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Summary. In renovascular hypertensive rats, low doses of angiotensin
converting enzyme (ACE) inhibitors have been found to prevent myocardial
hypertrophy independent of blood pressure level. This finding would suggest
humoral rather than mechanical control of myocyte growth. The aim of this
study was to examine the effect of nonantihypertensive doses of ACE
inhibitor on myocardial hypertrophy and necrosis in hypertensive rats. Reno-
vascular hypertension (RHT) was induced in four-week-old Wistar rats.
Twenty-eight animals were treated for four weeks with three doses of ramipril
(0.01, 0.1 or 1.0 mg/kg/day, which are unable to lower blood pressure.
Fourteen animals were not treated (RHT group). A sham operated, age/
sex-matched group was used as control (n ¼ 10). Myocardial histology was
analysed in 3 mm thick sections of the ventricle stained with either haema-
toxylin-eosin, reticulin silver stain or Masson’s trichrome. There was a
significant correlation between systolic blood pressure and left ventricular to
body weight ratio in both sets of animals: untreated plus controls and ramipril-
treated rats. ACE inhibition prevented myocyte and perivascular necrosis and
fibrosis in a dose-dependent manner. We conclude that myocardial hyper-
trophy in rats with renovascular hypertension is directly related to arterial
pressure, and that this relationship is not affected by nonantihypertensive
doses of ACE inhibitor. Myocardial necrosis/fibrosis and coronary artery
damage induced by angiotensin II are prevented by ACE inhibitor in a
dose-dependent manner, despite the presence of arterial hypertension.

Keywords: pressure overload, coronary artery damage, myocardial fibrosis,
ramipril.

Myocardial hypertrophy in arterial hypertension is com-
monly thought to be the consequence of an increased
pressure load to the heart. However, recent observations
using antihypertensive therapy suggest that prevention
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and regression of cardiac hypertrophy is disassociated
from the blood pressure reduction (Linz et al. 1989;
Schölkens et al. 1991; Baker et al. 1994; Chevalier et al.
1994). For example, treatment with an angiotensin-
converting enzyme (ACE) inhibitor prevented the
increase in left ventricular mass in rats, independent of
its effect on afterload (Baker et al. 1994; Chevalier et al.
1994). Even a low dose of ACE inhibitor, which was
unable to normalize blood pressure in rats with reno-
vascular hypertension, resulted in regression of cardiac
mass(Linz et al. 1989; Schölkens et al. 1991). Moreover,
rats receiving a chronic infusion of angiotensin II (AII)
were found to have an increased left ventricular mass,
even though the pressor activity of AII was blocked or a
nonantihypertensive dose of AII was used (Dostal &
Baker 1992; Susic et al. 1996). Altogether, these results
suggested a direct trophic or growth effect of AII on the
myocyte.

Contrariwise, Battle et al. (1993) detected a significant
correlation between the heart weight and the arterial
blood pressure in rats with unilateral renal ischaemia,
independent of ACE inhibitor treatment. In addition,
Rhaleb et al. (1994) observed that only an antihyperten-
sive dose of ramipril could abolish left ventricular hyper-
trophy in rats with aortic coarctation. These data
suggested that in these experimental conditions the
mechanical load to the heart plays a major role in
myocyte growth.

In addition to this controversy, several studies over the
last decade have supported the hypothesis that myo-
cardial dysfunction accompanying myocardial hypertro-
phy is due to an abnormal collagen accumulation rather
than an increased myocardial mass (Narayan et al. 1989;
Brilla et al. 1991; Cicogna et al. 1994). However, it is not
clear whether this fibrosis is the result of a reactive or
reparative process.

Several investigators have shown that both cardio-
myocyte necrosis and coronary vascular injury are asso-
ciated with increased serum levels of AII(Tan et al. 1991;
Rodrigues et al. 1992; Campbell et al. 1995; Kabour et al.
1995). Campbell et al. (1995) suggested that, while the
necrotic response occurred within the first two weeks of
unilateral renal ischaemia in rats, there was a progres-
sive increase in perivascular and interstitial collagen over
an eight-week follow-up period. This is in disagreement
with our previous findings of sustained injury to the
myocardium throughout a similar period, indicating that
the AII-induced myocardial fibrosis is closely related to
myocardial necrosis (Okoshi et al. 1997).

Therefore, the purpose of this study was to further
investigate the influence of AII on the heart in order to
address these ongoing controversies. Accordingly, the

specific objectives of this study were: (i) to determine the
association between myocardial hypertrophy and pres-
sure overload in the experimental model of renovascular
hypertension, (ii) to test whether this association is
influenced by ACE inhibitor treatment, and (iii) to analyse
how nonantihypertensive doses of ACE inhibitor affect
the remodeling process in the myocardium.

Methods

Animals and groups

Forty-two, four-week-old, male Wistar rats weighing
120–140 g were used in the study. Their care and use
conformed with all NIH guidelines and the protocol was
approved by the University’s Animal Use Committee.
The animals were anaesthetized with thiopental sodium
and a 1.5-cm incision was made posteriorly, below and
parallel to the inferior edge of the rib cage. The left kidney
was exposed and the renal artery was isolated and
carefully separated from the vein. A solid silver clip with
a 0.25-mm opening was placed on the artery to induce
unilateral renal ischaemia and renovascular hyperten-
sion (RHT). Ten sex-and age-matched rats were sham-
operated and used as controls. All animals were housed
in a temperature-controlled room (248C) with a 12-h light/
dark cycle. Food and water were supplied ad libitum.

The renovascular hypertensive rats were randomly
divided into four groups as follows: RHT (untreated,
n ¼ 14), RAM0.01 (n ¼ 7), RAM0.1 (n ¼ 9) and RAM1
(n ¼ 12), treated with either ramipril 0.01, 0.1 or 1 mg/
kg/day respectively, given orally by gavage one day after
the surgery and throughout the study period of 4 weeks.
In our laboratory, pilot experiments have shown that
these doses did not prevent hypertension. The lowest
dose that would fully prevent arterial hypertension in rats
with unilateral renal ischaemia was found to be 10 mg/kg/
day. The rats that were either untreated or treated with
nonantihypertensive doses of ramipril, systolic blood
pressure became significantly greater than normal rats
after approximately one week of unilateral ischaemia.

At the end of the four-week period, the rats were
anaesthetized and the carotid blood pressure was
recorded. Typically, this was performed 3–6 h after the
last dose of ramipril was given. After thoracotomy, the
heart was excised and the left (including the septum) and
right ventricles were separated and weighed.

Morphological study

Coronal sections of the left and right ventricle were fixed
in 10% buffered formalin. Serial 3-mm paraffin-embedded
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cross-sections were taken for histological assessment
and stained with either haematoxylin-eosin to distinguish
areas of necrosis and cellular infiltrate, silver for reticulin
fibers, or Masson’s trichrome to assess the degree of
interstitial remodeling. Masson’s trichrome highlights the
connective tissue, which in the heart consists mostly of
collagen.

Two pathologists, who were blinded as to the source of
the tissue sections, independently examined the slides
and rated the necrosis and fibrosis, if present, as mild,
moderate or severe depending on the following features:
mild – small foci of necrosis or fibrosis affecting
few myocytes; moderate – one or more foci of necro-
sis/fibrosis affecting an area smaller than 0.05 mm2;
severe – one or more foci of necrosis/fibrosis affecting
an area greater than 0.05 mm2. The areas of necrosis
or fibrosis were measured using a binocular micro-
scope attached to a video camera. This system was
connected to a personal computer equipped with image
analysis software (OPTIMAS 4.1, Image Corporation,
USA). Vascular damage was also defined as mild, mod-
erate or severe depending on the following criteria: mild
– perivascular oedema and small inflammatory cellular
infiltration without necrosis; moderate – perivascular
oedema and inflammatory cell infiltration with necrosis
of the myocytes adjacent to the vessels or increased
perivascular fibrosis; severe – perivascular necrosis/
fibrosis with necrosis of arterial smooth muscle cells
and surrounding myocytes. In general, the pathologists’
assessments were similar. When there was marked dis-
agreement, the slides in question were jointly re-analysed in
order to arrive at a consensus.

Cellular cross-sectional area (CSA,mm2) of at least 50
myocytes randomly chosen per heart was measured.
The sections stained with silver were projected at a
magnification of x400 using the same system described
above for measuring myocardial necrosis or fibrosis areas.

Statistical analysis

Pressure, body weight, ventricular weights and the ratio

of left ventricular weight to body weight were expressed
as mean 6 SD and compared by one way analysis of
variance and post hoc Tukey test. The cross-sectional
area data were analysed by nonparametric Kruskall-
Wallis test. Systolic blood pressure and left ventricular/
body weight ratio values were fitted to linear regression
for all groups treated with ramipril and for RHT plus
control groups. The linear regression lines were com-
pared by analysis of variance for comparison of regres-
sion model for several samples (Ostle & Mensing 1975).
The analyses of the presence of myocardial or perivas-
cular damage in all groups were done by using the
simultaneous confidence intervals for contrasts among
binomial populations (Goodman 1964). The microsec-
tions were separated into two categories: none/mild
damage and moderate/severe damage. Statistical
significance was taken to be P< 0.05.

Results

Systolic blood pressure recorded before sacrifice, heart
and body weight data are summarised in Table 1.
Systolic blood pressure was significantly increased in
the untreated RHT group (187 6 26 mmHg) and in rami-
pril treated groups (RAM0.01, 191 6 25 mmHg; RAM0.1,
167 6 24 mmHg; RAM1, 165 6 18 mmHg) compared to
control group (134 6 13 mmHg, P<0.05). Body weight
and right ventricular weight did not differ among the five
groups. The ratios of left ventricular to body weight in
RHT and the three RAM groups were comparable to
each other and significantly greater than those of con-
trols, showing myocardial hypertrophy. These results
indicated that left ventricular hypertrophy was not pre-
vented by nonantihypertensive doses of ACE inhibitor.
There was a significant correlation between systolic
blood pressure and left ventricular to body weight ratio
for the two sets of data (Figure 1). The linear regression
slopes were similar in hypertensive ramipril-treated
and hypertensive untreated plus control rats (0.009
and 0.010 mg/g/mmHg, respectively, P>0.05). These
results suggested that left ventricular hypertrophy was
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Table 1. Group values for systolic blood pressure, recorded before sacrifice, body and ventricular weights

Groups SBP (mmHg) BW (g) LVW (mg) RVW (mg) LVW/BW (mg/g)

Control 133 6 13 300 6 35 599 6 67 203 6 36 2.0 6 0.2
RHT 187 6 26* 282 6 21 760 6 121* 200 6 19 2.7 6 0.3*
RAM0.01 191 6 25* 264 6 23 813 6 117* 220 6 48 3.0 6 0.4*
RAM0.1 167 6 24* 308 6 20 764 6 93* 228 6 35 2.5 6 0.2*
RAM1 165 6 18* 302 6 23 787 6 91* 233 6 35 2.6 6 0.2*

RHT, rats with renovascular hypertension; RAM0.01, RAM0.1 and RAM, RHT treated with either 0.01, 0.1, or 1 mg/kg/day of ramipril, respectively; SBP,
systolic blood pressure; BW, body weight; LVW and RVW, left and right ventricular weight, respectively. * P < 0.05 vs. Control (ANOVA).



directly related to arterial pressure with no influence of
ACE inhibition. For each mmHg rise in systolic blood
pressure, the increase in normalized LV weight was the
same for controls plus untreated renovascular hyperten-
sive rats and for all ACE inhibitor-treated rats. The
myocyte cross-sectional area data (Figure 2) further
confirmed the hypertrophy in ramipril treated rats.

Histologically the RHT and RAM0.01 groups were
undistinguishable from each other (Table 2 and Figure 3
a–d). The myocardial and vascular damages were mod-
erate/severe in both groups. There were several foci of
myocyte necrosis either involving only a group of few
cells or an area greater than 0.05 mm2. Some hearts

presented changes corresponding to subendocardial
myocardium ischaemia. Many coronary arteries pre-
sented hyalinization and fibrinoid necrosis of smooth
muscle cells in the medial layer. There was an adventitial
lymphomononuclear inflammatory exudate and oedema,
involving the adjacent myocytes. The silver staining
demonstrated collapse of the reticular framework at the
sites of myocyte loss. There was increased perivascular
and interstitial fibrosis and scarring.

The RAM0.1 group presented only mild damage of
the myocardium with very small areas of necrosis
(Table 2 and Figure 4a). However, the vascular
damage was mainly moderate with perivascular
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Figure 1. The relationship between
normalized left ventricular weight to
body weight and systolic blood pressure.
(a) W Controls; X Untreated
renovascular hypertensive rats.
y ¼ 0.72þ 0.10 x; r ¼ 0.82; P<0.001 (b)
Three groups of hypertensive rats
treated with nonantihypertensive doses
of ramipril. A RAM0.01; B RAM0.1;
ORAM1. y ¼ 1.05þ 0.009 x; r ¼ 0.71;
P< 0.001 The slopes of both linear
regressions were statistically similar
(ANOVA for comparison of regression
model for several samples).



oedema and inflammatory exudate involving adjacent
myocytes.

The treatment with the dose of 1.0mg/kg/day of ramipril
(RAM1 group) completely prevented myocardial and vascu-
lar damage (Table 2 and Figure 4b). The histology of this
group was statistically similar to the control hearts (Table 2).

Discussion

Treatment with three different nonantihypertensive
doses of ACE inhibitor allowed the investigation of the
hypertrophic response over a wide range of arterial
pressures. The finding that LV weight correlates with
systolic blood pressure, with and without ACE inhibition,

indicates that myocardial hypertrophy in young rats
with renovascular hypertension is strongly affected by
load conditions. Myocardial hypertrophy is known to
be mild or absent in arterial hypertension induced
by chronic inhibition of nitric oxide synthase in rats
(Matsubara et al. 1998) and therefore is thought to be
associated with the absence of an abnormal elevation of
AII in this model (Arnal et al. 1993). This would explain
the myocardial hypertrophy in rats treated with nonanti-
hypertensive doses of ramipril. With unilateral renal
ischaemia, it is reasonable to assume that elevations
in arterial pressure are directly related to increased
levels of circulating AII. Thus, the low doses of ACE
inhibitor did not fully prevent the AII increase and the
resulting hypertension, hypertrophy and myocardial
damage.

Our results differ from previous observations in adults
rats. Schölkens et al. (1991) were able to prevent myo-
cardial hypertrophy in renovascular hypertensive rats
with a nonantihypertensive dose of ramipril (0.01 mg/
kg/day). While Rhaleb et al. (1994) using the same
dose of ramipril were not able to prevent myocardial
hypertrophy in adult hypertensive rats with aortic coarc-
tation, both hypertension and hypertrophy were pre-
vented with a dose of 1 mg/kg/day. It is important to
note that our rats underwent unilateral renal ischaemia at
four weeks of age. It is possible that immature rats may
have a more intensive hypertrophic response to a given
stimulus than do adult rats. For exemple, a significant
correlation between right ventricular weight and pulmon-
ary arterial pressure was obtained only in young rats
exposed to intermittent high-altitude hypoxaemia (Kolar
et al. 1989). Also, ACE inhibitor appears to exert its
influence to a greater degree during periods of rapid
growth. When the effects of enalapril on normotensive
rats, treated from either 4 or 10 weeks of age onwards,
were evaluated, a more pronounced effect on the cardio-
vascular connective tissue of the younger animals was
noted (Keeley et al. 1992).

Tan et al. (1991) also reported myocardial necrosis in
hypertensive rats which was prevented by ACE inhibi-
tion. They also analysed hypertensive rats with no renal
ischaemia and did not find myocardial damage. They
concluded that myocyte injury was caused by angio-
tensin II and was unrelated to hypertension. Others
(Rodrigues et al. 1992) using rats with renovascular
hypertension found widespread necrotizing changes of
the intramural coronary arteries surrounded by areas of
myocyte necrosis. Other studies performed with a
chronic infusion of AII in rats demonstrated that
the cytotoxic effects of AII are receptor mediated
(Kabour et al. 1995) and related to the local release of
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Figure 2. Myocyte cross-sectional area in controls (CONT)
and in renovascular hypertensive rats with no treatment (RHT)
or treated with nonantihypertensive doses of ramipril
(RAM0.01, RAM0.1 and RAM1). The lower boundary of the
boxes indicates the 25th percentile, the line within the boxes
marks the median, and the upper boundary of the boxes
indicates the 75th percentile. Error bars above and below the
boxes indicate the 90th and 10th percentiles. *P<0.05 vs.
Control.

Table 2. Prevalence (%) of moderate/severe myocyte and
perivascular damage in all groups

Groups Myocyte damage Perivascular damage

Control 0.0 0.0
RHT 85.7* 85.7*
RAM0.01 85.7* 71.3*
RAM0.1 20.0 80.0*
RAM1 0.0 0.0

Groups are the same as in Table 1. * P < 0.05 vs. Control
(Goodman test).



neural catecholamines within the heart (Henegar et al.
1995).

Interestingly, several investigators (Kabour et al. 1994;
Campbell et al. 1995) have found that the myocardial

damage induced by chronic infusion of AII is primarily
an acute process occurring in the first 2–3 days of
elevated plasma AII levels. These results suggest a
cardioprotective receptor downregulation (Kabour et al.
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Figure 3. Photomicrographs of the myocardium. In panels a, b, c and d tissue from renovascular hypertensive (RHT) rat illustrates
myocyte necrosis and increased interstitial collagen (a,b magnification ×50) and perivascular inflammatory infiltrate and necrosis (c,d
magnification ×80). There was a close association between interstitial/perivascular inflammatory process seen in H & E (a,c arrows)
and the stromal collapse as demonstrated by silver staining (b,d arrows).

Figure 4. Photomicrographs of the myocardium (×80). In panels a and b, tissue from hypertrophied myocardium of RHT treated with
either 0.1 or 1 mg/kg of ramipril, respectively, illustrate a moderate perivascular inflammatory infiltrate (arrow) and absence of
damage. H & E staining.



1994). However, our findings in rats with unilateral renal
ischaemia for 4–8 weeks suggest a progressive injury
to the myocardium (Okoshi et al. 1997).

The perivascular and interstitial inflammatory
process observed in the hypertensive rats with and
without the lowest dose of ramipril was partially pre-
vented with a 10-fold greater dose and fully prevented
with the highest dose. These results as well as those by
Kabour et al. (1995) indicate a dose-dependent protec-
tive effect of ACE inhibition. Finally, since none of the
doses in this study prevented arterial hypertension, the
vascular injury induced by AII is not due to hypertension.

The close association between the interstitial/perivascular
inflammatory process and stromal collapse as demonstrated
by silver staining indicates that myocardial fibrosis related to
renovascular hypertension is primarily a reparative process
secondary to myocyte necrosis. The full prevention of
myocyte necrosis in the RAM0.1 group, which had moderate
vascular damage, indicates that the myocyte injury is
produced by a direct effect of AII and/or AII-released
catecholamines and is not directly related to myocardial
ischaemia as suggested by Rodrigues et al. (1992).

In summary, this study demonstrates that renovas-
cular hypertensive rats develop myocardial hypertrophy
that is directly related to systolic blood pressure. The
linear regression between blood pressure and ventricular
hypertrophy is not influenced by nonantihypertensive
doses of ACE inhibitor. On the other hand, perivascular
and myocyte necrosis/fibrosis are preventable by such
doses of ACE inhibitor.
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