CHAPTER

Pathogenesis of Atherosclerosis

Jay W. Heinecke, Alan Daugherty

Atherosclerosis, a disorder affecting the intima of me-
dium- to large-sized muscular arteries, is the leading
cause of death in Western industrialized society. Its
clinical manifestations include myocardial infarction,
stroke, and gangrene of the lower extremities. Recent
studies have shown that atherosclerosis is a reversible
process, emphasizing the importance of controlling
risk factors for vascular disease. In this chapter the
pathology of atherosclerosis and clinically relevant
hyvpotheses regarding potential atherogenic mecha-
nisms are discussed.

THE NORMAL ARTERY

The wall of the normal artery is composed of three
concentric layers (Figure 6-1A) termed the intima,
the media, and the adventitia.'? The innermost region,
the intima, consists of a monolayer of endothelial cells
hining the lumen of the artery. The only cell type found
in the normal intima is the endothelial cell. The inter-
mediate region, the media, is composed entirely of
smooth muscle cells and extracellular matrix material.
The media is the major structural element of muscular
arteries. The outermost region of the artery wall, the
adventitia, is a loosely woven connective tissue that
contains small nutrient vessels called the vasa vasora.
The intima is separated from the media by a sheet of
well-developed connective tissue, the internal elastic
lamina. The boundary between the media and the ad-
ventitia is a less distinct layer of connective tissue, the
external elastic lamina.

MORPHOLOGICAL EVENTS IN ATHEROGENESIS
The Fatty Streak

Human atherosclerosis begins early in childhood!~?
with the appearance of slightly elevated, lipid-rich fatty

streaks (Figure 6-1B). This lesion is characterized
pathologically by the presence of cholesteryl ester-
laden foam cells in the intima beneath an intact endo-
thelial cell layer.* Immunohistochemical studies have
shown that the majority of foam cells are tissue macro-
phages derived from circulating monocytes.>® Also
present are T lymphocytes, which may represent an
immune component in the disease process.® Fatty
streaks first appear in the aorta, but they may later be
found in any of the medium- to large-sized muscular
arteries.>’ The lesions are nonobstructive and are not
associated with clinical manifestations of cardiovascu-
lar disease. Fatty streaks are apparently the precursors
to more advanced atherosclerotic lesions but they do
not invariably progress. Indeed, investigations in ani-
mals have revealed that fatty streak formation is a
fully reversible process.® Cross-cultural studies further
support this conclusion because fatty streak formation
is found in the aortae of middle-aged adults in all
populations, but subsequent clinically significant ath-
erosclerosis is restricted to a subset of these societies.?

The Fibrous Plaque

The hallmark of the fibrous plaque (fibroproliferative)
is the appearance of smooth muscle cells together with
macrophages in the intima of the artery wall (Figure
6-1C). The classic lesion is eccentrically located and
protrudes into one side of the arterial lumen.'-36-%1
Fibrous plaque formation begins in young adulthood
in regions of the vasculature prone to fatty streak for-
mation, such as arterial branch points and the coronary
arteries.!>’® Cerebrovascular disease develops later in
life. Fibrous plaque formation should be distinguished
from the intimal thickening that occurs during normal
aging!: this process also involves the appearance of
smooth muscle cells in the intima, but widening of the
intima occurs symmetrically and is not associated with
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the presence of numerous foam cells. In the early
stages of fibrous plaque formation, cholesteryl ester is
present intracellularly in foam cells which are derived
from both macrophages and smooth muscle cells.”%8
Crystals of free cholesterol appear extracellularly as
the fibrous plaque matures.2%®* The fully developed
fibroproliferative lesion exhibits a necrotic core, rich
in extracellular lipid, that is covered by a fibrous cap
predominantly composed of smooth muscle cells and
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connective tissue.2* %10 The shoulder region of the
plaque contains abundant numbers of macrophages &
well as smaller numbers of T lymphocytes.®

Fibrous plaques are clinically significant lesiont
that impair blood flow by at least two different mechag
nisms.'*? First, the fibroproliferative response of thé
artery wall mechanically occludes the arterial lumet
and progressively restricts blood flow. Second, the &
brous plaque often serves as a nidus for thrombosis
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Figure 6-1. Pathological events in atherosclerosis. (A) The normal artery. The medium- to large-sized muscular
artery is composed of three layers: the intima, the media, and the adventitia. A monolayer of endothelial cells and
its underlying connective tissue, the intemal elastic lamina, constitute the intima. The media, composed of a concentric
layer of smooth muscle cells and connective tissue, is the major structural component of muscular arteries. The
adventitia is a loosely woven connective tissue that surrounds the media. (B) The fatty streak. The eariest lesion of
atherosclerosis is the fatty streak. The hallmark of the fatty streak is the presence of lipid-laden foam cells beneath
an intact endothelium. Most foam cells are tissue macrophages derived from circulating monocytes, but recent studies
indicate T lymphocytes are also present in significant numbers. A key event in fatty streak formation may be the
appearance of chemoattractant molecules for monocytes on the surface of endothelial cells. Fatty streaks do not
significantly obstruct blood flow and are clinically sileni. Experimental studies in animals and pathological studies in
humans suggest that the fatty streak is the precursor of advanced atherosclerotic fesions. (C) The fibrous plague.
This lesion is characterized by the appearance of smooth muscle cells and extracellutar free cholesterol crystals in
the intima. Fibrous plaques protrude into the arterial lumen and often restrict blood fiow: they are also prone to fissuring
and rupture, which may precipitate acute arterial thrombosis and occlusion. Continued accumulation of smooth muscle
cells, monocyte-derived macrophages, and extracellular lipid, together with progressive calcification and formation of

a necrotic core ultimately result in the formation of the advanced atherosclerotic lesion.

:2d acute obstruction of the arterial lumen. Clinical
i:als have shown that occlusive disease is reversible
in patients with hypercholesterolemia who are treated
+'th aggressive lipid-lowering therapy, indicating that
e atherosclerotic process is dynamic and can be in-
Zienced by alterations in risk factors.>-1% Moreover,
*e incidence of acute myocardial events is reduced in
e treated patients,” suggesting that thrombosis is
ziz0 inhibited, perhaps by alterations in the lipid com-
aosition of lesions.

The Complicated Lesion

The complicated {advanced) atherosclerotic lesion is
sharacterized by endothelial denudation, a large ne-
arotic core with numerous extracellular cholesterol
:ivstals, and extensive calcification.?#1° Loss of the
sndothelial layer renders the advanced lesion promne to
‘hrombosis and acute arterial occlusion.''2 Disruption
of complex lesions by flow-induced shear stress, me-
chanical trauma, or acute hemorrhage into the necrotic
ore commonly triggers clot formation and may rarely
«cad to shedding of cholesterol emboli.!!!? Secondary
changes tn the media underlying the advanced lesion
ire common and result in weakening of the arterial
wall. which may progress to aneurysm formation.

CELLULAR INTERACTIONS IN ATHEROSCLEROSIS

Endothelium

The endothelial cells lining the lumen of the arterial
wall play a critical role in vascular biology. Substances
~eleased by endothelial cells, including endothelin and
aitric oxide, regulate vascular tone by controlling the
sontractile state of the underlying arterial smooth mus-
o'z cells.!® The endothelium also presents a nonthrom-
sotic surface to circulating platelets and clotting fac-

ors1417 and actively secretes small molecules like

prostacyclin and nitric oxide, which actively inhibit
platelet aggregation.}?'® Loss of these antithrombotic
effects by damaged endothelium may be of central
importance in thrombus formation during atherogene-
sis. Endothelial dysfunction is one of the earliest cellu-
lar events in atherogenesis and is likely to be induced
by a wide variety of insults, including hypercholesterol-
emia, hypertension, and cigarette smoking.? Hyper-
cholesterolemia induces arterial endothelial cells to
express VCAM-1,'* a monocyte adhesion protein, and
oxidized low-density lipoprotein (LDL) causes cul-
tured endothelial cells to produce monocyte chemotac-
tic protein 1."*?® Both of these molecules are likely to
be important in mediating the recruitment of mono-
cytes from the circulation into the intima. Endothelial
cells form a highly impermeable barrier, which pre-
vents the unregulated egress of blood components into
the arterial wall.™ One of the first events observed
in regions of the vasculature of hypercholesterolemic
animals prone to lesion formation is greatly enhanced
transudation of plasma LDL into the subintimal
space.” Low-density lipoprotein in the artery wall may
convert macrophages into foam cells and promote fur-
ther endothelial dysfunction.???

Monocyte-Derived Macrophages

Tissue macrophages are abundant in all stages of ath-
erosclerotic lesion formation. Cholesteryl ester-laden
macrophages are the predominant cell type in the fatty
streak and represent a substantial fraction of the cells
found in fibrous plaques and complex lesions.!#-61025-24
Several biochemical pathways convert macrophages
into foam cells in vitro. A celi surface protein on mac-
rophages, the scavenger receptor, is one well-charac-
terized pathway for the delivery of cholesterol.”>?* Be-
cause the activity of the receptor is not regulated by
cellular sterol stores, macrophages exposed to lipopro-
teins that bind to the scavenger receptor rapidly accu-
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mulate cholesteryl ester. Macrophages are also able
to ingest particulate matter such as microorganisms by
phagocytosis.”® Phagocytosis of aggregated lipopro-
teins induces macrophage foam cell formation in vitro,
suggesting that lipid-rich particulate material might
stimulate tissue macrophages to accumulate choles-
teryl ester. Lipoproteins complexed with arterial wall
proteoglycans or digested with phospholipase C are
taken up by this pathway. 262

Monocytes and macrophages produce an extraor-
dinary number of secretory products with potential
roles in atherogenesis.”®* Cytokines and chemoat-
tractant factors generated by phagocytes may be a
major stimulus for the recruitment of smooth muscle
cells into the intima.?® The subsequent proliferation of
smooth muscle cells, a key factor in the expansion of
the fibrous plaque, may also be promoted by macro-
phage-derived growth factor.”® Proteases released by
phagocytes may predispose fibrous plaques and ad-
vanced lesions to rupture.’ Plaque disruption exposes
thrombotic material and releases potent procoagulants
from the necrotic core, promoting acut¢ thrombo-
sis and tissue infarciion.'"*> Activated monocytes
and macrophages employ a membrane-associated
NADPH oxidase to synthesize superoxide, the one
electron reduced form of molecular oxygen.”>** Super-
oxide breaks down to form hydrogen peroxide: in the
presence of redox catalysts, hydrogen peroxide and
superoxide can generate the hydroxyl radical.> Super-
oxide also reacts with nitric oxide to form another
potent oxidant, peroxynitrite.** Reactive oxygen spe-
cies generated by cells may oxidatively damage lipids
and proteins in the artery wall.* One important target
for oxidation may be LDL. Oxidized LDL is toxic to
cultured endothelial cells and binds to the scavenger
receptor on macrophages, producing foam cells in
vitro.

Smooth Muscle Cells

Smooth muscle cells are the pathological hallmark of
the fibrous plaque and the predominant cell type in
the complex lesion.2619237 The fibroproliferative re-
sponse presumably involves the migration of smooth
muscle cells into the intima and their subsequent entry
into the cell cycle.>?"38 All of the cells found in the
atherosclerotic lesion, including endothelial cells,
monocytes, macrophages, and T lymphocytes, as well
as smooth muscle cells themselves, can secrete growth
factors that cause smooth muscle cells to prolifer-
ate.>*3 Cytokines released by macrophages, such as
interleukin-1 and tumor necrosis factor, induce the
gene expression and protein synthesis of platelet-
derived growth factor (PDGF) by endothelial cells.?>?
Platelet-derived growth factor is a potent chemoattrac-
tant and mitogen for smooth muscle cells and may

play a critical role in the fibroproliferative response of
the injured artery wall ¥4 The entry of intimal
smooth muscle cells into the cell cycle may thus involve
the release of a multitude of different growth factors
and cytokines. It is poteworthy that PDGF, basic -
broblast growth factor, interlgukin-1, and tumor necro-
sis factor are present in atherosclerouc lesions but are
absent in normal artgrial thsuc

The matrix of extracellu]ar connective tissue se-
creted by smooth muscle cells also makes an important
contribution to the ﬁbroprollferatlve response and le-
sion expansion.>#102930 It has been proposed that arte-
rial smooth muscle cells exhibit two phenotypes
termed contractile apd synthetic.*'4 Cultured smooth
muscle cells in the contractile state demonstrate abua-
dant myoﬁlaments and respond to vasoactive factors,
such as nitric oxide and endothelin. Cultured smooth
muscle cells in the synthetic state exhibit large numbers
of ribosomes and a profuse endoplasmic reticulum; this
phenotype favors the production of large quantities
of extracellular matrix. Conyersion of smooth muscle
cells from the contractile to the synthetic state may
promote the secretion of connective tissue and impair
the response of the vasculature fo vasoactive agents.
Growth factors may also be of critical regulatory im-
portance in the production of the extracellular ma-
trix. 204142 For example, transforming growth factor
B is a potent agonist for connective tissue synthesis by
arterial smooth muscle cells.*

Lipid-laden smooth muscle cells are often ob-
served in atherpsclerotic lesions, 8% but the path-
ways that might lead to cholesteryl ester accumulation
by this cell type are poorly understood. One mecha-
nism may involve the uptake of lipids released by mac-
rophage foam cells.* Scavenger receptors, which rec-
ognize modified forms of lipoproteins, are also present
in small numbers on the cell surface of cultured smooth
muscle cells.** Activation of the smooth muscle cells
with certain agonists, such as the tumor promoter,
phorbol ester, dramatically increases the expression of
scavenger receptors. If similar activation events take
place in vivo, the uptake of modified lipoproteins might
also be involved in the formation of lipid-laden smooth
muscle cells.

T Lymphocytes

Fatty streaks, fibrous plaques, and advanced athero-
sclerotic lesions all exhibit significant numbers of T
lymphocytes, suggesting that cellular immune mecha-
nisms play a role in atherosclerosis.®**’ T cells are
predominantly localized in the shoulder region and
fibrous cap of atherosclerotic lesions. Both helper/in-
ducer {CD4"} and cytotoxic/suppressor (CD8*) T lym-
phocytes are present, but few B lymphocytes and neu-
trophils are detectable.** Many of the T lymphocyies



and smooth muscle cells in atherosclerotic plaques ex-
press class I1 (HLA-DR and HLA-DQ) antigens,”
suggesting the cells are in an immunologically acti-
vated state. T cells and smooth muscle cells in normal
arterial wall tissue do not exhibit class IT molecules.*®
These observations raise the possibility that antigen
presentation and delayed type hypersensitivity reac-
tions are taking place in atherosclerosis.

Immune mechanisms are also likely to be involved
in the arterial disease observed in transplanted human
hearts undergoing rejection. Lymphocytes and macro-
phages are found in extraordinary numbers in such
arteries.®® The underlying pathology, however, is
quite different from that of atherosclerosis. Vascular
diszase in cardiac transplantation is characterized by
extensive intimal smooth muscle cell proliferation in-
volving the entire circumference of the artery.* Foam
cells are uncommon in these lesions. In contrast, the
classic atherosclerotic lesion is eccentric, and choles-
teryl ester-laden foam cells are abundant. The expres-
sion of class II antigens also differs: the endothelial
cellsin rejected arteries, but not in common atheroscle-
rosis, strongly express HLA-DR molecules.™ The dif-
ference in the pathological appearance of the two dis-
orders suggests that the underlying immunological
processes are distinct.

THEORIES OF ATHEROGENESIS

A number of hypotheses have been advanced to ex-
plain certain of the morphological and biochemical
events in atherosclerosis. Three theories, which appear
to account for many of the clinically relevant aspects
of vascular disease, are reviewed.

Response to Injwy

The hypothesis that endothelial injury is the trigger
tor atherosclerosis was first proposed by Ross and
Glomset.>#%3! Originally, it was suggested that the ini-
tiaf vascular insult was frank endothelial denudation.™
Subsequent studies in animals and humans have shown
ihat the endothelium remains intact until late in the
evolution of the complicated lesion, raising the possi-
bility that more subtle forms of endothelial dysfunction
~aitiate the atherogenic response.'>?® Manifestations
of injury may include the expression of monocyte
chemoattractant and adhesion proteins by endothelial
<clls. which may be of critical importance in recruiting
monocytes into the intima during lesion forma-
fion, %2930 Increased transudation of lipoproteins
n1o the intima may be another reflection of endothe-
Zaleellinjury. 27229 Endothelial cells, monocytes, mac-
-vchages, and smooth muscle cells oxidize LDL.*
Minimally oxidized LDL induces the synthesis of
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monocyte chemotactic protein 1 by endothelial
cells,'?® and extensively oxidized LDL is cytotoxic.”
Lesion formation may thus involve a destructive cycle
of endothelial dysfunction, expression of monocyte ad-
hesion and chemoattractant molecules, and enhanced
entry of monocytes and LDL into the artery wall, fol-
lowed by the conversion of LDL to an atherogenic
form, producing further injury of the endothelium.

Numerous factors in addition to hypercholesterol-
emia have been suggested to mediate endothelial in-
jury, including cigarette smoke, hyperglycemia, and
shear stress related to flow disturbance or hypertension
(Figure 6-2).2° A well-characterized insult results
from the amino acid homocysteine,>>>~>° which can
exist in either the reduced (homocysteine) or disulfide
(homocystine) state. Patients with the genetic disorder
homocystinuria, who generally suffer from a deficiency
of the enzyme cystathionine synthase, have massive
elevations in plasma homocystine levels and frequently
suffer from premature coronary artery disease.” In
these patients, thrombosis in both the venous and arte-
rial system is common, suggesting that homocysteine
or another intermediate involved in homocysteine me-
tabolism might damage the endothelium.**** Nonhu-
man primates continuously infused with homocysteine
develop endothelial denudation, accelerated platelet
turnover, and vascular thrombosis, strongly suggesting
that the amino acid itself is the toxic agent.>® The
underlying mechanism for injury may involve the gen-
eration of oxygen-, carbon-, or sulfur-centered free
radicals, alterations in the intracellular redox status,
aor platelet activation. Clinical studies indicate that ele-
vated levels of plasma homocystine are an independent
risk factor for atherosclerosis even in subjects who are
not suffering from the homozygous form of homo-
cystinuria. 358

One important implication of the injury hypothe-
sis is that the progression of atherosclerosis depends
on continual endothelial dysfunction.?#® This suggests
that the removal of the factors mediating endothelial
injury might halt or reverse the atherosclerotic process.
Alternatively, the pathological events induced by en-
dothelial injury might be targets for therapeutic in-
tervention. Consonant with this idea, a polyclonal
antibody to PDGF blocked smooth muscle cell prolif-
eration in an experimental model for angioplasty-in-
duced vascular disease.*® Similarly, antisense oligonu-
cleotides to the protooncogene c-myb, which interrupt
smooth muscle proliferation in cultured smooth mus-
cle cells, have been shown to suppress smooth muscle
cell accumulation in injured carotid arteries in rats.>

Lipoprotein Oxidation
Clinical, genetic, and epidemiological studies have
convincingly shown that hypercholesterolemia is a ma-
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Figure 6-2. The response to injury hypothesis. This hypothesis proposes that subtie forms of endothetial dysfunction,
perhaps induced by hypercholesterolemia, hypertension or other forms of vascular insult, triggers the atherogenic
response. Among the earliest events are increased infiltration of circulating monocytes and fipoproteins into the intima.
Subsequently, smooth muscle cells migrate into the lesion and begin to proliferate, converting the fatty streak into
the clinically significant fibrous plaque. Secretion of growth factors by macrophages, endothelial cells, and smooth
muscle cells may be especially important in this stage of the disease process. Lipid accumulation and synthesis of
extracellular matrix, perhaps in response to cytokines such as transforming growth factor 8, further contribute to lesion
expansion. This hypothesis makes the important prediction that atherosclerotic lesions are potentially reversible if the

source of endothelial injury is removed or ameliorated.

jor risk factor for atherosclerosis.®*¢! Elevated levels
of LDL, the major carrier of blood cholesterol, are an
even better predictor of atherosclerotic risk.®®! A key
biochemical feature of atherosclerosis is the accumula-
tion of cholesterol and cholesteryl ester in arterial wall
macrophages.*>?* It is thus paradoxical that high con-
centrations of LDL fail to convert cultured macro-
phages into foam cells, suggesting that native LDL is
not involved in this process.”>? In contrast, when the
major protein of LDL is chemically altered by acetyla-
tion of lysine residues, the modified lipoprotein be-
comes recognized by the scavenger receptor on macro-
phages.> Acetylated LDL rapidly causes macrophages

to assume the morphological and biochemical features
of foam cells.®** This discovery led to the proposal
that LDL must be modified to participate in atherogen-
esis.?? Endotheliatl cells, smooth muscle cells, and
monocyte-derived macrophages alter LDL to a form
that is internalized via the macrophage scavenger re-
ceptor, suggesting that cells of the arterial wall might
convert LDL to an atherogenic particle >>%? LDL mod-
ification by cultured cells requires iron or copper, i
inhibited by metal chelators and antioxidants, and in-
volves lipid peroxidation.®*%5 These results indicate
that the underlying mechanism for LDL modification
in vitro involves oxidative damage. In addition to pro-



moting the accumulation of cholesteryl esters by mac-
rophages, oxidized LDL has been shown to exert a
qultitude of potentially atherogenic effects on cul-
-ured endothelial cells, including cytotoxicity, induc-
tion of monocyte chemoattractant protein(s) and fac-
‘ars, and expression of prothrombotic molecules.®
Several lines of investigation support the hypothe-
sis that oxidized LDL plays a role in vascular disease.
Monoclonal and polyclonal antibodies that recognize
specific protein-bound products of lipid peroxidation
are located along with LDL in atherosclerotic le-
sions.%"%8 Lipoproteins with properties suggestive of
oxidative modification have been isolated from human
and animal atherosclerotic tissue.5*”® Several chemi-
cally unrelated antioxidants that are potent inhibitors
of LDL oxidation in vitro’"”? slow the progression of
atherosclerosis in animal models for hypercholesterol-
¢mia.”?~"* Recent epidemiological studies suggest that
the dietary intake of vitamin E, a lipid-soluble mole-
cule with antioxidant properties, is inversely associated
with the risk for coronary artery disease.” These re-
sults collectively indicate that lipoprotein oxidation

Circulating
LDL

\
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may be important in the progression of atherosclerosis
by several different mechanisms (Figure 6-3).

The physiologically relevant pathways for lipo-
protein oxidation have yet to be identified, but in vitro
studies have suggested a number of potential mecha-
nisms. Reactive oxygen species damage lipids and pro-
teins by reactions that often require metal ions.>*’¢
Phagocytic white blood cells employ two such species,
superoxide and hydrogen peroxide, to destroy invad-
ing pathogens.>>**> Monocytes and monocyte-derived
macrophages are prominent components of athero-
sclerotic lesions. Monocytes activated with phorbol
ester and opsonized zymosan oxidize LDL in vitro
by hydrogen peroxide and superoxide-dependent re-
actions.”"”® Reactive oxygen species may also play a
role in LDL oxidation by nonphagocytic cells. Cul-
tured endothelial cells and smooth muscle cells gener-
ate extracellular superoxide, 8 and superoxide
dismutase, a scavenger of superoxide, inhibits LDL
oxidation.*”#0 Superoxide production and LDL mod-
ification by smooth muscle cells are both L-cystine-
dependent.” Thiols are known to autoxidize with the -
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Figure 6-3. Oxidized lipoproteins and atherogenesis. Hypercholesterolemia or other forms of endothelial cell injury
may cause LDL to enter the artery wall at an increased rate in regions of the artery wall prone to lesion formation.
The oxidation hypothesis proposes that LDL in the intima is then converted into an atherogenic particle by reaction
pathways that may involve cell-generated reactive oxygen species, such as superoxide (Oz) and hydrogen peroxide
(H:0.), as well as metal ions and thiyl radical. Oxidatively modified LEL has been shown to initiate a number of events
in vitro that may be important in lesion formation and progression. Thus, minimally oxidized LDL induces the expression
of monocyte chemoattractant molecules on endothelial cells, which may be important in recruiting circulating monocytes
inta the intima. Extensively oxidized LDL converts macrophages into lipid-laden foam cells, is cytotoxic, and may mediate
other forms of cellular injury. The oxidation hypothesis suggests that the initiation or progression of atherosclerosis might
be retarded by interventions designed to block the free radical damage of lipoproteins.
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production of superoxide, hydrogen peroxide, and
thiyl radical.*~*® Because all of these reactive interme-
diates initiate lipid peroxidation under certain condi-
tions, these observations raise the possibility that cul-
tured cells oxidize LDL by secreting thiols. Indeed,
endothelial cells and macrophages have been shown to
generate extracellular thiol by an L-cystine-dependent
pathway,® and thiols oxidize LDL in the absence of
cells.®# 1t is noteworthy that elevated plasma levels
of homocysteine are strongly associated with an in-
creased risk of coronary artery discase and vascular
thrombosis.”*>® A number of other potent oxidants,
including hydroxyl radical®” and peroxynitrite derived
from nitric oxide,* have recently been shown to medi-
ate LDL oxidation in vitro.

The oxidation hypothesis suggests that LDL is
necessary but not sufficient for atherogenesis.2 By un-
derstanding the links between lipoprotein oxidation
and vascular disease, it may become possible to inter-
rupt the atherogenic process itself. A particularly excit-
ing possibility is that naturally occurring dietary anti-
oxidants, like vitamin E, beta-carotene, and ascorbic
acid, may be useful in the prevention of atherosclerotic
vascular disease.>275%

Plaque Disruption and Thrombosis

Clot formation and fibrotic organization of the throm-
bus were proposed to participate in the progression of
atherosclerosis by von Rokitansky over 100 years
ago.® Pathological studies of patients who have died of
noncardiac disease reveal that fissures with overlying
fibrin-platelet thrombi are common in atherosclerotic
lesions.®?%2 This suggests that repeated rounds of fis-
suring, thrombus formation, and fibrosis contribute to
plaque formation.!"*2%1-% Indeed, the morphology of
complicated atherosclerotic lesions often shows orga-
nized thrombus incorporated into the plaque.> The
release of PDGF and other growth factors by activated
platelets might augment lesion expansion by stimulat-
ing smooth muscle cell proliferation and the synthesis
of extracellular connective tissue.!>?’

Angiographic and pathological studies®* have
shown that ulceration of complex lesions and plaque
disruption precipitate acute coronary artery events
(Figure 6--4). It has only recently been appreciated
that less severe lesions may make an important contri-
bution to sudden death, acute myocardial infarction,
and unstable angina.!1291-% Sequential angiographic
investigations show that the majority of coronary ar-
tery lesions that progress rapidly are small (less than
50% stenosis). Moreover, small to modest-sized lesions
(less than 70% stenosis) appear to account for most
cases of acute myocardial infarctions.”*® These obser-
vations do not imply that patients with severe coronary
artery stenosis have a better prognosis than those with

less advanced lesions, because moderate lesions are
more frequent in patients with advanced lesions, and
severe lesions are more likely to progress to complete
obstruction. Because small to modest-sized lesions are
far more common than advanced lesions, however,
lesions of intermediate size present the greatest abso-
lute risk for thrombosis. In addition, because smaller
lesions have a minimal effect on coronary perfusion,
there is little development of collateral circulation,
and the risk of acute infarction is much greater when
thrombosis occurs.!'"'2%% These observations have
lead to the proposal that unstable angina is more com-
monly due to progressive obstruction of a high-grade
lesion with well-developed collateral circula-
tion.11:12:56.991%0 Iy contrast, acute myocardial infarction
and sudden death generally involve vascular lesions of
intermediate size.}!12%.91% Macrophage-rich plaques
may be especially prone to disruption, perhaps due
to the decreased mechanical integrity of the fibrous
cap.'21% Plaque disruption and formation of a plate-
let—fibrin thrombus occurs when increased shear force
subjects these lesions to stress that exceeds the strength
of the fibrous cap (see Figure 6-4). In autopsy studies,
tearing of the tissue between the fibrous cap and nor-
mal artery is common, and hemorrhage into the lesion
is often observed."%

Aggressive treatment to lower serum lipid con-
centrations in patients with known coronary artery
disease has recently been shown to reduce dramatically
the incidence of acute coronary events'? as well as to
prevent the progression of vascular disease.”>> The
reduction in cardiovascular morbidity and mortality is
greater than can be accounted for by the statistically
significant but modest decrease in the extent of coro-
nary artery discase. Perhaps the marked decline in
vascular events reflects alterations in the lipid composi-
tion or content of atherosclerotic lesions. It is known
that such lipids, which may be released when plaques
are disrupted, are intensely thrombotic.!!'21% Alter-
natively, the susceptibility of plaques to rupture may
have been decreased by removal of lipid from the
necrotic core, by changes in the cellular and extracellu-
lar makeup of the fibrous cap, or by decreased flow
disturbance and shear stress.!’121%0

These observations may have considerable impli-
cations for the therapy of atherosclerosis. Athough
much emphasis has been placed on the role of lowering
lipid levels in the primary prevention of atherosclero-
sis,'! it is clear that it is even more important to treat
hypercholesterolemia in patients with known vascular
disease.”*" 1% Indeed, many would argue that lipid
levels should be lowered in all patients with coronary
artery disease regardless of their absolute level of cho-
lesterol. Another important issue is the role of anti-
thrombotic therapy in the treatment of vascular dis-
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Figure 6-4. Plaque disruption and thrombosis. Pathological studies reveal that fissuring and rupture of atherosclerotic
lesions are the cause of acute arterial obstruction in many patients. Shear stress induced by antesial flow induces
tension that is most prominent in the upstream shoulder region of the atherosclerotic plaque. Because of decreased
mechanical strength in lesions rich in lipids or macrophages, this region may be especially prone to fissuring. Rupture
of fibrous plaques probably accounts for the majority of acute events in coronary artery disease. Complicated atheroscie-
rotic lesions that are heavily calcified and fibrotic may be less susceptible to disruption. Occlusion caused by lesion
expansion or acute thrombosis secondary to endothelial denudation may be more important in the progression of

advanced lesions.

ease. Aspirin is known to be effective in the primary
prevention of acute myocardial infarction, to decrease
the risk of cardiac events after coronary artery bypass
surgery, and to prevent stroke after a transient isch-
emic attack.''21% Aspirin interferes with thrombosis
by blocking the synthesis of platelet thromboxane A;,
a potent platelet-aggregating agent: in contrast, endo-

thelial generation of the vasodilator, prostacyclin, re-
mains intact.!? Other pathways for platelet aggregation
and clot formation still function in patients treated
with aspirin. Combination therapy designed to block
additional components of the coagulation cascade may
thus offer promise in the prevention of both the acute
and chronic complications of atherosclerosis.'?
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FUTURE DIRECTIONS

The oxidation hypothesis has raised the possibility that
therapies designed to inhibit free radical damage to
lipids and proteins may offer a mechanism for re-
tarding the progression of vascular disease.’? Another
attractive target for intervention may be growth factors
that stimulate smooth muscle proliferation and the
secretion of connective tissue matrix.?* The notion that
many coronary cvents are caused by acute thrombosis
of moderately stenotic lesions has important implica-
tions for use of antithrombotic agents in the primary
and secondary prevention of atherosclerosis.!121% Jt
is reasonable to believe, therefore, that further prog-
ress in our understanding of the molecular mechanisms
involved in vascular disease may ultimately provide the
means of preventing atherosclerosis and its devastating
clinical sequelae.
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