
Citation: Rassler, B.; Hawlitschek, C.;

Brendel, J.; Zimmer, H.-G. How Do

Young and Old Spontaneously

Hypertensive Rats Respond to

Antihypertensive Therapy?

Comparative Studies on the Effects of

Combined Captopril and Nifedipine

Treatment. Biomedicines 2022, 10, 3059.

https://doi.org/10.3390/

biomedicines10123059

Academic Editors: Josef Zicha and

Ivana Vaněčková
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Abstract: Numerous studies on the effects of antihypertensive treatment in young spontaneously
hypertensive rats (SHRs) have shown that early-onset therapy may effectively reduce their blood
pressure (BP) even to normotensive values. In contrast, only a few studies investigated the effects of
treatment started at an advanced age. These studies revealed that antihypertensive effects are lower
in adult or even in senescent SHRs compared with young SHRs. Even more, prevention of cardiac
sequelae of hypertension such as hypertrophy and fibrosis is less effective when treatment starts
late in life. Because, in patients, combination therapies with calcium antagonists are favored, we
studied the efficacy of a combination therapy with captopril and nifedipine in young and old SHRs.
We directly compared the treatment effects on BP as well as on cardiac hypertrophy and remodeling
between these two animal cohorts. With antihypertensive treatment, significantly lower BP values
were achieved in young SHRs despite a shorter treatment period compared with old SHRs. Although
treatment effects on cardiac hypertrophy were greater in old than in young SHRs, cardiac fibrosis
was significantly attenuated only in young but not in old SHRs. The results emphasize the value of
antihypertensive therapy and particularly accentuate the importance of an early-onset therapy. With
respect to problems such as late diagnosis and poor therapy adherence, these results may have great
importance for the treatment of human hypertension.

Keywords: young SHR; old SHR; antihypertensive therapy; combination therapy; treatment effect;
systolic blood pressure; LV hypertrophy; cardiac fibrosis

1. Introduction

With a global prevalence of about 40% in the adult population [1], arterial hypertension
is the main risk factor for morbidity and mortality of cardiovascular diseases and is consid-
ered to be the leading cause of death in industrialized countries [2–4]. In the overwhelming
majority of patients, hypertension manifests in adulthood. The number of hypertensive
adults aged 30–79 years in the world is more than 1.2 billion people at present [5]. The
prevalence of hypertension increases with advancing age to 60–70% in people aged over
60–65 years [3,6]. From all hypertensive patients, only about 50% are diagnosed, and in
about 40–50% of diagnosed patients, treatment is lacking or insufficient to stabilize blood
pressure (BP) at values below 140/90 mmHg [5,7–9]. Untreated or insufficiently treated
arterial hypertension leads to constant pressure load of the left ventricle (LV), which first
results in cardiac hypertrophy. With long maintenance of hypertension, it may progress to
cardiac remodeling, fibrosis, dilatation, and finally heart failure. One of the main causes
of lacking or insufficient treatment of diagnosed hypertension is poor adherence or even
non-adherence to treatment [3]. The term adherence denotes the extent to which the patient
complies with the therapy recommendation. Non-adherence to antihypertensive therapy
affects 10–80% of all hypertensive patients, preferably elderly patients [9,10]. Poor adher-
ence to antihypertensive treatment is associated with elevated BP values, an increased
cardiovascular risk, and a poor prognosis in these patients [3,9].
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Although the prevalence of hypertension is significantly higher in persons above
60 years, about 13% of younger adults between 20 and 40 years of age worldwide are
hypertensive with an average BP above 140/90 mmHg [11]. In a study on young adults,
only 11% of the hypertensive persons received antihypertensive medication at the time of
enrolment [12]. Hypertension is less frequently diagnosed in young than in old adults [11].
Younger adults may be in their prehypertensive state, which may remain undetected or
underestimated for a longer period of time. However, four out of five prehypertensive
people aged 40–49 years would become hypertensive in the next 10 years [13]. Prehyper-
tensive and even hypertensive young people are often not aware of their BP [14]. However,
several studies have demonstrated that elevated BP at youth correlates with higher rate
of LV hypertrophy and cardiovascular mortality at an older age [15–17]. Therefore, the
ESC/ESH recommends that all adults ≥18 years should have their office BP measured and
recorded, and be aware of their BP [3].

Several years ago, the SPRINT study was the first randomized trial that clearly
demonstrated the benefits of a systolic BP (SBP) reduction below previous target values to
120 mmHg [18,19]. A change in BP of 20/10 mmHg is associated with a 50% difference in
cardiovascular risk [9]. In patients who were at increased risk of cardiovascular disease,
antihypertensive therapy targeting SBP below 120 mmHg resulted in lower rates of ma-
jor adverse cardiovascular events and mortality compared with target SBP of less than
140 mmHg [20]. Consequently, the BP targets have been revised in the recent European,
U.S., and WHO guidelines [3,21,22]. Early initiation of therapy and faster achievement of
the recommended BP targets (within 6 months, ideally even within 3 months) are associated
with a significant reduction in heart failure and other major cardiovascular events [23].
For initiation of antihypertensive therapy, a combination treatment of a blocker of the
renin-angiotensin system (RAS; either an angiotensin-converting enzyme (ACE) inhibitor
or an angiotensin receptor blocker) with a calcium channel blocker (CCB) or diuretic is the
preferred recommendation for most hypertensive patients. Combination therapy, prefer-
ably as single-pill combination, has been proven to be more effective in fast achievement of
the recommended BP targets and to be associated with a better adherence of patients to
treatment [3,23].

Purpose of the Present Study

To prevent the development of cardiovascular complications, adequate therapy should
start as early as possible. In animal models, efficient antihypertensive therapy started in
their prehypertensive state proved to be more efficient than the same therapy started
in adulthood when hypertension was manifest [24,25]. In humans, there is still much
controversy about the treatment of younger adults with low-risk grade 1 hypertension and
about the efficacy of antihypertensive treatment in young hypertensives compared with old
patients. Conventional clinical outcome studies are difficult to perform in people before age
40, hence there is a lack of randomized clinical trials for young hypertensive patients [3,11].
Consequently, it is not clear whether the effects of antihypertensive treatments in old and
young people are comparable. Even in animal models, there are only very few studies
comparing treatment effects in young and old animals. Previously, we had performed
studies on antihypertensive treatments in young (aged 7–10 weeks) [26] and old (aged
60–82 weeks) spontaneously hypertensive rats (SHRs) [27]. The present study was designed
to directly compare the treatment effects achieved in young and old SHRs. The relative
reduction of SBP, parameters of LV hypertrophy and LV remodeling and fibrosis induced
by a combination of the ACE inhibitor captopril and the CCB nifedipine was compared
using a two-way ANOVA with the factors treatment and age. The purpose of this analysis
is to show how effectively the reduction in SBP and attenuation of cardiac hypertrophy and
remodeling can be achieved with early-onset compared with late-onset therapy.
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2. Materials and Methods

We re-evaluated data from two previously published studies on male SHRs [26,27].
The raw data were obtained from these studies and were re-analyzed using a new statistical
approach allowing a direct comparison between the data from both animal studies. All
animal protocols were approved by the state agency (Landesdirektion Sachsen, number
and date of approval: TVV 36/08; 13 May 2009) in accordance with the Guide for the Care
and Use of Laboratory Animals published by the National Institutes of Health and with
the “European Convention for the Protection of Vertebrate Animals used for Experimental
and other Scientific Purposes”.

In brief, we analyzed data from 12 young SHRs aged 7–10 weeks (ySHRs) and fourteen
old SHRs aged 60–82 weeks (oSHRs). The study on ySHRs [26] was designed as a pilot
study to identify the most appropriate treatments to be applied to oSHRs. The ySHRs
were intended to be in their adolescence throughout the experiment. For this reason, the
experimental period was defined from 7 to 10 weeks of age. In contrast, the old SHRs
should be treated over a long period of time, which was set to 22 weeks [27].

All animals were cultured at Charles River, Sulzfeld, Germany. Both groups were
subdivided at random into two subgroups each, one remaining untreated and serving as
control (yCtrl, n = 6; oCtrl, n = 7) and the other one being treated with a combination of
captopril (60 mg kg−1 d−1, Axxora, Lörrach, Germany) and nifedipine (10 mg kg−1 d−1,
Sigma-Aldrich Chemie, Steinheim, Germany). The treated groups were labeled as yC+N
(n = 6) and oC+N (n = 7). ySHRs were 7 weeks of age at the beginning of the treatment
period, which lasted 3 weeks. In oSHRs, the treatment period started at 60 weeks of age
and lasted 22 weeks. The medication (or placebo in Ctrl animals) was administered as
tablets for oral uptake given into the cages along with chow once daily between 9:00 a.m.
and 10:00 a.m.

Before and during the experimental period, we regularly measured systolic blood
pressure (SBP) using the tail-cuff-method (TSE Blood Pressure Monitor, Series 209002, TSE
Systems GmbH, Bad Homburg, Germany; for more details, see [26,27]). Values from the
final SBP measurement performed in the last experimental week were taken for the present
re-evaluation.

At the end of the experiments, the animals were sacrificed and their hearts were
extracted. We determined heart weight (HW) as a measure of cardiac hypertrophy. We
analyzed the absolute HW as well as HW normalized to final body weight (HW/BW).
Pieces of the left ventricle (LV) were obtained to perform ribonuclease protection assays
to determine several markers of LV hypertrophy and remodeling. mRNA expressions of
atrial natriuretic peptide (ANP) and collagen types I (Coll 1) and III (Coll 3) were included
into the present analysis. Histological preparations were made from the cardiac apex. A
score ranging from 0 (= no fibrosis) to 3 (= fibrosis of the entire heart) was applied to assess
the histological degree of fibrosis (for more details, see [26,27]). The degree of fibrosis was
also included in the present analysis.

Statistical analyses were carried out with the software package SigmaPlot Version 14.0
(Systat Software GmbH, Erkrath, Germany) for Windows. First, we directly compared
final SBP, HW, HW/BW, ANP mRNA, Coll 1 mRNA, Coll 3 mRNA, and degree of fibrosis
among all four groups (yCtrl, yC+N, oCtrl, oC+N) using a two-way ANOVA with the
factors A = treatment (Ctrl or C+N) and B = age (y or o). As a post-hoc test, an all pairwise
multiple comparison procedure according to the Holm–Sidak method was applied.

In addition, we assessed the treatment effect for each parameter and compared the
treatment effects in young versus old SHRs. The treatment effect was calculated for each
treated animal as the difference between the average value of the respective Ctrl group (y
or o) and the individual value of the treated animal. The difference was normalized to the
average yCtrl or oCtrl value (given in %). A positive value of the treatment effect marks an
improvement (i.e., reduction) in the parameter. For the comparison of young versus old,
we first performed a Shapiro–Wilk test for normality. In the case of normal distribution, we
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performed a t-test, otherwise a Mann–Whitney rank sum test was applied. p-values < 0.05
were considered significant.

3. Results
3.1. Treatment Effects on SBP

SBP of young SHRs at baseline (age 7 weeks) was 173.8 ± 3.1 and 157.5 ± 3.7 mmHg
for Ctrl and C+N animals, respectively (Table 1). This difference was not significant. The
original experiment [26] included a total of 42 ySHRs with an average SBP at baseline
of 171.2 ± 3.5 mmHg. In untreated ySHRs, SBP increased continuously over the 3-week
period of observation to 201.7± 6.5 mmHg at 10 weeks of age. This was significantly higher
than SBP of age-matched SHRs after 3 weeks of C+N treatment. In the first two weeks of
treatment, SBP decreased to 115.8 ± 2.4 mmHg. SBP of age-matched Wistar–Kyoto rats
(WKY) was with 123.1 ± 0.9 mmHg in a similar range [26]. However, in the final treatment
week, SBP re-increased to 152.5 ± 2.8 mmHg. The difference to untreated ySHRs was with
49.2 ± 2.8 mmHg significant (p < 0.001) corresponding to a treatment effect of 24.4 ± 1.4%
of untreated Ctrls.

Table 1. SBP, HR, and BW of young and old SHRs.

Animal Group SBP [mmHg] HR [min−1] BW [g]

Baseline Final Baseline Final Baseline Final

yCtrl 173.8 ± 3.1 201.7 ± 6.5 ◦ 384.2 ± 10.3 416.5 ± 13.5 185.7 ± 4.2 309.7 ± 7.3 ◦◦

yC+N 157.5 ± 3.7 152.5 ± 2.8 396.9 ± 9.1 397.7 ± 9.2 175.8 ± 7.3 308.0 ± 7.3 ◦◦

oCtrl 231.0 ± 8.7 239.0 ± 5.1 413.5 ± 14.3 400.2 ± 20.6 396.7 ± 9.7 377.6 ± 37.2

oC+N 244.5 ± 8.1 193.6 ± 4.8 ◦ 401.0 ± 14.6 409.2 ± 6.7 414.7 ± 8.6 418.6 ± 5.4 *

Data are given as means ± SEM. Baseline values were obtained at 7 weeks of age in young SHRs and at 60 weeks
of age in old SHRs. Final values were obtained at 10 weeks of age in young SHRs and at 82 weeks of age in
old SHRs. Treatment groups: y/oCtrl: untreated animals, y/oC+N: animals treated with captopril + nifedipine.
* significant vs. corresponding Ctrl group (p < 0.05); ◦ significant vs. baseline value (p < 0.01); ◦◦ significant vs.
baseline value (p < 0.001).

Age had a significant effect on SBP (p < 0.001). In untreated oSHRs aged 60 weeks, SBP
was 231.0± 8.7 mmHg and hardly rose during the following 22 weeks to 239.0 ± 5.1 mmHg
at week 82 of age (p < 0.001 compared with untreated ySHRs). Treatment with C+N over
22 weeks significantly reduced SBP by 45.4 ± 4.8 mmHg to 193.6 ± 4.8 mmHg (p < 0.001;
Table 1); this is, however significantly higher than in yC+N rats (p < 0.001; Figure 1A).
The treatment effect is 19.0 ± 2.0% of the untreated oCtrls. However, despite a much
longer period of therapy in oSHRs, this treatment effect is lower than in ySHRs (p = 0.059;
Figure 1B).

3.2. Treatment Effects on Cardiac Hypertrophy
3.2.1. Heart Weight

The relative heart weight (HW/BW) of ySHRs was 3.50 ± 0.07 mg/g without therapy
and 3.06 ± 0.06 mg/g (p = 0.331) after 3 weeks of C+N therapy, which is a treatment effect
of 12.6 ± 1.6%. In untreated oSHRs, HW/BW was significantly higher (5.51 ± 0.51 mg/g,
p < 0.001), but 22 weeks of C+N treatment significantly reduced HW/BW to 3.44 ± 0.20 mg/g
(p < 0.001), which is in a similar range as HW/BW of yCtrl rats (Figure 2A). The treatment effect
was with 37.4 ± 3.7%, significantly greater than in ySHRs (p < 0.005; Figure 2B).

However, the body weight (BW) of the animals changed in a different way; while
BW in 10-week-old SHRs was similar in the untreated and treated groups (309.7 ± 7.3
and 308.0 ± 7.3 g, respectively), 82-week-old untreated SHRs had a considerably lower
BW (377.6 ± 37.2 g) than age-matched C+N-treated rats (418.6 ± 5.4 g; p = 0.042; Table 1).
Moreover, SHRs aged 7–10 weeks are still juvenile, and their HW/BW ratio is substantially
different from that of old SHRs aged 60–82 weeks. Therefore, analysis of the absolute
HW may provide more realistic information about the treatment effects (Figure 2C,D). In
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ySHRs, HW was 1095 ± 40 mg in untreated SHRs and 934 ± 28 mg in C+N-treated animals
(p = 0.136), which means a treatment effect of 14.7 ± 2.6%. In 82-week-old untreated SHRs,
HW was significantly higher than in young animals (p < 0.001). Twenty-two weeks of
C+N treatment significantly decreased HW from 1860 ± 93 mg to 1440 ± 81 mg (p < 0.001)
corresponding to a treatment effect of 26.8 ± 1.3%. Although this treatment effect was
significantly greater than in ySHRs (p = 0.035), HW of treated oSHRs remained significantly
higher than in ySHRs after only 3 weeks of treatment (p < 0.001).
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To assess to what extent the treatment effect on HW is mediated by SBP reduction,
we further calculated HW reduction per unit SBP reduction. While in yC+N rats, HW
decreased by 3.5 ± 0.7 mg/mmHg, this ratio was significantly greater in oC+N animals
(9.7 ± 2.1 mg/mmHg, p = 0.035; data not shown).

3.2.2. ANP mRNA

ANP as a marker of ventricular hypertrophy in 10-week-old untreated SHRs was
13.3 ± 4.0. After 3 weeks of treatment, age-matched SHRs presented a value of 4.3 ± 0.8
(p = 0.775), which is a treatment effect of 67.8 ± 6.0%. There was a significant effect of age
on ANP expression (p < 0.001): In 82-week-old untreated SHRs, it was 235.4 ± 43.8, and
22 weeks of treatment decreased it to 45.7 ± 10.9; p < 0.001; Figure 3A). The treatment effect
was 80.6 ± 4.6%, which is in the same range as in ySHRs (p = 0.118; Figure 3B) despite a
much longer period of treatment.

3.3. Treatment Effects on Cardiac Remodeling and Fibrosis
3.3.1. mRNA Expression of Collagens I and III

With transition to fibrosis, expression of collagen mRNA can be observed. In untreated
ySHRs, the mRNA expression of Coll 1 and Coll 3 was 13.9± 2.1 and 22.5± 1.9, respectively.
Treatment had no significant effect; the mRNA expression of the two collagens was even
slightly increased to 15.4 ± 3.4 and 23.4 ± 3.7, respectively.

In 82-week-old untreated SHRs, mRNA expression of Coll 1 and Coll 3 was in a
similar range, with 15.9 ± 4.6 and 25.4 ± 4.2, respectively. However, 22 weeks of treatment
significantly reduced the collagen mRNA expressions to 4.1 ± 0.8 (Coll 1; p = 0.007) and
9.4 ± 1.5 (Coll 3; p < 0.001). The treatment effects were significantly higher than in young
animals (Coll 1: 74.5 ± 5.2%, p = 0.003; Coll 3: 63.1 ± 6.0%, p = 0.001; Figure 4).
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3.3.2. Fibrosis

Mild to moderate histological signs of fibrosis were already observed in 10-week-old
untreated SHRs (fibrosis degree: 1.47 ± 0.12). Three weeks of treatment reduced the degree
of fibrosis to 0.59 ± 0.17; p < 0.001. The treatment effect was 58.0 ± 11.9%.

Age had a significant effect on the degree of fibrosis. Untreated SHRs aged 82 weeks
presented moderate to severe signs of fibrosis (fibrosis degree: 2.30 ± 0.11), which was
significantly higher than in ySHRs (p < 0.001). After 22 weeks of treatment, there were still
signs of moderate fibrosis (fibrosis degree: 2.13 ± 0.07) corresponding to a treatment effect
of 7.5 ± 3.1%, which was significantly smaller than that in ySHRs (p < 0.001; Figure 5).
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value). Significance marks: d*e significant difference between marked groups, ** p < 0.01, *** p < 0.001;
## significant difference to corresponding young SHR group, p < 0.01.
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1 
 

 

Figure 5. (A) Degree of fibrosis in untreated (Ctrl) and treated (C+N) young and old SHRs. (B) Treat-
ment effects in young and old SHRs (in % of corresponding average Ctrl value). Significance marks:
d*e significant difference between marked groups, *** p < 0.001; ### significant difference to corre-
sponding young SHR group, p < 0.001.

4. Discussion

It is widely accepted that antihypertensive treatment should start as early in life as
possible [3]. Epidemiological studies in humans have shown that young people with high
BP were at higher risk of LV hypertrophy and cardiovascular disease events compared
with normotensive persons [15–17]. Animal studies have shown that early-onset treatment
exerts better effects with respect to SBP and cardioprotection than a therapy started at an
advanced age [24,25]. However, only few studies have directly compared the effects of
antihypertensive treatment in young and senescent SHRs.

4.1. Effects on SBP

The present results showed that treatment effects on SBP were greater in ySHRs than
in oSHRs, thus confirming the experience from earlier studies [24,25]. Early treatment
of SHR with RAS antagonists is able to reduce SBP even to normotensive values [24,28].
However, in their studies, the treatment started in the prehypertensive stage of life, that is,
at or before the age of 4 weeks, and lasted 6–8 weeks. At 7 weeks of age, SBP of untreated
SHRs ranged between 154 and 187 mmHg [26] and increased to 210–220 mmHg by week
12–15 [29]. For comparison, at that age, SBP of normotensive WKY ranges between 115
and 137 mmHg [24,26]. With further aging up to senescence, SBP increases only slightly; in
untreated SHRs aged 60–82 weeks, it was about 240 mmHg (see Table 1). In contrast, SBP
of old WKY remained in the range of young WKY [24]. The present results show that the
treatment effect significantly depends on age; despite a much shorter interval of therapy
(3 weeks only) treatment with C+N between the 7th and 10th week of life reduced SBP
even more than a 22-week therapy with the same medication between the 60th and 82nd
week of life.

Antihypertensive treatment started early in life has not only stronger but also more persis-
tent effects on SBP. In young SHRs aged 4–6 weeks, transient antihypertensive therapy over
4–6 weeks resulted in a significant SBP reduction, which remained until age 24–30 weeks. In
contrast, if such a treatment was initiated during adulthood (between week 20 and 24), the effect
on SBP was significantly lower or even completely abolished [25,30–32]. Antagonists of the
RAS not only exert vasodilatory effects, thus directly decreasing BP. In addition, they prevent
or attenuate structural changes of resistance vessels. This effect, however, is only present in
adolescent and young adult SHRs up to about 20 weeks of age, and is most pronounced at
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4–10 weeks of age [33]. Of note, vascular antihypertrophic effects of RAS antagonists were
also demonstrated in both young and old WKY [24]. Nifedipine is also able to reduce vascular
hypertrophy in SHRs [34]. Prevention of vascular hypertrophy may explain the more potent
antihypertensive effect of early-onset treatment and the long-term maintenance of BP reduction
even after withdrawal of the therapy.

The effect of age found in our study cannot be differentiated from an effect of SBP
at treatment onset; while SBP of all ySHRs presented here was lower than 200 mmHg
at baseline, all of the oSHRs had a baseline SBP above 200 mmHg [26,27]. There was a
significant positive correlation between age and SBP at baseline (r = 0.83; p < 0.001). These
results strongly suggest that greater treatment effects and even normotension might be
achieved the earlier in life the treatment is started.

4.2. Cardioprotective Effects

The therapy effects were not confined to antihypertensive effects but also included
cardioprotective effects. With C+N treatment, cardiac hypertrophy and remodeling were
differentially attenuated in young and old SHRs.

4.2.1. Effects on Cardiac Hypertrophy and Remodeling in Young SHRs

In genetic forms of hypertension such as in SHRs or in humans with essential hy-
pertension, vascular hypertrophy, and consequently elevated vascular resistance, cause
pressure load to the LV, which in turn induces hypertrophy and remodeling of the LV
myocardium. In a previous study on 6-month-old SHRs, both total peripheral resistance
(TPR) and HW/BW were significantly higher than in age-matched WKY rats [35]. A similar
observation has been made in the ySHR study: TPR of yCtrl rats was also significantly
higher than in age matched WKY rats (0.20 ± 0.01 and 0.12 ± 0.02 mmHg·min·kg·mL−1,
respectively; p = 0.01; unpublished data).

In SHR, development of cardiac hypertrophy starts after the prehypertensive stage
between the 4th and 12th week of life [36,37]. At this stage, HW/BW of SHRs is about 13%
higher than that of age-matched WKY [24]. Several studies showed that antihypertensive
therapy with RAS antagonists started between the 4th and 14th week of life reduced
HW/BW or LVW/BW by 19–27% [24,29,30,38,39]. Our study on young SHRs provided
similar results: three weeks of C+N treatment reduced HW/BW by about 14%, but not
to the level of normotensive WKY rats [26]. Without treatment, cardiac hypertrophy
progresses over time, but even when treatment with RAS antagonists is started in adulthood
(between week 24 and 34 of life), significant attenuation of cardiac hypertrophy can be
achieved [24,40].

However, with progress of cardiac hypertrophy, remodeling processes including profi-
brotic processes will develop. Perrucci and co-workers demonstrated cardiac fibrosis and
significantly increased collagen deposition in the hearts of 8-week-old untreated SHRs [41].
The progredient increase in blood pressure and the development of LV hypertrophy and
fibrosis are accompanied by a deterioration of LV function. Echocardiographic examination
demonstrated significant systolic and diastolic dysfunction in untreated SHRs even at
2–3 months of age [37]. With enalapril treatment over 14 weeks, deterioration of ejection
fraction and fractional shortening as well as development of cardiac fibrosis were prevented
or at least attenuated [42]. This is in line with our observations on ySHRs; at 10 weeks of
age, they presented mild cardiac fibrosis, which was significantly reduced by more than
50% with three weeks of C+N treatment [26].

4.2.2. Effects on Cardiac Hypertrophy and Remodeling in Old SHRs

With progress of age, the HW/BW differences between SHRs and WKY increased
up to 29% at week 83 [24]. In the advanced stage of hypertension at week 82, cardiac
hypertrophy of our untreated oSHRs had achieved a markedly higher degree than in young
animals, as reflected by the significantly higher values of ANP mRNA expression (20 times
higher than in yCtrls) and HW/BW (more than 30% higher than in yCtrls). Angiotensin II
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exerts many prohypertrophic effects on the heart. Consequently, prevention or attenuation
of cardiac hypertrophy and transition into heart failure is a major goal of ACE inhibitor
therapy [43]. Even in normotensive WKY rats, RAS antagonists can significantly reduce
HW/BW [24]. In senescent SHRs at more than 80 weeks of age, short-term treatment with
RAS antagonists has only weak effects: after 8 weeks of losartan therapy, HW/BW was
only reduced by 7% [24]. In contrast, chronic captopril treatment administered from 14
to 24 months of age-reduced LVW/BW by about 30% [44], which is similar to the results
of the present study. Direct antihypertrophic effects on cardiomyocytes have also been
demonstrated for nifedipine [45]. Thus, cardioprotective effects of C+N treatment are not
only based on antihypertensive effects, but in addition on direct antihypertrophic effects.
This is also reflected in the decrease in HW related to the decrease in SBP, which was even
higher in oSHRs than in ySHRs.

As cardiac hypertrophy progresses, remodeling and accumulation of extracellular
matrix (ECM) advance too. Increased mRNA levels of ECM molecules such as transforming
growth factor-beta and tissue inhibitor of metalloproteinases 2 have been found in 82-week-
old untreated SHRs [27]. Of note, the levels of collagen mRNA and protein develop
with aging in a nonsynchronous way: in young rats, collagen mRNA in the heart is
relatively high, but does not result in collagen accumulation. In contrast, collagen mRNA
in hearts of old rats is hardly elevated, but induces a two-fold increase in collagen protein
content [46]. This may explain the similar levels of collagen mRNA in old and young
untreated SHRs in the present study, which were associated with different histological
degrees of fibrosis. While C+N treatment in ySHRs did not decrease collagen mRNA
expression, but significantly reduced fibrosis, the opposite effect was achieved in oSHRs.
Analysis of mRNA expression can only reflect a moment within a process developing over
a longer period of time. In particular, accumulation of collagen is not linearly related to
elevated levels of collagen mRNA. Hence, we consider the histological degree of fibrosis to
be the more meaningful parameter with respect to cardiac remodeling. Even though the
treatment effect on collagen mRNA was much greater in oSHRs compared with ySHRs,
attenuation of fibrosis was only weak as the intervention was initiated in an advanced
stage of cardiac remodeling. An early start of antihypertensive treatment may attenuate
and delay the process of remodeling more effectively.

The transition into fibrosis is associated with further functional deterioration and
finally leads to cardiac failure. At 80 weeks of age, diastolic function and compliance of
the LV in untreated SHRs were impaired compared with age-matched WKY [47]. Treat-
ment significantly improved ejection fraction index, but not to the level of normotensive
WKY [44]. An echocardiographic study on old SHRs demonstrated a deterioration of both
systolic and diastolic LV function between week 60 and 82 without treatment. Moreover,
LV catheterization under anesthesia revealed signs of cardiac failure and LV decompensa-
tion. All of these changes were attenuated and delayed, but not completely prevented by
antihypertensive treatment [48]. These results are in line with the weak antifibrotic effect of
a late-onset treatment.

4.2.3. Early-Onset versus Late-Onset Treatment

Similar to its effects on SBP, early-onset antihypertensive treatment also has long-lasting
effects on cardiac hypertrophy and remodeling. Antagonization of prohypertrophic An-
giotensin II effects in a sensitive period of life (up to age 20 weeks) makes even a transient
treatment with ACE inhibitors effective with regard to prevention of LV hypertrophy [29,39].

The duration of treatment is an important factor with regard to the treatment effect.
This is well illustrated by a comparison of our results with those of Demirci and co-workers:
They applied losartan at the same dose over the same period of time to young and old
SHRs and observed a lower treatment effect in the old animals [24]. In contrast, we
administered the same medication (C+N) to young and old SHRs, but a more than seven-
fold treatment interval was necessary to achieve a similar antihypertrophic treatment effect
in oSHRs [26,27]. Lifelong antihypertensive treatment started at one month of age doubled



Biomedicines 2022, 10, 3059 11 of 14

the lifespan of stroke-prone SHRs to 30 months, which is identical to that of normotensive
WKY. In contrast, 80% of untreated SHRs had died after 15 months [49]. These findings
emphasize the importance of a long-lasting antihypertensive therapy, and this is the more
important the later in life treatment is initiated.

4.2.4. Applications to Antihypertensive Treatment in Humans

Our results on animals clearly show the advantages of an early start of an effective
antihypertensive therapy, in particular with respect to preventing cardiac remodeling and
thus transition into cardiac failure. This emphasizes the importance of starting BP control
during early adulthood. Important aspects of antihypertensive treatment in humans are
fast achievement of target BP values and adequate persistence and adherence to therapy. A
combination of two or three drugs from different drug classes facilitates the adjustment
of treatment to the individual patient as it allows dose reduction of the single drugs and
minimization of adverse drug effects, thus ensuring the patient’s adherence to therapy.
Consequently, a combination of two or more, ideally as fixed-dose single-pill administration,
as initial therapy of hypertension is currently recommended in most guidelines [4,22].

4.3. Limitations of the Study

There are several limitations to this study. An important limitation is the lack of
functional measurements and investigation of vascular changes. The animal studies were
designed to analyze cardiac but not vascular sequelae of hypertension. Unfortunately, only
systolic BP values were measured. We are aware of the fact that diastolic BP would provide
relevant data characterizing the vascular treatment effects. This limitation is because of
the method of non-invasive BP measurement with a tail cuff device that did not allow
measurement of diastolic BP. Data on TPR, which may reflect vascular changes, were only
obtained from the ySHRs. In addition, we have compared changes in cardiac tissue with
echocardiographic data from oSHRs reported previously [48].

Another limitation is in the analysis of collagen mRNA expression to characterize
the development of fibrosis. Previous studies on rats stimulated with norepinephrine
showed a good correlation between LV collagen mRNA expression and collagen amount in
the histological specimen [50,51]. Fibrotic processes include enhanced collagen turnover
and an increased collagen accumulation. We assume that mRNA expression does not
adequately reflect the accumulation of collagen. Moreover, collagen mRNA and protein
content develop with aging in a nonsynchronous way [46]. Collagen protein concentration
or hydroxyproline content would more adequately reflect the intensity of fibrotic processes.
We consider the histological degree of fibrosis to be a reliable and meaningful marker
of fibrosis.

5. Conclusions

As elevated BP is the leading cause of premature death and is the major risk factor for
a variety of cardiovascular disease events [3], early and effective antihypertensive therapy
is of paramount importance for the patients. The present data of an animal study show that
even a late-onset treatment of hypertension has both antihypertensive and cardioprotective
effects. However, in those animals, SBP remained at significantly higher levels than in
ySHRs, which received the same medication administered over a much shorter period of
time at an early stage of life. Consequently, cardiac remodeling and transition into fibrosis
were delayed but not prevented in the old animals. In contrast, fibrosis was significantly
attenuated in ySHRs after only three weeks of therapy. This result gives strong reason to
believe that a life-long antihypertensive therapy started at an early stage in life may prevent
severe cardiac remodeling and transition into cardiac failure at advanced age.

The results emphasize that antihypertensive therapy should start as early as possible
and be maintained as long as BP is elevated, usually life-long. Continuous BP control
and strict adherence to treatment are inevitable. Early reduction in SBP, preferably to
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normotensive or near-normotensive values, contributes to prevent cardiac complications
of hypertension.
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Abbreviations

ACE angiotensin-converting enzyme
ANP atrial natriuretic peptide
BP blood pressure
BW body weight
C+N captopril + nifedipine
CCB calcium channel blocker
Coll 1 collagen type I
Coll 3 collagen type III
Ctrl control
GAP-DH glyceraldehyde-3-phosphate dehydrogenase
HW heart weight
LV left ventricle/left ventricular
LVW left ventricular weight
o old rats (aged 60–82 weeks)
RAS renin-angiotensin system
SBP systolic blood pressure
SHR spontaneously hypertensive rats
TPR total peripheral resistance
WKY Wistar–Kyoto rats
y young rats (aged 7–10 weeks)

References
1. Mazur, I.; Belenichev, I.; Kucherenko, L.; Bukhtiyarova, N.; Puzyrenko, A.; Khromylova, O.; Bidnenko, O.; Gorchakova, N.

Antihypertensive and cardioprotective effects of new compound 1-(b-phenylethyl)-4-amino-1,2,4-triazolium bromide (Hypertril).
Eur. J. Pharmacol. 2019, 853, 336–344. [CrossRef] [PubMed]

2. He, F.J.; MacGregor, G.A. Blood pressure is the most important cause of death and disability in the world. Eur. Heart J. Suppl.
2007, 9, B23–B28. [CrossRef]

3. Williams, B.; Mancia, G.; Spiering, W.; Agabiti Rosei, E.; Azizi, M.; Burnier, M.; Clement, D.L.; Coca, A.; de Simone, G.;
Dominiczak, A.; et al. ESC Scientific Document Group. 2018 ESC/ESH Guidelines for the management of arterial hypertension.
Eur. Heart J. 2018, 39, 3021–3104. [CrossRef] [PubMed]

4. Zhou, B.; Perel, P.; Mensah, G.A.; Ezzati, M. Global epidemiology, health burden and effective interventions for elevated blood
pressure and hypertension. Nat. Rev. Cardiol. 2021, 18, 785–802. [CrossRef]

http://doi.org/10.1016/j.ejphar.2019.04.013
http://www.ncbi.nlm.nih.gov/pubmed/30978321
http://doi.org/10.1093/eurheartj/sum005
http://doi.org/10.1093/eurheartj/ehy339
http://www.ncbi.nlm.nih.gov/pubmed/30165516
http://doi.org/10.1038/s41569-021-00559-8


Biomedicines 2022, 10, 3059 13 of 14

5. NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends in hypertension prevalence and progress in treatment and control
from 1990 to 2019: A pooled analysis of 1201 population-representative studies with 104 million participants. Lancet 2021, 398,
957–980. [CrossRef]

6. Briasoulis, A.; Agarwal, V.; Tousoulis, D.; Stefanadis, C. Effects of antihypertensive treatment in patients over 65 years of age: A
meta-analysis of randomised controlled studies. Heart 2014, 100, 317–323. [CrossRef]

7. Tiffe, T.; Wagner, M.; Rücker, V.; Morbach, C.; Gelbrich, G.; Störk, S.; Heuschmann, P.U. Control of cardiovascular risk factors
and its determinants in the general population-findings from the STAAB cohort study. BMC Cardiovasc. Disord. 2017, 17, 276.
[CrossRef]

8. Volpe, M.; Gallo, G.; Tocci, G. Is early and fast blood pressure control important in hypertension management? Int. J. Cardiol.
2018, 254, 328–332. [CrossRef]

9. Unger, T.; Borghi, C.; Charchar, F.; Khan, N.A.; Poulter, N.R.; Prabhakaran, D.; Ramirez, A.; Schlaich, M.; Stergiou, G.S.;
Tomaszewski, M.; et al. 2020 International Society of Hypertension Global Hypertension Practice Guidelines. Hypertension 2020,
75, 1334–1357. [CrossRef]

10. Raja, W.; Ayub, T.; Jeelani, A.; Khan, S.M.S. Adherence to antihypertensive therapy and its determinants among patients attending
primary care hospitals of Kashmir, India. J. Family Med. Prim. Care 2021, 10, 4153–4159. [CrossRef]

11. Hinton, T.C.; Adams, Z.H.; Baker, R.P.; Hope, K.A.; Paton, J.F.R.; Hart, E.C.; Nightingale, A.K. Investigation and Treatment
of High Blood Pressure in Young People: Too Much Medicine or Appropriate Risk Reduction? Hypertension 2020, 75, 16–22.
[CrossRef]

12. Yano, Y.; Reis, J.P.; Colangelo, L.A.; Shimbo, D.; Viera, A.J.; Allen, N.B.; Gidding, S.S.; Bress, A.P.; Greenland, P.; Muntner, P.; et al.
Association of Blood Pressure Classification in Young Adults Using the 2017 American College of Cardiology/American Heart
Association Blood Pressure Guideline With Cardiovascular Events Later in Life. JAMA 2018, 320, 1774–1782. [CrossRef]

13. Moreira, L.B.; Fuchs, S.C.; Wiehe, M.; Gus, M.; Moraes, R.S.; Fuchs, F.D. Incidence of hypertension in Porto Alegre, Brazil: A
population-based study. J. Hum. Hypertens. 2008, 22, 48–50. [CrossRef]

14. Gooding, H.C.; McGinty, S.; Richmond, T.K.; Gillman, M.W.; Field, A.E. Hypertension awareness and control among young
adults in the national longitudinal study of adolescent health. J. Gen. Intern. Med. 2014, 29, 1098–1104. [CrossRef]

15. Drukteinis, J.S.; Roman, M.J.; Fabsitz, R.R.; Lee, E.T.; Best, L.G.; Russell, M.; Devereux, R.B. Cardiac and systemic hemodynamic
characteristics of hypertension and prehypertension in adolescents and young adults: The Strong Heart Study. Circulation 2007,
115, 221–227. [CrossRef]

16. Sundström, J.; Neovius, M.; Tynelius, P.; Rasmussen, F. Association of blood pressure in late adolescence with subsequent
mortality: Cohort study of Swedish male conscripts. BMJ 2011, 342, d643. [CrossRef]

17. Yano, Y.; Stamler, J.; Garside, D.B.; Daviglus, M.L.; Franklin, S.S.; Carnethon, M.R.; Liu, K.; Greenland, P.; Lloyd-Jones, D.M.
Isolated systolic hypertension in young and middle-aged adults and 31-year risk for cardiovascular mortality: The Chicago Heart
Association Detection Project in Industry study. J. Am. Coll. Cardiol. 2015, 65, 327–335. [CrossRef]

18. SPRINT Research Group; Wright, J.T., Jr.; Williamson, J.D.; Whelton, P.K.; Snyder, J.K.; Sink, K.M.; Rocco, M.V.; Reboussin, D.M.;
Rahman, M.; Oparil, S.; et al. A Randomized Trial of Intensive versus Standard Blood-Pressure Control. N. Engl. J. Med. 2015, 373,
2103–2116. [CrossRef]

19. Volpe, M.; Citoni, B.; Coluccia, R.; Battistoni, A.; Tocci, G. Hypertension Across the Atlantic: A Sprint or a Marathon? High Blood
Press. Cardiovasc. Prev. 2017, 24, 99–102. [CrossRef]

20. SPRINT Research Group; Lewis, C.E.; Fine, L.J.; Beddhu, S.; Cheung, A.K.; Cushman, W.C.; Cutler, J.A.; Evans, G.W.;
Johnson, K.C.; Kitzman, D.W.; et al. Final Report of a Trial of Intensive versus Standard Blood-Pressure Control. N. Engl.
J. Med. 2021, 384, 1921–1930. [CrossRef]

21. Whelton, P.K.; Carey, R.M.; Aronow, W.S.; Casey, D.E., Jr.; Collins, K.J.; Dennison Himmelfarb, C.; DePalma, S.M.; Gidding, S.;
Jamerson, K.A.; Jones, D.W.; et al. 2017 ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for
the Prevention, Detection, Evaluation, and Management of High Blood Pressure in Adults: Executive Summary: A Report of the
American College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines. Hypertension 2018, 71,
1269–1324. [CrossRef] [PubMed]

22. Al-Makki, A.; DiPette, D.; Whelton, P.K.; Murad, M.H.; Mustafa, R.A.; Acharya, S.; Beheiry, H.M.; Champagne, B.; Connell, K.;
Cooney, M.T.; et al. Hypertension Pharmacological Treatment in Adults: A World Health Organization Guideline Executive
Summary. Hypertension 2022, 79, 293–301. [CrossRef] [PubMed]

23. Volpe, M.; Gallo, G. To whom recommend intensive treatment for hypertension? Eur. Heart J. Suppl. 2020, 22, E167–E172.
[CrossRef]

24. Demirci, B.; McKeown, P.P.; Bayraktutan, U. Blockade of angiotensin II provides additional benefits in hypertension- and
ageing-related cardiac and vascular dysfunctions beyond its blood pressure-lowering effects. J. Hypertens. 2005, 23, 2219–2227.
[CrossRef] [PubMed]

25. Zicha, J.; Dobesova, Z.; Kunes, J. Late blood pressure reduction in SHR subjected to transient captopril treatment in youth:
Possible mechanisms. Physiol. Res. 2008, 57, 495–498. [CrossRef] [PubMed]

26. Hawlitschek, C.; Brendel, J.; Gabriel, P.; Schierle, K.; Salameh, A.; Zimmer, H.G.; Rassler, B. Antihypertensive and cardioprotective
effects of different monotherapies and combination therapies in young spontaneously hypertensive rats: A pilot study. Saudi J.
Biol. Sci. 2022, 29, 339–345. [CrossRef]

http://doi.org/10.1016/S0140-6736(21)01330-1
http://doi.org/10.1136/heartjnl-2013-304111
http://doi.org/10.1186/s12872-017-0708-x
http://doi.org/10.1016/j.ijcard.2017.12.026
http://doi.org/10.1161/HYPERTENSIONAHA.120.15026
http://doi.org/10.4103/jfmpc.jfmpc_668_21
http://doi.org/10.1161/HYPERTENSIONAHA.119.13820
http://doi.org/10.1001/jama.2018.13551
http://doi.org/10.1038/sj.jhh.1002252
http://doi.org/10.1007/s11606-014-2809-x
http://doi.org/10.1161/CIRCULATIONAHA.106.668921
http://doi.org/10.1136/bmj.d643
http://doi.org/10.1016/j.jacc.2014.10.060
http://doi.org/10.1056/NEJMoa1511939
http://doi.org/10.1007/s40292-017-0203-6
http://doi.org/10.1056/NEJMoa1901281
http://doi.org/10.1161/HYP.0000000000000066
http://www.ncbi.nlm.nih.gov/pubmed/29133354
http://doi.org/10.1161/HYPERTENSIONAHA.121.18192
http://www.ncbi.nlm.nih.gov/pubmed/34775787
http://doi.org/10.1093/eurheartj/suaa085
http://doi.org/10.1097/01.hjh.0000191906.03983.ee
http://www.ncbi.nlm.nih.gov/pubmed/16269964
http://doi.org/10.33549/physiolres.931615
http://www.ncbi.nlm.nih.gov/pubmed/18597587
http://doi.org/10.1016/j.sjbs.2021.08.093


Biomedicines 2022, 10, 3059 14 of 14

27. Hawlitschek, C.; Brendel, J.; Gabriel, P.; Schierle, K.; Salameh, A.; Zimmer, H.G.; Rassler, B. How Effective Is a Late-Onset
Antihypertensive Treatment? Studies with Captopril as Monotherapy and in Combination with Nifedipine in Old Spontaneously
Hypertensive Rats. Biomedicines 2022, 10, 1964. [CrossRef]

28. Paulis, L.; Líšková, S.; Pintérová, M.; Dobešová, Z.; Kuneš, J.; Zicha, J. Nifedipine-sensitive noradrenergic vasoconstriction is
enhanced in spontaneously hypertensive rats: The influence of chronic captopril treatment. Acta Physiol. 2007, 191, 255–266.
[CrossRef]

29. Hale, T.M.; Robertson, S.J.; Burns, K.D.; deBlois, D. Short-term ACE inhibition confers long-term protection against target organ
damage. Hypertens. Res. 2012, 35, 604–610. [CrossRef]

30. Harrap, S.B.; Van der Merwe, W.M.; Griffin, S.A.; Macpherson, F.; Lever, A.F. Brief angiotensin converting enzyme inhibitor
treatment in young spontaneously hypertensive rats reduces blood pressure long-term. Hypertension 1990, 16, 603–614. [CrossRef]

31. Kost, C.K.; Li, P.; Jackson, E.K. Blood Pressure After Captopril Withdrawal From Spontaneously Hypertensive Rats. Hypertension
1995, 25, 82–87. [CrossRef]

32. Zicha, J.; Dobešová, Z.; Behuliak, M.; Pintérová, M.; Kuneš, J.; Vaněčková, I. Nifedipine-sensitive blood pressure component in
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