The Comparative Pathobiology of
Atherosclerosis and Restenosis

James L. Orford, meche, Andrew P. Selwyn, mp, Peter Ganz, mp,
Jeffrey J. Popma, Mp, and Campbell Rogers, mb

Percutaneous coronary interventions (PCls) play an in-
creasingly important role in the management of patients
with coronary artery disease. However, these important
procedures are complicated by restenosis in a sizeable
number of patients. The pathobiology of atherosclerosis

istic and distinct pathobiology that initiates and perpetu-
ates restenosis. A clear understanding of the significant
differences between atherosclerosis and restenosis will
provide a rational basis for developing treatment plans
that always address both problems. This article reviews

comprises a complex interaction among lipids, the endo-
thelium, circulating and tissue inflammatory cells, platelets,
and vascular smooth muscle cells. The superimposition of
the mechanical and cellular consequences of PCls on the
abnormal substrate of atherosclerosis leads to a character-

and conirasts the pathobiology of atherosclerosis and re-

stenosis and compares the mechanisms and time-course of

these distinct entities. ©2000 by Excerpta Medicq, Inc.
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Percutaneous coronary interventions (PCIs) play an Endothelial activation and dysfunction: Atheroscle-
increasingly important role in the management absis can be characterized as an inflammatory re-
patients with coronary artery disease. More thasponse to endothelial injuf# Risk factors for ath-
800,000 procedures are currently performed in therosclerosis include elevated and oxidatively modified
United States each year, and this number continuesléav-density lipoprotein (LDL) cholesterol, sustained
increase annually.Coronary stenting accounts forsystemic arterial hypertension, diabetes, smoking, ho-
>70% of all percutaneous coronary proced#rd@fie mocysteine, and possibly infectious agents. Early ath-
impetus for this rapid growth in the use of coronargrosclerotic lesions develop in a topographical pattern
artery stents has been the mounting body of evidengat strongly suggests involvement of hemodynamic
that supports their role in the prevention of restenderces in their pathogenesis. Certain endothelial genes
sis34 It is also apparent that the use of potent antexhibit differential responsiveness to mechanical stim-
platelet agents, including glycoprotein llb/llla inhibi-uli, including shear stress, and modulate the athero-
tors, reduces the incidence of abrupt vessel closugenic response to these aforementioned systemic risk
and may reduce the need for repeat target vesgattorsio1l Endothelial activation and dysfunction,
revascularizatiof.Nevertheless, restenosis continuethe earliest stage of atherosclerotic plaque develop-
to complicate PCls, necessitating repeat proceduresmient, includes loss of vasodilator and other local
a significant number of patients. There is a need fdefenses that control proliferation and thrombosis.
further clarification of the mechanisms of this procesphereafter, most of the cells in the vascular wall will
to aid in the development of appropriate and specifigarticipate in mounting several active responses that
therapies. These efforts should be considered withittitiate and amplify inflammation, thrombosis, prolif-
the context of the known benefits of global risk-factogration, and matrix formation.

modification after PCIS.” This article discusses the Inflammation: On exposure to oxidized LDL, nu-
pathobiology of atherosclerosis and restenosis agkar transcriptional messengers cause the formation
compares the time-course and mechanisms of thefemembrane adhesion molecules that initiate and
distinct entities. increase adherence of inflammatory cells and plate-

lets. The local migration of monocyte-derived tissue
ATHEROSCLEROSIS: AN

macrophages stimulates smooth muscle cell migration
INFLAMMATORY DISEASE ~ from the vascular media, cellular activation, and pro-

The pathobiology of atherosclerosis comprises |feration in response to potent cytokines and mito-
complex interaction among lipids, the endotheliunyens. T-lymphocytes inhibit vascular smooth muscle
circulating and tissue inflammatory cells, plateletge|| synthesis of collagen and may modulate macro-
and vascular smooth muscle cells. phage-derived foam cell production of matrix metal-
loproteinases, resulting in weakening of the structure
and integrity of the collagenous fibrous cap of the
atherosclerotic plaque.

Thrombosis: On exposure to risk factors and
throughout the development of atherosclerosis, the
endothelium becomes procoagulant. Altered surface
heparans, decreased thrombomodulin and tissue plas-
minogen activator (tPA), and increased plasminogen
activator inhibitor-1 (PAI-1) all contribute to this pro-
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FIGURE 1. Segment of the right coronary artery 5 months after stent implantation to treat
restenosis at the site of prior percutaneous transluminal coronary angioplasty (PTCA). There
is exuberant formation of neointima related fo the stent (Stent). The prior PTCA has also re-
sulted in formation of neointima that is compact, rich in collagen, and compressed by the
implanted stent (PTCA). The extent and histology of the displaced preexisting atherosclerotic
plaque is also demonstrated (AS). (Reprinted with permission from Circulation.6)
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cess. Activated platelets within superficial thrombi Vulnerable plaque: The fully developed compo-
produce vascular smooth muscle cell mitogens aménts of any plaque may exhibit characteristics that
thrombin, which perpetuate and amplify smooth mugredispose to sudden degeneration, including fissure,
cle cell migration and proliferation. Activated platethrombosis, and spasm. These lesions are character-
lets also produce thromboxane,fa potent vasocen ized by a large lipid pool, a thin fibrous cap, abundant
strictor substance responsible for further platelet actiRflammatory cells, diminished numbers of smooth
vation and aggregation, leukotrienes, and plateletiuscle cells, and degenerate, depleted collagen. The
activating factor. At a later stage of endothelidipid core of this mature plaque is highly thrombo-
erosion or plaque fissuring, circulating platelets amgenic, and rupture of the fibrous cap may precipitate
exposed to the thrombogenic subendothelium, incluthrombosis and acute partial or complete vessel oc-
ing collagen and tissue factor, resulting in plateletlusion2.14Inflammation, a hypocellular fibrous cap,
adhesion, activation and aggregation, and local muiahd sparse collagen are important features of the vul-
thrombosis. nerable plaque that may predispose to rupture of the
Lipid deposition: Removal and sequestration ofhoulder region at the site of maximal biomechanical
modified LDL cholesterol is an important protectivestresst> T-lymphocyte modulation of macrophage-
response by macrophages after endothelial injury, hdérived foam cells leads to the local production of
pathologic lipid accumulation by monocytes and vasnatrix metalloproteinases. These enzymes play a cru-
cular smooth-muscle cells in the subintimal spaasgal role in the breakdown of the collagenous fibrous
amplifies the inflammatory response and gives rise t@ap. This process is important in the genesis of acute
foam cells, central elements of growing atheroscleoronary syndromes.
rotic plaques. Foam cells remain in plaques indefi-
nitely. The formation of an atheroma appears to fol-
low an evolution that includes growth and changes IlHE PATHOBIOLOGY OF
the lipid pool, fibrous cap matrix, and inflammatorBRESTENOSIS
components. This evolution leads to a low-risk fibrous The superimposition of the mechanical and cellular
plaque and a high-risk vulnerable plaque. consequences of PCIs on the abnormal substrate of
Fibrous plaque: Advanced atherosclerosis is charatherosclerosis leads to a characteristic and distinct
acterized by the development of a lipid core rich imesponse to injury that can initiate and perpetuate
foam cells and extracellular lipid, with a cellular fi-restenosis (Figure Ef. These important processes re-
brous cap of smooth muscle cells, extracellular prault in the abrupt onset of rapid but apparently self-
teoglycan and collagen matrix, and calcium depodimiting passivation, cellular proliferation, vascular
tion. This mature lesion may further progress and givemodeling, and variable luminal stenosis that
rise to abluminal expansion and vascular remodelingtogresses in a linear manner. Restenosis is not char-
and then luminal stenosis, flow limitation, and reacterized by the chronic, punctuated progression that
gional myocardial ischemit is typical of atherosclerosis, and furthermore, it is not
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dependent on the concentration or composition ehced by the preprocedural degree of inflammatory
atherogenic plasma lipids. cell activation.

Intimal injury: Intimal injury sustained at the time of =~ Oxidative stress: Oxygen free radicals generated
coronary intervention results in variable degrees dfuring vascular intimal injury increase the expression
endothelial denudation, exposure of the thrombogera€ cell adhesion molecules, activate the multifunc-
subendothelium, deep-fissuring thrombosis, and th&anal transcription factor Ni=B, and modulate the
inflammation!7-20 The initial responses consist of aexpression of many genes that control cellular prolif-
layer of protein and platelets, followed quickly byeration33.34Preliminary trials have shown that antiox-
mononuclear inflammatory cells. This is followeddant therapies may reduce restenosis in patients, and
over weeks by smooth muscle cell profileration, mahis effect may be achieved by improving both neo-
trix deposition, and intimal growth. The degree ointimal hyperplasia and, most importantly, constric-
endothelial injury is an important predictor of vasculative vascular remodelingp-36
repair. For example, partial retention of endothelium Adventitial scarring: An alternative, but not exclu-
within treated arteries may modulate cellular prolifersive, theory of restenosis is supported by animal and
ation and reduce the extent of neointimal hyperplasiatravascular ultrasound data suggesting that constric-
and restenosi®-21Perivascular implantation of endo-tive remodeling, including adventitial scarring, is re-
thelial cell grafts has been shown to reduce neointimgpponsible for luminal stenosis after nonstent coronary
thickening in bovine and porcine models of carotithtervention37-41 This may occur in response to ad-
artery injury, supporting the critical role of endothelial/entitial injury at the time of balloon dilation, and this
cell paracrine regulation of vascular physioldgy. alternative theory is supported by the success of cor-

The vascular injury caused by placement of a coonary artery stenting, a procedure that is known to
onary artery stent differs from that of simple ballooinduce profound neointimal thickening and smooth
angioplasty in at least 4 way8The struts of the stent muscle cell proliferation, which represents the first
cause focal deep vascular trauma, and the rate antérventional procedure able to maintain lumen cali-
duration of cellular proliferation and the contributiorber and reduce the incidence of restendsitere is
of mononuclear cells after stenting exceeds those @fidence that the degree of constrictive remodeling
balloon injury24 Balloon angioplasty applies a tran-may be a function of endothelial dysfunction and
sient strain to the vessel wall that is known to activateollagen accumulation after balloon injuf3.
smooth muscle cells and modulate gene expression toThrombosis: Endothelial denudation exposes the
amplify the proliferative phase of vessel repdr. thrombogenic constituents of the vascular subendothe-
These effects may be further potentiated by the prium, promoting early platelet adhesion, activation,
longed mechanical strain of coronary artery stentingggregation, and thrombus formation. At first, a
The effect of residual foreign material after stent immonolayer of platelets lines the site of endothelial
plantation includes chronic inflammation. This prodenudation after balloon angioplasty, whereas thick,
found impact of an indwelling material has beemplatelet-rich mural thrombi form at the site of the
clearly demonstrated in experimental systems wistruts and deep vascular injury after coronary stent
stents constructed from various polymer mateféls. implantation.

Inflammation: The inflammation described above is Activated and aggregating platelets produce a
characterized by monocyte adherence and recruitmenimber of vascular smooth muscle cell mitogens,
in response to intimal injury. At first, there arencluding platelet-derived growth factor (PDGF), fi-
changes in the expression of activation-dependent dateblast growth factor, epidermal growth factor, insu-
hesion receptors on smooth muscle cells (ICAM-1)in-like growth factor, and transforming growth fac-
neutrophils, and platelets (Mac-1), after exposure tor-.843 Insulin-like growth factor and transforming
the balloon-injured coronary artery plagtleOnce growth factorg also regulate extracellular matrix pro-
again, there is a significant correlation between thlduction and remodelingf RPR101511A, an orally
severity of vascular injury and the degree of inflamactive PDGF-receptor tyrosine kinase inhibitor, re-
mation and neointima formation, and a linear relatioduces histologic intimal hyperplasia and preserves
between the number of monocytes per unit area in gneater lumen size after PTCA in a porcine motel.
injured segment and the extent of arterial intimdfurthermore, preliminary data support the role of
growth28.29 These important findings supporting theilostazol, an antiplatelet agent, in the prevention of
role of inflammation and leukocyte-mediated restenoestenosis in patient§:4” These data might support
sis after intimal injury are further supported by thehe role of platelet aggregation and mitogen elabora-
reduction in neointimal thickening in Mac-1 (CD11btion in the mechanisms of smooth muscle cell migra-
CD18)-deficient mice and after administration of @on and proliferation, and extracellular matrix pro-
monoclonal antibody to this same leukocyte integriduction.
in rabbits30.31 C-reactive protein, a hepatic marker of Thrombin, produced by activated platelets at the
the acute phase response, is a powerful predictor sife of aggregation and platelet-thrombus formation, is
both early and late outcome in patients undergoirggpotent activator of circulating platelets, a chemoat-
single-vessel percutaneous transluminal coronary dractant for circulating monocytes, and directly stim-
gioplasty (PTCA)2 These findings support the role ofulates the proliferation of vascular smooth muscle
inflammation in the genesis of clinical restenosis amklls#8-50ocal and systemic delivery of low molec-
suggest that this pathologic process is markedly inflular weight heparin stimulates re-endothelialization
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and inhibits smooth muscle cell proliferation aftecluding hyperlipidemia, hypertension, diabetes, smok-
balloon angioplasty in rabbitd.However, the efficacy ing, and family history of atherosclerotic cardiovas-
of antithrombin agents in the prevention of smoothular diseasé’
muscle cell proliferation and restenosis is not well Atherosclerosis is commonly complicated by the
defined and there is contradictory evidence from antonsequences of acute and/or chronic limitations in
mal model$2-54 Clinical trials of systemic heparin organ blood flow. Plaque rupture, or endothelial de-
and direct thrombin inhibitors have shown no effeatudation, with a variable amount of thrombus forma-
on angiographic or clinical restenosis in patier®t$8 tion, may precipitate an acute coronary syndrome.

Neointimal hyperplasia: Neointimal hyperplasia ul- These events occur most commonly in the fifth and
timately results from the migration and proliferatiorsixth decades of life. This process is marked by peri-
of vascular smooth muscle cells and their productiamds of increased activity and instability, but the clin-
of abundant extracellular matriX. This proliferative ical expression is unpredictable and highly variable
phase of vascular repair and restenosis occurs in véthin any given patient population, and prolonged
sponse to injury, inflammation, platelet activation, angeriods of relative quiescence are equally common.
thrombosis, as described above. This phase is char&amilarly, patients with pathologically advanced dis-
terized by intimal migration of medial vascularease may be entirely asymptomatic, whereas those
smooth muscle cells, cellular proliferation, and extrawith limited disease may have important adverse out-
cellular matrix deposition and remodelifgSeveral comes, including myocardial infarction and death
complex and redundant intracellular signals, includingom a ruptured plague with occlusive thrombosis in a
cyclic adenosine monophosphate, protein kinase @ssel that has an otherwise adequate lumen.
protein kinase A, and calcium, mediate the effects of In contrast, the time course of restenosis after cor-
the aforementioned mitogens and cytokines in tt@nary intervention occurs over 3—-18 months and is
activation of gene expression and the entry of thgell described and more predictable than atheroscle-
vascular smooth muscle cell into the cell cycle afosis. Acute iatrogenic mechanical injury, with or
proliferation%® Vascular smooth muscle cells of thewithout the effects of a stent, determines the response,
synthetic phenotype and fibroblasts initially synthewhich is limited by recovery of normal endothelial
size predominantly chondroitin sulfate and dermatasontrol at the site of vascular injury. Interestingly,
sulfate proteoglycans. As the remodeling procegsch intervened site in an individual patient has its
progresses, there is conversion of these proteoglycamwsn degree of response and rate of restenosis.
to large fibrous bundles of type | collagen and elas- Serial angiography has defined the time course of
tin.43 restenosis after coronary angiopla&hy® The actuar-

Vascular smooth muscle cell proliferation ceaseal restenosis rate is 13% at 1 month, 43% at 3 months,
once the site of injury is re-endothelialized and thand 53% at 1 year, with peak angiographic restenosis
normal antiproliferative actions of nitric oxide andypically reached between the first and third months.
heparin exert their influence on these activated smod®athologic data from animal models and human au-
muscle cell$° Animal models suggest that this retopsy series confirm that the site of injury is rendered
endothelialization occurs within 21-56 days, but guiescent and stable, in contrast to the periods of
recent autopsy study of the tissue response to coronautivity and instability that continue to complicate the
stent implantation suggests that this process may tdie history of native atherosclerosis.
at least 3 months in humafss2

Atfter balloon injury and de-endothelialization in &=CONCLUSIONS
rabbit model of restenosis, local deliveryie@rginine Percutaneous coronary interventions have revolu-
enhances inducible nitric oxide synthase production tibnized the effective management of ischemic syn-
nitric oxide by vascular smooth muscle cells, an effecromes in coronary artery disease and their symptoms.
that is accompanied by reduced monocyte binding aktbwever, the superimposition of iatrogenic mechani-
increased macrophage apoptdsihis might explain cal injury on coronary atherosclerosis initiates a new
why local intramural delivery of-arginine can inhibit disease process that may complicate the patient’s clin-
lesion formation after balloon angioplasty. It alsacal course. Atherosclerosis is a chronic disease pro-
highlights the role of endothelial denudation and lossess that progresses over years and can be punctuated
of normal endothelial-cell paracrine function in neoby periods of intense activity and nonlinear growth of

intimal hyperplasia and restenosfs. many developing plaques at different sites and at
different times. Restenosis is characterized by an
THE TIME COURSE OF abrupt onset and rapid progression with intense pro-

ATHEROSCLEROSIS AND RESTENOSIS liferative activity followed by stabilization and quies-
Symptomatic atherosclerosis may take many deence. The predominant cellular mechanisms that con-
cades to develop. The fatty streak is an inflammatotgibute to restenosis include thrombosis, vascular
lesion of early atherosclerosis that is commonly founsmooth muscle cell migration and proliferation, and
in the aortas of infants and childrén6 The fibrous adventitial scarring. Lipid accumulation is not charac-
plague is first seen in early adulthood, and the freeristic of this proliferative lesion. Coronary stenting
quency and severity of the complications of this lesionas increased the response to injury but has reduced
of atherosclerosis correlate with the incidence améstenosis by enlarging the lumen area.
severity of a number of recognized risk factors, in- Future efforts to reduce the sizeable number of
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