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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
etal. 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 a local or systemic inflammatory response generated by the
infectious agents and/or an infection-induced autoimmune response involving
molecular mimicry.

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

3
Development of the Atherosclerotic Lesion

3.1
Different Cell Types in Atherosclerosis: Villains or Heroes?

3.1.1
Smooth Muscle Cells

There is no doubt that proliferation of smooth muscle cells plays a role in the
development of the atherosclerotic lesion, especially during its initial phases.
Intimal thickening caused by proliferation of smooth muscle cells stands at the
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beginning of plaque development, although not all areas of intimal thickening
will develop into full-blown atherosclerotic plaques. Adaptive thickening is
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.

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

To be recognized by macrophage scavenger receptors, native lipoproteins must
be modified to atherogenic forms. Retention of LDL within the subendothe-
lial extracellular matrix appears to be necessary for such modifications to
occur (Skalen et al. 2002). Several lines of evidence support the hypothesis
that oxidation of LDL is an essential step in its conversion to an atherogenic
particle (Steinberg et al. 1989). Although macrophages, endothelial cells and
smooth muscle cells can all promote oxidation of LDL in vitro, we still do not
know how this process occurs in vivo. Macrophages produce lipoxygenases,
myeloperoxidase, 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). PPARYy 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/PPARy, 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 ABCA1
(Fig. 1). We have recently found that the RXR/LXR dimer is also responsible
for controlling the transcription of other proteins that may well play a role
in cholesterol efflux from macrophages, notably the ABC transporter G1 and
adenosine diphosphate-ribosylation factor-like protein 7 (ARL7) (Engel et al.
2004) Lorkowski et al. 2001a, 2001b). Of the components of oxidized LDL,
oxysterols act as ligands for LXRa, while oxidized fatty acids act as ligands
of PPARy. 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 (ABCA1I) 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
ABCAL1 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 « (LXRa). 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 Bl (SRB1) and thus removes cholesterol from
cells. Binding of HDL to SRBI 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 ABCGI 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, FVIl 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
(requlated 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) 1, MIP-1f3, 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 NFkB, 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-1f
is one of the main pro-inflammatory products generated by macrophages. In
fact, IL-1p 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-1p 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-1B 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-f). 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-f
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 etal. 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 p (TGF-p) 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 atherosclerotic lesion also produce arange
of collagens—including several involved specifically in wound healing—and
may therefore be active agents of plaque stabilization. The Janus-like nature of
the macrophage within the atherosclerotic plaque is indicated in Fig. 3.

Perhaps the answer to this paradox is that net effect of the macrophage
within the atherosclerotic plaque may be either beneficial or harmful depend-
ing on the stage of the lesion, its cellular composition and other compounding
factors such as intercurrent illness in the host. It is in any case premature
to conclude that simply because macrophage-derived foam cells are present
in the advanced atherosclerotic plaque then they must be harmful, and that
therefore prevention of foam cell formation must be beneficial. This is not
a purely theoretical consideration. At the time of writing, ACAT inhibitors are
undergoing clinical trials in humans based on just this logic (Brown 2001).
Such inhibitors have been shown to prevent atherosclerosis in animal models,
but the results may not apply to humans, particularly in view of the known toxic
effects of raised free cholesterol levels in human macrophages (Tabas 2002).
The site of action of these drugs may be the key to explaining the beneficial ef-
fects. First, even for ACAT1 inhibitors, which suppress macrophage-associated
ACAT activity, the drug’s ability to enter the lesion may be limited and mod-
erate suppression of ACAT activity within the cells may be offset by increased
cholesterol efflux. ACAT2 inhibitors, on the other hand, should have no direct
effect on lesional macrophages and may turn out to be beneficial because of
their ability to suppress production of atherogenic lipoproteins in the intestine
(Buhman et al. 2000).
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Fig. 3 The Janus-like nature of the macrophage within the atherosclerotic plaque. The
macrophage of the arterial wall plays a central role in the development of the atherosclerotic
plaque. The macrophage accumulates cholesterol and other lipids by uptake of modi-
fied lipoproteins and it is likely that the subsequent formation of foam cells lies at the
heart of macrophage death and generation of a lipid core-containing lesion. In addition,
macrophages are part of a complex network of interactions between different cell types
that contribute to the pathology of the atherosclerotic artery such as smooth muscle cells
(SMCs) and T cells. Macrophages produce an enormous range of compounds, which impact
on the progression of atherosclerotic plaque formation and plaque rupture. For example,
macrophages secrete several proteases such as cathepsins and matrix metalloproteinases
(MMPs) that degrade for example collagenous components of the extracellular matrix. This
may be one of the main mechanisms underlying plaque rupture. On the other hand, more
recent research indicates that macrophages within the atherosclerotic lesion also produce
MMP inhibitors and a range of collagens and may therefore be active agents of plaque sta-
bilization. In addition, one of the main functions of the macrophage is to ingest—and thus
to neutralize—toxic substances such as modified lipoproteins and cell detritus that would
otherwise accumulate in the subintimal space. It is therefore not clear if the macrophage
has a net beneficial or harmful effect on the progression of atherosclerotic plaques. The
answer to this paradox may be that net effect of the macrophage within the atherosclerotic
plaque may be either beneficial or harmful depending on the stage of the lesion, its cellular
composition and other compounding factors such as intercurrent illness in the host
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3.13
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, TNFa, 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



The Pathogenesis of Atherosclerosis 29

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

Efflux of cellular cholesterol is promoted by extracellular cholesterol ac-
ceptors, most notably small discoidal lipid-poor pref-migrating (pref-) 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
etal. 2000), from atherosclerotic lesions suggests that a cell-mediated immune
reaction is taking place. Initially it was thought that atherosclerotic lesions
show a monotypic or oligotypic complementarity-determining spectrum with
a restricted heterogeneity of T cells (Paulsson et al. 2000). However, more
recent work shows that advanced human plaques demonstrate a polyclonal
T-cell composition. This does not constitute evidence that T cells are ‘non-
specific’ (i.e. are carrying reactivities not related to atherosclerosis), but it does
suggest that no single antigen reactivity dominates the T-cell population. This
result in itself is not surprising, because it is known from other inflammatory
conditions with known eliciting antigens that antigen-specific cells constitute
a minority of infiltrating T cells. Furthermore, there is little data to support the
concept of antigen-specific T-cell recruitment, suggesting instead that T-cell
infiltrates arise by predominantly non-antigen specific recruitment, which may
be followed by local, clonal, antigen-driven proliferation (Stemme 2001).

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

The major class of T lymphocytes present in 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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33
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-B, 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.

34
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 (Mo6nckeberg 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



The Pathogenesis of Atherosclerosis 39

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
only23 um (Burkeetal. 1997).In aseries 0of 200 cases of sudden death, about 60%
ofacute thrombiresulted from rupture of a thin fibrous cap, while most of the re-
maining 40% 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.



44 P. Cullen et al.

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 Palazdn 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.

5.3
Animal Models of Plaque Instability and Rupture

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

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

Finally, much interest was generated by two recently reported models of
plaque rupture in apoE knockout mice. In the first of these, from Bristol in the
United Kingdom, apoE knockout mice with an unusual mixed C57BL6/129Sv]
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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