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Abstract

Myocardial fibrillar collagen provides for muscle fiber and cardiac myocyte alignment,
maintains ventricular shape and size, and contributes to tissue stiffness. The collagen matrix
i in intimate centact with the myocyle, muscle fiber and corenary microcirculation. In
renovascular and genetic hypertension, there is a progressive remodeling of this matrix which
includes thickening of existing fibrillar collagen, and the addition of new collagen libers (o all
components of the matrix. In ischemic and cardiomyopathic heart disease evidence is accu-
mulating to indicate that part of the remodeling process of interstitial collagen includes a phase
of collagenase-induced disruption of the components of the collagen matrix which are
responsible for maintaining myocyte alignment and ventricular size and shape. This dele-
lerious remodeling leads to ventricular dilatation and wall thinning, and eventually congeslive
heart failure, Much of he adverse remodeling appears to be preventable with chronic
angiotensin converting enzyme inhibition or adrenoceptor blockade. Whether the adverse
remodeling of the interstitial coliagen matrix during heart failure is reversibie remains 1o be
determined.
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The myocardium consists of myoceyles, connective
tissue, coronary vasculature and nerves. The major com-
ponent of connective tssue is the [ibrillar collagen matrix
which surrounds, supporls and interconnects the other
myocardial clements. As a result of this intimate contact,
several functional roles have been attributed to this col-
fagen network, These include: the coordinated trans-

mission of force generated by myocytes Lo the ventricular

chamber {49]: a significant contribution o myeccardial
relaxation and diastolic stiffness {27, 631; the determina-
ton of venticular size and shape [10, 11, 28]; and the
prevention of myocardial edema {28], ventricular aneu-
rysim and ruplure |16, 20]. Most of these functional roles
were determined experimentally from animal models

which develop either excess or inadequate amounts of

myocardial [ibrillar collagen. The collagen matrix s
known (o remodel in response 1o chronic physiologic and
pathophysiologic alterations in vascular impedance, ven-
tricular filling volume or circulating hormones and in
cardiac disease. For example, an abnormal increase in
myocardial collagen concentration secondary o genelic
hyperlension {6, 25, 39) or activation of (he renin-an-
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giotensin-aldosterone system [17, 26, 64] results in an
increase in myocardial passive stiffness and ventricular
diastolic stiffness. Conversely, collagen matrix degrada-
tion leads to myocardial edema [28], veniricular dilatation
[10, 11,28} and a decrease in ventricular diastolic stiffness
110, 27, 28]. Quwr knowledge of myocardial fibriliar col-
lagen remodeling in heart failure will be the subject of this
review, We will begin with a deseription of the composi-
tion, orgarization and maintenance (ie., collagen syn-
thesis and degradation) of this matrix.

The myocardial collagen matrix

Composition

Normally the amount of collagen in the myocardium is
small, morphometric measurements reveal that only 2 o
4% of the normal myocardium is occupied by collagen.
However, because collagen is a relatively suff material
with a high tensile strength, ils presence, even in small
amounts, would be expected to have a marked influence
on the mechanical properties of the myocardium. Fibritlar
collagen found in the heart is composed of collagen types
L Il and V. Even though the relative proportions of thesc
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Lypes are species dependent [34], the predominant collagen
types in adult hearts are type 1T and type III, where the
percentage of type Lis typically greater than type 11 |18,
34, 64}, Large diameter type [ collagen fibers are found in
tissues typically subjected to high stresses (c.g.. tendons).
Type I collagen fibers are smalier in diameter, and are
found in abundance in tissues which tend 1o he relatively
compliant {e.g., skin}. The myocardial collagen fibers that
surround individual (14, 48, 54] as well as groups of
myocyles [ 14, 54] appear (o be a cepolymerization of both
Lypes.
Organization

The extracellular matrix of the myocardium has three
distinet components: the epimysium, perimysium and en-
domysium {figure 1). The epimysium is defined as the
sheath of connective tssue that surrounds a muscle [47].
In the case of papillary muscle, the collagen fibers of (he
cpimysium form a weave paliern that tends to be aligned
with the long axis of the muscle [47]. For the ventricular
myocardium, the epimysium has been described as the
collagencus matrix that lies below the endothelium of the
cpicardium and endocardium [62]. The perimysium orig-
inates from the epimysium m the form of tendinous cords
which appear as coiled fibers running parallel or obligue
o the axis of muscle fibers (ligure 2) or terminate in a
fibrillar weave that surrounds and groups myocytes into
myolibrils. Adiacent perimysiat weaves are joined to each
other by collagen [ibers referred to as strands, The endo-
mysium (figure 3) consists of thin fibrillar collagen fibers
that surrcund individual myocytes and collagen struts that
Jein myocyie (o myocyle ormyocyle o nelghboring capil-
Taries.
Myocardial collagen svithesis and degradation

Once deposited 1 fibrillar form and subsequently cross-
linked, extracellular collagen is extremely stable and resis-
fantto degradation. As a result of this stability, myocardial
collagen turnover is relatively slow. In the rat heart, (otal
collagen synthesis within the {ibroblasts was reported 10

be 5.2 % 0.7% ol total myocardial collagen per day, and of

this amount, 53 £ 5% was destroyed prior o secretion [32].
The vet synthesis rate of collagen for the right and lefl
venlricles indogs was determined to be only 0.56%: of total
ventricular collagen per day [5]. If an equilibrium between
collagen synthesis and degradation 1s assumed, then the
half-life of collagen is around 9010 120 days,

Interstitial collagen consists of three peptide chains
which intertwine Lo form a right-handed super-helix. This
conformation makes it highly resistant to all proteinases
cxcept specilic collagenases [69]. Thus the rate limiting
step in the degradation of fibrillar collagen is the catalytic
cleavage by interstitial collagenase {matrix metalloprotei-
nase, MMP-1 3 This enzyme cleaves the three o chains of
collagen types L 1T, and IIL It does this by hydrolyzing the
peplide bond that follows the Gly residue of the partial
sequence Gly-[Ile or Leul-fAla or Leu] located at a dis-
tance of three-fourths from the amino terminal {24, 37]

Gelatinase (MMP-2) then degrades these products into
smaller peptides that then become substrate for several
nonspecific proleases |68].

The presence of myocardial collagenase in the interstitial
spaces between myocardial fiber bundles was first de-
scribed by Monfort and Pérez-Tamayo [38]. While the
intensity of the collagenase antibody staining patlerns is
variable, collagenase is present througheut the myocar-
dium. Moreover, when one compares the pattern of col-
fagenase staining (o the distribution of collagen in the
myocardium, the 1wo are essentially identical, suggesting
thal Jatent collagenase 1s bound 10 collagen. In all likeli-
hood the antibody used by Moentfort and Pérez-Tamayo
fabelled both Jalent and active collagenase, Woolley el al.
[70], using an antibody with a proven high aliinity for
aclive collagenase, reported Tittle coliagenase activity in
the heart. Thus, while collagenase in the normal heart is
plentiful, most of it appears to be in a proenzyme or latent
form. Such was the conclusion ol Tyagi et al.[ 58] who used
zymographic lechniques and estimated that, in ral myocar-
dial tissue, only 1 to 2% of tolal collagenase is normally
active. In a subsequent report, this group demonstrated the
cxistence of a tissue inhibitor of metalloproleinase (TIMP)
in the myocardium {59].

Myocardial collagen remodeling

Ceils that synthesize collagen and collagenase are in-
Tuenced extensively by their environment. This control-
ling environment includes resident ceil populations in
connective issue as well as migratory cells that infiloate
a region in response Lo inflammation, disease or mjury.
Factors secreted by such cells play a prominent role i the
remodeling of connective tissue through the local regula-
tion of collagen synthesis and degradation. Remodeling of
the fibrillar collagen matrix occurs naturally with normal
growth and development. Also, myocardial interstitial col-
lagen remedeling is a response to chronic physiologic and
pathophysiologic alterations in vascular impedance, ven-
tricular filling volume or circulaling hormones and in
cardiac disease. Here the remodeling process is dependent
on the nature of the stimulus. Compensated left ventricular
(L.V) hypertrophy secondary Lo renovascular and genetic
hypertension is associaled with excessive myocardial col-
iagen deposition [0, 17, 25, 26, 39, 41, 64]. Generally this
remodeling occurs at both the microscopic and ultrastruc-
tural levels. Alterations of the peri- and endomysial com-
ponents include: thickening of collagen fibrils, fibers and
tendons; increased density ol the weave and collagen
network surrounding myocytes; newly formed collagen
fibers; expansion of the. area occupied by perivascular
collagen; and cecasional microscopic scars [1, 9, 17, 39,
45]. In contrast, chronic venisicular volume overload re-
sulls in dilatation and compensaled LV hypertrophy with
normal collagen concentration |2, 36, 65]. The imterstiual
collagen remodeling that occurs with cardiac discase and
associaled with myoeyle necrosis includes excessive rep-
arative or replacement and reactive (i.c., newly syn-
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Figure 1. Schematic portraval of the myocardial interstitial collagen matrix and its epimysial, perimysial {i.e., tendon,
weave and strands ) and endomysial (Le., strins) elements. Reproduced with permission from Weber et al [63).

thesized collagen fibers and thickening of existing fibers
In non-necrotic arcas) fibrosis [4, 23, 51, 533, 71]. LV
collagen concentration was found 1o be 30 and 100%
grealer in explanted hearts from patienss with coronary
hieart disease and dilated cardiomyopathy, respectively,
than in normal postmortem hearts. Contributing 1o this
greater concentration ol collagen was an increase in both
the size and number of endemysial and perimysial thick
fibers, parteularly those surrounding individual myocytes

123, 51, 71], While the concentration of collagen types [
and IIT were both found (o be elevated in these diseased
hearts, the relative increase in type | was grealer than that
ol type 11 [4].

It should be stressed that most of the studies dealing with
remodeling of the collagen matrix were focused primarily
on the end-point of a dynamic process. Thus a biochemical,
histological or momphological assessment of interstiial
collagen several weeks after initialing a sustained increase

Figitre 2. Nonmal myocardiun siained with collagen spe-
cific Sirius Red demonsirating rypical amounts of
coltagen. Darkly stained, coiled perimysial fibers
in betveen muscle bundles are apparent.

Figure 3. Scanning electron microscope photomicrograph
of rat myocardium showing fibrillar collagen com-
ponents of the perimysial weave and the endomy-
stal network and struts,
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in venuicular loading conditicns, at the time of cardiac
transplantation, or at autopsy provides a deseription of the
collagen network “after the fact” and sheds no insight into
the temporal relation of the remodeling process that may
have preceded. Such information, which could include
both a breakdown and subsequent reconstruction of the
cotiagen matrix, can only be obtained from longitudinal
studies of which there is a sparsity. Our understanding,
albeit limited, of this process will now be considered for
several pathophysiological conditions.,

Collagen matrix remodeling secondary to clhronic ven-
tricular pressuwre everload

Many studhes have documented an increase in myocar-
dial coliagen concentration in the compensated pressure
overtoaded, hypertrophied myccardium [ 1, 6,7, 14,25-27,
36. 39, 41, 45, 52, 63, 64]. Morcover, in experimental
renovascular and perinephritic hyperiension, the myocar-
dial remodeling process has been shown (o be progressive.
Aldweeks, type I collagen was Ffound torise significantly
from its normal valag of 1% to 16% or more [64]. There
was a disproportionate amount of newly formed thin per-
unysial fibers, which in all likelihood were type 11 col-
lagen fibers, and there was slight thickening and increased
density of the weave [1, 52]. Evidence of disrupted col-
lagen witly expansion of many intermuscular spaces and
muscle fiber slippage was also present. As wiil be dis-
cussed, these changes are indicative of collagen degrada-
don and an early wound healing process. Beyond four
weeks of experimentally induced hypertension, coltagen
concenlration is significantly elevated and newly formed
perimysial fibers are evident. As the hypertrophic process
continues, further increases in collagen concentration are
maodest despite the appearance of patchy areas of reactive
(i.e., unrelated Lo myocyte necrosis) fibrosis extending
over muscle fibers. Late in the hypertrophic process, some
of these areas become quite extended to the point where
they compietely encircle muscle. In many of these isolated
muscie areas, cell necrosis s present | 17, 45]. Between 35
and 88 weeks of hypertension there is a restoration of a
normal proportion of type III collagen relative to type i,
resofution of the myocardial edema evident at 4 weeks, and
a greater number of interstitial spaces contain thick per-
imysial fibers [43, 641 In addition to previously mentioned
changes in the weave which occur during the hypertrephic
process, the collagen strands become thicker and pitlar-
like, the tendons are increased in number and thickness,
and some myocyles are encased in collagen {1, 52]. While
it is not presently known what happens to the librillar
collagen matrix as the hypertrophied myocardium begins
o decompensate, degeneration of myocytes and increased
fibrosis in the tatter stages of the hyperirophic process have
beenreported [17, 45, 52 Thus would then be expected to
lead to a worsening of diastolic dysfunction and the onset
of systolic dysfunction [26].

Collagen matrix remodeling secondary fo ischenia

The remedeling of the myocardium following a pro-
tonged period of ischemia includes early damage o the
mnterstitial fibrillar collagen matrix, scar formation and, if
the damage 15 sufficiently severe, progressive ventricular
dilatation. A rapid breakdown of collagen within 24 h after
the induction of experimental myocardial infarction has
been noted. Takahashi et al, [56] found collagen content in
the infarcted region to decrease by approximately 50% as
early as 3 hours post-infarction. The collagenolysis corre-
sponded (o significant (two- 1o threefold) increases in
lissue collagenase and lysosomal serine protease activities,
Subsequent to the degradation of the supportive [ibrillar
collagen matrix, a thinning and an oulward expansion of
the infarcted ventricular wall occurred during systole.
Rapid disruption of collagen struts and loss of collagen
weaves also was Tound to occur in nen-infarcled stunned
(i.e., ischemia-induced) myocardium [12, 721

In rats with and without experimental leukopenia, col-
lagen degradation in the infarcted hearts has been shown
to be markedly greater when there was a normal leukoeyle
response [8]. While these results implicale inflammatory
cell collagenase in infarction-related collagen breakdown,
significant collagen degradation occurs in the damaged
area prior to inflammatory cell infiltration. This may be
due to the increase in oxidized giutathione (GSSG) that
oceurs in the ischemic zone immediately post-infarction
[50]. GSSG has recently been shown by Tyagi el al. [59]
1o be capable of activating myocardial collagenase. This
would then explain the rapid collagen disruption which
occurs in stunned [ 12, 72} and infarcted [36] myocardium
where inflammatory infiltrate is not yet present,

Within days following an infarction, a replacement fi-
brotic process is evident. Atabout 6 weeks post-infarction,
the collagen content in the necrotic arca increases by as
much as 500% [29]. The oriemalion of coliagen fibers
within the scar typically corresponds to that of the muscle
fibers that had previously occupicd the space [66]. Col-
lagen fibers that are oriented in the same direction as the
local stresses contribute significantly to the strength of the
tissue as opposed to a negligible influence of fibers aligned
perpendicular to the stress direction. For example, Wieg-
ner and co-workers |67 found strips of pericardium ex-
hibited the greatest stiffness when the majority of collagen
fibers were oriented parallel (o the direction of the clong-
ating force. In papillary muscle the orientation of the
epimysial collagen fibers changes with stretch. Resistance
to elongation increases significantly when the collagen
fibers become predominantly oriented paraliel to the major
axis of the muscle [48].

The collagen concenlration in areas remole (o the in-
farcted region increases in experimental animals [35, 60]
and humans [4, 61]. The stimulus for excess collagen
deposition in these non-infarcted areas is unknown bul
may be refated to remote necresis [ 157, increased workload
on the remaining viable myocardium and/or circulating
endocrine factors, Despite an extensive remodeling of the
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interstitium and myocyfe post-infarction, the ventricle pro-
gressively dilates and becomes stiffer; the extent of dilata-
tion is related to the focation, size and duration of infarction
[19]. Significant thinning of the ventricular wall also ac-
companics the LV ditatation [19, 431, Although this dila-
lation may at [irst bring about a compensatory increase in
stroke volume, it ultimately results in a mechanical disad-
vantlage which leads 1o progressive dysfunction and heart
fatlure.

The fate of the myocardial collagen matrix as the heart
dilates post-infarction is usknown. However, it has been
our working hypothesis that progressive dilatation second-
ary to myocardial injury is the result of myocardial col-
lagen disruption and degradation secondary to myocardial
collagenase activation. Preliminary data from our fabora-
tory indicate that a sustained elevation in ventricular vol-
ume secondary Lo the creation of an infra-renal abdominal
aoria-vena cava fistula is associated with a significant
activation of the myocardial collagenase system. Twelve
hours after the creation of the fistula, collagenase activity
was elevated by 50% relative to control activity. Over the
next 5 days of volume overload, it further increased 1o
levels that were 80% greater than control levels. Also
during this period a significant decline (i.e, 40%) in col-
iagen concentration occurred. Over the remainder of the
study (i.c., 8 weeks), collagenase activity decreased 1o
level which was 33% above control collagenase activity.
These aiterations to the fibrillar collagen matrix resulted
in a significant ventricular enlargement and increased
compliance,

A schematic representation of the evenls post injury
which lead to ventricular dilatation and heart failure is
shown in figure 4. Following an injury thal produces

myocyle necrosis, there is a compensatory remodeling of

the ventricle invelving all of the myocardial components.
It ventricular dysfunction results from this injury, then
there 1s a compensatory increase in filling volume or
prefoad. It is at this point that the ventricle dilates (o
accommodaie this larger volume at a lower filling pressure
[191. Tt is our hypothesis that a collagenase-induced dis-
ruption of the myocardial collagen matrix must precede
this dilatation. With the onset of heart failure there are
other compensatory mechanisms such as increased levels
ol circulating calecholamines, angiotensin 1L and aldos-
terone. Pathophysiologic plasma levels of these hormones
have been shown to cause myocyte necrosis {3, 7, 30,
leading to a vicious cycle which ultimately results in death.
As discussed below, experimental and clinical evidence
supporting our hypothesis has been reported in dilated
cardiomyopathic hearls.

Collagen matrix remodeling secondary 1o idiopathic di-
lared cardiomyopathy

Several investigative groups have demonstrated that ex-
permmentally induced myocardial collagen degradation
leads to ventricular enlargement and an increase in ven-
tricular compliance [10, 11, 16, 28, 403. That is, the ven-
tricular pressure-volume relalion is shifted to the right

MYOCAREIAL VENTRIGULAR
INJURY Jogimi NECROSIS |
( i REMODELING DYSFUNCTICN
'y $ PRELGAD
f CATECHOLAMINES

£ ai

f OTHER HORMONES IRREVERSIBLE | -

DILATATION
HEART
FAILURE

Figure 4. Model depicting mechanisms of progressive
ventricular dilatation in heart failure (see text jor
explanation). All = angiotensin 1.

=J

following the loss of many of the collagen struts that
conneel adjacent myocytes and the collagen weave that
surrounds groups of myocyles. Thus, a collagenase-in-
duced disruption of muscle bundie o muscle bundle
tethers and other elemenis of the collagen matrix would be
expected to Jead 10 ventricular dilatation and wali thinning.
In addition, muscle fiber slippage and a sphericalization of
the ventricle are Hikely to occur, Recently Reddy et al. {46]
used zymography (o assess collagenase activity in endo-
myocardial biopsy tissue oblained [rom patients with end-
stage dilated cardiomyopathy and from post-transplant
patients with presumably normal hearts. Collagenase ac-
tivity 1n the cardiomyopathic biopsy samples was in-
creased eightfold above that measured in normal hearts.
Echocardiographic measurements revealed that the cardio-
myopathic lelt ventricles were significantly dilated with
thinner walls compared to the post-transplant lelt ventricle.
Also, the shape of the discased lelt ventricle was more
spherical than normal.

These findings of Reddy and co-workers support the
hypothesis that enhanced collagenase activity results in
fibrillar collagen degradation that then leads to progressive
ventricutar dilatation and sphericalization. However, (hey
do not provide insight into the remodeling that precedes
this phase of end-stage heart failure due (o 1diopathic
dilated cardiomyopathy. Such termporal information can be
obtained from the cardiomyopathic Syrian hamster. This
animal model of cardiomyopathy, which develops pro-
gressive ventricular entargement and heart failure, has the
advantages of a known, age-retated pathophysiologic
course. Four distinet histological and clinical phases of the
disease process have been identified [2}], During the first
phase (t.e., prenecrolic <45 days of age) both the histology
of the heart and the clinical appearance of the hamsters are
normal. The second or necrotic phase is characterized by
the incidence of multifocal myocytolytic necrosis which
continues until approximately 120 days of age. There are
also alterations in the connective tissue nelwork adjacent
to the necrotic myocardial lesions which are noted at 90
days of age and become progressively larger with age. The
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lesion was characterized by a marked absence of connce-
tve tissue along the edges of the scar tissue formations and
the presence of long, thick fibers whick apparently tethered
the post-necrotic foci (o (he surrounding normal muscte.
In the mterstitiun: distal 1o this “halo-tike”, collagen-defi-
cient region, the connective tssue was normal {13]. The
authors speculated that the loss of connective lissue sur-
rounding confiuent {ibrotic areas may result in myofiber
shippage and wall thinning and that the effects of the
tethering fibers may result in an increase in wall stilfness.
Near the end of the necrotic phase, healing is essentially
complele with only a few new arcas of myocyle necrosis
developing. The next phase is referred to as the hypertro-
phic compensated phase. This phase continues until the
development of significant dilatation and wall thinning
which usually occurs around the age of 240 days. The final
or lerminal stage begins at this point, and during this fourth
slage, congestive heart failure is clinically present.

To [urther test the hypothesis regarding increased myo-
cardial collagenase activity leading to coliagen degrada-
tion and wventricular dilatation, hearts {rom
cardiomyopathic hamsters were examined at 150, 180,
210, 240, and 300 days of age and compared (o age-
matched golden Syrian hamsters which served as controls

[287. Collagenase activity in the cardiomyopathic hamster

heart was found 10 progressively increase with age as
opposed to the golden Syrian hamsters which exhibited an
age-invariant myocardial collagenase aclivity. An
cexample of myocardial collagenase aclivity as measured
using zymography is presented in figure 5. The tanes of the
ool were loaded with myccardial extract (rem animals in
both groups at several ages, In all cases, the brighter and
wider lytic bands (i.e. greater collagenase aclivity) are
associaled with the cardiomyopathic hearts. Typicaliy,

myocardial collagenase activity was significantly greater

fi.c.. 2 1o 3 times)in the cardiomyopathic hearts compared
to control hearts at the ages examined. Collagen volume
fraction (CVF) for the control hearts did not vary with age.
In contrast, CVI was significantly greater than control
values for the 150 day old cardiomyopathic group and
continued 1o increase up 1o 210 days of age. At 240 and
300 days, CVF began to decline (CVF at 300 days was
siular to that oblained at 150 days of age) and the LV
became dilated with a notably thinner wall. Significant
ultrastructural {ibritar collagen degradation was also seen
in non-necrolic areas of myocardium at 240 and 300 days
of age. Thus, in the cardiomyopathic hamster, there is a
continued increase in collagenase activity with collagen
degradation eventually exceeding collagen synthesis.
Microscopic evidence of fibrillar collagen degradation
was found in remote areas [28) as well as in and around
neerolic arcas {13] resulting in an inadequate interstitial
collagen matrix. The fact that this collagen degradation
becomes significanl around the age associated with devel-
opment of marked ventricular ditatation and wall thinning
is indicative of a strong cause and effect relation between
collagenase activity and ventricular remodeling,

Figure 5. Example of myocaidial collagenase activity
wsing zymography in cardiomyopathic (CM} and
age-matched golden Syrian {GS) hamsters ar 150,
180, 210, anet 240 devs of uge. The CM Ivtic bands
(33 10 60 KDa) are denser and wider indicating
enfianced collagenase activity.

These observations in the cardiomyopathic hamster 1n-
dicate that significant degradation could be occurring,
even though total myocardial collagen concentration is
significantly greater in diseased hearts than in age-
matched control hearts. Thatis, mostof the excess collagen
consists of a reparative or replacement fibrosis. Whether
or not the scar {issue is undergoing degradation is unim-
portant with regard to the shape and size of the ventricle.
Instead, it is degradation of the collagen matrix component
responsible for the maintenance of myccyte alignment that
will result in significant venineular dilatation. Thus, in
heart failure, it is not possible to discern the integrity of
mierstitial remoedeling by simply measuring the concentra-
tion of myocardial collagen. Instead, one needs to assess
the status of (he collagen mauix which surrounds and
interconnects myocytes and groups of myocyles,

Prevention of interstitial remodeling and reverse inteisti-
tial remodeling in heart failire

Little is known regarding the prevention of interstitial
remodeiing in heart failure. However, chronie therapy with
an angiofensin converting enzyme {ACE) inhibitor has
been shown to altenuate progressive ventricular enlarge-
ment and significantly improve one year survival follow-
ing myocardial infarction [42, 44, 371 Patients so ueated
were found to have less venuicular dilatation, fewer clini-
cal indications of heart failure, a decreased number of
hospitalizations due 1o heart failure, and a reduction in the
number of deaths atiributed to heart failure. Additionally,
LV shape ol patients al greatest risk for ventricular en-
largement was nonmal with chronic ACE inhibition while
the LV of patients receiving placebo became progressively
more spherical {31]. Chronic therapy with ACE inhibitors
in cardiomyopathic hamsters beginning at an age of 180
days and continuing for 120 days also prevented the de-
cline of LV contractile performance, coronary {low and
dilatation, and prolonged survival time by 33% [22]. The
mechanism underlying the cardioprotective nature of ACE
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inhibition, however, remains 1o be determined. Also,
whether ACE inhibitors directly or indirectly reduce or
prevent the enhanced myocardial collagenase activity fol-
lowing myocardial infarction and cardiomyopathy is not
known.

Another unresoived issue concerns he possible revers-
ibility of the interstitial remodeling process. Spinale and
colleagues [55] reported a trend towards restoration of the
myocardial collagen network following cessation of
chronic supraventricular rapid pacing in a pig mode! of
congestive hearl failure. Following 3 weceks of rapid pac-
ing, congestive heart failure was evident; there was signi-
ficant L.V dilatation and myocardial collagen
concentration was significantly reduced. Electron micro-
scopic anatysis of the coilagen ultrastructure revealed dis-
ruption of struts and thinning of collagen fibers. Following
deactivaton ol the pacemaker and a 4 week recovery
period, collagen concentration was significantly greater
than control and there was o trend for ventricular size Lo
return o normal. The increased collagen concentration in
the recovered hearls was the resull of thickened endo- and
perbmysial collagen components. McDonald et al. [33]
alse reported a trend towards a reduction in LV volume in
their model of heart failure fotlowing 3 months of therapy
with ecither an ACE inhibitor or bela-adrenoceptor bloc-
kade. They, however, did net examine the interstitial col-
lagen matrix,

Summary

From the above, the following pathophysiclogic scenario
regarding interstilial collagen remodeling in heart failure
can be proposed. In hearts with myocardial damage sec-
ondary to myocardial infarction, chronic ischemia, inflam-
mation, or cardiomyopathy there is a complex sequence of
compensatory events that eventually result in an adversely
remodeled myocardial collagen matrix and a dilated, thin-
walled, spherical ventricle. For a period of time, a state of
preclinical heart failure exists where there ks ventricular
dysfunction due (o myocardial damage but no clinical
evidence of cardiac insufficiency, circulatory congestion
or edema. As a result of progressive myocyle necrosis,
there may be an excessive amount of {ibrillar collagen due

o replacement {ibrosis and a compensatory remodeling of

the collagen matrix elements which are responsible for
maintaining myocyte alignment. However, in an attemplt
10 maintain a compensaled stale, there are ongoing myo-

cardial and peripheral adaptations inciuding activation of

the renin-angiolensin-aldosterone and sympathelic nerv-
ous systems, clevations in circulating blood volume and
ventricular preload, cardiac myocyle hypertrophy, and
progressive heart enlargement. A continual state of re-
modeling with progressive ventricular dilatation and myo-
cyte loss, and increased collagenase activity is present. The
nel effect 15 a foss of balance between collagen synthesis
and degradation which leads 10 an inadequate fibrillar
collagen mairix, progressive ventricular dilatation with
witll thinning and sphericalization and eventually conges-

tive heart failure. Much of this adverse remodeling is
preven(able with chronic angiotensin converting enzyme
inhibition or adrenoceptor blockade. However, the mech-
anism undetlying the efficacy of these treatment mo-
dafities remains to be determined. Alse, future research
regarding the reversibility of adverse interstitial fibrillar
coliagen remodeling is required.
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844 3700.
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