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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



VI Preface

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. Some of 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-
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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.p., 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 changes of atherosclerosis. When he 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
100 years later, who also emphasized the importance of thrombosis asa 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-xB (NFkB), 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.

223
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
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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 alocal 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
anormal 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 rapid proliferation, the newly
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.

3.1.21
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 1o and 1P, and the protein RANTES (regulated upon activation, normal
T cell expressed and secreted), all of which bind to the CC motif receptor 5
(CCRS5) 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 (@sterud and Bjerklid
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. G6éran 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.

3.1.23
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, inducible nitric oxide synthase (iNOS) and NADPH oxidases,
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 Bl (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 y (PPARY) (Nagy et al. 1998; Tontonoz et al. 1998). PPARY 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
oflinoleic acid present within oxidized LDL, 9-hydroxyoctadecadienoic acid (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 PPARYy 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 apoAl- 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/PPARYy, which regulates transcription of the
CD36 scavenger receptor and the liver X receptor o (LXRa) transcription
factor; and RXR/LXRa, which regulates the transcription of apoE and ABCAL1
(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 LXRa, while oxidized fatty acids act as ligands
of PPARYy. 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 PPARy (Han et al. 2002). There is some evidence that this effect is
aresult 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 apoAl 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 Al (ABCAI) 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
ABCAL 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 y (PPARy). OxLDL also upregulates ABCA1 expression through PPARy
activation of liver X receptor a (LXRat). Oxysterols derived from oxLDL are ligand activa-
tors of LXRa 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 (SRBI) 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 PPARy. 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 ABCGI1 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, sphingomyelin and glycolipids. Their uniquelipid composition may serve
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
ABCAL 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.

3.1.24
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, they play an active role at all stages of plaque
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: Fll (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 3 (TGF-f3), macrophage
colony-stimulating factor (M-CSF), granulocyte colony-stimulating factor (GM-CSF)

Cytokines: tumour necrosis factor (TNF) «, interleukin (IL)1-B, IL-4, IL-6, IL-10, IL-12, IL-13, IL-15, IL-18,
interferon y (IFNy)

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) 1ax, MIP-1P3, 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-
tor a (TNFa), a small (17-kDa) protein that causes the release of a whole cascade
of cytokines involved in the inflammatory response. TNFa 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 NF«B, which is translocated into the nucleus where target
genes are activated. Both cytosolic and secretory phospholipase A; are thought
to play a role in this process.

A second important cytokine is IL-x1f. During inflammation, transcription
of IL-1f is stimulated by immune complexes, coagulation and complement pro-
teins, substance P and bacterial products, most notably lipopolysaccharide.
IL-1B is also induced by cytokines of lymphocyte origin such as granulocyte-
macrophage colony stimulating factor (GM-CSF) and interferon y (IFNy).
Binding of IL-1p to its receptor also activates NFkB. Together with TNFa, IL-1B
is one of the main pro-inflammatory products generated by macrophages. In
fact, IL-1$ may mimic activation signals typically induced by TNFa (@sterud
and Bjerklid 2003). IL-1f 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-1f 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 (@sterud and Bjerklid 2003). Evidence that IL-1f is in-
volved in atherogenesis derives from mouse models, in which blocking of
IL-1pB 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-1p (Akira 2000). IL-18 is a potent inducer
of IFNy and increased lesion development in a mouse model by provoking
an IFNy-dependent inflammatory response (Whitman et al. 2002). Moreover,
IL-18 acts synergistically together with IL-12 to induce IFNy 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).

IFNy plays a central role in inducing and modulating the immune re-
sponse in humans. IFNy is produced by Thl type T lymphocytes and by
activated natural killer cells. It upregulates the expression of IL-1, platelet
activating factor and hydrogen peroxide by macrophages. IFNy 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 B (TGF-P). 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-
stimulates macrophage secretion of PDGF and primes macrophage chemo-
taxis and secretion of tissue inhibitors of matrix metalloproteinases (TIMPs).
TGEF-p also inhibits production of reactive oxygen and nitrogen metabolites in
activated macrophages (@sterud and Bjerklid 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
smooth muscle cellsin atherosclerosis (Ross et al. 1978). PDGF can be expressed
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 PDGEF-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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3.1.25
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 Tkonen 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-

Recruitment of Activation of T-cells
inflammatory cells and natural killer cells

Downregulation of macrophage
termination of inflammation
Feedback effect on
macrophage itself

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 o (TNFa) 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) «, B, and y appears
to be limited to a feedback effect on the source macrophage, while the role of IL-10 and
transforming growth factor § (TGF-) 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 ¢ 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 atheroscleroticlesion 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).



26 P. Cullen et al.

T cell
Modification of
lipoproteins \ [ ]Lngestion otf il
r Foar cell \ oreign materia
_Growth o @D Growth
inhibitors 5 0 © promoters
Necrosis \ é Apoptosis
MMPs +—— =+ T P Collagens
Cathepsin K > MMP inhibitors
Macrophage
o=
\ J
Plaque instability Plaque stabilization

Plaque rupture

Thrombosis

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 ‘Més-
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, TNF«, TGF-f,
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 form part of the inflammatory cell infiltrate (Kaartinen et 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 TNFa, 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 TNFa and TGF-f (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
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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 prep-migrating (prep-) HDL
(Lee et al. 1992). Mast cell chymase can proteolyse the apoAl of preB-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 TNFa 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 TNFa, 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 TNFa-containing mast
cells themselves (Baram et al. 2001). Moreover, TNFa 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.

3.14
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
etal. 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
aminority 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 atheroscleroticlesions 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
the Th1and Th2 cellsare IL-12 and IL-10, respectively. Activated T lymphocytes
are functionally defined by the cytokines produced with IFNy 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 IFNy, 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- (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).

Therole of enhanced formation of extracellular matrix in the development of
atherosclerotic plaque is much more complicated than its role in restenosis and
far from being understood. Recruitment of monocytes from the circulation and
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-p. 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
clotis 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 formation at the site of an atheroscleroticlesion 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-
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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 aninflammatory 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 TGEF-, 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 (Monckeberg 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 (Fitzpatrick etal. 1994). The former pattern may even be accompanied
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 y-carboxyglutamic amino acid residues. In this model calcification occurs
when matrix y-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
alipid-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
etal. 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 the plaque is a distinct layer of connective tissue complet-
ely covering the lipid core. It consists purely of smooth muscle cells in a collage-
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Table3 Classification of coronary atherosclerosis based on morphologyaccording to Virmani

et al. 2000

Description

Thrombosis

Nonatherosclerotic intimal lesions

Intimal thickening

Intimal xanthoma, ‘fatty streak’

Normal accumulation of smooth muscle
cells in the intima, absence of lipid or
macrophage foam cells

Luminal accumulation of smooth muscle

cells, no necrotic core, no fibrous cap; such
lesions usually regress

Progressive atherosclerotic lesions

Pathological intimal thickening

Erosion

Fibrous cap atheroma

Erosion

Thin fibrous cap atheroma

Plaque rupture

Calcified nodule

Fibrocalcific plaque

Smooth muscle cells in proteoglycan-rich
matrix, extracellular lipid accumulation,
No Necrosis

Plaque as above, luminal thrombosis

Well-formed necrotic core with overlying
fibrous cap

Plaque as above, luminal thrombosis, no
communication of thrombus with necrotic
core

Thin fibrous cap infiltrated by
macrophages and lymphocytes with
rare smooth muscle cells and necrotic core
Fibroatheroma with cap disruption;
luminal thrombus communicates with
necrotic core

Eruptive nodular calcification with
underlying 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

Thrombus absent

Thrombus absent

Thrombus mostly mural, oc-
clusion rare

Thrombus absent

Thrombus mostly mural,
occlusion rare

Thrombus absent, may
contain intraplaque haem-
orrhage, fibrin

Thrombus usually occlusive

Thrombus usually nonoc-
clusive

Thrombus absent

nous proteoglycan matrix, with varying degrees of infiltration by macrophages
andlymphocytes. Renu Virmaniand colleagues define a ‘thin’ fibrous cap as one
that is less than 65 pm thick. Fibrous caps are in fact often much thinner when
they rupture—in one series of ruptured plaques they had a mean thickness of
only 23 um (Burke etal. 1997).In a series of 200 cases of sudden death, about 60%
ofacute thrombi resulted from rupture of a thin fibrous cap, while most of the re-
maining40% of thrombi were seen atan area of plaque erosion, characterized by
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. ¢ 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. ¢ 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 Palazén 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
Thiisen 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-prone C57BL/6 background was found to be seven times greater
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.

53
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 C57BL6/129Sv]
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 Thiisen 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
areduced 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).

54
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 Thiisen 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—can play an important role in the pathogenesis of 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 and because many risk factors are covered by more
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
arole 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 that non-hormonal factors play a predominant
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
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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).

24
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 siblings of patients with premature CHD, probably due 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).

25
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
LDL cholesterol levels. However, only some but not all of the prospective 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
etal. 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/1 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 Miiller,
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 HDL;, 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 oflow 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.

29
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).

Currentinternational guidelines released by the National Cholesterol Educa-
tion Program (Adult Treatment Panel ITI, ATP III), European Societies of Cardi-
ology, Atherosclerosis etc. (3" 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 (3]JE) (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 3]JE
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 I
Low-risk model  High-risk model
Prevalence of patients recom-  13.5% 25% 7.5% 10.6%
mended to be treated?
Relative risk of patients recom-  4.21 5.47 6.81 447

mended to betreated vs. patients
notrecommended to be treated?®

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%

2In predicting coronary events in male participants of the PROCAM study according to risks of CHD morbidity
>20% in 10 years (ITF/IAS and ATP Ill) 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 frequently did not 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.

- Patients with severe dyslipidaemia, diabetes mellitus or hypertension should
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
etal. 2003) (see the chapter by Hendriks and van Tol, this volume). In addition
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itis 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/m?) as well as overweight (BMI >25 kg/m?)
and even more so obesity (BMI >30 kg/m?) 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/m? 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 Miiller-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-lI
Prothrombotic factors
Fibrinogen, plasminogen activator inhibitor 1, tissue plasminogen activator, factor VI, 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 should be biologically stable so that single measurements within

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.

- Theassessment of the risk factor should have therapeutic implications which
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 G1691 A 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,
fibrinogen was found to increase further the risk of men with low and combined
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 risk of high-risk individuals such as those with pre-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 10pmol/l to 16pmol/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, diabetes mellitus underlying many cases of chronic kidney disease)
(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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Table5 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  APOAT1, LCAT, ABCA1 1/1000 >100
Triglycerides Recessive LIPB 1/10000 > 100 minor
Sitosterol Recessive ABCG5, ABCG8 Rare > 50 minor
Homocysteine Recessive (BS, MTHFR 1/108 >10
Diabetes Dominant HNF1, HNF4, GK Rare >100
(MODY)
Hypertension Dominant (Liddle) rare >10
Hypertension Dominant (GC-treated >10
aldosteronism)
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
finding cases, novel risk factor should not be included in unselected population-
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 authors advocate the use of novel risk factors in patients with existing
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 0.02 13

Il (prothrombin) gene

gly460trp polymorphism in the alpha 0.19 1.3%

adducin (ADDT) gene

glu298asp (G894T) polymorphism in 0.35 1.3%

the endothelial nitric oxide synthase

(NOS3) gene,

cys112arg, arg158cys polymorphisms 112cys,158cys (E2): 0.08 €3/3vs.€2/3:1.2

in the apolipoprotein E (APOE) gene 112cys, 158arg (E3): 0.75 €3/4vs.€2/3:1.4

112arg, 158arg (E4): 0.17
€2/2:0.01;€2/3:0.12; €3/3:
0.59; €3/4:0.24; €4/4: 0.02

leu33pro polymorphism in (3 inte- 0.15 1.2

grin subunit (platelet glycoprotein llla,
ITGB3) gene

4G/5G polymorphism in the plasmino- 0.47 13
gen activator inhibitor 1 (PA/T) gene

val640leu polymorphismthe p-selectin 0.1 1.6
(SELP) gene

(582T polymorphism in the interleukin 0.17 1.4
4 (IL4) gene

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.

24
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 notiron-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.

25
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
and obese categories. Definitions for these categories vary according to national
standards. The worldwide increasing frequency of the metabolic syndrome
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strongly correlates with an increasing prevalence of obesity. If obesity is a major
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 (Lyon et 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) « 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).

The most notable consequence of insulin resistance of obese 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—may have systemic effects as well, 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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areduction 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

The primary driving force behind the development of atherogenic dyslipidemia
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
the blood pressure. Obese persons with hypertension have been shown to 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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3.23
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).

3.24
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).

3.25
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
have been made to provide clinical criteria for diagnosis of 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 syndrome?®

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/m? and/or waist:hip ratio > 0.9 in men, > 0.85 in women
Urinary albumin excretion rate
> 20 pg/min or albumin:creatinine ratio > 30 mg/g

2World Health Organization: Definition, diagnosis and classification of diabetes mellitus and its complications:
Report of a WHO Consultation. Part 1. Diagnosis and classification of diabetes mellitus. Geneva, World Health
Organization, 1999. http://whglibdoc.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 Ill 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-

Table2 ATP III clinical identification of the metabolic syndrome

Risk factor Defining level
Abdominal obesity? Waist circumference®
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 0or > 85 mmHg
Fasting glucose > 110 mg/dI

30verweight 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.

Recently 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.

413
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.

Table3 American Association of Clinical Endocrinologists’ Clinical criteria for diagnosis of
the insulin resistance syndrome®

Risk factor components Cut-off points for abnormality
Overweight/obesity BMI > 25 kg/m?
Triglycerides > 150 mg/dl
Low HDL cholesterol <40 mg/dlin men
<50 mg/dlin women
Elevated blood pressure > 130/85 mmHg
2-h Post-glucose challenge > 140 mg/dl
Fasting glucose Between 110 mg/dl-126 mg/dI
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

Diagnosis 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.

4,21
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.

4,22
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/m? and 30 kg/m?
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 atlesser 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.

Behavioral modification is a second major requirement for successful weight
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.

43.2
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, combining a fibrate with a statin can be considered. For example, it was
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).Interms of lowering triglycerides and raising HDL, nicotinic acid is more
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.

44.2
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 Alc 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
Heart Association (Pearson et al. 2002) currently recommends the use of 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.

445
Proinflammatory State

The possibility that the metabolic syndrome may predispose to a proinflam-
matory state, characterized by elevated cytokines (e.g., TNFo 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 Sedentarylifestyle and overweight are major public health, clinical, and economical
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 such as watching television promote them. Regular exercise 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/mz) or obese (BMI >30 kg/mz), compared with
fewer than one in four adults in the early 1960s (Kuczmarski et al. 1994; Flegal
etal. 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.

The worldwide epidemic of excess weight is a consequence of positive 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.
The most important determinants of long-term energy balance 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
fibers undergo bacterial degradation in the large intestine to produce 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.

23
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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24
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
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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).

34
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).
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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
activityreduced total mortality by 27% and cardiac mortality by 31% in patients
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
etal. 1998; Hu et al. 2000; Kurl et al. 2003). However, the associations are slightly
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weaker and less consistent than for coronaryheart disease (Goldstein et 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
etal. 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
of Obesity 2000; World Health Organization 2000). 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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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).

53
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).

54
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/m? to over 30 kg/m? (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/m? (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).

Relative
Risk

+20.0 or more
+11.0 to 19.9
+5.0 to 10.9

-4.9 to +4.9

-5.0 or more

Weight
Change (kg)

<19.1  19.1-20.320.4-21.5 21.6-23.2 >-23.3
Body Mass Index at 18 Years of Age (kg/m?)

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 aslipid peroxidation, inflammation and haemostasis. The most favourable distribution
of cholesterol over the various lipoproteins is achieved when saturated and trans fatty acids
arereplaced 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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tPA Tissue type plasminogen activator
TX Thromboxane

VCAM-1 Vascular cell adhesion molecule-1
VLDL Very low-density lipoprotein

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
a-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 (4:0-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 18:0 Meat, cocoa butter
Monounsaturated fatty acids

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

Linoleic acid C18:2n-6 Sunflower oil, safflower oil, soybean oil
a-Linolenic acid C18:3n-3 Soybean oil, rapeseed oil, flaxseed
EPA €20:5n-3 Fish

DHA C22:5n-3 Fish




168 M.A. Thijssen and R.P. Mensink

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 (-
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 areligands for transcription factors, thereby modulating gene expression.
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 (1) or negatively (| ) related to atherosclerotic risk

Risk marker Atherosclerotic risk

Lipid and lipoprotein metabolism

Total cholesterol M
LDL cholesterol M
HDL cholesterol N
Total/HDL cholesterol ratio 4
Triacylglycerols 0
Oxidative stress
In vitro LDL susceptibility to oxidation 0
Oxidized LDL kN
F,-isoprostanes 4
Inflammation
Adhesion molecules 0
Pro-inflammatory cytokines 0
Anti-inflammatory cytokines N
Haemostatic function
Platelet aggregation 0
Coagulation
Factor VIl 0
Fibrinogen K
Prothrombin fragment 1+2 4
Fibrinolysis
TPA \’
PAI-1 0

D-dimers 0
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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-
don and Rifkind 1989). However, the total/HDL cholesterol ratio may be an even
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).
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Fig.1 Effects of the major fatty acids on serum total, LDL and HDL cholesterol, triacylglycerol
concentrations and total/HDL cholesterol ratio when 1% of dietary 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
may explain why effects of medium-chain fatty acids on lipoprotein metabolism
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, these effects of the semi-synthetic fats enriched in myristicacid
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).
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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
concentrations and total/HDL cholesterol ratio when 1% of dietary 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.

23
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 a-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 a-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. a-Linolenic acid, an n-3
fatty acid, can be converted into eicosapentaenoic acid (C20:5n-3, EPA), which
can be further elongated, desaturated and f-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) have estimated that the hypocholes-
terolaemic effect of linoleic acid is half as much as the hypercholesterolaemic
effect of saturated fatty acids. However, more recent meta-analyses reported



174 M.A. Thijssen and R.P. Mensink

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).

23.2
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 a-linolenic acid,
a plant-derived fatty acid. The effects of a-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 a-linolenic acid (Harris 1997).

24
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-
genic mechanisms such as chemotaxis, and transmigration and 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 Involvement of lipid peroxides and inflammation in the development of 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 F,-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 (F,-
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 a-linolenic
acid, and found a beneficial effect of a-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), but other studies did not see any effects when supplements were 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 F,-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 adhesion molecule-1 (VCAM-1), mediate the final firm attachment
(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)-
la or IL-1f or tumour necrosis factor (TNF)a]. 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 a-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-y, 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 a-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, a-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 TNFa, while IL-4 and IL-10 are examples of anti-inflammatory
cytokines. In addition, some cytokines, such as interferon-y have pro- as well
as anti-inflammatory effects (Young et al. 2002). TNFa, 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 TNFa 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 TNFa 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 TNFa 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 a-linolenic acid), hydrogenated fat rich in trans fatty acids increased
production of IL-6 and TNFa, 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 a-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 a-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 among fish-eating Greenland Eskimos, considerable work has been
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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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



184 M.A. Thijssen and R.P. Mensink

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 A, (TXA;) are synthesized
from the n-6 fatty acid arachidonic acid in platelets, while prostaglandin I,
(PGI,) is synthesized in the vascular endothelium. TXA; is a potent vasocon-
strictor and a stimulus for platelet aggregation, whereas PGI, has opposite
effects. Eicosanoids of the n-3 series such as thromboxane A3 (TXAj3) and
prostacyclin (PGI3) are principal metabolites of the n-3 fatty acid EPA. How-
ever, TXAj3 is biologically less active than TXA,, while the anti-aggregatory
effects of PGI3 and PGI; 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 TXB, and 6-keto-PGF;4. These metabolites
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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-TXB; or 11-dehydro-TXB,, and
2,3 dinor-6-keto-PGF 4, 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 TXA, 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-TXB, excretion
compared with saturated and monounsaturated fatty acids, which seemed to
reflect ADP-induced platelet aggregation results (Lahoz et al. 1997).

53
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 studies have indicated that the total fat content of the
diet, rather than the fatty acid composition, increased factor VII 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).

54
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

No changes in p-dimers concentrations after consumption of specific fatty acids
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
weight gain resulting in obesity. Also increased amounts of dietary fathave been
related to changes in insulin sensitivity leading to diabetes and increased cancer
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-
roticrisk (Sacks and Katan 2002). Therefore, fat is not necessarily bad, aslong as
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 the firstintervention studies to be published was the London Medical
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 ®-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 @-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 w-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 w-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 @-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-up Study, the Nurses Health Study, the Alpha-Tocopherol Beta-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:

In this equation, y is the change in serum cholesterol (in mmol/l), x is added
dietary cholesterol, and xy 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 pB-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 Al. 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 Al (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-
IT 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 their uptake in enterocytes. With the exception of B-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 B-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 A-5 double bond has
been saturated to form 5a-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; Liitjohann
etal. 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).

CHg CHg
HO HO HO
Cholesterol Campesterol Sitosterol
CHg CHg
HO H HO H HO H
Cholestanol Campestanol Sitostanol

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 together with other lipids enter the small intestine in an emul-
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 (NPCI1L1) protein, the
expression of which is enriched in the brush border of intestinal enterocytes,



Plant Sterols and Stanols 219
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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; Liitjohann 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).

33
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 the possibility that cholesterol and plant 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
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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
etal. 1997; Schlierfetal. 1978; Becker et al. 1992; Vanhanen and Miettinen 1992;
Becker etal. 1993; Miettinen and Vanhanen 1994). On the other hand, 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 (a-
carotene, -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 -carotene remained statistically significant
(Katan etal. 2003), although this was not observed in all trials (Hallikainen et al.
2000). The findings indicate that the decreases in carotenoid concentrations
were partly caused by decreases in carrier lipoprotein (mainly LDL) concen-
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trations, and, at least for B-carotene, by reduced absorption. The reduction
in a-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
adecrease of 15%-20% in coronary heart disease events over a period of 5 years.
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 B-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 f-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 sitosterolemia making an adverse health
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
alow 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 are no epidemiological studies showing that the increase in glucose, 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,
HECS). The latter contains large amounts of fructose and glucose. The major
unprocessed dietary sources of sucrose are fruit, vegetables, berries and natural
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
(Wirfélt 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
etal. 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 3-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 f-glucan. There is a linear inverse relationship between the daily dose
of B-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 f3-
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
weightloss during intervention, type of oats used), plasma cholesterol declined
by more than 20% (Bartnikowska 1999; Anderson et al. 1984). The effects of
B-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 f3-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 -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 -
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 3-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
associated with a considerable reduction of plasma cholesterol levels. Anderson
etal. (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
(1.4 g/M]J) 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 12-0z (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., p-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-
ated with most of the classical cardiovascular risk factors (Bosello and Zamboni
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 (Wirfdlt 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/m?. 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 a key strategy for the primary 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 soluble fibers, such asisolated -glucan, normal and/or defatted
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 3-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
(Miesenbdck 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
iffructose is consumed in large amounts, since it by passes 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
dietand 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 to a significantly higher 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 from animal testing, need to be interpreted with caution. Anincreased
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 resistance or the metabolic syndrome. Such a dietary
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 transition metal ions. Furthermore, macrophage capacity to oxidize LDL
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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Nutritional

Antioxidants '

Native LD |(Vitamin E, Carotenoids.
Flavonoids)

Free Radicals

(ROS/RNS)

MACROPHAGE
-FOAM CELL

pLoon OXysterols

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 (a-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). p-Carotene and ly-
copene are the major carotenoids in human plasma. Lycopene is the open chain
analog of B-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 a-tocopheroxyl radical (a-TO) formed during the oxidation process.
Unless the a-TO'is eliminated, it can replace the lipid peroxyl radical (LOO)
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 a-TO 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 a-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 B-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 (E°) 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 B-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, 3-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 E° mice, as their LDL is highly susceptible to oxidation. Dietary
supplementation of lycopene (50pg/mouse/week) for 6 weeks to E® mice re-
sulted in a significant reduction in the susceptibility of their LDL to copper
ion-induced oxidation. However, when lycopene was administered as Lycomato
(the tomato’s lipid extract where lycopene is present in combination with vita-
min E, B-carotene and phytofluene), its antioxidative effect was substantially
potentiated (Fuhrman et al. 1997a).

Dietary supplementation of 3-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 pB-carotene. However, f-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 pB-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; Fuhrman etal. 2001; Tubaro et al. 1999; Vinson and Hontz 1995). 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 3-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 E® 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 E° 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 E® 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
and Kritchevsky 1996). The beneficial 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-
plan 1999; Visioli et al. 2002). Although, contradictory findings were reported in
theliterature regarding vitamin E supplementation, most of the studies demon-
strated that populations using vitamin E supplementation are 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 a-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 a-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 a-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 a-tocopherol intake had about 40% reduction in CVD (Rimm et al. 1993;
Stampfer et al. 1993). In the Elderly population study a-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 a-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 a-tocopherol (>100 IU/day) (Hodis et al.1995).

However, in the JTowa Womens’ Health Study, Kushi et al. (1996) reported
a risk reduction of coronary mortality (21,809 women) from food-derived
a-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 a-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 a-tocopherol alone or in combination
with B-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-a-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 a-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 a-tocopherol. However, this study was undertaken
in many countries where dietary intakes of antioxidants and objective measures
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
vitamin Cto 520 hypercholesterolemic subjects, a slowed progression of 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.



275

Dietary Antioxidants and Paraoxonases Against LDL Oxidation

“UIWRYIA ‘WA

1661 elodey

9661
|© 19 SUYRUUSH

6661 '[E 19 YI|Pay

€00¢
‘0002 '|e 3 uauoles

700 1219 SIPOH

000¢
s101eb11saAu| adoy

6661 S101ebnSIAU|
1661 ejodey

G661 ‘(P19 JBUIRIS

yjeap Jejnasenolpie) <>

syieap
Jejnsenolpied %97 |

asned fue woljyiesq <>

yreap sejnasenoipie)
uondIeul [eIgaI) 1

a5ed
-sip A1eu010d woij y1ea( |

SISNED ||e WO yieaq <>

Jdued bun| %9t |

ssauIy) LI 1
SSIUIYY LINI <>

U1e3p JejnIsenolpied ‘9 oilg
‘uonpiejul  [eIpIRdOAY <>
uoiIey

-Ul [elpiedofw ‘yieaq <>
J93ued buny <

SJUIAD
Jwaydst jo adusppup

Sioyowg
Jodued

UIYS BUOUBR[BWUOU JO UOf}
-udna.d 1oy pajj0iua SIulIed

Jdued bunj joyysu ybiH

syual
-ed  Jjwsj0IRs3j0YdIadAH

uawom pue uaw Ayyjeay

avd
10} ysu ybly yum siuaneq

uol.eul [elp

-1ed0Aw Joud yim syudned
SIOWS e

Syoe}

-1e JIWAYISI YUM Sludined
(s1eak z—0) uoneiueld

s1eaf ¢'G 10} Aep/ausloied-g
bw 0z pue 3 uabw 0g

sieak
¢ 1o} Aep/auaroied-g bw o5

40af | 10y Kep/y UA NI 000'ST
pue auajole)-g bw of

s1eak 9 1oy Aep/H)
uA b 005 +3 uA kep/n| /T
s1eak ¢ 104 Aep/3 WA NI 00

sieakgordnuoyAep/3UAN| 00%
sieak G 0]

dn 1oy Aep/(es |le) JUA NI 7LT
sieak g 01dn oy Aep/3 UAN] 0
1eaf |

Jojupndse yum 3nakep/n 00y
1eak | 1o} Aep/H

3ua101e)
-d pue j01aydoro}-10
JO [eul paziwopuey

UOIJUSA
-aid audjoied elog

134YD
spiouajoie) g

dvsy
SdY3IA

1dOH

1SSD

J1ay
Jidse snjd uones
-Slujwpe 3 ulweyp

SISOJ9|ds0lI9lle pale

7007 ‘12 32 Hueq SIS0J3DS0LMe A1eU0I0) T -Suel) Jelpied Jaye syudlled WA N 000°L +Aep/3NA Nl 008 -posse yuejdsuel|

000¢ ‘[e 32 zeog uondsejut eipiedofy 1 sjualied siskjeipoway skep 615 10} Kep/3 1A NI 008 EBLLN
skep

9661 *|e 13 suaydals uondaejul jeyejuouulge// 1 siuaned ayd  0LS 404 Aep/3 WA NI 008 40 00 SOVHD

Julweyp 'y

DUAIJRY sjuodpusa J13y10 utodpus Alewid uonejndod uoleinp pue asoq Apnmig

syuowarddns prousjored Yirm 10 J UTWEIIA YIIM STELI} UOTIUSAIUI UBWNY ¢ 3|qel



276 M. Aviram et al.

3.13
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 E® mice resulted in a 35% reduction in their aortic lesion area
(Maor et al. 1997). Pratico et al. (1998) also reported that E° 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 Apolipoprotein E deficient | 33% Aortic lesion area
months mice

Prasad et al. 40 mg/kg/day vit E for 2 Hypercholesterolemic 1 70% Aortic lesion area
months rabbits

Lafont et al. 5 g/kg diet for 19 days Hypercholesterolemic 1 43% Restenosis

rabbits after angioplasty
Williams etal.  0.5% vit E for 12 weeks Watanabe heritable 4 32% Aortic arch lesion
hyperlipidemic rabbits area

Pratico et al. 2,000 1U/kg chow vit E for  Apolipoprotein E deficient |, 67% Aortic lesion area
16 weeks mice

Smith et al. 1,000 1U vit E /kg dietfor2  Hyperlipidemic hens J 38% Intimal thickness
months

Cyrus et al. 2,000 IU vit E/kg diet for 3 LDL-receptor  deficient | 50% Aortic lesion area
months mice

Yoshida 0.8% water soluble vitamin ~ Watanabe heritable 1 20% Aortic lesion area
E for 12 weeks hyperlipidemic rabbits

B. Carotenoids

Shaish et al. 0.01% all trans B-carotene  Hypercholesterolemic 1 38% Aortic arch lesion
for 11 weeks rabbits area

Dwyer et al. 0.2% Synthetic B-carotene  Apolipoprotein E deficient | 43% Aortic lesion area
/weight for 8 weeks mice

Sunetal. Intravenous injection 3-ca-  Hypercholesterolemic | Atherosclerotic lesion
rotene (215 mg/kg/twice  rabbits area, intimal thickness
weekly)+0.5% vit E for 8
weeks

Crawfordetal. 1,000 mg B-carotene/kg LDL-receptor  deficient | 60% Aortic lesion area
/day 4200 mg vit E/kg  mice
/d+100 mg vit C/kg/day
for 8weeks

Shaish Aetal.  0.05% all-trans 3-carotene  Apolipoprotein E deficient <> Aortic sinus lesion

C. Flavonoids
Hayek et al.

Aviram et al.
Fuhrmanetal.

Fuhrmanetal.

+0.05% vit E for 16 weeks

0.5 ml Red wine/mouse
/day for 12 weeks

31 pl Pomegranate juice
/mouse/day for 12 weeks
200 g Licorice/mouse/day
for 12 weeks

250 pg ginger/mouse/day
for 12 weeks

mice

Apolipoprotein E deficient
mice
Apolipoprotein E deficient
mice
Apolipoprotein E deficient
mice
Apolipoprotein E deficient
mice

<> aortic lesion area

1 48% Atherosclerotic
lesion area,

J 44% Atherosclerotic
lesion area

1 Atherosclerotic lesion
area

4 44% Atherosclerotic le-
sion area

vit, Vitamin.
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Table 3 continued

Study Dose and duration Animal population Endpoint
Leeetal. 0.1% naringin or 0.05%  New Zealand rabbits 1 18% Aortic fatty streak
naringenin for 8 weeks area
Vinson et al. 100 mg/kg/day grape Hypercholesterolemic 1 63% Atherosclerosis
seed proanthocyanidin hamsters development
extract for 10 weeks
Yamakashi et  0.1% grape seed proan-  Hypercholesterolemic 124% Aortic arch lesion
al. thocyanidin-richextractfor  rabbits
8 weeks
Wakabayashi 7 ml red wine/kg/day for ~ Watanabe heritable <> Aortic and coronary
etal. 14 months hyperlypidemic rabbits 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 a- and B-carotenes, lycopene, and a-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 f-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 B-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 B-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 B-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 -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.

3.23
Animals Studies

Supplementation of synthetic B-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
a-tocopherol in combination with (3-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 3-carotene does not prevent CHD,
although the benefits of other carotenoids, such as lycopene, have not been
ruled out.

It might be that serum B-carotene levels are confounded by one or more
unmeasured factors that may correlate with reduced p-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).

33
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 P] 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 P]
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 P] 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 E° 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 E°
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 E° 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 pl/day
pomegranate juice, 0.5 ml/day red wine, 200pg/day licorice extract, or 1 mg/day vitamin E)
by E° mice inhibits oxidation of LDL (A), macrophage-mediated oxidation of LDL (B), and
the development of atherosclerotic lesion (C)

41
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). PONI is
bound to the HDL phospholipids via its retained N-terminal leader sequence,
and HDL-associated apolipoprotein A-I stabilized PON1 activity (Sorenson
etal. 1999). PON1 was also present in postprandial chylomicrons (Fuhrman et
al. 2005b).

41.1
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 E® mice. PON1 activity
was also decreased in rabbits fed a pro-atherogenic diet (Mackness et al. 2000a).

PONT1/apolipoprotein E dual knockout mice exhibited accelerated athero-
sclerosis (Shih et al. 2000), and in human PONI1 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 PONT1 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 PONI 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-PONI1 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 PON1%/E® mice with purified human
PONT1 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 E® 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/6] mice
resulted in a marked reduction in PON1 activity.

41.3
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 E® 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 PONT1 activity (Aviram et al. 2004a).

Intake of the monounsaturated fatty acid, oleic acid, by healthy subjects
increased serum PONT1 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 PONTI 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 (PONI) decreases macrophage oxidative stress. Mouse
peritoneal macrophages (MPM) were harvested from PON1°/E® mice, and incubated for
18 hat37°Cwithout or with purified PON1 (7.5 arylesterase Units/ml). Macrophage oxidative
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 pmol/l of CuSOy. 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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PON s 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 PONS3 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 PONI, 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 f-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
adirecteffect on the arterial wall of one or more of the components in soy protein 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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Inacohortof13,355 men and 15,724 women who were residents of Takayama,
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),
acohortstudyinvolving about 75,000 Chinese women, aged 40-70 years at base-
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 ML
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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
results of 38 controlled clinical trials in which the effects of soy protein on serum
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
etal. 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
etal.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 PB-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 B-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 B-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
atherosclerosis has been done in animal models. In the first study to test directly
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 can explain only part of the athero-protective effects
of soy protein.

p=0.003
0.20 [ p0.18
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0.10

0.05

Plague Size (mm?)

0.00

Casein Soy(-) Soy(+)
(N=11) (N=11) (N=11)

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
suggest beneficial effects of both unextracted soy protein and CEE for 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 could not be explained by a difference in permeability of the arterial wall to
LDL, butinstead was most likely the result of reduced delivery of LDL secondary
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 Effect of soy phytoestrogens and conjugated equine estrogens on progression of 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 ERa or
ERB, to determine if the athero-protective effects of soy protein required either
ER. Atherosclerosis was reduced 20%-27% by intact soy protein in ERf wild-
type, ERa wild-type, and ERP null mice, but had no effect on ERa 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 ERa. This is similar to the requirement for ERa to mediate the
athero-protective effects of 17p3-estrodial, described by Hodgin et al. (2001) in
ApoE null mice (Fig. 5).

LDLr-/- ApoE-/-

% Difference in Atherosclerosis
from Casein/Lactalbumin Controls

-80 g g

Soy(-) Soy(+) Soy(-) Soy(+)
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
meantSD. (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.

» -
fé'» 10

3 9T

3 0 . -

‘.g =5 I

<

£ -10 |

8 15+

o]

& 20 F "
é -25 *

g -30 - *

£ -35' : ' :

AAee aaee BBee bbee

Fig. 5 Percent difference in atherosclerosis with a soy(+) diet versus a soy(—) control diet
in Apo E null mice expressing ERac (AA) or ERB (BB) versus controls not expressing
ERa (aa) or ERP (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 17B-estradiol (Ruiz-Larrea
etal. 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

Soy protein and phytoestrogens have been shown to improve vascular reactivity
in response to acetylcholine and flow-mediated dilation (FMD). Both of these
effects are secondary to the release of nitric oxide from arterial 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 17p-estradiol and 12% with soy protein plus 17B-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 17B-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.

54
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
decrease CHD. There are the well-recognized improvements in plasmalipid and
lipoprotein concentrations; i.e., lower LDL cholesterol, lower triglycerides, and
possibly higher HDL cholesterol. There is also evidence that soy protein with
isoflavones can have beneficial effects on arterial 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
hormonesisanotherarea ofimportant research for the future. The mechanisms
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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