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Pathogenesis of Atherosclerosis

Mark A. Crowther

Atherosclerosis is no longer considered a disorder propagate. Once initiated, atherosclerosis progresses
due to abnormalities in lipid metabolism. In fact, the as a result of a well-studied series of changes in the
inciting event of atherosclerosis is likely an inflamma- constituent cellular make-up of the vessel wall.

tory insult that occurs decades before the disease Specific cytokine-mediated events in this cycle are
becomes clinically apparent. Rapidly evolving knowl- required for lesional growth. The clinical manifesta-
edge of the pathogenesis of atherosclerosis, coupled tions of atherosclerosis occur so late in this process
with novel, target-specific therapies, is revolutionizing that interventions such as percutaneous coronary

the treatment of atherosclerosis. As a result, a variety interventions can deal with isolated areas of disease;
of treatments are now undergoing evaluation for their however, they do not influence the underlying disease
ability to ameliorate the inflammatory pathways likely process.

to cause the atherosclerotic process to initiate and

Pathogenesis of Atherosclerosis predominately of smooth muscle cells and macrophages.
Marchand introduced the term “atherosclerosis” descrifi-he second component is the connective tissue matrix and
ing the association of fatty degeneration and vessel stiffe@xtracellular lipid. The third component is intracellular lipid
ing.! This process affects medium and large-sized arteridgat accumulates within macrophages, thereby converting
and is characterized by patchy intramural thickening dhem into foam cells. Atherosclerotic lesions develop as a
the subintima that encroaches on the arterial lumen. Ea@sult of inflammatory stimuli, subsequent release of vari-
vascular bed may be affected by this process; the etiologys cytokines, proliferation of smooth muscle cells, syn-
treatment and clinical impact of atherosclerosis varies frothesis of connective tissue matrix, and accumulation of
one vascular bed to anottierhe earliest visible lesion of macrophages and lipid.
atherosclerosis is the fatty streak, which is due to an accu-
mulation of lipid-laden foam cells in the intimal layer ofRoles of inflammation, endothelial perturbation
the artery. With time, the fatty streak evolves into a fibrouand lipids
plague, the hallmark of established atherosclerosis. Ulfihe atherosclerotic process is characterized, in its earliest
mately the lesion may evolve to contain large amounts sfages, by perturbations in endothelial function. Athero-
lipid; if it becomes unstable, denudation of overlying ensclerosis is likely initiated when endothelial cells over-
dothelium, or plaque rupture, may result in thrombotic oexpress adhesion molecules in response to turbulent flow
clusion of the overlying artery. in the setting of an unfavorable serum lipid profile. Ani-
Atherosclerotic lesions are composed of three majanals fed a pro-atherogenic diet rapidly overexpress vascu-
components. The first is the cellular component compriséar cell adhesion molecule-1 (VCAM-1).3ldemonstrated
that expression of VCAM-1 on endothelial surfaces was an
early, and necessary, step in the pathogenesis of atheroscle-
Correspondence: Mark A. Crowther, MD, Room L208, St. rosis. Increased cellular adhesion and associated endothe-
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Inflammation and chronic

endothelial injury

Itis now widely accepted that the earliest stages ¢
the development of atherothrombosis are medr
ated, in large part, by the inflammatory cascade
VCAM-1 expression increases recruitment of
monocytes and T-cells to sites of endothelial in-
jury; subsequent release of monocyte chemc
attractant protein-1 (MCP-1) by leukocytes mag:
nifies the inflammatory cascade by recruiting ad-
ditional leukocytes, activating leukocytes in the
media, and causing recruitment and proliferatior _

of smooth muscle cell${gure 1). Inresponseto =

signals generated within the early plaque, monc
cytes adhere to the endothelium and then migra..
through the endothelium and basement membranre
by elaborating enzymes, including locally acti-
vated matrix metaloproteinases (MMP) that de
grade the connective tissue matikdur e 2). Re-
cruited macrophages both release additional cyt(w

kines and begin to migrate through the endothe:;

MIP

lial surface into media of the vessel. This proces
is further enhanced by the local release of monc
cyte-colony stimulating factor (M-CSF), which
causes monocytic proliferation; local activation
of monocytes leads to both cytokine-mediated prc
gression of atherosclerosis, and oxidation of low
density lipoprotein (LDLFigure 3).

Once initiated, many mediators of inflamma-
tion have been described to influence the deve

opment of the atherosclerotic plague. For example —

CDA40L elaborated within the plaque has beel
shown to increase the expression of tissue factt
(and thus, presumably increase the likelihood or
thrombosis) in atherosclerotic plaques; anti-
CDA40L abrogates evolution of established atherci_
sclerotic lesions in animal modélfflammatory
mediators expressed by smooth cells within th
atherosclerotic plaque include, but are not limitec
to, interleukin (IL)-1B, tumor necrosis factor (TNF)

o andpB, IL-6, M-CSF, MCP-1, IL-18 and CD-40L.
The impact of these mediators is diverse and ir
cludes mitogenesis, intracellular matrix prolifera-
tion, angiogenesis and foam cell developmen.
(Figures4 & 5).

P

Che
s

I DN'CPI

..ﬂ”u_,,

:__7":.

Figure 1. Atherosclerosis is
initiated when leucocytes
adhere to the endothelium as a
result of expression of
adhesive proteins.

Figure 2. Leucocytes than
cross the endothelial barrier
and begin to accumulate.

Figure 3. Monocytes within the
sub-endothelial space
subsequently “orchestrate” the
development of athero-
sclerosis through cytokine
release.

Figure 4. Clinically apparent
disease if first noted as a result
of the accumulation of foam
cells.

Figure 5. The clinically
important lesion is
characterized by intimal
narrowing, many foam cells,
neovascularization and flow-
limiting narrowing. However,
this stage of the disease is
sufficiently advanced that
treatments aimed at it do not
impact the pathogenesis of the
underlying disorder.

Models within which these mediators have active protein (CRP) and fibrinogen. Experimental work supports
been “knocked-out” now exist. Most such modelsan association between these markers and the pathogenesis of ath-
support a role for these mediators in the pathogererosclerosis; thus, Danenberg and collegyeesluated the pro-
esis of atherosclerosis; for example, atheroscleronflammatory and prothrombotic effects of CRP on monocytes and
sis-prone mice lacking MCP-1 or M-CSF are lessendothelial cells in vivo by subjecting wild-type mice, which do
likely to develop progressive atherosclerosis thamot express CRP, and human CRP-transgenic (CRPtg) mice to two

wild-type mice.

models of arterial injury. In an arterial injury model complete throm-

Given the importance of the inflammatory botic occlusion of the femoral artery at 28 days was seen in 17% of
cascade in pathogenesis of atherosclerosis cliniwild-type mice compared with 75% of CRPtg arteries. After adjust-
cal interest has focused on the development ofment for lipid status, CRP levels remain independent predictors of
markers of risk; predominant among these is C reatherosclerosis, including peripheral arterial disé#ssivities of
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CRP in experimental models are protean and include desional regression and a process that may be facilitated by
creased endothelial nitric oxide (NO) and prostacyclin ssome lipid lowering strategies), it may become oxidized
cretion, increased MCP associated chemotaxis, increagéttough action of free radicals or direct activity of leuko-
IL-8 and increased MMP-1 activity. Impaired release of N@ytes) or it may be taken up by monocyte/macrophages
is associated with increased vascular tone and may be asgbich ultimately become foam cells. Oxidized LDL is par-
ciated with increased platelet activation and intimal prdicularly atherogenic and is chemotactic for monocyte-mac-

liferation8 rophages.

Macrophages bind intra-intimal LDL via a family of
Molecular targeting to address novel receptors known as scavenger receptors, which rec-
chronic inflammation ognize LDL only after it has been oxidized. Uptake of oxi-

The increasing knowledge of the pathogenesis of athemized LDL renders the macrophages less mobile, thereby
sclerosis at the molecular level has led to the developmgmbmoting the accumulation of these lipid-laden cells in
of specific molecular targets for anti-atherosclerotic therapthe intima. The foam cells retain their metabolic activity
Peroxisome proliferator-activated receptors (PPAR&ye and secrete a variety of cytokines and inflammatory me-
emerged as important anti-atherogeneic targets; endotlgéators. Outcomes of their activation include recruitment
lial-specific roles of PPARx include inhibition of adhe- and proliferation of smooth muscle cells (which in turn
sion molecules, including VCAM-1, increased endothelialaborate additional locally active cytokines), further LDL
NO release, reduced foam cell formation, and reduced upxidation, recruitment of additional monocyte/foam cells
take of glycated LDL and triglyceride-rich remnant lipo-and additional impairment of endothelial function.
proteins. Ligands of PPAR-nclude fatty acids and the
oral hypoglycemic drugs belonging to the glitazone famkevolution of the atherosclerotic plaque
ily. PPARy is expressed in numerous cell types found withiivolution of the atherosclerotic plaque is characterized by
the atherosclerotic lesion, including endothelial cellggradual enlargement over time due to the accumulation of
smooth muscle-cells, macrophages, and T cells. Ligafioam cells. The gradually enlarging plaque may precipi-
binding with PPARy may have multiple antiatherogenictate chronic stable angina. However, myocardial infarction
effects fable 1). Studies of humans treated with PPAR agoeftentimes occurs within vessels with relatively unremark-
nists have been reported; glitazone treatment reduces CRIFle narrowing. This suggests that rapidly growing plagues
MMP-9 and TNFe serum levels, perhaps through PPAR- cause many myocardial infarctions. This observation has
activationi® led to further research into the mechanism of acute throm-
More broadly, it is likely that many of the beneficialbotic occlusion of the epicardial vessels at sites of athero-
effects of medications widely used for the treatment or preelerotic disease.
vention of atherosclerosis are mediated, in part, through Slowly growing plaques gradually accumulate lipid
their ability to modify the inflammatory cascade. 3-hywithin foam cells; proliferation of smooth muscle cells and
droxy-3-methylglutaryl coenzyme A (HMG-CoA) reduc-elaboration of intracellular matrix produce the definitive
tase inhibitors, widely known as the “statins,” appear, ifibrous plaque. In general, such plaques tend to have ad-
clinical studies, to have anti-atherogenic effects in excebgrent endothelial layers that are not prone to sudden dis-
of those likely to occur due to improved lipid status. Exruption with associated activation of coagulation.
perimental models support the supposition that HMG-CoA  Some plaques grow at a much greater rate than would
inhibitors act, at least in part, by reducing inflammationbe predicted by simple lipid accumulation and expansion
Thus, statins induce release of anti-atherogenic cytokinekthe components of the fibrous plaque. Cholesterol accu-
(such as IL-4 and IL-10) and diminish expression of pranulation within such plaques is due to both “passive” trans-
atherogenic cytokines, such as IL-6, IMnd TNFe in  fer of LDL from the circulation and scavenging of red blood
macrophage¥.Statins also reduce expression of MCP-1 and

other mediators in a variety of models of atherogenesis. _ _ _ . _
Table 1. Potential anti-atherogenic activities of peroxisome

proliferator-activated receptors (PPARS).

The role of lipid

The lipid hypothesis of atherogenesis has been dramalti-
cally modified over the last 20 years. Once viewed as the _
T L . é Decreased recruitment of T cells
initiating agent of atherothrombosis, it is now recognize

that localization and accumulation of lipid occurs in re o o
sponse to earlier changes in the vascular endothelium. Ac-nhibition of smooth muscle cell (SMC) migration
cumulation of lipid is, however, required for the develop>- Decreased SMC expression of matrix-degrading enzymes
ment of the definitive plaque. Lipid deposition likely start$. Decreased macrophage-dependent expression of matrix
with the movement of LDL from the blood into the vessel Metalloproteinase (MMP)-9 and osteopontin

wall. Once within the media three fates can befall the LDL? Enhanced release of the interleukin-1 receptor antagonist
it may move back into the bloodstream (a hallmark df. Enhanced reverse cholesterol transport

Increased nitric oxide synthesis and release

3. Reduced angiogenesis
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cell membranes deposited during intraplague hemorfiageand unstable coronary syndromes are due to thrombin and
Angiogenic signaling and proliferation of microvesselson Willebrand factor-mediated platelet activation and ag-
within the plaque is only now beginning to be understoodjregation. Additionally, platelet activation can play a role
however, plaque hemorrhage is likely attributable to blee@arlier in the pathogenesis of atherosclerosis. For example,
ing from fragile microvessels that proliferate within the®?DGF and tumor growth factor (TGB)are two very potent
plaque itself, presumably in response to local angiogemgitogenic cytokines elaborated by activated platelets that
stimuli. Kockx et al identified intraplaque hemorrhage fronact at the site of the thrombus to promote atherosclerotic
microvessels triggering macrophage activation and foalasional development.
cell formation in carotid lesioné.These authors propose
that intraplaque microhemorrhage may initiate platelet arfdamage to the vessel wall
erythrocyte deposition, lead to iron deposition, activatehrombogenesis is promoted by loss of endothelium, which
macrophages and contribute to foam cell formation. Supray be caused by direct physical damage such as occurs
port for the importance of angiogenesis in the pathogewith angioplasty, hemodynamic stress, use of tobacco prod-
esis of plague growth was recently bolstered by the findingts, high blood cholesterol levels, or enzymes released
that intra-plague microvessels were an independent pfesm platelets and leukocytésThe shedding of endothe-
dictor of plague ruptur€.The potential importance of an- lial cells exposes the subendothelium to platelets and blood
giogenesis in the development of atherosclerosis is foundagulation factors. Platelets that adhere to the sub-
in experiments that demonstrate that antiangiogenendothelium undergo shape change, aggregate, and secrete
therapy reduced atherosclerotic lesion development intlzeir granular contents, thereby recruiting more platelets.
placebo controlled trial in atherosclerosis prone riice.At physiologic shear rates, platelet adhesion to subendot-
Additional trials of antiangiogenic therapies in patientselial collagen is mediated by von Willebrand factor and
with atherosclerotic vascular disease are currently plannpdssibly other adhesive proteins, which bind to a glyco-
or underway. protein receptor (GPIb) on the platelet surfaes well as
Chronic stable angina is due to flow-limiting epicarto subendothelial components.
dial coronary disease. Acute myocardial infarction is usu-  Although endothelial cell loss represents the most se-
ally due to acute thrombotic occlusion of an epicardialere form of vascular damage, more subtle injury may also
vessel. Acute thrombotic occlusion occurs as a consequeipeemote thrombogenesis. Thus, endothelial cells exposed
of sudden disruption of the atherosclerotic plaque assotd endotoxin, cytokines such as IL-1 and TNF, thrombin,
ated with spontaneous fissuring or rupture when exposhgpoxia, or increased shear stress synthesize tissue factor
to high shear stress at sites of stenosis and arterial branghd internalize thrombomodulin, thereby promoting co-
ing. Two forms of plagque injury are recognized: superficiadgulation. In addition, these perturbed cells also produce
and deep. Superficial injury produces areas of focal endplasminogen activator inhibitor-1 (PAI-1), which impairs
thelial denudation that can enlarge and lead to the formf@rinolysis, and acquire receptors to which leukocytes and
tion of mural or even occlusive thrombi. Plaques that agatelets adher&.Finally, the altered endothelial cells syn-
capped with superficial collagen fibers separated by largleesize factors that regulate local blood flow. These in-
number of lipid-filled macrophages tend to predispose tdude vasoconstrictors known as endothelins, as well as
superficial injury!”8 Deep intimal injury is characterized vasodilators such as prostacyclin and NO.
by a split or tear that extends from the luminal surface of a
plague deep down into the plaque substance. This typeRiatelet activation
injury, which tends to occur in plaques that contain a larg&latelets adhering to collagen undergo a shape change,
lipid-rich pool, exposes blood to the highly thrombogenisecrete their granular contents, and aggregate. In addition
contents of the plaque (in particular tissue factor elabts collagen, a variety of other agonists, including throm-
rated within the plaque, a process exacerbated by lodah, epinephrine, and thromboxang @XA,), also pro-
expression of CD40L). If sufficient thrombogenic stimulusnote platelet aggregatiéhWhereas all of these agents
is present the clot may completely occlude the epicardisfimulate the synthesis of TXAcollagen, thrombin, and
vessel causing acute myocardial infarction; prevention @iXA , also induce the release of adenosine diphosphate
acute thrombotic occlusion of epicardial vessels is the pfADP) from platelet granules, which amplifies the aggrega-
mary way by which anticoagulants (such as aspiriion process. In addition to these pathways, thrombin-in-
clopidogrel or warfarin) reduce the risk of recurrent myoeduced platelet aggregation occurs through a third mecha-
cardial infarction. nism that may involve the activation of platelet calgain.
Non-occlusive thrombosis may also cause rapid in-
creases in the size of atherosclerotic plaques as a resulEpfdemiology and Prevention of Atherosclerosis
platelet activation and elaboration of platelet-derive@he most effective means of preventing arterial thrombosis
growth factors (PDGF) on the surface of the plaque. Platelstto prevent atherosclerosis. The proven risk factors for
activation can directly influence the clinical course of athatherosclerosis are hypercholesterolemia, hypertension,
erosclerosis; it is likely that acute myocardial infarctiortigarette smoking, obesity, physical inactivity, age, family

Hematology 2005 439



history, diabetes and male sex. The first five of these risk Aggressive lowering of the serum cholesterol level in
factors are potentially reversible, and there is evidence thgdtients with recent MI results in a rapid decrease in the
their reversal reduces the complications of atherosclerosiisk of subsequent ischemic cardiac complications, the need
for surgical revascularization, and death r&&his effect
Cholesterol and lipids occurs even when the total cholesterol level falls within the
The plasma level of cholesterol is determined by genetipper range of normal (5.5-5.8 mmol/L, 213-310 mg/dL).
factors, by the type and amount of fat in the diet, and by
other factors such as obesity, physical activity, and diseaSeierging risk factors
states. Based on the results of animal studies, epidemigridence is increasing that a variety of additional risk fac-
logic data, and interventional studies, there is good ewuirs for atherosclerotic disease exist. Elevations of CRP
dence for an association between hypercholesterolemia ardl fibrinogen have been widely studied as novel predic-

atherosclerosis. tors for the development and progression of atherosclero-
The association between serum cholesterol levels asid. These factors have been discussed earlier in the text.
the risk of coronary heart disease is continuéegrzamil- Congenital or acquired hyperhomocysteinemia is as-

ial hypercholesterolemia, a disorder caused by an absensociated with an increase in the risk of both arterial and
defective LDL receptor, causes premature coronary heaegnous thromboembolisfi®*In some cases, homocysteine
disease&®?’In the heterozygous form of this disorder, whichevels may be reduced with the administration of folic acid
occurs in 1 in 500 people, the total cholesterol concentrar vitamins B or B,.*“° Whether these interventions re-
tion is usually in excess of 300 mg/dL. Approximately 5%luce the risk of atherosclerosis and its complications re-
of all patients who present with acute myocardial infaranains controversial; for example a recent randomized study
tion (MI) before the age of 60 have heterozygous familialemonstrated an increased risk of vascular events if pa-
hypercholesterolemia. The homozygous form of familidgients were treated with homocysteine lowering therapy
hypercholesterolemia occurs in about 1 in one million imafter percutaneous coronary stentihg.
dividuals and presents with cholesterol levels ranging from Impaired fibrinolysis has been linked to atheroscle-
600-1000 mg/dL. Patients usually develop severe corotic vascular disease in some but not all studies. Anti-
nary heart disease before the age of 20. phospholipid antibodies are clearly associated with pre-
Reduced levels of HDL cholesterol are associated withature arterial thromboembolism, and may be associated
an increased risk of coronary heart disease. The main caus@b accelerated atherosclerosis. Both thoracic radiation
of reduced HDL cholesterol include cigarette smoking, obéherapy and heart transplantation are associated with ac-
sity, physical inactivity, androgenic and related steroidselerated atherosclerosis and ischemic cardiac syndromes
(including anabolic steroids), beta-blocking agentdikely as a result of therapy-induced endothelial injury.
hypertriglyceridemia, and genetic factors. In contrast, Elevated levels of lipoprotein(a) have also emerged as
weight reduction, exercise and some medications elevatepotential risk factor for atherosclerosis. Interest in this
HDL cholesterol levels. biochemical abnormality is heightened by the observation
Both the cholesterol level and the prevalence of corthat niacin therapy reduces lipoprotein(a) levels, although
nary heart disease are influenced by environmental factotisis therapy has not yet been shown to reduce the risk of
including diet. Thus, individuals who immigrate from coun-atherothrombotic complications.
tries where the prevalence of coronary heart disease and
the serum cholesterol levels are low to a country with Summary
high prevalence of coronary heart disease will often havherosclerotic vascular disease continues to be the lead-
increases in both serum cholesterol levels and rates of coirg cause of death in the Western world. Our understanding
nary heart disease. of the pathogenesis of this disorder has increased rapidly
The evidence that decreasing serum cholesterol leveiger the last two decades; current advances point towards
with cholesterol-lowering drugs or dietary modificationnovel causes, and innovative treatments, for this common
slows or reverses the progression of coronary atheroscleamd troublesome condition. It is safe to anticipate that as
sig®®and reduces coronary evefitbmes from many ran- our understanding of the molecular pathogenesis of this
domized trials that include more than 40,000 subf&ét§! condition improves numerous novel treatments for this
Lowering the serum cholesterol level with diet or drugondition will emerge.
therapy also slows the progression of angiographically
documented coronary atherosclerosis in patients with arteeferences
rial bypass graft® Modifying several risk factors, such asl. Aschoff L. Introduction. In: Cowdry EV, ed. Arteriosclerosis: A
lowering the serum cholesterol level, the blood pressurg, Survey of the Problem. New York: Macmillan; 1933:1.
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