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Abstract Heart failure secondary to ischemic cardiomyopathy is the primary cause of cardiovascular mortality.
The promise of the collateral circulation lies in its potential to alter the course of the natural history of coronary heart
disease. The collateral circulation of the heart is responsible for supplying blood and oxygen to the myocardium at
ischemic risk following severe stenosis and reduced vasoelasticity function of a major coronary artery. In response to
flow, stress, and pressure, collateral vessels are restructured and remodeled. Vascular remodeling by its very nature
implies synthesis and degradation of extracellular matrix components in the vessel wall. Under normal physiological
conditions proteinases that break down the specialized matrix are tightly regulated by antiproteinases. The balance
between proteinase and antiproteinase influences is discoordinated during collateral development which leads to
adaptive changes in the structure, function, and regulation of extracellular matrix components in the vessel wall. The
role of extracellular matrix components in coronary collateral vessel formation in a canine model of chronic coronary
artery occlusion has been demonstrated. The role of matrix proteinases and antiproteinases in the collateral vessel play a
significant role in the underlying mechanisms of collateral development. This review presents new and significant
information regarding the role of extracellular matrix proteinases and antiproteinases in vascular remodeling, function,
and collateral development. Such information will have a significant impact on the understanding of the basic biology of
the vascular extracellular matrix turnover, remodeling, and function as well as on elucidating potential avenues for
pharmacological approaches designed to increase collateral formation and optimize myocardial blood flow in the
treatment of ischemic heart disease. J. Cell. Biochem. 65:388–394. r 1997 Wiley-Liss, Inc.
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Development of coronary collateral circula-
tion is the heart’s own bypass mechanism by
which it retains the blood supply to the myocar-
dium at risk. Angiogenesis is a structural and
morphogenetic process by which new vessels
are generated by sprouting from existing blood

vessels [1]. Collateral arteries develop rapidly
following chronic occlusion of a major coronary
artery [2], and collaterals play a critical role in
reestablishing and maintaining blood flow to
the ischemic myocardium (collateral-depen-
dent myocardium) [3,4]. These collateral ves-
sels are responsible for maintaining the nutri-
ent supply to the ischemic heart. The specific
mechanisms by which collaterals are formed in
the adult heart are largely unknown. Mecha-
nisms that regulate metabolism of extracellu-
lar matrix (ECM) play a very important role
during angiogenesis [16,29]. We have shown
that dynamic changes in the ECM components
and concentrations take place in the collateral
formation [12]. Coexpression of extracellular
matrix metalloproteinases (MMP) and tissue
inhibitor of metalloproteinase (TIMP) at the
mRNAand protein levels in the normalmyocar-
dium has been suggested [5,6]. However, in
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ischemic heart the TIMP-1 and -2 levels were
reduced and the MMP levels were increased in
the infarcted area [7]. Collaterals are formed at
and near the infarct border zone. Collateral
formation was induced in the ischemic heart
and infarct size was reduced by angiogenic fac-
tors such as heparin [8,9]. In coronary arteries,
Tyagi et al. [10] have demonstrated that colla-
gen is induced and elastin is repressed during
atherosclerotic and restenotic processes. Collec-
tively these studies indicated that a critical
balance existed among matrix, proteinase, and
antiproteinase locally and that theECMdynam-
ics regulates vascular function [32,50]. Remod-
eling in the collateral vessel wall is in part
responsible for the adaptive nature of these
important vessels. The MMP and inhibitor
TIMPs may play a very critical role(s) in the
tissue remodeling process of collaterals and col-
lateral-dependent myocardium. The role of
MMP in restructuring of the ECM following
collateralization has not been explored. In or-
der to develop the means of increasing collat-
eral circulation, it is of great importance to
identify the cascade of remodeling and cata-
logue the ECM factors involved in coronary
collateral vessel remodeling. We have demon-
strated that MMP and their ECM-degradation
products are in part responsible for productive
remodeling and angiogenic activity in the coro-
nary collateral arteries [11,12].
Altered vasomotor function of coronary collat-

eral arteries has been observed during the in-
sult to the myocardium due to chronic coronary
occlusion. Rapps et al. [13,14], Peters et al. [15],
and Angus et al. [16] have all demonstrated
that collateral arteries exhibit altered vasocon-
striction responsiveness to endothelin and vaso-
pressin and that collateral arteries exhibit al-
tered mechanisms of endothelium-dependent
vasodilatation. The molecular mechanism(s) of
altered collateral function is not well under-
stood. It is possible that the ECMpeptide gener-
ated in situ following remodeling in the collat-
eral arteries is responsible in part for altered
vascular function in coronary collateral vessels.
In this regard the understanding of ECM pep-
tide in regulation of vascular tone is of great
importance. The understanding of extracellu-
lar matrix regulation of vascular structure and
function and identification of new vasorelaxing
factors derived from extracellular matrix is re-
quired for the understanding of structure con-
trolling function.

Endothelial cells are critically involved in
control of vascular tone [17]. These cells are
invasive and migrate through the matrix bar-
rier during angiogenesis and the development
of new blood vessels [18]. However, their role in
ECM remodeling is not fully understood. These
endothelial cells require the elaboration of syn-
thesis of new matrix components and matrix-
degrading proteolytic enzymes, which include
neutral MMP such as collagenases, and serine
proteinases such as plasminogen activators (PA)
[19]. Endocardial endothelial cells produce ECM
components in response to serum-containing
growth factors [20]. It is important to deter-
mine if the phenotypic differences in the endo-
thelial cells isolated from collateral and noncol-
lateral coronary arteries and their different
angiogenic responsiveness to ECM peptide are
due to adaptive/maladaptive changes following
vasculogenesis. These studies have potential to
identify an ECM component which could be
used as an angiogenic factor for the increase of
collateral formation following myocardial isch-
emia and heart failure.

ROLE OF EXTRACELLULAR MATRIX
TURNOVER/REMODELING IN
COLLATERAL DEVELOPMENT

Occlusion of a major coronary artery initiates
the development of a collateral circulation [21].
Collateral arteries are derived fromnative, thin-
walled, narrow-channeled coronaries (vasculo-
genesis). Following occlusion, these important
vessels rapidly increase their luminal size and
undergo significant long-term structural remod-
eling and develop the morphological appear-
ance of small arterioles but differ in several
characteristics, including extracellular matrix
restructuring [11,12,16]. Proteoglycans, includ-
ing heparin sulfates, constitute a part of the
ECM that participates in cell adhesion, migra-
tion, and proliferation [51]. Fibronectin which
embeds fibrillar collagens and vascular cells is
increased 24 h after collateralization [22]. Col-
lagen labelling showed a slight increase level at
week 1, but after week 4 the level increased
profoundly [22]. We for the first time demon-
strated increased levels of MMP and decreased
levels of TIMP-1 and -2 in collateral formation
[11,12]. The level of urokinase-plasminogen ac-
tivator [uPA] was found to be increased in the
swinemyocardiumduring coronary artery occlu-
sion [23]. This study, however, did not measure
the level of uPA in the isolated coronary collat-
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eral arteries. In our canine model of chronic
coronary occlusion, we measured PA specifi-
cally in isolated epicardial collateral arteries
devoid of interstitial tissue [11,12]. Remodeling
implies tight regulation of specialized protein-
ases and antiproteinases which modulate ECM
turnover (synthesis and degradation). It will be
necessary to identify the mechanism and the
factor(s) responsible for collateralization in or-
der to develop the means of prevention of isch-
emic insult to the myocardium at risk. We have
shown that a balance between ECM synthesis
and degradation exists in the normal coronary
arteries [10]. We have demonstrated that the
balance equilibrium among ECM/proteinase/
antiproteinase which normally exists is dis-
turbed during ECM remodeling in the coronary
collateral arterywhen comparedwith noncollat-
eral vessels [12].

EXTRACELLULAR MATRIX REGULATION OF
COLLATERAL AND NONCOLLATERAL

VASCULAR FUNCTION

Structurally, we observed more thickening of
intima in the collateral vessels than normal
vessels [11,12,16]. Vascular wall thickness in-
creased over the 4 month period. There was no
significant change in the media of collateral
and LAD. However, the ratio of intima/media
increased over time [12]. These results suggest
that the thickening of arterial wall may be the
compensatory response, to pressure load, of the
tissue in widening the vessel during the devel-
opment of collaterals. In addition, these vessels
differ from noncollateral arteries in pharmaco-
logical reactivity to various vasodilator and con-
strictors [24]. For instance, collateral vessels
appeared to be more reactive to vasopressin
than the normal arteries both in vivo and in
vitro [24]. Also, small vessels (100–200 µm)
serving collateral-dependent myocardium con-
tracted more strongly to vasopressin as com-
pared to control vessels [25]. Collateral-depen-
dent vessels had markedly impaired relaxation
responses to acetylcholine but enhanced relax-
ation responses to nitroglycerin [25]. The func-
tional [24,25,50] and the structural [12,16] stud-
ies may suggest that the components, such as
elastin peptide, already present in the collat-
eral vessels are responsible for this unique fea-
ture of these important vessels. Elastin peptide
inhibits Ca21 loading into the vascular cells;
therefore, the elastin peptide inhibits the ath-
erosclerotic process [26]. Also, elastin peptide

regulates Ca21 mobilization in neutrophils [27],
suggesting a functional role of elastin peptide
in vessels wall. Elastin breakdown products
have been observed in coronary collaterals and
are unique to these vessels, not found in the
noncollateral vessels [11,12,16]. The role of the
elastin peptide in the functional properties of
the collateral and noncollateral vessels is not
known. It is possible that the elastin peptide
generated during remodeling induces vasorelax-
ing activity in collateral vessels and that there-
fore the collateral vessels are less responsive to
acetylcholine and other vasodilators. We sug-
gest that the structural changes in extracellu-
lar matrix following remodeling lead to alter-
ations in the vascular tone of these important
vessels. Also, heparin, an ECM component, in-
duces cellular proliferation by increasing cal-
cium infux [28] and plays an important role in
modulation of coronary collateral reactivity [9].
The effect of ECM degradation in collateral and
noncollateral artery function (vasoconstriction/
relaxation) may have significant implications
for the therapeutic advancement of the treat-
ment of chronic ischemic heart disease and
heart failure (Fig. 1A).

ANGIOGENIC FACTORS AND THEIR ROLE IN
CELLULAR METABOLIC FUNCTION DURING

COLLATERAL DEVELOPMENT

Under conditions of physiological angiogen-
esis, vascular endothelial cells experience a dif-
ferent extracellular matrix environment de-
pending on whether the cells are in a resting
state or are undergoing sprouting and migra-
tion. In the normal, quiescent state, endothelial
cells rest on a specialized extracellular matrix,
the basement membrane, which contains pre-
dominantly elastin, type IV collagen, and lami-
nin. During angiogenesis, the cells focally de-
grade their investing basement membrane and
subsequently migrate into the interstitial ma-
trix of the surrounding connective tissue which
consists mainly of type I collagen [29]. Matrix-
degrading proteolytic enzymes which include
neutral metalloproteinases, such as collage-
nase, and serine proteinases, such as tPA, are
involved in endothelial cell migration [30]. We
observed elongated endothelial cells in collat-
eral vessel as compared to noncollateral arter-
ies [11,12], suggesting a role of ECM dynamics
in the changes of cell phenotype.
ECM is composed of proteinase/antiprotein-

ase, elastin, collagen, and proteoglycans and

390 Tyagi



growth factors. During remodeling, proteinases
break down ECM and release growth factors.
Elastase-released growth factors fromECMare
implicated in collateral formation [31]. Natu-
rally, since elastin is a component of the ECM,
elastase and MMPs also release the elastin
peptide from ECM [32,33]. Vascular endothe-
lium controls arterial tone [17] and synthesizes
MMPs and metalloelastase [34,35]. The role of
growth factors such as basic fibroblast growth
factor (bFGF) and vascular endothelial growth
factor (VEGF) in collateral formation has been
elaborated extensively [36,37]. It has been sug-
gested that FGF and VEGF are angiogenic,
whereas TGFb is antiangiogenic to many cells
[38]. The TIMP-1 and -2 are mitogenic to endo-
thelial cells it inhibits cellular proliferation as
well [39]. The ECM synthesis and degradation
is the essential first step in the remodeling
process which generates the elastin peptide.
Elastin peptide plays a significant role in cellu-
lar proliferation [40,44]. The role of elastin pep-
tide has been demonstrated in vascular func-
tion [50]. It is not knownwhether elastin peptide
is an angiogenic factor. It is of great interest to

show that the elastin peptide contains angio-
genic activity to collateral endothelial cells.
Elastin peptides exert chemoattractive ef-

fects on human monocytes and fibroblasts [41].
Proteinases exhibiting elastinolytic activity
have been implicated in the disappearance of
elastic fibers which occurs with aging [42]. The
smooth muscle expression of elastinolytic en-
zymes (gelatinase A and B) was found to be
increased by elastin peptide [34,43]. It is known
that the elastin peptide is a stimulator of ECM
synthesis [42]. Previously, we have demon-
strated that the elastin peptide induces MMP
expression in fibroblast cells [44]. In collateral
vessels, elastin peptide is elevated [11,12,16],
and it is possible that elastin peptide stimu-
lates endothelial cell proliferation, migration,
and matrix invasion and matrix induction of
MMP expression. It is possible that the elastin
peptide induces vascular endothelial MMP ex-
pression and also an adaptive response leading
to remodeling in the coronary collateral arter-
ies (Fig. 1B).
In the infarcted heart, heparin induces angio-

genesis near the infarct border zone [45], and

Fig. 1. A: Role of ECM-degradation products in vascular func-
tion. Elastin peptide induces vasodilatation and vasorelaxation.
This figure suggests that induction of a vessel with elastin
peptide induced vasorelaxation. B: Endothelial cells are more

elongated in collateral vessels than noncollateral vessels. A role
for ECM-degradation peptides in the induction of matrix compo-
nents in collateral and noncollateral endothelial cells is shown.
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collaterals are formed in the noninfarcted heart.
We have shown that heparin induces MMP
expression in fibroblast cells [28]. The fibro-
blasts transform into myofibroblast cells dur-
ing remodeling and angiogenesis [46]. In con-
trast to this, heparin inhibits smooth muscle
proliferation by inhibitingMMPexpression [47].
This suggested a differential specific role of
heparin in different cells (i.e., increase MMP
expression during angiogenesis and repress
MMP levels during intimal growth following
vascular injury). Collectively, these reports sug-
gest that the ECM components play a specific
role in specific tissue and environment.

CONCLUSIONS

Coronary heart disease is the primary cause
of cardiovascular death. Occlusion of a main
coronary depletes the blood supply to the myo-
cardiumand subsequently reduces cardiac func-
tion which ultimately leads to heart failure.
Progressive, chronic coronary artery occlusion
has been shown to induce development of collat-
eral arteries to reestablish and maintain blood
flow to themyocardium at risk via the growth of
new capillary vessels (angiogenesis) and the
enlargement of preexisting vessels. Studies in
experimental animals and in humans have con-
firmed the protective role of collaterals against
myocardial ischemia,myocardial infarction, and
cell death [48]. Even after myocardial infarc-
tion, collateral blood flow significantly im-
proves recovery of the function of the infarct
zone [49]. Indeed, the collateral circulation is
the most effective natural defense mechanism
of the diseased heart. There is no concept under
evaluation today that has as its declared aim
the understanding of the molecular mecha-
nisms and extracellular matrix remodeling pro-
cess which initiate the cascade of events that
lead to formation of the coronary collateral ar-
teries. The powerful therapies of ischemic heart
disease like coronary bypass surgery and angio-
plasty are being used; these treatments are
invasive and expensive and not without risk. A
noninvasive therapy directed at improvement
of the collateral circulation could provide a solu-
tion to ischemic heart disease and heart failure.
In view of the important protective role of the
collateral circulation, delineation of the cellular
mechanisms which mediate vascular struc-
tural remodeling, contractile and dilatory func-
tion, and thus maintain blood supply repre-
sents a significant aspect of this review. The

understanding of structural components in-
duced in collateral development will lead to
identification of the factor(s) required for the
development of these important vessels. The
factors identified, in the future, will be used as
themeans of increasing collateral circulation in
the myocardium at risk and to restore the blood
nutrients to the diseased heart secondary to
ischemic insult and/or coronary heart disease
and heart failure.
We have demonstrated that most of the MMP

in the normal vessels are in the latent form and
are decreased during atherosclerotic and reste-
notic processes and increased during collateral
formation [10,11,12]. It is of great importance
to identify the factors that induce phenotypic
adaptive changes in the vascular endothelial
cells which lead to changes in ECM quantity
and composition as well as vascular remodel-
ing, furthermore leading to the development of
collateral arteries. The identified intrinsic vas-
cular ECM-derived angiogenic factors (for ex-
ample, elastin peptide and new growth factors)
will be used as potent therapeutic agents for
the treatment of the animal model of ischemia
and heart failure and eventually human coro-
nary heart disease. It is of great interest to
demonstrate the direct role of elastin peptide
on the heart. The application of the therapies to
increase elastin turnover in the ischemic heart
which will also ultimately increase elastin pep-
tide will be useful to increase collateral circula-
tion in the myocardium at ischemic risk and
heart failure.
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