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Summary: The ability of the vasculature to modify its geo-
metry in accordance with conditions of its microenviron-
ment—the process of vascular remodeling—is an important
pathobiologic process common to vascular disorders such as
atherosclerosis, restenosis after angioplasty, and hyperten-
sion. Vascular remodeling characterizes the natural history of
atherosclerosis, contributes to increased vascular resistance,
and may contribute to the clinical complications of hyperten-
sion. A growing body of evidence indicates that locally gen-
erated vasoactive substances such as angiotensin II and nitric
oxide are important determinants of the natural history of vas-
cular disease. In particular, angiotensin II may promote vas-
cular lesion formation by increasing vascular cell population
via increased cell growth and decreased programmed cell
death, and it may also alter extracellular matrix composition.
Thus, angiotensin II is a pleiotropic local mediator capable of
modulating cell growth, programmed cell death, migration of
vascular smooth muscle cells, and extracellular matrix modu-
lation, all of which are biologic mechanisms of vascular re-
modeling and intimal formation. This is proposed to occur via
a local tissue angiotensin system. Angiotensin II may also
promote chronic hypertension by modulating the vascular 
redox state and promoting the catabolism of the endotheli-
um–derived nitric oxide, an endogenous inhibitory vasodila-
tor. Because angiotensin–converting enzyme (ACE) is strate-
gically positioned to influence the activity of at least three
local vasoactive systems—angiotensin II, nitric oxide, and
bradykinin—blocking ACE with ACE inhibition may have
profound effects on ventricular and vascular structure and
function, and have particular efficacy in preventing the mor-

bidity and mortality of vascular diseases such as hypertension
and atherosclerosis. 
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Introduction

Advances in cardiovascular medicine have improved our
capacity to prolong the lives of patients who have suffered
myocardial infarctions or congestive heart failure. However,
the current challenge is to develop pharmacotherapies that
move beyond the treatment of symptoms toward an agenda in
which interventions prevent the development of end-stage
coronary heart disease. To alter the natural history of cardio-
vascular disease, it is important to understand the fundamental
pathobiologic mechanisms that promote the morbidity and
mortality associated with these disorders. This review focuses
on the emerging evidence indicating that locally generated 
vasoactive substances such as angiotensin II (ang II) and nitric
oxide (NO) are important determinants of the natural history
of vascular disease. Insights into these pathobiologic process-
es suggest that therapeutic interventions that alter the expres-
sion of these vasoactive mediators [such as angiotensin-
converting enzyme (ACE) inhibitors] may have particular 
efficacy in preventing the morbidity and mortality of diseases
such as hypertension and atherosclerosis.

Vascular Remodeling: Clinical Implications

The vasculature is a complex, integrated organ capable of
modulating its tone and structure in accordance with the con-
ditions of its microenvironment. This ability of the vasculature
to modify its geometry—the process of vascular remodel-
ing—is now recognized as an important pathobiologic process
common to various vascular disorders such as atherosclerosis,
restenosis after angioplasty, and hypertension.1 Typically, vas-
cular remodeling involves changes in the relative dimensions
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of vessel components such as the outer circumference, the lu-
men, the wall thickness:lumen ratio, or the intima:media ratio.
These alterations in vessel structure are now considered im-
portant determinants of vascular resistance and the pathogen-
esis of hypertension.1–4 Morphometric studies of hypertensive
vessels in animal models and humans have documented sever-
al forms of vascular remodeling, including: (1) medial layer
hypertrophy, (2) decreased vessel and/or lumen diameter, (3)
expansion and/or alteration of the extracellular matrix, and (4)
vessel rarefaction (microvessel occlusion). Vascular remodel-
ing is postulated to be a critical, self–perpetuating mechanism
that promotes the chronic maintenance of the hypertensive
state in the setting of normal levels of vasoconstrictors and 
vasodilators.

In addition to contributing to increased vascular resistance,
the process of vascular remodeling may also participate in the
vicious cycle of events that promotes the clinical compli-
cations of hypertension. For example, changes in the vascu-
lature of hypertensive patients observed during routine fun-
doscopic examination (e.g., arteriovenous nicking due to
arteriolar hypertrophy) are clinical manifestations of vascular
remodeling, and an association has been shown between
these structural changes and the natural history of progressive
hypertension.5, 6 In addition, rarefaction in skeletal muscle
beds may promote the phenomenon of insulin resistance in
hypertension by compromising the delivery of insulin and
glucose to skeletal muscle. Likewise, the association among
lacunar infarction, subcortical white matter disease, and 
hypertension may relate to vascular remodeling in the cere-
bral microvasculature.7 A similar process appears to occur in
the coronary microcirculation and may provide a mechanism
for the increased cardiac mortality noted in hypertensive pa-
tients without severe epicardial atherosclerotic disease.8, 9

Furthermore, structural changes in the renal microcirculation
may predispose to the development of nephrosclerosis in hy-
pertension and eventual renal failure.10, 11 Finally, vascular
hypertrophy and fibrosis within the structures of conduit ves-
sels such as the aorta may contribute to reduced vascular com-
pliance and predispose to systolic hypertension and left ven-
tricular hypertrophy.12 Thus, many of the clinical sequelae of
hypertension (i.e., myocardial infarction, heart failure, stroke,
and renal failure) may result from vascular remodeling with-
in the microcirculation and conduit vessels.

The natural history of atherosclerosis is also characterized
by a process of vascular remodeling. The development of clin-
ically significant vessel stenosis depends on changes in overall
vessel dimensions as well as expansion of intimal lesions.
Studies using intravascular ultrasound have documented the
significance of vascular remodeling in the clinical progression
of restenosis after angioplasty and in transplant coronary dis-
ease and atherosclerosis.13–16 These recent studies confirm the
classic morphometric studies by Glagov and others, demon-
strating that the vasculature undergoes a process of compen-
satory enlargement to mitigate the effect of plaque expansion
on lumen dimensions.15 The locally generated factors that de-
termine whether a vessel undergoes vascular hypertrophy,
shrinkage remodeling, or enlargement remodeling are poorly

characterized but may have important clinical implications in
the treatment of patients with hypertension and atherosclerosis. 

Vascular Homeostatic Balance

Although the histopathology of hypertensive vessels is 
distinct from atherosclerotic lesions, it is intriguing that the
pathogenesis of vascular diseases such as hypertension and
atherosclerosis share many pathobiologic mechanisms. Epi-
demiologic studies have established that hypertension is a po-
tent risk factor for the development of coronary heart disease,
and it is well known that the superimposition of hypertension
potentiates the process of atherosclerotic lesion formation in
animal models.17 However, the mechanisms by which hyper-
tension-promoting factors contribute to atherosclerotic vascu-
lar disease are not well defined. Both forms of vascular disease
involve alterations in the regulation of vascular cell growth,
programmed cell death, migration, and matrix modification.
The locally generated, autocrine-paracrine mediators that 
regulate these processes within vessels during the pathogene-
sis of vascular disease remain to be further defined. 

The homeostatic regulatory mechanisms governing vascu-
lar tone involve a “yin-yang” balance in which the interplay
between vasoconstrictors and vasodilators modulates vessel
resistance. During the pathogenesis of hypertension, this ho-
meostatic balance becomes perturbed, so that the influence of
vasoconstrictors such as ang II predominates over the influ-
ence of vasodilators such as NO. Moreover, many vasoactive
substances that were originally defined as regulators of vessel
tone are now recognized as pleiotropic factors that can mod-
ulate the critical cellular processes involved in vascular re-
modeling and lesion formation, that is, vascular cell growth, 
migration, and changes in extracellular matrix composition. 

Mechanisms of Vascular Remodeling and Intimal
Lesion Formation: Role of Angiotensin II

Much as the homeostatic regulation of vascular tone is
governed by a balance between vasoconstrictors and va-
sodilators, the balance of growth-stimulatory and growth-
inhibitory factors appears to regulate vascular remodeling and
intimal lesion formation. A growing body of evidence indi-
cates that vasoconstrictor substances (e.g., ang II) promote in-
creased growth of vascular smooth muscle cells, whereas va-
sodilators (e.g., endothelium-derived NO) inhibit the growth
of vascular smooth muscle cells.1, 2

Ang II serves as a useful archetype of a vasoactive sub-
stance that can modulate the cellular processes of vascular 
remodeling. It is now well documented that, in addition to 
the circulating renin-angiotensin system, the vessel wall 
expresses a paracrine vascular angiotensin system that may
generate ang II locally within the vasculature.18 Experimental
studies have shown that blockade of ang II effectively revers-
es the changes in vascular structure associated with hyperten-
sion.19, 20 In accordance with these in vivo studies, in vitro
studies suggest that ang II can induce either hypertrophy or 
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hyperplasia of cultured vascular smooth muscle cells, an ef-
fect that is potentiated by mechanical forces imposed by
hemodynamic stimuli.21, 22 The angiotensin type I receptor is
coupled to cellular signaling pathways such as tyrosine kinas-
es (src- and mitogen-activated protein kinase) that mediate the
induction of cell growth.23 Ang II is a bifunctional growth fac-
tor that induces increased expression of proliferative autocrine
factors such as platelet-derived growth factor (PDGF) and ba-
sic fibroblast growth factor (bFGF), and of antiproliferative
autocrine factors such as transforming growth factor-b1
(TGFb1) in cultured vascular smooth muscle cells.21 Thus,
the growth response of vascular smooth muscle cells to ang
II–hypertrophy versus hyperplasia—depends on the relative
balance of proliferative (PDGF, bFGF) versus antiprolifera-
tive (TGFb1) autocrine growth factors. In addition to these
well-defined mediators, recent reports suggest that the in-
duction of endothelin-1, insulin-like growth factor I, and hep-
arin-binding epidermal growth factor may also contribute to
the growth-stimulatory effects of ang II.2 These in vitro mod-
els have provided important mechanistic insights and suggest
that the net growth response to ang II is dependent on the bal-
ance of mediators within the cellular milieu. 

Our knowledge of the mediators involved in vascular re-
modeling has been based primarily on the indirect evidence
provided by pharmacologic studies that are confounded by
changes in systemic hemodynamics or on in vitro studies that
are limited by the artificial nature of the cell culture system. In
order to define the role of these mediators in vivo, we have
employed a novel experimental approach that utilizes the
technology of in vivo genetic engineering to modify the ex-
pression of autocrine-paracrine factors within the vessel wall
in the intact animal. We have demonstrated that transfecting
the ACE gene into an intact rat carotid artery effectively 
increased the local expression of ACE within the vessel and
thereby simulated the increase in local ACE activity observed
in hypertensive vessels.24 This increase in vascular ACE 
activity stimulated an increase in DNA synthesis that could be
inhibited by an angiotensin type I receptor antagonist.
Furthermore, the growth response stimulated by local gener-
ation of ang II induced the characteristic medial layer hyper-
trophy and increase in wall:lumen ratio observed in hyperten-
sive vessels. It is noteworthy that the vascular remodeling
response induced by a local increase in ACE expression 
occurred without effects on systemic hemodynamics or influ-
ences on the circulating renin-angiotensin system. Thus, this
novel experimental approach provides the first direct evi-
dence that the paracrine vascular angiotensin system has the
capacity to induce the vascular remodeling characteristic of
hypertensive vessels in vivo independent of an influence on
systemic hemodynamics. 

The current paradigm of the pathogenesis of vascular dis-
ease has often focused on the regulation of cell growth and ma-
trix modifications as the critical pathobiologic processes in-
volved in determining vessel structure. Although these 
processes are important, an exciting new area of research in-
dicates that the paradigm of vascular remodeling and lesion
formation must include the process of programmed cell death,

or apoptosis. Apoptosis is a form of “cell suicide” in which a
carefully regulated genetic program is activated that deletes a
cell from a tissue without inducing an inflammatory response;
it is therefore quite distinct from necrotic cell death. This pow-
erful biologic process appears to play a crucial role in mediat-
ing changes in tissue architecture that occur during ontogeny
as well as pathobiologic processes such as glomerulonephritis,
acquired immunodeficiency syndrome (AIDS), and cancer.
Indeed, recent studies of human vascular lesions have docu-
mented apoptosis in human atherosclerotic plaques and
restenotic lesions after angioplasty.25, 26

Although the precise role of apoptosis as a determinant of
vascular structure remains to be further defined, evidence 
indicates that cell-growth mediators such as PDGF are also
important modulators of vascular cell programmed cell
death.27 Indeed, recent in vitro studies in our laboratory have
shown that ang II is an effective inhibitor of vascular smooth
muscle cell programmed cell death.28 These in vitro observa-
tions have been confirmed by in vivo studies that have docu-
mented that the capacity of ACE inhibitors to induce the 
regression of vascular lesions is associated with increased
apoptosis of vascular cells as well as the inhibition of cell
growth.29 Overall, these data suggest that ang II may promote
vascular lesion formation by increasing the vascular cell pop-
ulation through two mechanisms: increased cell growth and
decreased programmed cell death. One may speculate that the
targeted induction of apoptosis may represent an exciting new
therapeutic strategy for modifying cardiovascular tissue func-
tion and structure.

In addition to its effects on vascular cellularity, ang II may
also mediate remodeling and lesion formation by altering ex-
tracellular matrix composition via its effect on thrombospon-
din, fibronectin, tenascin, glycosaminoglycans expression,
and plasminogen activator activity.30–32 Moreover, the migra-
tion of vascular smooth muscle cells and endothelial cells
during structural modifications can be modulated by ang II.33

Thus, ang II is a pleiotropic local mediator capable of modu-
lating cell growth, apoptosis, migration, and matrix modula-
tion—all the biologic mechanisms of vascular remodeling
and intima formation. Similar pleiotropic effects on vascular
smooth muscle cell behavior have been described for other
vasoconstrictors, including norepinephrine, endothelin-1,and
thromboxane.34–36 Hence, vasoconstrictors may play an im-
portant role in determining vascular structure by influencing
the various biologic mechanisms of vascular remodeling. 

Mechanisms of Vascular Remodeling and Intimal
Lesion Formation: Role of Nitric Oxide

Endogenous vasodilators such as NO and natriuretic 
peptides appear to have a countervailing influence to ang II as
determinants of vascular architecture. Vasodilators generally
inhibit vascular smooth muscle cell growth in in vitro mod-
els.37,38 Recent studies suggest that vasodilators may also pro-
mote a decrease in vascular smooth muscle cellularity by in-
ducing apoptosis.29 Similarly, experiments performed with
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intact animals have documented that the local generation of
NO inhibits vascular lesion formation after vessel injury.39

Moreover, under certain circumstances NO may alter matrix
composition by modulating the activity of the metallopro-
teinases that degrade matrix proteins.40 Thus, NO appears to
inhibit increases in vascular smooth muscle cellularity and ex-
pansion of the extracellular matrix associated with hyperten-
sive vascular remodeling and atherosclerotic lesion formation.

The process of vascular remodeling is particularly impor-
tant as a determinant of lumen size. One of the best examples
of the plasticity of the vasculature is evident from the flow-
stimulated remodeling response induced by an arteriovenous
shunt. The factors that induce the enlargement of lumen 
dimensions under these circumstances have not been charac-
terized. However, recent experimental studies have shown that
if the well-described flow-stimulated increase in NO genera-
tion41 is prevented by pharmacologic inhibitors, the vessel
chronically exposed to increased flow fails to undergo appro-
priate enlargement remodeling.42 It has also been observed
that chronic pharmacologic blockade of NO generation results
in a hypertensive state characterized by fibrosis and shrinkage
remodeling within the coronary microvasculature.8 Taken 
together, these observations suggest that decreased NO gen-
eration is associated with shrinkage remodeling, whereas 
increased NO generation is associated with enlargement re-
modeling. Thus, several lines of evidence indicate that NO 
is an endogenous inhibitory factor that attenuates the process
of occlusive vascular lesion formation characteristic of hyper-
tensive and atherosclerotic disease.43

Endothelial Dysfunction: An Imbalance in Reactive
Nitrogen and Oxygen Species

The endothelium is a multifactorial determinant of tissue
function via its regulation of vessel tone, thrombosis, inflam-
mation, and structure. The normal endothelium appears to
have an intrinsic capacity to prevent vascular disease. How-
ever, an impairment of endothelial function manifested as 
abnormal endothelium-dependent vasorelaxation has been
documented in a variety of vascular diseases, including hy-
pertension and atherosclerosis in both animal models and 
humans.44–46 In fact, this perturbation has been described 
in normotensive subjects who merely have a positive family
history of risk factors such as hypertension.47 Thus, in many
cases the onset of endothelial dysfunction may precede the 
development of clinically evident vascular disease. Unfortun-
ately, the molecular basis of endothelial dysfunction in vascu-
lar disease remains to be further defined.

Although there are several potential etiologies of decreased
NO bioactivity, several lines of evidence suggest that in-
creased catabolism of NO may be a principal factor in promot-
ing endothelial dysfunction. It is important to emphasize that
NO is itself a free radical—a highly reactive nitrogen species.
Consequently, the biologic function of this vasoactive factor is
determined in large part by the redox state of the tissue.48 An
increase in oxidative stress will mitigate the vasodilatory

bioactivity of NO. A potential role for the redox state as a de-
terminant of vascular homeostasis is demonstrated by animal
model studies in which administration of antioxidants such as
superoxide dismutase induced a lowering of blood pressure.49

This antihypertensive effect is mediated in part by enhanc-
ing the bioactivity of NO. In support of this hypothesis, an 
increase in superoxide anion generation has been documented
in the vasculature of genetically hypertensive animals com-
pared with normotensive controls.50 Moreover, recent in vivo
studies have shown that the hypertensive state induced by 
infusion of ang II is due in part to increased generation of the
free radical superoxide anion.51 This ang II-stimulated in-
crease in oxidative stress potentiates the direct vasoconstrictor
effects of ang II by promoting increased catabolism of NO 
and endothelial dysfunction. Thus, in addition to its direct
vasoconstrictive effects, ang II appears to promote chronic 
hypertension by modulating the vascular redox state and 
promoting the catabolism of the vasodilator NO.

The balance between NO and reactive oxygen species may
also be an important role determinant of vessel structure. In
vitro studies have documented that reactive oxygen species
may function as signaling molecules that regulate vascular cell
growth and programmed cell death.52, 53 In fact, the growth-
stimulatory effects of ang II on vascular smooth muscle cells
appear to be mediated in part by the induction of reactive 
oxygen species that function as signaling molecules.52 Sim-
ilarly, the generation of reactive oxygen species may promote
atherosclerosis by several mechanisms, including oxidation 
of low-density lipoprotein cholesterol and upregulation of
leukocyte adhesion molecules and chemokines.54 Thus, the
development of endothelial dysfunction characterized by an
imbalance between NO and reactive oxygen species may be
an important pathogenic event in hypertension that determines
the level of the blood pressure, promotes alterations in vessel
structure, and contributes to clinical complications such as
coronary artery disease. 

One may speculate that the endothelium may be a new 
target for therapeutic interventions that will alter the course of
vascular disease. Indeed, one of the salutary effects of anti-
hypertensive treatment is the reversal of endothelial dysfunc-
tion.45, 55 Future studies will further clarify the role of endo-
thelial dysfunction in the natural history of hypertensive
vascular disease and the clinical implications of reversing this
abnormality. 

Altering the Path of Vascular Disease: Potential Role
of Angiotensin-Converting Enzyme Inhibition

As noted above, the generation of ang II is governed by both
a circulating renin-angiotensin system and a tissue 
angiotensin system.18 The tissue angiotensin system appears
to be upregulated in the context of cardiovascular disease.
Animal and human studies have documented increased ex-
pression of tissue ACE in the heart in the context of ventricular
remodeling and heart failure postmyocardial infarction,56–58

and expression of tissue ACE is increased in the vasculature in
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the context of hypertension in various models.2, 59 Moreover,
we have recently documented that atherosclerotic human
coronary vessels express high levels of ACE immunoreac-
tivity and ang II within the plaque,60 most prominently in the
monocyte-macrophages that are major constituents of the
plaque cellular population. Studies of human peripheral
monocytes have also documented high levels of ACE expres-
sion and ang II within inflammatory cells.61 Thus, the changes
in ventricular and vascular structure observed under patholog-
ic conditions are characterized by increased activity of a tissue
angiotensin system. Given the capacity of ang II to modulate
cell growth as well as programmed cell death, migration, and
matrix modification, the blockade of ang II generation may
have profound effects on ventricular and vascular structure
and function.

Angiotensin-converting enzyme also functions as a 
kininase responsible for the degradation of bradykinin. Some
of the most compelling evidence of the physiologic role of the
kallikrein-kinin system in cardiovascular homeostasis has
been provided by results in genetically engineered animal
models. In these models, augmentation of kallikrein-bra-
dykinin activity is associated with significant decreases in
blood pressure.62 Conversely, animals that lack the bradykinin
type 2 receptor exhibit a hypertensive phenotype.63 Thus,
bradykinin appears to be an important modulator of vascular
tone. This effect may be due in part to the fact that bradykinin
is a potent inducer of NO generation. In vitro and in vivo 
studies have shown blocking bradykinin degradation by in-
hibiting ACE is an effective means of augmenting endothelial
generation of NO.64, 65

Angiotensin-converting enzyme is strategically positioned
to influence the activity of at least three local vasoactive sys-
tems—ang II, bradykinin, and NO. Accordingly, the various
effects of blocking ACE on cardiovascular function and struc-
ture may be mediated in part by each or many of these factors.
To the degree that vascular disease is characterized by an im-
balance between a relative increase in ang II generation and a
relative deficit of NO bioactivity, it is postulated that ACE in-
hibition may effectively restore the appropriate homeostatic
balance between these vasoactive systems. This hypothesis,
generated on the basis of animal model studies, has recently
been tested in clinical trials. Compelling evidence indicates
that long-term administration of ACE inhibitors reverses en-
dothelial dysfunction in patients with either hypertension or
atherosclerotic vascular disease.44, 45 ,65 Thus, the beneficial
effects of ACE inhibition may relate in part to changes in 
endothelial function that involve coordinate changes in the rel-
ative balance between ang II, bradykinin, and NO.

Angiotensin–converting enzyme inhibitors appear to have
particular efficacy in reversing vascular remodeling and 
preventing the eventual development of hypertension in 
genetically predisposed animals19, 66 and in clinical studies 
of patients with essential hypertension.20, 67–69 This efficacy
exists even compared with other antihypertensive agents.
Such observations support the hypothesis that antihyperten-
sive agents that reduce blood pressure and reverse the remod-
eling process may change the natural history of the disease.

Experimental studies suggest that alterations in microvas-
cular structure within the kidney are important in the develop-
ment of renal dysfunction and eventual organ failure in hyper-
tensive patients, and ang II may have an important pathogenic
role in the progression of this form of renovascular disease.
Clinical studies have confirmed that ACE inhibitors have par-
ticular efficacy in modifying the natural history of renovascu-
lar diseases such as insulin-dependent diabetes,70 noninsulin-
dependent diabetes,71 and various etiologies of glomerular
damage.72

Angiotensin-converting enzyme inhibitors are the vaso-
dilators of choice in altering the natural history of congestive
heart failure due to their influence on ventricular remodel-
ing.73 In several clinical trials in patients with left ventricular
dysfunction, ACE inhibition reduced the incidence of recur-
rent myocardial infarctions, indicating that ACE inhibitors
may alter the natural history of coronary artery disease,74 pos-
sibly via direct effects on coronary vascular function and
structure. While the mechanisms are not well understood, an-
imal model studies indicate that ACE inhibition within the
heart enhances NO generation from coronary microvessels,
an effect that is mediated via the accumulation of brady-
kinin.64, 65 The clinical significance of this observation has
been substantiated by the recent observation that ACE inhibi-
tion reverses endothelial dysfunction in patients with cor-
onary atherosclerosis.44 These findings suggest that ACE 
inhibition has a salutary effect on coronary blood flow and 
reactivity in patients susceptible to myocardial ischemia.

Other experimental studies have recently documented that
ACE inhibition reduces myocardial oxygen consumption in
association with an increase in NO generation.64 Such find-
ings are consistent with previous studies demonstrating that
NO has a direct effect on muscle oxidative metabolism. These
observations raise the possibility that ACE inhibition may
prevent myocardial ischemia by optimizing the balance 
between myocardial oxygen supply and demand. Two mech-
anisms may be involved: enhancing blood flow and reducing
myocardial oxygen demands. This response may be useful in
reducing the sequelae of chronic ischemic heart disease. 

Finally, the ultimate goal in altering the path of coronary
heart disease is to prevent acute ischemic syndromes such as
unstable angina and myocardial infarction. Pathologic studies
indicate that these episodes are related to two phenomena—
plaque rupture and plaque erosion.75, 76 Plaque rupture is the
most prevalent etiology of acute coronary thrombosis, 
accounting for 60% of cases in an autopsy series. Plaque rup-
ture involves an inflammatory process in which leukocytes
infiltrating the plaque promote increased expression and ac-
tivity of metalloproteinases which may weaken the integrity
of the thin fibrous cap and predispose it to rupture.77 There are
several reasons why ang II may contribute to this pathogenic
process. Ang II stimulates the redox-sensitive, proinflamma-
tory transcription factor NFkB, which, in turn, induces the 
coordinate up-regulation of cytokines, chemoattractants, and
leukocyte adhesion molecules that promote the local inflam-
matory response within the vascular lesion.78–80 Furthermore,
the oxidative stress induced by factors such as ang II may pos-
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sibly activate the metalloproteinases expressed within the
plaque and potentially induce plaque rupture.40, 51, 52 This
proinflammatory effect of angiotensin that may predispose to
plaque rupture can be counteracted by the actions of NO,
which inhibits transcription factor NFkB and downregulates
the expression of inflammatory cytokines, chemoattractants,
and leukocyte adhesion molecules.81, 82 Thus, the ang II-NO
balance may be critical to modulating the propensity of 
lesions to rupture and cause acute ischemic syndromes. 

In contrast to plaque rupture, the pathogenesis of plaque
erosion is characterized by endothelial cell loss, exposure of
the procoagulant subendothelial space, and in situ thrombo-
sis. The cause of endothelial cell loss is unknown, but it is in-
triguing to speculate that this denudation of the endothelium
may result from endothelial cell death by apoptosis. In this
regard it is noteworthy that ang II reduces the capacity of the
endothelium to regenerate by inhibiting cell replication via
the angiotensin type 2 receptor.83 Moreover, the angiotensin
type 2 receptor can mediate cell loss by inducing apoptosis.84

Conversely, recent studies indicate that NO preserves the in-
tegrity of the endothelium by enhancing regeneration85 and
preventing endothelial cell apoptosis in response to cytotoxic
cytokines.86 These findings support the concept that the
maintenance of the appropriate ang II-NO balance may play
an important role in vascular homeostasis and the prevention
of acute ischemic events. 

Clinical studies are under way that will directly test the 
hypothesis that chronic administration of ACE inhibitors in
normotensive subjects with coronary disease will prevent is-
chemic events. It is hoped that these studies will move us clos-
er to developing pharmacotherapies that modify the molecular
events that eventually cause end-stage heart disease

Conclusion

The current challenge facing clinicians is to develop phar-
macotherapies that move beyond the treatment of symptoms
toward an agenda in cardiovascular therapeutics in which 
interventions actually prevent the development of end-stage
coronary heart disease. The development of new strategies 
to alter the natural history of cardiovascular disease will be
fostered by insights into the fundamental pathobiologic
mechanisms that promote the morbidity and mortality of
these disorders. An emerging body of evidence indicates that
locally generated vasoactive substances such as ang II and
NO are important determinants of the natural history of vas-
cular disease. It is anticipated that ongoing clinical trials will
extend the concept that modulating the activity of vasoactive
substances generated by the endothelium has important im-
plications for altering the course of coronary heart disease.
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