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Abstract 

Structural remodeling of the left ventricular (LV) myocardium develops in a time-dependent fashion following acute myocardial 
infarction and may be an integral component in the transition toward overt heart failure. Globally, the remodeling process is 
characterized by progressive LV enlargement and increased chamber sphericity. At the cellular level, the remodeling process 
is associated with myocyte slippage, hypertrophy, and accumulation of collagen in the interstitial compartment. In the present 
study, we examined the effects of early, long-term monotherapy with the angiotensin converting enzyme (ACE) inhibitor, 
enalapril, on the progression of LV remodeling in dogs with LV dysfunction (ejection fractions 30-40%) produced by multiple 
sequential intracoronary microembolizations. Dogs were randomized to 3 months oral therapy with enalapril (n = 7) or to no 
treatment (n = 7). In untreated dogs, LV end-systolic volume index (ESVI), end-diastolic volume index (EDVI) and chamber 
sphericity increased significantly during the 3 months follow-up period. In contrast, in dogs treated with enalapril ESVI, EDVI 
and chamber sphericity remained essentially unchanged. Treatment with enalapril attenuated myocyte hypertrophy and the 
accumulation of interstitial collagen in comparison to untreated dogs. These data indicate that early treatment with ACE in- 
hibitors can prevent the progression of LV remodeling in dogs with LV dysfunction. Afterload reduction, inhibition of direct 
action ofangiotensin-II and possibly the decrease in bradykinin degradation elicited by ACE inhibition may act in concert in 
preventing the progression LV chamber remodeling. (Mol Cell Biochem 147:51-55, 1995) 
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Introduction 

Structural and topographical remodeling of the left ventricle 
(LV) has long been recognized to develop following acute 
myocardial infarction. This remodeling process is progres- 
sive in nature in that it develops over a period of months or 
even years after the acute event. The factors that dictate the 
rate at which this process develops are not clear but are likely 
related to the extent of loss of viable myocardium. Thus, a 
larger infarction is likely to elicit a faster progression of LV 
remodeling in comparison to a smaller infarction. The term 
'ventricular remodeling' includes several structural and topo- 
graphical adaptations and/or maladaptations that occur in 
response to myocardial injury. Globally, these changes 

include LV chamber dilation and increased chamber spher- 
icity [ 1 ]. At the cellular level, alterations in both the myocyte 
and non-myocyte compartment occur and include an increase 
in myocyte size and accumulation of collagen in the inter- 
stitium (reactive interstitial fibrosis) [ 1 ]. There is little doubt 
that this process of LV remodeling, if left unchecked, can lead 
to progressive LV dysfunction and ultimately to the syndrome 
of congestive heart failure. Despite the ominous association 
of LV remodeling with poor long-term prognosis, little is 
known about this process and the factors that dictate its de- 
velopment and progression. Our approach to probing the 
underlying factors that promote progressive LV remodeling 
has centered on the use of pharmacologic agents in a canine 
model of chronic heart failure which manifests progressive 
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LV remodeling [2, 3]. In the present study, we examined the 
effects of early, long-term, therapy with the angiotensin con- 
verting enzyme (ACE) inhibitor, enalapril, on the progres- 
sion of LV remodeling in dogs with moderate heart failure. 
Specifically, we examined the effects of therapy with enal- 
april on LV chamber enlargement, LV chamber sphericity, 
cardiocyte hypertrophy and interstitial fibrosis. The cohort 
of animals used in this study represents a subset of a larger 
study which examined the hemodynamic effects of other 
pharmacologic agents including beta-blockers and digitalis 
preparations [4]. 

Methods 

The animal model 

Fourteen healthy mongrel dogs weighing between 18 and 31 
kg were used in the study. Chronic LV dysfunction was pro- 
duced by multiple sequential intracoronary embolizations 
with polystyrene latex microspheres (77-102 I.tm in diameter) 
as previously described [2]. Coronary microembolizations 
were performed during sequential cardiac catheterizations 
under general anesthesia and sterile conditions. Anesthesia 
consisted of intravenous injections of oxymorphone hydro- 
chloride (0.22 mg/kg), diazepam (0.17 mg/kg) and sodium 
pentobarbital (150-250 mg to effect). In all dogs, coronary 
microembolizations were discontinued when LV ejection 
fraction, determined angiographically, was between 30-40%. 
To achieve this target ejection fraction, dogs underwent an 
average of five microembolization procedures performed 1- 
3 weeks apart. Three weeks after the last embolization pro- 
cedure, all dogs underwent a pre-randomization left and right 
heart catheterization. One day after cardiac catheterization 
dogs were randomized to 3 months oral monotherapy with 
enalapril (10 mg twice daily, n = 7) or to no treatment at all 
(control, n = 7). Angiographic measurements were made at 
baseline, prior to any embolizations, and were repeated one 
day prior to randomization and initiation of therapy. Dogs 
were sacrificed after the final hemodynamic study namely, 
3 months after initiating therapy and the hearts were removed 
and prepared for histologic evaluation. The study was ap- 
proved by the Henry Ford Hospital Care of Experimental 
Animals Committee and conformed to the guiding principles 
of the American Physiological Society. 

Ventriculographic measurements 

Left ventriculograms were obtained during cardiac catheteri- 
zation with the dog placed on its right side and were recorded 
on 35 mm cine at 30 frames/sec during the injection of 20 

ml of contrast material (Hypaque meglumine 60%, Withrop 
Pharmaceuticals). Correction for image magnification was 
made with a radiopaque calibrated grid placed at the level of 
the LV. LV end-systolic and end-diastolic volumes were cal- 
culated from ventricular silhouettes using the area-length 
method [5] and were corrected for body surface area (end- 
diastolic volume index = EDVI and end-systolic volume in- 
dex = ESVI). Global indexes of LV shape were used to 
quantitate changes in LV chamber sphericity. Left ventricu- 
lar shape was quantified from angiographic silhouettes based 
upon the ratio of the major-to-minor axis at end-systole (ESR) 
and end-diastole (EDR) [6]. As these ratios decrease (ap- 
proach unity), the shape of the LV deviates from that of a 
typical ellipsoid to one which approaches that of a sphere. 

Immunohistochemical and morphometric assessments 

From each dog, transmural tissue blocks were obtained from 
the LV free wall at the mid-ventricular level and rapidly fro- 
zen in isopentane cooled to -160~ in liquid nitrogen. 
Cryostat sections, 8-10 ~tm thick, were prepared and incu- 
bated at 4~ overnight in rabbit anti-human collagen type III 
polyclonal antibody (Chemicon International, Inc.). Sections 
were then stained with dichlorotriazinyl amino fluorescence 
(DTAF)-conjugated goat anti-rabbit IgG (Chemicon Inter- 
national, Inc.) to visualize interstitial collagen. Immuno- 
fluorescent staining was evaluated with an epifiuorescent 
microscope optimized for DTAF. The same sections were 
used for quantitating myocyte size and volume fraction of 
interstitial collagen. From each section, five microscopic 
fields, each containing a minimum of 100 cardiocytes were 
selected at random for analysis. For each dog, the average 
myocyte cross sectional area (radial sections only) was cal- 
culated using computer-assisted planimetry (SigmaScan, 
Jandell Scientific). The volume fraction (%) of interstitial 
collagen, area occupied by collagen as a percent of total 
surface area, was quantified using computer-assisted video- 
densitometry (JAVAVideo Analysis Software, Jandell Scien- 
tific). LV tissue specimen obtained from 5 normal dogs was 
processed in the same manner and used for comparison. 

Data analysis 

Comparisons of angiographic variable within each group 
were examined between measurements obtained just prior to 
the initiation of therapy and measurements made after com- 
pletion of 3 months of therapy. For these comparisons, a Stu- 
dents paired t-test was used and a probability of 0.05 or less 
was considered significant. To ensure that angiographic pa- 
rameters prior to randomization and initiation of therapy were 
similar between the untreated group and the enalapril treated 



group, comparisons were made using a t-statistic for two 
means. For this test, a probability of  0.05 or less was consid- 
ered significant. Differences in morphometric measures be- 
tween the control (untreated group) and the enalapril treated 
group were also examined using a t-statistic for two means. 
A probability of  0.05 or less was considered significant. All 
data are reported as the mean + standard error of  the mean. 

Results 

Angiographic findings 

There were no significant differences in any of  the pre- 
randomization angiographic parameters between dogs that 
were subsequently randomized to no treatment and dogs 
randomized to active treatment with enalapril. In dogs 
randomized to no treatment, LV ESVI was 44 + 5 ml/m z and 
increased to 64 • 7 ml/m 2 at the end of 3 months of  follow- 
up compared to pre-randomization (71 • 7 vs. 86 + 9 ml/m 2, 
p = 0.007). During the 3 months follow-up period, in this un- 
treated group of dogs, there was also associated significant 
reduction in ESR (1.56 + 0.04 vs. 1.42 + 0.04, p = 0.03) and 
EDR (1.43 • 0.04 vs. 1.29 + 0.05, p = 0.02) indicating in- 
creased LV" chamber sphericity. In contrast, in dogs treated 
with enalapril, all angiographic parameters were not sig- 
nificantly different at the end of  3 months therapy compared 
to values obtained before randomization. In this cohort of  
treated dogs, ESVI was similar before and after therapy (44 
• 5 vs. 44 • 5 ml/m 2, p = 0.94), as was EDVI (67 + 8 vs. 72 
• 7 ml/m 2, p = 0.24), ESR (1.51 + 0.08 vs. 1.46 + 0.10, p = 
0.67) and EDR (1.36 • 0.07 vs. 1.27 • 0.08, p = 0.036). 
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Fig. 1. Bar graph depicting values (mean • SEM) of  average myocyte 
cross-sectional area in normal dogs (NL), dogs with moderate heart fail- 
ure that are untreated (HF) and dogs with moderate HF treated with 
enalapril (HF + ENA). * = p-value relative to NL; # = p-value relative to 
HF. 
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Fig. 2. Bar graph depicting values (mean • SEM) of  volume fraction of  
interstitial collagen in normal dogs (NL), dogs with moderate heart fail- 
ure that are untreated (HF) and dogs with moderate HF treated with 
enalapril (HF + ENA). * = p-value relative to NL; # = p-value relative to 
HF. 

Changes in myocyte size and volume fraction of interstitial 
collagen 

In untreated dogs (control arm), the average LV myocyte 
cross-sectional area was substantially greater than in the LV 
of normal dogs (924 + 63 vs. 608 + 25 ~m 2) (p = 0.002). In 
dogs treated with enalapril, the average LV myocyte cross- 
sectional area (711 • 58 lam:) was significantly smaller than 
untreated dogs (p = 0.029) and not significantly different than 
normal dogs (p = 0.19) (Fig. 1). In untreated dogs, the vol- 
ume fraction of interstitial collagen was nearly 4-fold greater 
than that observed in normal dogs ( 11.5 • 1.5 vs. 3.9 • 0.1%) 
(p = 0.001). In dogs treated with enalapril, the volume frac- 
tion of interstitial collagen (6.1 • 1.2%) was significantly 
lower than in untreated dogs (p = 0.015) and not significantly 
different than normal dogs (p = 0.15) (Fig. 2). 

Discussion 

Results of  the present study indicate that in the absence of  
any drug interventions, dogs with moderate heart failure 
manifest considerable LV remodeling evidenced by progres- 
sive chamber enlargement, progressive chamber sphericity, ~ 
increased cross-sectional area (hypertrophy) of  residual 
cardiocytes and excessive accumulation of interstitial colla- 
gen. Long-term treatment with the ACE inhibitor, enalapril, 
on the other hand prevented or markedly attenuated all of  
these features of  LV remodeling. Enalaprit therapy prevented 
progressive LV dilation and attenuated the increase in cham- 
ber sphericity, myocyte size and interstitial fibrosis. 
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The observation that early long-term therapy with enalapril 
prevents progressive LV enlargement supports the conclu- 
sions of several recent clinical trials [7-9]. In the prevention 
arm of the SOLVD trial (Studies of Left Ventricular Dysfunc- 
tion), early treatment with enalapril in asymptomatic patients 
with reduced LV ejection fraction was shown to reduce the 
incidence of congestive heart failure compared to patients 
randomized to placebo [7]. In a subset of patients with mild 
to moderate heart failure and reduced LV ejection fraction 
enrolled in the treatment arm of the SOLVD trial, long-term 
treatment with enalapril was also shown to prevent progres- 
sive LV enlargement compared to patients randomized to 
placebo [9]. In patients with a first anterior myocardial 
infarction and reduced LV ejection fraction, early therapy 
with the ACE inhibitor, captopril, was also shown to attenu- 
ate LV dilation [8]. Treatment with captopril in the first year 
after an anterior myocardial infarction was also shown to 
attenuate the increase in LV chamber sphericity [10]. The 
effects of other prototypical drugs used in the treatment of 
heart failure have also been examined in terms of their effi- 
cacy in preventing progressive LV chamber dilation. In dogs 
with moderate heart failure produced by multiple sequential 
intracoronary mieroembolizations, we showed that early, 
long-term therapy with the beta-blocker, metoprolol, can also 
prevent progressive LV dilation [4]. In the same dog model, 
however, early, long-term treatment with digoxin failed to 
prevent progressive LV dilation [4]. Consistent with these 
findings, studies in patients with dilated cardiomyopathy 
showed that long-term therapy with metoprolol was also ef- 
fective in reducing LV chamber dimensions [ 11 ]. In patients 
with anterior myocardial infarction, treatment with digoxin 
initiated 7 to 10 days after the onset of symptoms failed to 
prevent the progressive increase in LV end-systolic and end- 
diastolic volume indexes after one year of therapy [12]. 

Although clear evidence exist to indicate that interference 
with the renin-angiotensin system in the form of ACE inhi- 
bition can modulate LV chamber enlargement in patients with 
chronic LV dysfunction and some evidence to suggest that 
this form of  therapy can prevent progressive LV shape 
changes, there is no direct studies in patients which implicate 
ACE inhibition in the prevention or regression of myocyte 
hypertrophy or in the prevention of interstitial fibrosis. There 
are studies in animal models, however, that support the con- 
cept thatACE inhibitors can have a direct effect on myocyte 
hypertrophy and on the accumulation of interstitial collagma. 
In spontaneously hypertensive rats, for instance, treatment 
with captopril resulted in regression of LV hypertrophy [ 13]. 
In a rat model of renovascular hypertension, pretreatment 
with captopril was also shown to largely prevent the appear- 
ance of myocardial interstitial and perivascular fibrosis [ 14]. 

The mechanisms through which ACE inhibition and for 
that matter beta-adrenergic blockade elicit a beneficial effect 
on LV remodeling remain unclear. Certainly modulation of 

aflerload must be taken into account when considering po- 
tential mechanisms of action ofbothACE inhibitors and beta- 
blockers. Studies performed in this laboratory in dogs with 
moderate heart failure, from which the present animal cohort 
was selected, showed that therapy with either enalapril or 
metoprolol attentuated the progressive rise in systemic vas- 
cular resistance seen in untreated dogs; whereas monotherapy 
with digoxin did not [4]. These data provide compelling evi- 
dence that afterload reduction can prevent progressive LV 
enlargement in both patients and animals with chronic LV 
dysfunction. In spontaneously hypertensive rats, blood pres- 
sure reduction after therapy with captopril was also shown 
to be associated with a significant reduction in LV weight and 
with a significant reduction in total myocardial collagen con- 
tent [15]. 

At present, it would be somewhat premature to suggest that 
afterload reduction is the sole factor responsible for the ob- 
served changes in the global and cellular feature of the LV 
remodeling process. Other factors should also be taken into 
account particularly with respect to therapy withACE inhibi- 
tors. Angiotensin-II may have a direct effect on interstitial 
fibrosis through its action on fibroblasts which normally re- 
side in the myocardium. Myocardial fibroblasts possess 
antiotensin-II receptor sites [16] and contain the mRNA 
which is responsible for gene expression oftype-I and type- 
III collagens [17], the major fibrillar collagens of  the 
myocardium [ 18]. Angiotensin-II formed locally, as a result 
of activation of a local renin-angiotensin system [ 19], may 
be a direct stimulus for cell growth [20] independent of its 
effect on afterload augmentation and may also be mitogenic 
to fibroblasts [16, 21 ]. Recent studies in rats with LV hyper- 
trophy produced by aortic banding have suggested that spe- 
cific blockade of angiotensin AT-1 receptors with LA sartan 
(Dup 753) was less effective than ACE inhibition in attenu- 
ating myocardial hypertrophy despite lowering of systemic 
blood pressure [22]. This observation would suggest that 
factors other than prevention of angiotensin-II formation and 
afterload reduction may contribute to the beneficial effects 
elicited byACE inhibition. In addition to preventing the for- 
mation of angiotensin-II, ACE inhibitors also reduce the 
degradation of bradykinin. Potentiation of kinins following 
ACE inhibition can lead to increased release of nitric oxide 
and prostacyclin [23] both of  which are thought to be 
antimitogenic [24]. In a recent study in rats with LV hyper- 
trophy produced by aortic banding, Linz and Scholkens dem- 
onstrated that the beneficial antihypertrophic effect of the 
ACE inhibitor, ramipril, can be prevented by administration 
of a specific B-2 bradykinin receptor antagonist (HOE 140) 
in the absence of any reductions of blood pressure [25]. This 
observation, although unconfirmed, provides some evidence 
that ACE inhibition induced potentiation of bradykinin may 
contribute to the beneficial effects of ACE inhibitors on cer- 
tain components of the LV remodeling process. 
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In conc lus ion ,  the results  o f  the present  s tudy indicate  that 

in dogs  with  mode ra t e  hear t  failure,  ear ly  long- te rm mono-  

therapy  with  enalapri l  p revents  p rogress ive  LV remode l ing  

as ev idenced  by prevent ion  or  attenuation o f  LV enlargement,  

LV c h a m b e r  spherici ty,  m y o c y t e  hyper t rophy  and interstit ial  

fibrosis.  The  exac t  m e c h a n i s m s  o f  this benef ic ia l  e f fec t  o f  

A C E  inh ib i to rs  r ema ins  uncer ta in .  Add i t i ona l  s tudies  are 

needed  which  probe  the effects  o f  angiotens in- I I  and brady-  

kinin receptor  b lockade  on LV remode l ing  in the set t ing o f  

heart  fai lure.  In the absence  o f  such studies,  one  can only  

conc lude  that the benef i t  o f  A C E  inhibit ion on LV remodel ing  

is l ike ly  de r ived  f rom a combina t ion  o f  af ter load reduct ion,  

d i rec t  inh ib i t ion  o f  ang io t ens in - l I  fo rma t ion  and poss ib ly  

f rom reduced  degradat ion  o f  bradykinin .  
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