesterified cholesterol from
hepatic and non-hepatic cells (Hersberger and von Eckardstein 2003) and de-
velop into the lipid-rich α-HDLs which contain the cholesterol quantified in
the routine analysis for HDL-C (Barter 2002). This initial step of HDL forma-
tion is interrupted in patients with Tangier disease and in mice lacking the
ATP binding cassette transporter A1 (ABCA1). In Tangier disease patients and
in gene-targeted mice, cellular lipid efflux is drastically reduced which causes
absence of lipid-rich α-HDL in plasma and macrophage foam cell formation
(Oram 2002). Since ABCA1 is expressed in many cells including hepatocytes
and enterocytes, this cellular lipid transporter probably plays an important
role not only in lipid efflux from peripheral cells but also in the hepatic and
intestinal generation of HDL.

HDL precursors generated by ABCA1-mediated lipid efflux become ma-
ture, lipid-rich and spherical α-HDL3 by acquisition of additional phospho-
lipids and unesterified cholesterol either from cells or apolipoprotein B (apoB)-
containing lipoproteins (at leastpartiallyphospholipid transferprotein (PLTP)-
mediated), by the lecithin (LCAT)-mediated esterification of cholesterol, and
by the association of additional apolipoproteins (Barter 2002). Ongoing LCAT-
mediatedcholesterol esterificationandPLTP-mediated fusionwithotherHDL3
further increases the size of these initially small HDL3 (Rye et al. 1999). In ad-
dition, lipolysis of VLDL and chylomicrons by LPL generates surface remnants
of triglyceride-rich lipoproteins which, again with the help of PLTP, are trans-
ferred onto HDL (Fig. 1).
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Fig. 1 Pathways of HDL metabolism and regulation by metabolites, drugs and hormones.
Mature HDL3 and HDL2 are generated from lipid-free apoA-I or lipid-poor preβ1-HDL as
the precursors. These precursors are produced as nascent HDL by the liver or intestine or
are released from lipolysed VLDL and chylomicrons, or by interconversion of HDL3 and
HDL2. ABCA1-mediated lipid efflux from cells is important for initial lipidation; LCAT-
mediated esterification of cholesterol generates spherical particles that continue to grow
after undergoing cholesterol esterification, PLTP-mediated particle fusion and surface rem-
nant transfer. Larger HDL2 are converted into smaller HDL3 upon CETP-mediated export of
cholesteryl esters from HDL onto apoB-containing lipoproteins, SR-B1-mediated selective
uptake of cholesterol esters into liver and steroidogenic organs, and HL- and endothelial
lipase-mediated hydrolysis of phospholipids. HDL lipids are catabolized either separately
from HDL proteins, i.e. by selective uptake or via CETP-transfer, or together with HDL
proteins, i.e. via uptake through as yet unknown HDL receptors or apoE receptors. Both the
conversion of HDL2 to HDL3 and the PLTP-mediated conversion of HDL3 to HDL2 liberate
lipid-free or poorly lipidated apoA-I. For further details see text. Grey arrows represent lipid
transferprocesses,blackarrows representprotein transferprocesses.Letters refer tometabo-
lites, drugs and hormones which regulate HDL metabolism: C, cholesterol: O, oxysterols;
F, fibrates; S, statins; N, nicotinic acid; Ω, fish oil; E, estradiol; T, testosterone. ↑ Denotes
stimulatory effects, ↓ inhibitory effects. Other abbreviations: ABCA1, ATP binding cassette
transporter A1; CETP, cholesteryl ester transfer protein; EL, endothelial lipase; HL, hepatic
lipase; LCAT, lecithin: cholesterol-acyltransferase; LPL, lipoprotein lipase; PLTP, phospho-
lipid transfer protein; SR-BI, scavenger receptor B1; TGRL, triglyceride-rich lipoproteins

Lipids or proteins of α-HDL are removed from the circulation by at least
two direct pathways which involve the selective uptake of lipids and the
holoparticle-uptake by the apoE-receptors and possibly apoA-I-receptors. Fur-
thermore, two indirect pathways which involve the actions of CETP, HL, and
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EL were shown to play a role in HDL catabolism (Fig. 1) (Krieger 1999; Tri-
gatti et al. 2000; Curtiss and Boisvert 2000; Tall et al. 2000; Cohen et al. 1999;
Thuren 2000; Rader and Jaye 2000). The selective uptake of cholesterol esters
from HDL into hepatocytes and steroidogenic cells is mediated by the bind-
ing of HDL to SR-BI (Silver and Tall 2001). SR-BI appears to internalize HDL
into a cellular compartment of hepatocytes from where apolipoproteins are
directed to the basolateral site for resecretion and lipids to apical membranes
for secretion into the bile (Silver et al. 2001). Selective uptake by SR-BI may de-
pend on the presence of cofactors such as HL which hydrolyses phospholipids
on the surface of both HDL and plasma membranes and thereby enables the
flux of cholesteryl esters from the lipoprotein core into the plasma membrane
(Cohen et al. 1999; Thuren 2000).

Whereas SR-BI internalizes HDL lipids but not HDL-apolipoproteins, the
apoE-receptors and the as yet unknown apoA-I receptors, such as the re-
cently described beta-chain of ATP-synthase, mediate holoparticle uptake of
HDL (Martinez et al. 2003). CETP exchanges cholesteryl esters of α-HDL with
triglycerides of VLDL, intermediate density lipoprotein (IDL), and LDL which
are then removed via the LDL-receptor pathway (Tall et al. 2000). EL hydroly-
ses phospholipids and generates free fatty acids taken up by endothelial cells
(Rader and Jaye 2000).

The removalof lipids fromHDL2 bySR-BI,CETP, andHLand the subsequent
conversion of HDL2 to HDL3 as well as the conversion of HDL3 to HDL2 by
PLTP regenerate preβ1-LpA-I or lipid-free apoA-I (Silver et al. 2001). These
small apolipoproteins or particles can leave the plasma into the extravascular
space where they serve as acceptors of cellular lipids and thus again initiate
the generation of HDL. In the kidney, these small particles are filtered and
removed from the plasma. Again, apoA-I is recycled in the proximal tubulus
lumen by a cubilin-mediated re-uptake (Christensen and Birn 2002).

3
Peripheral Cholesterol Efflux

In contrast to most other cells of the body, which regulate their cholesterol
content by a finely tuned interplay of LDL-receptor mediated lipoprotein up-
take and endogenous cholesterol synthesis, macrophages—including those
of the arterial wall—can accumulate large amounts of cholesterol by uncon-
trolled scavenger receptor-mediated (SR-A) uptake of modified lipoproteins
and phagocytosis. This process turns macrophages into activated foam cells,
which produce various growth factors, cytokines and proteases and thereby
influence the course of atherosclerosis (Glass and Witztum 2001).

Efflux is the only mechanism by which macrophages can limit or reverse
the cellular cholesterol accumulation. The importance of this pathway is high-
lighted by a broad spectrum of cholesterol efflux pathways. Two of them are
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independent of extracellular cholesterol acceptors, namely the secretion of
lipid-rich apoE-containing particles and the oxidation of cholesterol into 27-
hydroxycholesterol together with the subsequent secretion of this oxysterol.
The appearance of foam cells in genetically modified mice lacking macrophage
apoE as well as in cholesterol-27-hydroxylase (CYP27) deficient patients with
cerebrotendinous xanthomatosis highlight the relevance of these pathways
for the regulation of macrophage cholesterol homeostasis (Bjorkhem and
Diczfalusy 2002).

However, the HDL-dependent cholesterol efflux pathways are generally con-
sidered as more important. HDL and lipid-free apolipoproteins induce at least
four kinds of cholesterol efflux, two of which are independent of cellular pro-
teins and are slow, and two of which depend on cellular proteins and are fast
(Rothblat et al. 1999).

3.1
Receptor-Independent Cholesterol Efflux Pathways: Aqueous Diffusion and
Microsolubilization

Unesterified cholesterol desorbs from the plasma membrane and diffuses
across a concentration gradient to extracellular lipoproteins including HDL.
Thispassiveprocessofdiffusional efflux is enhancedbyesterificationof choles-
terol by LCAT that functions to maintain the gradient of cholesterol between
the cell surface and the HDL particle (Rothblat et al. 1999). This passive pro-
cess is not very efficient in mediating cholesterol removal from macrophages
(Rothblat et al. 1999).

By the abundance of amphipathic helices rather than a specific domain,
lipid-free apolipoproteins A-I, A-II, A-IV, Cs, and E but also amphipathic
synthetic peptides can associate spontaneously with phospholipids of the cell
membrane and sequester them into the extracellular compartment (Rothblat et
al. 1999). This so-called microsolubilization is followed or paralleled by some
cholesterol efflux but does not lead to the formation of distinct HDL precursors
which maturate to HDL. This efflux is mediated by amino terminal domains
and by the interaction of amino terminal and carboxy terminal domains of
apoA-I (Chroni et al. 2003).

3.2
Scavenger Receptor B1

Expression of SR-BI in macrophages enhances HDL-mediated cholesterol ef-
flux. (Llera-Moya et al. 1999; Liu et al. 2002). This is in contrast to the ef-
fect of SR-BI in liver or steroidogenic cells, where SR-BI mediates influx of
cholesterol (Silver and Tall 2001). The cellular and extracellular metabolism
of cholesterol may dictate the inward or outward direction of cholesterol
flux. According to this model, the synthesis of bile acids, lipoproteins or
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steroid hormones favours influx of cholesterol into liver and steroidogenic
organs, respectively, whereas cellular cholesterol ester hydrolysis and extracel-
lular LCAT-mediated cholesterol esterification favours cholesterol efflux from
macrophages.

Another open question relates to the mechanism by which SR-BI facilitates
cholesterol efflux. Since another HDL binding protein of the scavenger receptor
B family, i.e. CD36, does not mediate cholesterol efflux, it has been suggested
that binding of HDL to SR-BI facilitates cholesterol efflux by reorganization
of lipids within the plasma membrane (Llera-Moya et al. 1999). Both SR-BI
mediated cholesterol efflux and SR-BI mediated HDL lipid uptake into the liver
are potentially anti-atherogenic pathways. In agreement with this, inactivation
of SR-BI increases atherosclerosis in mice despite increasing HDL-C (Braun
et al. 2002) and over-expression of SR-BI decreases atherosclerosis in mice
despite decreasing HDL-C (Arai et al. 1999).

3.3
ATP Binding Cassette Transporter A1

Lipid-free apoA-I induces phospholipid and cholesterol efflux from various
cells including macrophages by the interaction with ABCA1 (Oram 2002). This
pathway depends on a distinct domain within the carboxy terminus of apoA-I
whereas ‘microsolubization’ is also mediated by amino terminal domains and
by the interaction of amino terminal and carboxy terminal domains of apoA-I
(Chroni et al. 2003). Moreover, ABCA1-mediated lipid efflux but not microsol-
ubilization results in the formation of HDL precursors which subsequently
mature to HDL (Chroni et al. 2003).

The mechanism by which ABCA1 mediates lipid efflux is not resolved. Origi-
nally it was suggested that the transmembrane domains of ABCA1 form a pore
within the plasma membrane into which lipids are translocated (‘flopped’)
from the inner leaflet of the plasma membrane. From there they are then
picked up by lipid-free apolipoproteins which may even bind to ABCA1. More
recent data do not support this model but rather suggest that ABCA1 orga-
nizes the intracellular trafficking of lipids and proteins (Neufeld et al. 2001;
Chen et al. 2001). HDL and apoA-I were previously found to be internalized
by macrophages into an endosomal compartment from where they are rese-
creted together with lipids (Takahashi and Smith 1999). Tangier macrophages
appear to have a defect in resecretion and aberrantly target internalized HDL
to lysosomes for degradation. For this reason and because of the presence
of hyperplastic Golgi structures within lipid laden macrophages of Tang-
ier patients or ABCA1 deficient mice, it has been suggested that ABCA1
serves as a protein component of vesicles which shuttles lipids (and pro-
teins including interleukin 1β and apoE) between lipid-rich intracellular or-
ganelles such as the trans-Golgi network, lysosomes, and the plasma mem-
brane (von Eckardstein et al. 2001a; Zhou et al. 2002). Actually, the trans-
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fection of cells with fluorescent ABCA1 showed intensive cycling of fluores-
cent vesicles between the trans-Golgi network and the plasma membrane
(Neufeld et al. 2001).

Whatever the mechanism, HDL deficiency and the abundance of macro-
phage foam cells in patients with Tangier disease highlight the importance
of ABCA1 for the regulation of both HDL-C plasma concentration and the
regulation of cellular cholesterol homeostasis. However, the site of foam cell
formation is variable and involves arteries, liver, spleen, tonsils, and peripheral
nerves. Some but not all Tangier disease patients have premature atheroscle-
rosis, others have hepatosplenomegaly and peripheral neuropathy.

These biochemical, pathological and clinical findings make ABCA1 an in-
teresting target for anti-atherosclerotic drug therapy. To reach this aim it is
important to understand the regulation of ABCA1. The promoter of the ABCA1
gene contains binding motifs for several transcription factors including the
sterol regulatory binding protein (SREBP) and the liver-X-receptor/retinoid-
X-receptor (LXRα/RXRα) (Santamarina-Fojo et al. 2001). In agreement with
a regulatory role of these transcription factors, ABCA1 expression and lipid
efflux are up-regulated by cholesterol, oxysterols, retinoiods and cAMP ana-
logues (Santamarina-Fojo et al. 2001).

On the other hand, ABCA1 expression is downregulated in mice with di-
abetes mellitus, possibly as a result of the inhibitory effects of free unsatu-
rated fatty acids on oxysterol- and retinoid-induced ABCA1 expression (von
Eckardstein et al. 2003). This observation and the stimulatory effect of un-
saturated fatty acids on ABCA1 degradation (Wang and Oram 2002) pro-
vide a direct link between defective cholesterol efflux and the accelerated
development of atherosclerosis in patients with diabetes mellitus. ABCA1 ex-
pression is also repressed by the inflammatory cytokine interferon γ and by
lipopolysaccharides, but up-regulated by transforming growth factor (TGF)
β (Santamarina-Fojo et al. 2001). Inflammation may hence represent another
pathologic state in which disturbed cholesterol efflux favours the development
of atherosclerosis.

4
Effect of Drug-Mediated Increase in HDL on Atherosclerosis

Outcomes of several prospective intervention studies have been interpreted as
proofs for the beneficial effect of increasing HDL-C on CHD prevention. How-
ever, it is important to emphasize that these studies used fibrates and statins
which exert a broad spectrum of metabolic effects (see chapters by Paoletti et
al. and Staels et al. in this volume), only one of which is the moderate increase
in HDL-C. Moreover, the conclusions on the beneficial effects of increased
HDL-C were drawn from results of post hoc analyses of some big trials but not
confirmed in post hoc analyses of others.
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In the Helsinki Heart (HHS) and VA-HIT studies (both gemfibrozil) in-
creases in HDL-C and HDL3-C, respectively, were significantly associated with
reduction in event rates (Manninen et al. 1992; Robins et al. 2001). No such
associations, however, were seen in the BIP trial (bezafibrate) or the AFCAPS
(lovastatin), 4S (simvastatin), WOCSCOPS, CARE and LIPID trials (pravas-
tatin) (BIP 2000; Sacks et al. 2000; WOSCOPS 1998; Ballantyne et al. 2001;
Gotto, Jr. et al. 2000). Likewise post hoc and meta analyses of some (e.g. BE-
CAIT, bezafibrate, LCAS, fluvastatin) (Ruotolo et al. 1998; Ballantyne et al.
1999) but not all (e.g. LOCAT, gemfibrozil) (Frick et al. 1997) angiographic
trials provided evidence for a moderate but significant association between
changes in HDL-C and regression of atherosclerotic lesions.

In view of the strong LDL-C lowering effects of statins and the strong triglyc-
eride lowering effects of fibrates together with the pleiotropic effects of both
drug groups on vascular inflammation and insulin sensitivity, it is not jus-
tified to take these studies as proof for a general atheroprotective effect of
increased HDL-C. These studies only show that patients with low HDL-C and
additional risk factors benefit from treatment with fibrates or statins. In this
context it is also important to reconcile that in the two controlled intervention
studies on cardiovascular effects of hormone replacement therapy (HRT) in
postmenopausal women, a combination of conjugated equine estrogens and
medroxyprogesterone did not reduce (Heart Estrogen/Progestin Replacement
Study; HERS) but even increased coronary event rates (Women’s Health Ini-
tiative) despite increased HDL-C (Hulley et al. 1998; Grady et al. WHI 2002;
Manson et al. 2003).

5
Drug Effects on HDL Metabolism

5.1
Statins

In addition to decreasing LDL-C concentrations in a dose-dependent manner
(Gotto 2002) statins also increase HDL-C by about 4%–10% with no gen-
eral dose-response and independent of the HDL-C baseline level (4S 1994).
Most of these studies have systematically excluded patients with low HDL-
C levels, except for the AFCAPS/TexCAPS primary prevention study which
specifically included participants with an average normal total cholesterol of
5.7 mmol/l and LDL-C of 3.9 mmol/l but low HDL-C of 0.94 mmol/l for men
and 1.03 mmol/l for women (Downs et al. 1998). In this study lovastatin treat-
ment increased HDL-C by 6% while the beneficial effect of this increase on
coronary outcomes did not reach significance. Only the increase in apoA-I in
the lovastatin treated group had a significant association with the decrease of
CHD events (Gotto et al. 2000).
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HDL-C elevation was also not significantly associated with the reduction of
CHD events in any of the other large scale primary or secondary prevention
studies with the exception of the recent post hoc subgroup analysis of the 4S
trial. There patients with the lipid triad of elevated LDL-C (5.1 mmol/l), low
HDL-C (0.86 mmol/l) and elevated triglycerides (2.17 mmol/l) were shown
to receive a greater benefit from statin treatment than patients with isolated
LDL-C elevation and high HDL-C (Ballantyne et al. 2001).

In a small turnover study using stable isotopes, pravastatin was found to
increase the production and catabolism of apoA-I (Schaefer et al. 1999). This
was corroborated by in vitro experiments where statins directly up-regulate
apoA-I gene transcription through peroxisome proliferator activator recep-
tor alpha (PPARα) (Martin et al. 2001). And it seems that statin dependent
activation of PPARα is independent of activation by fibrates because simulta-
neous treatment of statins and fibrates resulted in synergistic effects on PPARα
transactivation (Martin et al. 2001).

The hypercatabolic effect of statins on HDL metabolism appears to be me-
diated by up-regulation of SR-BI and down-regulation of ABCA1 (Trigatti et al.
2000; Krieger 1999). Statin-mediated down-regulation of cholesterol synthesis
may enhance selective uptake of HDL-C in the liver through up-regulation
of SR-BI which is expected to increase HDL catabolism and lower plasma
HDL-C (Trigatti et al. 2000; Krieger 1999). Furthermore, down-regulation
of ABCA1 by inhibition of cholesterol synthesis would reduce HDL matu-
ration and as a secondary effect enhance the catabolism of apoA-I. SR-BI
up-regulation and ABCA1 down-regulation are expected to lower HDL-C in
plasma and cannot explain the statin induced elevation of HDL-C. However,
statin treated patients also have reduced CETP activity in plasma, which im-
pairs cholesterol-ester transfer from HDL to apoB containing lipoproteins and
thereby increases HDL-C.

Taken together the in vitro data suggest that statins increase HDL-C via
enhanced apoA-I production which appears to override the HDL-C low-
ering effect of increased HDL catabolism. However for some statins or at
high dosages these relative effects may vary so that the HDL-C increase
is reduced. Because of the divergent effects of statins on the expression of
ABCA1 (down) and SR-BI (up) and because of their inhibition of CETP, the
effects of statins on RCT from peripheral cells to the liver are difficult to
predict.

5.2
Fibrates

Fibrates were found to regulate the expression of several genes involved in
lipoprotein metabolism and inflammation by activation of the nuclear re-
ceptor PPARα. Activated PPARα binds to PPAR-response elements and in-
creases the transcription of downstream genes. Several pivotal genes of HDL
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metabolism including apoA-I, apoA-II, SR-BI and ABCA1 harbour such PPAR
response elements and are up-regulated in the presence of PPARα agonists
(Fruchart 2001).

Enhanced hepatic secretion of apoA-I and apoA-II increase HDL produc-
tion whereas up-regulation of ABCA1 helps to supply HDL precursors with
phospholipid and cholesterol from peripheral cells. Furthermore, LPL is up-
regulated and apoC-III, an inhibitor of LPL, is suppressed by PPARα activation.
Hence, fibrate treatment enhances lipolysis of triglyceride-rich lipoproteins
and thereby increases the production of surface remnants and finally the for-
mation of HDL. The combination of these processes is thought to increase
HDL-C levels and to enhance RCT.

Fibrates primarily lower triglyceride levels and were shown to increase
HDL-C between 6% and 18% in three large clinical trials for primary preven-
tion and secondary prevention of CHD (Robins et al. 2001, BIP 2000). Effects
of fibrates on serum levels of lipids and lipoproteins differ widely depend-
ing on the baseline lipoprotein profile in treated patients. For fenofibrate, the
increase in HDL-C has been shown to be related to baseline HDL-C. Individ-
uals with low baseline levels of HDL-C experience the strongest increase in
HDL-C (Despres 2001). In two large open-label trials, fenofibrate increased
HDL-C by 41% and 44% when baseline levels were lower than 0.9 mmol/l
(Despres 2001).

In a subgroup analysis of the HHS primary prevention trial, individuals
with low HDL-C were also found to benefit most effectively from gemfibrozil
treatment (Manninen et al. 1988). The HHS trial showed that in middle aged
men with an average total cholesterol level of 7 mmol/l and an average HDL-
C of 1.22 mmol treatment with gemfibrozil increased HDL-C by 11% which
was significantly associated with a reduction in fatal and non-fatal coronary
event rates. Gemfibrozil also produced a significant increase in HDL3-C in
the secondary prevention trial VA-HIT which was related to a reduction of
CHD events (Robins et al. 2001). VA-HIT selected men with low HDL-C levels
(average 0.82 mmol/l) and low LDL-C (average 2.9 mmol/l) (Robins et al. 2001).
Multivariate analysis calculated that CHD events were reduced by 11% for every
0.13 mmol/l increase in HDL-C, however, mean HDL-C increased in average
by only 0.05 mmol/l (Robins et al. 2001).

Furthermore, men with low HDL-C (average 0.9 mmol/l) and moderately
elevated cholesterol (LDL-C average 3.8 mmol/l) did not benefit from bezafi-
brate treatment in the BIP secondary prevention trial (BIP 2000). This lack of
reduction in CHD events was observed despite a 18% increase of HDL-C and a
21% decrease in triglycerides (BIP 2000). The difference between the outcomes
of the VA-HIT and the BIP trial may have resulted from differences in study
design and populations examined. The BIP trial recruited a smaller propor-
tion of hypertriglyceridaemic individuals than the VA-HIT trial. Interestingly,
a subgroup of the BIP trial with triglycerides greater than 2.3 mmol/l benefited
from bezafibrate treatment. Moreover, a post hoc analysis of the VA-HIT trial
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revealed that men with diabetes mellitus or increased fasting glucose benefited
more from gemfibrozil treatment than euglycaemic men. Hence, it may well be
that several metabolic mechanisms which differ in their response to fibrates
lead to low HDL-C .

5.3
Nicotinic Acid (Niacin)

Treatment with nicotinic acid leads to favourable changes of all major lipid
fractions and exerts the strongest HDL increasing effect of all commercially
available drugs with increments of up to 30% (Vega and Grundy 1994; Tavintha-
ran and Kashyap 2001).

In vivo kinetic studies attributed the increase of HDL-C by nicotinic acid to
a decreased fractional catabolic rate of apoA-I (Shepherd et al. 1979). This con-
clusion was corroborated by cell culture experiments, showing that nicotinic
aciddidnot increaseapoA-Iexpressionbut inhibited theuptakeofHDL-apoA-I
without blocking the uptake of HDL-C esters. Such a mechanism would im-
prove RCT possibly through SR-BI mediated cholesterolester uptake (Kamanna
and Kashyap 2000).

Two randomized double-blind studies revealed that 2–3 g nicotinic acid
increases HDL-C by 25%–29% in individuals with low baseline HDL-C (Elam
et al. 2000; Sakai et al. 2001). There is only one controlled secondary preven-
tion trial which assessed the effect of nicotinic acid on clinical end-points,
the Coronary Drug Project. During the first 6 years of follow-up, treatment
with nicotinic acid had no effect on coronary and total morbidity. However,
after an additional follow-up of 9 years, death rates were lower among indi-
viduals who received nicotinic acid than among those who received placebo
(Canner et al. 1986).

5.4
Sex Steroids

5.4.1
Oestrogens

Oestrogens increase HDL-C by increasing apoA-I production and by decreas-
ing HDL catabolism through inhibition of HL and SR-BI. Intriguingly, oe-
strogen treatment decreased SR-BI expression in hepatic tissue but increased
SR-BI expression in steroidogenic tissue of rats (Graf et al. 2001). Oral HRT
with oestrogens increases HDL-C in postmenopausal women and hypogo-
nadal men by about 8% (Binder et al. 2001). In non-hysterectomized women,
oestrogens must be combined with progestins to reduce the risk of endometrial
cancer. The 17-hydroxyprogesterone derivatives like medroxyprogesterone ac-
etate possess no or only little androgen activity and partly anti-androgenic ac-
tivities, whereas the nortestosterone derivatives have an androgenic potency.
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Androgenic progestins were shown to diminish the HDL-raising effect of oe-
strogens in combined oestrogen/progestin HRT. However, low dose progestin
and novel progestins with primarily anti-androgenic activity such as medrox-
yprogesterone acetate do not offset the HDL-increasing effect of oestrogens
(Manson et al. 2003).

Meta analyses of observational studies suggested that HRT lowers risk for
CHD in post-menopausal women. However, two recent controlled intervention
studies revealed that a combination of unconjugated oestrogen and medrox-
yprogesterone acetate did not reduce or even increased coronary event rates
in post-menopausal women despite their beneficial effects on lipoprotein lev-
els which included a 14% decrease in LDL-C, a 10% increase in triglycerides
and an 8% elevation of HDL-C (Hulley et al. 1998; Fletcher and Colditz 2002;
WHI 2002). The HERS was a controlled 4.1-year trial with an unblinded fol-
low up of 2.7 years in 2763 postmenopausal women with CHD (Grady et
al. 2002), while the Women’s Health Initiative (WHI) was a controlled trial
in 16,608 healthy post-menopausal women with a follow up of 5.2 years
(WHI 2002). The WHI trial was stopped early because health risks exceeded
health benefits in women using the combined oestrogen/progestin treatment.
Women receiving oestrogen plus progestin experienced increased incidences
of coronary events, venous thromboembolism and breast cancer (WHI 2002;
Manson et al. 2003).

These data motivated the search for alternative HRT regimens. Selective
oestrogen receptor modulators act as oestrogen agonists or antagonists de-
pending on the target tissue. This may explain why their influence on lipid
metabolism diverges significantly. Raloxifene has been shown to competitively
inhibit oestrogen action in the breast and the endometrium and to act as an
agonist on bone and lipid metabolism. Three years of follow-up data from two
controlled trials in 1,145 post-menopausal women showed decreased LDL lev-
els with unaltered HDL levels (Johnston et al. 2000). The MORE trial showed
raloxifene’s benefit for breast cancer in a large 3-year controlled study with
no difference in overall mortality, however, there was an increase in venous
thromboembolism (Cummings et al. 1999).

Tibolone is a synthetic steroid which is used for treatment of post-meno-
pausal complaints and bone loss and of which three major metabolites exert
oestrogenic, gestagenic and androgenic effects. While tibolone exerts benefi-
cial effects on triglycerides and lipoprotein(a) levels, it also decreases HDL-C
by 20%, probably by increasing HL activity (Nofer et al. 2002). The clinical
consequences of these changes in lipoprotein metabolism are not yet known.
But it is interesting to note that treatment with this drug does not cause sig-
nificant changes in the cholesterol efflux capacity of plasma (von Eckardstein
et al. 2001c; von Eckardstein and Assmann 2000).
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5.4.2
Testosterone

There is an increasing interest in testosterone for treatment of male hypogo-
nadism especially in the elderly. Testosterone was shown to lower HDL-C dose-
and concentration-dependently (Bhasin et al. 2001), probably by increasing the
expression of HL and SR-BI (Langer et al. 2002). In the physiological range,
testosterone treatment decreases HDL-C by about 0.05–0.13 mmol/l whereas
supraphysiologcal doses cause a pronounced decrease in HDL-C by more than
20%. How these changes in HDL-C translate into coronary risk is not known be-
cause testosterone was also shown to stimulate the efflux of cellular cholesterol
to HDL (Langer et al. 2002).

5.5
Fish Oil and Omega-3 Fatty Acids

Greenland Eskimos have a lower cardiovascular mortality than Danish co-
inhabitants. Comparison of the lifestyle of the two groups revealed that both
groups consumed a diet high in fat. However, Eskimos mainly ate fish and
marine mammals which are rich in the omega-3 fatty acids eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) whereas Danes ate a diet rich in
meat and dairy products which is high in saturated fat and cholesterol (Connor
2001). Several other population studies corroborated the initial finding that
fish consumption is associated with a reduced CHD incidence.

Combined EPA and DHA containing pharmacological supplementation was
consistently shown to reduce triglycerides. In normolipidaemic humans, fish
oil supplementation was shown to lower plasma triglycerides by 25% and
slightly increase LDL-C and HDL-C by 4% and 3%, respectively (Harris 1996).
A similar reduction in triglycerides and a similar increase in LDL-C was ob-
served by fish oil supplementation in hypertriglyceridaemic diabetics but no
change in HDL-C was observed (Farmer et al. 2001).

Combined EPA and DHA supplementation was also investigated in a large
secondary prevention trial (GISSI) in patients surviving a recent myocardial
infarction. Treatment with n-3 fatty acids in addition to optimal pharmaco-
logical treatment and life-style advice led to a significant reduction in total
mortality mainly from a reduction in sudden death (Marchioli et al. 2002).
Intriguingly, this risk reduction was already significant after 3 months on n-3
fatty acid treatment. The conclusion from this study was that not the lipid
changes protected from sudden death but rather the anti-arrhythmic effect of
the n-3 fatty acids (Marchioli et al. 2002).

Fish oil also was shown to modulate the activity of several enzymes of lipid
metabolism that resulted in increased fatty acid mitochondrial β-oxidation and
in inhibition of de novo fatty acid synthesis (Schoonjans et al. 1996). Lipopro-
tein metabolism is further modified by an increase of the catabolic rate of HDL,
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a decrease of apoC-III and an increase in LPL expression partially mediated
by PPARα (Schoonjans et al. 1996). PPARα is not rate limiting for fish oil to
exert its triglyceride lowering effect as the decrease in apoC-III production is
affected in a PPARα independent manner (Dallongeville et al. 2001).

Recently, EPAandDHAwere shown to inhibit the activationof the transcrip-
tion factor LXRα by oxysterols (Yoshikawa et al. 2002). LXRs are key sensors
of sterol metabolism and maintain normal cholesterol balance by promoting
sterol efflux from peripheral cells, increasing circulating HDL-C, increasing
hepatic sterol catabolism and excretion, and inhibiting further sterol absorp-
tion (Laffitte and Tontonoz 2002; Edwards et al. 2002). After activation through
binding of oxysterols, LXRs bind as a heterodimer with the retinoic acid recep-
tor to LXR-response elements in the promoter of genes such as SREBP-1c, LPL,
CETP, ApoE, and ABCA1 and thereby activate transcription of these genes (Ed-
wards et al. 2002; Yoshikawa et al. 2002). In line with this, fish oil inhibits LXR
activation by oxysterols and as a consequence inhibits the binding to the LXR-
responsive element which leads to down-regulation of SREBP-1c, to reduced
de novo fatty acid synthesis and subsequently to reduced plasma triglyceride
levels (Ou et al. 2001). In contrast, the net effect of fish oil on HDL-C is small,
possibly through a counterbalance of PPAR activation and LXR inactivation.
For example, LPL and ABCA1 are both up-regulated by PPARs and LXRs.

6
Drugs in Evaluation to Modify HDL Metabolism

6.1
CETP Inhibitors

Several CETP inhibitors were developed which form disulphide bonds with
CETP and reduce its activity (Okamoto et al. 2000). At least two of them are
currently being investigated in clinical trials (Brousseau et al. 2004; Clark et
al. 2004; de Groot et al. 2004). The original rational of CETP inhibition was to
mimic the anti-atherogenic lipoprotein profile of CETP deficiency where HDL-
C is high and LDL-C low (Hirano et al. 2000). Additional arguments for the
clinical use of CETP inhibitors was the previous finding that this group of drugs
also inhibits PLTP and thereby the hepatic production of apoB-containing
lipoproteins (Jiang et al. 2001).

In rabbits, the orally bioavailable CETP-inhibitor JTT-705 decreased CETP
activity in a dose-dependent manner, decreased non-HDL-C and increased
HDL-C. In addition, treatment of rabbits for 6 months led to a marked reduc-
tion of atherosclerotic lesions (Okamoto et al. 2000). In a recent randomized
dose–response study, 4 weeks of treatment with JJT-705 resulted in a 37%
reduction in CETP activity, a 34% increase in HDL-C and a 7% decrease in
LDL-C with no change in the level of triglycerides (de Grooth et al. 2002).
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The consequences of these lipoprotein changes are not clear and further re-
search is necessary to investigate long-term benefits and adverse effects of
this drug. Treatment with torcetrapib also caused dose-dependent decreases
in CETP activity and increases in HDL cholesterol (Clark et al. 2004). Treat-
ment with 120 mg torcetrapib per day increased HDL cholesterol by 46% if
given alone and by 61% if given together with atorvastatin (Brousseau et al.
2004). If given twice daily, torcetrapib doubled HDL cholesterol. In addition,
torcetrapib caused moderate decreases in LDL cholesterol and triglycerides
(Brousseau et al. 2004; Clark et al. 2004). In rabbits, JTT-705 decreased CETP
activity in a dose-dependent manner, decreased non-HDL cholesterol and in-
creased HDL choesterol, and led to a significant reduction of atherosclerotic
lesions in the presence of moderate but not severe hypercholesterolaemia
(Huang et al. 2002; Okamoto et al. 2002). It may thus be that at least in
hypercholesterolaemic subjects this class of drugs needs combination with
statins. This may be important not only for the correction of hypercholes-
terolaemia but also for the efficient removal of apoE containing HDL which
are formed in conditions of CETP deficiency and CETP inhibition. In this
regard it is also important to recall possible risks of CETP inhibition. Sub-
groups of CETP deficient patients with low HL activity or hypertriglyceri-
daemia as well as carriers of certain genetic CETP variants were found to
have an increased risk of CHD despite low CETP activity and elevated HDL-
C. It may thus be that only subgroups of patients benefit from this class of
drugs.

6.2
Exogenous ApoA-I or Reconstituted HDL

The beneficial effects of apoA-I and HDL on atherogenesis triggered the in-
vestigation of their potential therapeutic use to cure atherosclerosis. Intra-
venous infusion of apoA-I/lecithin discs (so-called reconstituted HDL) was
shown to increase pre-β-HDL concentrations in lymph and to accelerate
bile acid excretion in humans (Nanjee et al. 2001). Similar results were ob-
tained following infusion of reconstituted HDL containing pro-apolipoprotein
A-I where bile acid and cholesterol excretion were increased by about one-
third without signs of increased cholesterol synthesis (Eriksson et al. 1999).
Hence, metabolic studies in man support the view that precursors of HDL can
stimulate RCT.

Further support for the use of apoA-I or reconstituted HDL therapy to
stimulate RCT and to protect from atherosclerosis comes from animal studies.
Infusionof a singlehighdoseof recombinant apoA-Imilano in rabbitswas shown
to decrease the lipid content and the number of macrophages in atheroscle-
rotic lesions (Shah et al. 2001). Importantly, this effect was documented 48 h
after apoA-I administration suggesting a very efficient way of mobilizing lipids
from atherosclerotic plaques and eventually stabilizing them. In line with these
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findings, repetitive administration of apoA-Imilano halted the progression of
atherosclerosis in a hyperlipidaemic mouse model when mice were given re-
combinant apoA-Imilano intravenously every second day for 5 weeks (Shah et
al. 1998). In pigs apoA-Imilano was recently shown to be inhibitory in stent
restenosis (Kaul et al. 2003). In a recent double-blind, randomized intravascu-
lar ultrasound study, treatment of 123 patients with five weekly infusions con-
taining either placebo or recombinant apoA-Imilano/phospholipid complexes at
15 mg/kg or 45 mg/kg dosages intravenously led to a 4% reduction in coronary
atheroma load (Nissen et al. 2003). It is important to note that this intervention
did not change HDL cholesterol. These data look encouraging and need to be
confirmed in larger studies with clinical endpoints. In addition, the design of
these studies does not allow the conclusion of whether the atheroprotective
effects of the interventions are related to phospholipids, apoA-I or the specific
apoA-Imilano mutant.

Effects independent of RCT were also attributed to apoA-I infusion in hu-
mans. Infusion of apoA-I/phosphatidylcholine normalized the impaired en-
dothelial function in hypercholesterolaemic patients. Endothelial dependent
vasodilation upon acetylcholine stimulation was improved within minutes
of apoA-I infusion reaching forearm blood flow levels similar to normolipi-
daemics (Spieker et al. 2002).

In all of the above studies apoA-I had to be given intravenously and this
limits its use for long-term pharmacological therapy in humans. In contrast,
an 18-amino acid long apoA-I mimetic peptide synthesized from d-amino
acids which forms an amphipathic lipid binding class A alpha helix could be
given to mice orally. The d-peptide was bioavailable and stable in circula-
tion whereas the identical peptide from l-amino acids was rapidly degraded
(Navab et al. 2002). Treatment with the apoA-I mimetic peptide did not af-
fect lipoprotein levels but significantly inhibited the formation of atheroscle-
rotic plaques in hyperlipidaemic mouse models (Navab et al. 2002, 2004). The
same peptide was recently shown to increase plasma HDL-C activity when
injected intraperitoneally (Van Lenten et al. 2002). Several apoA-I mimetic
peptides have previously been synthesized and investigated for their athero-
protective potential. Many of these peptides strongly associated with phos-
pholipids, promoted cholesterol efflux from lipid-laden cells and interacted
with lipoproteins.

In addition to the atheroprotective mechanism, apoA-I mimetic peptides
were shown to possess antiviral activity. An orally available apoA-I mimetic
peptide protected mice from influenza infection and other apoA-I mimetic
peptides inhibited HIV-induced syncytium formation and herpes simplex
virus-induced cell fusion in cell cultures (Van Lenten et al. 2002).
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7
Future Targets for Modulation of HDL Metabolism

From the current knowledge of HDL metabolism and RCT, three major targets
for ananti-atherogenic strategy inHDLmetabolismhave emerged. Stimulation
of apoA-I synthesis and secretion, stimulation of ABCA1 expression, and up-
regulation of SR-BI are all expected to improve RCT (von Eckardstein 2004).

Stimulation of apoA-I synthesis and secretion is one key target for an anti-
atherosclerotic therapy because of the pivotal role of apoA-I for the formation
of HDL and because of the unequivocal finding of reduced atherosclerosis
in transgenic animals over-expressing human apoA-I. Stimulation of ABCA1
expression and activity is also an attractive target because this transporter is
essential for HDL formation and for the removal of cellular cholesterol from
macrophages. Stimulation of both apoA-I and ABCA1 would increase HDL-C
and would be easily accepted as preventive or curative treatment regimens. In
contrast, up-regulation of SR-BI would cause a decrease rather than an increase
of HDL-C and therefore create problems in clinical surveillance and acceptance
of this therapy. Nevertheless, SR-BI has an important impact on cholesterol
efflux from macrophages and on selective uptake of lipids from lipoproteins
into the liver and up-regulation will improve RCT.

In many patients low HDL-C is not caused by dysregulation of a single
pivotal gene but results from dysregulation of several genes. Moreover, low
HDL-C is a prototype symptom of the metabolic syndrome which is frequently
confounded with other risk factors. Even more so, low HDL-C frequently
precedes themanifestationofother sequelaeof themetabolic syndromesuchas
diabetes mellitus (von Eckardstein et al. 2000). Therefore, common regulatory
pathways appear to be dysregulated in most individuals with low HDL-C which
lead to increased coronary risk or even manifest atherosclerosis.

These common pathways may organize essential metabolic steps on the
level of single cells, distinct organs, and the entire organism. The most likely
candidate genes for these common denominators are transcription factors
that regulate the transcription of several downstream genes and/or kinases or
phosphatases which regulate signal transduction cascades involved in RCT. At
present, the main targets for anti-atherosclerotic therapy are the transcription
factors PPARα, PPARγ, PPARδ, LXRα, RXRα, and other orphan members of
the nuclear receptor gene family.

Agonists of PPARα (fibrates) and PPARγ (glitazones) are already used as
drugs for prevention of atherosclerosis and treatment of diabetes mellitus,
respectively. More potent agonists of PPARα (‘superfibrates’) are sought and
glitazones will have to be investigated for their capacity to prevent diabetes
mellitus and CHD. The metabolic effects of PPARδ agonists have just started
to be explored with the indication that selective PPARδ activation improves
RCT (Oliver et al. 2001). Natural agonists of LXRα (oxysterols) and RXRα
(retinoids) improve cholesterol efflux from macrophages but also induce hy-
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pertriglyceridaemia and are therefore not suitable for preventing atherosclero-
sis.However, onemayconsider synthetic agonistswhichonly exertnon-hepatic
effects.

In addition to these transcription factors with known ligands, pivotal genes
of HDL metabolism are also regulated by orphan receptors with unknown
ligands, e.g. HNF1α and ZNF202 (Shih et al. 2001). For these orphan receptors
it will be important to identify the physiological ligands. Because geographic
differences in the prevalence of low HDL-C, diabetes mellitus type 2 and
atherosclerotic vessel diseases are frequently paralleled with changes or dif-
ferences in dietary habits, it is very likely that small molecules taken up with
the diet are ligands of these nuclear receptors. Their elucidation may help
to develop new compounds needed for the modulation of HDL metabolism.
Likewise, several upstream effects of HDL on cell cycle and activation are me-
diated by its lipid components which can be exploited for drug development
(von Eckardstein 2004).
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Abstract According to the oxidative modification hypothesis, antioxidants that inhibit the
oxidation of low-density lipoprotein (LDL) are expected to attenuate atherosclerosis, yet
not all antioxidants that inhibit LDL oxidation in vitro inhibit disease in animal models of
atherosclerosis. As with animal studies, a benefit with dietary supplements of antioxidants
in general and vitamin E in particular was anticipated in humans, yet the overall outcome
of large, randomized controlled studies has been disappointing. However, in recent years it
has become clear that the role of vitamin E in LDL oxidation and the relationship between in
vitro and in vivo inhibition of LDL oxidation are more complex than previously appreciated,
and that oxidative events in addition to LDL oxidation in the extracellular space need to be
considered in thecontextof anantioxidantasa therapeuticdrugagainst atherosclerosis.This
review focuseson someof these complexities, proposes anovelmethod toassess in vitro ‘oxi-
dizability’ of lipoprotein lipids, andsummarizes thepresent situationofdevelopmentofanti-
oxidant compounds as drugs against atherosclerosis and related cardiovascular disorders.

Keywords AGI-1067 · Antioxidants · Atherosclerosis · BO-653 · Lipid oxidation ·
Oxidation · Oxidized LDL · Restenosis
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1
Introduction

1.1
Oxidative Modification Hypothesis

There have been numerous efforts to explain the complex events associated
with the development of atherosclerosis. As a result three distinct hypotheses,
the response-to-injury, the response-to-retention, and the oxidative modifica-
tion hypothesis, have emerged and are currently under investigation. These
hypotheses are not mutually exclusive but rather emphasize different con-
cepts as the necessary and sufficient events to support the development of
atherosclerosis. For the purposes of this review, we will focus on the oxidative
modification hypothesis.

The oxidative modification hypothesis focuses on the concept that low-
density lipoprotein (LDL) in its native state is not atherogenic. However, LDL
modifiedchemically is readily internalizedbymacrophages througha so-called
‘scavenger receptor’ pathway (Goldstein et al. 1979). The scavenger receptor
was identified by Kodama et al. (Kodama et al. 1990) and its targeted disruption
was shown to lead to a reduction in atherosclerosis in hypercholesterolemic
apolipoprotain E-deficient mice (Suzuki et al. 1997). Exposure to vascular
cells in medium that contains transition metals also results in modification
of LDL such that it serves as a ligand for the scavenger receptor pathway
(Henriksen et al. 1981). It is now clear that one mechanism whereby cells
in vitro render LDL a substrate for the scavenger receptor pathway is via
oxidation of LDL lipids and the resulting modification of apolipoprotein B-00
(Steinbrecher et al. 1984).

According to theoxidativemodificationhypothesisof atherosclerosis (Stein-
berg et al. 1989), LDL traverses the subendothelial spaceof lesion-pronearterial
sites. During this process, LDL lipids are subject to oxidation and, as a con-
sequence, apolipoprotein B-100 lysine groups are modified so that the net
negative charge of the lipoprotein particle increases (Haberland et al. 1982).
This modification renders LDL susceptible to macrophage uptake via a number
of scavenger receptor pathways, producing cholesterol ester-laden foam cells
(Haberland et al. 1984). It is this accumulation of foam cells that forms the
nidus of a developing atherosclerotic lesion. In addition, oxidized LDL con-
tributes to atherogenesis by aiding the recruitment of circulating monocytes
into the intimal space, inhibiting the ability of resident macrophages to leave
the intima, and being cytotoxic, leading to loss of endothelial integrity (Quinn
et al. 1985). The latter property was proposed to provide the link between fatty
streak formation due to lipid infiltration and the progression of the fatty streak
to more advanced lesions according to the response-to-injury hypothesis of
atherogenesis (Steinberg et al. 1989).
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The process of LDL oxidation is associated with a number of other poten-
tially pro-atherogenic events. For example, during the initial stages of in vitro
LDL oxidation, modification of LDL lipids can occur in the absence of any
changes to apolipoprotein B-100. Such modified LDL has been termed ‘mini-
mally modified LDL’ and shown in vitro to induce the synthesis of monocyte
chemotactic protein-1 in both smooth muscle and endothelial cells (Cushing et
al. 1990; Rajavashisth et al. 1990) resulting in the recruitment of inflammatory
cells (Navab et al. 1991). This particular step appears critical as mice lacking
the receptor for monocyte chemotactic protein-1 are resistant to atheroscle-
rosis (Boring et al. 1998; Gosling et al. 1999). More heavily in vitro oxidized
LDL, commonly termed ‘ox-LDL’, is chemotactic for monocytes (Quinn et
al. 1987) and T lymphocytes (McMurray et al. 1993), perhaps as the result of
lysophosphatidylcholine formed during oxidation (Steinbrecher et al. 1984).
Oxidized LDL has also been shown to stimulate the proliferation of smooth
muscle cells, and to be immunogenic by eliciting the production of autoanti-
bodies (Parums et al. 1990; Salonen et al. 1992) and the formation of immune
complexes that can also facilitate macrophage internalization of LDL (Klimov
et al. 1985; Griffith et al. 1988). The recruitment of inflammatory cells may re-
sult in the continued oxidation of LDL, setting the stage for catalytic expansion
of the atherosclerotic lesion and the full-blown spectrum of atherosclerosis.

1.2
Inhibition of Atherosclerosis by Antioxidants

There are several lines of evidence that support the oxidative modification
hypothesis. For example, oxidized LDL can support foam cell formation in
vitro, the lipid in human lesions is substantially oxidized, there is evidence for
the presence of oxidized LDL in vivo, and in vitro oxidized LDL has a number of
potentially pro-atherogenic activities (reviewed in Stocker and Keaney 2004).
Inaddition, support for thehypothesis comes fromstudies showing that several
structurally unrelated anti-oxidants inhibit atherosclerosis in animals.

Arguably the strongest evidence in support of anti-oxidant compounds
providing protection against atherosclerosis comes from studies with probucol
(Mashima et al. 2001). Probucol is a synthetic cholesterol-lowering drug that
also possesses anti-oxidant activity (Marshall 1982; Parthasarathy et al. 1986).
The lipophilic drug associates with and effectively protects LDL against in vitro
oxidation induced by copper ions (Parthasarathy et al. 1986; Kita et al. 1987),
although it is a sterically hindered phenol, and its peroxyl radical scavenging
activity is only about 16% of that of α-tocopherol (Pryor et al. 1993).

Early studies with probucol demonstrated inhibition of atherosclerosis in
rabbits (Kritchevsky et al. 1971; Tawara et al. 1986) and monkeys (Wissler
and Vesselinovitch 1983). Kita and colleagues (Kita et al. 1987) treated Watan-
abe heritable hyperlipidemic (WHHL) rabbits with probucol and observed
an 87% reduction in lesion area and LDL resistance to oxidation compared



566 O. Cynshi and R. Stocker

to those animals not treated with probucol. These findings prompted the au-
thors to conclude that the reduction of atherosclerosis was due to the anti-
oxidant effect of probucol; however, probucol also produced a 17% reduction
in serum cholesterol. Carew and colleagues (Carew et al. 1987) controlled for
the cholesterol-lowering effect of probucol with lovastatin. Similar reductions
in total cholesterol were observed with lovastatin and probucol; however, the
latter provided an additional 48% reduction in atherosclerosis (Carew et al.
1987), suggesting that probucol inhibited atherosclerosis due to its anti-oxidant
activity. This contention was supported in a study with WHHL rabbits treated
with a structural analog of probucol devoid of cholesterol-lowering proper-
ties (Mao et al. 1991). Both probucol and the analog inhibited LDL oxidation
and reduced atherosclerosis, suggesting an anti-oxidant-mediated mechanism
for lesion reduction. Subsequent studies in primates (Sasahara et al. 1994),
cholesterol-fed rabbits (Shaish et al. 1995), and hamsters (Parker et al. 1995)
also demonstrated a reduction in atherosclerosis with probucol. The situation
appears more complex in mouse models of atherosclerosis, where probucol
promotes atherosclerosis in the aortic root (Zhang et al. 1997, Bird et al. 1998,
Moghadasian et al. 1999) but inhibits disease formation at more distal sites
(Witting et al. 2000).

There have been two studies testing the antiatherosclerotic activity of
probucol in humans. The Probucol Quantitative Regression Study reported
probucol to be ineffective in attenuating lumen loss in the femoral arter-
ies in hypercholesterolemic subjects over 3 years, as assessed by quantitative
angiography (Walldius et al. 1994). Importantly however, this method does
not directly assess disease burden. In contrast, the Fukoaka Atherosclero-
sis Trial observed probucol to significantly decrease atherosclerosis progres-
sion in the carotid artery of hypercholesterolemic patients, as assessed by the
intima-to-media thickness determined by B-mode ultrasound (Sawayama et
al. 2002). In addition, probucol (Tardif et al. 1997, 2003), and a probucol ana-
log with one of its two phenol moieties present as succinate ester (Tardif et al.
2003), also protect against restenosis after percutaneous coronary intervention
(see Sect. 3.2).

A number of other anti-oxidants have also been tested for their ability
to inhibit atherosclerosis in animal models of the disease. N,N’-diphenyl-
phenylenediamine is an aniline compound that attenuates atherosclerosis in
the aorta of cholesterol-fed rabbits (Sparrow et al. 1992), and similar findings
have been reported in a murine model of atherosclerosis (Tangirala et al. 1995).
In addition, 2,3-dihydro-5-hydroxy-2,2-dipentyl-4,6-di-tert-butylbenzofuran
(BO-653), a synthetic anti-oxidant with structural components of vitamin
E (Noguchi et al. 1997), inhibits atherosclerosis in both rabbit and murine
models (Cynshi et al. 1998) (see Sect. 3.3). Similarly, 3,3’,5,5’-tetrabutyl 1,1’-
biphenyl 4,4’diol, a lipophilic bisphenol, inhibits atherosclerosis in mice de-
ficient in apolipoprotein E and the LDL receptor (Witting et al. 1999). Fur-
thermore, supplementation of the diet with butylated hydroxytoluene re-
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duces atherosclerotic lesions in cholesterol-fed rabbits (Bjorkhem et al. 1991;
Freyschuss et al. 1993), and another recent study showed that boldine, an
alkaloid anti-oxidant, inhibits atherosclerosis in LDL receptor-deficient mice
(Santanam et al. 2004).

A common feature of all of these compounds is that they inhibit LDL oxida-
tion in vitro. Thus, a number of lipid-soluble, synthetic anti-oxidants have been
used to demonstrate an association between a reduction in atherosclerosis and
ex vivo inhibition of LDL oxidation.

1.3
Insights from Overall Lack of Beneficial Effect of Antioxidants on Cardiovascular
Diseases

It is important to point out, however, that not all synthetic anti-oxidants of-
fer protection against atherosclerosis in animals (reviewed by Stocker 1999).
This is particularly intriguing in situations where the anti-oxidants have been
shown to decrease the extent of lipid oxidation. For example, supplemen-
tation of a butter-based atherogenic diet with butylated hydroxytoluene and
butylated hydroxyanisole (both phenolic lipid-soluble anti-oxidants that effec-
tively inhibit LDL oxidation in vitro) does not prevent atherosclerosis in rab-
bits (Wilson et al. 1978). Also, compared with probucol, its structural analog
bis(3,5-di-tert-butyl-4-hydroxy-phenylether)propane offers superior protec-
tion to LDL against in vitro oxidation, yet the analog is ineffective in inhibiting
atherosclerosis in LDL receptor-deficient rabbits (Fruebis et al. 1994). Perhaps
even more striking, another structural analog of probucol, 3,3’-5,5’-tetra-tert-
butyl-4,4’-bisphenol, prevents lipoprotein lipid oxidation in the vessel wall of
LDL receptor-deficient rabbits as effectively as probucol, yet the analog, unlike
probucol, does not protect against atherosclerosis (Witting et al. 1999). Con-
versely, probucol inhibits atherosclerosis in the aortic arch and thoracic and
abdominal aorta of apolipoprotein E-deficient mice without inhibiting aortic
lipoprotein oxidation (Witting et al. 2000). These latter studies establish that
at least in some animal models, the process of lipoprotein oxidation can be
dissociated from atherosclerosis.

In addition to the synthetic lipid-soluble anti-oxidants referred to above,
vitamin E has been used repeatedly for intervention studies in a variety of
experimental models. This is not surprising, considering it is the most abun-
dant endogenous anti-oxidant associated with LDL extracts (Esterbauer et al.
1992). A majority of studies report a null effect of vitamin E supplements
on lesion formation in animals on a normal diet (Stocker and Keaney 2004).
Only 11 of the 44 studies carried out over the last 50 years show vitamin E
to attenuate disease. In 4 of these 11 studies vitamin E supplements lowered
plasma lipids (Brattsand 1975; Wilson et al. 1978; Westrope et al. 1982; Prasad
and Kalra 1993) so that this hypolipidemic rather than the anti-oxidant func-
tion may have been responsible for the outcome. Thus, an anti-atherogenic
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effect independent of lipid lowering has been observed in only seven studies
(Prasad and Kalra 1993; Qiao et al. 1993; Sun et al. 1997; Böger et al. 1998;
Pratico et al. 1998; Thomas et al. 2001; Cyrus et al. 2003). Notably, a sim-
ilar number of investigations (n=5) have shown increased lesion formation
with vitamin E supplements, particularly when given at high concentration
(Bruger 1945; Moses et al. 1952; Godfried et al. 1989; Keaney et al. 1994;
Upston et al. 2001).

As with the animal studies, a benefit with dietary supplements of anti-
oxidants in general and vitamin E in particular was also anticipated in humans.
However, the overall outcome, particularly the results of the large, random-
ized controlled studies, has been disappointing (reviewed by Kritharides and
Stocker 2002). In primary prevention studies, low dose α-tocopherol does not
reduce the incidence of coronary events (ATBC study), and β-carotene either
has no effect or increases the incidence of coronary events and cancer death
(ATBC, CARET, Physician’s Health studies). Secondary preventions, those with
small populations and short duration of follow up have shown some benefit
(CHAOS, SPACE), but larger randomized studies indicate no benefit from α-
tocopherol supplements (HOPE, GISSI, PPP). Recent studies with anti-oxidant
combinations also show no benefit (HATS, MPS).

Importantly however, these studies do not rule out that oxidative modifica-
tion plays an important role in atherogenesis and that other anti-oxidants may
not provide protection against atherosclerosis and related cardiovascular dis-
ease. In fact, recent basic research can help explain why α-tocopherol and other
anti-oxidants may have failed to inhibit atherosclerosis. For example, contrary
to expectations, α-tocopherol does not become depleted as atherosclerotic le-
sions develop (Terentis et al. 2002). Also, it has become clear that the role of
α-tocopherol in LDL oxidation is more complex than previously assumed, that
the efficacy of different anti-oxidants varies depending on the nature of the
oxidants involved, and that oxidative events taking place within vascular cells
also need to be considered in addition to, or separate from LDL oxidation in
the extracellular space.

Discerning the role of α-tocopherol in LDL oxidation, each lipoprotein par-
ticle contains 6–12 vitamin molecules (Stocker et al. 1991; Esterbauer et al.
1992) as its major redox-active constituent. If LDL particles are exposed to
a strong oxidant or encounter radicals with high frequency, α-tocopherol is
consumed rapidly and there is little concomitant formation of lipid hydroper-
oxides (Esterbauer et al. 1989, 1992; Bowry et al. 1992; Bowry and Stocker 1993;
Ingold et al. 1993). Under these conditions, α-tocopherol ostensibly performs
an anti-oxidant role. However, there is little evidence that strongly oxidiz-
ing conditions persist in vivo. In atherosclerotic vessels LDL is surrounded by
a myriad of other molecules, some of which will react with the oxidants present,
thereby essentially decreasing the frequency with which the lipoprotein parti-
cles themselves encounter radicals. Therefore, conditions of mild oxidants and
low ‘fluxes’ of radical oxidants appear more likely to be relevant in vivo.
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If LDL particles encounter mild oxidants or radicals with low frequency,
α-tocopherol is consumed much slower and large amounts of lipid hydroper-
oxides accumulate simultaneously, inaccordancewith themodelof tocopherol-
mediated peroxidation (Stocker et al. 1991; Bowry and Stocker 1993; Ingold
et al. 1993; Iwatsuki et al. 1995; Kontush et al. 1996; Witting et al. 1997, 1998;
Bowryand Ingold1999; Stocker 1999;Upstonet al. 1999;Culbertsonet al. 2001).
In tocopherol-mediated peroxidation, α-tocopherol does not act as a classic
chain-breaking anti-oxidant. Rather the fate of α-tocopheroxyl radical deter-
mines whether vitamin E exhibits pro- or anti-oxidant activity. A number
of endogenous reducing agents, termed ‘co-anti-oxidants’, can impede the
pro-oxidant activity of α-tocopherol (Bowry et al. 1995; Thomas et al. 1996;
Witting et al. 1996; Neuzil et al. 1997). These co-anti-oxidants reduce the α-
tocopheroxyl radical and eliminate the radical character from the LDL particle
thereby inhibiting tocopherol-mediated peroxidation. Thus, this line of exper-
imentation suggests that vitamin E requires co-anti-oxidants to inhibit LDL
lipid oxidation in vivo, a notion that has been verified experimentally (Witting
et al. 1999, 2000; Choy et al. 2003).

It is also important to consider that depletion of LDL’s α-tocopherol is
required for accumulation of secondary lipid oxidation products such as alde-
hydes (Esterbauer et al. 1987) and F2-isoprostanes (Lynch et al. 1994) that
are responsible for the atherogenic properties of in vitro oxidized LDL (Stein-
brecher et al. 1989, Hörkkö et al. 1999, Podrez et al. 2002). However, as pointed
out earlier, α-tocopherol does not become depleted in atherosclerotic lesions
or lipoproteins isolated from such lesions (Suarna et al. 1995; Niu et al. 1999;
Terentis et al. 2002). Thus, modifications other than those induced by rad-
ical oxidants need to be considered as important in the conversion of LDL
into particles recognized by scavenger receptors. Indeed, 2e-oxidants such
as hypochlorite and peroxynitrite are implicated in oxidative processes in
atherosclerosis (Carr et al. 2000). Of potential importance, α-tocopherol does
not protect LDL against oxidative modification by these 2e-oxidants (Hazell
and Stocker 1997; Thomas et al. 1998). It is difficult to predict the overall
contribution of α-TOH to LDL oxidation in atherosclerosis.

It follows from the above discussion that inhibition of tocopherol-mediated
peroxidation is a useful strategy to inhibit lipoprotein lipid oxidation in the
vessel wall, and that in addition to radical oxidants 2e-oxidants also need to
be considered as potentially relevant when designing anti-oxidant-based drug
therapies. In addition, it is increasingly clear that oxidative events in a develop-
ing atherosclerotic lesion are not limited to LDL oxidation in the extracellular
space, but also include a variety of cellular events and functions (Griendling
and FitzGerald 2003; Stocker and Keaney 2004). The latter include cell signal-
ing, the regulation of nitric oxide bioactivity, cell growth and apoptosis, as well
as necrosis and platelet aggregation. Therefore, in the context of a therapeutic
drug against atherosclerosis and related vascular disease, it is important to
also consider potential protective cellular activities by the anti-oxidant.
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2
Methods to Assess Lipid and Lipoprotein Oxidizability in Humans

2.1
Conventional Methods

If oxidative modification of lipid and lipoprotein contributes to atherogen-
esis, the accumulation of oxidation products may be expected to reflect the
disease process. Furthermore, oxidation products formed in diseased arteries
and released into the circulation may provide the basis for a diagnostic of
atherosclerosis, particularly if the concentration of the oxidation products in
the blood increases with increasing severity of the disease. However, many of
the oxidation products formed are chemically reactive and undergo further
reactions including the formation of covalent bonds with other molecules,
so that oxidation products ‘disappear’ rather than accumulate. In addition,
metabolism and excretion of oxidation products complicates the assessment
of the extent of oxidation in the body by determining the concentration of ox-
idation products in blood. This is compounded further by a varying dilution
effect, given that oxidation likely happens locally, for example in a coronary
artery, while assessment of a blood borne oxidation parameter provides sys-
temic information. Nevertheless, the measurement of oxidation products has
the potential to provide direct evidence for oxidation processes occurring and
contributing to atherosclerosis, and hence to serve as a clinical marker of the
disease.

2.1.1
Oxidation Products

Given the central role proposed for lipoprotein oxidation in atherogenesis,
much emphasis has been placed on markers of lipid oxidation. The evaluation
of thiobarbituric acid-reactive substances (TBARS) in plasma has been pro-
posed as a convenient method to assess lipid peroxidation (Yagi 1984). The
method requires no expensive equipment and is feasible for common labora-
tories. It comprises heating the plasma with thiobarbituric acid under acidic
conditions followed by measuring its fluorescence as an index of the amount
of lipid hydroperoxides present. During the heating, lipid hydroperoxides are
converted to malondialdehyde (MDA) that reacts with thiobarbituric acid to
form a fluorescent adduct. While simple, the assay has, however, several major
drawbacks:

1. MDA can be generated by molecules other than lipid hydroperoxides, and
several biological molecules interfere with the fluorescence assay.

2. Lipid hydroperoxides (and hence MDA) can be formed ex vivo during the
heating process.

3. The yield of MDA formed varies for different types of lipid hydroperoxides.
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Therefore, the TBARS assay generally lacks specificity and it is a measure of
endogenous lipid hydroperoxides and lability of plasma lipids to oxidation.

To improve specificity, MDA can be determined by gas chromatography-
mass spectrometry (GC-MS). This method can also be applied to biologi-
cal samples (Yeo et al. 1994), by first releasing MDA trapped in proteins as
a Schiff base, derivatizing it to a stable adduct, N-pentafluorophenylpyrazole,
and detecting this adduct by negative chemical ionization. An advantage of
this method is that compared to the commonly used TBARS assay, all steps are
performed at room temperature thereby suppressing artifactual oxidation of
the sample.

As an alternative to the detection of MDA, plasma lipid hydroperoxides
can be determined by high performance liquid chromatography (HPLC) with
post-column chemiluminescence detection (Yamamoto and Ames 1987). In
this method, plasma lipids are carefully extracted using methanol and hex-
ane, and the different classes of lipids are then separated from each other
and endogenous lipid-soluble anti-oxidants by HPLC. Separation of anti-
oxidants from lipid hydroperoxides is important as the former interfere with
the detection of the latter. The lipid hydroperoxides are then detected by
chemiluminescence based on the degradation of the hydroperoxide moiety
by microperoxidase and the oxidation of isoluminol. This method has been
successfully applied to determine the concentration of cholesterylester hy-
droperoxides (CE–OOH), a predominant species of lipid hydroperoxides, in
plasma of healthy subjects. The value obtained of 3.4±2.0 nM (Yamamoto
and Niki 1989) is about 103-fold lower than commonly reported plasma
TBARS levels of 2.7±1.2 µM (Efe et al. 1999). This discrepancy between
plasma concentrations of CE–OOH and TBARS may reflect the difference
in specificity and ex vivo oxidation. It has also been argued that the ex-
traction of lipids and subsequent chromatography results in loss of endoge-
nous lipids hydroperoxides, based on a method where plasma is added to
a reaction mixture containing luminol, hemin, and Triton X-100, and sin-
gle photon emission recorded as a measure of lipid hydroperoxides (Zam-
burlini et al. 1995). A problem with this single photon counting technology
is, however, that lipid-soluble anti-oxidants present in plasma lipoproteins
inhibit the chemiluminescence, yet are not separated from lipid hydroperox-
ides. Thus, this method probably underestimates the concentration of lipid
hydroperoxides. The application of the HPLC post-column chemilumines-
cence method to human plasma indicates that the concentration of circulating
lipid hydroperoxides in healthy subjects is close to the lower detection limit
of the assay. This may simply reflect the low concentration of these types
of oxidized lipids in human plasma or, alternatively, it may mirror active
metabolism lipid hydroperoxides, such as their chemical reduction to the
corresponding hydroxides by methionine residues of lipoprotein-associated
proteins (Garner et al. 1998; Mashima et al. 1999).
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Oxidationproductsof arachidonic acidare additional candidates for serving
as markers of lipid oxidation. Arachidonic acid is oxidized by free radical
reactions into up to 64 species of F2-isoprostanes that can be divided into four
structural classes of regioisomers (Morrow et al. 1994). These F2-isoprostanes
are thought to be relatively stable and specific products of lipid peroxidation,
much superior to TBARS. They can be detected in measurable quantities using
reasonable amounts of plasma, and are now commonly used markers for
lipid peroxidation. 8-iso-Prostaglandin F2α (also referred to as 8-epiPGF2α or
iPF2α-III), representative of one of the four classes of regioisomers, is relatively
abundant in vivo in humans and was the first isoprostane proposed as a new
oxidation marker for lipid peroxidation (Patrono and FitzGerald 1997). The
most reliable method to determine F2-isoprostanes is to use GC-MS (Morrow
et al. 1990). An immunoassay for F2-isoprostanes is also available (Wang et al.
1995), although its specificity for different biological samples remains to be
established. 8-iso-Prostaglandin F2α is of interest due to its ability to induce
vasoconstriction. A corollary of this is, however, that if such activity were
important, the stability of 8-iso-prostaglandin F2α and hence its utility as
a marker of oxidative stress may be limited.

The levels of this oxidation marker increase dramatically in animal models
of oxidant injury (Morrow et al. 1992) as well as in hypercholesterolemia
(Davi et al. 1997), diabetes mellitus (Davi et al. 1999) and in cigarette smokers
(Morrow et al. 1995). On the other hand, no significant change in urinary
8-iso-PGF2 was observed following 8 weeks of supplementation of healthy
subjects with vitamin E (200–2000 IU/day) (Meagher et al. 2001), or with
ascorbate (500 mg/day) or vitamin E (400 IU/day) or a combination of the
two anti-oxidants (Huang et al. 2002). Similarly, vitamin E (100 or 800 IU/day)
supplementation for 5 days did not decrease urinary 8-iso-PGF2 in smokers
(Reilly et al. 1996). As discussed earlier, it is increasingly appreciated that
vitamin E has both anti- and pro-oxidant activity toward lipid peroxidation,
and therefore vitamin E supplements may not be appropriate to reduce in vivo
lipid peroxidation in humans.

2.1.2
Oxidizability

Assessing lipid and lipoprotein oxidizability may provide valuable informa-
tion, particularly if an increased atherosclerotic burden is associated with
increased oxidizability. The term oxidizability implies the involvement of both
oxidative stress and endogenous anti-oxidant activity, and therefore has the
potential to provide direct information on the protecting power of the body
against lipid peroxidation. A typical method is based on subjecting a sam-
ple containing endogenous anti-oxidants to ex vivo oxidation and assessing
the protecting power of the sample against this oxidation. Samples of plasma,
serum or lipoprotein fractions are commonly used to evaluate oxidizability.
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The oxidant chosen should be such that the results obtained are unambiguous
and applicable to the type of sample used, although it is important to keep
in mind that the results may be representative only of the specific condition
applied in the assay. To achieve a short assay time, high reproducibility and
low costs, most assays apply severe oxidizing conditions in which endogenous
anti-oxidants are consumed completely by the oxidant used. This contrasts the
in vivo situation, where anti-oxidant components are replenished constantly
and initiation of oxidation my not be a frequent event. Furthermore, we still
have only limited knowledge of how oxidation occurs at different sites in hu-
man tissue, so that at present it is not clear which oxidizing conditions best
reflect the in vivo situation in a particular disease state, and therefore should be
used for in vitro oxidizability assessment. Keeping these limitations in mind,
three methods to assess oxidizability are introduced in the following.

TAS (Total Antioxidant Status) Test This assay (Rice-Evans and Miller 1994) was
proposed as a rapid, clinical test to assess the total anti-oxidant status of
plasma or tissue homogenate. The test assesses the total anti-oxidant power
within a short reacting time (typically 6 min) using small amounts of a sam-
ple, thereby allowing the assay to be automated. In the assay, 75 µM hydrogen
peroxides and 7.5 µM metmyoglobin are reacted to induce oxidation of 150 µM
2,2’-azinobis(3-ethylbenzothiazoline 6-sulfonate) (ABTS) as the indicator of
oxidation, with different compounds present in the biological sample com-
peting with ABTS for the oxidants produced by hydrogen peroxide and met-
hemoglobin. The biological samples are tested in a highly diluted form and
TAS-values represented as a Trolox equivalent anti-oxidant capacity (mM).
Under standard conditions, 2.5 mM of Trolox are completely consumed in
6 min, implying the presence of highly oxidizing conditions. Lipid peroxi-
dation does not appear to contribute greatly to the TAS-value determined,
whereas anti-oxidant components suppress the formation of the ABTS radical
cation in a concentration- and time-dependent manner.

Total Radical-TrappingAntioxidantPotential (TRAP) In this assay oxidation is me-
diated by peroxyl radicals generated by the thermal decomposition of water-
soluble azo-initiator, 2,2’-azobis (2-amidinopropane) hydrochloride (AAPH)
at a known constant rate (Wayner et al. 1985). A problem with the original
method is that the oxygen electrode used to measure the endpoint is hard to
maintain at a stable performance, thereby limiting reproducibility and sen-
sitivity of this assay. As an alternative, a chemiluminescence-based detection
method has been proposed (Alho and Leinonen 1999), in which luminol is
used as a chemiluminescent substrate instead of the electrode. AAPH (40 mM)
and luminol (1 mM) are incubated under aerobic conditions and at 37°C to
generate chemiluminescence at a constant rate. The biological sample is then
added (at 5% of the reaction mixture) and chemiluminescence is measured
for 90 min. The TRAP value of the biological sample is calculated as the to-
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tal concentration (µM) of peroxyl radicals trapped. From this it is possible
to calculate the theoretical TRAP value for individual anti-oxidants, knowing
their individual concentrations present in the sample and using the respective
stoichiometric peroxyl radical-scavenging factors, i.e., the number of peroxyl
radicals scavenged by one molecule of the anti-oxidant. Among endogenous
anti-oxidants in human plasma, the most efficient components are uric acid,
ascorbic acid, α-tocopherol and proteins. As in plasma the concentration of
uric acid is much higher than that of other anti-oxidants, it contributes most
prominently to TRAP. It should be noted that in this assay, the aqueous peroxyl
radicals generated react with luminol mainly in the aqueous solution, so that
TRAP values are poor indicators of the lipid oxidizability of a sample.

LDL Oxidation A popular method to assess LDL oxidizability is the so-called
lag-time assay proposed by Esterbauer (Esterbauer et al. 1989). This assay uses
isolated LDL that should be freshly prepared using ultracentrifugation and
from which chelating reagent such as EDTA should be removed. The oxidation
comprises adding copper ions to the LDL sample at a molar copper/LDL ratio
of 16:1, and maintaining the mixture at 37°C to induce oxidation, monitored
as an increase in the absorbance at 234 nm. In this assay, the absorbance
initially remains largely unchanged (for a period of time referred to as the
‘lag phase’), and then increases rapidly (propagation phase) before reaching
a plateau (termination phase). These different phases of LDL oxidation are
considered relevant indicators of the initiation, propagation and termination
of LDL lipid peroxidation, respectively. Different to TAS and TRAP, this method
is thought to assess the chain reaction of lipid peroxidation. Although several
analytical endpoints related to oxidizability can be measured in the assay,
lag time is the most commonly used parameter. The lag time, defined as the
period from the start of the incubation until the beginning of the rapid increase
in absorbance, provides direct information on the amount of anti-oxidants
present in LDL as all anti-oxidants are essentially depleted during the lag time,
although the precise relationship between LDL’s endogenous anti-oxidants
and the duration of the lag phase remains obscure (Esterbauer et al. 1991). In
clinical trials, administration of α-tocopherol to healthy subjects results in an
extension of the time lag (Dieber-Rotheneder et al. 1991) and similar results
have been reported in patients with coronary artery diseases (Mosca et al.
1997). Importantly, however, to date there has been no report demonstrating
a correlation between lag time and risk of coronary heart disease.

2.2
Relationship Between Oxidizability and Cardiovascular Disease

Upon oxidation by a radical oxidant, the anti-oxidant molecule itself becomes
a radical that has the potential to initiate further biological damage. A common
feature of the in vitro tests described above is that they all generate oxidants at
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very high rates, much higher than can be reasonably expected to occur in vivo.
A consequence of such high radical flux conditions is that the anti-oxidant-
derived radicalmost likely reactswithanother initiating radicals (e.g., aperoxyl
radical derived from AAPH), as reflected in the stoichiometric factor that is
commonly two (or higher) for most anti-oxidants in the tests used. However, if
thefluxof initiating radicals is low, the likelihood increases for theanti-oxidant-
derived radical to participate in radical-transfer reactions involving biological
targets, such as lipids containing a pair of bisallylic hydrogen atoms. In this
scenario, the anti-oxidant becomes a prooxidant. In fact, all anti-oxidants
that scavenge radicals are Janus faced, i.e., they have the potential to act as
anti-oxidant or prooxidant. The model of tocopherol-mediated peroxidation
discussed earlier, represents a good example of a Janus-faced anti-oxidant for
the case of α-tocopherol. By contrast, conventional in vitro oxidizability assays
artificially generate conditions that selectively probe for only one of the two
Janus faces, i.e., the anti-oxidant face of anti-oxidants. This may explain why
there is no apparent correlation between in vitro ‘LDL oxidizability’ and the
extent of coronary artery disease (Karmansky et al. 1996), and why vitamin
E supplements can improve in vitro LDL oxidizability (Dieber-Rotheneder
et al. 1991) but not in vivo lipid peroxidation (Meagher et al. 2001).

Concerning atherosclerosis, α-tocopherol remains essentially intact even in
themost advancedstagesof atherosclerosis, yet the lipidpresent in these lesions
is substantially oxidized (Terentis et al. 2002; Upston et al. 2002). Furthermore,
there is evidence that the oxidized lipoprotein-derived lipids detected in hu-
man lesions are mostly generated in the presence of α-tocopherol (Upston et
al. 2002). Therefore, we must consider the possibility that lipoprotein lipid ox-
idation in atherosclerotic lesions proceeds in the presence of anti-oxidants. If
so, it would be desirable to establish an in vitro test that mimics this situation,
i.e., where oxidation takes place in the presence of endogenous anti-oxidants.
This can be achieved using conditions of low radical flux. Ideally, this should
also involve a biological sample of complex composition rather than an iso-
lated component such as LDL, thereby providing the possibility of interaction
between water- and lipid-soluble anti-oxidants.

2.3
New Concept for Oxidizability Assessment

It follows from the above discussion that to assess oxidizability in vitro such
that it more closely reflects in vivo conditions, an oxidizability assay should
have the following features (Cynshi and Stocker 2003):

1. Use the biological sample as intact as possible and without dilution.
2. Expose the biological sample to a low flux of oxidizing radicals.
3. Select an endpoint where at least some of the endogenous anti-oxidants

remain present.
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The first feature allows synergistic interaction between endogenous anti-
oxidants in the sample, whereas the second feature allows for the potential
prooxidant action of endogenous anti-oxidants, and the third feature mim-
ics the situation occurring in atherosclerotic lesions. The two major chal-
lenges here are to: (a) obtain the required high degree of sensitivity (to detect
a small amount of oxidation products) and selectivity (to distinguish these
oxidation products from potentially interfering substances); and (b) estab-
lish an assay relevant to human diseases. Progress in technology has helped
to master the first challenge, however, the second challenge continues to be
unresolved.

As a first step towards achieving an improved in vitro oxidizability assay
based on the above concepts, we have developed the Plasma Lipid Oxidizability
(PLOX) assay in which a small volume of whole plasma is oxidized with 10 mM
AAPH at 37°C for 8 h, before the oxidized lipid are extracted and analyzed by
HPLC. In the assay, AAPH derived-peroxyl radicals promote lipid oxidation
similarly to the situation in the TRAP assay. However, the rate at which these
peroxyl radicals are generated relative to the concentration of available bio-
logical targets including lipoproteins is substantially lower in the PLOX than
the TRAP assay. Furthermore, the PLOX assay measures the products of lipid
peroxidation that occurs in a chain reaction via tocopherol-mediated peroxi-
dation, whereas the TRAP assay predominantly measures oxidation reactions
taking place in the aqueous phase and that are independent on lipid peroxida-
tion.Compared toEsterbauer’s LDLoxidationmethod, thePLOXassayassesses
a complex biological sample, in which endogenous anti-oxidants interact with
each other and prooxidant activities significantly contribute to the endpoint
measured; the Esterbauer LDL assay uses isolated and diluted LDL under
conditions that are restricted to radical scavenging activities of anti-oxidants.
Although both assays measure lipid peroxidation products, the PLOX assay uti-
lizesoxidativeprocesses takingplaceduring theearly stageofwhat corresponds
to the lag phase in the Esterbauer LDL assay, and the latter does not provide in-
formationonthecomparablephaseofoxidation.Themeasurementof lipidper-
oxidation in the PLOX assay is based on an established method for the detection
of the primary oxidation products of a cholesterylesters, i.e., cholesterylester
hydroperoxides (CE–OOH)andcholesterylesterhydroxides (CE–OH)byHPLC
(Kritharides et al. 1993). Reproducibility is improved by measuring both CE–
OOH and CE–OH as the former can be converted to the latter.

To illustrate some of the novel features of the PLOX assay, the effect of differ-
ent lipophilic anti-oxidants was tested using pooled human plasma. As shown
in Fig. 1, addition of α-tocopherol showed a prooxidant activity, as predicted
by the model of tocopherol-mediated peroxidation. On the other hand, probu-
col had no effect on the PLOX value, indicating that under the conditions used
this drug fails to inhibit lipoprotein lipid oxidation in the presence of endoge-
nous anti-oxidants including α-tocopherol. This is not surprising given that
the reactivity of probucol is 40 times lower than that of α-tocopherol (Cynshi
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et al. 1998). Among the lipid-soluble anti-oxidants, the PLOX value was in-
hibited by BO-653, a newly designed anti-oxidant discussed in the following
section. Figure 1 illustrates that lipid oxidation in the presence of endogenous
anti-oxidants and induced by a low rate of peroxyl radicals has features vastly
different to those seen in the conventional in vitro oxidizability assays.

Fig. 1 Effect of lipid-soluble anti-oxidants on PLOX, a new in vitro oxidizability assay. The
PLOX assay was performed by ex vivo oxidation induced by aerobic incubation of human
plasma in the presence of 10 mM AAPH and at 37°C for 8 h. α-Tocopherol (triangles),
probucol (squares) or BO-653 (circles) was added to pooled plasma from healthy subjects
prior to the start of the oxidation. Data are expressed as mean±SD from three separate
experiments. Where an SD cannot be seen, it is smaller than the symbol. The PLOX value is
the total concentration of CE–OOH and CE–OH accumulated after oxidation. In the absence
of added anti-oxidants, the PLOX-value was 61.7±2.9 µM

In conclusion, the PLOX assay is based on novel concepts that appear to
reasonably reflect the situation of lipoprotein lipid oxidation taking place
in human atherosclerotic lesions, and hence may be useful to further our
understanding of the relevance of lipid oxidation in the pathogenesis of this
and possibly other diseases. Therefore, we propose to test the suitability of this
assay as a tool to investigate the relationship between the lipid oxidation and
atherosclerosis in humans.

3
Antioxidants in Commercial Development as Drugs Against Cardiovascular
Diseases

Antioxidants have potential as therapeutic drugs against various diseases,
in particular atherosclerosis, as they can inhibit lipid peroxidation involved
in LDL oxidation and reduce detrimental biological consequences caused
by oxidative stress. Currently, two anti-oxidants are under commercial de-
velopment as drugs to combat cardiovascular diseases. One is AGI-1067,
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the mono-succinate ester of probucol that is being developed as a vascular
(v)-protectant (Hatch 2002). The other is BO-653 that shares structural fea-
tures with probucol and α-tocopherol and is under development as an LDL
anti-oxidant (Meng 2003).

3.1
AGI-1067

AGI-1067 is an orally active anti-oxidant v-protectant under development by
AtheroGenics for the potential prevention of atherosclerosis and restenosis.
Accumulation of leukocytes into the vessel wall is one of the earliest detectable
events in the development of atherosclerosis. Leukocyte adhesion to the en-
dothelium and their recruitment into the subendothelial space are regulated
by adhesion molecules, such as vascular cell adhesion protein-1 (VCAM-1),
and by monocyte chemoatractant protein-1 (MCP-1), the expression of which
is thought to be under redox control (Marui et al. 1993). AGI-1067 has been
synthesized as an anti-oxidant v-protectant that reduces the expression of
VCAM-1 and MCP-1 (Medford 1997a, 1997b). Indeed, AGI-1067 reduces the
expression of VCAM-1 and MCP-1 induced by tumor necrosis factor-α in
vitro and lipopolysaccharide in vivo, and it significantly reduces atherosclero-
sis in LDL receptor-deficient and in apolipoprotein E-deficient mice (Sundell
et al. 2003). The same authors reported that probucol failed to inhibit both
the expression of VCAM-1 and MCP-1, as well as atherosclerosis, although
the two compounds structurally differ only in one of two phenol groups
being substituted with a succinate ester in AGI-1067 (Fig. 2). It is interest-
ing to note in this context, that the succinate ester of α-tocopherol has also
been reported to have a biological action distinct from that α-tocopherol, in-
cluding inhibition of cell adhesion by suppressing NF-κB mobilization (Erl
et al. 1997). Whereas in vivo α-tocopheryl succinate is metabolized read-
ily to α-tocopherol, the ester bond in AGI-1067 is metabolically more sta-
ble due to the presence of bulky tert-butyl groups. Furthermore, AGI-1067
does not appear to reduce HDL-cholesterol or to prolong the QTc interval
(Wasserman et al. 2003), i.e., side effects of probucol of potential concern
that have resulted in the withdrawal of the drug by the Food and Drugs
Administration.

Probucol has previously been shown to prevent coronary restenosis after
balloon angioplasty (Tardif et al. 1997). In that study, probucol was admin-
istered for 4 weeks before angioplasty due to the limited bioavailability and
accumulation of probucol in tissues (Reaven et al. 1992). Based on the same
rationale, the Canadian Antioxidant Restenosis Trial (CART-1) was designed
to investigate the efficacy of AGI-1067 against restenosis following stent place-
ment or balloon angioplasty (Tardif et al. 2003). As the plasma levels of AGI-
1067 appeared to reach steady state within 2 weeks, patients were treated for
2 weeks before and 4 weeks after percutaneous coronary intervention (PCI).
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Fig. 2 Chemical structures of AGI-1067, BO-653, probucol and α-tocopherol

Three hundred and five patients were randomly assigned to one of five treat-
ments: placebo, 500 mg probucol twice daily, or 70, 140 or 280 mg of AGI-1067
once daily; 85% of the patients received stents. Intravascular ultrasound eval-
uation was carried out at baseline and 6-months follow up by a blinded core
laboratory. The luminal area at follow-up was 2.66±1.58 mm2 for placebo,
3.36±2.69 mm2 for probucol, 3.36±2.12 mm2 for AGI-1067 280 mg and this
reduction was significant for probucol and significantly related to the AGI-
1067 dose (Tardif et al. 2003). In addition, there was a trend for AGI-1067 to
decrease the loss in lumen volume of a reference segment between baseline
and follow up (P=0.077 for dose–response). Prolongation of QTc interval oc-
curred in 17.4% of probucol-treated patients, whereas its frequency was the
same in AGI-1067- and placebo-treated patients. In summary, the CART-1
trial revealed that AGI-1067, like probucol, reduces restenosis after PCI, but,
unlike probucol, does not cause QTc prolongation. The fact that AGI–067 also
slowed lumen loss in a nonstented reference segment, in addition suggests for
the first time that AGI-1067 may also protect against atherosclerosis. It will
be interesting to investigate in future clinical trials whether the protection
observed with AGI-1067 in humans is indeed due to an anti-oxidant action of
the drug. Such information is presently not available although it is important
to provide evidence in support of the oxidative modification hypothesis of
atherosclerosis.

Considering that oxidative stress and inflammation may persist for the
entire period of risk after PCI, treatment with AGI-1067 for periods of time ex-
ceeding 4 weeks post-PCI may further enhance the protection against luminal
narrowing. An important practical consideration is that repeated administra-
tion of drugs before PCI, as done in the MVP (Tardif et al. 1997) and CART-1
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trial (Tardif et al. 2003) cannot be applied to patients undergoing non-elective
PCI. Therefore, the next trial, i.e., CART-2, determines the anti-restenotic ef-
fect of AGI-1067 when given for 12 months after PCI without pre-treatment, or
with pre-treatment as a single dose on the day of PCI. CART-2 is a 12-month,
500-patient, double-blind, placebo-controlled trial with 280 mg AGI-1067, ad-
ministered orally once daily; the trial was initiated in 2001. Enrolment has
been completed and the results will provide important practical information
on the efficacy of the drug to reduce restenosis after PCI and to reduce plaque
growth in coronary arteries.

As the results of CART-1 were suggestive of AGI-1067 decreasing the rate
of coronary artery lumen loss due to progression of atherosclerosis, another
objective is to demonstrate a direct anti-atherosclerotic effect of AGI-1067 on
coronary blood vessels in humans. For this purpose, AtheroGenics has initiated
the Aggressive Reduction of Inflammation Stops Events (ARISE) trial. ARISE
is a large, double-blind, placebo-controlled Phase III trial to be conducted in
over 180 cardiac centers, and involving 4,000 patients who will be followed
for an average of 18 months or until a minimum of 1,160 primary cardiovas-
cular events have occurred. Clearly, the results from CART-2 and ARISE will
provide important information about whether synthetic anti-oxidants may be
beneficial in reducing atherosclerosis in humans.

3.2
BO-653

BO-653 (2,3-dihydro-5-hydroxy-2,2-dipentyl-4,6-di-tert-butylbenzofuran) is
an orally active LDL anti-oxidant under development by Chugai for the poten-
tial prevention of atherosclerosis and restenosis, similar to AGI-1067. BO-653
was designed and synthesized in an attempt to overcome the limitations of
probucol andα-tocopherol as inhibitors ofLDLoxidation, and to test theoxida-
tive modification theory (Cynshi 1997). As indicated earlier, BO-653 is able to
inhibit tocopherol-mediated peroxidation and thus can inhibit plasma lipopro-
tein lipid oxidation in the presence of endogenous anti-oxidants, whereas
probucol and α-tocopherol fail to do so (Fig. 1). This superior anti-oxidant ac-
tion is encouraging, and BO-653 may provide useful support for the oxidative
modification hypothesis in atherosclerosis. In fact, BO-653 has been shown to
reduce atherosclerosis in three different animal models, i.e., mice fed a high
fat diet fed, LDL receptor-deficient mice, and WHHL rabbits (Cynshi et al.
1998). Similar to the situation with AGI-1067, however, a direct link between
this protective activity and in vivo inhibition of lipid oxidation has not been
established, although BO-653 effectively protects LDL from in vitro oxidation
(Noguchi et al. 1997).
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In addition to inhibition of LDL oxidation, BO-653 has been reported to
inhibit the expression of three α-type proteasome subunits (Takabe et al. 2001)
that might limit the increase in NF-κB activity seen in atherosclerotic lesions.
NF-κB is thought to be an important pro-inflammatory player in early stages
of atherosclerosis. In the rabbit balloon injury model, BO-653 also inhibits
induction of c-MYC, resulting in a reduction in neointimal thickening 4 weeks
after the injury (Inoue et al. 2002). c-MYC is one of the early response genes
in proliferating cells following NF-κB activation, and inhibition of c-MYC ex-
pression may be one of the mechanisms by which BO-653 suppresses the
proliferation of vascular smooth muscle cells. Treatment of pigs with 500 mg
of BO-653 daily starting 1 week before stent deployment reduces both coro-
nary in-stent narrowing and collagen deposition (Miyauchi et al. 2000). Fur-
thermore, BO-653 was similarly effective without pre-treatment before stent
deployment. Thus, BO-653 not only has an anti-oxidant action different from
probucol and α-tocopherol, but it also has anti-proliferative activity that may
contribute to its ability to inhibit intimal thickening in animals and restenosis
in humans.

A phase I trial was conducted as a double-blind, placebo-controlled study
with healthy subjects (to be published). BO-653 was administered twice daily in
dosages ranging from 200 to 800 mg/day and for up to 4 weeks. Adequate safety
and tolerance profiles were established for BO-653. Antioxidant efficacy was
assessed by the TBARS (using butylated hydroxy toluene to avoid ex vivo oxida-
tion), LDL oxidation as lag-time and plasma oxidizability as a prototype assay
of PLOX, using plasma samples from subjects participating in the repeated
administration studies. Plasma TBARS were unchanged by all doses of BO-
653, whereas the lag time was prolonged dose-dependently and in a treatment
period-dependent manner. Plasma oxidizability (ex vivo oxidized by AAPH
and determined by HPLC with post-column chemiluminescence) was dramat-
ically decreased in plasma from BO-653 treated subjects even at the lowest
dose of BO-653, 200 mg/day, at the first evaluation, 1 week after drug admin-
istration started. No dose–response relationship was observed as the lowest
dose of BO-653, 100 mg twice daily, already completely suppressed plasma ox-
idation. Administration of BO-653 up to 800 mg/day did not alter the plasma
concentrations of the endogenous anti-oxidants, ascorbate, α-tocopherol and
coenzyme Q10.

The results of the Phase I trial indicate that BO-653 acts as an anti-oxidant
in healthy subjects as intended by the drug design. Therefore, in 2001 Chugai
initiated the PREVention of post-Angioplasty restenosis In stented Lesions
(PREVAIL) trial to assess the efficacy of BO-653 to inhibit in-stent restenosis in
humans (http://www.chugaibio.com; November 2003). PREVAIL is a multicen-
ter, double-blind, placebo-controlled, dose-ranging Phase II study to evaluate
the safety and efficacy of BO-653. Patients are given placebo, 25, 50 or 100 mg of
BO-653 twice daily for 6 months after the stent procedure. Enrolment was com-
pleted in 2003 and the results will provide the first clinical data on the efficacy of
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BO-653 to reduce restenosis after PCI. In addition, as a secondary endpoint the
lumen of a nonstented reference artery will be assessed to provide information
on the potential anti-atherosclerotic activity of BO-653, although treatment
for 6 months may be too short for the detection of regression of atheroscle-
rotic lesions. PLOX assays are being conducted with the plasma samples of
the subjects enrolled, in an attempt to establish a link between the clinical
outcome and the anti-oxidant activities of BO-653. PREVAIL should provide
useful information on whether BO-653, an efficient synthetic LDL anti-oxidant
that also possesses protective cellular activities, improves clinical outcome in
in-stent restenosis. If successful, a large scale follow-up study will be needed
to establish whether BO-653 is able to inhibit atherosclerosis, and whether this
is indeed due to inhibition of LDL oxidation and/or other oxidative events in
the wall of affected vessels.
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Abstract Insulin resistance is a common phenomenon of the metabolic syndrome, which
is clinically characterized by a clustering of various cardiovascular risk factors in a single
individual and a higher prevalence of respective complications, such as coronary heart
disease and stroke. At the cellular level, insulin resistance is defined as a reduced insulin
action, which can affect not only glucose uptake, but also gene regulation. Elucidation of
novel signaling networks within the cell which are mediating and affecting insulin action
will reveal many new genes and drug targets that are potentially of clinical relevance in
the future. In this chapter, we propose that the metabolic syndrome might be a clinical
consequence of altered gene regulation. This is illuminated in the context of transcription
factors, e.g., sterol regulatory element binding proteins (SREBPs), coupling signals from
nutrients, metabolites, and hormones at the gene regulatory level with pathobiochemical
features of increased lipid accumulation in lean nonadipose tissues. The phenomenon
of ectopic lipid accumulation (lipotoxicity) appears to be a novel link between insulin
resistance, obesity, and possibly other features of the metabolic syndrome. Therefore, the
investigation of specific gene regulatory networks and their alterations might be a clue to
understanding the development and clustering of different cardiovascular risk factors in
different individuals. As cellular sensors transcription factors—as common denominators
of gene regulatory networks—might thereby also determine the susceptibility of individuals
to cardiovascular risk factors and their complications.
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1
Introduction

Insulin resistance is a common phenomenon in the pathogenesis of frequent
endocrine metabolic diseases such as type 2 diabetes, obesity, disorders of
lipid metabolism, and hypertension. These cardiovascular risk factors often
appear together in a single individual, and this clustering is also called ‘insulin
resistance syndrome’ or ‘metabolic syndrome’. There are several classification
criteria for the definition of individuals with metabolic syndrome (Tables 1,
2 and 3) (Grundy et al. 2004; Reaven 2003). The National Cholesterol Edu-
cation Program’s Adult Treatment Panel III report identified the metabolic
syndrome as a multiplex risk factor for cardiovascular disease. Using these
criteria, several epidemiological data have recently been reported indicat-
ing a higher prevalence of coronary complications and stroke in individ-
uals with metabolic syndrome. In the Prospective Cardiovascular Münster
study 4,818 men aged of 35–65 years were investigated over a 10-year pe-
riod. The acute coronary event rate was twofold higher in individuals with the
metabolic syndrome compared to probands without (Assmann et al. 2003).
In accordance with that, data of the National Health and Nutrition Exam-
ination Survey (NHANES) III show that the prevalence of coronary heart
disease (CHD) in the US population aged 50 years and older is also almost
twofold higher in individuals with metabolic syndrome compared to con-
trols (Alexander et al. 2003). In this study, the highest prevalence of CHD
was seen in patients with metabolic syndrome and clinically overt type 2
diabetes. Interestingly, the prevalence of CHD in patients with type 2 dia-
betes but without any other feature of the metabolic syndrome did not exceed
the prevalence in control individuals. Considering the metabolic syndrome
as a multiplex syndrome which deserves more clinical attention, it should
also be noted that it affects almost half of the older population. For exam-
ple, the overall prevalence of the metabolic syndrome in the NHANES pop-
ulation of 3,510 individuals aged 50 years and older was 44% (Alexander
et al. 2003). Patients with type 2 diabetes had an even higher prevalence of
the metabolic syndrome, i.e., 86%. In patients with impaired fasting glucose,
the prevalence was 71.3% and in patients with impaired glucose tolerance,
it was 33.1%. Attention should be paid to the investigated individuals with
normal plasma glucose levels; even in this group, the prevalence was 25.8%
(Alexander et al. 2003).
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Table 1 ATP III clinical identification of the metabolic syndrome (modified from Grundy et
al. 2004a, b)

Risk factor Defining level

Abdominal obesity, given as waist circumferencea,b

Men > 102 cm (> 40 in)

Women > 88 cm (> 35 in)

Triglycerides ≥ 150 mg/dl

High-density lipoprotein cholesterol

Men < 40 mg/dl

Women < 50 mg/dl

Blood pressure ≥ 130/≥ 85 mmHg

Fasting glucose ≥ 110 mg/dlc

aOverweight and obesity are associated with insulin resistance and the metabolic syndrome. However, the
presence of abdominal obesity is more highly correlated with the metabolic risk factors than is an elevated
BMI. Therefore, the simple measure of waist circumference is recommended to identify the body weight
component of the metabolic syndrome.
bSome male patients can develop multiple metabolic risk factors when the waist circumference is only
marginally increased, e.g., from 94 to 102 cm (from 37 to 39 inches). Such patients may have a strong genetic
contribution to insulin resistance. They should benefit from changes in life habits, similarly to men with
categorical increases in waist circumference.
cThe American Diabetes Association has recently established a cut-off point of ≥ 100 mg/dl, above which
persons have either prediabetes (impaired fasting glucose) or diabetes. This new cut-off point should be
applicable to identification of the lower boundary to define an elevated glucose level as one criterion for the
metabolic syndrome.

Table2 WHO clinical criteria for metabolic syndrome (modified from Grundy et al. 2004a, b)

Insulin resistance, identified by one of the following:

Type 2 diabetes

Impaired fasting glucose

Impaired glucose tolerance

Or for those with normal fasting glucose levels (< 110 mg/dl), glucose uptake below the lowest quar-

tile for background population under investigation under hyperinsulinemic, euglycemic conditions

Plus any two of the following:

Antihypertensive medication and/or high blood pressure (≥ 140 mmHg systolic or ≥ 90 mmHg

diastolic)

Plasma triglycerides ≥ 150 mg/dl (≥ 1.7 mmol/l)

High-density lipoprotein cholesterol < 35 mg/dl (< 0.9 mmol/l) in men or < 39 mg/dl (1.0 mmol/l)

in women

BMI > 30 kg/m2 and/or waist:hip ratio > 0.9 in men, > 0.85 in women

Urinary albumin excretion rate ≥ 20 µg/min or albumin:creatinine ratio ≥ 30 mg/g
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Table 3 AACE clinical criteria for diagnosis of the insulin resistance syndromea (modified
from Grundy et al. 2004a, b)

Risk factor components Cutpoints for abnormality

Overweight/obesity BMI ≥ 25 kg/m2

Elevated triglycerides ≥ 150 mg/dl (1.69 mmol/l)

Low high-density lipoprotein cholesterol

Men < 40 mg/dl (1.04 mmol/l)

Women < 50 mg/dl (1.29 mmol/l)

Elevated blood pressure ≥ 130/85 mmHg

2-h postglucose challenge > 140 mg/dl

Fasting glucose Between 110 and 126 mg/dl

Other risk factors Family history of type 2 diabetes, hypertension, or CVD

Polycystic ovary syndrome

Sedentary lifestyle

Advancing age

Ethnic groups having high risk for type 2 diabetes or CVD

aDiagnosis depends on clinical judgment based on risk factors.

This clinical observation in the latter group corresponds to the pathophys-
iological concept that in the metabolic syndrome, insulin resistance does not
necessarily begin with glucose intolerance. Accordingly, at the cellular level,
it makes sense to define insulin resistance as a reduced insulin action, which
can affect not only glucose uptake, but also other cellular responses to in-
sulin. Multiple defects and disorders in various signaling pathways of different
cells and tissues can develop in diverse combinations over time, each con-
tributing to the heterogeneous clinical phenotype of patients with metabolic
syndrome. Several features associated with the metabolic syndrome are sum-
marized in Table 4 (Reaven 2003). Furthermore, in the clinical manifestation
of the metabolic syndrome, primary and secondary alterations add to the bio-
chemical and clinical mixture linked to insulin resistance. Therefore, careful
clinical characterization of different symptoms and signs of the metabolic syn-
drome and their association with genetic and cellular alterations will lead to
new subclassifications and, consequently, to new diagnostic and therapeutic
approaches. In addition, this knowledge will be a key step in the development
of novel individually based preventive strategies.

In this article, we will summarize principle mechanisms of insulin action
and insulin resistance at the cellular level, because each step might be a future
target for therapy. This is followed by two paragraphs on gene regulatory con-
trol via transcription factors integrating signals of nutrients, metabolites, and
hormones at the gene regulatory level. Transcription factors are sensors for cell
responses to metabolic, endocrine, and inflammatory signals, thereby possibly
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Table 4 Abnormalities associated with insulin resistance or metabolic syndrome (modified
from Reaven 2003)

Clinical features
Cardiovascular disease

Type 2 diabetes

Essential hypertension

Polycystic ovary syndrome

Non-alcoholic fatty liver disease

Certain forms of cancer

‘Occult’ features
Some degree of glucose intolerance

Impaired fasting glucose

Impaired glucose tolerance

Dyslipidemia

↑ Triglycerides

↓ High-density lipoprotein cholesterol

↓ Low-density lipoprotein particle diameter (small, dense particles)

↑ Postprandial accumulation of triglyceride-rich lipoproteins

Endothelial dysfunction

↑ Mononuclear cell adhesion

↑ Plasma concentration of cellular adhesion molecules

↑ Plasma concentration of asymmetric dimethylarginine

↓ Endothelial-dependent vasodilatation

Procoagulant factors

↑ Plasminogen activator inhibitor-I

↑ Fibrinogen

Hemodynamic changes

↑ Sympathetic nervous system activity

↑ Renal sodium retention

Markers of inflammation

↑ C-reactive protein, leukocyte count

Abnormal uric acid metabolism

↑ Plasma uric acid concentration

determining individual susceptibilities to the development of cardiovascular
complications. This concept of altered control of gene expression as a major
player in the pathogenesis of metabolic syndrome has also shed new light on
the link between body fat and insulin resistance, i.e., not the amount, but rather
the localization or ectopic accumulation of fat appears to be a critical issue.
Finally, the chapter looks at the pharmacological basis of old and new drugs
and ends with a concluding perspective.



596 D. Müller-Wieland and J. Kotzka

2
Cellular Mechanisms of Insulin Action and Insulin Resistance

One approach to understand the relation between insulin resistance and other
features of the metabolic syndrome is the elucidation of complex cellular sig-
naling mechanisms mediating not only insulin-stimulated glucose uptake but
also many other cellular effects, including gene regulatory networks affecting
cell growth and differentiation. Principle mechanisms of the cellular network
of insulin signaling appear to be similar to the growing family of growth factors,
becausemostof themact via receptor-associated tyrosinekinases (RTKs) at the
cell surface (Saltiel and Kahn 2001; Avruch 1998; Ullrich and Schlessinger 1990;
Pawson 2004). Activation of these receptors by ligand binding, for example the
insulin receptor by insulin, leads to autophosphorylation of an intracellular
receptor domain at tyrosine residues, thereby activating the intrinsic kinase
activity of the receptor. The activated RTK phosphorylates substrates within
the cell at tyrosine residues. The tyrosine phosphorylated substrates act as
so-called docking or adapter proteins by binding other signaling molecules.
There are many different substrates interacting directly with the insulin recep-
tor in a tyrosine-dependent manner, e.g., various insulin receptor substrates
(IRS), shc, Gab1–2, etc. Again, each of these receptor substrates affect the ac-
tivity of different downstream signaling proteins, thereby generating signaling
complexes inducing diverse cell responses to insulin. Therefore, insulin action
of cells depends on the cell-specific sets of signaling complexes. Furthermore,
in terms of signaling pathways and control, these cellular signaling complexes
are not only points of signal diversification, but also crosspoints for integration
into and adjustment to the activity of other pathways. For example, a single in-
sulin receptor substrate can bind various other signaling proteins, but can also
be used by different RTKs and modulated by different regulatory processes.
As for the substrate Gab-1, we have shown that it is tyrosine-phosphorylated
by different RTKs (Lehr et al. 2000). In this case, it is interesting that the RTKs
phosphorylated the same tyrosine residues, but in a differential quantitative
manner. Taken together, signaling complexes regulate the activity of different
signaling cascades playing a role in diverse cellular functions, including glu-
cose uptake and gene regulation. Each signaling step or protein appears to be
a potential candidate for genetic as well as regulatory defects of insulin action
and is therefore a potential drug target for various forms of insulin resistance
including the metabolic syndrome.

2.1
Phosphorylation of Proteins Involved in Insulin Action

Signaling networks (Fig. 1) are generated by protein–protein interactions
which are regulated by subcellular localization, phosphorylation, and abun-
dance of each signaling molecule. Insulin action can be modulated by affecting
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Fig. 1 Insulin signaling by protein complexes or signalosomes. Representation of intra-
cellular signaling networks regulated by their abundance, activity, and posttranslational
modification coupling receptors at the cell surface to cellular responses including gene
regulation. It is obvious that postreceptor defects can affect each signaling step alone or
in combination. The pattern of disturbances of signal transduction pathways will lead to
different clinical phenotypes or manifestations of the different components of the metabolic
syndrome. Furthermore, the insulin resistant states are even more complexas the patterns
of signaling proteins differ between cells and tissues. Furthermore, signaling defects in one
tissue can affect insulin sensitivity in others. For further details, see text. (Modified from
Kotzka and Müller-Wieland 2004)

the sites and amount of tyrosine as well as serine/threonine phosphorylation
of signaling proteins.

Phosphorylation of proteins at tyrosine residues can stimulate the activ-
ity of enzymes and serve as recognition sites for downstream signaling pro-
teins. Selective generation of signaling complexes by site-specific tyrosine
phosphorylation is not only a cellular tool to control selectivity, endurance,
and strength of signaling pathways towards different extracellular stimuli,
but is also a key step of regulation and possibly drug treatment. Many pep-
tides are being developed to simulate or inhibit tyrosine-mediated protein
interactions or to mimic insulin action at the receptor level (Qureshi et al.
2000; Moller 2001; Zhang et al. 1999). In this context, it has become interest-
ing to pharmacologically affect the counter-players of tyrosine kinases, i.e.,
the tyrosine phosphatases. Cell and animal studies have shown, for exam-
ple, that the insulin signal can be inhibited at the receptor level by specific
tyrosine phosphatases (Goldstein 2002a). Protein-tyrosine phosphatases (PT-
Pases) that function as negative regulators of the insulin signaling cascade
have been identified as novel targets for the therapeutic enhancement of in-
sulin action in insulin-resistant disease states. Recent studies have provided
compelling evidence that one of the main functions of the intracellular en-
zyme PTPase1B (PTP1B), and perhaps to a lesser extent of the transmembrane
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PTPase leukocyte antigen-related, is to suppress insulin action (Zabolotny et
al. 2004). Reducing PTP1B abundance not only enhances insulin sensitivity
and improves glucose metabolism, but also protects against obesity induced
by high-fat feeding.

Besides tyrosine phosphatases, another principle mechanism of downreg-
ulating insulin action is increased phosphorylation at serine and threonine
residues of proximal proteins involved in the signal transduction pathways of
insulin. Serine/threonine phosphorylation of the insulin receptor or insulin
receptor substrates has been investigated in greater detail and shown to be
associated with decreased insulin signaling (Lee and White 2004; Pirola et al.
2004; Werner et al. 2004; Aguirre et al. 2002; Al-Hasani et al. 1997). The de-
tailed mechanisms are still unclear, but serine phosphorylation might impair
the transferase activity of protein tyrosine kinases, affect phospho-tyrosine
dependent protein–protein interactions, or accelerate the dissociation of sig-
naling complexes. Insulin resistant states induced by inflammatory signals,
hyperglycemia, free fatty acids, catecholamines, angiotensin II, and cytokines
including tumor necrosis factor (TNF)α have been related to molecular mecha-
nisms associated with increased serine phosphorylation of proximal signaling
proteins involved in insulin action, like the insulin receptor or insulin receptor
substrates. These effects are mediated by different serine/threonine kinases
within cells of different insulin-sensitive tissues, like protein kinase A, protein
kinase B, different members of the protein kinases C family, different MAP ki-
nase families (Erk, JNK, p38), and JAK. We have recently shown that Erk-MAP
kinases phosphorylate Gab-1 at serine residues, which are in proximity to the
tyrosine phosphorylation sites binding the downstream signaling protein p85-
PI 3 kinase (Lehr et al. 2004b). In accordance with that, Erk phosphorylation
of Gab-1 at these sites abolishes the insulin-induced generation and activation
of this specific signaling complex.

In respect of potential molecular mechanisms for the clinically observed
association between inflammation and insulin resistance, it is worth mention-
ing that activation of the inhibitor kappa B kinase (IKK) has been brought
into context with insulin resistance. This hypothesis was supported by the ob-
servation that heterogeneous gene deletion or high doses of salicylate, which
then can inhibit IKK, increase insulin sensitivity in some circumstances (Hun-
dal et al. 2002; Yuan et al. 2001; Shoelson et al. 2003). IKK phosphorylates
a protein called IκB, which is an inhibitor for the gene regulatory nuclear fac-
tor (NF)-κB proteins playing a central role in most inflammatory responses.
Phosphorylation of IκB leads to a release of NF-κB, which then can move
into the nucleus and stimulate the transcription of specific genes. One ad-
ditional essential feature of cellular inflammatory reactions is the induction
of immediate-early genes, e.g., SOCS (suppressor of cytokine signaling) pro-
teins in response to cytokine treatment. SOCS proteins, which also contain
a central phospho-tyrosine interacting SH2-domain, can modulate insulin sig-
naling by competing with other substrates and channeling IRS proteins to
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the proteosome for degradation (Rui et al. 2002). Accordingly, inhibition of
SOCS proteins in mice improves insulin sensitivity and other features of the
metabolic syndrome (Ueki et al. 2004).

2.2
Role of Abundance of Insulin Signaling Molecules

The pivotal role of insulin as well as the fact that absolute insulin deficiency
leads to thedevelopmentofketoacidosiswereproven in transgenicmice lacking
insulin receptor (IR) (Accili et al. 1996; Joshi et al. 1996). These mice die shortly
after birth due to severe ketoacidosis, but most of the heterozygous animals are
clinically inapparent. This corresponds to the clinical observation of patients
with genetic syndromes of severe insulin resistance. In these patients, two
defective alleles of the IR can be identified, and the patients die soon after
birth. The parents, however, which apparently have heterozygous alterations of
the IR gene, are clinically silent or show only mild glucose intolerance. Adding
a defective allele of the insulin receptor substrate (IRS) 1 to these heterozygous
IR knockout mice, which increases the state of insulin resistance by adding
a postreceptor defect, leads to clinical manifestation of diabetes (Bruning et al.
1997). This is a transgenic mice model for the development of polygenic disease
states associated with insulin resistance, such as the metabolic syndrome.

Interestingly, mice deficient for IRS-1 alone exhibit the classical metabolic
syndrome, i.e., insulin resistance with glucose intolerance, hypertriglyceri-
demia, and low high-density lipoprotein-cholesterol levels as well as elevated
blood pressure (Abe et al. 1998; Araki et al. 1994; Kulkarni et al. 1999a; Tamem-
oto et al. 1994). The insulin resistance is compensated by an increased insulin
production of the β-cells. Furthermore, these animals show a reduced embry-
onal and postnatal growth rate and a body weight in adulthood reduced by
40%–50%. IRS-2-deficient mice have a severe insulin resistance in liver and
muscle (Kubota et al. 2000; Suzuki et al. 2004; Withers et al. 1998). However, in
these animals, insulin resistance cannot be compensated by increased insulin
production, because β-cell neogenesis is decreased.

Further transgenic mice studies have shown that decreased insulin action in
one tissue can induce alterations and insulin resistance in others (Accili 2004).
Therefore, metabolic and endocrine signals of different tissues communicate
by regulating insulin sensitivity and glycemic state as well as lipid homeostasis.
In the following, we will give examples of mice in which insulin action has been
transgenically ablated in selective classical tissues such as skeletal muscle, liver,
fat, and central nervous system.

It has been clinically observed that skeletal muscle is responsible for a major
part of postprandial insulin-stimulated glucose uptake. Therefore, the hypoth-
esis that insulin resistance in skeletal muscle plays an essential role in the
development of clinically overt type 2 diabetes has always remained current.
Surprisingly, transgenic mice in which the insulin receptor was deleted specif-
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ically in skeletal muscle had no clinically overt diabetes, no growth alteration
or glucose intolerance, but showed features of the metabolic syndrome, i.e.,
mild insulin resistance with slightly elevated levels of insulin and triglycerides
in plasma (Bruning et al. 1998b). Further studies showed that glucose was
redistributed to adipose tissue. Mice being insulin receptor deficient in liver
developed overt diabetes due to increased hepatic gluconeogenesis. Mice with
an insulin receptor knockout in β-cells of the pancreas exhibited defects in
insulin secretion similar to early stages of type 2 diabetes (Kulkarni et al.
1999b). For the first time, these data provided evidence that insulin resistance
of β-cells can be associated with reduced glucose-stimulated insulin secretion.
Therefore, insulin resistance can lead not only to reduced insulin-stimulated
uptake of glucose and increased glucose production, but also to impaired in-
sulin secretion, i.e., to all biochemical features of type 2 diabetes. Mice with
fat-specific disruption of the insulin receptor gene are protected against age-
related and hypothalamic lesion-induced obesity and obesity-related glucose
intolerance (Bluher et al. 2002). In this context, it is interesting to note that
insulin receptor deficiency in the central nervous system leads to hyperphagia
with consecutive features of the metabolic syndrome, i.e., obesity, insulin re-
sistance, and elevated triglyceride levels (Bruning et al. 1998a). The potential
clinical relevance and role of cellular signaling proteins in the pathophysiology
of insulin resistance can be tested best in transgenic mice models (Accili 2004;
Kadowaki 2000; Mauvais-Jarvis et al. 2002; Nandi et al. 2004; Terauchi and
Kadowaki 2002). Although it is still unclear whether the physiology of mice
and its alterations induced by transgenic technology is applicable to human be-
ings, these models can help to test and generate clinical hypotheses delineating
different components in complex systems.

3
Metabolic Syndrome: Clinical Manifestation of Dysregulated Metabolic and
Endocrine Control of Gene Expression?

Insulin action is not only related to the uptake of glucose, but also to the regula-
tion of many different genes, including gene regulatory networks affecting cell
growth and differentiation. Alterations in gene expression might play a central
role in cellular insulin resistance and in the pathogenesis of associated clin-
ical features. Therefore, proteins involved in gene regulatory pathways, such
as transcription factors, might be a relevant pathogenic link in the clinical
clustering of cardiovascular risk factors.

Transcription factors might be altered in their abundance and activity pri-
marily, or secondarily as a consequence of altered insulin action and/or other
metabolic features. One of the best examples of transcription factors integrat-
ing cellular information induced by nutrients, metabolites, hormones, growth
factors, inflammatory signals, and drugs on insulin sensitivity as well as on
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intracellular lipid metabolism are peroxisomal proliferator activator recep-
tors (PPARs) and SREBPs (Auwerx and Mangelsdorf 2000; Horton et al. 2002;
Hyoun-Ju et al. 2002; Ziouzenkova et al. 2002).

PPARs are ligand-activated transcription factors and belong to the nuclear
receptor family without well-known intrinsic ligands, also called orphan re-
ceptors. Three different PPARs have been characterized: PPARα, PPAR β/δ, and
PPARγ. PPARα, which is a target of fibrates, is expressed mainly in liver and
plays a central role in fatty acid metabolism. PPAR β/δ appears to be regulated
by some fatty acids and is expressed in many different tissues. In contrast,
PPARγ is a key player in the control of adipogenesis and insulin sensitivity
(Rosen et al. 2000; Samuel et al. 2004; Vergès 2004). PPARγ is also a target for
the class of insulin sensitizers called glitazones. The precise mechanisms by
which glitazones or PPARγ-activity affect insulin sensitivity are still unclear.
Several mechanisms have been discussed, for example redistributing visceral
to subcutaneous fat, increasing lipid catabolism and thereby reducing lipo-
toxicity, affecting fat cell size, and secreting adipokines. PPARγ is controlled
by coactivators. Most recently, the PPARγ coactivator (PGC)-1 has drawn in-
creasing attention. Spiegelman’s group showed that PGC-1α plays a central
role in controlling PPARγ activity and thereby adipogenesis, but that it can
also interact with other transcription factors controlling muscle differentia-
tion and hepatic gluconeogenesis (Herzig et al. 2001; Lin et al. 2002; Michael
et al. 2001; Puigserver et al. 2001, 2003; Yoon et al. 2001). Therefore, PGC-1α
is an example of how a single signaling step controlling gene expression and
cellular differentiation networks affects such diverse cellular phenomena, i.e.,
fat cell differentiation, muscle cell differentiation, hepatic gluconeogenesis,
energy expenditure, etc. However, all these features and their alterations might
play a role in the clinical manifestation and future drug therapy of metabolic
syndrome. Another important family playing a role in this metabolism-related
gene regulatory network is the SREBPs.

4
SREBP-1: A Novel Drug Target for Metabolic Syndrome?

SREBPs have been identified as transcription factors that are regulated by
nutrients, metabolites, hormones, and drugs. These features of transcription
factors seem to be key for bringing together open strings of gene regulation,
cellular signaling networks, and the development of nutrition-related poly-
genic diseases like obesity and type 2 diabetes. About 10 years ago, SREBPs
were independently identified by two different research groups working on
cholesterol metabolism and the mechanisms of fat cell differentiation, respec-
tively. The group of Goldstein and Brown isolated two SREBPs, SREBP-1 and
SREBP-2, from human HeLa cell extracts because of their binding property
to the cholesterol-regulated element [sterol regulatory element (sre)-1] in the
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promoter of the low-density lipoprotein (LDL) receptor (Briggs et al. 1993; Hua
et al. 1993; Wang et al. 1993; Yokoyama et al. 1993). The group of Spiegelman
isolated SREBP-1c by screening a rat adipocyte cDNA library using an E-box
motive as probe. Since the isolated protein plays an important role in adi-
pogenesis, it was called adipocyte-determination-and-differentiation-factor-1
(Tontonoz et al. 1993).

Until today, the family of SREBPs has essentially encompassed two iso-
forms, SREBP-1 and SREBP-2, which are encoded by two different genes
called SREBF-1 and SREBF-2. In contrast to SREBF-2, SREBF-1 is transcribed
into two major splice variants called SREBP-1a and SREBP-1c (Yokoyama
et al. 1993; Hua et al. 1995; Shimomura et al. 1997). One essential feature
of SREBPs is that they are embedded as transcriptional inactive precur-
sor proteins in the membrane of the endoplasmatic reticulum and the nu-
clear envelope. Lowering of the intracellular sterol content leads to the re-
lease of the transcriptional active N-terminal domain by activation of a pro-
teolytic cascade attacking the membrane-inserted portion of the SREBPs
(Brown and Goldstein 1997, 1999).

An additional principle mechanism of regulation besides cleavage is the
control of SREBP gene expression. It has been shown that the transcription
of SREBPs can be regulated by hormones, e.g., insulin stimulates the tran-
scriptional rate of SREBP-1c by phosphatidylinositol 3-kinase activated PKCλ
(Foretz et al. 1999a, 1999b; Matsumoto et al. 2002, 2003). However, one has
to consider that an increase in gene transcription does not necessarily cor-
relate with an increased amount of transactive protein domains within the
nucleus, as also increased amounts of precursor proteins underlie the sterol-
dependent proteolytic processing described above. Therefore, the observation
that insulin can stimulate the expression of the LDL-receptor gene to a similar
degree in cholesterol-rich as well as lipid-depleted serum indicates that this
phenomenon cannot be explained conclusively by increased insulin-induced
expression of the SREBP-1 gene alone (Streicher et al. 1996). Rather, a mech-
anism might be postulated by which the activity of the transactive SREBP
domain may also be modulated directly. We have recently shown that SREBPs
are substrates of mitogen-activated protein kinases (Kotzka et al. 2000). For
example, hormonal effects on the LDL-receptor gene promoter are completely
abolished in stable cell lines lacking either SREBP-1 or SREBP-2 and can be
reconstituted by ectopic expression of the corresponding constitutively active
N-terminal domains of SREBPs (Kotzka et al. 1998, 2000). Furthermore, hor-
monal regulation of the LDL-receptor promoter can be blocked by incubation
of cells with inhibitors of mitogen activated protein (MAP) kinase cascades.
Wortmannin, however, as an inhibitor of the PI-3 kinase pathway, had no
effect. These data support the evidence that SREBPs and their corresponding
cis-element are integral members of the MAP kinase signaling cascades linking
effects of insulin and growth factors from the cell surface to gene regulatory
networks. Additional analyses identified SREBPs as substrates of the Erk-MAP
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kinase family. Using a protein chemistry approach, e.g., the anion exchange
chromatography, reversed phase HPLC, mass spectrometry, and Edman degra-
dation, serine 117 has been identified as the major phosphorylation site within
SREBP-1a for Erk-MAP kinases (Roth et al. 2000). Functional investigations
show that transactivity of the N-terminal domain of SREBP-1a is stimulated
by insulin and platelet-derived growth factor (PDGF) in a synergistic fashion.
Mutation of the major phosphorylation site serine 117 to alanine completely
abolishes this synergistic effect of insulin and PDGF on transactivity. Taken
together, besides proteolytic cleavage, the mechanism of phosphorylation is
a functional modification leading to an increased transactivity of SREBPs.
From the cellular point of view, this is an additional possibility to react to
environmental changes, indicating that the SREBPs are a gene regulatory point
of convergence for diverse extracellular signals including hormones, nutrients,
and even drugs.

There are several transgenic mice models of SREBPs which show that they
are major players in the control of cellular lipid metabolism. In respect to the
metabolic syndrome, SREBP-1 isoforms appear to have a predominant role.
Therefore, we focus on the two mice models in which either SREBP-1a or
SREBP-1c were overexpressed under the same promoter in fat cells. Trans-
genic mice overexpressing SREBP-1a under control of the PEPCK promoter,
which is active not only in liver, but also in kidney and adipose tissue, do
not only show steatosis hepatis, but also a reduced amount of white fat (Shi-
mano et al. 1996). In contrast, mice overexpressing SREBP-1c under control
of the PEPCK promoter do not show any gross change in white adipose tissue
(Shimano et al. 1997). However, mice overexpressing SREBP-1c under con-
trol of the fat cell-specific aP2 promoter lack fat tissue due to an inhibited
adipocyte differentiation (Shimomura et al. 1998). The mice that lack adi-
pose tissue are insulin resistant, have hyperglycemia, and a massive steatosis
hepatis including elevated plasma triglyceride levels. This phenotype resem-
bles the clinical picture of congenital generalized lipodystrophy (Lawrence
1946; Seip 1996). Furthermore, the level of serum leptin was greatly reduced
in these mice, and the application of leptin reconstituted insulin sensitivity
(Shimomura et al. 1999). In contrast, mice overexpressing SREBP-1a under
control of the aP2 promoter show a great increase in white and brown adi-
pose tissue, which is most likely the consequence of a massively increased
rate of cholesterol and fatty acid synthesis (Horton et al. 2003). Overex-
pression of SREBP-1a increased the number of differentiated hypertrophic
adipocytes and induced only a mild hepatic steatosis, but no diabetic pheno-
type. In conclusion, these transgenic animal models show that SREBP-1a is
a potent activator of all known SREBP-regulated gene targets. The splice vari-
ant SREBP-1c predominantly activates genes affecting fatty acid metabolism
and is a major regulator of de novo lipid synthesis. In contrast, SREBP-2 is
mainly a regulator of genes predominantly affecting cholesterol homeosta-
sis. Based on this relative selectivity of different SREBP isoforms, one might
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speculate that SREBPs are an important link between metabolism, insulin sen-
sitivity, and in the development of other cardiovascular risk factors at the gene
regulatory level.

Apparently, SREBPs are key players in the control of intracellular lipid
accumulation. One interesting aspect is that increased intracellular lipid ac-
cumulation might impair the function of the corresponding cell, e.g., insulin
secretion in the case of pancreatic β-cells, or insulin-stimulated glucose uptake
or insulin sensitivity in the case of adipose tissue, skeletal muscle, and liver.
In this respect, intracellular lipid accumulation, called lipotoxicity, might be
a link between insulin resistance, visceral obesity, and increased lipid depo-
sition in nonadipose tissue, perhaps even including cells of the arterial vessel
wall, being a feature of atherosclerosis. Accordingly, it is interesting to note that
recently Mingrone et al. (2003) have shown that massive weight loss after bilio-
pancreatic diversion is associated with reversion of insulin resistance, lowering
of intra-myocytic triglyceride depots, reduction of SREBP-1c mRNA expres-
sion in skeletal muscle, and reduction of cardiovascular risk over 24 months.
Furthermore, SREBP-1c appears to play a role in the development of the HIV
treatment associated insulin resistance syndrome (Caron et al. 2003; Hadri et
al. 2004; Kannisto et al. 2003; Williams et al. 2004). Therefore, SREBP-1a/c not
only seem to regulate lipid metabolism, but also appear to be a target of insulin
action and may therefore be a key link for different features of the metabolic
syndrome (see Fig. 2; Müller-Wieland and Kotzka 2002). Furthermore, over-
expression of SREBP-1a/c in liver can lead to IRS-2-related insulin resistance
(Ide et al. 2004).

5
Lipotoxicity: A Novel Link Between Insulin Resistance and Fat

Several cell biological studies, animal studies, and an increasing number of
clinical studies support the hypothesis of Unger (2002 and 2003) and McGarry
(2002) that an increased intracellular lipid accumulation in nonfat cells is
associated with a disturbance of the respective functions, i.e., insulin resistance
in case of insulin action.

Studies in different groups of individuals, i.e., individuals with a normal
glucose tolerance, impaired glucose tolerance, and clinically overt type 2 di-
abetes show that lipid accumulation within skeletal muscle (lipotoxicity) is
a very early phenomenon. Jacob et al. (1999) have shown that the intracellu-
lar lipid content of skeletal muscle cells has a very strong correlation to the
insulin sensitivity already in nondiabetic relatives of patients with type 2 di-
abetes. Accordingly, obese individuals who are not insulin resistant appear to
have a relatively low intramyocellular lipid content, whereas insulin-resistant
individuals with a lack or reduced white adipose tissue (lipodystrophy) have
a relatively high intramyocellular lipid content. This is in accordance with the
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Fig. 2 Role of SREBP-1 as a link between lipid metabolism, insulin action, and clinical
features of the metabolic syndrome or syndrome X. Abundance of SREBP-1a/c is regulated
by intracellular cholesterol levels, nutrients (such as fatty acids), and hormones. The latter
also appear to stimulate transactivity of these transcription factors by phosphorylation
via MAP kinase cascades. SREBPs, in concert with other transcription factors, affect the
expression of many genes controlling lipid metabolism, insulin sensitivity, and possibly
genes involved in the development of visceral obesity, blood pressure control, inflammation,
and other features of the metabolic syndrome. For further details, see text. (Modified from
Kotzka and Müller-Wieland 2004)

hypothesis that insulin-stimulated glucose uptake or insulin sensitivity cor-
relate much more strongly with the intramuscular cellular lipid content than
with body mass index (BMI). Therefore, lipotoxicity might be a mechanism
shedding new light on the intricate relationship between body weight and
insulin sensitivity.

Based on the accumulating evidence that not the amount of subcutaneous
fat but rather the amount of ectopic fat accumulation is the determinant of
insulin resistance, one would predict that isolated removal of subcutaneous
fat will have no effect on insulin sensitivity. This question was recently an-
swered in an elegant clinical study of Klein et al. (2004), in which the effect
of liposuction in eight women with normal glucose tolerance and a mean
BMI of 35.1 kg/m2 and in seven women with a BMI of 39.9 kg/m2 and
type 2 diabetes was investigated. The volume of subcutaneous fat was de-
creased by 44% in normal glucose tolerant individuals and by 28% in pa-
tients with type 2 diabetes, corresponding to a mean absolute loss of fat
of 9.1 kg and 10.5 kg, respectively. Insulin sensitivity of liver, skeletal mus-
cle, and adipose tissue was evaluated by assessing the stimulation of glu-
cose disposal, suppression of glucose production, and inhibition of lipoly-
sis before and 10–12 weeks after abdominal liposuction. This surgical pro-
cedure had no significant effect on insulin sensitivity of liver, muscle, adi-
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pose tissue, or other features of the metabolic syndrome, like blood pres-
sure or plasma lipids. Furthermore, inflammatory markers in plasma, like
C-reactive protein, interleukin-6, and TNFα were not altered. Plasma lev-
els of adiponectin were not altered either, indicating that liposuction re-
duced the amount of subcutaneous tissue, but obviously not its endocrine
activity. Furthermore, subcutaneous obesity appears to be associated with
increased sympathetic activity, an essential feature of metabolic syndrome
(Alvarez et al. 2004).

Also, Kim et al. (2000a, 2000b, 2002) have generated a transgenic mice model
in which transcription factors involved in the development of white fat tissue
were inhibited. These mice have a clinical phenotype resembling the one of
congenital lipoatrophy. The lipoatrophic mice had an ectopic accumulation
of fat in liver and skeletal muscle. Interestingly, insulin-stimulated PI3 kinase
activation was greatly reduced in liver as well as in skeletal muscle. This cellular
insulin resistance was almost restored by transplantation of small amounts of
fat. The effect was associated with the reduction of lipid content in liver and
skeletal muscle. Unlike in wild-type mice, blocking the uptake of fatty acids in
muscle by knocking out the fatty acid transporter protein prevents metabolic
induction of insulin resistance. These and other studies support not only the
concept of ectopic fat accumulation, but also the increasing evidence that white
adipose tissue is not only a passive reservoir for lipids, but also a very active
endocrine organ (Guerre-Millo 2004). Several factors with endocrine activity
(adipokines) are listed in Table 5. Some of them affect both insulin sensitivity
and cellular lipid metabolism, e.g., by stimulating the rate of β-oxidation and
reducing fatty acid synthesis. The cellular basis of the homeostasis is a potential
treasure of drug targets (Orci et al. 2004).

Table 5 Adipocyte-secreted proteins as modulators of the metabolic syndrome

Nutrient intake Leptin

Insulin sensitivity Resistin
Adiponectin
TNFα

Ectopic lipid accumulation Leptin
Adiponectin
FGFs?

Inflammation Cytokines
Acute phase response proteins

Prothrombotic state Complement factors
PAI 1
Prostacyclin

Dyslipidemia LPL
CETP

Blood pressure Angiotensinogen
Adrenotopic substances
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Malonyl-CoA is an intracellular link between β-oxidation and fatty acid
synthesis. Malonyl-CoA inhibits the carnitine palmitoyltransferase system,
which is required for long-chain fatty acetyl-CoA molecules to transverse
the inner mitochondrial membrane. Acetyl-CoA carboxylase (ACC) is the
enzyme that converts acetyl-CoA to malonyl-CoA. In mice lacking ACC2,
fat storage is reduced due to continuous fatty acid oxidation. Novel issues
for the metabolic syndrome appeared when it was reported that a previously
metabolically unrelated growth factor, the fibroblast growth factor (FGF) 19,
overexpressed in transgenic mice, induces resistance to diet-induced obesity
and insulin desensitization (Fu et al. 2004; Strack and Myers 2004). Therefore,
it is a sparkling observation that FGF19 inhibits ACC2, thus increasing fatty
acid oxidation. This further supports the emerging concept that fatty acid
oxidation may have beneficial effects on obesity, type 2 diabetes, and the
metabolic syndrome. Accordingly, genetic reduction of malonyl-CoA in liver
reduces lipotoxicity too (An et al. 2004).

Since the mitochondrion in eukaryotic cells is the place for oxidation of
fatty acids, there is increasing interest in the role of this compartment in
ectopic lipid accumulation and the metabolic syndrome. Recently, an excellent
clinical study by Gerald Shulman’s group has investigated this issue specifically
in insulin-resistant offspring of patients with type 2 diabetes (Petersen et al.
2004). Compared to insulin-sensitive controls, the insulin-stimulated rate of
glucose uptake by muscle was approximately 60% lower in the insulin-resistant
group and associated with an increase of 80% in intramyocellular lipid content.
Further investigations showed that this increase in intramyocellular lipids
was most likely attributable to a reduction in mitochondrial phosphorylation.
Therefore, this report provides direct evidence for impaired mitochondrial
activity in individuals with features of lipotoxicity and insulin resistance.

To further elucidate the relationship between lipid accumulation and mi-
tochondra at the cellular level, we generated cell lines overexpressing con-
stitutively active SREBP-1a in human liver cells. These cells show massive
intracellular lipid accumulation. We have further analyzed the protein pattern
of mitochondria using the novel technique of two-dimensional difference gel
electrophoresis (Lehr et al. 2004a). Mitochondria were enriched by subcellu-
lar fractionation using differential and isopyknic centrifugation. Proteins of
isolated organelles were labeled with Cy-dyes and separated on 2D gels. These
gels revealed more than 100 protein spots, which were significantly different in
their abundancebetweenwild-typeandSREBP-1a (+)cells.MALDIMSshowed
that 68% of the identified proteins belonged to mitochondria. In SREBP-1a (+)
cells, several enzymes involved in β-oxidation were notably reduced. Accord-
ingly, GC-analyses of the intracellular fatty acid pattern revealed a significant
increase in long-chain unsaturated fatty acids. Therefore, the detected protein
differences might be an explanation for the observed intracellular lipid accu-
mulation and again link SREBP-1a to mitochondria, lipotoxicity, and insulin
resistance.
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What exactly the role of subcutaneous and visceral fat is for the excessive
lipid accumulation in other organs such as liver, skeletal muscle, and possibly
heart is still a matter of discussion (Wu et al. 2001; Cancello et al. 2004; Giusti
et al. 2004). Current research intends to delineate differences in endocrine
and metabolic activity in fat of different body regions. One recent example of
a potentially interesting target for the metabolic syndrome in fat tissue per se is
the enzyme 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD-1) (Duplomb
et al. 2004; Masuzaki et al. 2003; Morton et al. 2004a, 2004b, Paterson et al. 2004;
Walker and Seckl 2003). This enzyme increases intracellular glucocorticoid
action and is elevated in adipose tissue of obese humans and animals. Fat-
specific overexpression of 11β-HSD-1 produces a metabolic syndrome in mice,
whereasmice lacking this enzymeare resistant tohigh-fat diet-inducedvisceral
obesity and metabolic features.

The concept of ectopic lipid accumulation might be an explanation for
many basic unresolved clinical observations, e.g., that insulin sensitivity does
not correlate with the amount of subcutaneous fat, that insulin sensitivity is
greatly increased by a modest body weight reduction of only 5%–10%, and
that not all obese individuals are insulin-resistant. Several animal and human
studies have provided evidence that intramyocellular lipid accumulation cor-
relates best with a degree of insulin-stimulated glucose uptake of the body. In
accordance with that, inactivation of fatty acid uptake prevents fat-induced in-
sulin resistance (Kim et al. 2004). Mobilization or decrease in intramyocellular
lipid appears to be more sensitive to weight reduction than fat of subcutaneous
tissue (Houmard et al. 2002; Kelley and Goodpaster 2001). Similar observa-
tions have been made for the amount of visceral fat. In the context of these
mechanisms, the amount of visceral fat might be as well a marker of the
amount of lipid accumulation outside of white subcutaneous fat tissue. Ac-
cordingly, there are animal models with visceral obesity, but without insulin
resistance (Brains et al. 2004). In addition, recent clinical studies have shown
that intracellular lipid content of liver (steatosis hepatis) is associated with
insulin resistance, too (Gupte et al. 2004; Hui et al. 2004; Marchesini et al.
2001; Michael et al. 2000; Samuel et al. 2004; Song 2002). Interestingly, there is
increasing experimental evidence that intracellular lipid metabolism of pan-
creatic beta cells appears to play a pivotal role in the regulation of insulin
secretion. Lipotoxicity therefore seems to be a novel mechanism (one of many
that are still unknown) for the key phenomena of the pathogenesis of type 2
diabetes or metabolic syndrome, insulin resistance in skeletal muscle, distur-
bance of insulin secretion of the pancreatic beta cell, and increased hepatic
glucose production as the consequence of hepatic insulin resistance (Boden
and Shulman 2002; Shafrir and Raz 2003). Taken together, the metabolic syn-
drome represents a group of clinical disorders related to insulin resistance and
altered liporegulation.
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6
How Will Old and New Drugs Work in the Future?

The metabolic or insulin resistance syndrome is a clinical conglomerate of dif-
ferent symptoms and signs, which is also partially covered by other chapters
in this book. Therefore, we will not address drug developments in the fields
of dyslipoproteinemia, control of arterial blood pressure, and drugs affecting
coagulation or obesity. Rather, we focus on the general mechanism of drugs
possibly increasing insulin sensitivity and decreasing ectopic fat accumula-
tion. Among the classical blood sugar-lowering drugs, there are several drugs
which have been shown to reduce the development of clinically overt type
2 diabetes in a state of impaired glucose tolerance, e.g., metformine, trogli-
tazone, and acarbose (Knowler et al. 2002; Chiasson et al. 2002; Buchanan
et al. 2002; Xiang et al. 2004). Furthermore, it is interesting to note that
the concept of multiple mechanisms leading to different states of insulin re-
sistance is strengthened by the observation that large clinical studies using
lipid-lowering drugs such as statins, or blood pressure-lowering drugs such
as angiotensin converting enzyme inhibitors or angiotensin receptor block-
ers, also reduce the incidence of type 2 diabetes (Prisant 2004; Lithell et al.
2003; Julius et al. 2004). This indicates that there are several mechanisms caus-
ing the metabolic syndrome and that drugs which have been given due to
an indication like hypertension might also reduce other components of the
metabolic syndrome. In accordance with that, blood sugar-lowering drugs,
e.g., metformine, acarbose, or glitazones also affect blood pressure, plasma
lipids, and possibly fat distribution. For acarbose, it has been shown that
treatment is associated with the lowering of cardiovascular risk and incidence
of arterial hypertension (Chiasson et al. 2003). Interestingly, the increase in
insulin sensitivity of glitazones appears to be associated with a redistribu-
tion from ectopic lipids to a subcutaneous fat tissue (Mudaliar and Henry
2004). This corresponds to the concept of lipotoxicity or ectopic lipid accu-
mulation mentioned above. In this context, glitazones can also be understood
not only as blood sugar-lowering agents or insulin sensitizers, but rather as
‘anti-lipotoxica’. The role of glitazone as potential ‘anti-lipotoxica’ (Mayer-
son et al. 2002) on vascular cells and atherosclerosis is under investigation
(Goldstein 2002b).

Based on the different mechanisms mentioned in this review, it is conceiv-
able that each of these mechanisms could be a potential drug target (Bailey
2004; Goldstein 2002b; Moller 2001). A combination of clinical and molecular
studies will have to show which different symptoms of the metabolic syndrome
develop first, e.g., dyslipidemia first and then hypertension, or vice versa. The
understanding of the major players and the background orchestra might lead
to new indications for ‘old drugs’, the identification of novel drug targets
and the development of new agents. Furthermore, the role of combinations in
therapy and prevention will have to be investigated. One key issue in clinical
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medicine would be when and how to treat individuals with different features of
the metabolic syndrome to prevent cardiovascular complications. At the mo-
ment, clinical medicine focuses on the treatment of clinically overt diseases or
complications with drugs in rather high doses. The question will be whether,
from a preventive point of view, it is more effective to treat early but perhaps
with a low dose. Therefore, there might be a paradigm shift from ‘late and
high’ treatment to prevention, i.e., ‘early and low’ drug taking.

7
Conclusions and Perspectives

Testing different hypotheses and candidate pathways in transgenic mice have
identified complex communication pathways between different tissues con-
trolling insulin sensitivity and the state of glucose as well as lipid homeostasis.
The elucidation of novel signaling networks within the cell that are mediating
and affecting insulin action will reveal many novel genes and drug targets
which, in the future, might be of clinical relevance. Therefore, many different
clinical subtypes of the metabolic syndrome will have to be investigated, which
will enable us not only to perform effective prevention, but also to treat and
care for our patients individually according to the best clinical practice.

Insulin resistance-related metabolic syndrome is associated with an in-
creased cardiovascular risk. In this chapter, we proposed that these clinical
states are not only a consequence of altered blood glucose, but rather of ge-
netic dysregulation. Specific gene regulatory networks and their alterations
might be the key to understanding the development and clustering of different
cardiovascular risk factors in different individuals. The common denominators
of gene regulatory networks are transcription factors which are cellular sensors
and thereby determine the susceptibility of individuals to cardiovascular risk
factors, including the metabolic syndrome.
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Abstract The vascular endothelium synthesizes and releases a spectrum of vasoactive sub-
stances and therefore plays a fundamental role in the basal and dynamic regulation of
the circulation. Nitric oxide (NO)—originally described as endothelium-derived relaxing
factor—is released from endothelial cells in response to shear stress produced by blood flow,
and in response to activationof a varietyof receptors.Afterdiffusion fromendothelial to vas-
cular smooth muscle cells, NO increases intracellular cyclic guanosine-monophosphat con-
centrations by activation of the enzyme guanylate cyclase leading to relaxation of the smooth
muscle cells. NO has also antithrombogenic, antiproliferative, leukocyte-adhesion inhibit-
ing effects, and influences myocardial contractility. Endothelium-derived NO-mediated
vascular relaxation is impaired in spontaneously hypertensive animals. NO decomposition
by free oxygen radicals is a major mechanism of impaired NO bioavailability. The resulting
imbalance of endothelium-derived relaxing and contracting substances disturbs the nor-
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mal function of the vascular endothelium. Endothelin acts as the natural counterpart to
endothelium-derived NO. In man, besides its effect of increasing arterial blood pressure ,
ET-1 induces vascular and myocardial hypertrophy, which are independent risk factors for
cardiovascular morbidity and mortality. Current therapeutic strategies concentrate mainly
on lowering of low-density lipoprotein cholesterol and an impressive reduction in the risk
for cardiovascular morbidity and mortality has been achieved. Inflammatory mechanisms
play an important role in vascular disease and inflammatory plasma markers correlate with
prognosis. Novel therapeutic strategies specifically targeting inflammation thus bear great
potential for the prevention and treatment of atherosclerotic vascular disease.

Keywords Nitric oxide · Endothelin · Atherosclerosis · Free radicals · Inflammation ·
Cholesterol

1
Introduction

Atherosclerotic vascular disease is among the most frequent causes of death
worldwide (Murray and Lopez 1997). Elevated cholesterol levels constitute
a major risk factor for the development of atherosclerotic vascular disease. Fo-
cusing on lowering of low-density lipoprotein (LDL) cholesterol, an impressive
reduction in cardiovascular morbidity and mortality has been achieved even
in patients with normal cholesterol levels.

In contrast, high-density lipoprotein (HDL) exerts protective effects. The
underlying mechanisms are pleiotropic as HDL mediates reverse cholesterol
transport and has additional anti-inflammatory, pro-fibrinolytic, and anti-
oxidative properties (Nofer et al. 2002). This review will focus on the role of
HDL as a novel pharmacological target for the prevention of atherosclerotic
vascular disease.

2
Endothelial Dysfunction

The endothelium—probably the largest and most extensive tissue in the
body—forms a highly selective permeability barrier and is a continuous, un-
interrupted, smooth, and nonthrombogenic surface. The endothelium synthe-
sizes and releases a broad spectrum of vasoactive substances (Fig. 1). Func-
tional impairment of the vascular endothelium in response to injury occurs
long before the development of visible atherosclerotic changes of the artery
(Fig. 2).

Nitric oxide (NO) prevents leukocyte adhesion and migration into the ar-
terial wall, smooth muscle cell proliferation, and platelet adhesion and ag-
gregation, i.e., key events in the development of atherosclerosis (Boulanger
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Fig. 1 Endothelium-derived vasoactive substances. Nitric oxide (NO) is released from en-
dothelial cells in response to shear-stress and to activation of a variety of receptors.
NO exerts vasodilating and antiproliferative effects on smooth muscle cells and inhibits
thrombocyte-aggregation and leukocyte-adhesion. Endothelin-1 (ET-1) exerts its major
vascular effects—vasoconstriction and cell proliferation—through activation of specific
ETA receptors on vascular smooth muscle cells. In contrast, endothelial ETB receptors
mediate vasodilation via release of NO and prostacyclin. Additionally, ETB receptors in
the lung were shown to be a major pathway for the clearance of ET-1 from plasma. ACE,
Angiotensin-converting enzyme; ACh, acetylcholine; AII, angiotensin II; AT1, angiotensin
1 recetor; BK, bradykinine; COX, cyclooxygenase; ECE, endothelin-converting enzyme;
EDHF, endothelium-derived hyperpolarizing factor; ETA and ETB, endothelin A and B re-
ceptor; ET-1, endothelin-1; L-Arg, l-arginine; PGH2, prostaglandin H2; PGI2, prostacyclin;
S, serotoninergic receptor; Thr, thrombine; T, thromboxane receptor; TXA2, thromboxane;
5-HT, 5-hydroxytryptamine (serotonine). (Modified from Lüscher and Noll 1998)

Fig. 2 Flow-mediated dilation of the brachial artery in children with familial hypercholes-
terolemia (FH). Flow-mediated dilatation is much reduced in comparison with the normoc-
holesterolemiccontrol group,whereasdilation inresponse tonitroglycerin, anendothelium-
independent vasodilator, was equal in both groups. (Modified from Celermajer et al. 1992)

and Lüscher 1990; Bhagat et al. 1996; Bhagat and Vallance 1997; Ross 1999;
Fichtlscherer et al. 2000; Hingorani et al. 2000). NO—synthesized by NO syn-
thase (NOS) from l-arginine in presence of the cofactor tetrahydrobiopterin
(BH4)—is released from endothelial cells mainly in response to shear stress
produced by blood flow or pharmacological stimulants such as acetylcholine
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(Fig. 3) (Furchgott and Zawadzki 1980; Rubanyi et al. 1986; Palmer et al. 1988a,
1988b; Anderson and Mark 1989; Vallance et al. 1989; Stamler et al. 1994; Joan-
nides et al. 1995a, 1995b). NO is a free radical gas with an in vivo half-life of
a few seconds, and is able to cross biological membranes readily (Furchgott
and Zawadzki 1980; Palmer et al. 1987; Stamler et al. 1992). After diffusion
from endothelial to vascular smooth muscle cells, NO increases intracellular
cyclic guanosine-monophosphate concentrations leading to relaxation of the
smooth muscle cells (Fig. 1) (Palmer et al. 1988).

Fig. 3A In norepinephrine (NE)-preconstricted arteries, acetylcholine (AcCh) induces
concentration-dependent relaxation in the presence of an intact endothelium. In
endothelium-denuded arteries however, relaxation is abolished and converted to vasocon-
striction. (Modified from Furchgott 1983).B Nitric oxide (NO) is essential for flow-mediated
dilatation of large human arteries. Under control conditions, release of the occlusion in-
duced a marked increase in radial blood flow followed by a delayed increase in radial
diameter. L-NMMA, an inhibitor of NO synthesis, decreased basal forearm blood flow with-
out affecting basal radial artery diameter. In the presence of L-NMMA, the flow-mediated
dilatation of the radial artery was abolished and converted to vasoconstriction. (Modified
from Joannides et al. 1995)

Oxidatively modified LDL (oxLDL) decreases the bioavailability of endothe-
lium-derived NO. In patients with atherosclerotic vascular disease, endothelial
NOS (eNOS) protein expression and NO release are markedly reduced (Oe-
mar et al. 1998). Indeed, carotid wall thickening correlates with reduced NO-
mediated vasodilation (Ghiadoni et al. 1998; Perticone et al. 1999). Impaired
endothelium-dependent vasodilation is an adverse prognostic parameter in
patients with atherosclerotic vascular disease.
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In contrast to NO, circulating endothelin (ET)-1 levels are increased in
patients with atherosclerotic vascular lesions and correlate with the sever-
ity of the disease (Lerman et al. 1991). The amount of ET-1 in the vascular
wall corresponds to blood pressure, total serum cholesterol, and number of
atherosclerotic sites (Rossi et al. 1999). ET-1 acts as the natural counterpart
to endothelium-derived NO (Fig. 1) (Lüscher et al. 1990). Besides of its ar-
terial blood pressure rising effect in man (Vierhapper et al. 1990; Kiely et
al. 1997), ET-1 induces vascular and myocardial hypertrophy (Ito et al. 1991;
Barton et al. 1998; Yang et al. 1999), which are independent risk factors for
cardiovascular morbidity and mortality (Kannel et al. 1969; Bots et al. 1997;
O’Leary et al. 1999).

ET-1 stimulates the release of inflammatory mediators such as interleukin
(IL)-1, IL-6, and IL-8 (Fig. 1). Thereby, the anti-inflammatory effects of NO
are antagonized. NO itself plays an important role in clinical systemic inflam-
matory syndromes when the inducible isoform of the NO generating enzyme,
iNOS, is activated in sepsis.

3
Dyslipidemia and the Development of Atherosclerotic Plaques

Elevated LDL cholesterol is a risk factor for the development of atherosclerotic
vascular disease and causes endothelial dysfunction (Fig. 2) (Anonymous 1982;
Cohen et al. 1988) LDL gets trapped in the vascular wall and undergoes ox-
idative modification. Monocytes attach to the endothelial surface and migrate
subendothelially where they accumulate LDL and take the appearance of foam
cells (Fig. 4). The accumulation of these subendothelial macrophages, which
have receptors for native and oxLDL, get visible as fatty streaks—the earli-
est manifestation of atherosclerosis—and later become fibrofatty lesions and
fibrous plaques (Fig. 5).

3.1
HDL and Endothelial Function

In patients with endothelial dysfunction due to hypercholesterolemia (Fig. 2),
intravenous infusion of HDL rapidly restores impaired endothelium-depend-
ent vasodilation (Fig. 6). The underlying mechanism is an improvement in
NO bioavailability (Zeiher et al. 1994; Spieker et al. 2002), which is of ma-
jor importance for the prevention of thrombosis as the endothelium con-
tinuously releases NO, an inhibitor of platelet aggregation (Fig. 7). Indeed,
HDL levels determine thrombus formation (Li et al. 1999; Naqvi et al. 1999).
The anticoagulant activities of protein S and activated protein C are en-
hanced (Griffin et al. 1999). Furthermore, HDL has pro-fibrinolytic properties
(Saku et al. 1985).
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Fig. 4 Leukocyte adhesion and migration in atherosclerosis. Leukocytes adhering to the
vascular endothelium migrate through the vascular wall to the subendothelium and se-
crete vasoactive and inflammatory substances. bFGF, Basic fibroblast growth factor; EGF,
epidermal growth factor; ET-1, endothelin-1; GM-CSF, granulocyte-macrophage colony
stimulating factor; ICAM-1, intercellular adhesion molecule; IL-1, interleukin-1; MCP-1,
monocyte chemotactic protein; M-CSF, macrophage colony stimulating factor; NO, nitric
oxide; oxLDL, oxidatively modified LDL; PGE, prostaglandin E; PDGF, platelet-derived
growth factor; PGI2, prostacyclin; TNFα, tumor necrosis factor alpha; TGFβ, transforming
growth factor beta; VCAM-1, vascular cell adhesion molecule; VEGF, vascular endothelial
growth factor

Fig. 5 Plaque rupture in unstable angina. Macrophage-rich areas of the plaque with only
a thin fibrous cap are prone to rupture, whereas plaques with a thick fibrous cap remain
clinically stable
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Fig. 6 Intravenous infusion of reconstituted high-density lipoprotein (rDHL, 80 mg/kg over
4 h) leads to improved flow-mediated dilation of the brachial artery in hypercholesterolemic
patients. (Modified from Spieker et al. 2002)

Fig. 7 Platelet adhesion and aggregation is mediated by glycoproteins Ib, IIb, and IIIa. ADP,
adenosine diphosphate; ADPase, adenosine diphosphatase; Ia, Ib, IIb, and IIIa, glycopro-
teins; IL-1, interleukin-1; NO, nitric oxide; PAF, platelet aggregating factor; PGI2, prostacy-
clin; TNFα, tumor necrosis factor alpha; TXA2, thromboxane; vWF, von Willebrand factor

3.2
Reverse Cholesterol Transport

Reverse cholesterol transport is a pathway transporting cholesterol from pe-
ripheral cells and tissues to the liver for biliary excretion into the intestine.
The process is mediated by HDL and its major carrier protein apolipopro-
tein (apo) A-I. Infusion of apoA-I in volunteers intensifies reverse choles-
terol transport with subsequent fecal cholesterol excretion (Eriksson et al.
1999). Experimentally, elevating HDL or its main carrier protein, apoA-I
even reduces atherosclerotic lesions (Badimon et al. 1990; Mach et al. 1998;
Schieffer et al. 2000; Ridker et al. 2001).

Cholesterol is taken up by nascent HDL particles (preβ1-HDL) produced
by hepatocytes and in the intestine. Alternatively, these small discoid lipid-
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poor particles dissociate from chylomicrons and very-low-density lipoprotein
during lipoprotein lipase-mediated hydrolysis of triglycerides. Cellular choles-
terol efflux is mediated by ATP-binding cassette transporter protein 1 (ABCA1),
the expression of which is regulated by sterol and liver-X/retinoid-X receptor
(LXR/RXR). The accumulation of cholesterol transforms preβ1-HDL particles
into bigger particles, HDL2. Cholesterol esterification by lecithin:cholesterol
acyltransferase leads to the formation of spherical β3-HDL particles which ac-
quire more cholesterol. The enzyme cholesteryl ester transfer protein (CETP)
exchanges accumulated cholesteryl esters for triglycerides and particles are
remodeled into smaller HDL3 particles and lipid-free apoA-I. The latter are
re-lipidated by cellular phospholipid and cholesterol to form preβ1-HDL par-
ticles. HDL-derived cholesteryl esters are removed from the circulation via the
LDL receptor pathway. The uptake of HDL cholesterol to the liver is mediated
by scavenger receptor (SR)-BI (respectively its human homologue, CLA-1).

The expression of the SR-BI, ABCA1, and CETP, but not apoA-I, genes is
regulated by sterols. In addition, SR-BI is regulated by peroxisome-proliferator
activated receptor-α, as is apoA-I and apoA-II expression.

3.3
HDL as an Antioxidant

Oxidative stress plays an important role in the pathogenesis of Atherosclerosis.
Superoxide anion (O2

-), an oxygen radical, can scavenge NO to form peroxyni-
trite (ONOO-) effectively reducing the bioavailability of endothelium-derived
NO (Rubanyi and Vanhoutte 1986). In addition, O2

- can act as a vasoconstric-
tor (Katusic and Vanhoutte 1989). Nicotinamide adenine dinucleotide (NADH)
dehydrogenase, a mitochondrial enzyme of the respiratory chain, seems to be
a major source of O2

-. Expression of NAD(P)H oxidase in human coronary
artery smooth muscle cells is upregulated by pulsatile stretch, generating in-
creased oxidative stress. Other sources of O2

- are cyclooxygenase (COX), and
xanthine oxidase.

HDL, due to its paraoxonase content is an important antioxidant. Sev-
eral polymorphisms of the paraoxonase enzyme have been described. Indeed,
paraoxonase enzymatic polymorphisms with different antioxidant capacity
may influence the susceptibility to oxidative stress and thus the pathogenesis
of atherosclerosis.

4
Endothelins

Over a decade ago, a novel vasoconstrictor peptide synthesized by vascular
endothelial cells was identified (Hickey et al. 1985; Yanagisawa et al. 1988).
The family of endothelins (ET) consists of three closely related peptides–ET-
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1, ET-2, and ET-3–which are converted by endothelin-converting enzymes
(ECE) from ‘big endothelins’ originating from large preproendothelin pep-
tides cleaved by endopeptidases. The ET peptides are not only synthesized in
vascular endothelial and smooth muscle cells (Fig. 1), but also in neural, renal,
pulmonal, and some circulatory cells holding the genes for endothelins. The
chemical structure of the endothelins is closely related to neurotoxins (sarafo-
toxins) produced by scorpions and snakes. Factors modulating the expression
of ET-1 are shear-stress, epinephrine, angiotensin II, thrombin, inflammatory
cytokines [tumor necrosis factor (TNF) α, IL-1 and -2], transforming growth
factor β and hypoxia. ET-1 is metabolized by a neutral endopeptidase, which
also cleaves natriuretic peptides.

Imbalance of endothelium-derived relaxing and contracting substances dis-
turbs the normal function of the vascular endothelium. ET acts as the natural
counterpart to endothelium-derivedNO(Fig. 1), which exerts vasodilating, an-
tithrombotic, and antiproliferative effects, and inhibits leukocyte adhesion to
the vascular wall. Besides its effect of increasing arterial blood pressure in man
(Vierhapper et al. 1990), ET-1 induces vascular and myocardial hypertrophy
(Ito et al. 1991), which are independent risk factors for cardiovascular mor-
bidity and mortality. Indeed, in patients with essential hypertension, carotid
wall thickening and left ventricular mass correlate with reduced endothelium-
dependent vasodilation.

ET-1 rather acts in a paracrine than an endocrine mode of action, which is
reflected by plasma levels of ET-1 in the picomolar range. Infusion of an ET
receptor antagonist into the brachial artery or systemically in healthy humans
leads to vasodilation indicating a role of ET-1 in the maintenance of basal
vascular tone. When ET-1 itself is infused, vasoconstriction follows a brief
phase of vasodilation, which may be explained by relaxation of smooth muscle
cells caused by ETB receptor-mediated release of the vasodilators nitric oxide
and prostacyclin (Fig. 1). Additionally, ET-1 may also exert effects on the
central and autonomic nervous system and alter baroreflex function. In the
kidney, sodium reabsorption is modulated.

Significant correlations between the amount of immunoreactive ET-1 in
the tunica media and blood pressure, total serum cholesterol, and number of
atherosclerotic sites were found (Rossi et al. 1999). However, because most
ET-1 synthesized in endothelial cells is secreted abluminally, it might attain
a higher concentration in the vessel wall than in plasma. In blood vessels of
healthy controls, ET-1 was detectable almost exclusively in endothelial cells,
whereas in patients with coronary artery disease and/or arterial hypertension,
sizable amounts of ET-1 were detectable in the tunica media of different types
of arteries (Rossi et al. 1999).

The ET system is activated in several but not all animal models of arterial
hypertension. Correspondingly, ET plasma levels have been reported to be
elevated in certain patients with essential hypertension (Saito et al. 1990), but
this is a subject to controversy. Furthermore, there is evidence that certain
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gene polymorphisms of ET-1 and ET receptors could be associated with blood
pressure levels. Moreover, in hypertensive patients, infusion of an ETA/B recep-
tor antagonist causes significantly greater vasodilation than in normotensive
subjects. Since in this study plasma levels of ET-1 were similar in normo-
and hypertensive patients, increased sensitivity to endogenous ET-1 has to
be postulated. As in certain patients with arterial hypertension, endogenous
catecholamine production is increased, and catecholamines potentiate ET-1
induced vasoconstriction, these interactions with the ET-1 pathway is likely to
be involved in the pathogenesis of hypertension. Decreased bioavailability of
NO is also involved in this phenomenon, since NO antagonizes some of the
effects of ET-1.

5
Inflammatory Pathways in Atherosclerosis

Circulating levels of apparently normal-range C-reactive protein (CRP)—an
acute phase protein measurable by a high-sensitivity assay—correlates with
prognosis of patients with an acute coronary syndrome (Liuzzo et al. 1994;
Ridker et al. 1998). Moreover, CRP is a prognostic marker in stable coronary
artery disease, and more surprising, even in apparently healthy subjects (Rid-
ker et al. 1998a, 1998b). Inflammatory cytokines such as IL-6 and IL-18, and
serum amyloid A are further prognostic markers in patients with coronary
artery disease.

Indeed, the inflammatory activity of an atherosclerotic plaque determines
the risk for rupture with following coronary thrombosis and vessel occlu-
sion (Fuster et al. 1999; Libby 2001). A thin cap—due to high inflamma-
tory activity of metalloproteinases—is prone to rupture, which may trigger
platelet aggregation and thrombosis leading to the clinical spectrum of the
acute coronary syndrome (Fig. 5). In contrast, a thick fibrous cap—formed
by smooth muscle cells and connective-tissue matrix—covering these plaques
with few inflammatory cells stabilizes the lipid core against exposition to the
blood (Fig. 5).

Cholesterol triggers the release of inflammatory mediators such as CRP.
Together with other inflammatory mediators such IL-1, IL-6, IL-8, and TNF-α,
CRP activates the expression of adhesion molecules such as intercellular adhe-
sion molecule (ICAM)-1 and E-selectin on endothelial cells and decreases NO
bioavailabilty (Fig. 4). Adhesion molecules are essential for the transmigration
of monocytes through the vascular wall into the intima where they take up ox-
idized cholesterol and accumulate as foam cells (Fig. 4). As CRP increases the
expression of tissue factor in monocytes and thus activates the clotting system,
it is not surprising that elevated CRP levels are associated with adverse outcome
in patients with acute or chronic coronary artery disease (Liuzzo et al. 1994;
Ridker et al. 1998).
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Another important pathway is CD40L, a member of the TNF family and
ligand for CD40, a receptor widely expressed in vascular cells. CD40L is re-
leased by CD4+ T lymphocytes and activated platelets. The CD40L pathway
increases endothelial adhesiveness for monocytes by stimulation of adhesion
molecule and IL-6 and IL-8 expression (Henn et al. 1998). Furthermore, it
induces monocyte chemoattractant protein-1 expression, which is a key me-
diator in chemotaxis of further monocytes to migrate into the subendothe-
lial space (Fig. 4). Accumulation of macrophages with subsequent apoptosis
and further stimulation of inflammation leads to plaque formation. In ad-
dition, a prothrombotic state arises, as CD40L induces tissue factor expres-
sion by monocytes and promotes platelet aggregation (Fig. 7) (Lindmark et
al. 2000; Andre et al. 2002). In turn, CD40L is upregulated upon GpIIb/IIIa
engagement (May et al. 2002). Patients with hypercholesterolemia show el-
evated soluble CD40L levels (Garlichs et al. 2001; Cipollone et al. 2002), as
do patients with acute coronary syndrome (Aukrust et al. 1999). Blocking
the CD40 pathway experimentally halts the progression of atherosclerosis
(Mach et al. 1998).

HDL levels are inversely correlated with coronary endothelium-dependent
vasodilation mediated by NO (Zeiher et al. 1994). Patients with elevated inflam-
matory markers unopposed by high HDL levels show much more pronounced
endothelial dysfunction of the coronary arteries and higher levels of adhesion
molecules. Circulating levels of adhesion molecules correlate with cardiovas-
cular mortality in patients with coronary artery disease (Ridker et al. 1998;
Blankenberg et al. 2001). The prevention of cytokine and adhesion molecule
expression–in part mediated by NO–is an important anti-atherosclerotic fea-
ture of HDL (De Caterina et al. 1995; Ridker et al. 1998; Blankenberg et al. 2001;
Cockerill et al. 2001).

Interestingly, inflammation in turn induces endothelial dysfunction with
decreased NO bioavailability (Fichtlscherer et al. 2000; Hingorani et al. 2000).
Acute-phase HDL is relatively poor in apoA-I and paraoxonase and becomes
pro-inflammatory and pro-oxidant (Van Lenten et al. 2001). HDL may thus
loose part of its beneficial effects under inflammatory conditions.

6
Impact of Drug Therapy on Vascular Function

6.1
Statins

Statins play an important part in the secondary prevention of cardiovascu-
lar disease in patients at risk from atherosclerosis. Statin therapy improves
the prognosis of patients at risk from atherosclerotic vascular disease even in
presence of normal cholesterol plasma levels (Anonymous 1994, 1995, 1998).
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Moreover, it reduces transient myocardial ischemia and improves endothe-
lial function by upregulation of eNOS expression leading to improved NO
bioavailability (Leung et al. 1993; Egashira et al. 1994; Stroes et al. 1995; Trea-
sure et al. 1995; van Boven et al. 1996; O’Driscoll et al. 1997; John et al. 1998;
Laufs et al. 1998; Dupuis et al. 1999).

Influence of statin therapy on HDL cholesterol levels is modest (Table 1).
As low HDL is a principal risk factor for the development of premature coro-
nary artery disease (Genest et al. 1992), it will become a major target for the
prevention of vascular disease.

Table 1 Large clinical trials with lipid-lowering drugs for cardiovascular prevention

Drug Increase in HDL Clinical endpoint trial

I° Prevention
Gemfibrozil 11% Helsinki Heart Study

(Frick et al. 1987)

Lovastatin 6% AFCAPS/TexCAPS

(Downs et al. 1998)

Pravastatin 5% WOSCOP (1995)

II° Prevention
Gemfibrozil 6% VA-HIT (Rubins et al. 1999)

Bezafibrate 18% Bezafibrate Infarction Prevention

Study (2000)

Nicotinic acid+simvastatin 26% HATS (Brown et al. 2001)

Simvastatin 8% 4S (1994)

Simvastatin n.a. HPS (2002)

Pravastatin 5% CARE (Sacks et al. 1996)

Pravastatin 5% LIPID (1998)

Fluvastatin 22% LIPS (Serruys et al. 2002)

Atorvastatin 1.6% MIRACL (Schwartz et al. 2001)

Atorvastatin 8% AVERT (Pitt et al. 1999)

4S denotes Scandinavian Simvastatin Survival Study; AFCAPS/TexCAPS, Air Force Texas Coronary Atheroscle-
rosis Prevention Study; CARE, Cholesterol and Recurrent Events; HATS, HDL-Atherosclerosis Treatment Study;
HPS, Heart Protection Study; LIPID, Long-term Intervention with Pravastatin in Ischemic Disease; LIPS,
Lescol Intervention Prevention Study; MIRACL, Myocardial Ischemia Reduction with Aggressive Cholesterol
Lowering; n.a., not available; VA-HIT, Veterans Affairs High-density Lipoprotein Cholesterol Intervention Trial;
and WOSCOP, West of Scotland Coronary Prevention Study.

6.2
ACE Inhibitors

In the TREND study, ACE inhibition with quinapril improved endothelial
dysfunction in patients with coronary artery disease who were normoten-
sive and who did not have severe hyperlipidemia or evidence of heart failure
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Fig. 8 Effects of quinapril, losartan, amlodipine, and enalapril on endothelial function in
patients with coronary artery disease. Only quinapril was associated with a significant
improvement in flow-mediated dilation of the brachial artery. (Modified from Anderson et
al. 2000) (BANFF study)

(Mancini et al. 1996). However, the specific pharmacological features of an
ACE inhibitor may be important for its effects on endothelial function, e.g.,
high tissue permeability. ACE inhibitors inhibit the breakdown of bradykinin,
a stimulator of NO release, and antioxidant properties further improve NO
bioavailability. They inhibit the endothelial production of angiotensin II and
ET-1. Indeed, in a comparative study in patients with coronary artery disease,
only quinapril but not enalapril was associated with a significant improvement
in flow-mediated dilation of the brachial artery (Fig. 8) (Anderson et al. 2000).
Improved NO bioavailability also affects platelet function. Indeed, inhibitors
of the renin–angiotensin–aldosterone system inhibit platelet aggregation in
vitro. The favorable effects of ACE inhibitors on endothelial function with
antithrombotic, antiproliferative, and antimigratory actions may explain how
they can prevent cardiovascular events in patients with atherosclerosis even in
the absence of hypertension.

6.3
Angiotensin II Receptor Antagonists

Treatment with candesartan, an AT1 receptor antagonist, reduced the vasodila-
tor response to the mixed ETA/B receptor antagonist TAK-044 that was initially
morepronounced inhypertensivepatients than innormotensive controls (Ghi-
adoni et al. 2000). This was paralleled by a reduction in circulating plasma ET-1
levels. Furthermore, the impaired vasoconstrictor response to L-NMMA, an
inhibitor of NO synthesis, was augmented by antihypertensive treatment in hy-
pertensives. Thus, the angiotensin II receptor blocker candesartan improves
tonic NO release and reduces vasoconstriction to endogenous ET-1 in the fore-
arm of hypertensive patients. The reduction of oxidative stress by blockade
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Fig. 9 Mechanisms of action of cardiovascular drugs on the endothelial l-arginine/nitric
oxide pathway. Statins as well as ACE inhibitors increase endothelial nitric oxide synthase
(eNOS) expression. In addition, ACE inhibitors inhibit the breakdown of bradykinin (BK),
which in turn increases the release of nitric oxide (NO) via B2-bradykinergic receptors.
Furthermore, they inhibit the formation of angiotensin II (AII), which activates NAD(P)H
oxidase to synthesize superoxide anions (O2

-). Antioxidants prevent scavenging of NO by
superoxide anions. Exogenous supply of l-arginine (L-Arg) and tetrahydrobiopterin (BH4)
increases their bioavailability in endothelial cells, which may be diminished in certain dis-
ease states. ACE, angiotensin-converting enzyme; B2, bradykinin receptor; BK, bradykinin;
COX, cyclooxygenase;LDL-R, low-density lipoprotein receptor;oxLDL, oxidativelymodified
LDL; PGH2, prostaglandin H2; PGI2, prostacyclin; SR, scavenger receptor

of the angiotensin II-pathway is an important feature of this class of drugs
(Fig. 9). Irbesartan, another AT1 receptor antagonist, has also been investi-
gated in hypertensive patients. Long-term irbesartan treatment enhanced both
endothelium-dependent and -independent vascular vasodilation responses. In
addition, irbesartan restored the vasoconstrictor capacity of the NO synthase
inhibitor L-NMMA, suggesting a direct effect on tonic NO release, and de-
creased ET-1 production. Other AT1 receptor antagonists such as telmisartan
and losartan did not improve endothelium-dependent vasodilation in hyper-
tensive patients. The potency of angiotensin II receptor blockers to increase
NO bioavailability may be even greater in platelets than in endothelial cells.
Indeed, angiotensin II receptor antagonists show antiaggregatory effects on
platelets.
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Fig. 10A, B Effects of the betablocker nebivolol on forearm blood flow in healthy human
subjects. A Nebivolol, but not the betablocker atenolol, increases forearm blood flow. B This
effect is prevented by co-infusion of the inhibitor of nitric oxide L-NMMA. (Modified from
Cockcroft et al. 1995)

6.4
Betablockers

Interestingly, infusion of nebivolol, but not other betablockers, intra-arterially
in the forearm of healthy subjects is associated with an increase in forearm
blood flow (Fig. 10). The increase in forearm blood flow achieved by nebivolol
can be prevented by co-infusion of the NO synthesis inhibitor L-NMMA. Sim-
ilar results have been obtained in the human venous circulation. This strongly
suggests that nebivolol stimulates the formation of NO in the vasculature and
may therefore have an interesting hemodynamic profile which leads—unlike
other betablockers—to peripheral vasodilation in addition to the classical
betablocking effects on the sympathetic nervous system, heart rate and car-
diac contractility. Indeed, nebivolol also causes NO-dependent vasodilation in
hypertensive patients. However, this favorable effect did not last during chronic
treatment (6 months) with this new type of β1-blocker. Nebivolol also inhibits
platelet aggregationby itsNO-dependentmechanism. Traditional betablockers
have little effect on platelet aggregation.

6.5
Calcium Channel Blockers

Besides certain ACE inhibitors, several calcium channel blocking agents were
successful in improving endothelial function in human hypertension (Fig. 11).
Antioxidative properties of an antihypertensive drug are important, since
oxidative stress plays a central role in the pathophysiology of human hy-
pertension. Endothelial function of patients with hypertension is improved
by ascorbic acid, an antioxidant vitamin, which restores the imbalance of
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Fig. 11 Effects of lacidipine, a calcium channel blocker, on endothelial function in hyper-
tensive patients. After chronic treatment with lacidipine, the vasodilation in response to
the endothelium-dependent vasodilators acetylcholine and bradykinin, but not to sodium
nitroprusside (SNP), an endothelium-independent vasodilator, was significantly increased.
FAV denotes forearm volume. (Modified from Taddei et al. 1997)

increased NO decomposition by superoxide. Scavenging of reactive oxygen
species by antioxidants may become an important therapeutic strategy (Fig. 9),
since chronic treatment with vitamin C is in fact able to lower blood pres-
sure in patients with hypertension (Duffy et al. 1999). The beneficial effects
of calcium antagonists on endothelial function may not be confined to hy-
pertension. Nifedipine, a dihydropyridine calcium channel blocker, also im-
proves endothelium-dependent vasodilation to acetylcholine in hypercholes-
terolemics (Verhaar et al. 1999). Also in the coronary circulation, calcium
antagonists reverse abnormal vasomotion in hypercholesterolemia. Indeed, in
the INTACT study, angiographic progression of coronary artery disease was
retarded by nifedipine (Lichtlen et al. 1990). However, in patients with coronary
artery disease, the calcium antagonist amlodipine did not improve endothelial
function.

An increase in intracellular platelet calcium concentration mediated by cal-
cium channels is the main signal event in platelet activation. Unsurprisingly
therefore, calcium channel blockers have been shown to inhibit platelet acti-
vation.

6.6
Endothelin Antagonists and Vasopeptidase Inhibitors

In rats with angiotensin II-induced and chronic NO-deficient hypertension,
endothelial dysfunction is ameliorated by treatment with an ET receptor an-
tagonist. Furthermore, ET receptor antagonism prevents vascular hypertrophy
in a variety of other experimental models of hypertension. Similarly, treatment
with a selective ETA receptor antagonist attenuates the development of left ven-
tricular hypertrophy in renovascular hypertensive rats. In hypertension and
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Fig. 12 Effects of 5-methyltetrahydrofolate (5-MTHF) on serotonin-induced endothelium-
dependent vasodilation in the forearm circulation of patients with hypercholesterolemia
and normocholesterolemic controls. These results show that the active form of folic acid
restores endothelial function in hypercholesterolemia due to reduced catabolism of nitric
oxide (NO). FAV denotes forearm volume. (Modified from Verhaar et al. 1998)

hypercholesterolemia, ET antagonism may be superior to ECE inhibition since
vascular ECE activity is inversely correlated to serum LDL levels and blood
pressure.

Inhypertensivepatients, bosentan, amixedETA/B receptorantagonist, effec-
tively decreases arterial blood pressure in patients with essential hypertension.
This effect is not accompanied by neurohormonal activation, as reflected by
a lack of increase in heart rate, plasma catecholamines, plasma renin activity,
and plasma angiotensin II levels. Further trials are needed to clarify if ET re-
ceptor antagonists offer additional benefits over conventional antihypertensive
drugs.

6.7
COX Inhibitors

There are important interactions between NO and COX products. COX-de-
pendent substances (e.g., thromboxane A2 and prostaglandin H2) impair NO
bioavailability. Indeed, COX is a source of the NO-scavenger O2

-. Aspirin
improves the abnormal vasomotion in the forearm of hypertensive and hy-
percholesterolemic patients. Most likely, aspirin restores the altered balance
between vasoconstrictor and dilator prostanoids, which favors vasoconstric-
tion and thrombosis. These findings may partly explain the favorable effects
of aspirin in patients with cardiovascular disease. A novel interesting concept
in atherosclerosis is selective inhibition of COX-2, which lowers CRP levels
and improves endothelial function (Fig. 12) (Chenevard et al. 2003). The im-
provement of endothelial function by selective COX-2 inhibition illustrates the
potential of antiinflammatory drugs in atherosclerosis.
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Fig. 13 Inhibition of the inducible isoform of cyclooxygenase (COX-2) leads to an im-
provement of endothelial function in patients with coronary artery disease. Flow-mediated
dilation of the brachial artery was significantly improved after 2 weeks of therapy. C-reactive
protein levels (CRP) decreased significantly. Endothelium-independent vasodilation to ni-
troglycerine was not affected, indicating a specific effect on the endothelium. (Modified
from Chenevard et al. 2003)

6.8
Antioxidative Vitamins

Antioxidants scavenge reactive oxygen species and thereby reduce NO break-
down. In patients with familial hypercholesterolemia, 5-methyltetrahydrofo-
late, the active form of folic acid, improves endothelial function both when
given acutely and chronically (Fig. 13). The effects of folic acid supplementa-
tion on morbidity and mortality in patients with coronary artery disease are
currently tested in large clinical studies.

VitaminC(ascorbic acid), anantioxidant vitamin, restores endothelial func-
tion in patients with hypercholesterolemia, diabetes mellitus, and patients
who smoke. Also in patients with hypertension, endothelial dysfunction is
improved by ascorbic acid, both in the coronary and the peripheral circula-
tion. Scavenging of reactive oxygen species by antioxidants may become an
interesting therapeutic strategy, since chronic treatment with vitamin C lowers
blood pressure in patients with hypertension. In patients with coronary artery
disease, long-term ascorbic acid supplementation also improves endothelial
function.

The effects of vitamin E supplementation on endothelial function in pa-
tients at risk from or with established atherosclerotic vascular disease are less
consistent. The beneficial effects of vitamin E may be confined to subjects with
increased exposure to oxLDL, as is the case for hypercholesterolemics who
smoke. Combined vitamin E and simvastatin therapy leads to an improvement
in flow-mediated vasodilation of the brachial artery of hypercholesterolemic
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men, which is more pronounced than with lipid-lowering therapy alone. The
results of clinical trials studying the clinical outcome of patients with coronary
artery disease under vitamin E supplementation have been disappointing. In-
deed, vitamin E supplementation had no effect on cardiovascular endpoints in
the Heart Outcomes Prevention Evaluation Study (HOPE).

6.9
Tetrahydrobiopterin and l-Arginine

Tetrahydrobiopterin (BH4), a cofactor for NO synthesis by eNOS, amelio-
rates endothelial dysfunction in hypercholesterolemic patients and smok-
ers. In patients with coronary artery disease, BH4 restores endothelium-
dependent vasodilation to acetylcholine. Experimentally, BH4 also improves
endothelial function in arterial hypertension. In human studies, BH4 improves
endothelium-dependent vasodilation to acetylcholine in patients with arterial
hypertension.

l-Arginine, the substrate for NO synthesis, improves endothelium-depend-
ent vasodilation both in the coronary and peripheral circulation of patients
with hypercholesterolemia. However, l-arginine does not improve endothelial
function in diabetic subjects, indicating that the underlying pathophysiologies
in subjects with different risk factors call for differential treatment strategies.

7
Conclusions

The vascular endothelium, synthesizing and releasing vasoactive substances,
plays a crucial role in the pathogenesis of atherosclerosis. Due to its posi-
tion between blood and vascular wall, the endothelium is thought to be both
victim and offender in atherosclerosis. A clinically important consequence
of endothelial dysfunction in patients with atherosclerosis is the generation
of a prothrombotic situation. The delicate balance of endothelium-derived
factors, which is disturbed in atherosclerosis, can be restored by specific
treatment.

Elevated LDL cholesterol is the current therapeutic target in patients at
risk from atherosclerosis. Inflammatory mechanisms play an important role
in vascular disease and inflammatory plasma markers correlate with prog-
nosis. Novel therapeutic strategies specifically targeting inflammation bear
great potential for the prevention and treatment of atherosclerotic vascular
disease.
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Abstract Proliferation and migration of smooth muscle cells (SMCs) fromthe media towards
the intima are key events in atherosclerosis and restenosis. During these processes, SMC
undergo phenotypic modulations leading to SMC dedifferentiation. The identification and
characterization of factors controlling these phenotypic changes are crucial in order to
prevent the formation of intimal thickening. One of the questions which presently remains
open, is to know whether any SMCs of the media are capable of accumulating into the intima
or whether only a predisposed medial SMC subpopulation is involved in this process. The
latterhypothesis implies that arterial SMCsarephenotypicallyheterogenous. In this chapter,
we will describe the distinct SMC phenotypes identified in arteries of various species,
including humans. Their role in the formation of intimal thickening will be discussed.

Keywords Atherosclerosis · Restenosis · Intimal thickening · Actin · Myosin
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1
The Concept of SMC Heterogeneity

The accumulation of smooth muscle cells (SMCs) in the intima is a characteris-
tic of atheromatosis and restenosis following angioplasty or stent implantation.
It has been demonstrated that the combined action of growth factors, prote-
olytic agents and extracellular matrix proteins, produced by a dysfunctional
endothelium and/or inflammatory cells, induce migration of SMCs from the
media towards the intima where they proliferate (Ross 1999). During this pro-
cess, SMCs undergo phenotypic changes, i.e. they switch from a contractile to
a synthetic phenotype (Campbell and Campbell 1990; Thyberg et al. 1995). The
contractile phenotype is typical of SMCs in healthy arteries i.e., differentiated
arteries; these SMCs contain many microfilament bundles. The synthetic phe-
notype is typical of developing and pathological arteries, i.e. barely differenti-
ated or dedifferentiated arteries and is characterized by a cytoplasm with a pre-
dominance of rough endoplasmic reticulum and containing a well-developed
Golgi apparatus. One of the main interests in the field of atherosclerosis is the
identification of factors which control the dedifferentiation process of SMCs.
However, the question remains open as to whether any SMCs in the media can
undergo phenotypic modulation or whether a pre-existing SMC subpopula-
tion is prone to accumulate into the intimal thickening. In this respect, Benditt
and Benditt (1973) have suggested that the origin of SMC accumulation in the
atheromatous plaque is monoclonal or oligoclonal. More recently, microdis-
section of different portions of human plaques followed by polymerase chain
reaction amplification of the DNA of an X-inactivated gene has confirmed that
SMCs of the fibrous cap are monoclonal (Murry et al. 1997). All together, the
SMC phenotypic changes and the monoclonal hypothesis support the concept
of SMC heterogeneity. This notion has been reinforced by the description in
vitro of morphologically distinct SMC populations in many species, includ-
ing man (for review see Hao et al. 2003). The understanding of the biological
features of different subtypes within the SMC population is crucial in the devel-
opment of a strategy with which to control SMC accumulation into the intimal
thickening.

2
SMC Phenotypes

2.1
Morphological Features

SMC heterogeneity has been established mainly in vitro by identifying SMC
populations with two distinct morphologies: a spindle-shaped phenotype with
the classical ‘hills and valleys’ growth pattern and an epithelioid phenotype



Modulation of Smooth Muscle Cell Proliferation and Migration 647

in which cells grow as a monolayer and exhibit a cobblestone morphology
at confluence. The spindle-shaped SMCs were isolated from the normal me-
dia of carotid artery and aorta whereas the epithelioid SMCs were obtained
from the experimental intimal thickening induced 15 days after endothelial
injury of these vessels (Walker et al. 1986; Orlandi et al. 1994a; Bochaton-
Piallat et al. 1996; Yan and Hansson 1998). Several groups using different
methods of cell isolation have demonstrated that epithelioid SMCs exist within
the normal media supporting the hypothesis that this particular population
is prone to accumulate within the intima. Villaschi et al. (1994) have shown
that epithelioid SMCs are predominant in the luminal part of the rat aortic
media. By producing clones from the normal media and intimal thicken-
ing, we have demonstrated that spindle-shaped and epithelioid clones can
be recovered from both locations albeit in different proportions, the normal
media predominantly yielding spindle-shaped clones and the intimal thick-
ening yielding a majority of epithelioid clones (Bochaton-Piallat et al. 1996).
Several groups have confirmed the production of distinct SMC clones from
the normal media of rat (Yan and Hansson 1998; Lau 1999; Li et al. 2000)
and mouse (Ehler et al. 1995). Taken together, these studies provide evidence
that the normal media contains phenotypically heterogeneous SMCs and sup-
port the possibility that intimal thickening develops essentially from a distinct
medial subpopulation exhibiting an epithelioid phenotype when placed into
culture.

According to the age of the rat, spindle-shaped and epithelioid SMCs were
recovered in variable proportions from the healthy aorta (Seifert et al. 1984;
Gordonet al. 1986;McCaffrey et al. 1988;Hültgardh-Nilssonet al. 1991;Majesky
et al. 1992; Bochaton-Piallat et al. 1993; Cook et al. 1994; Lemire et al. 1994).
As shown in adult rats, spindle-shaped SMCs were predominant in fetuses at
different developmental stages (Cook et al. 1994) as well as in newborn rats
(4–5 days) (Hültgardh-Nilsson et al. 1991; Bochaton-Piallat et al. 1992, 1993)
whereas epithelioid SMCs were prevalent in old rats (older than 18 months)
(McCaffrey et al. 1988; Bochaton-Piallat et al. 1993). It is, however, noteworthy
that a predominant population of epithelioid SMCs is recovered from the nor-
mal media of 12-day-old rats (Seifert et al. 1984; Gordon et al. 1986; Majesky
et al. 1992; Lemire et al. 1994), an age when sexual maturation occurs. These
results suggest that a variable proportion of SMCs exhibiting an epithelioid
phenotype in vitro exists within the media throughout the whole life span and
that this proportion increases with age. In this respect, several studies have
shown that the intimal thickening in response to injury is more pronounced
in old rats compared to adult rats (Stemerman et al. 1982; Hariri et al. 1986;
Chen et al. 2000).

More recently, distinct phenotypes similar to those isolated from rat ar-
teries have been recovered in arteries of larger animals, such as pig (Hao et
al. 2002), dog (Holifield et al. 1996), and cow (Frid et al. 1997). Our group
has identified two distinct SMC subpopulations from the porcine coronary
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artery (Hao et al. 2002). SMCs isolated by enzymatic digestion from the nor-
mal media exhibit a spindle-shaped phenotype and grow in a ‘hills and valleys’
configuration (Christen et al. 1999; Hao et al. 2002). In contrast, SMCs ob-
tained by tissue explantation are either spindle-shaped or rhomboid (flat but
more elongated than epithelioid rat SMCs): the luminal portion of the me-
dia yields equal proportions of spindle-shaped and rhomboid SMCs whereas
the abluminal portion yields a high proportion of rhomboid SMCs (Hao et
al. 2002). Using the same technique, intimal thickening induced 15 days after
stent implantation gives rise to a high proportion of rhomboid SMCs. These
cells, hence, represent good candidates for the formation of intimal thickening
in the porcine coronary artery. In the canine carotid artery, spherical SMCs,
similar to the rat epithelioid cells were isolated from the abluminal part of the
normal media and were found to be predominant in the intimal thickening
produced 14 days after endothelial injury (Holifield et al. 1996). SMC subpop-
ulations exhibiting spindle-shaped, rhomboid and epithelioid morphologies
were isolated from morphologically distinct compartments within the nor-
mal media of bovine pulmonary artery and aorta (Frid et al. 1997). Taken
together, these studies further extend the notion of SMC heterogeneity to large
animals.

Albeit sporadically, distinct SMC subpopulations have been isolated from
healthy and atherosclerotic arteries (Benzakour et al. 1996; Bonin et al. 1999;
Llorente-Cortes et al. 1999; Li et al. 2001; Martinez-Gonzalez et al. 2001) and
displayed phenotypic features similar to those observed in rat and pig. In par-
ticular, the finding that epithelioid SMC can be cloned from the human arterial
media (Li et al. 2001) supports the hypothesis that an SMC subset expands in
atherosclerotic lesions. However, the relevance of SMC heterogeneity to human
disease still remains to be demonstrated.

2.2
Proliferative Activity and Apoptosis

SMC proliferation is an essential process at the onset of intimal thickening
formation (Clowes et al. 1983). Apoptosis has also been detected in SMCs of
experimental intimal thickening, atherosclerotic and restenotic lesions (for
a review see Kockx and Herman 2000; McCarthy and Bennett 2000; Geng and
Libby 2002). Apoptosis could participate in the regulation of cellularity in
restenosis and in the stability of the plaque. Hence it is of major importance
to investigate whether the distinct SMC subpopulations display differences
in proliferative activity and/or susceptibility to apoptosis. In all species stud-
ied, epithelioid and rhomboid SMCs show a higher proliferative activity than
spindle-shaped SMCs; however, in contrast to spindle-shaped SMCs they stop
growing at confluence because of cell contact inhibition (Walker et al. 1986;
Bochaton-Piallat et al. 1996; Frid et al. 1997; Li et al. 2001; Hao et al. 2002). It
is notable that epithelioid SMCs isolated from the rat are able to grow in the
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absence of serum (Grünwald and Haudenschild 1984; Seifert et al. 1984; McCaf-
frey et al. 1988; Schwartz et al. 1990; Majesky et al. 1992; McCaffrey and Falcone
1993; Lemire et al. 1994; Orlandi et al. 1994a; Bochaton-Piallat et al. 1996). Rat
epithelioid SMCs produce platelet-derived growth factor (PDGF)-BB, which
is a potent SMC mitogen (Seifert et al. 1984; Majesky et al. 1992; Lemire et
al. 1994), and fail to respond to the growth inhibitory effect of transforming
growth factor (TGF)-β (McCaffrey and Falcone 1993). However, the factor(s)
responsible for serum independence have never been clearly identified. Au-
tonomous growth of epithelioid and rhomboid SMCs has been observed in
other species (Topouzis and Majesky 1996; Frid et al. 1997) with the exception
of pig (Hao et al. 2002), which in this respect is similar to man (Li et al. 2001;
Martinez-Gonzalez et al. 2001).

Much less information is available on the mechanisms of apoptosis in dis-
tinct SMC subpopulations. An enhanced susceptibility of rat epithelioid SMCs
to apoptosis induced by reactive oxygen species (Li et al. 2000), retinoic acid
(RA) and anti-mitotic drugs (Orlandi et al. 2001) has been recently described.
Interestingly, SMCs isolated from healthy human coronary artery show marked
heterogeneity to Fas-induced apoptosis (Chan et al. 2000).

All together, the studies demonstrating the enhanced proliferative as well
as apopototic activities of epithelioid and rhomboid SMCs in various species
fit well with the expected features of candidates for the intimal thickening
formation.

2.3
Migratory Activity

Cell migration, a major event of the intimal thickening formation, is a complex
process that includes the degradation of extracellular matrix components by
enzymes belonging to two families: serine proteases, in particular the plas-
minogen activator (PA)/plasmin system, and matrix metalloproteinases. Both
tissue-PA (tPA) and urokinase-type PA (uPA) have been detected in both ex-
perimental intimal thickening (Clowes et al. 1990; Reidy et al. 1996; Carmeliet
et al. 1997) and human atherosclerotic lesions (Lupu et al. 1995; Noda-Heiny
et al. 1995; Raghunath et al. 1995; Steins et al. 1999). It has been shown in rat
(Bochaton-Piallat et al. 1996; Li et al. 1997) (Fig. 1A and B), pig (Hao et al.
2002) (Fig. 2A and B), and man (Li et al. 2001) that epithelioid or rhomboid
SMCs exhibit a high migratory activity compared to spindle-shaped SMCs. It
has been also demonstrated that rat epithelioid SMCs display high tPA activity
(Bochaton-Piallat et al. 1998) (Fig. 1C) and pig rhomboid SMCs display high
uPA activity (Hao et al. 2002) (Fig. 2C). Likewise, Lau (1999) has shown that
rat epithelioid SMCs may produce tPA, uPA, and metalloproteinase-2 under
particular growth conditions.
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Fig. 1A–C Migratory and plasminogen activator (PA) activities of spindle-shaped and ep-
ithelioid SMCs cultured as whole populations or clones isolated from rat aortic normal
media (NM) and intimal thickening (IT) induced 15 days after endothelial injury. A ‘In
vitro wound’ model: photomicrographs showing a confluent culture at 0 h scratched with
a silicon rubber to obtain a 0.8-mm-wide ‘in vitro wound’; after 24 h migrating cells invading
the empty space are counted using an image analysis system. B Bar graph showing results
of ‘in vitro wound’ model, calculated as the total number of migrated cells per field. Note
that epithelioid SMCs cultured as whole populations or clones (white bars) exhibit a higher
migratory activity than do spindle-shaped SMCs (dark gray bars) (P<0.05 in epithelioid vs.
spindle-shaped SMCs). C Zymography of cell extracts showing that tissue-PA (tPA) activity
is increased in IT-derived epithelioid SMCs compared to NM-derived spindle-shaped SMCs

2.4
Cytoskeletal Features

The contractile and synthetic SMC phenotypes have been characterized by
their expression of cytoskeletal proteins, which are accepted as reliable differ-
entiation markers (for a review see Schwartz et al. 1995; Owens 1998; Shana-
han and Weissberg 1998; Sartore et al. 1999). Essentially, the main difference
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Fig. 2A–C Migratory and plasminogen activator (PA) activities of spindle-shaped and rhom-
boid SMCs isolated from porcine coronary artery normal media (NM) and intimal thick-
ening (IT) induced 15 days after stent implantation. A Collagen gel invasion assay: (a) 24 h
after collagen gel deposition, SMCs are seeded at the surface of the gel; at 7 days, cells are
counted at focal levels of 50 and 100 µm beneath the surface of the gel; (b) photomicrographs
showing SMCs at the surface of the gel, 50 µm and 100 µm beneath the surface of the gel
after 7 days; invading cells are highlighted with arrowheads. B Bar graph showing results of
collagen gel invasion assay, calculated as the total number of invading cells per field at 50 µm
and 100 µm beneath the surface of the gel. Note that a high number of rhomboid SMCs
isolated from NM (white bars) or IT (light gray bars) invade the collagen gel compared to
spindle-shaped SMCs (dark gray bars) (P<0.01 in rhomboid vs. spindle-shaped SMCs). C
Zymography of cell extracts showing that urokinase type-PA (uPA) activity is increased in
rhomboid SMCs compared to spindle-shaped SMCs



652 M.-L. Bochaton-Piallat and G. Gabbiani

between these two phenotypes appears to reside in their degree of differentia-
tion. It should be noted that when placed into culture, all SMCs tend to show
a dedifferentiated phenotype (Campbell and Campbell 1990; Thyberg et al.
1995). With this limitation, the phenotypic variations of cultured SMCs fur-
nish important information concerning the influence of many factors on their
biological features. The best studied markers are α-smooth muscle (SM) actin,
the actin isoform typical of vascular SMCs, desmin, an intermediate filament
protein, and SM myosin heavy chains (MHCs) isoforms SM1 and SM2. α-SM
actin is expressed in vascular SMCs even at early stages of development, thus
representing the most general marker of SMC lineage, whereas desmin and
SMMHCs are markers of well differentiated SMCs (Owens 1995; Sartore et al.
1999). These three proteins are generally more abundant in spindle-shaped
SMCs than in epithelioid or rhomboid SMCs in any species studied (Bochaton-
Piallat et al. 1992, 1996; Lemire et al. 1994; Holifield et al. 1996; Frid et al. 1997;
Li et al. 1997, 2001; Hao et al. 2002). Other cytoskeletal proteins have been less
extensively studied. In particular, smoothelin, SM22α, calponin, h-caldesmon
and meta-vinculin (Sartore et al. 1999) serve as late differentiation markers
and are more abundant in spindle-shaped SMCs compared to epithelioid and
rhomboid SMCs (Holifield et al. 1996; Topouzis and Majesky 1996; Frid et al.
1997; Hao et al. 2002). The level of expression of these proteins is much higher
in larger animals such as pig and cow, than in rodents (Frid et al. 1997; Hao et
al. 2002). For instance, in rat spindle-shaped SMCs, desmin is generally absent
and SMMHCs are hardly detectable whereas they are maintained at a signifi-
cant level of expression in porcine spindle-shaped SMCs (Hao et al. 2002). In
this respect, SMCs isolated from large animals such as pig behave similarly to
SMCs derived from human arteries (Li et al. 2001).

An interesting correlation has been demonstrated, albeit occasionally, be-
tween dedifferentiated and/or highly proliferating SMC phenotypes and in-
creased low-density lipoprotein (LDL) uptake (Campbell et al. 1985; Parlavec-
chia et al. 1989; Llorente-Cortes et al. 1999; Thyberg 2002) or decreased high-
density lipoprotein (HDL) binding sites (Dusserre et al. 1994). The role of
LDL and HDL processes in atheromatous plaque formation with respect to
SMC heterogeneity should be further investigated. Taken together, the data
obtained in different species suggest that the degree of differentiation of SMCs
changes with the phenotype; this integrates well in a view conciliating the
heterogeneity with the modulation concepts.

2.5
Biochemical Markers

Once SMC populations have been defined, the ultimate aim is to identify genes
and/or proteins that are differentially expressed among them and to test wheth-
er they are involved in the phenotypic changes that occur in vivo. By using 2D-
PAGE followed by protein sequencing, we have identified three proteins specif-
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ically expressed in rat aortic epithelioid SMCs (Cremona et al. 1995; Neuville et
al. 1997): cellular retinol binding protein-1 (CRBP-1), a protein involved in ret-
inoid metabolism, and cytokeratins 8 and 18, intermediate filament proteins.

In vivo studies have demonstrated that CRBP-1 is constitutively expressed
in very rarely occurring SMCs of the normal media of adult and old rats but
not of newborn rats (Neuville et al. 1997). After endothelial injury, CRBP-1 is
rapidly activated in a subset of medial SMCs located towards the lumen and is
expressed in the large majority of SMCs present in the intimal thickening; it dis-
appears when re-endothelialization is achieved. During these phases, CRBP-1
is present in replicative SMCs during the initial phase of intimal thickening
formation and is detected in apoptotic cells during the late phase of intimal
thickening remodeling (Neuville et al. 1997) known to be associated with SMC
apoptosis (Bochaton-Piallat et al. 1995; Han et al. 1995; Perlman et al. 1997). In
this respect, it has been shown that SMCs cultured from re-endothelialized in-
timal thickening (60 days after injury) are exclusively spindle-shaped (Orlandi
et al. 1994a) suggesting that potentially epithelioid SMCs have disappeared.
Moreover, cultured rat epithelioid SMCs are more sensitive to apoptosis than
spindle-shaped SMCs (Li et al. 2000; Orlandi et al. 2001). These results suggest
that a predisposed subset of medial SMCs becomes rapidly CRBP-1 positive
after injury, undergoes replication during the early phase of intimal thick-
ening development and then disappears, allegedly through apoptosis, when
re-endothelialization takes place (Neuville et al. 1997). This also indicates that
CRBP-1 is a marker of the epithelioid phenotype in vitro and SMC activation
after endothelial injury in vivo. It is important to note that the in vitro and in
vivo analysis of CRBP-1 expression in other animal models such as pig as well
as in human specimens failed to confirm that this protein is a general marker
of SMC activation in intimal thickening (M.-L. Bochaton-Piallat, P. Neuville, G.
Gabbiani, unpublished observations). This further supports the assumption
that rodent SMCs do not represent a reliable model for human SMCs.

Cytokeratin 8 and 18, intermediate filament proteins, as well as zonula
occludens-2 protein and cingulin, two proteins of tight junctions, were thought
to be exclusively expressed in epithelial or endothelial cells. They have since
been identified as markers of rodent epithelioid SMCs (Ehler et al. 1995;
Neuville et al. 1997; Adams et al. 1999) and are expressed in experimental
intimal thickening (Adams et al. 1999) or human atheromatous plaque (Jahn
et al. 1993). Studies of these proteins could give further insight into the mech-
anisms of SMC pathological modulation.

Several other genes have been discovered, mainly in rodents, as being spe-
cific or at least more abundant in one SMC population compared to the others.
Epithelioid SMCs overexpress osteopontin (Giachelli et al. 1991a, 1993; Gadeau
et al. 1993; Shanahan et al. 1993), tropoelastin (Majesky et al. 1992; Lemire et
al. 1994; Adams et al. 1999), PDGF-BB (Majesky et al. 1992; Lemire et al.
1994), cytochrome P450 (Giachelli et al. 1991b), and peroxisome prolifera-
tor activated receptor-γ (Adams et al. 1999) whereas spindle-shaped SMCs
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overexpress procollagen type I and PDGF-α receptor (Majesky et al. 1992;
Lemire et al. 1994; Adams et al. 1999). A study performed in the cow pul-
monary artery model has shown that autonomously growing rhomboid SMCs
exhibit constitutively activated extracellular signal-regulated kinase (ERK-1/2)
and eicosanoid production (Frid et al. 1999). However, none of these genes
has conclusively been proven to be relevant for the pathogenesis of human
lesions.

3
Modulation of SMC Phenotype

Data suggesting SMC heterogeneity have been obtained essentially in vitro.
It thus became important to study whether the distinct phenotypic features
characterizing arterial SMC subpopulations are permanent or depend on the
particular environment of cell culture. For this purpose, we have tested whether
the features of spindle-shaped and epithelioid SMC subpopulations are re-
tained when SMCs are implanted into rat carotid artery. We have observed
that, after implantation, rat spindle-shaped and epithelioid SMCs keep their
distinct differentiation features as defined, in addition to morphology, by the
expression level of α-SM actin, SMMHCs and CRBP-1 (Bochaton-Piallat et al.
2001). This indicates that the phenotype of rat SMCs depends more on their
intrinsic features rather than on their environment, thereby reinforcing the
notion of SMC heterogeneity.

It is also important to evaluate whether microenvironmental factors influ-
encing essential cellular processes such as proliferation, migration and differ-
entiation modulate selectively the behavior of distinct SMC subpopulations.
The factors tested up to now can be distributed into four categories: (1) those
described as inhibitors of SMC proliferation and/or increasing SMC differen-
tiation, e.g., heparin, TGF-β and RA; (2) those known to stimulate SMC prolif-
eration and/or decrease SMC differentiation e.g., PDGF-BB, fibroblast-growth
factor (FGF)-2, insulin-growth factor-I and II; (3) vasoactive substances such
as endothelin-1, angiotensin II, histamine and norepinephrine; and finally (4)
vasodilator factors such as nitric oxide (NO).

3.1
Factors Differentiating SMC

Heparin, which is the most powerful inhibitor of SMC growth in vitro and
in vivo, at least in rat (Karnovsky et al. 1989; Au et al. 1993), acts similarly
on rat (Orlandi et al. 1994b) and pig (Hao et al. 2002) SMC subpopulations.
Contrasting with these results, heparin exerts a marked growth inhibition
on rhomboid SMCs whereas it has almost no effect on spindle-shaped SMCs
isolated from the cow pulmonary artery (Frid et al. 1997). These results indicate
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that the action of heparin on the diverse SMC subpopulation depends on the
species studied.

TGF-β, which is a strong SMC growth inhibitor, increases the differentiation
level of spindle-shaped and epithelioid SMCs of the rat model (Orlandi et al.
1994b); this is associated with a change in the epithelioid SMC morphology
but which does not result in a typical spindle-shaped phenotype (Orlandi
et al. 1994b). In pig coronary arterial SMCs, TGF-β does not influence SMC
morphology although it decreases proliferation and increases differentiation
of both SMC subtypes (Hao et al. 2002).

RA is considered to be a potent inducer of SMC differentiation (Blank et
al. 1995; Colbert et al. 1996; Gollasch et al. 1998). In rat, RA slightly modifies
cell morphology of epithelioid SMCs, similarly to TGF-β (Neuville et al. 1999).
Interestingly RA increases the expression of α-SM actin only in epithelioid but
not in spindle-shaped SMCs; however, in both cell types, it decreases prolifera-
tion and increases migration (Neuville et al. 1999). RA effects are mediated by
the nuclear receptor RAR-α. These results indicate that rat epithelioid SMCs,
i.e., CRBP-1-positive SMCs are more prone to respond to RA than spindle-
shaped SMCs at least as far as their differentiation state is concerned. In vivo,
feeding rats with RA or with a RAR-α agonist inhibits aortic or carotid artery
intimal thickening formation (Miano et al. 1998; DeRose et al. 1999; Neuville
et al. 1999), thus confirming functionally that CRBP-1 is a marker of SMC
activation in the rat model.

3.2
Factors Dedifferentiating SMC

FGF-2 and PDGF-BB similarly increase the proliferation and migration of
porcine SMC subpopulations (Hao et al. 2002). Human epithelioid SMC mi-
grate more actively than spindle-shaped SMC in response to PFGF-BB (Li et
al. 2001). We have shown that FGF-2 and PDGF-BB induce a switch from the
spindle-shaped to the rhomboid phenotype in pig SMCs (Hao et al. 2002).
This is associated with increased proliferation and decreased expression of
differentiation markers. A similar effect has been obtained on spindle-shaped
SMC clones. In both situations, this shape change is reversible when treatment
is ceased. These results indicate that the switch depends on phenotypic modu-
lation rather than on selection of a given population. Interestingly, endothelial
cells isolated from the porcine coronary artery placed in co-culture with SMCs
induce a switch from the spindle-shaped to the rhomboid phenotype (Hao et
al. 2002). In these experiments, endothelial cells do not exhibit a quiescent state
even after confluence, suggesting that they mimic an injured or dysfunctional
endothelium. In other species, previous studies using endothelial cell/SMC co-
culture have shown that endothelial cells stimulate SMC proliferation (Peiro
et al. 1995; Nackman et al. 1996; Fillinger et al. 1997) and decrease the ex-
pression of α-SM actin and SMMHCs (Vernon et al. 1997), particularly when
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nonquiescent endothelial cells are used. It has been suggested that endothelial
cells stimulate the proliferation of SMCs by producing plasminogen activator
inhibitor-1 (PAI-1), which in turn inhibits TGF-β activation (Nackman et al.
1996; Petzelbauer et al. 1996; Powell et al. 1998). The mechanisms through
which endothelial cells specifically act on porcine spindle-shaped SMCs re-
main to be clarified, but these results indicate that spindle-shaped SMCs can
evolve, at least to some extent, into the rhomboid phenotype supporting the
view that pig SMCs display an enhanced phenotypic plasticity compared to
rat SMCs. It will be important to establish whether this plasticity is present in
human SMCs.

3.3
Other Factors

It has been shown that spindle-shaped SMCs are more responsive than epithe-
lioid SMCs to vasoactive factors such as endothelin-1 (Villaschi et al. 1994),
angiotensin-2, histamine and norepinephrine (Li et al. 2001) either by mea-
suring collagen gel contraction or by evaluating the intracellular calcium con-
centration. This is in accordance with the contractile feature of spindle-shaped
SMCs. Conversely, epithelioid SMCs exhibit an increased expression of in-
ducible NO synthase (Yan and Hansson 1998; Yan et al. 1999) that correlates
with enhanced NF-κB expression when compared to spindle-shaped SMCs
(Yan et al. 1999). Moreover, these cells fail to respond to NO (Yan and Hansson
1998; Chen et al. 2000) due to the lack of the β subunit of soluble guanylyl
cyclase (Chen et al. 2000). This suggests that despite a large production of NO,
epithelioid SMCs are less sensitive than spindle-shaped SMCs to NO action.

4
Conclusions and Perspectives

Taken together, the studies demonstrating the heterogeneity of SMCs in vari-
ous species have led to the identification of particular SMC populations. These
populations, which exhibit an epithelioid and/or rhomboid phenotype, possess
features that explain their capacity of accumulating in the intimal thickening,
thus representing an atheroma- or restenosis-prone phenotype. In particular
they display: (1) enhanced capacity of proliferation and migration associ-
ated to a high proteolytic activity; (2) poorly differentiated state character-
istic of intimal SMCs in vivo; and (3) they express proteins crucial for their
behavior e.g. CRBP-1. It will be essential to identify molecules specific to
the epithelioid/rhomboid phenotype in order to track in vivo atheroma- or
restenosis-prone SMCs. Moreover, the finding of such molecules could lead to
new strategies for the prevention of intimal SMC accumulation and/or to in-
duce the differentiation of a potentially noxious cell into a more physiological
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phenotype, thus further stabilizing intimal thickening evolution. Using this
approach we have identified CRBP-1 as a specific marker of intimal SMCs in
the rat model (Cremona et al. 1995; Neuville et al. 1997). This observation has
stimulated studies on RA that in turn has been shown to influence the biologi-
cal behavior of epithelioid SMCs and inhibit intimal thickening formation. We
are now analyzing porcine coronary artery SMCs using a proteomic strategy
similar to that used in rats, with the hope of finding differentially expressed
proteins that will be relevant for the human lesions.

It should be emphasized that the studies on the modulation of SMC phe-
notype have demonstrated diverging results in different species. Thus in rat,
the best studied model, SMCs show two phenotypes that do not appear to be
interchangeable, either in vitro or in vivo (Bochaton-Piallat et al. 1996, 2001).
In contrast, in the porcine coronary model, spindle-shaped SMCs can change
to rhomboid SMCs and, if the stimulus ceases, can return to the original phe-
notype, at least in vitro (Hao et al. 2002). This suggests that the evolution of in
vivo lesions is more complex in pigs than in rats. In this respect, porcine SMCs
appear to behave similarly to human SMCs.

In conclusion, studies on SMC heterogeneity are providing information
useful for theprecise characterizationof thebiological featuresof arterial SMCs
and for a better understanding of the role of the different subpopulations in
physiological and pathological situations. The discovery of new genes and/or
proteins typical of the atheroma- or restenosis-prone phenotype in species
other than the rat should give new insight into the understanding of human
atherosclerosis and restenosis mechanisms.
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Abstract Several drugs or pharmacologically active molecules such as statins, calcium an-
tagonists, and PPAR agonists have been shown to affect macrophage functions that con-
tribute to atherosclerosis and modulate plaque stability. For example, the modulation of
matrix metalloproteinase secretion and cholesterol metabolism in macrophages may help
to prevent cardiovascular disease independently of the correction of risk factors.
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1
Introduction

Atherosclerosis results from the interaction between blood elements and ves-
sel wall abnormality that involves several pathological processes, namely in-
creased endothelial permeability, blood cell adhesion, monocyte recruitment,
smooth muscle cell (SMC) proliferation and migration, matrix synthesis, lipid
accumulation, tissue degeneration, and cell necrosis (Ross 1999). Atheroscle-
rotic plaque disruption with superimposed thrombosis is the main cause of
the acute coronary syndrome of unstable angina, myocardial infarction, and
sudden death. Most acute coronary events result from the disruption of mild-
to-moderately stenosed atherosclerotic lesions, in which the degree of angio-
graphic stenosis is less than 70%. Evidence is now accumulating that stabilizing
atherosclerotic lesions prevents coronary events (Libby and Aikawa 2002). In-
deed, atherosclerotic lesions, most often implicated in acute coronary events,
have a soft, lipid-laden core and an excess of macrophages within the thin
fibrous cap, which makes them prone to fissuring/rupture. The latter is the key
primary event in the thrombotic process that ultimately leads to acute coronary
events and sudden death (Brown et al. 1993). Plaque rupture usually occurs
at the shoulder (Libby 1995), where macrophages accumulate and secrete ma-
trix metalloproteinases (MMPs: collagenase, gelatinases, stromelysins) that
weaken the thin fibrous cap (Libby 1995).

Besides lipid lowering therapy, which most probably affects the size and
cholesterol content of the atheromatous core, plaque stabilization could be
achieved by a direct inhibition of MMPs in the arterial wall. At least 23 dif-
ferent MMPs have been identified (Massova et al. 1998), and their number
is still increasing. MMPs are a family of Zn2+- and Ca2+-dependent enzymes
important in the resorption of extracellular matrixes in both physiological and
pathological processes. MMPs act extracellularly at physiological pH and re-
quire activation by proenzyme precursors to attain enzymatic activity (Libby
1995) (Fig. 1). The regulation of these enzymes is very important and occurs at
three levels: transcription, activation of latent proenzymes, and inhibition of
proteolytic activity (Birkedal-Hansen et al. 1993; Matrisian 1994). The 92-kDa
gelatinase B or metalloproteinase-9 (MMP-9) is expressed by virtually all acti-
vated macrophages and, through the degradation of the basement membrane,
it facilitates the extravasation of macrophages. MMP-9 has been shown to be
common in atherectomy materials from unstable angina (Brown et al. 1995)
and abdominal aortic aneurysm (Newman et al. 1994).
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Fig. 1 Major mechanisms of pharmacological modulation of MMPs activity in macrophages

The expression of MMPs-1, -3, and -9 is up-regulated in cells present in
atheromas, including endothelial cells, SMCs, and macrophages (Luan et al.
2003). Inflammatory mediators, including interleukin (IL)-1, CD-40 ligand,
and tumour necrosis factor-α (TNF-α), up-regulate the MMP activity in vascu-
lar cells, especially in combination with platelet-derived growth factor (PDGF)
or basic fibroblast growth factor (Luan et al. 2003). Ubiquitous inhibitors
known as tissue inhibitors of metalloproteinases (TIMPs) control the activity
of these enzymes under physiological conditions (Libby 1995). The activity of
TIMPs in atherosclerotic plaques seems to correlate with a decreased MMP
activity (Zaltsman et al. 1999) and hence with reduced matrix remodelling.
MMPs can therefore perform their biological function only if a local excess
prevails over endogenous inhibitors.

Macrophages of plasma monocyte origin also represent the majority of the
cholesterol-loaded cells (foam cells) present in atherosclerotic lesions. This ob-
servation indicates that macrophages play a major role in atherogenesis (Ross
1999). Receptors (scavenger receptors) are present on the plasma membrane
of these cells. The incubation of macrophages with modified LDL, obtained
by modifications such as acetylation or oxidation, induces a massive accu-
mulation of cholesterol esters with the in vitro formation of foam cells (Itabe
2003; Vainio and Ikonen 2003). The ability of macrophages to accumulate
cholesterol from modified lipoproteins is due, at least in part, to the lack of
a negative feedback regulation that down-regulates scavenger receptors even
after a prolonged incubation with their ligands.
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In mouse peritoneal macrophages it has been demonstrated that the accu-
mulated cholesteryl esters undergo a constant turnover. Thus, the cholesterol
esters are enzymatically hydrolysed and the released free cholesterol, if not
removed from the cells by extracellular acceptors [i.e. high-density lipoprotein
(HDL)], is re-esterified by the enzyme acyl CoA: cholesterol acyltransferase
(ACAT) inducing a dynamic intracellular accumulation of this sterol. Interest-
ingly, the plaques most susceptible to rupture have a high content of choles-
terol (Vainio and Ikonen 2003). This chapter focuses on the effects of drugs
or molecules that in macrophages modulate MMP secretion and cholesterol
metabolism.

2
Pharmacological Control of MMPs

Proteases are particularly abundant in macrophages, where they are critical
players in many key functions of the macrophage, such as the degradation of
exogenous, potentially pathogenic proteins, the digestion of both foreign and
self proteins into peptides for presentation by MHC class I and II, and the
functional regulation of target proteins.

Increased activity of MMPs has been associated with a wide variety of patho-
logical conditions, such as arthritis, cancer, multiple sclerosis, and atheroscle-
rosis. The potential utility of MMP inhibitors in these diverse states of disease is
evident, and several MMP inhibitors have entered clinical development (Whit-
taker et al. 2001). In addition, several other classes of drugs already in clinical
use have been shown to modulate the activity of MMPs (Table 1, Fig. 1).

Table 1 Pharmacological modulation of MMPs in macrophages

Agents Effect observed

Lipophilic statins Inhibition of MMP-1, -3, -9 secretion

No effect on TIMP-1, -2 expression

Calcium antagonists

Lacidipine Inhibition of MMP-9 and TIMP-1 secretion,

reduced collagen degradation

Nifedipine No effect

Polyphenols Inhibition of MMP-9 secretion and activity

PPARα agonists Inhibition of MMP-9 secretion

PPARγ agonists Inihibition of MMP-9, ADAM, ADAMTS4 production

Raloxifene Inhibition of MMP-1, -2, -3, -9 production

MMP, Matrix metalloproteinase; TIMP, tissue inhibitor of matrix metalloproteinase; ADAM, A disintegrin and
metalloproteinase.
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2.1
Statins
Statins are a structurally related group of 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase inhibitors that are widely used to treat hy-
perlipidaemia. Their use is associated with a significant reduction of adverse
coronary events, including myocardial infarction, and a marginal regression of
plaque size (Libby and Aikawa 2002; Rabbani and Topol 1999). Furthermore,
recent studies, both in vitro and in vivo, have suggested that the beneficial ef-
fects of statins may extend to mechanisms beyond cholesterol reduction (Luan
et al. 2003). These pleiotropic effects of statins are mediated by their ability to
block the synthesis of isoprenoid intermediates that serve as lipid attachments
for a variety of intracellular signalling molecules whose proper membrane
localization and function depend on isoprenylation (Bellosta et al. 2000).

We previously showed that statins inhibit the proteolytic activity of MMP-9
inmacrophages invitro (Bellosta et al. 1998).The inhibitory effect offluvastatin
on MMP-9 activity detected by zymography is not the consequence of a direct
interference of the drug with the postsecretory activation of the MMPs, as the
drug does not have any effect on the activity of MMP-9 already secreted into the
growth media. In addition, fluvastatin reduces the amount of MMP-9 protein
released by the cells, suggesting a direct effect on the secretion process. The
reduced levels of MMP-9 detected in the media is not due to decreased MMP-9
gene expression either, because mRNA levels actually rise in fluvastatin-treated
cells (Bellosta et al. 1998). The post-transcriptional inhibition of MMP-9 is
reversible and appears to be mediated through a starvation of mevalonate and
its derivatives, because the coincubation of the cells with statin and mevalonate
completely overcomes the inhibitory effect of the drug. Recently, these results
have been corroborated by new data showing that statins decrease the secretion
of a broad spectrum of MMPs from both SMC and foamy macrophages, which
implies a beneficial effect on plaque stability (Luan et al. 2003). Lovastatin
decreases the collagenolytic, β-caseinolytic, and gelatinolytic activities that
are predominantly associated with MMP-1, -3, and -9, respectively, and this
effect is prevented by the addition of mevalonate or isoprenoid derivatives
(Luan et al. 2003). By contrast, statins do not affect the production of TIMP-1
and -2, which potentially inhibits most MMPs and implies that statins shift the
MMP/TIMP balance towards inactive enzymes.

The inhibition of HMG-CoA reductase by statins reduces intracellular lev-
els of all intermediary products of cholesterol synthesis, including mevalonate,
squalene, and isoprenoids needed for the prenylationof proteins. Prenylation is
a type of stable lipid modification involving covalent addition of either farnesyl
or geranylgeranyl isoprenoids (GGPP) to conserved cysteine residues at or near
the C-terminus of proteins (Zhang and Casey 1996). Prenylated proteins in-
clude fungal mating factors, nuclear lamins, Ras and Ras-related GTP-binding
proteins, protein kinases, and at least one viral protein. Prenylation promotes
membrane interactions of most of these proteins and plays a major role in
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several protein–protein interactions and in signal transduction (Zhang and
Casey 1996). Prenylated proteins, such as the Rab subgroup, i.e. small Ras-like
GTPases in mammalian cells, play an important role in regulating membrane
traffic and exocytic and endocytic transport processes (Zerial and Stenmark
1993). The inhibition of Rab prenylation blocks protein secretion (Seabra et al.
1993). For example, Rab3A is an important regulator of protein secretion by
neuronal cells (Zhang and Casey 1996). Therefore, it has been postulated that
the inhibition of isoprenoids formation by statins interferes with the MMP-9
secretion by macrophages (Bellosta et al. 1998).

Also, the translocation of Rho GTPase family members from the cyto-
plasm to the plasma membrane depends on geranylgeranylation (Takemoto
and Liao 2001). Rescue of MMP secretion by GGPP confirms that the mech-
anism responsible for the inhibitory effect of statins on MMP secretion is the
inhibition of prenylation. Previous studies demonstrated that the inhibition
of geranylgeranyl transferase with L-839,867 and the inhibition of Rho by
C3 exoenzyme significantly decreases the production of MMPs (Ikeda et al.
2000; Wong et al. 2001). Rho are small GTP-binding proteins that cycle be-
tween the inactive and the active GDP-bound state. They play crucial roles in
diverse cellular events, such as cytoskeleton organization, membrane traffick-
ing, secretion, transcriptional regulation, cell growth control, anddevelopment
(Takemoto and Liao 2001).

As observed with fluvastatin, lovastatin had no significant effects on the
mRNA levels of MMP-1, -3, and -9 (Luan et al. 2003). The previously reported
inhibitory effect of fluvastatin on MMP-9 secretion from human macrophages
was accompanied by a doubling of steady-state mRNA levels for MMP-9 (Bel-
losta et al. 1998). Thus, both studies agree that statins inhibit MMP secretion
through a post-translational mechanism. Such a mechanism helps to explain
the inhibition of MMPs secretion by statins with widely differing transcrip-
tional regulation. For example, MMP-1, -3, and -9 secretion in SMC and MMP-1
and -3 secretion in foam cells are regulated and depend on the transcription
factor nuclear factor-κB (NF-κB), but MMP-2 secretion in SMC and constitu-
tive MMP-9 secretion in macrophages are independent of NF-κB (Chase et al.
2002). The secretion of TIMPs is unaffected by statins, which implies that the
post-translational mechanism is selective for MMPs and not merely an overall
inhibition of protein synthesis (Luan et al. 2003).

The extrapolation of the in vitro results to the in vivo condition is difficult,
of course. The final net level of proteinase activity depends on several factors,
suchas the relative concentrationsof active enzymesandspecific inhibitors (i.e.
TIMPs), and further studies are required to assess the in vivo relevance of these
observations. Nevertheless, several clinical studies demonstrated the ability of
statins to reduce the incidence of coronary heart disease (4S Investigators
1994; Shepherd et al. 1995), most probably by increasing the stability of the
atherosclerotic plaque affecting macrophage functions rather than by reducing
the stenotic occlusion (Falk et al. 1995).
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2.2
Calcium Antagonists

It has been shown that various calcium-channel antagonists (blockers, CA)
delay plaque formation in animal models (Bellosta and Bernini 2000). Al-
though the mechanism of this beneficial effect is still not well understood,
it appears to be unrelated to the anti-hypertensive properties of this class of
drugs. They have been shown to modulate the low-density lipoprotein (LDL)
metabolism in cell culture and to interfere directly with the major processes
of atherogenesis in the arterial wall (Bellosta and Bernini 2000). These drugs
inhibit SMC migration and proliferation as well as cholesterol accumulation
in macrophages by inhibiting ACAT activity, both in vitro and in vivo. Studies
have shown that the majority of CA of the 1,4-dihydropyridine type interact
with calcium channels from a location near the surface of the cell membrane
(Herbette et al. 1991). We have recently shown that the in vitro incubation of
human macrophages with lacidipine reduces the secretion of MMP-9 by up
to 50%, while nifedipine is ineffective (Bellosta et al. 2001). Lacidipine also
reduces the secretion of TIMP-1, the endogenous inhibitor of MMP-9, and
of other MMPs. This effect can counteract the inhibitory action of lacidipine
on MMP-9 final activity. However, the drug effectively reduces the amount
of free MMP-9 not complexed with TIMP-1, both in the active and in the
latent form. Consistently, the treatment of the cells with lacidipine results
in an overall reduction of the gelatinolytic activity of the cells, to an even
higher degree than expected from the reduction of MMP-9 mass secretion
(Bellosta et al. 2001). The fact that lacidipine inhibits the secretion of other
MMPs with collagenolytic activity, such as MMP-2, MMP-8, and MMP-13,
may be responsible for this high degree of reduction (Ikeda et al. 2000). The
reduced levels of MMP-9 secreted into the medium by human macrophages
is not caused by decreased MMP-9 gene expression, as the mRNA levels do
not change appreciably after treatment of the cells with lacidipine. This sug-
gests that the drug affects post-transcriptional processes of MMP-9 production
and secretion, similar to the effect seen with statins. Alternatively, lacidipine
treatment could cause a reduced translational efficiency combined with nor-
mal secretion of the translated product, but there is no evidence for such
a mechanism. Therefore, the treatment with this CA interferes with the gelati-
nolytic capacity of human macrophages in culture. Data published on the
involvement of intracellular calcium levels in the regulation of the activity
of MMPs are quite controversial. Some reports demonstrated that low in-
tracellular calcium levels decrease the gelatinolytic activity of MMP-2 (Kohn
et al. 1994), whereas other authors have found that high intracellular cal-
cium levels decrease the MMP-2 activity in human fibrosarcoma cells (Lohi
and Keski-Oja 1995). Analogously, it has been reported that low intracellu-
lar calcium levels increase the proteolytic activity of MMP-2 and inhibit the
TIMP-2 transcription and collagen deposition (Roth et al. 1996). Nifedipine,
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the prototype dihydropyridine with high affinity to calcium channel, has been
shown to be completely inactive in MMP inhibition. In addition, the pres-
ence of lacidipine in the incubation medium does not affect intracellular Ca2+

levels, which indicates that the effect of the drug on the MMP-9 secretion
process is independent of the variation in intracellular Ca2+ concentration
(Bellosta et al. 2001).

The effect of lacidipine might be related to its physico-chemical properties.
Unlike nifedipine, lacidipine is a highly lipophilic compound and binds to
lipid membranes with a long half-life. This elevated lipophilicity raises its con-
centration in the cellular membrane by up to 800 times (Herbette et al. 1993).
Therefore, the presence of lacidipine may alter the composition of the biophase,
thus interfering with the MMP-9 secretion process. A similar hypothesis was
proposed to explain its effect on cholesterol esterification (Bernini et al. 1997).

Galis and colleagues showed that MMPs are sensitive to antioxidant treat-
ment (Galis et al. 1998). The possibility that macrophage gelatinolytic activity
is redox dependent was suggested by previous studies showing activation of
gelatinase zymogens by reactive oxygen species (ROS) known to be produced
by macrophage foam cells (Rajagopalan et al. 1996). The macrophage-derived
gelatinolytic activity was also inhibited by a treatment with N-acetyl-cysteine,
a ROS scavenger. Activated macrophages, especially those of atherosclerotic
lesions, are a major source of ROS. Thus, such an activation mechanism
would result in the activation of MMP zymogens secreted by the macrophages
themselves as well as by the neighbouring cells (Galis et al. 1998). Lacidip-
ine has an antioxidant capacity similar to the one of vitamin E (Bellosta
et al. 2001), and this chemical property could complete its inhibitory ac-
tion on MMP-9 secretion through a mechanism still unknown, regardless
of its CA activity.

The concentrations of lacidipine used in these studies on MMP secretion
are higher than those reported in the plasma of treated patients. However,
as mentioned before, lacidipine concentrates several fold in arterial cells, and
its duration of action in vivo is unrelated to its plasma half-life (Herbette et
al. 1993). In fact, peritoneal macrophages obtained from mice treated with
lacidipine showed a reduced ex vivo ability to secrete MMP-9 (Bellosta et al.
2001). These results support the concept that therapeutic dosages of lacidip-
ine can accumulate in macrophages of the vessel wall and hence modulate
macrophage functions involved in atherogenesis.

2.3
Polyphenols

The modulation of the proteolytic activity of MMPs can also be achieved by
affecting the MMP production on the gene level. We have recently shown that
simple and natural molecules such as polyphenols, which are readily available
from dietary sources, may exert an effect on the MMP-9 gelatinolytic potential
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by directly inhibiting enzyme activity and by modulating the MMP promo-
tor activity and hence the release of MMP-9 from macrophages, (Bellosta et
al. 2003) (Fig. 1). The results may represent a beneficial effect of this type
of polyphenols on the therapeutic control of excessive extracellular matrix
breakdown. These effects may be biologically relevant in that they interact at
different steps (i.e. transcription, secretion, and activity) in the modulation of
MMP-9. In particular, this was the first study reporting an inhibitory effect of
the MMP-9 gene transcription with these compounds. These results provide
new insights regarding the ability of polyphenols to act at the gene level in
macrophages (Bellosta et al. 2003).

2.4
Selective Estrogen Receptor Modulators

Raloxifene, a selective estrogen receptor modulator (SERM), has been shown
to affect the MMP-1, -2, -3, and -9 production and the macrophage accu-
mulation in an animal model of atherosclerosis (Baetta et al. 2001). The de-
creased expression of MMPs in collar-induced carotid lesions may reflect di-
minished macrophage accumulation during raloxifene treatment. However,
the in vitro data obtained from experiments with mouse macrophages sug-
gest that raloxifene may also reduce the amount of MMPs released by the
cells through a direct effect on the cell function. This effect is dose depen-
dent and, at least for MMP-9, caused by reduced transcription. Thus, both
of these mechanisms may contribute to the overall reduction of MMP ex-
pression observed in our in vivo model (Baetta et al. 2001). Interestingly,
the in vitro effects of raloxifene on MMP-mediated proteolytic activity were
evident at concentrations not too different from the average plasma levels
of raloxifene reported for rabbits treated with an oral dose of raloxifene
comparable with the one used in the present study (Bjarnason et al. 1997).
No estrogen responsive element sequence can be found in the MMP-9 pro-
moter. However, reports showed that the expression of different MMPs is
inhibited by several ligands of the nuclear receptor superfamily (Schroen
and Brinckerhoff 1996), although few consensus hormone responsive ele-
ments are present in their promoters. In addition, crosstalk among the en-
doplasmic reticulum and membrane-associated signalling pathways modify
the promoter activity of different genes involved in monocyte–macrophage
physiology. These interactions may underlie the mechanism responsible for
the blockage of the MMP-9 promoter by raloxifene. Moreover, raloxifene re-
duces macrophage accumulation in the carotid lesions, and this effect may
have several molecular bases. For example, raloxifene has been found to
enhance vascular nitric oxide (NO) production in rabbit coronary arteries
(Figtree et al. 1999) and in human endothelial cells (ECs) (Simoncini and
Genazzani 2000), thereby potentially limiting endothelial activation in re-
sponse to proinflammatory stimuli. In particular, it might be hypothesized
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that, similarly to natural estrogens (Nathan et al. 1999), SERMs affect the
vascular expression of leukocyte adhesion receptors, as suggested by the
observation that the raloxifene analogue LY117,018 is able to inhibit vascu-
lar cell adhesion molecule-1 (VCAM-1) expression in cultured human ECs
(Mendelsohn and Karas 1999).

2.5
PPAR Agonists

Peroxisome proliferator-activated receptors (PPARs) also play an important
role in the regulation of macrophage functions. PPARs are members of the
nuclear receptor superfamily of ligand-dependent transcription factors and
function as transcriptional regulators of gene expression. Upon ligand binding,
nuclear receptorsundergoaconformational change thatmediates the exchange
of corepressor and coactivator proteins to enable transcriptional activation or
repression (Glass and Rosenfeld 2000). A rapidly evolving line of investigation
has recently linked PPARs and liver X receptors (LXRs) to the regulation of
both lipid homeostasis and inflammatory responses in macrophages. PPARs
function as receptors for fatty acids and their metabolites, while LXRs are
receptors for certain derivatives of cholesterol (Ricote et al. 2004). PPARs and
LXRs activate gene expression by binding to specific DNA response elements
in target genes as heterodimers with retinoid X receptors (RXR), which are
themselves members of the nuclear receptor superfamily that can be regulated
by 9-cis retinoic acid and long-chain polyunsaturated fatty acids (Ricote et al.
2004). PPARs and LXRs also negatively regulate gene expression in a ligand-
dependent manner by antagonizing the activities of other signal-dependent
transcription factors, such as NF-κB (Chinetti et al. 1998; Ricote et al. 1998b).
The threeknownPPARsubtypes α,γ, andδ (β) showdistinct tissuedistribution
and are associated with selective ligands (Ricote et al. 1999).

PPARα is strongly expressed in liver, kidney, heart, and muscle and reg-
ulates the production of enzymes involved in the β-oxidation of fatty acids
and lipoprotein metabolism. PPARα is the molecular target of fibrates, such as
gemfibrizol, that are clinically used to treat hypertriglyceridaemia (Fruchart
et al. 1999, Staels et al. 1998).

PPARγ is most strongly expressed in adipose tissue and has been demon-
strated to be essential for adipocyte differentiation and normal glucose meta-
bolism (Ricote et al. 2004). PPARγ is expressed in numerous tissues and in cells
of the monocyte/macrophage lineage (Ricote et al. 1998b), and it is involved
in the development of monocytes along the macrophage lineage, in particu-
lar in the conversion of monocytes to foam cells (Tontonoz et al. 1998). Low
levels of PPARγ are present in bone marrow-derived macrophages, whereas
higher levels are present in activated peritoneal macrophages obtained after
thioglycollate injection, which suggests that PPARγ is up-regulated during
macrophage activation (Ricote et al. 1998a). Monocytes/macrophages in hu-
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man atherosclerotic lesions express PPARγ, while normal arteries reveal min-
imal levels of PPARγ (Marx et al. 1998). PPARγ is activated by the thiazolidine-
dione drug class, exemplified by rosiglitazone, which acts as insulin sensitizer
and is used in the treatment of type 2 diabetes mellitus (Willson et al. 1996;
Worley et al. 2003).

PPARδ is ubiquitously expressed, it still lacks a clinical agonist, and its
biological roles are less well established than those of PPARα and γ. However,
recent studies suggest roles in skin homeostasis, lipid metabolism, and energy
homeostasis (Ricote et al. 2004).

PPARα agonists (fibrates) cause a profound down-regulation of lipopolysac-
charide (LPS)-induced secretion of MMP-9 by human monocytic THP-1 cells,
although they fail to modulate LPS-induced secretion of IL-8 (Shu et al. 2000).
These findings suggest that PPARs regulate only a subset of the proinflamma-
tory genes controlled by AP-1, STAT, and NF-κB. Effects of PPARs on MMP-9
may account for the beneficial effect of PPAR agonists in animal models of
atherosclerosis.

However, it has been postulated that the PPARα-mediated decrease in MMP-
9 mRNA steady-state and zymogen levels is not attributable to an inhibi-
tion of MMP-9 gene expression. The inhibitory effects of PPARα agonists
on cytokine-induced MMP-9 expression are indirect and primarily due to
post-transcriptional regulatory events with a superinduction of inducible NO
synthase (iNOS), leading to high levels of NO that subsequently reduce the
half-life of MMP-9 mRNA (Eberhardt et al. 2002).

PPARγ may exert anti-inflammatory effects by negatively regulating the
expression of pro-inflammatory genes that are induced during macrophage
differentiation and activation, most probably by antagonizing the activity of
different transcription factors (Ricote et al. 1998b). PPARγ agonists have been
shown to suppress the inflammatory cytokines TNF-α, IL-1β, and IL-6 (Jiang
et al. 1998), and iNOS (Ricote et al. 1998b) in monocytes and macrophages
as well as MMP-9 (Marx et al. 1998; Patel et al. 2002; Ricote et al. 1998b; Shu
et al. 2000). The actual mechanism of MMP-9 down-regulation has not yet
been studied directly, although it is thought to involve transrepression of AP-1
and/or NF-κB sites in the MMP-9 promoter (Ricote et al. 1998b). No PPAR
response element (PPRE) has been located in the human MMP-9 promoter
yet, although two possible PPREs have recently been identified in 1.8 kb of the
rat MMP-9 promoter (Eberhardt et al. 2002). It has recently been shown that
PMA-stimulated THP-1 monocytic cells show altered MMP, ADAM (A Dis-
integrin And Metalloproteinase), and ADAMTS4 mRNA expression, which
can be differentially regulated by the addition of PPARγ and RXR agonists
(Worley et al. 2003). This has important implications for the use of PPARγ
and RXR agonists in the treatment of diseases, especially type 2 diabetes and
atherosclerosis.
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3
Pharmacological Control of Cholesterol Metabolism in Macrophages

Accumulation of cholesterol in macrophages in the arterial wall is a ma-
jor process in atheroma formation. These cells may accumulate an excess
of cholesterol from acetylated LDL (AcLDL) and oxidized LDL (OxLDL) via
scavenger receptors that mediate the internalization and degradation of mod-
ified lipoproteins (Itabe 2003). The cholesteryl esters transported by these
lipoproteins are hydrolysed in lysosomes, and free cholesterol is released
to a pool where it participates as a substrate for the esterification reac-
tion catalysed by the microsomal enzyme ACAT (Brown et al. 1979). Sev-
eral compounds have been reported to reduce cholesterol esterification. Some
of them act indirectly by reducing intracellular cholesterol movement, im-
pairing lysosomal lipoprotein degradation and cholesteryl ester hydrolysis
(Bernini et al. 1989; Goldstein et al. 1980), or by inhibiting scavenger re-
ceptor expression and cellular influx of modified lipoproteins (Bottalico et
al. 1991; Geng and Hansson 1992). Drugs may also act directly by inhibit-
ing ACAT activity (Sliskovic and White 1991). Finally, some agents may act
on the rate of cholesterol efflux from cells (Ricote et al. 2004). Depending
on the mechanism involved, each agent may have different effects on the cel-
lular cholesterol content and localization and on the ratio of esterified and
unesterified cholesterol. ACAT inhibitors may increase the free cholesterol
content of the plasma membrane, with a minor effect on total cellular choles-
terol (Xu and Tabas 1991). Accumulation of cholesteryl esters in lysosomes
is achieved with agents inhibiting the activity of lysosomal enzymes (Bernini
et al. 1989; Goldstein et al. 1980). Free cholesterol accumulation in these or-
ganelles is observed with compounds active on intracellular cholesterol move-
ment (Butler et al. 1992; Liscum and Faust 1989).

Cardiovascular drugs or potential antiatherosclerotic agents may affect lipid
metabolism in macrophages (Table 2, Fig. 2).

3.1
Calcium Antagonists

CA interfere with cholesteryl ester hydrolysis and reesterification, thus af-
fecting the intracellular deposition of cholesteryl esters. Nifedipine and ve-
rapamil analogues, but not diltiazem and flunarizine, inhibit the β-very-
low-density lipoprotein (VLDL)-induced cholesterol esterification in rabbit
macrophages. The same effect was achieved with the dihydropyridine cal-
cium agonist BAY K 8644. The investigators concluded that these effects are
independent from calcium entry blockade (Daugherty et al. 1987). Stein and
Stein (1987) reported that verapamil has two major effects on cholesteryl es-
ter metabolism in macrophages. First, verapamil inhibits LDL degradation and
cholesteryl ester hydrolysis in lysosomes. This effect results in an accumulation
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Fig. 2 Major mechanisms of pharmacological modulation of cholesterol metabolism in
macrophages

of the esterified sterol. Second, verapamil reduces cholesterol esterification by
inhibiting the delivery of cholesterol to the ACAT esterification site. This ef-
fect is independent of the inhibition of lysosomal cholesteryl ester hydrolysis.
A reduction of ACAT activity reduces the cholesteryl ester content deposition.
Therefore, the net effect of verapamil on cellular cholesteryl ester content will
result from the balance of these two processes. Although the aforementioned
activities have opposite consequences on the cellular cholesteryl ester content,
both reduce the delivery of cholesterol to the cholesteryl ester cycle operating
in the cytoplasm of macrophages, where esterified and free cholesterol are con-
tinuously hydrolysed and reesterified (Brown et al. 1980). Because verapamil
reduces the delivery of the substrate (i.e. cholesterol), this ‘futile’ cycle will be
reduced by the drug. Partial inhibition of lysosomal lipoprotein degradation
and cholesteryl ester hydrolysis by basic CA, including amlodipine, may there-
fore be regarded as a beneficial effect rather than a possible proatherogenic
side effect. In fact, these compounds may modulate the excessive release of
free cholesterol not only to the cytoplasmic compartment (as previously dis-
cussed), but also to the plasma membrane (Tabas et al. 1988) where cholesterol
may exert toxic effects (Kellner-Weibel et al. 1999; Spector et al. 1979). The
non-hydrolysed cholesteryl ester, retained in the cells as a result of the lysoso-
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Table 2 Pharmacological modulation of cholesterol metabolism in macrophages

Agents Effect observed

ApoAIMilano Induction of cholesterol efflux

Avasimibe Inhibition of: ACAT, modified LDL uptake

Induction of cholesterol efflux

Beauveriolides I and III Inhibition of ACAT

Glibenclamide Inhibition of ACAT

Induction of: cholesteryl ester hydrolysis cholesterol efflux,

secretion of apolipoprotein E

Lacidipine, lercanidipine Inhibition of cholesterol esterification

Lipophilic statins Inhibition of: modified LDL endocytosis, cholesterol trafficking,

LDL oxidation

PPARα agonists Induction of cholesterol efflux

Inhibition of ACAT1 and 2 activities

PPARγ agonists Induction of HMG-CoA expression

Probucol Inhibition of apoAI-mediated cholesterol efflux

Ramipril Inhibition of CD36 expression and oxLDL uptake

Verapamil Inhibition of: Beta VLDL-induced esterification, LDL degradation,

acid cholesteryl ester hydrolysis, cholesterol trafficking

Induction of cholesterol efflux

ACAT, Acyl CoA: cholesterol acyltransferase.

mal inhibition by CA, is eventually eliminated. This hypothesis is supported
by data on smooth muscle cells where verapamil induces an initial increase
(2–7 days) in cellular cholesteryl ester content that, at longer incubation times
(18–35 days), is followed by a net decrease as compared with control cells
(Stein and Stein 1987).

Lacidipine is a highly lipophilic third-generation CA whose pharmacoki-
netics are controlled by the tissue cell membrane compartment. Its duration of
action classifies it as a once-a-day CA. Lercanidipine is a new third-generation
CA with high lipophilicity and a chiral centre. Its pharmacokinetic and phar-
macodynamic characteristics are similar to those of lacidipine, and it is also
classified as a once-a-day CA. The long duration of action of lercanidipine and
lacidipine is controlled by the tissue cell membrane compartment from which
both drugs are slowly released once they have been distributed throughout
the patient’s body (Herbette et al. 1993). Therefore, these two lipophilic CA
combine a relatively short plasma half-life, a gradual onset of action, and an
intrinsically long duration of action.

Our group has shown that lacidipine affects intracellular cholesterol home-
ostasis in mouse peritoneal macrophages. Pre-treatment of macrophages with
lacidipine reduces the formation of cholesteryl esters by up to 95%. Lacidipine
inhibitory effect is observed at concentrations as low as 3 µM (Bernini et al.
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1989, 1997), and we proposed that the drug directly inhibits ACAT that catal-
yses the esterification of cholesterol. Lacidipine consistently inhibits choles-
terol esterification by more than 80% when added to cell-free homogenate
(Bernini et al. 1997).

Lercanidipine is also able to inhibit cholesterol esterification by up to 70%
in a concentration-dependent manner, both in whole cells and in cell-free ho-
mogenate. The mechanism by which lipophilic CA interferes with cholesterol
esterification is still unknown. However, because the activity of ACAT is sensi-
tive to variations in the lipophilicity and composition of the biophase (Suckling
and Stange 1985), the presence of these drugs could alter the availability of the
substrate (i.e. cholesterol) for the enzyme. This mechanism is consistent with
the inhibitory activity observed in both living cells and cell-free homogenates.
In our experience, nifedipine is ineffective under these experimental con-
ditions. This observation suggests that lipophilic CA acts independently of
voltage-operated calcium-channel blockade (Bernini et al. 1997). However,
nifedipine may potentially exert antiatherosclerotic properties via a reduction
of the oxidative modification of LDL, consequently reducing foam cell for-
mation rather than inducing a direct reduction in cholesterol accumulation
(Lesnik et al. 1997).

Recently, verapamil and other CA have been demonstrated to affect not only
the intracellular processes involved in lipoprotein and cholesterol metabolism,
but also to stimulate the pathways involved in cholesterol excretion from cells.
This effect is achieved by inducing the expression of the cholesterol transporter
ABCA1 (Tsujita and Yokoyama 1996). ABCA1 belongs to the ATP-binding cas-
sette transporter family and promotes a unidirectional efflux of membrane
cholesterol and phospholipid to lipid-poor apolipoproteins. ABCA1 expres-
sion can be stimulated in macrophages and other cells by the agonists of
the nuclear receptor LXR, a potentially new class of drugs. Since cholesterol
efflux is the first step of reverse cholesterol transport, molecules able to mod-
ulate this process may have an antiatherogenic activity by reducing lipid ac-
cumulation in cells and/or promoting cholesterol excretion from the body
(Lund et al. 2003).

Even before the identification of ABCA1 as a mediator of cell cholesterol and
phospholipid efflux to lipid-free apoproteins, it was demonstrated that probu-
col treatment of cells in culture produces a marked inhibition of apolipoprotein
A-I-mediated lipid efflux from macrophages. Both cholesterol and phospho-
lipid efflux to lipid-free apoA-I were greatly reduced if the cells were ex-
posed to acetyl LDL containing probucol for 24 h (Tsujita and Yokoyama
1996). Sakr et al. (1999) were able to produce very rapid and extensive inhibi-
tion of lipid efflux from J774 macrophages incubated with probucol/albumin
complexes.
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3.2
ACE Inhibitors

The modulation of the cholesterol metabolism in macrophages has also been
reported to occur in the presence of angiotensin converting enzyme (ACE)
inhibitors. Treatment of mice with ramipril was found to significantly de-
crease the mRNA levels of OxLDL receptor CD36 in peritoneal macrophages
and concomitantly inhibited the uptake of these modified lipoproteins (Hayek
et al. 2002). This effect may provide ACE inhibitors with antiatherosclerotic
properties.

3.3
Statins

Statins were found to decrease cholesterol esterification and deposition in
macrophages (Bernini et al. 1993, Kempen et al. 1991). The inhibition of
cholesterol esterification by statins is completely overcome by mevalonate and
geranylgeraniol and takes place in the presence of an excess of exogenous
cholesterol (Bernini et al. 1993; Kempen et al. 1991). These results indicate that
statins do not affect esterification by preventing the intracellular formation of
substrate for ACAT (i.e. cholesterol), but rather by inhibiting the formation of
non-sterol mevalonate product(s).

The effect of statins on cholesterol esterification does not occur in cell-free
homogenates (Kempen et al. 1991) and is observed only under conditions of si-
multaneous incubation of statins with AcLDL but not in cholesterol-preloaded
cells (Bernini et al. 1993), thus indicating that these drugs are not direct ACAT
inhibitors.

Our results indicate that fluvastatin and simvastatin reduce, depending on
the concentration, more than 50% of the 125I-AcLDL degradation by macro-
phages. This effect is not caused by a decrease in lysosomal enzyme activity and
is paralleled by the retention of AcLDL-associated cholesteryl ester in the incu-
bation medium. Also, the ability of fluvastatin to inhibit AcLDL degradation is
completely overcome by mevalonate and its derivative geranylgeraniol. Bind-
ing experiments suggest that the inhibitory effect of fluvastatin on lipoprotein
catabolism does not involve the decreased expression of scavenger receptors
(Bernini et al. 1993).

Fluorescent microscope analysis of cellular internalization of AcLDL la-
belled with the fluorochrome 3,3’-dioctadecyl indocarbocyanine demonstrates
that fluvastatin inhibits lipoprotein endocytosis.

In addition to simvastatin and fluvastatin, lovastatin has also been shown
to reduce the cholesterol esterification in cholesterol-loaded human macro-
phages. This effect may be caused by the interference of the drug with the
intracellular cholesterol delivery to the plasma membrane, resulting in in-
creased free cholesterol and lower levels of cholesteryl ester. Lovastatin action
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may occur independently of the inhibition of the binding or uptake of AcLDL,
ACAT activity, lysosomal hydrolysis of cholesteryl esters and the secretion of
cholesterol into the medium (Cignarella et al. 1998). Lovastatin has also been
reported to interfere with a modified lipoprotein uptake into macrophages by
inhibiting the scavenger receptor expression or the oxidative modification of
LDL (Aviram et al. 1992; Umetani et al. 1996).

It has recently been reported that pitavastatin, a new statin, inhibits CD36
expression, thus preventing OxLDL uptake by macrophages (Han et al. 2004).

A strong effect on cholesterol metabolism can also be obtained if the rate
of cholesteryl ester synthesis is reduced by using ACAT inhibitors. However,
studies conducted with the ACAT inhibitors avasimibe (CI-1011) indicate that
the compound not only inhibits the rate of formation of cholesteryl esters, but
also induces a reduction of the cellular cholesterol content. Similarly to statins,
this effect appears to be mediated by a reduction of modified LDL uptake by the
treated cells. Unlike with statins, with avasimibe the effect appears to involve
a reduction in lipoprotein binding to cells. In addition, avasimibe appears to
induce cellular cholesterol efflux (Rodriguez and Usher 2002).

It has been suggested that the inhibition of both ACAT and HMG-CoA
reductase may exert a synergistic direct antiatherosclerotic effect on the vessel
wall. In cultivatedmacrophages, atorvastatinapproximatelydoubled theability
of avasimibe to reduce the mass of esterified cholesterol, and this was reversed
by co-incubation with mevalonate or geranylgeraniol (Llaverias et al. 2002). As
mentioned before, avasimibe and statins may reduce the cholesterol content
in macrophages by different mechanisms, which may explain the synergistic
effect reported in in vivo and in vitro models.

3.4
PPAR Agonists

PPARα activation may promote the cholesterol efflux from macrophages by
inducing the ABCA1 pathway (Ricote et al. 2004). In human macrophages and
foam cells, fibrates and synthetic PPARα activators reduce the ACAT1 activity
and the cholesteryl ester to free cholesterol (FC) ratio. PPARα activation does
not alter ACAT1 gene expression, but induces mRNA levels of carnitine palmi-
toyltransferase type 1, a key enzyme in mitochondrial fatty acid catabolism.
PPARα activation also inhibits cholesteryl ester formation induced by TNF-α.
This effect may involve the inhibition of neutral sphingomyelinase activation
by TNF-α. The authors concluded that PPAR may control cholesterol esterifi-
cation in macrophages and enhance the ABCAI mediated FC efflux.

In addition to PPARα, macrophages express PPARγ. In the THP-1 macro-
phages troglitazone or pioglitazone, two ligands of this receptor, increase the
expression of HMG-CoA synthase and reductase through a PPRE. Treatment
with troglitazone was found to significantly increase the activity of HMG-
CoA reductase and the amount of intracellular cholesterol. Thus, opposite to
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PPARα, PPARγand its agonists increase the cholesterol contentofmacrophages
by the increased expression of genes involved in cholesterol biosynthesis
(Iida et al. 2002).

3.5
Other Compounds

The ATP-sensitive potassium channel inhibitor glibenclamide is used for treat-
ing diabetes mellitus. Cell culture studies in macrophages indicate that gliben-
clamide may inhibit the accumulation of cellular cholesteryl ester by increasing
the hydrolysis of cholesteryl ester as well as cholesterol efflux, and possibly
by increasing the secretion of apolipoprotein E (Nobusawa et al. 2000). In
an ACAT assay using CHO cells that overexpress ACAT-1 or ACAT-2, it was
reported that glibenclamide also inhibits the activity of the two isozymes
(Ohgami et al. 2000).

It has recently been reported that the fungal derivative beauveriolides have
the ability to reduce lipid droplet accumulation in macrophages (Namatame
et al. 2004). Beauveriolides I and III, isolated from the Beauveria sp. FO-6979,
specifically inhibit the macrophage ACAT activity, resulting in the blockage
of cholestery ester synthesis and leading to the reduction of lipid droplets in
macrophages. ACAT activity in the membrane fractions prepared from mouse
liver and Caco-2 cells was also inhibited, indicating that beauveriolides block
both ACAT-1 and -2.

Another approach to the prevention of cardiovascular disease is currently
recommended by ATP III: the management of the HDL level. In this regard,
recent work by Nissen et al. (2003) provided the first evidence of the clini-
cal benefit of an HDL mimetic on coronary artery disease. In a multicentre
pilot trial, they studied the effect of infusion of apoA-IMilano/phospholipid
complexes on the atheroma burden in patients with acute coronary syndrome
and discovered a significant regression of coronary atherosclerosis as mea-
sured by intravascular ultrasound. This effect may, at least in part, involve
the increased ability of apoA-IMilano in reconstituted HDL to promote choles-
terol efflux and to inhibit cholesterol esterification in macrophages in culture
(Calabresi et al. 1999).

4
Modulation of Other Macrophage Functions

Numerous other macrophages functions have been shown to be a possible
target for a pharmacological intervention (Table 3).
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Table 3 Pharmacological modulation of other macrophage functions

Agents Effect observed

Lipophilic statins Inhibition of macrophage proliferation, TF expression, LDL oxidation,

CD36 and type I scavenger receptor expression, adhesion molecule

expression, MCP-1 expression

Immusoppressive effects

PPARγ agonists Inhibition of inflammatory cytokine production

Increased expression of CD36

PPARδ agonists Inhibition of MCP-1 production

LXR agonists Inhibition of pro-inflammatory gene expression

Raloxifene Inhibition of macrophage accumulation

MIF antibody Inhibition of macrophage recruitment, shift towards a plaque

with a more stable phenotype

TF, tissue factor; MCP-1, monocyte chemoattractant protein 1; MIF, macrophage migration inhibitory factor.

4.1
PPAR Agonists

PPARγ activation has been shown to possibly exert pro-inflammatory effects
by increasing the expression of the type 2 scavenger receptor CD36 (Nagy
et al. 1998), which could promote differentiation and foam cell formation of
macrophages in atherosclerotic plaques (Tontonoz et al. 1998). It has recently
been shown that pitavastatin prevents the OxLDL uptake by macrophages
through PPARγ-dependent inhibition of CD36 expression, thus suggesting that
pitavastatin may be able to modulate CD36-mediated atherosclerotic foam cell
formation (Han et al. 2004).

However, Patel et al. (2002) contested that PPARγ plays a role in mono-
cyte differentiation, and the PPARγ antagonist GW9662 was unable to re-
verse 15d-PGJ2 and all-trans-retinoic acid-induced CD36 expression in THP-1
monocytes.

Chawla et al. (2003) demonstrated that in macrophages VLDL functions as
a transcriptional regulator via the activation of the nuclear receptor PPARδ.
The signalling components of native VLDL are its triglycerides, whose activity
is enhanced by lipoprotein lipase. Thus, these data show a pathway through
which dietary triglycerides and VLDL can directly regulate gene expression in
atherosclerotic lesions.

Lee et al. (2003) proposed that PPAR-δ controls the inflammatory status
of macrophages and thus may be a good target for treating atherosclerosis.
Although the overexpression or deletion of PPAR-δ in macrophages suggested
that PPAR-δ is proinflammatory, treating macrophages with a synthetic PPAR-
δ ligand had the opposite effect, decreasing the production of inflammatory
molecules such as monocyte chemoattractant protein 1 (MCP-1). Lee et al.
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(2003) postulated that the effect of PPAR-δ depends on whether it is bound or
unbound to a ligand. In the absence of a ligand, PPAR-δ sequesters a transcrip-
tional repressor of inflammatory responses, which leads to inflammation. In
the presence of a ligand, PPAR-δ releases the repressor and sets it free to exert
its anti-inflammatory effects.

Tontonoz and colleagues have established a link between infection, foam cell
formation, and nuclear receptor activity (Castrillo et al. 2003b). They showed
that treating macrophages with model pathogens leads to the activation of
Toll-like receptors and blocks the activation of LXR. As a result, expression of
the LXR-regulated cholesterol transporter ABCA1 is reduced, which increases
the foam cell formation. These findings establish a new connection between
pathogens and the way in which macrophages handle cholesterol.

4.2
LXR Agonists

Interestingly, LXRs may have functions overlapping with the ones of PPARs
in the negative control of the inflammatory response. LXR agonists have been
shown to inhibit the macrophage response to bacterial pathogens and to an-
tagonize a number of pro-inflammatory genes in macrophages. These include
iNOS, COX-2, IL-1β and IL-6, MMP-9 and chemokines such as MCP-1 and -3,
macrophage inflammatory protein-1β, and IP-10 (Castrillo et al. 2003a; Joseph
et al. 2003). Similar to what has been described for PPARγ, LXR antagonizes the
NF-κB pathway through a mechanism that is not completely understood. LXR-
deficient mice exhibited enhanced responses to inflammatory stimuli, and LXR
ligands reduced inflammation in murine models of atherosclerosis (Ricote et
al. 2004). These observations lead to the idea that LXR and PPAR agonists may
exert their antiatherogenic effect not only by promoting cholesterol efflux, but
also by limiting the production of inflammatory mediators in the arterial wall.
PPARs and LXRs have emerged as key regulators of macrophage biology con-
trolling transcriptional programs involved in macrophage lipid homeostasis
and inflammatory response.

Using DNA array-based global gene expression profiling experiments in hu-
man primary macrophages, Chinetti et al. (2004) found that AdipoR2, one of
the two recently identified receptors for adiponectin, an adipocyte-specific se-
creted hormone with anti-diabetic and anti-atherogenic activities, is induced
by both PPARα and PPARγ. AdipoR1 and AdipoR2 are both present in hu-
man atherosclerotic lesions. AdipoR1 is more abundant in monocytes than
AdipoR2, and its expression decreases upon differentiation into macrophages,
whereas AdipoR2 remains constant. Interestingly, treatment with a synthetic
LXR agonist induced the expression of both AdipoR1 and AdipoR2. Further-
more, co-incubation with a PPARα ligand and adiponectin resulted in an
additive effect on the reduction of the macrophage cholesteryl ester content.
In conclusion, AdipoR1 and AdipoR2 are expressed in human atherosclerotic
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lesions and macrophages and can be modulated by PPAR and LXR ligands, thus
identifying a mechanism of crosstalk between adiponectin and these nuclear
receptor signalling pathways (Chinetti et al. 2004).

Asada et al. (2004) have recently demonstrated a strong expression of PPARs
messenger RNA and protein in freshly isolated human alveolar macrophages
(AMs). Ligands of PPARγ significantly decreased LPS-induced TNF-α produc-
tion by AM. These ligands markedly up-regulated the expression of CD36,
a scavenger receptor that mediates the phagocytosis of apoptotic neutrophils.
Indeed, ligand-treated AM ingested a significantly higher number of apoptotic
neutrophils than untreated AM. These data indicate that PPARγ expressed by
AM play an anti-inflammatory role by inhibiting the cytokine production and
increasing their CD36 expression together with the enhanced phagocytosis of
apoptotic neutrophils, which is an essential process for the resolution of in-
flammation. This suggests a potential therapeutic application of PPARγ ligands
in inflammatory disorders of the lung.

4.3
Statins

4.3.1
Macrophage Proliferation

Macrophages proliferate in atheroma, and this phenomenon most probably
plays an important role in the formation of macrophage-rich vulnerable
plaques. Thus, the inhibition of macrophage proliferation may promote the
stabilization of atheroma. It has been shown that cerivastatin, in a concen-
tration achievable in patients, suppresses the proliferation and activation of
macrophages (Aikawa et al. 2001) and thereby reduces the expression of MMPs
and tissue factor in atheroma of rabbits. Thus, statin can reduce the growth
of macrophages expressing proteolytic enzymes and a thrombogenic factor in
atheroma of animals with endogenous hypercholesterolaemia (Aikawa et al.
2001).

4.3.2
Modulation of LDL Oxidation

Oxidative modification of LDL is a key step in the atherogenic process (Ross
1999).Theproatherogenic effects ofOxLDL include impairmentof endothelial-
dependent vasodilation through the inhibition of NOS activity (Laufs et al.
1998), proliferation and apoptosis of SMC (Bjorkerud and Bjorkerud 1996),
tissue factor expression by monocytes (Broze 1992) and generation of an
inflammatory response (Rosenson and Tangney 1998; Ross 1999).

Statins have been shown to reduce the enhanced susceptibility of LDL to
oxidation both in vitro and in vivo (Aviram et al. 1998b; Hussein et al. 1997). In
vitro studies showed a consistent dose-dependent antioxidant effect of statins
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on LDL oxidation (Girona et al. 1999; Suzumura et al. 1999). Indeed, statins
prolonged the lag time of oxidation in the initiation step and decreased the
rate of oxidation in the propagation step depending on the concentration.
Several mechanisms may explain their antioxidant properties. First, statins
bind to the phospholipid fraction of LDL, thereby preventing the diffusion
of free radicals generated under oxidative stress into the lipoprotein core
(Aviram et al. 1998a). Second, statins decrease the cell oxygen production. In
macrophages, a reduction of superoxide formation and LDL oxidation was
shown after cell treatment with simvastatin. This effect was prevented by
the addition of mevalonate (Giroux et al. 1993). These authors suggested the
involvement of prenylated proteins, probably belonging to the Rac family, in
mediating the generation of superoxide by macrophages.

4.3.3
Effects on Inflammation

Monocyte and T lymphocyte adhesion to the endothelium and their subse-
quent transendothelialmigration is anearly event inatherogenesis (Ross 1999).
Molecules associated with the migration of leukocytes across the endothelium,
such as platelet-endothelial-cell adhesion molecules, act in conjunction with
chemoattractant molecules generated by the endothelium, SMC, and mono-
cytes, such as MCP-1, osteopontin, and modified LDL, to attract monocytes
and T cells into the artery (Ross 1999). Inflammatory cytokines secreted by
macrophages and T lymphocytes can modify endothelial functions, SMC pro-
liferation, collagen degradation and thrombosis (Ross 1999). Statins may have
a direct anti-inflammatory effect on monocytes and macrophages through,
for example, a decreased expression of intracellular adhesion molecule-1 by
endothelial cells, an effect that was completely reversed by the addition of
mevalonate (Niwa et al. 1996). This effect of statins may be mediated through
a decrease in the expression of the OxLDL receptor on monocytes (Draude et al.
1999; Han et al. 2004). Moreover, statins suppress the LPS-induced secretion of
IL-6 and IL-8, but not IL–1β, by activated monocytes in vitro (Comparato et al.
2001). The addition of mevalonate prevents the attenuation of IL-8 production
by lovastatin.

More recently, Romano investigated the effect of different statins on the
in vitro and in vivo production of MCP-1 (Romano et al. 2000). The in vitro
findings showed that statins are able to induce a dose-dependent inhibition of
MCP-1 production in peripheral blood mononuclear cells.

Finally, Mach demonstrated that statins inhibit the expression of major his-
tocompatibility class II (MHC II) antigens by primary human macrophages
and endothelial cells in response to interferon-γ (Kwak et al. 2000). This sug-
gests that the immunosuppressive activity of statins may greatly contribute
to the beneficial effect exerted by these drugs in cardiac transplant patients
(Kwak et al. 2000, Palinski 2000).
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Evidence has been provided that statins suppress the expression and func-
tion of leukocyte cell surface molecules, such as the integrin heterodimer
CD11b/CD18, required for monocytes to adhere to endothelial monolayers. In
fact, human blood monocytes isolated from statin-treated hypercholestero-
laemic patients showed reduced CD11b surface expression and adhesion to the
endothelium (Weber et al. 1997).

4.3.4
Macrophage Migration

Macrophage migration inhibitory factor (MIF) is a pleiotropic macrophage and
T-cell cytokine, endocrine factor, and enzyme that controls cell-mediated in-
flammatory responses by affecting monocyte and T-cell recruitment (Schober
et al. 2004). The inhibition of the random migration of macrophages has been
described as one of the first activities of MIF. MIF enhances proinflammatory
functions of macrophages when externally administered or endogenously ex-
pressed by macrophages. Up-regulation of MIF has been observed in endothe-
lial cells, SMCs, and macrophages during the progression of atherosclerotic
plaques in humans and in a hypercholesterolaemic rabbit model. Neutralizing
MIF with a monoclonal antibody resulted in a marked reduction of neointi-
mal macrophages and inhibited the transformation of macrophages into foam
cells (Schober et al. 2004), although serum levels of the cytokines IL-2, IL-4,
IL-6, IL-10, and TNF-α were increased in MIF monoclonal antibody-treated
mice (Schober et al. 2004). Inhibition of MIF resulted in a shift in the cel-
lular composition of neointimal plaques toward a stabilized phenotype with
reduced macrophage/foam cell and increased SMC content. Total plaque size,
however, was not significantly changed by the MIF blockade, probably as a re-
sult of the marked increase in neointimal SMC and collagen type I content
(Schober et al. 2004).

4.3.5
Modulation of Tissue Factor Expression

Tissue factor (TF) plays a prominent role as the initiator of the extrinsic coagu-
lation pathway and has been localized in lipid-enriched macrophages of human
atherosclerotic plaque (Wilcox et al. 1989). It has been shown that lipophylic
statins (simvastatin, fluvastatin) decreased the TF expression and activity in
cultured human monocyte-derived macrophages (Colli et al. 1997). This effect
was prevented by the addition of mevalonate and all-trans-geranylgeraniol,
thus suggesting a role of the mevalonate pathway in regulating TF activity.
Moreover, a recent study showed a dose-dependent inhibition of the rate of
thrombin generation and of TF expression by simvastatin in LPS-stimulated
monocytes, suggesting that simvastatin inhibits the rate of thrombin gen-
eration by directly interfering with the monocyte expression of TF (Ferro
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et al. 2000). It has recently been confirmed that cerivastatin treatment of
Watanabe heritable hyperlipidaemic rabbits diminished the accumulation of
macrophages in aortic atheroma and decreased the expression of MMPs and
TF, prominent sources of molecules responsible for plaque instability and
thrombogenicity (Aikawa et al. 2001).

5
Conclusion

Atherosclerotic lesions that are most often implicated in acute coronary events
have a soft, lipid-laden core and an excess of macrophages within the thin
fibrous cap, which makes them prone to fissuring/rupture. In the future, the
prevention of cardiovascular disease will involve not only the correction of risk
factors but also the direct pharmacological control of the processes occurring
in the arterial wall. Agents able to modulate macrophage functions involved in
plaque stability and atherothrombotic processes will be of particular impor-
tance.
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Abstract Contrary to popular opinion, atherosclerosis is not a disease unique to modern
civilization. In fact, atherosclerotic lesions have been found in the arteries of mummies
dating back to 1,500 b.c., and yet our understanding of this complex process is still evolv-
ing. A fusion of basic science advances and clinical research findings has radically altered
our traditional concepts about the pathogenesis and treatment of the clinical complica-
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tions of atherosclerosis. Most physicians previously regarded the artery as a being merely
a blood conduit that became encrusted with lipid detritus as part of the aging process.
Modern-day treatment of atherosclerosis has arisen primarily from an understanding of
the epidemiology of the disease rather than its pathophysiology, in that risk factors have
traditionally been targeted. Our concepts of atherogenesis have evolved from vague ideas of
inevitable degeneration to a much better defined scenario of molecular and cellular events.
As we enhance our understanding of its fundamental mechanism, we can begin to approach
atherogenesis as a modifiable rather than ineluctable process. Indeed, as we recognize now
that inflammation plays a pivotal role in the process of atherosclerosis, it is noteworthy to
evaluate the effect of modern therapies on this facet of the disease.

Keywords Atherosclerosis · Inflammation · Treatment

1
Introduction

Health trends in the next 25 years will be determined by the aging of the world’s
population, thedecline inage-specificmortality rates fromcommunicable,ma-
ternal, perinatal, and nutritional disorders, the spread of HIV, and the increase
in tobacco-related mortality and disability. Today, ischemic heart disease is
the leading cause of death in developed countries with more than 3 million
deaths per year, followed by stroke (1.6 million) and lung cancer (0.7 million)
(Lopez and Murray 1998; Morrow et al. 1998). By 2020, based on current trends,
ischemic disease will be the leading cause of disease burden worldwide, fol-
lowed by unipolar major depression, road traffic accidents, stroke and chronic
obstructive lung disease. For worldwide ischemic disease only, the number of
disability-adjusted life years estimated for 2020 is about 82.3 million per year
(Murray and Lopez 1996). Thus, despite changes in lifestyle and the use of
new pharmacological approaches, atherosclerosis and its devastating clinical
complications such as ischemia and infarction of the heart, the brain and other
vital organs, ruptured aortic aneurysm and peripheral vascular insufficiency,
continue to account for the majority of mortality and morbidity in the adult
population of industrialized countries, and would be so worldwide by 2020
(Morrow et al. 1998).

Not long ago, most physicians envisaged atheroma as an inert collection of
cholesterol, calcium, and fibrous tissue that grew steadily and ineluctably until
it eventually obstructed an artery and impeded blood flow. When atheroscle-
rosis was viewed as a ‘plumbing’problem, mechanical means such as bypass
surgeryorpercutaneous intervention seemed themost appropriate therapeutic
approach. Atherosclerosis is a progressive disease process that generally be-
gins in childhood and has clinical manifestations in middle to late adulthood
(Stary 1990, 1994, 2000). Atherosclerosis is characterized by the accumulation
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of lipids, inflammatory cells and fibrous elements in the large arteries. The link
between lipids and atherosclerosis dominated our thinking until the 1970s,
based on strong experimental and clinical relationships between hypercholes-
terolemia and atheroma. The emerging knowledge of vascular biology led to
a focus on growth factors and the proliferation of smooth muscle cells in the
1970s and 1980s.

Over the past few years the picture has evolved considerably, as clinical and
pathological insights have pointed the way for rethinking atherogenesis at the
level of a series of highly specific cellular and molecular biological responses
that can best be described, in aggregate, as an inflammatory disease. Formerly
focused on luminal narrowing due to the bulk of atheroma, our current con-
cepts recognize the biological attributes of the atheroma as key determinants
of its clinical significance. Thus, we have come to appreciate a prominent role
for inflammation in atherosclerosis and its complications.

For example, lowering lipid levels with inhibitors of 3-hydroxy-3-methyl-
glutaryl coenzyme A (HMG CoA) reductase, known as statins, substantially
reduces acute adverse coronary events, but unexpectedly produces only slight
reductions in arterial obstruction, as determined by angiography. This ap-
parent paradox has shifted our focus from the degree of stenosis to the bi-
ology of the atherosclerotic plaque. A subset of atherosclerotic plaques de-
scribed as ‘vulnerable’ seem particularly prone to physical disruption, pro-
ducing thrombosis that triggers the acute coronary syndromes, including
acute myocardial infarction (MI). This shift from ‘hydraulics’ to biology has
identified new therapeutic goals. Clinical studies have indicated that statins
can also diminish vascular inflammation and activation, independent of their
lowering of lipid levels. However, the clinical relevance of such ‘pleiotrop-
ic’ effects of statins remains speculative. Beyond statins, other drugs may
also stabilize plaques in unexpected ways. For example, fibric acid deriva-
tives originally used to treat dyslipidemia have direct anti-inflammatory ef-
fects through activation of peroxisomal proliferation activating receptor-α
(PPAR-α). Agents that interfere with signaling of angiotensin II, originally in-
tended to lower blood pressure, also have anti-inflammatory effects relevant
to atherosclerosis.

Molecular and cellular studies have also demonstrated that inflammatory
leukocytes are central in atherogenesis because they produce many inflam-
matory mediators. In particular, macrophages and T lymphocytes may con-
tribute to the disruption of vulnerable atheroma that trigger thrombosis and
the onset of the acute coronary syndromes, including unstable angina, MI
and cardiac sudden death. The atheroma itself, previously regarded as a bland
collection of lipid waste, is now recognized as a dynamic lesion character-
ized by intricate exchanges of messages among these vascular and inflam-
matory cells. With this new understanding of the disease process comes an
enormous opportunity to improve therapeutic and preventive approaches to
atherosclerotic disease.
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2
Changing Concepts of Atherogenesis

As we enhance our understanding of its fundamental mechanisms, we can be-
gin to approach atherogenesis as a modifiable rather than ineluctable process.
The clinically important complications of atheroma usually involve thrombo-
sis. Arterial stenosis by themselves seldom cause acute unstable angina or acute
MI. Indeed, sizeable atheroma may remain silent for decades or produce only
stable symptoms such as angina pectoris precipitated by increased demand.
Recent research has furnished new insight into the molecular mechanisms that
cause transition from the chronic to the acute phase of atherosclerosis.

2.1
Lesion Initiation

Recruitment of mononuclear leucocytes (monocytes/macrophages and T lym-
phocytes) to the intima is one of the earliest events in the formation of an
atherosclerotic lesion. We now appreciate that specific adhesion molecules
expressed on the surface of vascular endothelial cells mediate leukocyte ad-
hesion (Carlos and Harlan 1994; Frenette and Wagner 1996; Gimbrone et
al. 1997). Once adherent, the leucocytes may enter the artery wall. Current
evidence suggests that certain cytokines (e.g., interleukin-1, tumor necrosis
α, interferon-γ) and chemokines (chemoattractant-cytokines), such as the
macrophage chemoattractant protein-1 are highly expressed by vascular cells
in response to different cardiovascular risk factors (e.g., hypertension, hyperc-
holesterolemia). These pro-inflammatory molecules play an important role in
the migration of inflammatory cells from the circulation to the vascular wall
(Fig. 1). Within the lumen of the vessel, local shear stress alterations may also
influence the expression of adhesion molecules, cytokines and chemokines
either directly or indirectly (Gimbrone et al. 1997). In addition, it has been
demonstrated that the well known endogenous mediator nitric oxide (NO),
usually thought as a vasodilator, can reduce the adhesion and recruitment
of leukocyte to the vessel wall of arteries (Lefer and Ma 1993). NO reduces
the expression of many adhesion molecule, cytokines and chemokines (De
Caterina et al. 1995). Thus, NO acts as an anti-inflammatory mediator as well
as a vasodilator. In areas of normal arterial blood flow, laminar shear stress
augments the activity of endothelial-NO synthase, the enzyme that produces
endogenous NO. Thus, the endogenous anti-inflammatory action of NO should
operate at sites of undisturbed arterial flow. Disturbed flow, with shear stress,
at sites prone to early atheroma formation, such as branches and bifurcations,
probably attenuate this endogenous anti-inflammatory pathway. Once inflam-
matory cells collect in the intima, they typically accumulate lipid and become
foam cells.
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Fig. 1 Role of chemokins in atherogenesis. Various stimuli injure the vascular endothelium,
inducing the release of several chemokines from the endothelial cells. These chemokines
trigger chemokines receptors on circulating monocytes and T cells. Chemokine recep-
tors/ligands interactions induce leukocyte activation, adhesion to the endothelium and
subsequent migration into the underlying developing lesion. Once within the vascular
wall, these mononuclear leukocytes release several chemokines and induce the release
of chemokines by smooth muscle cells (SMC). This process implicates leukocyte reten-
tion, SMC migration and activation, angiogenesis, and may trigger platelet activation in
atherosclerosis. (Adapted from Mach F. Current Atherosclerosis Reports 2001; 3:243–251)

2.2
Progression of Atheroma

Accumulation of macrophage foam cells, the hallmark of fatty streaks, may
be reversible and does not itself cause clinical consequences. However, macro-
phage accumulation within the arterial intima sets the stage for progression
of atheroma and evolution into more fibrous and eventually more complicated
plaque that can indeed cause clinical disease.

Until recently, desquamation of the endothelium was previously considered
responsible for causing adherence and degranulation of platelets with release
of fibrogenic substances that could promote smooth muscle cell proliferation
and extracellular matrix accumulation (Ross and Glomset 1976a, 1976b). Cur-
rently, we appreciate that atheroma can form in the absence of actual sloughing
of endothelial cells. Mononuclear foam cells can insinuate themselves between
intact endothelial cells andenter the intimabydiapedesis.Migrationandprolif-
eration of smooth muscle cells that secret extracellular matrix macromolecules
may contribute importantly to formation of fibrous lesions during this phase of
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atheroma progression. Pro-inflammatory cytokines regulate growth factor ex-
pression by vascular cells and leucocytes. For example, interleukin-1 increases
production of platelet-derived-growth factor or basic fibroblast growth factor
by human vascular smooth muscle cells and leukocytes (Raines et al. 1989). As
in many biological control pathways, the balance of opposing forces determines
the outcome. Growth factors can induce smooth muscle cell proliferation and
stimulate theirproductionof extracellularmatrix.At the same time, interferon-
γ, derived from activated T lymphocytes, can inhibit smooth muscle cell prolif-
eration and matrix synthesis. Thus, smooth muscle cell accumulation depends
on the equilibrium between growth-stimulatory and growth-inhibitory stimuli
(Libby 2001).

2.3
The Molecular Mechanisms of the Thrombotic Complications of Atheroma

Arterial stenosis by themselves seldom cause acute unstable angina or acute
MI. Indeed, sizeable atheroma may remain silent for decades or produce only
stable symptoms such as angina pectoris precipitated by increased demand
such as exertion. The majority of acute MIs result from atheroma that cause
less than 50% stenosis of the artery, as assessed by arteriography (Smith 1996).
Instead, thrombus formation usually occurs because of a physical disruption
of atherosclerotic plaque (Falk et al. 1995). Because wall tension varies directly
with radius (the Laplace relationship), the biomechanical stresses experienced
by nonobstructing atheroma may be greater than that of stenosis, which yield
a smaller residual lumen (Lee and Libby 1997). The physical disruption of
the lesion that causes the thrombosis may be a superficial erosion that permits
platelets to contact thepro-aggregatory collagen in the intima’sbasementmem-
brane. However, the majority of coronary thrombosis result from a rupture of
the plaque’s protective fibrous cap, which permits contact between blood co-
agulation’s factors and the highly thrombogenic material located in the lesion’s
lipid core (e.g., tissue factor). Because of the critical role of plaque rupture in
coronary thrombosis, the biomechanical strength of the plaque’s fibrous cap
has considerable importance as a determinant of a particular lesion’s stability.
Approaching this issue in molecular terms, one must recognize that intersti-
tial forms of collagen account for most of the tensile strength of the plaque’s
fibrous cap. The amount of collagen in the lesion’s fibrous cap depends upon
its rate of biosynthesis by the arterial smooth muscle cell, the main source
of collagens in arteries. Certain growth factors stimulate collagen synthesis
by vascular smooth muscle cells. In contrast, interferon-γ markedly inhibits
interstitial gene expression and protein synthesis in these cells (Amento et
al. 1991). This latter finding has particular bearing on the pathophysiology
of plaque rupture because T lymphocytes accumulate at sites where plaques
rupture and cause fatal thrombosis (van der Wal et al. 1994). Compared to
regions lacking T lymphocyte infiltrates, pathological studies have shown low
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levels of interstitial collagen at sites of T lymphocyte accumulation (Rekhter
et al. 1993). In addition to synthesis, degradation of the extracellular matrix
can influence the level of collagen in the plaque’s fibrous cap and thereby
affect its tensile strength. Several specialized enzymes (e.g., matrix metal-
loproteinases) can degrade the extracellular matrix, and thus participate in
degradation of structurally important constituents of the arterial extracellular
matrix. Activated macrophages within atheroma can elaborate a number of
these matrix-degrading enzymes (Galis et al. 1994) (Fig. 2). Together, these
findings suggest that release of inflammatory mediators by vascular leuco-
cytes in particular places in atherosclerotic plaques may predispose them to
rupture by impeding the ability of smooth muscle cells to maintain and re-
pair the collagen crucial to the integrity of the plaque’s fibrous cap (Libby
1995). Thus, far from being innocent bystanders, inflammatory leucocytes in
the atherosclerotic plaque probably participate actively in the lesion initiation
and progression as well as in the occurrence of acute coronary syndromes.
These findings furnish additional connections between inflammation and the
pathophysiology of atherosclerosis and its clinical complications.

Fig. 2 Inflammatory processes in atheroma. The vascular smooth muscle cell (SMC) syn-
thesizes the extracellular matrix protein, collagen, and elastin from amino acids. In the
unstable plaque, interferon-γ (IFN-γ) secreted by activated T cells may inhibit collagen
synthesis, interfering with the maintenance and repair of the collagenous framework of
the plaque’s fibrous cap. The activated macrophage secretes proteinases that can break
down both collagen and elastin to peptides and eventually amino acids. Together, these
processes can weaken the fibrous cap, rendering it particularly susceptible to rupture and
precipitation of acute coronary syndromes. IFN-γ secreted by the T lymphocytes can in
turn activate the macrophage. Plaques also contain other activators of macrophages, in-
cluding tumor necrosis factor-α (TNF-α), macrophage colony-stimulating factor (M-CSF),
and macrophage chemoattractant protein-1 (MCP-1), among others. (Adapted from Libby
P. Circulation 1995; 91:2844–2850)
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3
Role of Vascular Inflammation in Atherogenesis

3.1
Inflammation

Inflammation is a protective reaction against a variety of exogenous (micro-
bial, chemical, physical) or endogenous (immunological, neurological) dis-
turbances, which is characterized by the accumulation of specific subsets of
leukocytes to sites of infection or tissue damage, and their subsequent ac-
tivation (Sullivan et al. 2000). The attraction of leukocytes to tissues is es-
sential for inflammation and the host response to infection (Springer 1996).
This migration is a directional, nonrandom and selective process. The pro-
cess of leukocyte trafficking manifests itself as inflammation with four classic
cardinal signs: redness, swelling, heat and pain. In order to recruit leuko-
cytes, the capillary blood flow and the vascular permeability are increased.
This allows for enhanced migration of the leukocytes through the vascular
endothelium, which is the boundary between the capillaries and the tissue,
towards the site of inflammation. Depending on the cause, inflammation can
resolve rapidly or develop into a complex process involving different leuko-
cytes as well as endothelial and mesenchymal cells. When an infection or
a lesion appears, the organism acts as quickly as possible in order to get rid
of the injury. Among the first immune cells to arrive at the lesional site are
neutrophils, which initiate a rapid, nonspecific phagocytic response (Picker
1992; Picker and Butcher 1992). These cells produce toxic substances includ-
ing proteases and oxygenic radicals that suppress the pathogen quickly but
nonspecifically. Whilst this process is efficient, a more specific antigenic recog-
nition mechanism has evolved. In the specific antigen recognition process,
antigen-presenting cells migrate to the site where antigen is present, followed
by specific subsets of T and B lymphocytes (Baggiolini 1998). The activation
of leukocytes generates the antigen-specific immune response, which results
in the production of appropriate antibodies and activation of cytotoxic T lym-
phocytes (Sullivan et al. 2000).

There are two classes of inflammation: acute inflammation, which is of
short duration and is characteristically accompanied by plasma fluid exu-
dates and neutrophil accumulation; and chronic inflammation which involves
other leukocyte types such as monocytes/macrophages, T cells, eosinophils,
basophils, mast cells and dendritic cells. This class of inflammation is of
longer duration and is characterized by dense cellular infiltrates. Emerging ev-
idence supports the implication of chronic inflammation as the crucial corner-
stone of atherogenesis (Glass and Witztum 2001; Libby 2002; Libby et al. 2002;
Lusis 2000; Ross 1999).
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3.2
Atherosclerosis in Relation to Other Chronic Inflammatory Diseases

The cellular interactions in atherogenesis are fundamentally not different from
those in chronic inflammatory-fibroproliferative disease such as cirrhosis,
rheumatoid arthritis, glomerulosclerosis, pulmonary fibrosis, or chronic pan-
creatitis. The response of each particular tissue or organ depends on its char-
acteristic cells and architecture, its blood and lymph supply, and the nature of
offending agents. Thus, the cellular responses in the arteries (atherosclerosis),
liver (cirrhosis), joints (rheumatoid arthritis), kidneys (glomerulosclerosis),
lungs (pulmonary fibrosis), and pancreas (pancreatitis) are characteristic of
each tissue or organ.

Rather then viewing atherosclerosis as progressive clogging of the pipes
with nondescript, amorphous sludge, we now appreciate the dynamic and vital
aspects of atheroma. The atherosclerotic lesions team with cells, particularly
in early phases. The cellular residents of the atherosclerotic lesion include
intrinsic vascular wall cells such as endothelial cells and smooth muscle cells
(Glass and Witztum 2001; Libby 1995). In addition to these indigenous cells, the
biological roleof infiltrating leucocytesattracts ever-growingattention.Among
these leukocytes, the principal (by number and functions) are monocyte-
macrophages, usually named foam cells, and the T lymphocytes, mainly the
T helper 1 subtype (Hansson 2001).

Does the inflammatory response in arteries differ from that in other tissues?
Granulocytes are rare in atherosclerosis, and among the other diseases men-
tioned above, they are present only in rheumatoid arthritis and pulmonary
fibrosis. In the case of arthritis, although the early response begins with gran-
ulocytes, they are found primarily within the joint cavity. Macrophages and
lymphocytes predominate in the synovium, leading to erosion of cartilage and
bone, which is replaced by fibrous tissue. In pulmonary fibrosis, granulocytes
initially appear in the alveolar spaces; however, the lung parenchyma, where
fibrosis ultimately occurs, is infiltrated by macrophages and lymphocytes.
Thus, there are parallels between atherosclerosis and these other inflammatory
disease (Ross 1999).

3.3
Atherosclerosis and Inflammation

A role for inflammation has become well established over the past decade or
more in theories describing the atherosclerotic disease process. From a patho-
logical viewpoint, all stages, i.e., initiation, growth, and complication of the
atherosclerotic plaque, might be considered to be an inflammatory response
to injury (Glass and Witztum 2001; Libby 2002; Libby et al. 2002; Lusis 2000;
Ross 1999). In a variety of animal models of atherosclerosis, signs of inflam-
mation occur hand-in-hand with incipient lipid accumulation in the artery
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wall. For example, blood leukocytes, mediators of host defenses and inflam-
mation, localize in the earliest lesions of atherosclerosis, not only in exper-
imental animals but in humans as well. The basic science of inflammation
biology applied to atherosclerosis has afforded considerable new insight into
the mechanisms underlying this recruitment of leukocytes. The normal en-
dothelium does not in general support binding of white blood cells. However,
early after initiation of an atherogenic diet, arterial endothelial cells begin
to express on their surface selective adhesion molecules that bind to various
classes of leukocytes. Interestingly, the foci of increased adhesion molecule
expression overlap with sites in the arterial tree particularly prone to de-
velop atheroma. Considerable evidence suggests that impaired endogenous
atheroprotective mechanisms occur at branch points in arteries, where the
endothelial cells experience disturbed flow. For example, absence of normal
laminar shear stress may reduce local production of endothelium-derived
NO. This endogenous vasodilator molecule also has anti-inflammatory prop-
erties (De Caterina et al. 1995). In addition to inhibiting natural protective
mechanisms, disturbed flow can augment the production of certain leuko-
cyte adhesion molecules (Nagel et al. 1994). Augmented wall stresses may
also promote the production by arterial smooth muscle cells of proteogly-
cans that can bind and retain lipoprotein particles, facilitating their oxidative
modification and thus promoting an inflammatory response at sites of lesion
formation.

Once adherent to the endothelium, monocytes and T lymphocytes pen-
etrate into the intima. Chemoattractant molecules appear to be responsible
for the direct migration of monocytes and T lymphocytes into the intima
at sites of lesion formation (Boring et al. 1998; Gu et al. 1998; Sheikine and
Hansson 2004; Veillard et al. 2004). Once resident in the arterial wall, the
blood-derived inflammatory cells participate in and perpetuate a local inflam-
matory response. The macrophages express scavenger receptors for modified
lipoproteins, permitting them to ingest lipid and become foam cells. Several
pro-inflammatory mediators, such as macrophage colony-stimulating factor
contributes to the differentiation of the blood monocyte into the macrophage
foam cell (Smith et al. 1995). T lymphocytes likewise encounter signals that
cause them to elaborate inflammatory cytokines, such as interferon-γ, inter-
leukins, or tumor necrosis factor-α, that in turn can stimulate macrophages
as well as vascular endothelial cells and smooth muscle cells (SMCs) (Hans-
son and Libby 1996). Inflammatory processes not only promote initiation and
evolution of atheroma, but also contribute decisively to precipitating acute
thrombotic complications of atheroma. Most coronary arterial thrombi that
cause fatal acute MI arise because of a physical disruption of the atheroscle-
rotic plaque. The activated macrophage abundant in atheroma can produce
proteolytic enzymes capable of degrading the collagen that lends strength
to the plaque’s protective fibrous cap, rendering that cap thin, weak, and
susceptible to rupture. Interferon arising from the activated T lymphocytes
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in the plaque can halt collagen synthesis by SMCs, limiting the plaque’s ca-
pacity to renew the collagen that reinforces it (Libby 1995). Macrophages
also produce tissue factor, the major procoagulant and trigger to thrombo-
sis found in plaques. Inflammatory mediators regulate tissue factor expres-
sion by plaque macrophages, demonstrating an essential link between ar-
terial inflammation and thrombosis (Glass and Witztum 2001; Libby 2002;
Lusis 2000).

3.4
Triggers for Inflammation in Atherogenesis

3.4.1
Oxidized Lipoproteins and Inflammation

According to the oxidation hypothesis, low-density lipoprotein (LDL) re-
tained in the intima undergoes oxidative modification (Williams and Tabas
1998). These modified lipids can induce the expression of adhesion molecules,
pro-inflammatory cytokines, chemokines and other mediators of inflamma-
tion from macrophages and vascular wall cells. Theses lipoprotein particles
can also undergo modification within the artery wall, rendering them anti-
genic and capable of inciting T lymphocyte activation (Stemme et al. 1995;
Witztum and Berliner 1998). Other lipoprotein particles such as very-low-
density lipoprotein (VLDL) may activate inflammatory functions of vascu-
lar endothelial cells (Dichtl et al. 1999). On the other hand, high-density
lipoprotein (HDL) protects against atherosclerosis. Reverse cholesterol trans-
port effected by HDL likely accounts for some of its atheroprotective function
(Asztalos 2004).

3.4.2
Hypertension and Inflammation

Increasing evidence supports the view that inflammation may participate in
hypertension—providing a pathophysiological link between atherosclerosis
and hypertension. Angiotensin II, in addition to its vasoconstrictor proper-
ties, can instigate intimal inflammation. For example, angiotensin II elicits the
production of superoxide anion, a reactive oxygen species, from arterial en-
dothelial cells and SMCs (Kon and Jabs 2004). Angiotensin II can also increase
the expression by arterial SMCs of pro-inflammatory cytokines, chemokines
or adhesion molecules from endothelial cells (Kranzhofer et al. 1999; Tum-
mala et al. 1999). Some of the clinical benefits of angiotensin converting en-
zyme inhibitor therapy may derive from interrupting such pro-inflammatory
pathways.
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3.4.3
Diabetes and Inflammation

The hyperglycemia associated with diabetes can lead to modification of macro-
molecules, for example, by forming advance glycation end products (AGE)
(Schmidt et al. 1999). By binding surface receptors such as RAGE (recep-
tor for AGE), these AGE-modified proteins can augment the production of
pro-inflammatory cytokines and other inflammatory pathways in vascular en-
dothelial cells. Beyond thehyperglycemia, thediabetic statepromotesoxidative
stress mediated by reactive oxygen species (Baynes and Thorpe 1999). Thus,
as in the case of hypertension, inflammation links diabetes to atherosclerosis.

3.4.4
Obesity and Inflammation

Obesity not only predisposes to insulin resistance, diabetes and hyperten-
sion, but also contributes to atherogenic dyslipidemia. High levels of free fatty
acids originating from visceral fat reach the liver through the portal circu-
lation and stimulate synthesis of the triglyceride-rich lipoprotein VLDL by
hepatocytes. The resulting elevation in VLDL can lower HDL cholesterol by
augmenting exchange from HDL to VLDL by cholesteryl ester transfer protein.
Adipose tissue can also synthesize cytokines, such as tumor necrosis factor-
α and interleukin-6 (Yudkin et al. 1999). In this way obesity itself promotes
inflammation and potentiates atherogenesis independent of effects on insulin
resistance or lipoproteins.

3.4.5
Infection

Infectious agents might also conceivably furnish inflammatory stimuli that
accentuate atherogenesis (Libby et al. 1997). Acute infections can alter hemo-
dynamics and the clotting and fibrinolytic systems in ways that can precipitate
ischemic events. Chronic extravascular infections (e.g., gingivitis, prostatitis,
bronchitis) can augment extravascular production of pro-inflammatory cy-
tokines that may accelerate the evolution of remote atherosclerotic lesions.
Intravascular infection might also provide a local inflammatory stimulus that
could accelerate atherogenesis. Many human plaques show signs of infection
by microbial agents such Chlamydia pneumoniae. When present in the arte-
rial plaque, Chlamydiae may release lipopolysaccharide (endotoxin) and heat
shock proteins that can stimulate the production of pro-inflammatory media-
tors by vascular endothelial cells, SMCs and infiltrating leukocytes (Kol et al.
1999). Epidemiological studies of infection, however, have yielded mixed re-
sults, with little prospective evidence that antibodies directed against C. pneu-
moniae, Helicobacter pylori, herpes simplex virus, or cytomegalovirus predict
vascular risk (Danesh et al. 1997).
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4
Markers of Inflammation

The availability of effective therapies for preventing the occurrence of coro-
nary disease renders imperative the need to identify individuals at risk for
concerted intervention before problems become manifest. Based on the evi-
dence supporting a role for inflammation in the pathogenesis of atherosclero-
sis, serum markers of inflammation have gained substantial interest as markers
of atherosclerotic risk. In addition, many individuals develop coronary heart
disease in the absence of abnormalities in the lipoprotein profile.

Potential targets for measurement include pro-inflammatory risk factors
such as oxidized low-density lipoproteins, pro-inflammatory cytokines (e.g.,
interleukin-1, tumor necrosis factor-α), adhesion molecules (e.g., intercellu-
lar adhesion molecule-1, selectins), inflammatory stimuli with hepatic effects
(e.g., interleukin-6) or the products of the hepatic stimulation, such as serum
amyloid A or C-reactive protein (CRP) (Libby and Ridker 1999). Finally, other
indicators of cellular responses to inflammation, such as elevated leukocyte
count, might be evaluated. A sizable number of studies have examined the
association between inflammation and cardiovascular disease (CVD) through
measurement of a variety of analytes. Only some of assays are currently use-
able in clinical settings, after consideration of the stability of the analyte, the
commercial availability of assays, the standardization of those assays to allow
comparison of results, and the precision of the assays. Table 1 summarizes
the currently available assays for inflammatory markers. These comparisons
of the various inflammatory markers favor hs-CRP (high sensitive C-reactive
protein) from the clinical chemistry perspective.

The coefficient of variation of hs-CRP assays is generally less than 10%
from the 0.3- to 10-mg/l range (Roberts et al. 2001). Although CRP is an

Table 1 Available assays for inflammatory markers

Analyte Stability Assay WHO Standards Interassay

availability available precision

Soluble adhesion Unstable Limited No CV < 15%

molecules (unless frozen)

(e.g., VCAM-1)

Cytokines Unstable Few Yes CV < 15%

(e.g., interleukin-6) (unless frozen)

Fibrinogen Unstable Many Yes CV < 8%

(unless frozen)

SAA Stable One Yes CV < 9%

hs-CRP Stable Many Yes CV < 10%

WBC count Stable Many Yes CV < 3%
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acute-phase reactant and as such has higher within-subject variability than
an established risk factor such as serum cholesterol, it also has a broader
distribution in the population. Thus, in a manner similar to cholesterol, two
separate measurements of hs-CRP are adequate to classify a person’s risk
level and to account for the increased within-individual variability (Ockene
et al. 2001). The distribution of the logarithm of hs-CRP level is a normal
distribution, and the non-transformed values are skewed toward the higher
values, with most populations showing more than 95% of subjects with hs-
CRP values of less than 10 mg/l. There seems to be little seasonal or diurnal
variation with hs-CRP (Meier-Ewert et al. 2001). Several factors have been
identified as being associated with increased or decreased levels of hs-CRP.
For example, body weight and the metabolic syndrome are consistently asso-
ciated with elevated hs-CRP, and weight loss is associated with reduction in
hs-CRP levels, with some authors suggesting that hs-CRP is merely a marker
for obesity and insulin resistance (McLaughlin et al. 2002; Visser et al. 1999;
Ziccardi et al. 2002). Individuals with evidence of active infection, systemic
inflammatory processes, or trauma should not be tested until these condi-
tions disappear. An hs-CRP level of more than 10 mg/l, for example, should
be discarded and repeated in 2 weeks to allow acute inflammations to sub-
side before retesting. CRP is certainly a very good marker of inflammation
that reflects the inflammatory load of the body. Alternatively, it has also been
shown recently that CRP has more direct pro-inflammatory effects (Pasceri et
al. 2000; Yeh 2004; Zwaka et al. 2001), observed at CRP levels frequently seen
in patients.

4.1
CRP and Primary Prevention

A meta-analysis of prospective population-based studies has compared per-
sons in the lower tertile of hs-CRP with those in the upper tertile. With a good
consistency between studies, a relative odds of 2.0 (95% confidence interval,
1.6–2.5) for major coronary events was observed for the upper tertile with
the lowest tertile used as a reference. These prospective studies include men,
women, and the elderly (Kop et al. 2002; Ridker and Haughie 1998; Ridker et
al. 2000). In general, most studies show a dose–response relationship between
the level of hs-CRP and risk of incident coronary disease. Recent studies also
suggest association with incidence of sudden death (Albert et al. 2002) and pe-
ripheral arterial disease (Ridker et al. 2001). It should be noted that studies of
other, newer inflammatory markers such as interleukin-6 and serum amyloid
A show similar results (Ridker et al. 2000).

The ability of hs-CRP to add to the predictive capacity of other, established
risk factors has been examined in several studies. Through stratification or
multivariable statistical adjustment, hs-CRP retains an independent associa-
tion with incident coronary events after adjusting for age, total cholesterol,
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HDL cholesterol, smoking, body mass index, diabetes, history of hyperten-
sion, exercise level, and family history of coronary disease (Ridker et al. 1998;
Ridker 2001). Recent studies demonstrate the capability of elevated hs-CRP to
predict coronary events in women after adjusting for risk factors used in the
Framingham risk score (Ridker et al. 2002), and in the elderly with extensive
adjustment for CVD risk factors and measures of sub-clinical atherosclerosis
(Tracy et al. 1997).

4.2
CRP and Secondary Prevention

A growing number of studies has examined inflammatory markers as predic-
tors of recurrent CVD and death in different settings, including the short-term
risk, long-term risk, and risk after revascularization procedures such as per-
cutaneous coronary intervention (PCI), including the risk of restenosis. CRP
consistently predicts new coronary events in patients with unstable angina and
acute MI (Bazzino et al. 2001; Bickel et al. 2002; Ridker et al. 1998; Ridker et
al. 2005; Zebrack et al. 2002a, 2002b). For patients with acute coronary syn-
dromes, cutpoints for elevated hs-CRP different than those for prediction in
symptomatic patients may be useful. For example, a level of more than 10 mg/l
in acute coronary syndromes may have better predictive qualities, whereas
a level of more than 3 mg/l may be more useful in patients with stable coronary
disease (Pearson et al. 2003).

Many analyses have adjusted for other prognostic factors, demonstrating
continued predictive capacity with hs-CRP. In acute coronary syndromes, hs-
CRP predicts recurrent MI independently of troponins, which suggests it is
not merely a marker for the extent of myocardial damage (Morrow et al. 1998;
Rebuzzi et al. 1998). Recent data also suggest that hs-CRP may be a marker
for risk of restenosis after PCIs (Chew et al. 2001). Elevated hs-CRP levels also
seem to predict prognosis and recurrent events in patients with stroke (Di
Napoli et al. 2001a, 2001b) and peripheral arterial disease (Rossi et al. 2002).
These data suggest that hs-CRP may have a role in risk stratification of patients
with established CVD.

4.3
Recommendations for the Use of Inflammatory Markers in Clinical Practice

Current evidence supports the use of hs-CRP as the analyte of choice for
the measure of vascular inflammation. The hs-CRP assay, to reduce within-
individual variability, should be performed in a metabolically stable person
without obvious inflammatory or infectious conditions. Results for hs-CRP
should be expressed as mg/l only. The cutpoints of low risk (<1.0 mg/l),
average risk (1.0 to 3.0 mg/l), and high risk (>3.0 mg/l) correspond to ap-
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proximate tertiles of hs-CRP in the adult population. The high-risk tertile
has a twofold increase in relative risk compared with the low-risk tertile
(Pearson et al. 2003).

When and in whom should this inflammatory marker be measured? The
optional use of hs-CRP is certainly to identify patients without known CVD
who may be at higher absolute risk than estimated by major risk factors. Specif-
ically, those patients at intermediate risk (e.g., 10%–20% risk of coronary heart
disease over 10 years), in whom the physician may need additional information
to guide considerations of further evaluation (e.g., imaging, exercise testing)
or therapy (e.g., drug therapies with lipid-lowering, antiplatelet, or cardiopro-
tective agents), may benefit from measurement of hs-CRP. Those who have
a 10-year risk of more than 20% are designated as coronary heart disease
equivalents and already qualify for intensive medical interventions. Current
guidelines for secondary prevention generally recommend, without measur-
ing hs-CRP, the aggressive application of secondary preventive interventions.
Thus, secondary preventive care and acute coronary syndrome interventions
should not depend on hs-CRP levels because the evidence for their effective-
ness is already strong, so the utility of hs-CRP in secondary prevention seems
to be more limited. Moreover, little evidence supports the use of serial testing
for hs-CRP as a means to measure disease activity or to monitor therapy. Thus,
the role of hs-CRP in secondary prevention is limited. Finally, the entire adult
population should not be screened for hs-CRP for purposes of cardiovascular
risk assessment. Little evidence supports a recommendation for widespread
screening for hs-CRP as a public health measure. An interesting but untested
use for hs-CRP is to motivate persons with moderate to high risk levels to
improve their lifestyles (e.g., smoking cessation, dietary modification, exer-
cise, weight loss) or to comply with drug therapies. Limited data support the
effectiveness of this particular application at the present time, and it would
require a randomized, controlled trial to prove efficacy.

5
Rationale for Reducing Vascular Inflammation in Atherosclerosis

Our new understanding of the pivotal position of inflammation in the patho-
genesis of atherosclerosis raises questions and opens opportunities in preven-
tion and therapy of this disease. A series of large, well-designed, randomized
and controlled clinical trials have recently established the utility of several
different pharmacological strategies for preventing recurrent MI or death
beyond the recognized roles of aspirin and β-adrenergic blocking agents.
Newer drug classes shown to be effective in this regard, including statins;
angiotensin-converting enzyme inhibitors and angiotensin-receptor blockers;
and fibric acid derivatives (activators of the nuclear receptor/transcription fac-
tor PPAR-α). The success of these categories of agents in the clinic has driven
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intense investigation, in the context of inflammation biology in atherosclero-
sis, to obtain a more complete picture of the mechanism of the clinical benefit
observed.

For example, statins not only inhibit cholesterol synthesis, but also block
the production of isoprenoid intermediates, which are important in many cel-
lular biochemical effects. The possible nonlipid-lowering effects (pleiotropic)
of statins include anti-inflammatory vascular properties (Veillard and Mach
2002). The degree to which certain clinical benefits of statins derive from such
direct anti-inflammatory effects remains controversial. Statins certainly reduce
inflammation in patients with atheroma, as reflected by the marker CRP (Rid-
ker et al. 1998), and the degree of lowering of CRP correlates poorly with the
reduction in lipids (either LDL or total cholesterol), demonstrating that some
of the anti-inflammatory effect may not derive simply from a lipid-lowering
action.

Just as reduced LDL may not account for all of the benefits of statins. Re-
cent clinical trials suggest benefits of interrupting angiotensin II signaling that
are not accounted for by the degree of blood pressure lowering (Yusuf 2000).
Indeed, angiotensin II’s actions extend far beyond vasoconstriction. Consid-
erable evidence now supports a role for angiotensin II as a pro-inflammatory
mediator (Kon and Jabs 2004).

The recent clinical successoffibric acidderivatives in certainpatientpopula-
tions, including those with diabetes or diabetic-like insulin-resistant states, has
stimulated intense interest in the PPAR-α pathway. PPAR-α agonism increases
the synthesis of apoA1, the main apoprotein of HDL, a particle that protects
against lesion formation, probably owing to its role in reverse cholesterol
transport (removing cholesterol from the artery wall and delivering it to pe-
ripheral tissues and the liver). PPAR-α agonists also possess anti-inflammatory
properties of potential relevance to atherogenesis.

Looking at the way we have treated atherosclerosis over the years, we can
see that inflammation has already been targeted, via aspirin, statin, fibrates
and angiotensin converting enzyme inhibitors therapies. Furthermore, risk-
factor modifications, such as body mass index reduction, smoking cessation
and increase activity/endurance, may also reduce pro-inflammatory vascular
processes through a decrease in circulating levels of CRP. These examples pro-
vide illustrations of unexpected anti-inflammatory effects of existing therapies
for atherosclerosis.

6
Statins as Anti-inflammatory Agents

In the last decades, substantial progress has been made in understanding the
relationship between lipid disorders and prevention of cardiac ischemic dis-
ease. The identification of new therapeutic targets and new lipid-modifying
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agents expend treatmentoptions.HMG-CoAreductase inhibitors, the so-called
statins, atorvastatin, fluvastatin, pravavstatin, lovastatin, simvastatin and rosu-
vastatin can induce relatively large reductions in plasma cholesterol levels and
are established drugs for the treatment of hypercholesterolemia (LaRosa 2000).
Clinical trials have demonstrated that statins can induce regression of vascular
atherosclerosis as well as reduction of cardiovascular-related morbidity and
mortality in patients with and without coronary artery disease (Veillard and
Mach 2002).

In most of these studies, statin-mediated lowering of cholesterol and triglyc-
erides appeared to account for most but not all of the benefits, lending fur-
ther support to the hypothesis that statins provide cardiovascular benefit be-
yond lipid lowering (Sacks et al. 1998). Indeed, these findings suggested that
treatment effects in certain subjects might not depend on LDL-cholesterol
lowering alone and that the benefit conferred by statins is independent of
baseline LDL-cholesterol levels. Similarly, statins reduce the risk of stroke
and transplantation-associated coronary vasculopathy, complications incon-
sistently associated with elevated lipid levels (Blauw et al. 1997; Hebert et
al. 1997; Kobashigawa et al. 1995; Wenke et al. 1997). The observation that
lipid lowering by means other than statins, such as ileal bypass surgery, re-
quires markedly more time to manifest clinical benefits lent additional sup-
port to the relevance of the potential ‘pleiotropic’ functions of this drug class
(Buchwald et al. 1995).

Indeed, several in vitro studies have described the beneficial effects of statins
by decreasing adhesion molecules, pro-inflammatory cytokine, chemokines
as well as important immunological mediators (Fig. 3) (Schönbeck and Libby
2004; Veillard and Mach 2002). All these observations support recent human
studies suggesting that statins reduce the number of inflammatory cells within
atherosclerotic plaques (Crisby et al. 2001; Vaughan et al. 2000). Complemen-
tary in vivo experiments have showed that many of these anti-inflammatory
effects of statins might be related to the increased NO production induced
by statins. Furthermore, as mentioned previously, the reduction of inflamma-
tion by statin treatment in humans has been demonstrated by the decrease
in circulating levels of hs-CRP (Ridker et al. 1998). Statin therapy lowers CRP
levels, without correlation with lipid lowering (Musial et al. 2001; Ridker et
al. 2001; Ridker et al. 2005). Indeed, almost all patients who clinically benefit
from statin therapy had abnormal elevated CRP values. Although statins cer-
tainly exert anti-inflammatory functions, both lipid-lowering-dependent and
-independent functions of statins appear to be responsible. Such modulations
in vascular inflammation might render atheroma less prone to rupture and
thus may lower the risk of thromboembolic complications of atherosclero-
sis, independently of alterations in luminal caliber (Libby and Aikawa 2002;
Musial et al. 2001).

Further study of the pleiotropic functions of statins may provide insights
into the biology of atherosclerosis that can yield benefits in terms of both
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Fig.3 Effect of statin on atheroma. Necrosis of macrophages and smooth muscle cell-derived
foam cells leads to the formation of a necrotic core with accumulation of extracellular
cholesterol. On the left side are represented the major pathophysiological features occurring
within an arterial vessel wall of a patient not treated with statins. Numerous inflammatory
cells, poor smooth muscle cells and collagen content of the fibrous cap, degraded principally
by the matrix metalloproteinases often leads to plaque rupture followed by thrombus
formation. On the right side are represented the main beneficial effects of statin therapy
resulting in a more stable atherosclerotic plaque. (Reprinted from Veillard N. and Mach F.
Cellular and Molecular Life Sciences 2002; 59: 1771–1786)
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targeting therapy and developing novel strategies that will address the residual
burden of atherosclerotic complications that occurs even those individuals
who have achieved current lipid goals.

7
Future Potential Anti-inflammatory Agents

The discovery of new inflammatory pathways has raised the possibility that
future treatments may target mediators of inflammation directly to add to
the benefit of current treatments. Potential targets include proximal triggers
such as cyclooxygenase (COX) enzyme or infectious agents, central signaling
pathways in inflammation such as the transcription factor nuclear factor-κB
(NF-κB), and distal effectors such as proteases, adhesion molecules, cytokines,
chemokines, T lymphocytes, macrophages, SMC, and a variety of other in-
flammatory mediators.

By regulating the production of eicosanoids, COX (FitzGerald and Patrono
2001) modulates processes contributing to atherosclerosis and thrombosis, in-
cluding platelet aggregation and the local inflammatory response. COX-2, a key
mediator of inflammation, is upregulated in activated monocyte/macrophages,
suggesting that COX-2 inhibition might reduce atherogenesis through its anti-
inflammatory effects. Prospective randomized evaluation of the effects of se-
lective COX-2 inhibitors on cardiovascular events in patients with or without
cardiovascular disease warranted.

NF-κB is involved in the pathogenesis of atherosclerosis (Kutuk and Basaga
2003). NF-κB-induced target genes and signaling pathways mediating mono-
cyte transmigration into the subendothelial space appears to be the point
of intersection between inflammation and lipid peroxidation and is certainly
a potential pharmaceutical target. Targeting NF-κB transcription pathways for
a chronic disease such as atherosclerosis may well prove unrealistic given the
key role of inflammation and innate immunity in normal host defenses. The
redundancy of distal effectors of inflammation suggests that narrow-spectrum
inhibition may not effectively modify the disease process, while broad block-
ade of these mediators will impair host defenses. Thus, targeting the proximal
triggers is probably the most promising strategy for interrupting inflammation
in atherogenesis.

8
Conclusions

Our concepts of atherogenesis have evolved from vague ideas of inevitable de-
generation to a much better defined scenario of molecular and cellular events.
As we enhance our understanding of its fundamental mechanism, we can be-
gin to approach atherogenesis as a modifiable rather than ineluctable process.
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Current evidence supports a central role for inflammation in all phases of
the atherosclerotic process. Substantial biological data implicate inflamma-
tory pathways in early atherogenesis, in the progression of lesions, and finally
in the thrombotic complications of this disease. Many risk factors contribute
as triggers of inflammatory reactions and injury to the endothelium. Grow-
ing evidence suggests that elevated plasma levels of vascular inflammation
markers may help to predict future risk of cardiovascular events. Circulating
acute-phase reactants elicited by inflammation may not only mark increased
risk for vascular events, but in some cases may contribute to their pathogen-
esis. These new insights in the role of inflammation in atherosclerosis not
only increase our understanding of this disease, but also have practical clini-
cal applications in cardiovascular risk stratification and targeting of therapy.
Prevention and current treatments for atherosclerosis are mainly based on
drugs that lower plasma cholesterol concentration and high blood pressure. In
particular, statins have proven to reduce the risk of cardiovascular events sig-
nificantly, not only by their cholesterol-lowering properties, but also by their
more recently identified anti-inflammatory effects. Nevertheless, atheroscle-
rosis remains the primary cause for heart disease and stroke. Thus, a major
challenge for future research would be the identification and development of
promising novel anti-inflammatory therapies to reduce cardiovascular mor-
bidity and mortality due to atherosclerosis.
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Abstract Accumulating evidence supports an autoimmune mechanism as one of the prime
pathogenic processes involved in the development of atherosclerosis. So far, three proteins,
including heat shock proteins (HSPs), oxidized low-density lipoprotein (oxLDL), and β2
glycoprotein1 (β2GP1) have been recognized as autoantigens. It has been demonstrated
that risk factors for atherosclerosis, such as hypercholesterolemia, hypertension, infections,
and oxidative stress, evoke increased expression of HSPs in cells of atherosclerotic lesions.
Autoantibody levels against HSPs are significantly increased in patients with atherosclerosis
and T lymphocytes specifically responding to these autoantigens have been demonstrated
within atherosclerotic plaques. Subcutaneous immunization of animals with HSP65 induced
atheroma formation in the arterial wall. Furthermore, circulating immunoglobulin (Ig) G
and IgM oxidized low-density lipoprotein (oxLDL) antibodies are present in the plasma of
animals and humans and form immune complexes with oxLDL in atherosclerotic lesions.
These antibodies closely correlate with the progression and regression of atherosclerosis in
murine models. Interestingly, recent reports demonstrated that pneumococcal vaccination
to LDL receptor-deficient mice results in elevation of anti-oxLDL IgM Ab EO6, which is
inversely correlated with the development of atherosclerosis. Finally, it has been observed
that autoantigen β2GP1 localizes in the atheroma and that autoantibodies to β2GP1 are
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correlated with the incidence of atherosclerosis in patients. Hence, these autoimmune
reactions to HSPs, oxLDL and β2GP1 can contribute to the initiation and progression of
atherosclerosis.

Keywords Heat shock protein (HSP) · Oxidised LDL (oxLDL) ·
Beta2 glycoprotein1 (β2GP1) · Autoimmunity · Atherosclerosis

1
Atherosclerosis: A Chronic Inflammatory Process

Atherosclerosis is a multifactorial process, characterized by the accumulation
of lipid-laden macrophages and smooth muscle cell proliferation within the
vessel wall (Ross 1993). However, its earliest lesions (fatty streaks) are charac-
terized by a relative paucity of lipids and an abundance of inflammatory cells—
such as activated T lymphocytes, mast cells, and macrophages—suggesting the
involvement of inflammatory and immune processes in atherogenesis (Hans-
son 2001; Libby et al. 2002; Ross 1999; Wick and Xu 1999; Xu et al. 1990). In these
early atherosclerotic lesions, the CD3+ CD4+ T cells bearing αβ T-cell recep-
tor (TCR) predominate (Kleindienst et al. 1993; Xu et al. 1990). This suggests
that the T cells recognize antigens that have been processed in macrophages
via the endosomal pathway. The majority of T cells exhibit surface markers
of memory cells in a state of chronic activation (Stemme et al. 1991). They
are predominantly of T-helper (Th) 1 subtype, which secretes interferon-γ
(IFN-γ), interleukin-2 (IL-2), and tumor necrosis factor (TNF) α and β, all of
which cause macrophage stimulation and endothelial activation and induce an
inflammatory state (Hansson 2001). In comparison to T cells, B cells are less fre-
quently present in the atherosclerotic plaques, but occasionally, they can form
prominent perivascular lymphoid aggregates (Wick et al. 1997). Immunoglob-
ulin (Ig) G accumulation in human atheromas is a prominent feature (Vlaicu
et al. 1985b). IgG co-localize with the terminal C5b-9 complement complex
(Vlaicu et al. 1985a). Some of these immunoglobulins are likely to be specific
for local antigens.

The antigens stimulating the recruitment of these T cells are increasingly
believed to be microbial products such as heat shock proteins (HSPs), an
evolutionarily conserved molecule. Proof in support of this notion comes
from the findings of microbial antigens and DNA in atherosclerotic plaques
(Curry et al. 2000; Wong et al. 1999) and from sero-epidemiological studies
(Huittinen et al. 2002; Mayr et al. 2000). The recent finding of toll-like receptors
(TLR) in atheromas (Edfeldt et al. 2002; Xu et al. 2001) provides a novel
mechanism by which microbial and other local antigens could activate innate
immunity and promote plaque growth. Evidence from in vitro studies and
animal experiments also suggest an important role for oxidized low-density
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lipoprotein (oxLDL) in modulating immune mediators, both innate (Hajra et
al. 2000; Walton et al. 2003; Xu et al. 2001) and adaptive (McMurray et al. 1993;
Torzewski et al. 1998).

Endothelial cells, owing to their strategic location, also play a crucial role
in these inflammatory responses (Bojakowski et al. 2000). Endothelial cells
express TLRs (Edfeldt et al. 2002) and upon attachment of appropriate ligands,
they express leukocyte adhesion molecules (Amberger et al. 1997), inducible
nitric oxide (NO) synthase 2 (Akyurek et al. 1996), IL-1, and other inflamma-
tory mediators. They can express scavenger receptors CD36 and LOX 1 (Li and
Mehta 2000) and internalize modified low-density lipoprotein (LDL) particles.
Their unique location renders them particularly important in recall responses
to blood-borne antigens (Kol et al. 1999) and in the subsequent recruitment of
leukocytes into atheromas.

2
Interplay Between the Innate and Adaptive Immunity in Atherosclerosis

Macrophages are of pivotal importance both in inflammation and innate im-
mune responses. These attributes are largely due to their ability to produce
proteases, free oxygen radicals, and cytokines and to activate complement.
Their importance in atherogenesis is highlighted by the finding of reduced
atherosclerosis in compound op/op/apoE-KO mice, a phenotype that is char-
acterized by the lack of macrophages in tissues despite high blood cholesterol
levels (Hansson 2001). They also serve as a crucial link between the innate
and adaptive arms of the immune response by presenting foreign antigen
to T cells.

T-cell activation leads to the secretion of IFN-γ, which in turn primes the
macrophages to lower their threshold for TLR-dependent activation. T cells
also produce TNF-α, another proatherogenic cytokine, which can activate nu-
clear factor kappaB (NF-κB) and link the adaptive arm back to innate immune
pathways. Autoantigens like HSP60 can directly activate monocytes via the
CD14-NFκB pathway (Kol et al. 2000). The activated T cells express CD40 lig-
and (Hansson et al. 2002; Henn et al. 1998), which binds with its receptors,
CD40 on macrophages, B cells, platelets, and endothelial and smooth muscle
cells. This interlinking and overlap of effector inflammatory pathways am-
plifies the downstream effect and is important in atherogenesis. In a recent
epidemiological investigation, Kiechl et al. (2002) demonstrated that subjects
carrying the rare allele of the Asp299Gly TLR4 polymorphism were more
likely to have progressive carotid atherosclerosis, confirming the involvement
of innate immunity in atherogenesis.
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3
Autoantigens Initiate Adaptive Immunity in Atherosclerosis

The antigen specificity of T cells is determined by the unique conformation of
the antigen-binding site in the CDR3 domain of the TCR protein, encoded in
the sequence of their rearranged TCR gene. Upon activation, the stimulated
T cell proliferates to give rise to a clone of cells with identical specificities.
The presence in a tissue of a population of T cells with identical TCRs indi-
cates clonal proliferation, arising as a result of stimulation by a specific local
antigen.

The T cells within early atheromatous lesions of normocholesterolemic
rabbits fed on a high cholesterol diet show evidence of such clonal proliferation
(Curry et al. 2000). Evidence from studies on T cells isolated from human
atherosclerotic plaques support the pathogenic role of autoantigens like HSPs
(Xu et al. 1993a) and oxLDL (Caligiuri et al. 2000).

4
HSP60: Evidence Supporting Its Role as Autoantigen

Normocholesterolemic rabbits immunized with Freund’s complete adjuvant,
consisting of mineral oil and heat-killed mycobacteria, develop atherosclerotic
lesions in the aorta at sites exposed to high hemodynamic stress. The same
effect was observed when the experiments were repeated using recombinant
mycobacterial HSP65 (mHSP65) as the immunogen (Xu et al. 1992), which
forms a significant proportion of the whole protein content of mycobateria. The
early atherosclerotic lesions, as induced in these experiments, are reversible
and lack foam cells. However, in the presence of additional risk factors such
as high blood cholesterol, the lesions became irreversible (Xu et al. 1996).
Wild-type mice (C57BL/6J variety), which are normally very resistant to the
inductionofatherosclerosisbyahighcholesteroldiet alone,developaggravated
lesions when simultaneously immunized with mHSP65 (George et al. 1999).

4.1
Anti-HSP60 Antibodies

Our group (Xu et al. 1993c) was the first to report the association between
anti-mHSP65 antibodies and atherosclerosis. Within the framework of the
Brunneck study, a large prospective population-based survey on the patho-
genesis of atherosclerosis, serum antibodies against mHSP65 were found to be
significantly elevated in subjects aged 40–79 years with carotid atherosclerosis
compared to those without lesions. This increased antibody titer was indepen-
dent of age, sex, and other established risk factors. A subsequent follow-up
study (Xu et al. 1999) confirmed that antibody levels for a given individual
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remained consistently elevated over a 5-year observation period and persisted
at a higher level in subjects with progressive carotid atherosclerosis. This study
also showed that mHSP65 antibody titers were significantly predictive of the
5-year mortality. Mayr et al. (2000) further demonstrated that anti mHSP65
antibody levels strongly correlated with human IgA to Chlamydia pneumo-
niae and with IgG to Helicobacter pylori, suggesting a role for infections as
a stimulus for mHSP65 antibody production.

The association of anti HSP60 antibody levels and atherosclerosis has subse-
quently been confirmed by other groups (Table 1). The studies on patients with
coronary atherosclerosis (Burian et al. 2001; Zhu et al. 2001) demonstrated that
seropositive individuals not only had a higher prevalence of coronary artery
disease but also that their disease severity correlated with the antibody titers,
independently of traditional risk factors. A later study by Huittinen et al.
(2002) demonstrated that patients with high human HSP60 IgA antibody titers
in conjunction with elevated C. pneumoniae IgA antibody titers and an elevated
C-reactive protein had a much higher risk (relative risk, 7.0) for adverse coro-
nary events. These findings strongly suggest a pathogenic role for HSP60/65
autoantibodies in the progression of atherosclerosis.

Table 1 Summary of epidemiological studies on HSP antibodies

Reference Cases/controls Disease HSPs Odds ratio/P*

Xu et al. 1993c 867 Carotid AS HSP65 1.52 (1.09–2.02)

Gruber et al. 1996 107/90 Vasculitis HSP65 P < 0.001

Hoppichler et al. 1996 203/76 CAD, MI HSP65 P < 0.05

Mukherjee et al. 1996 28/12 CAD HSP65 P = 0.036

Frostegard et al. 1997 66/67 Hypertension HSP65 P = 0.034

Birnie et al. 1998 136 CAD HSP65 P = 0.012

Prohaszka et al. 1999 74 CAD HSP60 P < 0.0001

Xu et al. 1999 750 Carotid AS HSP65 1.42 (1.02–1.98)

Chan et al. 1999 61/21 Peripheral AS HSP70 P = 0.0037

Zhu et al. 2001 274/91 CAD HSP60 1.86 (1.13–3.04)

Burian et al. 2001 276/129 CAD HSP60 2.6 (1.3–5.0)

Gromadzka et al. 2001 180/64 Stroke HSP65/70 P < 0.0001

Prohaszka et al. 2001 424/321 CAD HSP60 P < 0.007

Ciervo et al. 2002 179/100 CAD HSP60 P < 0.05

Huittinen et al. 2002 239/239 CAD HSP60 2.0 (1.1–3.6)

Veres et al. 2002a 386/386 CV HSP65 2.1 (1.2–3.9)

Biasucci et al. 2003 100/159 CAD CHSP60 P < 0.0001

Huittinen et al. 2003 241/241 CAD HSP60 2.1 (1.08–4.3)

*P values are shown when odds ratio was not documented in the paper. AS, Atherosclerosis; CAD, coronary
artery disease; CV, cardiovascular events; MI, myocardial infarction.
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The circulating anti-HSP antibodies mentioned above may be induced and
maintained by different mechanisms. First, infection with microbes, contain-
ing homologous HSP60 proteins, could induce an anti-self response through
molecular mimicry in susceptible individuals (Mollenhauer and Schulmeis-
ter 1992). Second, the protein itself could become immunogenic because of
structural alteration resulting from oxidation or post-translational modifica-
tion (Schattner and Rager-Zisman 1990). Third, other foreign or self-antigens
could interact with HSP60 to form immunogenic complexes in which B cells
recognize HSP60 and T cells direct their response at the associated antigen
(Feige and van Eden 1996). Fourth, soluble HSP (Xu et al. 2000) might not
be recognized as a self-protein by T and B cells because under physiologi-
cal conditions, HSPs are located intracellularly (Multhoff and Botzler 1998).
Finally, genetic variations, as suggested by strong association between the
IL-6 promoter-174 polymorphism and anti-HSP60 antibody levels (Veres et
al. 2002b), may yet be another way of maintaining high levels of anti-HSP
antibodies in some individuals.

Because of high sequence homology between microbial and human HSPs
(Morimoto 1993; Young and Elliott 1989), it is possible that such cross-reactive
antibodies against HSPs of microbes and human beings can contribute to the
development of atherosclerosis. Serum mHSP65 antibodies have been shown
to react with the recombinant form of human HSP60 and homogenates from
atheroscleroticplaques (Xuet al. 1993b).Humananti-mHSP65antibodies react
withHSP60presentonendothelial cells,macrophages, andsmoothmuscle cells
within atheromas (Xu et al. 1993b). Schett et al. (1995) purified human anti-
mHSP65 antibodies and demonstrated their cytotoxicity towards endothelial
cells. The subsequent demonstration of specific reactivity of these antibod-
ies with recombinant mycobacterial, human, chlamydial and Escherichia coli
HSP60 (Mayr et al. 1999) strongly suggested their cross-reactive nature. In
the presence of complement (complement-mediated cytotoxicity) or periph-
eral blood mononuclear cells (antibody-dependent cellular cytotoxicity), these
antibodies induce lysis of stressed endothelial cells (Mayr et al. 1999). A popu-
lation of autoreactive T cells, responding to HSP60, within the atherosclerotic
lesions may play a similar proatherogenic role.

4.2
T Lymphocyte Response to HSP60/65

Studies have shown that T cells in human atheromas are mostly Th1 cells
bearing the α/β receptor (Kleindienst et al. 1993). However, in the earli-
est stages of atherosclerosis, there is a relative abundance of T cells bear-
ing the γ/δ receptor (Millonig et al. 2002). T cells bearing the γ/δ receptor
have been proposed to constitute one of the first lines of defense and are
known to participate in early stages of atherosclerosis (Millonig et al. 2002).
The most probable antigens recognized by these T cells are HSPs, a hypoth-
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esis supported by the isolation of T cells from rabbit atheromas specifically
responding to HSP65 in vitro (Xu et al. 1993a). IL-2 expanded T cell lines
derived from atherosclerotic lesions showed a significantly higher HSP65 re-
activity compared to the cells derived from peripheral blood of the same
donor.

4.3
Soluble HSP60 as an Autoantigen

Chen et al. (1999) have shown that autologous HSP60 serves as a danger signal
to the innate immune system, enhances the production of proinflammatory
cytokines like TNFα, IL-12, and IL-15 and mediates monocyte adhesion to
endothelial cells. In a large population-based study, Xu et al. (2000) showed
the presence of high levels of serum soluble HSP60 (sHSP60) in subjects with
carotid atherosclerosis and their correlation was found to be independent of
age, sex, and other established risk factors. Furthermore, sHSP60 levels also
correlated with anti HSP60, anti-LPS, anti-Chlamydia antibodies and a his-
tory of chronic infections. Elevated levels of sHSP60 have also been demon-
strated in patients with borderline hypertension (Pockley et al. 2000) and
have been correlated with a greater intima-media thickness. This provides
further evidence to support the role of HSP60 in the progression of early
atherosclerosis.

The likely source of these circulating sHSP60 are infectious agents such
as Chlamydia, especially during the lytic phases of their life cycle (Beatty et
al. 1994). The correlation of sHSP60 with anti-chlamydial antibodies (Xu et
al. 2000) and their co-localization in human atheromas (Kol et al. 1998) pro-
vide evidence in support of this theory. Alternatively, surface expressed HSP60
(Gupta and Knowlton 2002; Kirchhoff et al. 2002) in stressed cells undergoing
apoptosis may be released into the circulation as microparticles. This is cor-
roborated by the finding of circulating microparticles in patients with acute
coronary syndrome (Mallat et al. 1999), which also correlated with the degree
of endothelial dysfunction in these patients (Boulanger et al. 2001).

Both chlamydial and human HSP60 can act as extracellular agonists, induc-
ing macrophages to produce TNF-α and matrix metalloproteinase-9 (Kol et al.
1998) and causing endothelial cells to express adhesion molecules such as in-
tracellular adhesion molecule-1 and E-selectin (Kol et al. 1999). Soluble HSP60
has also been shown to mediate the adhesion of monocytes to endothelial
cells via CD14 receptor. These data, showing the ability of sHSP60 to activate
the innate immunity (Srivastava 2002), not only support its proatherogenic
role but also suggest that it might be a crucial link between infections and
atherosclerosis (Fig. 1).
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Fig. 1 Schematic representation of the role of autoimmunity in atherogenesis. Various en-
dothelial stressors such as infections, hemodynamic stress (hypertension), oxidative stress
(free radicals), and other vascular risk factors induce overexpression of HSPs in the vascular
endothelial cells. HSPs, being highly immunogenic, can be processed by antigen presenting
cells such as macrophages and presented to T and B lymphocytes. This can cause clonal
expansion of auto-reactive T cells and B cells, producing autoimmunity. Alternatively, de-
pending on the individual’s genotype (polymorphism of receptors, such as MHC, toll-like
receptors), the innate immune system can be directly activated by circulating sHSP, causing
inflammation within the vascular tissues. Both of these mechanisms could contribute to
atherogenesis

5
OxLDL: Evidence Supporting Its Role as Autoantigen

OxLDL is a commonly present neopitope detected in atherosclerotic lesions,
both in animal models and in human specimens (Witztum and Steinberg 2001;
Yla-Herttuala et al. 1994). When polyunsaturated fatty acids of LDL phospho-
lipids undergo peroxidation/glycoxidation in the plaque microenvironment,
a variety of highly reactive products such as malondialdehyde are formed,
thus generating a variety of neo-self epitopes, which are recognized by the
innate and adaptive immune system (Palinski et al. 1996). They can undergo
further covalent bonding with apo-B with an intact phosphorylcholine moe-
ity, forming adducts collectively termed as oxLDL. C-reactive protein, which
has been suggested as a predictor of future cardiovascular events (Ridker et
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al. 2000), has been shown to co-localize (Chang et al. 2002) with oxLDL in
atherosclerotic lesions, indicating that they both are involved in atherogene-
sis. The components of oxLDL are taken up by the macrophages through the
scavenger receptor pathway and processed for presentation to T cells and B
cells. Mice lacking scavenger receptor-A have a significant reduction of the ex-
tent of atherosclerosis (Binder et al. 2002). OxLDL contains platelet activating
factor like lipids, which activate macrophages (Brand et al. 1994) and cause
endothelial cell dysfunction (Dimmeler et al. 1997). Oxidised phospholipids
also induce the secretion of chemotactic molecules like monocyte chemoat-
tractant protein-1-1, facilitate the phenotypic transformation of monocytes
into macrophages and stimulate smooth muscle cell proliferation (Witztum
and Steinberg 2001). In addition, oxLDL can upregulate the proinflammatory
and atherogenic activity of macrophages by directly modulating the expres-
sion of genes encoding for ATP-binding cassette transporter A1 and CD36 (Li
and Glass 2002). Furthermore, oxLDL also leads to HSP overexpression in en-
dothelial and smooth muscle cells (Amberger et al. 1997), thereby linking the
two pathways involved in the autoimmune pathogenesis of atherosclerosis.

5.1
OxLDL Antibodies

Circulating IgG and IgM antibodies against malondialdehyde-LDL and CuOx-
LDL have been identified in plasma (Holvoet et al. 2001, 1998, Meraviglia et
al. 2002) and as immune complexes within atherosclerotic plaques (Craig et
al. 1999; Tsimikas et al. 2001; Yla-Herttuala et al. 1994). This suggests that
oxLDL is a locally formed autoantigen that elicits local cellular and humoral
immune responses.These antibodieshavebeencorrelatedwith theprogression
of atherosclerosis in different vascular territories such as the carotid (Hulthe
et al. 2001) and coronary artery (Lehtimaki et al. 1999). Some studies, however,
document a negative correlation between the extent of atherosclerosis and lev-
els of oxLDL antibodies, indicating a protective function for them (Fukumoto
et al. 2000; Wu et al. 1999). Table 2 gives a brief overview of various epidemi-
ological studies exploring the role of oxLDL antibodies and their influence on
atherogenesis.

5.2
Cellular Immune Responses to oxLDL

A significant number of CD4+ T cells, isolated and cloned from fresh human
atheromas, recognized oxLDL in an HLA-DR/MHC class II restricted manner
(Stemme et al. 1995; Zhou et al. 1996). Th1 cells are the dominant cell type
in early atheromas with corresponding high expression of proinflammatory
cytokines such as IFN-γ, IL-2, TNF-α and a predominance of IgG2a antibodies
against oxLDL. In contrast, Th2 cells producing IL-4 and IL-10 which antag-
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Table 2 Summary of epidemiological studies on oxLDL antibodies

Reference Cases/ Disease IgG/IgM oxLDL Influence on

controls antibody atherogenesis

Lehtimaki et al. 1999 58/34 CAD IgG ↑
Craig et al. 1999 66 CAD IgM ↑
Bergmark et al. 1995 62/62 Peripheral AS IgG ↑
Meraviglia et al. 2002 52 Carotid AS IgG, IgM ↑
Hulthe et al. 2001 388 Carotid AS IgG ↑
Hulthe et al. 2001 388 Peripheral AS IgM ↓
Fukumoto et al. 2000 446 Carotid AS IgG ↓
Wu et al. 1999 73/75 Hypertension IgG, IgM ↓
Wu et al. 1999 73/75 Carotid AS IgG, IgM ↔
Uusitupa et al. 1996 91/82 Carotid AS IgG ↔
Hulthe et al. 1998 51/45 Carotid and IgG, IgM ↔

peripheral AS

↑, Progression of atherosclerosis; ↓, regression of atherosclerosis; ↔, no influence; AS, atherosclerosis; CAD,
coronary artery disease.

onize proatherogenic effects of Th1 cells (Pinderski et al. 2002) and elicit the
production of IgG1 antibodies, are detected only at very advanced stages of
the disease and in extreme hypercholesterolemic situations (Hansson 2001).
Exposure to oxLDL causes T cells to interact with macrophages (Hansson et
al. 2002) and local dominance of T helper cell subsets determine the likely
course of atherogenesis. OxLDL, on account of its closely spaced motif with
multiple copies of oxidation specific epitopes, can also activate B cells via a T
cell-independent pathway (Ochsenbein et al. 2000). These responses, however,
are dominated by IgM antibodies. OxLDL can induce endothelial cell apop-
tosis (Dimmeler et al. 1997; Strachan et al. 1998), induce foam cell formation
(Horvai et al. 1995), and cause various cells within the atheroma to express
adhesion molecules (Palkama et al. 1993), all of which can contribute to the
progression of atherosclerosis.

5.3
Autoimmunity Against OxLDL: Lessons from Animal Models

Autoimmunity modulates both the rate of atherogenesis and the composition
of atheromas. When apoE-KO mice are crossed into a recombination activat-
ing gene (Rag)-deficient background, it generates hypercholesterolemic mice
lacking both T and B cells. These mice, under conditions of extreme hyper-
cholesterolemia (>1,300 mg/dl) for a sufficiently long duration (>16 weeks),
do not show any alteration in the extent of atherosclerosis in comparison with
controls (apoE-KO mice with normal immune function) (Dansky et al. 1997;
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Daugherty et al. 1997). However, if the same immunodeficient mice are exam-
ined earlier (between 4–8 weeks) or even after an extended period but in the
presence of much lower plasma cholesterol (600–800 mg/dl), the lack of T and
B cells will result in significant reduction in atherosclerosis. These studies indi-
cate that T and B cells are not obligatory, if there is sufficiently high atherogenic
pressure such as extreme hypercholesterolemia for a prolonged duration. How-
ever, with less atherogenic pressure, autoimmunity could influence the course
and extent of atherosclerosis.

Another interesting observation in such compound immunodeficient mice
was that reduction in atherosclerosis was site-specific and dependent on the
genetic background of the animals (Reardon et al. 2003). Hence, despite having
a similar cardiovascular risk profile, the genetic background could selectively
afford protection at certain sites while promoting atherosclerosis at others.
Parenteral immunization of hypercholesterolemic mice with oxLDL (Ameli et
al. 1996; Freigang et al. 1998; George et al. 1998) or infusion of polyclonal Ig
into apoE-KO mice (Nicoletti et al. 1998) both lead to reduction of atheroscle-
rosis, which highlights the fact that inhibition of cell-mediated immunity by
removing the culprit autoantigens from circulation can be beneficial.

Active immunization of hypercholesterolemic (Apoe−/−) mice with oxLDL
has been shown to reduce the progression of atherosclerosis (Palinski et al.
1996). Monoclonal IgM autoantibodies, produced by splenic B-cells isolated
from these mice, were shown to recognize oxidized phospholipids with a phos-
phorylcholine headgroup, especially those released from apoptotic cells (Shaw
et al. 2000). The genes encoding the antigen binding site of these antibodies
were found to be 100 % homologous with a natural murine IgA autoanti-
body (T15), which also recognizes phosphorylcholine and confers protection
for mice against streptococcal infections. A positive selection of B1 cell lines
secreting these autoantibodies occurs in Apoe−/− mice due to persistent stimu-
lation by oxLDL, owing to their atherogenic burden (Binder et al. 2002). These
antibodies also block the binding and degradation of oxLDL by macrophages
in vitro (Shaw et al. 2001). These data suggest another possible way by which
autoimmunity against an endogenous neo-epitope (oxLDL) may influence the
progression of atherogenesis.

6
β2GP1: Evidence Supporting Its Role as Autoantigen

β2GP1 is implicated in several inflammatory disorders (Horkko et al. 2001),
including atherosclerosis (Harats and George 2001). It causes platelet aggrega-
tion and endothelial dysfunction (Haviv 2000). Both hyperimmunization with
β2GP1 and transfer of β2GP1 reactive T cells promote atherosclerosis in LDL
receptor-deficient mice (George et al. 2000). The proatherogenic property of
β2 GP1 is most probably related to its capacity to bind phospholipids.
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Autoantibodies against β2GP1 share many of its pathological properties
with antiphospholipid antibodies such as cardiolipin (Horkko et al. 2001)
and lupus anticoagulant (Thiagarajan 2001). Furthermore, in patients with
systemic lupus erythematosus, an autoimmune disorder with very high car-
diovascular mortality, lupus anticoagulant levels strongly correlate with oxLDL
antibody titers (Thiagarajan 2001) and predict progression of atherosclerosis.
The cross-reactive nature of antiphospholipid and oxLDL antibodies (Horkko
et al. 1996) suggests their likely involvement in the clearance of modified lipids
from apoptotic cells, thereby influencing the course of atherogenesis.

7
Therapeutic Strategies: Based on an Autoimmune Model of Atherogenesis

From the discussion, it has so far become evident that CD4+ T cells are the
prime culprits in atherosclerosis. CD4+ T cells can be broadly divided into two
counterbalancing subgroups, i.e., Th 1 and Th 2 (Zhou et al. 1998). Th 1 cells
are more abundant and proatherogenic, owing to their role as macrophage
activator and IFN γ secretor. Counteracting them are the Th 2 cells, which
suppress inflammation and decrease macrophage activity by acting through
various effector cytokines i.e., IL-4, IL-10 and transforming growth factor
(TGF)-β.

Developing tolerance towards HSP60/65 by mucosal administration of the
autoantigen, resulting in a Th 2 bias, may help to reduce atherogenesis and
could be a therapeutic strategy. Both nasal (Maron et al. 2002) and oral (Harats
et al. 2002) administration of mHSP65 have been shown to decrease autoim-
mune responsiveness and are associated with a significant reduction of the
number of infiltrating macrophages and the size of atherosclerotic plaques in
LDL receptor-deficient mice. These animals, in comparison to controls, also
had higher levels of IL-10, a potent anti-inflammatory cytokine, and a reduced
number of CD4+ T cells (Maron et al. 2002). All of these findings are compatible
with the concept that a Th 1→Th 2 shift in the autoimmune reactivity could
exert an athero-protective effect. These findings, however, were in complete
contrast with the results obtained by parenteral immunization with mHSP65
(George et al. 2001).

Parenteral immunization using oxLDL as the immunogen, however, leads
to a significant reduction of atherosclerosis (Freigang et al. 1998; George et
al. 1998). It is hypothesized that the protective immunity works by inducing
higher levels of oxLDL antibodies, which in turn increases the clearance of
oxLDL from the extracellular space by way of scavenger receptors. Recently,
Binder et al. (2003) immunized LDL receptor-deficient mice with Streptococcus
pneumoniae, which induced high circulating levels of IgM-specific oxLDL an-
tibodies and an accompanying expansion of oxLDL-specific T15 IgM secreting
B cells in the spleen. These cross-reactive antibodies reduced the extent of
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atherosclerosis and were able to block the uptake of oxLDL by macrophages,
thereby reducing foam cell formation. This suggests that molecular mimicry
between oxLDL and microbial antigens elicit a beneficial, anti-atherogenic
innate immune response.

In theory, immunomodulation towards an anti-inflammatory phenotype
by enhancing Th 2/TGF β effector mechanisms or downregulating Th 1/proin-
flammatory pathways are attractive treatment options. Broad spectrum im-
munosuppressants such as cyclosporin and steroids have undesirable direct
vascular effects that make them unsuitable as a treatment option. Some of
the currently used drugs like statins (Horne et al. 2003) and glitazones, a per-
oxisome proliferator activating receptor-γ agonist (Gralinski et al. 1998), are
known to inhibit T cell activation and cytokine secretion. It is likely that some
of their anti-atherogenic effects are due to the immunomodulatory properties.
TNF-α antagonists are already being used for the treatment of rheumatoid
arthritis and have undergone clinical trials investigating their use in heart
failure. It will be important to see whether they are effective in ameliorating
atherosclerosis as well. Experimental studies have also suggested a beneficial
role for inhibitors of co-stimulatory molecules, CD40/CD40L, in halting the
progression of atherosclerosis (Mach et al. 1998).

Time will be the final arbiter on whether these immune-based strategies
get translated into active clinical use. The results presented above are certainly
a reason for optimism in our ongoing search for the ‘elixir of life’ and the
continuing battle against atherosclerosis.
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Abstract Patients at high risk for coronary heart disease usually have a number of atheroscle-
rotic plaques in their coronary arteries. Some plaques grow inward and, once they have
causeda critical degreeof luminal stenosis, lead to chronic anginal symptoms.Otherplaques
grow outward and remain silent unless they disrupt and trigger an acute coronary event.
Either type of plaque may become vulnerable to rupture or erosion once they have reached
an advanced stage. Typically, a highly stenotic fibrotic plaque is prone to erosion, whereas
an advanced lipid-rich thin-cap fibroatheroma is prone to rupture. Because of the multitude
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and complex nature of the coronary lesions and our inability to detect silent rupture-prone
plaques, the best practical approach to prevent acute coronary events is to treat the vulner-
able patient, i.e., to eliminate the risk factors of coronary disease. Despite such preventive
measures, a sizable number of patients still experience acute coronary events due to plaque
erosion or rupture. Thus, there is room for new avenues to pharmacologically stabilize vul-
nerable plaques. The development of new noninvasive tools to detect the progression and
regression of individual non-stenotic rupture-prone plaques will allow testing of such novel
pharmacotherapies. Because no specific plaque-targeted therapies are available at present,
we give an overview of the current pharmacotherapy to treat the vulnerable patient and
also discuss potential novel therapies to prevent acute coronary events.

Keywords Coronary heart disease · Plaque rupture · Plaque erosion · Therapy

1
Introduction

Atherosclerosis of epicardial coronary arteries is the disease behind coronary
artery disease (CAD). The growth and maturation of a coronary atheroscle-
rotic plaque is a long-lasting process, whereas the conversion of a plaque into
an atherothrombotic lesion takes place within a short time. The decade-long
process of plaque evolution culminates when a voluminous stable plaque turns
into an unstable plaque, also called vulnerable plaque, which is prone to throm-
bosis (Schaar et al. 2004a). It is the actual disruption of the vulnerable plaque
that will expose a subendothelial prothrombotic surface, trigger local throm-
bus formation and cause an acute coronary syndrome. The challenge today is
to stabilize the vulnerable plaques, to prevent the formation of new vulnerable
plaques, and to prevent thrombosis on disrupted plaques (Schroeder and Falk
1995; Libby and Aikawa 2002). Here, we discuss the various drug therapies
aimed at either preventing (a) the development of a vulnerable plaque, or (b)
the actual event of plaque disruption. Because any pharmacological treatment
aimed at averting acute coronary events may successfully prevent either of the
two, it is often not possible to separate treatments by their mode of action.
Accordingly, present clinical practice is to treat the high-risk, i.e., vulnerable
patient instead of the vulnerable plaque (Naghavi et al. 2003a, 2003b).

The disruption of a vulnerable plaque may be superficial and is then called
erosion, or it may be deep and is then called a rupture (Schaar et al. 2004a).
The characteristics of vulnerable plaques that erode are different from those of
plaques that rupture (Virmani et al. 2004). Thus, a plaque with a thick fibrous
cap and a small lipid core is prone to erosion, whereas a plaque with a thin
fibrous cap and a large lipid core is prone to rupture (Fig. 1). Essentially, in
the former type, accumulation of fibrous tissue predominates, whereas in the
latter type, accumulation of lipids predominates. Hence, both the composition
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Fig. 1A–C Typical clinical course of the two types of vulnerable plaques in a coronary artery
leading to an acute coronary syndrome. A Normal coronary artery with laminar flow of
bypassing blood. B A highly stenotic thick-cap fibroatheroma has eroded, and a small
nonoccluding thrombus has formed downstream in the area of turbulent flow. Thrombus
formation and ensuing local spasm may lead to acute reduction in blood flow and trigger an
episode of unstable angina.C A nonstenotic thin-cap fibroatheroma has ruptured and a large
occluding thrombus has formed. Without thrombolysis, either spontaneous or therapeutic,
acute myocardial infarction ensues

and the structure of a vulnerable plaque prone to erosion differ from those of
a vulnerable plaque prone to rupture (Libby and Aikawa 2002). At present, we
do not know why some plaques become fibrous and some lipid rich, although
in severe dyslipidemia, coronary plaques in general tend to be lipid rich.

As the coronary plaques advance into late-stage lesions, they also grow in
size. Fundamentally, there are two different types of growth: growth ‘inwards’
into the arterial lumen (Fig. 1B), and growth ‘outwards’ in the direction of the
middle layer and the outer layer of the coronary wall (Fig. 1C). The former
type leads to luminal stenosis, whereas the latter primarily does not (Naghavi
et al. 2003a, 2003b). The inward growth or ‘negative remodeling’ is usually
associated with stable coronary angina and decreases the tendency to develop
acute coronary syndromes (Schoenhagen et al. 2000). The outward growth,
referred to as ‘compensatory enlargement’ or ‘positive remodeling’, critically
depends on the ability of the medial and adventitial layers of the arterial wall
to yield to pressure, partly due to remodeling of the extracellular matrix and
apoptotic cell death, which can be seen as thinning of the medial layer (Glagov
et al. 1987). Of these two types of plaque, the nonobstructive type is prone
to rupture. Indeed, 70% of acute coronary occlusions do not occur in the ob-
structive segments causing chronic anginal symptoms, but in the areas that
have been angiographically normal (Little et al. 1988). Consequently, coronary
atherosclerosis is a multifocal disease, and a multitude of plaques of different
types and stages (ruptured and nonruptured) coexist in a single affected coro-
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nary artery (von Birgelen et al. 2001). This usually means that a stenotic plaque
causing chronic angina pectoris is accompanied by a number of nonstenotic
advanced, vulnerable plaques, which are silent. Any of these lesions might
progress to the culprit lesion responsible for the fatal cardiovascular event.

As stated above, the most dangerous lesions are usually silent and hidden
within the wall of the coronary artery and escape from early detection. There-
fore, from a clinical point of view, there is an urgent need for a reliable method
capable of identifying vulnerable patients (Naghavi et al. 2003a, 2003b). Cur-
rently the identification of vulnerable patients is based on the assessment of
cumulative data provided by measurements of variables of blood vulnerability,
myocardial vulnerability andplaquevulnerability.However, the sensitivity and
specificity of currently used noninvasive risk stratification methods are unsat-
isfactory in recognizing the vulnerable plaques before they rupture. At present,
there are several intracoronary technologies available for such detection, but
these can be applied only to patients already undergoing an invasive diagnostic
examination. This means that a silent rupture-prone vulnerable plaque can be
detected before disruption only in patients with symptomatic coronary artery
disease (Schaar et al. 2004b). Fortunately, thehigh-resolutionnoninvasivemag-
netic resonance imaging offers a promise of molecular imaging of coronary
plaques and may, in the near future, allow to characterize plaque composi-
tion and microanatomy and identify lesions vulnerable to rupture or erosion
already in asymptomatic vulnerable patients (Fayad 2003; Nikolaou et al. 2003).

The clinical consequences of plaque rupture and erosion tend to be differ-
ent: a rupture is often followed by the formation of an occluding thrombus, and
erosion by a non-occluding thrombus. However, erosion of a highly stenotic
fibrotic plaque may cause the formation of an occluding thrombus (Falk 1983),
and vice versa, rupture of a nonstenotic lipid-rich plaque may only induce
a nonoccluding thrombus. Accordingly, it may sometimes be difficult to de-
cide whether an acute coronary syndrome is caused by a ruptured or an eroded
plaque. Inasmuch as the depth of the fissure distinguishes rupture from ero-
sion, there must be many intermediate forms between the two extremes, which
could also partly explain the overlapping clinical features between rupture and
erosion. Based on the above plethora of arguments, it is currently not feasible
to definitely separate the two forms of fissuring in the clinical setting when
discussing the prevention of plaque fissuring as a target of drug therapy.

2
Rupture and Erosion of a Vulnerable Plaque: Potential Targets
for Drug Therapy

Drug therapy for thevulnerableplaquehas recentlybeen reviewed inanelegant
and comprehensive way by Forrester (2002), Libby and Aikawa (2002), as well
as by Ambrose and D’Agate (2004).
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2.1
Plaque Rupture

By definition, a plaque has ruptured when a breach in the fibrous cap allows
the flowing blood to come in contact with the necrotic lipid core (Virmani
et al. 2004) (Fig. 2A). Many cellular and molecular mechanisms within the
plaque are amenable targets for drug treatment (Libby 1995; Forrester 2002;
Libby and Aikawa 2002; Ambrose and D’Agate 2004). The multitude of such
targets also reflects the complexity of the process of plaque rupture. Yet, at
the level of the microanatomy of a rupture-prone plaque, we can define two
elementary targets for drug therapy: the necrotic lipid core and the fibrous
cap. Accordingly, to prevent the genesis of a rupture-prone plaque, we need to
prevent the formation and expansion of a necrotic lipid core and inhibit the
thinning of the fibrous cap.

The necrotic lipid core is formed when circulating low-density lipopro-
tein (LDL) particles enter the arterial intima, become modified, and form
lipid droplets (Guyton and Klemp 1994; Öörni et al. 2000). Since the LDL-
modifying processes are many, the best thinkable approach today is to slow

Fig. 2 Schematic presentation of the mechanisms of plaque rupture (A) and plaque erosion
(B). A Thin-cap fibroatheromas are typically outward growing plaques with a large lipid
core and many inflammatory cells. These lesions are commonly asymptomatic, as they
do not interfere with blood flow until they rupture. The inflammatory cells (macrophages,
lymphocytesandmast cells) secretematrixdegradingenzymesandproapoptotic substances
and so predispose to plaque rupture. The mechanisms of the actual rupture include both
intrinsic (plaque related) and extrinsic (hemodynamic) factors.B Thick-cap fibroatheromas
are typically symptomatic inward growing plaques with a small lipid core and only few
inflammatory cells. The inflammatory cells secrete matrix degrading enzymes and other
proapoptotic factors. Together with turbulent blood flow, these mediators may induce
apoptosis of endothelial cells and their detachment (i.e., erosion of the plaque)
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down the influx of LDL particles into the coronary intima. This again should be
achieved, at least theoretically, by lowering the plasma concentration of LDL
particles. Also, maintenance of the endothelial barrier function by prevent-
ing endothelial dysfunction may be of value in the regulation of LDL influx
into the intima (Sharma and Andrews 2000). The other component in the
necrotic lipid core is dead macrophages. As at least part of the extracellular
lipid in the core is derived from dead lipid-filled macrophage foam cells, their
death should be prevented. At present, the mechanisms leading to macrophage
death in vivo, either apoptotic or necrotic, are unknown and therefore not
amenable to specific therapy. However, the influx of monocytes into the arte-
rial intima should be reduced, which may be achieved by the use of a statin
(Crisby et al. 2001).

The formation of a fibrous cap is intimately linked to the formation of
a necrotic lipid core. Actually, a cap without a core does not exist. However,
since we do not know whether a thin fibrous cap is the result of gradual thinning
of a thick cap or results from a failure to thicken a thin cap, the therapeutic
choices to prevent the formation of a thin cap are highly uncertain and remain
theoretical as well. Interestingly, attenuation of apoptotic death of smooth
muscle cells (SMCs) has been achieved by the use of a statin in human carotid
plaques (Crisby et al. 2001).

2.2
Plaque Erosion

Erosion of a plaque denotes its de-endothelialization (Virmani et al. 2000)
(Fig. 2B). As noted above, plaques with a thick fibrous cap and a small lipid
pool typically erode rather than rupture (Libby and Aikawa 2002). Mechanis-
tically, this is understandable, as a thick cap effectively prevents a superficial
erosion from extending more deeply into the plaque core. In contrast, the
molecular mechanisms leading to erosion are not well understood and are
presently under intensive debate (Fuster 2002). It has been found that, similar
to the actual site of rupture, the site of erosion is also infiltrated by inflamma-
tory cells, such as macrophages, T lymphocytes, and mast cells (van der Wal
et al. 1994; Kovanen et al. 1995). Moreover, these cells are in a state of acti-
vation and therefore secrete proteolytic enzymes and other pro-inflammatory
mediators into their immediate surroundings (Libby 2002; Lindstedt et al.
2004; Lindstedt and Kovanen 2004). These findings provide a basis for de-
signing pharmacological strategies to prevent erosion. These include targeted
anti-inflammatory therapy aimed at regulating the number and activity of
the subendothelial inflammatory cells as well as diminishing endothelial dys-
function. At present all these goals may be achieved by the use of statins
(Crisby et al. 2001; Davignon 2004).

In sharp contrast to the above observations, another group of scientists
has found no or only very few inflammatory cells in eroded areas (Virmani
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et al. 2004). Rather, they found an abundance of subendothelial SMCs, sur-
rounded by extracellular matrix enriched with hyaluronic acid (Kolodgie et
al. 2002). Possibly, the changes observed in the SMCs and the extracellular
matrix were secondary rather than primary to erosion, when locally activated
platelets had released growth factors and the growth-inhibitory effects of en-
dothelial cells were lost. As growth and survival of the SMCs in the lesions
(at least in the cap region) are considered to stabilize plaques and should
therefore prevent them from rupturing, it is easy to understand that the ex-
perimentalists in the field and the pharmaceutical industry hesitate to plan
new strategies for the prevention of plaque erosion by blocking SMC growth
and matrix-producing activity. The likely presence of thin-cap atheromas in
a diseased coronary artery with stenotic lesions actually precludes systemic
administration of drugs with SMC-inhibiting actions in patients with angina
pectoris.

Since a superficial erosion leading to endothelial denudation often occurs on
the surface of a highly stenotic plaque, it is very likely that also the turbulent
flow bypassing such a plaque contributes to the erosion. In summary, the
functionality and well being of the endothelial cells at the interface between the
external mechanical forces of blood flow and the subendothelial biochemical
milieu is critical in determining whether erosion will take place or not.

The flow conditions can be improved by antihypertensive and heart rate
reducing drugs. Therefore, irrespective of the denuding mechanism, any ther-
apeutic intervention aimed at preventing endothelial dysfunction will also aid
in the prevention of plaque erosion.

2.3
Repetitive Silent Ruptures and Erosions of a Plaque

The growth mechanisms of an obstructive plaque have remained enigmatic.
As early as in the 1940s Duguid (1946) observed that stenotic lesions may
show multiple layers of organized thrombi in their caps, suggesting repeti-
tive disruptions and organization of mural thrombi as one mode of plaque
growth. More recently, Virmani et al. (2004) confirmed in an elegant series
of studies that plaques may become stenotic through thrombotic growth. Im-
portantly, they suggest that at first, a nonstenotic vulnerable plaque, probably
a thin cap fibroatheroma with a large lipid core, undergoes a subclinical small
rupture. The luminal thrombus formed is nonocclusive and remains unno-
ticed by the patient. However, due to platelet-derived mediators and loss of
the endothelium, the SMCs start dividing and secreting extracellular matrix
rich in hyaluronic acid. In addition, the thrombus itself is overlaid by newly
formed endothelium and becomes part of the cap. In essence, the clinically
asymptomatic repetitive cycles of wounding and healing are the actual mech-
anisms of plaque progression leading to progressive luminal stenosis (Mann
and Davies 1999).
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Since after each small rupture the cap thickens, the likelihood of a large
rupture, i.e., the formation of a fissure extending into the lipid core, becomes
successively smaller. At the same time, as the degree of obstruction increases,
the turbulence of flow also increases, and endothelial denudation becomes
more likely. Thus, ultimately, a shift from small ruptures to erosions ensues.
The growth of a plaque via repetitive silent ruptures resembles that of an
active volcano and could be called ‘eruption’, a term that also emphasizes the
existence of a continuum between erosion and rupture in specific types of
vulnerable plaques.

To prevent a plaque from becoming highly stenotic by the above-described
mechanism, the following therapeutic measures can be envisioned. In the first
place, the formation of a rupture-prone plaque should be prevented (see above
under ‘plaque rupture’). Once the sequence of repetitive thrombotic events
has begun (either due to rupture or erosion), the formation of an occluding
thrombus by antiplatelet drugs is the primary goal of treatment. Finally, if
a highly occlusive anginal symptom-causing plaque has evolved, vasodilators
need to be added to the therapeutic armamentarium.

Our therapeutic options to prevent the actual event of rupture are mod-
est. First of all, we are not able to specifically target the plaque cap-specific
molecular mechanisms responsible for such an event. At best, we can at-
tempt to eliminate the external triggers, known to increase the likelihood of
a sudden plaque rupture. This includes lessening the hemodynamic stress
acted upon a rupture-prone plaque (Bank et al. 2000; Finet et al. 2004) and
preventing spasm of the coronary segment bearing a rupture-prone plaque
(Bogaty et al. 1994).

3
Pharmacotherapy for the Vulnerable Plaque: Present and Future

3.1
Drugs Currently Used in Clinical Practice

We know now that the thrombosed plaques are responsible for the complica-
tions of coronary atherosclerosis, which include stable angina and the acute
coronary syndromes, unstable angina, myocardial infarction, and sudden car-
diac death. Thus, the cardiovascular drug trials in which such clinical events
have been defined as endpoints can be considered as drug therapies for the
vulnerable plaque (see Table 1). At the moment, the most convincing evidence
in the prevention of acute coronary events has been obtained with studies us-
ing lipid-lowering, antithrombotic, antihypertensive, and antidiabetic drugs.
They will be reviewed below. The reader is advised to learn more about the
various therapies in other chapters of this book.
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Table 1 Pharmacotherapy for vulnerable plaques: present and future

Anatomic target Functional target Current and future drugs

Endothelium Maintaining vasorelaxation Nitrates
Maintaining the barrier function (to
prevent LDL entry)

Antihistamines

Prevention of endothelial denudation
by prevention of endothelial dysfunc-
tion

Anti-inflammatory drugs (ASA,
leukotriene receptor antagonists, mast
cell stabilizers)
Antihypertensive agents (ACE inhibitors,
beta-blockers, calcium channel blockers)
Antihyperlipidemic agents (e.g., statins,
fibrates, niacin)
Antihyperglycemic agents (glitazones)
Antimicrobial agents

Fibrous cap Prevention of cap thinning Drugs also having anti-inflammatory ef-
fects (statins, leukotriene receptor antag-
onists, mast cell stabilizers)
Antimicrobial agents

Lipid core Prevention of lipid accumulation All plasma lipid-regulating drugs (low-
ering plasma non-HDL lipoproteins and
increasing HDL)

Stimulation of lipid efflux Statins
Fibrates
Niacin
Resins
Cholesterol absorption inhibitors
ApoA-I Milano
CETP inhibitors

3.1.1
Lipid-Regulating Drugs

3.1.1.1
HMG-CoA Reductase Inhibitors (Statins)

Various statins have been used in both primary prevention studies with asymp-
tomatic patients and in secondary prevention studies with patients suffer-
ing from various symptoms of coronary artery disease. Thus, double-blind,
placebo-controlled large long-term studies (at least 5 years) have been pub-
lished using either lovastatin, simvastatin, or pravastatin. In these studies,
the incidence of major adverse coronary events including coronary death de-
creased by 30%–40% (Grundy et al. 2004). The beneficial effect on hard coro-
nary endpoints appears to be a common property of this class of drugs and
includes the newer statins, such as fluvastatin and atorvastatin. The beneficial
effects also include the diminution of ischemic stroke. This effect is probably
due to the prevention of rupture and erosion of vulnerable carotid plaques.
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It has been noted that the lipid-lowering therapy by statins decreases the
number of acute coronary events earlier than a substantial regression of the
coronary plaques is expected to take place (Brown et al. 1993). The likely
explanation is that the plaques were stabilized, either directly by the action of
statins (pleiotropic effects) (Davignon 2004) or indirectly through lowering of
plasma LDL concentration (Law et al. 2003). Indeed, direct analysis of the sum
volumesof all theplaques inanaffected coronary artery, i.e., theplaqueburden,
has revealed the following intriguing results. A moderate dose of statin (40 mg
pravastatin), which has been the average dose in many primary prevention
care studies, only slows down the progression of atheroma burden, whereas
the maximum dose of a statin (80 mg atorvastatin) halts progression of the
atheroma burden (Nissen et al. 2004).

Recently, increasing evidence has been pointing towards a beneficial effect
of statins when started already while the acute coronary syndrome is present. In
the largest randomized study, patients suffering from unstable angina received
high-dose atorvastatin (Schwartz et al. 2001). During the 16-week follow-up,
ischemic events were significantly lower than in the placebo-treated group.
This fast effect strongly supports the notion that statins may have rapid plaque-
stabilizing effects, either preventing plaque rupture or erosion. It remains to be
shown whether these effects are due to anti-inflammatory action on the plaque
or to lowering of LDL-particle concentration in the circulation. Support for
the latter possibility is obtained from the clinical observations showing that
lowering of LDL-particle concentration by LDL apheresis in patients with very
high levels improves theendothelial function, aneffectwhichcanbeconsidered
anti-inflammatory (Bosch and Wendler 2004).

Statins also increase the concentration of high-density lipoprotein (HDL).
Since HDL has opposing effects to those of LDL, the HDL-increasing effects
could potentially be plaque stabilizing. First, HDL initiates the so-called reverse
cholesterol transport, i.e., induces removal of cholesterol from the macrophage
foam cells rather than directly from the extracellular lipid pool. Second, HDL
also has direct anti-inflammatory effects on endothelial cells which too could
stabilize the plaques (Barter et al. 2004). Another chapter of this book discusses
the effects of statins more thoroughly in an evidence-based manner (see the
chapter by Paoletti et al., this volume).

3.1.1.2
Lipid Absorption Inhibitors

The two established bile acid sequestrants or resins (cholestyramine and
colestipol) effectively lower plasma LDL-cholesterol, but their use is limited
because of unacceptable gastrointestinal side effects. Cholestyramine was suc-
cessfully used in the Coronary Primary PreventionTrial (Lipid Research Clinics
Program 1984), one of the first studies to document that lowering of LDL-
cholesterol prevents acute coronary events, such as myocardial infarction.
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Ezetimibe is a new drug which specifically inhibits cholesterol absorption
from the gut and effectively lowers plasma LDL-cholesterol (Bruckert et al.
2003). If equal lowering of LDL with ezetimibe, cholestyramine, and statins re-
sults in equipotent prevention of acute coronary events, the plaque-stabilizing
effects of all these drugs are likely to be responsible for their LDL lowering
rather than pleiotropic effects. The inhibition of cholesterol resorption is dis-
cussed more thoroughly in another chapter of this book (see the chapter by
Plösch et al., this volume).

3.1.1.3
Fibrates

The effects of this class of drugs are discussed in Sect. 3.1.6.

3.1.2
Antiplatelet Drugs

All vulnerable patients should be treated with an antiplatelet drug both in
the primary prevention of acute coronary events and in the prevention of
recurrent ischemic events. Current evidence suggests that either aspirin or
clopidogrel are appropriate first-line agents. The use of platelet activation
and aggregation inhibitors as a part of anti-atherosclerotic drug regimen is
discussed more thoroughly in an evidence-based manner in the chapter by
Ahrens et al., this volume. A few highlights in terms of drug therapy of the
vulnerable plaque are given below. The pharmaceutical treatment of acute
coronary syndromes directed primarily at the dissolution of the developing
intracoronary thrombosis is not part of the prevention of plaque rupture and
erosion and is not discussed here.

3.1.2.1
Aspirin

Currently, the use of low-dose aspirin (75–100 mg/day) is recommended for
the primary prevention of acute coronary events in vulnerable patients, and
the same recommendation applies to the secondary prevention (patients with
a prior coronary event) (Patrono et al. 2004; Hankey and Eikelboom 2003).
It should be noted that the low dose used to block platelet activation is not
likely to possess any direct anti-inflammatory effects on the plaque. Thus,
aspirin cannot be considered as a plaque-stabilizing drug. It is now recognized
that a patient with type 2 diabetes mellitus who has never had a myocardial
infarction has the same high risk for a myocardial infarction as a nondiabetic
individual who has already had a myocardial infarction (Haffner et al. 1998).
Therefore, aspirin is an essential part of the primary prevention strategy in
patients with diabetes mellitus (Colwell 2004).
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3.1.2.2
Clopidogrel

Besides aspirin, clopidogrel is presently used as an antiplatelet drug in the
treatment and prevention of ischemic cardiovascular disease (Patrono et al.
2004; Tendera and Wojakowski 2003). The availability of other antiplatelet
drugs besides aspirin has been valuable, since cardiovascular events occur de-
spite the administration of aspirin. This may be due to platelet activation by
pathways not blocked by aspirin or to aspirin resistance. Indeed, since aspirin
and clopidogrel exert complementary modes of inhibitory action on platelet
activation, such synergistic action should result in a more effective preven-
tion of cardiovascular events. In the CAPRIE (Clopidogrel versus Aspirin in
Patients at Risk of Ischaemic Events) study, clopidogrel was more effective
than aspirin in preventing the endpoint of myocardial infarction (CAPRIE
Steering Committee 1996). In the CURE trial, it was found that the addition
of clopidogrel to aspirin in patients with an acute coronary syndrome is su-
perior to the administration of aspirin alone (The Clopidogrel in Unstable
Angina to Prevent Recurrent Events Trial Investigators 2001). Thus, the addi-
tion of clopidogrel to aspirin was found to reduce, after a mean follow-up of
9 months, the relative risk for myocardial infarctions by 23%. The reduction
of thrombotic complications of coronary atherosclerosis, reflect the preven-
tion of future atherothrombosis, i.e., formation of a platelet-rich thrombus
formation on a fissured plaque. Notably, it cannot be decided whether such
inhibition targets the original destabilized culprit lesion or other rupture- or
erosion-prone plaques in the affected coronary artery. It should be noted that
adding aspirin to clopidogrel in high-risk patients with recent ischemic stroke
or transient ischemic attack may increase the risk of hemorrhagic complica-
tions outweighing the benefit of clopidogrel alone in the prevention of vascular
events (Diener et al. 2004).

3.1.3
Angiotensin-Converting Enzyme Inhibitors and Angiotensin Receptor Blockers

Clinical trialsusingangiotensin-convertingenzyme(ACE) inhibitorshavedoc-
umented notable reductions in cardiovascular events despite only moderate
effects on blood pressure (Yusuf et al. 2000). A reasonable explanation for the
greater thanexpectedbeneficial effectofACE inhibitors is their ability to inhibit
the formation of angiotensin II, and thereby to inhibit its various effects on
vascular biology. Locally produced angiotensin II may contribute to the insta-
bility of an atherosclerotic plaque by e.g., stimulating expression of endothelial
adhesion molecules and of pro-inflammatory mediators and so increase the
influx of inflammatory cells into the plaque (Schieffer et al. 2000). By inhibiting
these pro-inflammatory processes, ACE inhibitors and also angiotensin II type
1 receptor blockers may directly contribute to plaque passivation in patients
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suffering from acute coronary syndromes (Monroe et al. 2003; Cipollone et al.
2004). Moreover, as discussed in this chapter, atherosclerotic plaque rupture is
thought to occur because of changes in the plaque itself and systemic changes
in the patient, such as hemodynamic alterations. The ACE inhibitor ideally acts
at both levels—the plaque biology and the systemic biology of the patient (Lut-
gens et al. 2003). The use of ACE inhibitors as a part of an anti-atherosclerotic
drug regimen is discussed by Schunkert and colleagues more thoroughly in an
evidence-based manner in the chapter by Dendorfer et al., this volume.

3.1.4
Antihypertensive Agents, Beta-Blocking Agents and Nitrates

Antihypertensive agents other than ACE inhibitors have also been shown to
affect the biology of atherosclerotic plaques (Chobanian et al. 1986). In con-
trast to the ACE inhibitors, neither specific mediator molecules nor specific
target molecules in the plaques have been identified for these drugs. Rather,
the effects seem to be mediated indirectly via the hemodynamic effects of the
drugs. Oscillating shear stress may alter the endothelial function and promote
atherogenesis below the intact endothelium, not only in stenotic inward grow-
ing, but also in nonstenotic outward growing areas in which large intramural
plaques reside. In an outward growing eccentric plaque with a large lipid pool,
the circumferential stress due to blood pressure is concentrated near the shoul-
der areas of the plaques, the common site of plaque rupture (Richardson et al.
1989). Indeed, of all the rupture-prone areas, the shoulder areas are most vul-
nerable, their rupture being the most common cause of myocardial infarction
(Falk 1992).

Inward growth of the plaque with ensuing severe stenosis usually reflects
the growth of the fibrotic component of the plaque. Such highly stenotic
plaques are less prone to rupture but rather erode. The high velocity and
turbulent flow of the blood passing such stenotic lesions may contribute
to the denudation of the endothelium of the lesion (Gertz et al. 1981). It
should be noted, however, that laminar flow seems to improve the endothe-
lial cell function at least to a certain point (Berk et al. 2002). Endothelial
denudation seems to be of importance especially at the downstream sides
of the stenosed segments, in which the endothelial cells show morpholog-
ical signs of senescence (Bürrig 1991). Moreover, endothelial apoptosis is
most common at the downstream shoulders of human atherosclerotic plaques
(Tricot et al. 2000).

Generally, lower blood pressure means less circumferential stress and less
shear stress. Thus, lowering of blood pressure or the heart rate should lessen
such untoward effects. Similarly, a low heart rate means low-cycle repetitive
stresson theplaque.Theuseofbetablockersasapartof theanti-atherosclerotic
drug regimen is discussed by Schmitz more thoroughly in an evidence-based
manner.
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An abnormal coronary vasospasm is important in the pathogenesis of
plaque rupture and erosion (Kalsner 1995). Thus, pharmaceutical therapy
aimed at treating the vasospasm is an essential part of the stabilization of
a vulnerable plaque. Nitrates are safe and effective agents to relieve coronary
vasoconstriction in patients with acute coronary syndromes (Hennekens et al.
1996).

3.1.5
Influenza Vaccinations

Influenza epidemics correlate with increased morbidity and mortality to acute
coronary events (Gurfinkel et al. 2004). It appears that the latency period
between acute infection and an atherothrombotic event is commonly about
2 weeks (Madjid et al. 2003). A number of potential mechanisms have been
suggested to be responsible for the postinfluenzal triggering of coronary artery
thrombosis (Madjid et al. 2003). In addition to the acute ‘trigger effects’,
influenza has been attributed to also exert chronic pro-atherogenic actions
(Madjid et al. 2003).

In several studies, influenza vaccinations have been associated with a re-
duced risk of acute coronary events in vulnerable patient groups (Naghavi et al.
2000; Nichol et al. 2003; Gurfinkel et al. 2004). Moreover, influenza vaccinations
have proved to be safe and cost-effective (Madjid et al. 2003). Therefore, the rec-
ommendation of annual influenza vaccination to elderly and other vulnerable
patient groups is reasonable (Nichol et al. 2003; Gurfinkel et al. 2004).

3.1.6
Peroxisome Proliferator-Activated Receptor Agonists

Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors
present in several organs and cell types, and notably also in atherosclerotic
plaques. The PPAR family consists of three members: alpha, gamma, and
beta/delta (Marx et al. 2004). All PPARs are activated by fatty acids, and im-
portantly, PPAR alpha is activated by the lipid-regulating fibrates and PPAR
gamma by the insulin-sensitizing glitazones, which have also beneficial effects
on lipoprotein metabolism (Verges 2004).

3.1.6.1
PPAR Alpha Agonists (Fibrates)

Similar to statins, fibrates also regulate the concentration of plasma lipids. They
are particularly well suited for the treatment of the ‘deadly triad’ of lipids, in
which triglycerides are elevated, HDL-cholesterol is low, and the concentration
of the especially atherogenic small-dense LDL particles is increased. Indeed,
the best clinical benefits, in terms of reduction of coronary events, have been
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obtained in men having the above characterized dyslipidemia (Manninen et al.
1992). This applies to gemfibrozil in the setting of both primary and secondary
prevention, and to bezafibrate when used for secondary prevention (Chapman
2003). No clinical endpoint studies are available yet for fenofibrate, although
this drug clearly diminished the progression of coronary plaques in diabetic
patients (Diabetes Atherosclerosis Intervention Study Group 2001). The use of
fibrates as a part of anti-atherosclerotic drug regimen is discussed by Staels
more thoroughly in an evidence-based manner in the chapter by Robillard
et al., this volume.

3.1.6.2
PPAR Gamma Agonists (Glitazones)

The new group of clinically used antidiabetic thiazolidinediones (pio-, rosi-,
and troglitazones) activate the ligand-activated nuclear transcription factor,
PPAR gamma. This subtype of PPAR receptors controls a number of inflam-
matory processes in the atherosclerotic arterial wall and actually regulates
gene expression in most of the cell types present in the vulnerable plaques:
the endothelial cells, SMCs, macrophages, and T lymphocytes (Marx et al.
2004). Accordingly, the activators (agonists) of PPAR gamma have emerged
as drugs with potential plaque-stabilizing effects. Among the cellular effects
which can be regarded as plaque-stabilizing are the inhibition of the release
of pro-inflammatory cytokines and matrix-degrading metalloproteinases by
macrophages and SMCs, the modulation of the expression of chemokines and
endothelin in endothelial cells, and the reduction of the secretion of interferon-
gamma by T lymphocytes (Puddu et al. 2003; Marx et al. 2002). Thus, the
drugs should reduce chemoattraction and adhesion of monocytes and T lym-
phocytes to endothelial cells by reducing the cytokine-induced expression of
vascular cell adhesion molecule-1 and intercellular adhesion molecule-1. In-
deed, studies with the atherosclerosis-prone apoE-null mice have provided in
vivo evidence that troglitazone reduces monocyte/macrophage recruitment
to atherosclerotic lesions (Pasceri et al. 2000). Moreover, glitazone treatment
improves the coronary endothelial function in patients with diabetes mellitus
(Murakami et al. 1999).

Although outcome data on the effects of glitazones on cardiovascular mor-
tality are still lacking, beneficial effects on various surrogate markers of
atherosclerosis have been reported, particularly in patients with metabolic
syndrome and type 2 diabetes (Marx et al. 2004; Verges 2004). Thus, rosiglita-
zone treatment of patients with type 2 diabetes significantly reduces the plasma
levels of interleukin-6 and C-reactive protein, the two pro-inflammatory com-
ponents strongly related to inflammation in advanced atherosclerotic lesions
(Libby and Aikawa 2002). In addition to the indirect markers of atherosclero-
sis, glitazones also reduce the progression of atherosclerosis, both in patients
with type 2 diabetes (Satoh et al. 2003) and in patients without diabetes (Sidhu
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et al. 2004). Taken together, the experimental and human studies suggest that
the glitazones may exert, in addition to systemic metabolic actions, direct
anti-atherogenic actions at the level of the vascular wall (Barbier et al. 2002).

3.2
Drugs Currently in Experimental Use for the Prevention of Acute Coronary Events

3.2.1
Nonsteroidal Anti-inflammatory Drugs

As discussed in this chapter, there is substantial evidence supporting the notion
that atherosclerosis in general, and rupture-prone plaques in particular, have
a strong inflammatory component. Therefore, it is somewhat surprising that
drugs developed to treat chronic inflammatory diseases, such as arthritis, have
not been advocated to be used as first-line drugs to prevent atherosclerosis and
its clinical complications.

Theoretically, the finding of increased expression of the pro-inflammatory
cyclooxygenase isoform cyclooxygenase-2 (COX-2) in human atherosclerotic
lesions (Schonbeck et al. 1999), and particularly in macrophages of the lesions
(Baker et al. 1999), makes the use of selective COX-2 inhibitors a very attractive
choice for the management of inflammation in the vulnerable plaque. However,
endothelial cells too contain COX-2, which may be induced by the shear stress
generated by blood flow. The elevated COX-2 in the endothelium generates
the antithrombotic and vasodilatory eicosanoid prostacyclin, and inhibition
of endothelial prostacyclin formation could potentially promote thrombosis.
In addition, the COX-2 inhibitors let free the other cyclooxygenase isoform,
COX-1, present in platelets, to synthesize thromboxane A2, which promotes
thrombosis. Thus, the net effect of COX-2 inhibitors on cardiovascular home-
ostasis would be a prothrombotic shift in the dynamic balance between en-
dothelial prostacyclin production and platelet thromboxane A2 production.
The above considerations may explain the occurrence of adverse cardiovascu-
lar events in the COX-2 inhibitor rofecoxib trial (VIGOR). Indeed, in this trial
a fivefold increase in atherothrombotic events was observed in comparison
with naproxen, which inhibits not only COX-2 but also COX-1 (Bombardier
et al. 2000; Pitt et al. 2002). Rofecoxib has now been withdrawn from the mar-
ket, following the premature cessation of the Adenomatous Polyp Prevention
on Vioxx (APPROVe) study, because of significant increase by a factor of 3.9 in
the incidence of serious thromboembolic adverse events in the group receiving
the drug, as compared with the placebo group (FitzGerald 2004).

The traditional NSAIDs such as aspirin inhibit both COX-1 and COX-2. As
discussed previously, the small doses of aspirin used for platelet inhibition
are likely to be without effect on the plaque itself. High doses of nonaspirin
nonsteroidal anti-inflammatory drugs (NANSAIDs), with their potential abil-
ity to maintain the platelet-endothelium balance and to inhibit macrophage
COX-2, should theoretically be able to reduce the risk of acute coronary syn-
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dromes, even without the concurrent use of aspirin. A recent study by Kimmel
et al. (2004) concludes that, in the absence of aspirin, NANSAIDs, particu-
larly ibuprofen, are associated with a reduced risk of myocardial infarction.
Some reports have suggested that a concurrent administration of aspirin and
ibuprofen might be associated with lower cardioprotection than of aspirin
alone due to pharmacodynamic interaction. A recent large study could not
demonstrate any detectable risk reduction of myocardial infarction by NAN-
SAIDs (ibuprofen and naproxen) (Garcia Rodriguez et al. 2004). Neither was
there any noticeable clinical interaction that would affect the cardioprotec-
tion provided by aspirin when concurrently taking aspirin and NANSAID. The
overall conclusion from the many studies is that NANSAIDs lack the protective
effect against myocardial infarction afforded by aspirin. Hence, this class of
drugs cannot be considered as a drug therapy for the vulnerable plaque.

3.2.2
Antibiotics

Besides lipid accumulation, also local and systemic inflammation has been
shown to play a role in the generation of atherosclerosis and acute coronary
events. In numerous serological and experimental studies, many microorgan-
isms have been implicated as pathogenic components of atherosclerosis (see
Table 2), although conflicting data has been reported for most, if not all mi-
croorganisms listed in Table 2. The most convincing evidence exists for the
pro-atherogenic effects of chronic infections, such as chronic gingivitis and
bronchitis. Acute infections seem to be associated with an increased risk of
acute atherothrombotic events, suggesting a triggering role for acute infections
(Madjid et al. 2003). At present, the total lifetime inflammatory burden seems
to be associated more strongly with the increased risk of atherosclerosis than
any of the single infections (Prasad et al. 2002).

Table 2 Microorganisms associated with increased risk of atherosclerosis and its complica-
tions

Bacteria Chlamydia pneumoniae (Prasad et al. 2002)

Helicobacter pylori (Prasad et al. 2002)

Haemophilus influenzae (Espinola-Klein et al. 2002)

Mycoplasma pneumoniae (Espinola-Klein et al. 2002)

Viruses Cytomegalovirus (CMV) (Prasad et al. 2002)

Herpes simplex virus (HSV-1 and HSV-2) (Prasad et al. 2002)

Epstein-Barr Virus (EBV) (Espinola-Klein et al. 2002)

Hepatitis viruses (Prasad et al. 2002)

Influenza viruses (Gurfinkel et al. 2004)

Human immunodeficiency virus (Neumann et al. 2004)
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In order to affect atherogenesis in its various stages, the mechanisms by
which the microorganisms operate must be different. One obvious problem
in studying the effects of microorganisms on human coronary atherosclerosis
and its complications is the lack of accurate measurements of development of
atherosclerotic lesions in human coronary arteries. We are, therefore, left with
studies on the possible relations between infections and the clinical complica-
tions of atherosclerosis.

To date, a few small secondary prevention studies have shown positive
effects in the prevention of cardiac events with antibiotics (Sinisalo et al.
2002). However, a recent meta-analysis of randomized controlled trials on the
secondary prevention of ischemic heart disease did not show beneficial effect of
antibiotics on cardiovascular endpoints (Wells et al. 2004). In summary, due to
the potential harmful effects of antibiotics, their use cannot be recommended
for the treatmentorpreventionofatherosclerosisoracute coronary syndromes.
However, further studies are warranted.

Promising results have been obtained in the prevention of acute coronary
events invulnerablepatientswith influenzavaccinations (Gurfinkel et al. 2004).
Interestingly, there are no data on the anti-influenzaviral neuraminidase in-
hibitors (oseltamivir and zanamivir) in the prevention of acute coronary syn-
dromes.

3.2.3
Antioxidants

As one of the main hypotheses of atherogenesis, the oxidation hypothesis has
placed antioxidants in a prime position as potential inhibitors of atherogen-
esis and its clinical complications. Theoretically, by preventing the oxidation
of LDL, antioxidants should have the ability to inhibit lesion progression via
multiple mechanisms (Chisolm and Steinberg 2000; Carr et al. 2000). They
include inhibition of recruitment of monocytes into the lesions and their acti-
vation and transformation into lipid-filled foam cells. Also, oxidized LDL can
induce apoptotic death of monocytes, and the lipid-rich plaques contain in-
creased numbers of macrophages with signs of apoptosis (Hutter et al. 2004).
Thus, antioxidant therapies could prevent the formation of a necrotic lipid
core. Finally, reactive oxygen species produced by macrophage foam cells acti-
vate vascular matrix metalloproteinases capable of degrading the extracellular
matrix of plaque caps (Rajagopalan et al. 1996). Taken together, there is abun-
dant data suggesting that oxidized LDL could contribute to the generation of
both the necrotic lipid core and cap thinning, the two critical components of
rupture-prone vulnerable plaques.

The numerous studies in experimental animals showing an inhibitory effect
of antioxidants have served as a ‘proof of principle’ that antioxidants can halt
the progression of atherosclerosis (Meagher and Rader 2001). Yet, several
recent large-scale, double-blind, placebo-controlled trials have convincingly
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shown that neither beta-carotene nor vitamin E, alone or in combination
with other antioxidant vitamins (vitamin C, beta-carotene and selenium), will
reduce the risk of fatal or nonfatal infarction in an unselected population of
people with established coronary artery disease or at high risk for it (Steinberg
and Witztum 2002). A very recent small-scale, well-controlled clinical trial
using doses of antioxidant vitamins similar to the ones used in the large-scale
trials provided one plausible explanation for the negative outcomes of the
large trials (Kinlay et al. 2004). In this study, long-term oral administration of
vitamins C and E failed to improve the two key mechanisms in the biology of
coronary atherosclerosis, i.e., coronary endothelial function or LDL oxidation.
Even though the clinical trials with antioxidants present a negative picture in
termsofpreventionof coronaryplaque ruptureor erosion, theydonotdisprove
the oxidant stress hypothesis. Rather, they call for more potent and effective,
and perhaps entirely differently acting, antioxidants in this clinical setting.

3.3
Potential Future Drug Therapies for the Vulnerable Plaque

3.3.1
Vaccination Against Atherogenesis: Which Is the Correct Antigen?

Atherosclerosis has many similarities to inflammatory and autoimmune dis-
eases such as rheumatoid arthritis and multiple sclerosis (Ross 1999; Hansson
2001). There is compelling evidence from experimental animal models that
such autoimmune diseases may be treated by vaccination. There is also much
evidence for the involvement of bacteria in the pathogenesis of atherosclerosis,
which also opens up new avenues for the vaccination approach. Atherosclerosis
is a complex disease with a myriad of molecules able to be modified to generate
autoantigens (Nilsson and Kovanen 2004). Therefore, the key to designing suc-
cessful vaccination is the choice of the correct target antigen (Hansson 2002).
In atherosclerosis, two major autoantigens have so far been implicated: oxi-
dized LDL and heat shock protein 60 (HSP60). Parenteral immunization with
oxidized LDL was found to inhibit atherogenesis in experimental animals,
suggesting that vaccination with this disease-associated autoantigen could be
a possible strategy to treat atherosclerosis. The situation with heat shock pro-
teins is more complex. Because heat shock proteins have been conserved in
evolution, human HSP60 is highly homologous to and immunologically cross-
reacts with mycobacterial HSP65 and chlamydial HSP60 (Wick et al. 2004).
It is therefore possible that at least part of the immune responses to HSP60
is caused by microbial infections, and this cross-reactivity may explain why
certain infections are associated with increased atherosclerosis.

Based on the above findings, there is potential for an antigen-specific ther-
apy against atherosclerosis. The antigen-specific prophylaxis would not affect
the resistance of the host against other pathogens or autoantigens. Actually,
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this is theonlyoption, since generalized immunomodulationachievedwith im-
munosuppressive drugs is unacceptable in the prevention of a common disease
such as atherosclerosis. However, although immunization with the two differ-
ent autoantigens, oxidized LDL and HSP65/60, can protect atherosclerosis-
susceptible mice against advanced disease, the autoimmune reactions in the
large portion of the human population affected by atherosclerosis are likely to
involve many different antigens (Hansson 2002). It may, obviously, take a long
time until vaccination trials against atherogenesis can begin. It will take even
longer to obtain results, if young persons are to be vaccinated.

3.3.2
Proteinase Inhibitors

In the unstable plaque, a major component leading to cap thinning and weak-
ening is the increased breakdown of the extracellular matrix of the fibrous cap.
The activated macrophages and mast cells secrete proteases that can break
down the framework consisting of collagen, elastin, and proteoglycans (Libby
1995; Lindstedt and Kovanen 2004). Breakdown of these structural molecules
of the extracellular matrix can weaken the fibrous cap, rendering it more sus-
ceptible to rupture and precipitation of an acute coronary syndrome.

The proteases secreted by macrophages and SMCs include a variety of
matrix metalloproteinases (MMPs) and cathepsins. Distinct approaches have
been proposed for pharmacological inhibition of MMPs in atherosclerosis
(Beaudeux et al. 2004). They include the decrease in cellular expression and
activation of MMPs, the increase in cellular expression of TIMPs, the natural
inhibitors of MMPs, and the direct inhibition of activated MMPs by pseu-
dopeptide inhibitors, nonpeptide inhibitors, and tetracycline analogs. Of spe-
cial practical importance is the fact that statins inhibit, at least in vitro, the
secretion of certain MMPs by macrophages (Bellosta et al. 1998). Despite orig-
inal enthusiasm for the novel idea of inhibiting plaque rupture by blocking
MMPs, there is at present a lack of interest in planning new strategies for the
prevention of acute coronary events by this principle. This is because, MMPs
are also likely to have beneficial physiological effects in the arterial wall. In
addition to being involved in clearance of debris, MMPs are involved in cell
migration and proliferation needed for repair processes of injured arteries. Yet,
in cancer and degenerative diseases such as arthritis, several MMP inhibitors
are undergoing clinical trials (Brown 2000).

Atherosclerotic lesions in humans overexpress the elastolytic and collageno-
lytic cysteine proteases, the cathepsins S, K, and L, but show relatively reduced
expression of cystatin C, their endogenous inhibitor (Liu et al. 2004). Extracts
of human atheromatous tissue show greater elastolytic activity in vitro than
the extracts from healthy donors. Moreover, the cysteinyl protease inhibitor
E64d limits such an increase in elastolysis, indicating an involvement of cys-
teine proteases in elastin degradation during atherogenesis. Yet, as recently
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discussed by Liu et al. (2004), the cysteine proteases could play dual roles.
Cathepsin-mediated fragmentation of the barrier between the medial and in-
timal layer of the atherosclerotic arterial wall would allow the migration of
SMCs from the media into the intima, where they would produce collagen and
reinforce the fibrous cap. On the other hand, the SMCs in the fibrous cap can
also produce collagenolytic cathepsins, which would have the opposite effect.
Accordingly, due to their important role in arterial remodeling, cysteine pro-
teases are not at present a feasible target when planning strategies to prevent
plaque rupture.

The two proteases secreted by mast cells are tryptase and chymase. Indeed,
mast cells are filled with these neutral proteases, and the major secretory prod-
uct of human mast cells is tryptase. Importantly, there is therapeutic potential
of inhibition of either enzyme (He et al. 2001). Recently, APC2059, a highly
specific and selective tryptase inhibitor, has been used to treat ulcerative col-
itis in humans (Tremaine et al. 2002). Similarly, tryptase inhibitors are also
considered as potential therapeutic agents for asthma. Several orally active in-
hibitors of chymase are now available, but they have yet to be tested in humans
(Doggrell and Wanstall 2004).

Since a multitude of proteases are acting in the inflamed cap of a vulnerable
plaque, the key enzymes responsible for the pathological matrix degradation
should be identified before specific drug therapy can be envisioned. For the
time being, anti-inflammatory therapies aiming at lowering the numbers of
the cells secreting such matrix-degrading enzymes, or their stabilization, may
be the best way of lessening the proteolytic burden in the vulnerable cap.

3.3.3
Mast Cell Stabilizers, Antihistamines and Leukotriene Receptor Blockers: Agents
Potentially Counteracting Atherosclerotic Vasoconstriction

Inflamed atherosclerotic coronary segments are known to constrict in response
to various stimuli, especially in response to soluble mediators derived from
inflammatorycells suchasmastcells (Formanetal. 1985). In fact, suchcoronary
segments paradoxically constrict in response to the very same stimuli known to
exert a dilatatory effect on healthy coronary arteries. The key factor responsible
for such an unfavorable effect is a dysfunctional or absent endothelium on the
vulnerable plaques. Most importantly, the pathological vasoconstriction plays
an important role in acute coronary syndromes and has also been suggested
to predispose to plaque rupture and erosion (Hackett et al. 1987; Kalsner and
Richards 1984; Kalsner 1995).

Mast cells are inflammatory cells capable of secreting a variety of preformed
(histamine) and newly generated (leukotrienes) vasoactive mediators (Galli
et al. 2002). As a sign of coronary mast cell activation in vivo, elevated levels of
mast cell-derived histamine have been observed in the coronary circulation of
patients with variant angina shortly before coronary spasm and the ensuing
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angina (Sakata et al. 1996). Also, the levels of histamine in the systemic circula-
tion of patients with stable and unstable coronary heart disease may be elevated
(Clejan et al. 2002). In variant angina, the numbers of coronary adventitial mast
cells are highest in the spastic coronary segment (Forman et al. 1985). Finally,
the number of activated histamine containing mast cells is increased in the
intimal and adventitial layers of culprit lesions of patients with acute coro-
nary syndromes as a reflection of an ongoing inflammation in the coronary
plaques and also in the adventitia surrounding the plaque (Kovanen et al. 1995;
Laine et al. 1999).

Also, leukotrienes have been shown to constrict atherosclerotic coronary
arteries. This constriction was markedly attenuated by the leukotriene receptor
antagonist ICI198.615 in an organ bath experiment (Allen et al. 1993). Although
mast cells area sourceof leukotrienes inatherosclerotic coronaryarteries, there
are also other likely sources such as macrophages.

Recently, mast cells have been shown to be structurally connected with
sensorynervefibers in theadventitiaofatherosclerotic coronaryarteries (Laine
et al. 2000). This structural connection may be of pathological significance,
since the identified sensory nerves contain peptide neurotransmitter substance
P, vasoactive intestinal peptide, and calcitonin gene-related peptide, all capable
of stimulating mast cells. Furthermore, the number of mast cells in contact with
the sensory nerve fibers is significantly higher in the inflamed adventitia of
atherosclerotic segments of coronary arteries than in the normal segments.
Therefore, it is reasonable to hypothesize that neuroendocrine mechanisms of
mast cell activation may also play a role in triggering acute coronary events
(Huang et al. 2002; Kario et al. 2003).

The mast cell-derived histamine and leukotrienes also act as pro-inflam-
matory mediators and may thus aggravate coronary syndromes and lead to
an increased risk of plaque rupture. Accordingly, blocking the local actions of
these vasoactive and proinflammatory compounds is potentially beneficial in
the treatment of the vulnerable plaques. Importantly, both antihistamines and
leukotriene receptor antagonists are available for clinical use and have proved
to be safe (Simons and Simons 2002; Drazen et al. 1999).

Taken together, the therapeutic targets of antihistamines and leukotriene
receptor antagonists could possibly be widened to include also the prevention
of coronary artery spasm in patients with stable or unstable angina, with an
ultimate goal to reduce the risk of plaque rupture or erosion (De Caterina and
Zampolli 2004).

3.3.4
Inductors of Cholesterol Efflux from Atherosclerotic Plaques

Very promising results have been obtained in a small, well-controlled clinical
study with apoprotein (apo)A-I Milano intravenous infusions (Nissen et al.
2003). Notably, this was the first study to show a reduction of plaque size using
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an intravascular imaging method. This agent, the apoA-I Milano, is capable
of removing cholesterol from the plaques, and, surprisingly, apparently also
from the extracellular stores which have traditionally been considered to be
very resistant to removal by HDL. This is the first ‘drug’ ever to directly and
selectively affect the human plaque. Actually, by being injected into the sys-
temic circulation, the apoA-I Milano is not ‘plaque specific’, as it can remove
cholesterol from any tissue in the body. However, because in the common type
of atherosclerosis cholesterol accumulates only in the arterial intima there is no
excess to remove from other sites in extrahepatic tissues. Since accumulation
of cholesterol is the very key element in the development of a rupture-prone
plaque, its removal is the ultimate goal and the curative therapy of such a vul-
nerable plaque.

Finally, intravenous administration of apoA-I Milano, albeit theoretically
attractive, will not be available for all patients at high risk for plaque rupture
requiring stabilization and regression of the vulnerable plaques. Indeed, at
present, such therapy is restricted to the patients with acute coronary syn-
dromes (Nissen et al. 2003). However, with the advent of novel potent HDL-
raising oral drugs, such as inhibitors of cholesteryl ester transfer protein,
potentially plaque regression-inducing drug therapy will be available to a sig-
nificantly larger group of vulnerable patients (Le Goff et al. 2004). The use of
HDL metabolism-modulating agents as a potential anti-atherosclerotic drug
therapy is discussed more thoroughly in the chapter by Hersberger and von
Eckardstein, in this volume.

3.3.5
Progenitor Cells as Therapeutic Targets and Tools

Endothelial progenitor cells (EPCs) are bone marrow-derived cells, which
are considered generally to be beneficial in the prevention of atherosclero-
sis and its complications (Szmitko et al. 2003; Urbich and Dimmeler 2004).
The number of circulatory ECPs can be measured, and recent evidence sug-
gests that the determination of their number in peripheral blood may pro-
vide a useful novel index of cumulative cardiovascular risk and also serve
as a surrogate marker for vascular function (Hill et al. 2003). Interestingly,
the number of circulatory EPCs appears to be regulated by factors which are
also related to the risk of coronary artery disease (Vasa et al. 2001). Thus,
nonpharmacological or pharmacological interventions aimed at reducing the
risk factors of coronary artery disease seem to rapidly increase the number
of EPCs (Assmus et al. 2003; Laufs et al. 2004; Kondo et al. 2004; Min et al.
2004). Taken together, ECPs seem to offer a novel diagnostic marker for the
risk evaluation of coronary artery disease and hold considerable therapeutic
potential for the treatment of coronary artery disease and its complications
(Melo et al. 2004).
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The hematopoietic stem cells can also differentiate into SMCs in various
experimentalmodels of vascular lesions. Indeed, it hasbeen suggested that they
participate in the pathogenesis of atherosclerosis (Sata et al. 2002). Therefore,
it would be of great interest to know whether such SMC progenitors also
contribute to the genesis of an obstructive coronary lesion in humans, too.

4
Summary

As discussed in this chapter, the current drug therapies for the vulnerable
plaque aim mainly at inhibiting the development of vulnerable plaques, i.e.,
they are nonspecific systemic therapies which act at many levels of the long-
lasting development of a vulnerable plaque (Fig. 3). Ideally, such preventive
therapies could be optimal in that they halt or even reverse the progression of
atherosclerosis at a clinically safe stage.

Even in the face of these visionary prospects, and the fact that coronary
artery mortality rates have been dramatically declining (Tunstall-Pedoe et al.
1999), coronary artery disease has been predicted to be the killer number one
worldwide also in the future (WHO 2002). The challenge to open up new fields
for pharmacological rethinking in the prevention of plaque rupture remains
(Rodgers 2003).

Fig. 3 Schematic representation of lesion progression in a vulnerable patient with and
without therapy. One should note that, by definition, the secondary prevention in patients
with outward-growing plaques begins after the first acute coronary event, provided that no
symptoms causing inward-growing plaques are present. Current and potential future drug
therapies are summarized in the lower part of the figure
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Abstract While neovascularization plays an integral role in atherosclerosis, stimulation of
angiogenesis does not appear to promote atherogenesis. This observation is important in
view of recent advancements in angiogenic gene and cell therapy aimed at promoting new
blood vessel growth in humans with vascular disease. Endothelial progenitor cells (EPCs)
may actually prevent rather than provoke intimal thickening and vascular remodeling
by promoting re-endothelialization in response to vascular trauma, as occurs with per-
cutaneous transluminal vascular intervention for treating atherosclerotic vessels. Further
support for the hypothesis that EPCs continuously repair vascular injury and contribute
to the rejuvenation of vessels has been derived from animal studies demonstrating that
serial injection of bone marrow-derived EPCs prevent atherogenesis, but that the quantity
and quality of these cells deteriorate with aging. This chapter provides a summary of the
influence of angiogenesis on atheromatous disease. Furthermore, the increasingly impor-
tant relationship between atherosclerosis and newly emerging techniques in therapeutic
angiogenesis (i.e., gene therapy and cell therapy with EPCs) is discussed.

Keywords Atherosclerosis · Endothelial progenitor cells · Neovascularization ·
Vascular injury

The involvement of the vasa vasorum in atherosclerotic disease has long been
debated. Recently, this discussion has been re-ignited, following the work of
MoultonandFolkmanthatdemonstratedanti-angiogenicagents reduceplaque
growth. They showed that systemic administration of endostatin or fumagillin-
analog TP-470 to apolipoprotein E-deficient (apoE−/−) mice for 16 weeks re-
duced intimal neovascularization and subsequent plaque growth by 70%–85%
(Fig. 1) (Moulton et al. 1999). Further experiments with angiostatin have high-
lighted an important role of macrophages as well as neovascularization in
plaque formation (Moulton et al. 2003).

The finding that neovascularization is a necessary condition for plaque
growth thus raises the important question of whether increased angiogenesis
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Fig. 1 Size of lesions at aortic origin after treatment with angiogenesis inhibitors in apoE−/−

mice aged 20–36 weeks. Control (�), endostatin (�), and TNP-470 (◦) animals were treated
for 16 weeks. Dashed line centered at 0.25 mm2 represents median plaque area at aortic
sinus lesions measured in a cohort (n=10) analyzed at 20 weeks. (From Moulton et al. 1999)

may lead to the progression of atherosclerosis. In this regard, the relationship
between neovascularity and atherosclerosis is analogous to that of neovas-
cularization and cancer. Folkman previously outlined “The hypothesis that
tumor growth is angiogenesis-dependent is consistent with the observation
that angiogenesis is necessary but not sufficient for continued tumor growth.
While the absence of angiogenesis will severely limit tumor growth, the onset
of angiogenic activity in a tumor permits, but does not guarantee, continued
expansion of the tumor population.” (Folkman 1993). The same is true for
angiogenesis and atherosclerosis (Isner 1999).

The relationship between angiogenesis and atherosclerosis is particularly
intriguing in light of recent advancements in angiogenic gene therapy. After
all, therapeutic angiogenesis aims at promoting blood vessel growth in pa-
tients in whom atherosclerotic vascular disease is likely to be present. Of initial
concern were the findings of Dake and colleagues from Stanford University
claiming that vascular endothelial growth factor (VEGF) administration to
apoE/apoB100 doubly deficient mice quadrupled the aortic plaque area after
3 weeks (Celletti et al. 2001b). The same group reported similar results from
experiments performed in rabbits (Celletti et al. 2001a). However, VEGF pi-
oneers, Losordo and Isner, took a very different stance on this issue (Isner
2001; Losordo and Isner 2001) and pointed out the following: (1) In a series
of preclinical experiments, VEGF administration in vascular injury models
demonstrated promotion of re-endothelialization, reduction of intimal thick-
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ening and mural thrombosis, and restoration of vasomotor function (Asahara
et al. 1995, 1996; Van Belle et al. 1997a, 1997b, 1997c; Hiltunen et al. 2000);
(2) the total of their 42 clinical cases of VEGF gene therapy of arteriosclerosis
obliterans disclosed no evidence of new atherosclerotic lesion development
(Baumgartner et al. 1998; Isner 1998).

Perhaps equally important is the question on the relationship between
atheromatous disease and the recently identified endothelial progenitor cells
(EPCs) (Asahara et al. 1997). First, it has been shown that bone marrow (BM)-
derived EPCs are mobilized in the acute phase of acute myocardial infarction
(Shintani et al. 2001; Vasa et al. 2001), and that their number in the circulation
inversely correlates with the number and severity of risk factors for ischemic
heart disease (Gill et al. 2001; Hill et al. 2003). While EPCs were initially shown
to promote neovascularization at capillary levels in ischemic organs and tissues
(Asahara et al. 1997, 1999), their role to atherosclerosis they may be repair of
the intima in injured great vessels and the prevention of their remodeling.
Indeed, EPCs were discovered for the first time in a vascular injury model to
which VEGF was administered (Asahara et al. 1995, 1996, 1997). Our group
(Walter et al. 2002) (Fig. 2) and others (Werner et al. 2002) recently reported
similar results showing that administration of a 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitor (statin) to vascular injury models
in rats or mice mobilizes EPCs from the BM into the vascular lesion, promotes
re-endothelialization, and prevents intimal thickening/vascular remodeling.
Thus, it is reasonable to postulate that in humans EPCs actively participate
in endothelial injury and vascular remodeling in response to percutaneous
transluminal vascular intervention aimed at the treatment of atheromatous
diseases.

Whether EPCs play a role in the natural course of atherosclerosis (i.e.,
without artificial/iatrogenic vascular injury) has remained unclear. However,
Goldschmidt-Clermont and Taylor from Duke University (Rauscher et al. 2003)
offer novel insight into this subject. In this study, the authors discovered that

Fig. 2. Bone marrow-derived EPCs contribute to neoendothelium. Representative pho-
tomacrographs of luminal surface of X-gal-stained injured segments from control and
simvastatin-treated animals at ×200 magnification. Bar graph (mean±SEM) depicts num-
bers of X-gal-positive cells/mm2 expressing Tie-2, indicative of EPCs. *P <0.01 statin (n=5)
vs. saline-injected (n=7). (Modified from Walter et al. 2002)
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BM cells from young apoE−/− mice (4 weeks of age) prevent atherosclerosis
progression in apoE−/− recipients when 106 cells were injected every 2 weeks
beginning at 3 weeks of age. Several histological analyses disclosed that in this
setting the atherosclerotic burden was reduced by 40% at 14 weeks of age. In
contrast, treatment with BM cells from older apoE−/− mice (6 months of age)
provided far less benefit (Fig. 3). Furthermore, the percentage of CD31+CD45−

cells from BM (defining vascular progenitor cells) decreased with the aging of
apoE−/− mice. Taken together, they have postulated that vascular progenitor
cells are continuously repairing vascular damage and contribute to the reju-
venation of vessels, but that the number of these cells decreases with aging,
ultimately resulting in atherosclerosis. Although the character of the injected
BM cells was not clarified, it is likely that they included EPCs. We also ob-
tained evidence for the adverse effect of aging on EPCs: cultivated EPCs from
patients with ischemic heart disease showed decreases in migratory activity in
vitro and therapeutic efficacy in mouse model of hindlimb ischemia in vivo,
depending on the age of the donors. In other words, EPCs from older patients
(>75 years) show significantly less migratory activity and therapeutic effect
than those from younger ones (<65 years) (Murayama et al. 2001). Hence, the
quality and quantity of EPCs can deteriorate with aging, which may modify
a variety of pathophysiological conditions in the elderly.

Fig. 3 All atherosclerosis data (mean±SEM) are for apoE−/− ‘recipient’ mice maintained on
high-fat diet, sorted into one of three groups (a–c), at 14 weeks of age. Cell injections were
given at 2-week intervals from 3 weeks until 13 weeks of age (106 cells/injection). Groups
a and b received cells intravenously. Donor cells originated from severely atherosclerotic
6-month-old apoE−/− mice, maintained on high-fat diet (a), or preatherosclerotic 4-week-
old apoE−/− mice (b). Group c indicates mice given no cells (negative control). Groups
a and b differed from each other only in age of cell donor. Atherosclerotic burden differs
significantly between groups a and b (P<0.05). (Modified from Rauscher et al. 2003)
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Half a century ago, Rudolf Altschul exquisitely stated, “A person is as old as
his endothelium.” (Altschul 1954). Are there any strategies to overcome aging
of an individual and his blood vessels, i.e., the most important risk factor
for atheromatous disease? Unlike stem cells, EPCs cannot escape from cell
senescence, and if EPC function deteriorates with aging, simple autologous
cell therapy itself is insufficient to solve the paradigm. What about an EPC
bank where EPCs are collected from young people, expanded, and stored for
their future treatment? What happens if fortified autologous EPCs, obtained
for example by overexpression of VEGF (Iwaguro et al. 2002), or the telomerase
gene (Murasawa et al. 2002) are continuously administered to the patients in
order to prevent vascular aging or atherosclerosis? We look forward to further
advancements in this field and potential novel cell therapy techniques that
translate into clinical practice.

This paper is supported in part by the Establishment of International COE
for Integration of Transplantation Therapy and Regenerative Medicine (COE
program of the Ministry of Education, Culture, Sports, Science and Technology,
Japan).
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Abstract Atherosclerosis and related diseases are the leading cause of death in Western
world. The disease process begins with the formation of fatty streaks already during the
first decade of life but does not manifest clinically until several decades later. Gene therapy
is a potential new way to target multiple factors playing a role in the development and
progression of atherosclerosis. A great number of genes involved in the development of
atherosclerosis have been identified and have been tested both in vitro and in vivo as
potential new targets for therapy. Pre-clinical experiments have shown the feasibility and
safety of several gene therapy applications for the treatment of atherosclerosis and clinical
trials have also provided evidence for the applicability of gene therapy for the treatment
of cardiovascular diseases. In this review we discuss vectors and potential gene therapy
approaches for intervention and therapy of atherosclerosis.

Keywords Atherosclerosis · Gene therapy · Viral vector
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1
Introduction

Gene therapy aims to treat diseases by introducing therapeutic genes into
the somatic cells of patients. Target diseases are by origin either multigenic
or single gene defects. Atherosclerosis is a complex disease developing over
a long period of time, affecting many cell types in the vessel wall and involving
a multitude of different genes. Atherogenesis begins already during the first
decade of life but is clinically manifested only decades later (Yla-Herttuala
et al. 1986).

Foam cell formation is one of the early events of atherosclerosis. Increased
expression of cytokines, chemokines and adhesion molecules leads to in-
creased adhesion of monocyte-macrophages to endothelium and their trans-
migration into the subendothelial space. There macrophages and, to some
extent smooth muscle cells (SMCs), accumulate lipid through scavenger re-
ceptors converting these cells into lipid-laden foam cells. Oxidation of low-
density lipoprotein (LDL) by lipoxygenases and other mechanisms enables
it to be recognized by scavenger receptors, which do not recognize native
LDL and mediate unregulated uptake of cholesterol into the cells. SMCs, mi-
grated from media into the intima, proliferate and produce extracellular ma-
trix in the intima leading to the formation of atherosclerotic lesions with
a necrotic core of lipid and a fibrous cap of SMCs and extracellular matrix.
In the worst case, rupture of these lesions leads to thrombosis and infarction
(Ross 1999).

Many risk factors contribute to the development of atherosclerosis and
related complications (Lusis 2000). Among them, high plasma LDL and low
high-density lipoprotein (HDL) levels are major contributing factors. There
are also several inherited diseases such as familial hypercholesterolemia (FH)
that lead to accelerated atherosclerosis. Current treatment strategies use drug
treatment to affect cholesterol levels, hypertension and thrombosis. However,
these approaches have not been effective in all patients.

Critical elements for successful gene therapy involve the identification of
suitable target genes through which it is possible to influence disease de-
velopment and progression, delivering the transgenes to the target tissue
efficiently, achieving sufficient levels of gene expression for therapeutic ef-
fects and reaching these goals with minimal side effects. Additionally, reg-
ulated and tissue specific gene expression are goals for future gene therapy
applications.
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2
Vectors for Gene Therapy

The first critical point for successful gene therapy is the delivery and subse-
quent expression of the therapeutic gene in target cells. Delivery of therapeutic
genes to cells ex vivo or tissues in vivo is possible by viral and nonviral vectors
(Yla-Herttuala and Martin 2000). Different vector systems have inherent char-
acteristics that make them suitable for specific applications (Table 1). Desired
expression times and levels vary depending on the therapeutic aim (Kay et al.
2001). Some applications, such as vein-graft failure, may require only transient
expression of a therapeutic gene whereas atherosclerosis requires long-lasting
and sustained expression of gene(s). Several factors influence persistence of
transgenes in target tissues, including the choice of promoter and enhancer ele-
ments, immune response to the vector and/or transgene product and turnover
of the transduced cells (Ehrhardt et al. 2003; Stone et al. 2003; Yang et al. 1995).

Main target tissues for gene therapy of atherosclerosis include the liver due
to its central role in lipoprotein metabolism, and the vessel wall. Both viral
and nonviral vectors have demonstrated relatively low efficiency and lack of
selectivity in vascular cells but recently vectors targeted into the vascular cells
have emerged (Nicklin et al. 2001). Long-lasting expression is possible with
lentiviral vectors or adeno-associated virus vectors. Persistent gene expression
with both vectors has also been achieved in the liver (Follenzi et al. 2002;
Snyder et al. 1997). Muscle-directed gene transfer could also be feasible for the
production of secreted apolipoproteins (Harris et al. 2002).

2.1
Nonviral Vectors

Nonviral vectors include naked plasmid DNA, cationic liposomes and cationic
polymers. Plasmids are safe, have high capacity to accommodate transgenes
and large scale production and purification are relatively easy. The major
drawback of naked plasmids is their low transfection efficiency and transient
transgene expression. Transfection efficiency has been improved with the use
plasmid:liposomes and plasmid:polymer complexes (Pakkanen et al. 2000) but
has not yet reached the levels achieved with viral vectors (Turunen et al. 2002).

2.2
Viral Vectors

Viruses have evolved specific mechanisms for entering target cells and using
cellular machinery to progress viral lifecycle. This interaction with specific cell
surface receptors and subsequent entry into the cells has provided a good basis
for the development of viral gene transfer vectors. Viral vectors are constructed
by removing some or all of the viral coding sequences and providing cis-acting
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Table 1 Vector systems for cardiovascular gene delivery

Vector Advantages Disadvantages

Adenovirus Transduce dividing and nondividing
cells

Short-lasting expression

High-level expression Host immune and inflammatory reac-
tions

Relatively easy to produce to high titer

Nonintegrating

Large transgene capacity

Adeno-associated
virus

Transduce dividing and nondividing
cells

Limited transgene capacity (∼4.7 kb)

Nonpathogenic Risk of insertional mutagenesis due to
random integration

Low immunogenicity Laborous production procedure

Integrating

Long-lasting and stable transgene ex-
pression

Lentivirus Transduce dividing and nondividing
cells

Relatively low transfection efficiency

Low immunogenicity Risk of insertional mutagenesis due to
random integration

Integrating Laborous production procedure

Long-lasting and stable transgene ex-
pression

Retroviruses Low immunogenicity Able to transduce only dividing cells

Integrating Low efficiency

Long-lasting and stable transgene ex-
pression

Risk of insertional mutagenesis due to
integration

Baculovirus Transduces dividing and nondividing
cells

Host immune and inflammatory reac-
tions

Large transgene capacity Transient expression

Nonreplicative in mammalian cells

Nonpathogenic

Nonviral vectors: Nonpathogenic Poor efficiency

Naked plasmids Easy to produce Transient expression

plasmid/liposomes

sequences required for packaging from helper plasmids or stable packaging
cell lines. This eliminates the production of replication competent wild-type
viruses during the vector production (Kay et al. 2001).

Themainadvantageof theviral vectorsover thenonviral vectors is theirhigh
transduction efficiency as the desired therapeutic effect is usually proportional
to the number of cells expressing the therapeutic gene. The main limitation of
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viral vectors is the potential of immune reactions. Immune responses can be
directed either towards antigens of the viral backbone or specific antibodies
can develop towards the transgene products. Recent development of vectors
has aimed at removing as much of the viral genome as possible from the vector
backbone, both to increase safety and to make space for larger transgene
cassettes. Another important feature to increase safety of the viral vectors
would be cell or tissue specific expression achieved by the use of tissue specific
and inducible promoters (Koponen et al. 2003; Walther and Stein 1996).

2.2.1
Adenoviral Vectors

Adenoviruses are nonenveloped DNA viruses. There are over 50 adenovirus
serotypes with serotypes 2 and 5 being the most commonly used in gene ther-
apy. Other serotypes are, however, gaining more interest in order to avoid
possible pre-existing immunity that can reduce efficiency of vector adminis-
tration. Alternative serotypes may also be used to avoid neutralizing antibody
responses if re-administration of the vector is required (Parks et al. 1999).

Adenoviruses provide strong expression in both dividing and nondividing
cells but remain episomal leading to loss of gene expression within 2 weeks.
Immune response elicited by the vector also contributes to the loss of transgene
expression (Pastore et al. 1999).

Adenoviruses with a much higher capacity to accept foreign genetic mate-
rial have been obtained with ‘gutless’ adenoviral vectors where the wild-type
genome is replaced with a transgene cassette and regulatory elements. These
vectors are also less immunogenic because no viral gene expression can re-
sult after removal of the entire adenovirus genome (Kochanek et al. 1996).
Adenoviruses have been used for efficient gene delivery into many tissues
including the vessel wall, liver and muscle (Gruchala et al. 2004; Jalkanen
et al. 2003; Rissanen et al. 2003). However, adenoviruses are not the opti-
mal vectors for treating atherosclerosis due to the short-term expression of
the transgene but can instead be beneficial for the treatment of complica-
tions resulting from atherosclerosis, such as restenosis or bypass graft stenosis
(Rutanen et al. 2002).

2.2.2
Retroviral Vectors

Retroviruses are lipid-enveloped particles with a diploid RNA genome. Af-
ter entry into cells, the genome is reverse transcribed into double-stranded
DNA and integrated into the host genome providing the ability to confer
long-lasting transgene expression (Kay et al. 2001). Retroviral vectors can
transduce only dividing cells limiting the range of target cells. Ex vivo ap-
proaches with retroviral vectors have been used to transduce lymphocytes
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and bone marrow stem cells among others (Engels et al. 2003; Hacein-Bey-
Abina et al. 2002; Li et al. 2003; Muul et al. 2003). The retroviral enve-
lope restricts its tropism to certain cell types expressing suitable receptors.
Expanded host cell range has been achieved by pseudotyping the vectors
with envelope proteins from other viruses e.g., the G protein of the vesic-
ular stomatitis virus (VSV-G). Also, pseudotyping with VSV-G makes the
envelope of the virus more stable allowing for concentration to high titers
(Burns et al. 1993). Retroviruses are able to accommodate up to 8 kb of exoge-
nous DNA in place of removed viral genes. The required cis-acting sequences
are stably expressed from packaging cell lines (Ory et al. 1996). Retroviral
vectors have been used for gene transfer in the cardiovascular system and
liver, both in vivo and ex vivo (Grossman et al. 1995; Laitinen et al. 1997;
Pakkanen et al. 1999a).

2.2.3
Lentiviral Vectors

Lentiviruses belong to the family of retroviruses. They are able to transduce
nondividing, terminally differentiated cells and integrate into the host cell
genome providing stable and long-lasting gene expression, a requirement in
the treatment of atherosclerosis. Only a fraction of the parental genome of the
lentivirus is required to produce a functional vector. The nonrequired genes
are important for viral pathogenesis so packaging constructs with the minimal
amount of helper genes have been developed (Dull et al. 1998). Biosafety of
lentiviral vectors has been increased by the development of self-inactivating
vectors (Miyoshi et al. 1998). Pseudotyping lentiviral vectors with VSV-G has
led to increased stability of the viral particle and expanded tropism (Akkina
et al. 1996; Naldini et al. 1996). VSV-G pseudotyped lentiviral vectors have been
used to efficiently transduce liver (Follenzi et al. 2002; Kankkonen et al. 2004).
They could prove beneficial in the treatment of FH or other diseases involving
lipid homeostasis and requiring long-term expression of therapeutic genes in
the liver. Lentiviruses are also being extensively studied for transduction of
hematopoietic stem cells (Miyoshi et al. 1999).

2.2.4
Adeno-associated Virus-Vectors

Adeno-associated viruses (AAVs) are replication defective parvoviruses that
require a helper virus to complete their productive life cycle. In the absence
of a helper virus they establish a latent infection by integrating into the host
genome in a site-specific manner. This ability of the wild-type AAV for site-
specific integration has been one main property generating interest in devel-
oping gene transfer vectors based on AAVs. Eight serotypes of AAV have been
identified with AAV2 being the most studied and used to date.
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AAV vectors have many properties that make them ideal tools for gene
transfer: they are nonpathogenic as they do not cause any known disease
in humans, they mediate long-lasting transgene expression, transduce both
dividingandnondividingcells, arenontoxicandexhibit low immunogenicity in
vivo (Monahan and Samulski 2000). The major limitation is the low capacity of
thevectorbackboneofonly4.7kb.This is,however,beingaddressedbyutilizing
the property of the vectors to form heterodimers inside cells, so that either the
therapeutic gene could be split in half and delivered by two separate vectors
or the gene and regulatory elements could be split into two separate vectors
(Sun et al. 2000; Yan et al. 2000). AAV-mediated long-term expression and the
ability to transduce vascular SMCs makes it an attractive vector for treatment of
atherosclerosis (Gruchala et al. 2004; Pajusola et al. 2002; Pruchnic et al. 2000).

2.2.5
Baculovirus Vectors

The baculovirus Autographa californica nuclear polyhedrosis virus (AcMNPV)
is an enveloped virus with a double-stranded DNA genome. Baculoviruses are
insect-specific and do not replicate in mammalian cells despite being able to
enter certain vertebrate cells (Volkman et al. 1983). It has been shown, however,
that when containing the appropriate eukaryotic promoter AcMNPV is able
to transfer and express target genes in several mammalian cell types (Boyce
and Bucher 1996). Baculoviruses can incorporate large amounts of foreign
DNA into their nucleocapsid. Baculoviral vectors do not integrate into the host
genome leading to transient transgene expression. The advantages of baculovi-
ral vectors include transducing both dividing and nondividing cells, relatively
easy preparation of high-titer virus stocks and very high capacity for foreign
DNA (Pieroni and La Monica 2001). Their use in vivo has been hampered by
inactivation by serum complement. Inactivation could be avoided by prevent-
ing contact with blood components (Airenne et al. 2000). The usefulness of
baculoviral vectors in cardiovascular gene therapy remains to be elucidated.

3
Targets for Gene Therapy of Atherosclerosis

The most promising target diseases for gene therapy are monogenic diseases
caused by a defect in one gene leading to the absence or dysfunction of the
protein encoded by that gene. Atherosclerosis is a multifactorial disease de-
veloping over a long period of time with many environmental factors influ-
encing its development and progression. This suggests that local gene therapy
approaches might not be effective in primary prevention of atherosclerosis.
There are, however, inherited disorders that can lead to atherosclerosis and
where treatment by gene therapy may be feasible (Figs.1 and 2).
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Fig. 1 Potential target genes for treatment of inherited lipid disorders

3.1
Genetic and Acquired Disorders of Lipid Metabolism

Increased plasma concentration of LDL is a major risk factor for the de-
velopment of atherosclerosis. Numerous environmental factors and genetic
loci contribute to increased plasma LDL levels but specific monogenic dis-
eases leading to high plasma concentrations of LDL have also been identified
(Rader et al. 2003).

FH is caused by mutations in the gene encoding the LDL receptor (LDL-R).
This results in defective or total absence of hepatic uptake of LDL and in-
creased plasma LDL concentrations. The disease is characterized by prema-
ture atherosclerosis and related complications (Rader et al. 2003). FH could be
treated with liver-directed transfer of the LDL- or very-low-density lipoprotein
(VLDL) receptor gene to restore, at least partially, liver uptake of LDL and to
lower plasma cholesterol levels. This has been shown in animal models of FH
with prolonged lowering of cholesterol after LDL-R gene transfer (Kankkonen
et al. 2004; Pakkanen et al. 1999b) and protection from atherosclerosis after
VLDL-R gene transfer (Oka et al. 2001). Transplantation of ex vivo transduced
autologous hepatocytes expressing LDL-R also resulted in modestly lowered
cholesterol levels in some patients (Grossman et al. 1995).

Dyslipoproteinemias suchashypoalphalipoproteinemia—low levelsofHDL
cholesterol—could be treated with gene transfer of the apoA-I or lecithin:chol-
esterol acyltransferase (LCAT) genes (Brousseau et al. 1998). In addition to
affecting HDL concentrations LCAT also modulates LDL cholesterol concen-
trations by accelerating LDL catabolism. However, the LDL cholesterol low-
ering and anti-atherogenic properties of LCAT overexpression are dependent
on at least one functional allele of the LDL-R gene (Brousseau et al. 2000).
This makes LCAT an attractive target gene for treatment of heterozygous FH
patients and dyslipoproteinemic patients with at least one functional allele of
the LDL-R gene.

Apolipoprotein E (apoE) functions as a ligand for lipoprotein clearance
and has an important role in the metabolism of triglyceride-rich VLDL and
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Fig. 2 Therapeutic targets and potential treatment genes

remnant metabolism. As such, apoE gene transfer could be used for the treat-
ment of type III hyperlipoproteinemia which is due to the presence of spe-
cific apoE isoforms. Macrophage apoE expression has been shown to reduce
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lesion area in the early, but not in the later stages of atherogenesis with-
out major changes in plasma cholesterol levels (Hasty et al. 1999). In con-
trast, hepatic expression of apoE lowers plasma cholesterol levels and in-
duces regression of both fatty streak and more complex, advanced lesions
(Tsukamoto et al. 1999).

ApoB100 is synthesized in the liver and is the major component of plasma
LDL and also a component of other atherogenic lipoproteins such as lipopro-
tein (a) [Lp(a)] and VLDL. Transgenic mice with liver-specific expression of
apobec-1 as well as adenoviral delivery to rabbit liver resulted in reduced
LDL cholesterol levels (Kozarsky et al. 1996; Teng et al. 1997). High concen-
trations of apoB100 could be reduced with transfer of the catalytic subunit
of the apoB mRNA editing enzyme. Hepatic overexpression of apobec-1 can
also reduce atherogenic Lp(a) concentrations (Hughes et al. 1996). Lp(a) levels
can also be targeted with ribozymes to inhibit the synthesis of this protein
(Morishita et al. 1998).

Genetic deficiency of lipoprotein lipase (LPL), a critical enzyme for the
catabolism of triglyceride-rich lipoproteins, leads to hyperlipidemia and may
be a significant risk factor for the development of atherosclerosis (Benlian
et al. 1996). Increased activity of LPL after liver-directed gene transfer has
been shown to normalize lipoprotein profiles in LPL deficient animals and also
to protect against atherosclerosis (Ashbourne Excoffon et al. 1997; Shimada
et al. 1996). Hepatic lipase (HL) is an endothelial bound lipolytic enzyme
which functions both as a phospholipase and triacylglycerol hydrolase, and
is required for the metabolism of intermediate density lipoproteins and HDL.
Patients with HL deficiency display a variable phenotype that may include
hypertriglyceridemia with triglyceride enrichment of LDL and HDL parti-
cles, hypercholesterolemia, β-VLDL, and in some cases premature coronary
artery disease (Connelly et al. 1990; Hegele et al. 1993). Gene transfer of HL
to HL-deficient mice is able to correct the abnormal lipid profile (Applebaum-
Bowden et al. 1996).

Plasma lipoprotein levels couldalsobereducedby inhibiting themicrosomal
triglyceride transfer protein (MTP) which catalyzes the transport of triglyc-
eride, cholesteryl ester and phosphatidylcholine between membranes, and is
required in the assembly of apoB containing lipoproteins (Gordon et al. 1995).
Inhibition of MTP has been shown to inhibit apoB secretion from HepG2 cells
and virtually eradicate atherosclerotic lesions in LDLR−/−/ApoB100/100 mice
homozygous for a conditional allele for the gene for MTP (Jamil et al. 1996;
Lieu et al. 2003). Specific inhibition of the MTP gene could be achieved with
siRNA techniques (Scherer and Rossi 2003).
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3.2
Oxidation of LDL

The accumulation of LDL in the intima of vessels where it is modified is one of
the initial events in the development of atherosclerosis. These modifications
contribute to both foam cell formation and inflammation in the vessel wall.
The most important form of modification in humans is most likely oxidation
of LDL. Oxidatively modified LDL has been detected in atherosclerotic lesions
(Yla-Herttuala et al. 1989).

LDL can be oxidized by several mechanisms, such as by metal ions, lipoxy-
genases, myeloperoxidase and reactive nitrogen species. However, oxidation
by metal ions probably does not play an important role in the in vivo oxida-
tion of LDL (Leeuwenburgh et al. 1997). The presence of 15-lipoxygenase in
macrophage-rich areas of human and rabbit atherosclerotic lesions has been
shown by immunohistochemical studies (Yla-Herttuala et al. 1991b) as well as
has the presence of HOCl-modified epitopes, i.e., markers of myeloperoxidase
modified LDL (Malle et al. 2000). Nitric oxide (NO) is a free radical released
by many vascular cells. NO itself causes little modification of LDL particles
and it inhibits both cell-mediated and copper-mediated oxidation of LDL. Un-
der aerobic conditions NO is converted into nitrite, and low concentrations
of nitrite have been shown to inhibit myeloperoxidase-mediated oxidation of
LDL (Carr and Frei 2001). However, when NO reacts with molecular oxygen
or superoxide radicals it forms a multitude of reactive nitrogen species that
are able to modify LDL in vitro. The presence of oxidized LDL leads to a pro-
inflammatory reaction in the vessel wall that can accelerate atherosclerosis
(Steinberg and Witztum 2002). Beneficial effects on endothelial dysfunction
caused by oxidized LDL could be achieved by overexpression of antioxidant
enzymes and nitric oxide synthase. Local catheter-mediated delivery, but not
systemic delivery, of extracellular superoxide dismutase was able to reduce
macrophage accumulation and restenosis in balloon-denuded rabbit aorta
(Laukkanen et al. 2002). Reduction of macrophage accumulation could be ad-
vantageous for the treatment of atherosclerosis as macrophages secrete many
cytokines and growth factors implicated in the pathogenesis of atherosclerosis.

Platelet-activating factor acetylhydrolase (PAF-AH), present in HDL parti-
cles, hydrolyzes and inactivates PAF and PAF-like oxidized or polar phospho-
lipids thus having an anti-atherogenic role. It also has, however, atherogenic
properties as it generates potent inflammatory lipid mediators after hydrolysis
of oxidized lysophosphatidylcholines. PAF-AH has been detected in human
and rabbit atherosclerotic lesions (Häkkinen et al. 1999). The role of PAF-AH
as an anti-atherogenic molecule is supported by the fact that adenovirus-
mediated gene transfer of PAF-AH led to a decrease in atherosclerosis. PAF-
AH protected lipoproteins from oxidation and HDL particles with PAF-AH
were able to reduce foam cell formation (Noto et al. 2003; Quarck et al. 2001;
Turunen et al. 2004).
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Serum paraoxonase 1 (PON1) is an HDL associated enzyme as well, and is
expressed in the liver (Blatter et al. 1993). It inhibits LDL oxidation in vitro and
PON1 transgenic mice are protected from atherosclerosis (Aviram et al. 1998;
Tward et al. 2002).

Oxidized LDL is recognized by scavenger receptors that mediate its uptake
into macrophages turning them into foam cells. Members of the scavenger
receptor family include class A, class B, mucin-like and endothelial receptors
(Terpstra et al. 2000). Scavenger receptor A and CD36 are considered the main
receptors involved in foam cell formation, mediating the uptake of oxidized
LDL into macrophages. Scavenger receptors also play a part in cell adhesion
(Fraser et al. 1993), phagocytosis of apoptotic cells (Platt et al. 1999) and host
immune functions (Dunne et al. 1994). Accumulation of lipid in macrophages
and infiltration of monocytes into the vessel wall could be prevented by decoy
scavenger receptors (Jalkanen et al. 2003).

3.3
Inflammation

Inflammation is mediated by several proinflammatory cytokines and plays an
important role in the development and progression of atherosclerosis. Tumor
necrosis factor-α (TNF-α) and interleukin (IL)-1 are potent pro-inflammatory
cytokines that mediate some of their effects through up-regulation of other cy-
tokines, chemokines and adhesion molecules (Laukkanen and Yla-Herttuala
2002). Circulating monocytes attach to endothelial cells by cell adhesion
molecules such as selectins, vascular cell adhesion molecule and intercellu-
lar adhesion molecule-1 that are induced in response to inflammatory signals.
Monocyte chemoattractant protein-1 (MCP-1) and IL-8 play crucial roles in
the initiation of atherosclerosis by recruiting monocytes/macrophages into
the vessel wall promoting lesion formation and plaque vulnerability. MCP-1
has been detected in macrophage-rich areas of human atherosclerotic lesions
(Yla-Herttuala et al. 1991a). The effects of MCP-1 are mediated through the CC
chemokine receptor 2 (CCR2) and modulation of MCP-1 levels or CCR2 activ-
ity lead to reduced atherosclerosis (Dawson et al. 1999; Gosling et al. 1999; Gu
et al. 1998). Soluble adhesion molecules could be used to inhibit the migration
of monocytes/macrophages into the vessel wall (Chen et al. 1994). Further,
decoy scavenger receptors could be used to inhibit adhesion of monocytes to
endothelium (Jalkanen et al. 2003).

The action of transcription factors involved in SMC proliferation, oxida-
tive stress and inflammation, such as E2F and NFκB, could be inhibited by
the use of decoy oligodeoxynucleotides (ODN) of these factors (Nakamura
et al. 2002; Yoshimura et al. 2001). These ODNs have been shown to reduce
neointimal formation but the inhibition of NFκB has also been shown to in-
crease atherosclerosis in LDL-R-deficient mice, possibly by affecting the pro-
and anti-inflammatory balance controlling the development of atherosclerosis
(Kanters et al. 2003).
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IL-10 is an anti-inflammatory cytokine produced by activated lympho-
cytes and monocytes. Expression of IL-10 has been demonstrated in human
atherosclerotic lesions and it also reduces atherosclerotic lesion formation in
vivo in mouse models (Mallat et al. 1999; Pinderski Oslund et al. 1999). The
reduction in lesion area is accompanied by a change in lesion composition into
a more stable phenotype. Systemic expression of IL-10 has both metabolic and
immunological effects (Von Der Thusen et al. 2001).

3.4
HDL and Reverse Cholesterol Transport

Reduced plasma HDL levels have been linked with increased risk of coronary
heart disease in epidemiological studies (Gordon et al. 1977) and an increase
of 1 mg/dl in HDL cholesterol has been shown to decrease CAD risk by ap-
proximately 2.5% (Gordon et al. 1989). The atheroprotective role of HDL has
been linked to its role in reverse cholesterol transport, inhibition of lipopro-
tein oxidation and direct protection of the vessel wall (Assmann and Nofer
2003). Reverse cholesterol transport is the process whereby excess cholesterol
in the peripheral tissues is transported to the liver for excretion. The process
involves the efflux of cellular free cholesterol to HDL, esterification of free HDL
cholesterol by LCAT, transport of HDL cholesterol to the liver and uptake of
the cholesterol ester by the liver (Assmann and Nofer 2003).

ApoA-I is the major protein component of HDL and in addition to its
structural role it also activates LCAT (Jonas 1991). Deficiency of apoA-I, which
results in an increased risk of premature atherosclerosis, could be treated with
transfer of apoA-I or apoA-IMilano, a naturally occurring mutant of apoA-I, to
the liver (Belalcazar et al. 2003; Benoit et al. 1999; Tangirala et al. 1999). ApoA-
IMilano is associated with freedom from vascular disease despite reduced HDL
and elevated triglyseride levels (Sirtori et al. 2001).

The ATP binding cassette transporter A1 (ABCA1) facilitates the efflux of
cellular phospholipids and cholesterol to apolipoprotein acceptors, such as
apoA-I, playing a key role in the initial step of reverse cholesterol transport
(Wang et al. 2001). A defect in the gene encoding ABCAI has been identified
as the cause of familial HDL-deficiency syndromes such as Tangiers disease
(Brooks-Wilson et al. 1999). Increased expression of ABCA1 is atheroprotec-
tive and leads to increased biliary cholesterol excretion in transgenic mice
(Singaraja et al. 2002; Vaisman et al. 2001).

The scavenger receptor B type I (SR-BI) plays a major role in HDL metabo-
lism. It functions as an HDL receptor (Acton et al. 1996) mediating the selective
uptake of cholesterol esters from plasma HDL but binds also apoB containing
lipoproteins, anionic phospholipids and apoptotic cells (Acton et al. 1996).
It has also been shown to promote HDL-mediated cellular cholesterol efflux.
SR-BI modulates plasma HDL cholesterol levels and affects HDL particle size
and composition (Rigotti et al. 1997). Adenovirus-mediated overexpression of
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SR-BI in the liver leads to a significant decrease in plasma HDL concentrations
and an increase in cholesterol secretion to the bile (Kozarsky et al. 1997).

The human homolog of SR-BI is CLA-1 (Calvo and Vega 1993). The highest
expression of CLA-1 is detected in the adrenal gland, and mRNA is also found
in liver, testis and monocytes (Murao et al. 1997). It is also expressed in
human atherosclerotic lesions and was found to colocalize with macrophages
(Chinetti et al. 2000). The function of CLA-1 in lipoprotein metabolism is
unknown but if it is shown to have a function similar to that of SR-BI it will
provide a feasible target for interventions in the treatment of lipid disorders
and/or atherosclerosis in humans.

3.5
Vulnerable Plaque

Primary prevention of atherosclerosis and plaque formation in the general
population seems unlikely in light of the complex pathogenesis of the disease.
This means that prevention of the complications of atherosclerosis, such as
acute coronary events due to plaque rupture and thrombus formation, is an
important goal. Vulnerable plaques are characterized by thin fibrous caps, in-
creased numbers of inflammatory cells and reduced SMC and collagen content.
Ruptures usually occur in the shoulder areas of the lipid-rich lesions containing
macrophages. Therapeutic strategies include prevention of the degradation of
the plaque cap, promotion of extracellular matrix formation and lowering of
the lesion lipid and macrophage content.

Vulnerable plaques are characterized by reduced collagen content that can
result from decreased synthesis of extracellular matrix by SMCs or increased
breakdown by proteases resulting in thinning and weakening of the fibrous
cap. Manipulation of cytokines and growth factors to inhibit SMC apoptosis
or promote SMC proliferation and stimulation of matrix synthesis could lead
to plaque stabilization. On the other hand, excess enhancement of matrix
synthesis can lead to increased plaque growth, stenosis and arterial occlusion.

Matrix degradation is increased in unstable plaques and this can lead to
thinning of the fibrous cap and result in plaque rupture. Matrix metallopro-
teinases (MMPs) have the major role in this degradation. Expression of MMPs
from SMC and macrophages is increased in atherosclerotic lesions (Galis et al.
1994). MMP activity can be inhibited by increasing the natural inhibitors of
matrix metalloproteinases (TIMPs) by gene transfer.

The CD40 receptor belongs to the TNF receptor family and is expressed on
SMCs and macrophages. Activated T-lymphocytes can express CD40 ligand,
a TNF-like molecule, on their cell surface. Interaction of CD40 ligand with its
receptor promotes the expression of atherogenic molecules including MMPs,
cytokines, adhesion molecules and tissue factor (Mach et al. 1998). Inhibition
of CD40 signaling can modify plaques into a more stable phenotype and also
inhibit lesion formation (Mach et al. 1998).
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Thrombosis could be prevented with gene transfer of cyclo-oxygenase,
hirudin, thrombomodulin or tissue factor pathway inhibitor (Rade et al. 1996;
Zoldhelyi et al. 1996). IL-10 also inhibits tissue factor expression by activated
monocytes.

4
Conclusion

Atherosclerosis is a complex disease influenced both by genes and environ-
ment. Characterization of the pathophysiology and identification of genes
involved in atherogenesis has provided many therapeutic targets for interven-
tion with gene therapy. More therapeutic targets will be identified with the use
of DNA array technology and this may allow for ‘gene cocktails’ to be devised to
allow better treatment of atherosclerosis (Yla-Herttuala and Alitalo 2003). At
the moment, monogenic diseases leading to premature atherosclerosis provide
the most attractive targets for gene therapy of atherosclerosis.

Currently the major limitation in gene therapy is the low transfection effi-
ciency achieved in target tissues. Efficiency will be improved with the develop-
ment of better vectors and gene delivery methods. Immunological tolerance of
viral vectors has progressed with the development of new vectors with larger
deletions or removal of the viral genes. As vector systems advance and become
more efficient, development of targeted and regulated vectors for the treatment
of atherosclerosis will become a major focus. Expression in specific target cells
will decrease the risk of side effects due to reduced transduction of surround-
ing tissues, and could even lead to enhanced and prolonged gene expression.
Targeted expression can be achieved with the use of tissue specific promoters,
genetic modifications of viral capsid proteins or targeting peptides inserted in
the viral envelope. Development of regulated expression systems will provide
additional safety by allowing for activation of the transgene expression only
by administration of pharmacological agents or by certain conditions in vivo
like hypoxia or shear stress.
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fibrous cap atheroma 40, 42, 46
fish fatty acid 174
fish oil 550
flow-mediated dilation (FMD) 315
folic acid 330, 331
Framingham 72, 77, 84, 94
free radicals 620
fructose 237, 243, 249
– high-∼ corn syrup 237
fruit and vegetables 232, 237, 250

gemfibrozil 547
genetic risk factors 95
ginger 271, 281
glabridin 268, 270, 271, 281, 284
glitazone 554
global cardiovascular risk estimation

83, 96
glucan 241
glucose 79, 82, 243, 249
– tolerance 144
glutathione 265
glycemic index 243, 246

glycinin (or 11S globulins) 307
GPIIb/IIIa receptor 445
granulocyte colony-stimulating factor

20
growth factors 12
guidelines 72, 77, 78, 81, 83, 94, 96

haemostasis 351
HDL 197, 202–204, 208, 209, 349, 351
– cholesterol 241, 246, 248, 477
– high-density lipoprotein 196
– – cholesterol 537
– metabolism 539
– reconstituted 552
health promotion 138
heat shock protein 726, 763
heparin 654
hepatic lipase (HL) 539
high-density lipoprotein see HDL
histamine 765
HMG-CoA reductase 473, 475
homocysteine 94, 325
homocystinuria 326
hyaluronic acid 751
hypercholesterolaemia 83
hyperglycemia 108
hyperhomocysteinemia 331
hypertension 81–83, 94, 112, 117, 139,

154, 234, 243
hypertriglyceridaemia 78, 80, 82

ICAM-1 see intercellular adhesion
molecule-1

IFN-α|β 22
immunomodulation 764
inactivity, risks of 139, 142
inducible nitric oxide synthase (iNOS)

15
inflammation 244, 314, 352, 410, 629,

637, 686
inherited lipid disorder 792
– deficiency of lipoprotein lipase (LPL)

794
– dyslipoproteinemias 792
– HL deficiency 794
insulin resistance 79, 108, 149, 153, 243,

591
intercellular adhesion molecule-1

(ICAM-1) 13, 179
interferon γ 20
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interleukin (IL) 14
interleukin 1 22
International Atherosclerosis Society

83
International Task Force for the Preven-

tion of Coronary Heart Disease 83
intestine secretory organ for cholesterol

475
intima 749
– media thickening 75
intimal
– thickening 41, 42, 645–647
– – migration 649
– – tissue-PA (tPA) 649
– – urokinase-type PA (uPA) 649
– xanthoma 41, 42
ischemic stroke 148, 149
isoflavone 305, 306
– daidzein 306, 313
– dehydroequol 313
– dihydrodaidzein 313
– equol 317
– genistein 306, 314
– glycetin 306
isoprostanes 176

JTT-705 551

lauric acid 171
LDL 197, 202–204, 207, 652
– cholesterol 241, 245, 369, 466, 467,

474, 623
– influx 750
– lipoprotein lipase 539
– low-density lipoprotein 196
– oxidation 176, 310, 311, 313, 314, 317,

565
– particle size 177
– receptors 310, 311
– small dense 248
lecithin: cholesterol-acyltransferase

540
leukotriene 20, 27, 765
leukotriene receptor antagonist 766
licorice 271, 281, 284
lifestyle 87
– active 142
– sedentary 138, 139, 142, 147, 148
linoleic acid 173
lipemia 251

– postprandial 248
lipid
– core 749
– intramyocellular 146
– lipolysis 146
– oxidation 416, 563
– profile 150
– rafts 19
– uptake 416, 417
lipoprotein 169, 302, 308–310
– apolipoprotein B 306
– assembly 491, 492
– high-density (HDL) 169, 195, 196,

306
– lipoprotein(a) (Lp(a)) 91, 306
– low-density (LDL) 169, 196, 241, 306
– profile 169
– very-low-density (VLDL) 169, 306
lipotoxicity 604
liver X receptor α 17, 18
liver-X-receptor see LXR
liver-X-receptor/retinoid-X-receptor

(LXRα/RXRα) 544
lovastatin 545
low-density lipoprotein see LDL
Lp(a) 234
LXR 470, 472, 475
– synthetic agonist 470, 472, 475
lymphocyte function antigen-1 14
lymphocytes 31

macronutrients 140, 142
– carbohydrate 140–142
– dietary fat 140
– protein 140
macrophage 750
– chemoattractant protein-1 14
– chemotactic peptide (MCP) 20, 21,

36
– colony stimulating factor (M-CSF) 20
– foam cells 750
– inflammatory proteins 14, 20
– inhibitor peptide (MIP) 20
– oxidized 265, 266, 284
male sex 73
mast cells 750
matrix metalloproteinase (MMP) 26,

30, 34, 668, 764
MDR2 P-glycoprotein see ABCB4
medium-chain fatty acid 170
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medroxyprogesterone acetate 548
menopause 74
meta-analysis 170
metabolic
– rate 140
– syndrome 79, 81, 109, 114, 149, 153,

243, 554, 591
microalbuminuria 94
microsomal triglyceride transfer protein

see MTP
mixed micelles 467, 468, 471
mono-unsaturated fatty acid 242
monoclonal cell populations 12
monosaccharides 233
monounsaturated fatty acid 173, 199
mortality 138, 139, 147, 148, 150, 151
mRNA editing 486, 488
MTP 477
– inhibitor 477
multiple logistic function 87, 92
mummy 4
myristic acid 171

Na+/k+ ATPase 23
NADH/NADPH-oxidase 414–416, 423
NADPH-oxidase 15, 265, 266, 271
National Cholesterol Education Program

83
neovascularization 777
nicotinic acid (niacin) 548
Niemann–Pick C1-like 1 protein see

NPC1L1
Niemann–Pick Type C (NPC) 16
nitric oxide (NO) 6, 619, 795
nonhuman primates 307, 309
nortestosterone derivative 549
novel risk factors 90
NPC1L1 473
nuclear factor-κB 6
nutrient partitioning 140
nutrition 341

obesity 88, 89, 234, 243, 244
– definition 137
– prevalence 138, 139
– prevention 142, 143
– risks of 139
occlusive thrombosis 50
oestrogen 548
oleic acid 173

olive oil 271, 284
omega-3 fatty acid 550
oseltamivir 762
osteoblast 37
osteoclast 37
osteopontin 653
overweight 89, 90, see obesity
oxidatively modified low-density

lipoprotein (oxLDL) 6, 18
oxidized
– cholesteryl esters 283
– LDL 175, 313, 565, 762
– macrophage 265, 266, 284
– phospholipid 283, 284
oxygen radicals 409
oxysterol 23, 470, 551

P-selectin 13, 28
P2Y12ADP receptor 445
p53 49
palmitic acid 171
PDGF-BB 654, 655
periodontitis and vascular events trial

(PAVE) 11
peroxisome proliferator activator recep-

tor alpha (PPARα) 546
phosphatidylcholine (PC) 23
phosphodiesterase 446
phospholipid 468, 469, 471, 472
– transfer protein (PLTP) 539
physical activity 90, 248
– low-intensity 141–143
– moderate 141–143, 148, 149, 155
– recommendations 138
– vigorous 142, 148, 149
physical inactivity 89
phytic acid 305
phytostanols 217
phytosterols 205, 206, 217, 240
PJ 280, 281, 284, 286
plant
– stanol 466
– sterol 466, 469–472, 475, 476, 479
plaque
– symptom-causing 752
plaque growth 751
plaque progression 751
plaque rupture 41, 42, 44, 316
plaque stabilization 378
plasminogen activator (PA) 649
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plasminogen activator inhibitor-1 (PAI-
1) 186

platelet
– activating factor 20
– aggregation 182
– – ADP-induced 183
– – collagen-induced 183
– derived growth factor (PDGF) 12, 20,

21, 36
– – -BB 649
– receptor 444, 451
pleiotropic effects 368, 373, 669
polyunsaturated fatty acids (PUFA)

173, 195
pomegranate juice (PJ) 271
position 167
PPARα 390
pravastatin 546
pravastatin or atorvastatin evaluation

and infection therapy trial 8
predictive value 84
pro-inflammatory 180
– state 113
PROCAM 77, 79, 84, 91
progestin 549
prostaglandin 27, 184
prostaglandins 20
protease-activated receptor 36
proteases 764
protein see macronutrients
proteoglycan 41
proteosomal degradation 495
prothrombin fragment 1+2 185
prothrombotic state 113
psyllium 242
public health 138, 139
PUFA 198–201, 208, 209

raloxifene 549
randomized controlled trials 143, 144,

149
receptor γ (PPARγ) 16, 18
receptor for advanced glycation end

products (RAGE) 33
reconstituted HDL 552
regulated upon activation, normal T cell

expressed and secreted (RANTES)
14, 20

renal insufficiency 81, 92, 95
restenosis 420, 425, 578, 580, 645, 646

retinoic acid (RA) 649
retionoid X receptor (RXR) 16
retonic acid (RA) 655
reverse cholesterol transport

(RCT) 349, 538
rhodopsin 23
risk factors 96, 234
– cardiovascular 144–147, 149–155
– classical 91, 94
– emerging 90, 96
– genetic 95
– novel 90

saponins 305
saturated fatty acid (SFA) 169, 195,

197–201, 205, 208, 209
scavenger receptor B1 see SR-B1
SCORECARD 84
sedentary see lifestyle
selenium 763
sex steroid 548
signaling network 596
sitostanol 467
sitosterol 467, 471, 476
sitosterolaemia 469–471, 475
SM myosin heavy chains (MHCs) 652
small dense LDL 79, 81
smoking 76, 79, 83, 90
smooth muscle cells (SMCs) 645, 646
– apoptosis 648
– clones 647
– contractile 646
– dedifferentiation 645, 646
– differentiation 646, 654
– epithelioid phenotype 647
– heterogeneity 646
– migration 645, 654
– phenotypic modulation 646
– proliferation 29, 645, 648, 654
– rhomboid 648
– spindle-shaped phenotype 646
– subpopulations 648
– synthetic phenotype 646
smoothelin 652
soy 306–313
SR-B1 15, 472, 539, 542, 546
statins 365, 466, 479, 545
stearic acid 172
stem cells 36
stenosis 751
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stent 646, 648
sterol regulatory binding protein

(SREBP) 544
stroke 82, 92, 95
substance P 766
sucrose 235, 246, 249
sugar 243
symptom-causing plaque 752

T lymphocyte 5, 14, 750
Tangier disease 477, 539
testosterone 550
therapeutic gene 787
therapeutic lifestyle changes 108
thrombin 36
thrombosis 316
thrombotic tendency 182
thromboxanes 184
thymus and activation-regulated

chemokines 20
tibolone 549
ticlopidin 450
TIMPs 764
tirofiban 452
tissue
– adipose 140
– plasminogen activator (tPA) 186
– skeletal muscle 140, 146
torcetrapib 552
total/HDL cholesterol ratio 169
trans fatty acid 174
transforming 20
– growth factor β (TGF-β) 20, 21, 649,

654, 655
translocation 491
treatment goals 78, 81, 83
triacylglycerol 169, 242
triglycerides 80, 241, 247, 251
trypsin inhibitors 305

tryptase 30, 765
tumor necrosis factor (TNF) 20, 22, 27,

30

vascular cell adhesion molecule-1
(VCAM-1) 13, 28, 179

vascular injury 778
vasoactive intestinal peptide 766
vector system 787
– adeno-associated virus vector

790
– adenoviral vector 789
– baculoviral vector 791
– lentiviral vector 790
– nonviral vector 787
– retroviral vector 790
ventricular hypertrophy 81
very late antigen-4 (VLA-4) 14
vitamin B 326, 330
vitamin C 763
vitamin E 763
VLDL 250
– cholesterol 476, 477
vulnerable patients 748
vulnerable plaques 746

waist 89
weight
– body 236
– gain 141, 142, 154, 155
– loss 142, 144, 146, 150, 154, 155
– maintenance 145
wine
– red 269–271, 281, 284
– white 269
WorldHealthOrganization (WHO) 81,

82, 89

zanamivir 762
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