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Abstract

Angiotensin-converting enzyme inhibitors reduce blood pressure and attenuate cardiac and vascular remodeling in hyperten-
sion. However, the kinetics of remodeling after discontinuation of the long-term use of these drugs are unknown. Our objective 
was to investigate the temporal changes occurring in blood pressure and vascular structure of spontaneously hypertensive rats 
(SHR). Captopril treatment was started in the pre-hypertensive state. Rats (4 weeks) were assigned to three groups: SHR-Cap 
(N = 51) treated with captopril (1 g/L) in drinking water from the 4th to the 14th week; SHR-C (N = 48) untreated SHR; Wistar 
(N = 47) control rats. Subgroups of animals were studied at 2, 4, and 8 weeks after discontinuation of captopril. Direct blood 
pressure was recorded in freely moving animals after femoral artery catheterism. The animals were then killed to determine 
left ventricular hypertrophy (LVH) and the aorta fixed at the same pressure measured in vivo. Captopril prevented hypertension 
(105 ± 3 vs 136 ± 5 mmHg), LVH (2.17 ± 0.05 vs 2.97 ± 0.14 mg/g body weight) and the increase in cross-sectional area to 
luminal area ratio of the aorta (0.21 ± 0.01 vs 0.26 ± 0.02 μm2) (SHR-Cap vs SHR-C). However, these parameters increased 
progressively after discontinuation of captopril (22nd week: 141 ± 2 mmHg, 2.50 ± 0.06 mg/g, 0.27 ± 0.02 μm2). Prevention 
of the development of hypertension in SHR by using captopril during the prehypertensive period prevents the development 
of cardiac and vascular remodeling. Recovery of these processes follows the kinetic of hypertension development after dis-
continuation of captopril.
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Hypertension is both a complex disease and an impor-
tant risk factor for other cardiovascular outcomes, such as 
sudden death, stroke, myocardial infarction, heart failure, 
and renal disease (1-3). The spontaneously hypertensive 
rat (SHR) is considered to be the best animal model for 
studies of essential hypertension in humans. The kinetics 
of blood pressure changes in these animals can be divided 
into three phases. In the pre-hypertensive phase (up to the 
4th postnatal week), their blood pressure is similar to that of 
control normotensive rats. In the labile-hypertension phase 
(5th to 14th week of age) there is a progressive increase 
of blood pressure. Finally, in the established-hypertension 
phase (starting from the 15th week) steady and high blood 
pressure levels are observed until the end of life (4). This 
classification, however, has not been consensual (5,6). 

Captopril was the first angiotensin-converting enzyme 
(ACE) inhibitor clinically used in hypertensive patients and 
has been widely used in experimental and clinical studies, 
showing that its long-term use normalizes blood pressure, 
prevents the development of cardiac hypertrophy and vas-
cular remodeling, and decreases mortality and morbidity 
(2,6-11). Some studies have shown that the long-term use 
of captopril in SHR in the prehypertensive phase is able 
not only to prevent the development of high blood pres-
sure levels and cardiac hypertrophy, but also to maintain 
low blood pressure levels even after discontinuation of its 
use (2,12). These findings differ from those obtained with 
other antihypertensive drugs administered to SHR such as 
β-blockers, vasodilators and calcium antagonists, whose 
discontinuation results in a return of blood pressure levels 
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equivalent to those seen in untreated animals (13,14). 
Freslon and Giudicelli (12), for example, observed that 
treatment with captopril and hydralazine normalized blood 
pressure. However, only the animals treated with captopril 
(100 mg·kg-1·day-1) maintained normal blood pressure 
levels for 7 weeks after treatment interruption. Other stud-
ies have shown that when captopril was given to SHR in 
the prehypertensive phase (8,15) or since intrauterine life 
(16,17), the arterial pressure and cardiac mass were main-
tained within normal limits for a long period of time after birth 
even after discontinuation of captopril. It has been argued 
that the use of captopril during the prehypertensive phase 
may prevent the hypertrophy of arterial smooth muscle, thus 
preventing the development of hypertension in later phases 
of life. Thus, our objective in this study was to compare the 
patterns of the remodeling process occurring in the heart 
and in the aorta of SHR treated with captopril beginning in 
the prehypertensive phase.

Material and Methods

Animals and experimental groups
Rats were divided into three groups at the age of 4 

weeks: a) SHR-Cap (N = 51), SHR treated with captopril; 
b) SHR-C (N = 48), untreated control SHR, and c) untreated 
Wistar rats (N = 47). Sex was balanced within each group. 
The animals had free access to water and rat chow. Capto-
pril was dissolved in the drinking water (1 g/L) and offered 
to the SHR-Cap group from the 4th to the 14th week after 
birth. Subgroups (N = 11 to 15) of SHR-Cap, SHR-C and 
Wistar animals were studied at the ages of 14, 16, 18, and 
22 weeks to measure blood pressure and to determine 
cardiac and vascular remodeling parameters. All animals 
were maintained in rooms with controlled temperature (20-
25°C) and a 12:12-h dark/light cycle. All procedures were 
according to the Guide for the Care and Use of Laboratory 
Animals (NIH Publication No. 85-23, revised 1996), and 
the project was approved by our Committee of Ethics on 
Animal Research (Protocol #021/2007) in the Universidade 
Federal do Espírito Santo.

Blood pressure record
A polyethylene catheter (PE10 coupled to PE50) was 

inserted into the left femoral artery under chloral hydrate (400 
mg/kg) anesthesia and fixed to the dorsal neck region. Blood 
pressure was recorded in freely moving and unrestrained 
animals 12-16 h later by connecting the arterial catheter 
to a pressure transducer (Statham, model P23AA, USA) 
coupled to an amplifier (FUNBEC, model MP100, Brazil) 
and to a chart recorder (FUNBEC, model RG300). Mean 
arterial pressure (MAP) and heart rate were determined 
electronically.

Arterial measurements
After blood pressure recording the animals were anes-

thetized again and the heart was rapidly removed and rinsed 
in physiological saline. The ventricles were separated and 
weighed. Hypertrophy of the cardiac chambers was deter-
mined by the chamber weight to body weight ratio. A metal 
needle was attached to the aortic arch and blood from the 
arterial tree was washed out with warmed (37°C) saline. The 
needle was then connected to a perfusion system contain-
ing Bouin solution. The perfusion pressure was adjusted 
to the same value of the MAP measured in vivo in order to 
maintain as much as possible the vascular shape without 
deformation. After 30-min perfusion, a 1-cm fragment of 
the aorta was removed at the level of the diaphragm and 
stored for 24 h in Bouin solution. The aortic ring was embed-
ded in paraffin. Slices (5 µm, Rotary Microtome, American 
Optical, Model 820, USA) were stained with hematoxylin-
eosin and used for histological measurements obtained 
with dedicated software (Leica EWS 2100, Germany) at 
40 to 120X magnification (Olympus AX-70 microscope, 
Japan). Four transverse slices were examined from each 
aorta and the mean of these measurements was used as 
the representative value for each animal. A minimum of 4 
animals were studied in each group and age. The artery 
was considered to have an elliptical shape and the areas 
from the lumen and media were calculated as previously 
described (18). The circumferential wall tension (dyn/cm) 
was calculated as MAP x artery radius, and the wall stress 
(dyn/μm2) as [(MAP x luminal area (LA)) / transverse sec-
tion area (TSA)].

Statistical analysis
Data are reported as means ± SEM. One-way analysis 

of variance (ANOVA) followed by the Tukey post hoc test 
was used to compare means. Statistical analysis was 
performed using the GraphPad Prism software (USA) and 
statistical significance was set at P < 0.05.

Results

The body weight of the Wistar group was greater than 
that of both SHR groups. A tendency to lower body weight 
was observed in the SHR-Cap group, and the difference 
between the untreated and treated SHR groups became 
progressively smaller after captopril was removed from 
drinking water (data not shown).

Blood pressure recorded in awake and unrestrained 
animals is shown in Figure 1. As expected, captopril fully 
prevented the development of hypertension in the SHR-
Cap group, since after 10 weeks of treatment (4th to 14th 
week) the MAP of the SHR-Cap group was similar to that 
of the Wistar group (105 ± 3 vs 107 ± 3 mmHg; P > 0.05). 
After discontinuation of captopril (14th week), a progres-
sive increase in blood pressure was observed in SHR-Cap 
animals (Figure 1).

The variation of the left ventricle weight to body weight 
ratio (LV/BW) in the Wistar, SHR, and SHR-Cap groups 
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at the 14th, 16th, 18th, and 22nd week of postnatal life 
is presented in Figure 2. In the groups studied just at the 
end of captopril treatment (14th week) the LV/BW ratio of 
SHR-Cap (2.17 ± 0.05 mg/g) was similar to that of Wistar 
rats (2.10 ± 0.04 mg/g), but was significantly lower in both 
groups compared to the SHR-C group (2.97 ± 0.14 mg/g; P 
< 0.05), indicating that captopril prevented the left ventricle 
hypertrophy observed in untreated SHR animals. After 
captopril interruption, there was a progressive increase of 
the LV/BW ratio in the SHR-Cap group (16th: 2.36 ± 0.09, 
18th: 2.44 ± 0.06, 22nd: 2.50 ± 0.06 mg/g) compared to the 
Wistar group (16th: 2.03 ± 0.04, 18th: 1.93 ± 0.06, 22nd: 
1.89 ± 0.16 mg/g). These data show that development of 
left ventricular hypertrophy in untreated SHR depends on 
the presence of high blood pressure or at least in part on 
ACE activation as demonstrated by others (19,20). The right 
ventricle weight to body weight ratio did not differ between 
the SHR-Cap (14th week: 0.67 ± 0.04, 16th week: 0.68 ± 

0.03, 18th week: 0.70 ± 0.08, 22nd week: 0.65 ± 0.03 mg/g) 
and SHR-C groups (14th week: 0.69 ± 0.02, 16th week: 
0.70 ± 0.03, 18th week: 0.69 ± 0.03, 22nd week: 0.65 ± 
0.02 mg/g) at any age. 

To determine whether chronic captopril use was able 
to promote morphological changes in the aorta, the media 
TSA and LA were measured in the animal groups at different 
ages. The TSA/LA ratio was calculated and also compared. 
Similar to the blood pressure findings, the increase of the 
TSA/LA ratio in the aorta was fully prevented by captopril 
treatment. At the 14th week the value for the SHR-Cap group 
was similar (0.21 ± 0.01) to that of the Wistar group (0.19 ± 
0.01), but significantly lower than that of the untreated SHR 
group (0.26 ± 0.02; Figure 3), indicating the development of 
typical artery remodeling secondary to hypertension. After 
discontinuation of captopril treatment, a gradual increase 
of the TSA/LA ratio was observed in the SHR-Cap group 
(16th week: 0.23 ± 0.01, 18th week: 0.25 ± 0.01, 22nd week: 

Figure 1. Mean arterial pressure (MAP) of the Wistar, SHR-C 
and SHR-Cap groups in the 14th, 16th, 18th, and 22nd weeks of 
post-uterine life. SHR-Cap = group of spontaneously hyperten-
sive rats (SHR) treated with 1 g/L captopril in drinking water (N = 
12-15); SHR-C = group of untreated SHR (N = 11-13); Wistar = 
group of untreated Wistar rats (N = 11-12). Data are reported as 
means ± SEM. *P < 0.05 vs Wistar and SHR-Cap; +P < 0.05 vs 
Wistar (one-way ANOVA).

Figure 2. Left ventricle mass to body weight ratio (LV/BW) of the 
Wistar, SHR-C and SHR-Cap groups in the 14th, 16th, 18th, and 
22nd weeks of post-uterine life. SHR-Cap = group of spontane-
ously hypertensive rats (SHR) treated with 1 g/L captopril in drink-
ing water (N = 12-15); SHR-C = group of untreated SHR (N = 
11-13); Wistar = group of untreated Wistar rats (N = 11-12). Data 
are reported as means ± SEM. *P < 0.05 vs Wistar and SHR-Cap; 
+P < 0.05 vs Wistar (one-way ANOVA).
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0.27 ± 0.01) while a stable TSA/LA ratio was observed in 
the Wistar group (16th week: 0.18 ± 0.01, 18th week: 0.19 
± 0.01, 22nd week: 0.19 ± 0.01; Figure 3). 

After discontinuation of captopril, TSA increased by 
11, 12 and 19% at the 16th, 18th, and 22nd week, respec-
tively. However, the aorta LA underwent a reduction of 5 
and 1% in the 18th and 22nd week groups, respectively. 
These results suggest that captopril treatment has a more 
important participation in the remodeling of the medial 
cross-sectional area. Additionally, as can be observed in 
Figures 1 and 2, MAP and LV/BW increased progressively 
after the discontinuation of captopril treatment. The increase 
in MAP at the 16th, 18th, and 22nd week was 7, 24, and 
34%, and the increase of the LV/BW ratio was 9, 12, and 

15%, respectively.
Aorta wall tension and stress are illustrated in Figure 

4. After the discontinuation of captopril treatment, the wall 
tension of the SHR-Cap group showed a progressive 
increase (14th week: 75.56 ± 2.84, 16th week: 86.08 ± 
2.64, 18th: 91.09 ± 3.76, and 22nd week: 101.36 ± 2.87 
dyn/cm), although it was not statistically different from the 
values measured in the Wistar group (14th week: 78.90 ± 
2.39, 16th week: 82.50 ± 4.57, 18th week: 81.27 ± 4.58, 
and 22nd week: 85.22 ± 4.01 dyn/cm). The SHR-C group, 
however, presented significantly higher (P < 0.05) values 
(14th week: 107.17 ± 7.03, 16th week: 107.35 ± 5.18, 18th 
week: 112.99 ± 8.07, and 22nd week: 117.73 ± 7.6 dyn/cm) 
than those measured in the SHR-Cap and Wistar groups, 

Figure 3. Medial cross-sectional area to lumen area (TSA/LA) ra-
tio of the aorta artery in the Wistar, SHR-C and SHR-Cap groups 
in the 14th, 16th, 18th, and 22nd weeks of post-uterine life. SHR-
Cap = group of spontaneously hypertensive rats (SHR) treated 
with 1 g/L captopril in drinking water (N = 4-7); SHR-C = group 
of untreated SHR (N = 4-5); Wistar = group of untreated Wistar 
rats (N = 4-5). Data are reported as means ± SEM. *P < 0.05 vs 
Wistar and SHR-Cap; +P < 0.05 vs SHR-C and SHR-Cap (one-
way ANOVA).

Figure 4. Aorta wall tension (A) and stress (B) in the Wistar (N = 4-5), SHR-C (N = 4-5) and SHR-Cap (N = 4-7) groups in the 14th, 
16th, 18th, and 22nd weeks of post-uterine life. Data are reported as means ± SEM. SHR-C = group of untreated spontaneously hy-
pertensive rats (SHR); SHR-Cap = group of SHR treated with 1 g/L captopril in drinking water. *P < 0.05 vs Wistar and SHR-Cap; +P 
< 0.05 vs Wistar; **P < 0.05 vs Wistar and SHR-C; ++P < 0.05 vs SHR-C (one-way ANOVA).
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except at the 22nd week when no significant difference was 
observed between the SHR-Cap and SHR-C groups. In the 
14th week, the SHR-Cap group presented a lower value 
of wall stress (462.00 ± 14.01 dyn/μm2; P < 0.05) than the 
SHR-C (608.59 ± 16.54 dyn/μm2) and Wistar groups (589.90 
± 43.34 dyn/μm2). After the discontinuation of captopril the 
wall stress of the SHR-Cap group increased progressively, 
so that in the 22nd week there were no differences (541.15 
± 39.41 dyn/μm2) compared to the SHR-C (635.17 ± 44.04 
dyn/μm2) and Wistar (588.26 ± 22.43 dyn/μm2) groups. 

Discussion

The observations reported here provide support to the 
hypothesis that vascular remodeling in SHR is not geneti-
cally mediated, but depends strictly on blood pressure in-
crease during the life of these animals. Some studies have 
shown that long-term captopril treatment not only reduces 
high blood pressure levels in hypertension (2,6,8,10) but 
also reverses both the cardiac and vascular smooth muscle 
hypertrophy (6). In the present study, we demonstrated 
that captopril treatment starting from the prehypertensive 
phase fully prevents the development of hypertension as 
well as cardiac hypertrophy and aorta remodeling. It has 
been argued that the precocious use of ACE inhibitors in 
hypertension might interfere with some anatomical and/or 
functional parameters necessary to prevent age-dependent 
blood pressure increase (21,22). 

In the present study, we made serial observations related 
not only to blood pressure, but also to cardiac hypertrophy 
and aortic remodeling for 8 weeks after discontinuation of 
captopril. With the use of direct assessment of blood pres-
sure and histological measurements, our findings did not 
confirm previous observations that precocious use of ACE 
inhibitors can prevent hypertension development later.

Our observations related to the reduction of blood pres-
sure and prevention of cardiac hypertrophy and vascular 
remodeling in SHR under captopril treatment are similar to 
those reported by others (8,15-18). However, differently from 
other studies (8,16,17), after interruption of captopril treat-
ment we observed a progressive increase of blood pressure 
and a parallel increase of left ventricular mass and aortic 
remodeling. Thus, Harrap et al. (8) treated young SHR with 
perindopril and observed that blood pressure was reduced 
significantly during treatment, rose when treatment was 
stopped, but plateaued significantly below the blood pres-
sure levels of untreated SHR. Fifteen weeks after perindopril 
discontinuation, treated SHR animals also presented less 
left ventricular weight compared to untreated SHR.

In our study, captopril was initiated 4 weeks after birth. 
Wu and Berecek (17) did not analyze cardiac remodeling, 
but they showed that when the dams were treated with 
ACE inhibitors their offspring presented lower blood pres-
sure levels. According to these investigators, the early 
use of captopril in SHR may change the expression or 

function of angiotensin II receptors, determining long-term 
effects on blood pressure regulation. However, short-term 
treatment of young SHR with perindopril (8) was sufficient 
to reduce systolic blood pressure and to maintain it for 
several weeks after discontinuation of treatment. We did 
not observe this finding in our study, suggesting that drug-
specific effects of different ACE inhibitors may account for 
these differences.

Our data show clearly that blood pressure progressively 
increased as captopril was withdrawn from pretreated SHR 
animals. Left ventricular hypertrophy and aortic remodel-
ing also develop with time. However, cardiac hypertrophy 
appears before blood pressure increase, suggesting that 
myocyte hypertrophy may be independent, at least in part, 
on the increase in blood pressure. In fact, ACE inhibition 
can attenuate cardiac hypertrophy independent of a change 
in blood pressure (23), suggesting that this effect may be 
secondary to the blockade of the local renin-angiotensin-
aldosterone system in the heart. Moreover, it is well known 
that SHR have increased sympathetic activity (24). Veliotes 
et al. (25) reported that cardiac hypertrophy and dysfunction 
induced by chronic β-adrenergic stimulation are mediated 
by the activation of the local renin-angiotensin-aldosterone 
system in the heart, a fact previously observed in rats 
treated with isoproterenol (26). Thus, the activation of the 
local renin-angiotensin-aldosterone system in the heart may 
accelerate the development of cardiac hypertrophy before 
the rise in blood pressure. 

We also observed a reduction of the TSA/LA ratio with 
long-term captopril treatment, but after discontinuation of 
treatment there was a progressive increase of the aorta TSA/
LA ratio. It is worth noting that in our study the aorta fixation 
process was performed in such a way as to maintain the 
internal forces at a value similar to that occurring in vivo, 
since the vessel was fixed at the same pressure as mean 
blood pressure. This protocol allows the maintenance of 
arterial shape and a more reliable evaluation of vascular 
remodeling. Additionally, we observed that the prevention 
of aortic remodeling in SHR treated with captopril mainly 
affected the media layer, and not the LA. Giummelly et al. 
(6) also observed that 6 months of SHR treatment with 
captopril plus hydrochlorothiazide reduced the medial cross-
sectional area but not the internal diameter of the thoracic 
aorta. The internal diameter was altered only after 1 year of 
treatment. Perindopril treatment of SHR from 6 to 10 weeks 
of age reduced arterial pressure, relative cardiac mass, 
media thickness and the media/lumen ratio of mesenteric 
vessels by the 32nd week, but no differences was found 
in the lumen diameter of these vessels (8). These results 
contradict the suggestion that arterial lumen reduction is 
the main factor related to the increase in arterial TSA/LA 
ratio in hypertension (27).

Aorta wall tension was normalized by captopril treatment 
and increased progressively after treatment discontinua-
tion. Since wall tension is the product of arterial pressure 
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to arterial radius it is expected that this index may follow 
the behavior of arterial pressure. As expected, the measure 
of the aorta wall stress obtained by the ratio between wall 
tension and TSA presented lower values in the SHR-Cap 
group in the 14th week, with a progressive increase in the 
subsequent weeks, following a time course similar to that 
observed for mean arterial pressure.

It is noteworthy that, although our data differ from those 
obtained in some experimental studies, because SHR used 
in our experiment recovered high blood pressure levels as 
captopril use was discontinued, clinical findings support 
our hypothesis that discontinuation of ACE inhibitors leads 
to a return of hypertension (28-30). Thus, our data clearly 
demonstrate that vascular remodeling in hypertension is a 
dynamic process and that antihypertensive drugs, i.e., ACE 
inhibitors, only attenuate the progression of remodeling, 
with the consequent need to maintain therapy.

The fact that male and female rats were pooled in each 
group is a limitation of our study. In fact, a comparison be-
tween sexes showed no difference. However, the number 

of animals used in the study was too small to detect pos-
sible differences.

The present study shows that captopril treatment of SHR 
for 10 weeks starting from the prehypertensive phase fully 
prevented blood pressure increase and aorta remodeling. 
These effects, however, disappeared when treatment was 
stopped and 8 weeks later the beneficial effects of blood 
pressure control (reduction of cardiac hypertrophy, reduc-
tion of arterial stress) were reduced. Our findings in SHR 
agree with clinical observations of hypertensive patients, in 
which the beneficial effects of long-term use of ACE inhibi-
tors also disappear after weeks or months after treatment 
interruption.
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