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a b s t r a c t
Low angiotensin-(1–7) (Ang-(1–7)) concentration is observed in some cardiovascular diseases and exercise training seems to restore its concentration in the heart. Recently, a novel formulation of an orally
active Ang-(1–7) included in hydroxy-propyl-beta-cyclodextrin (HPB-CD) was developed and chronically
administered in experimental models of cardiovascular diseases. The present study examined whether
chronic administration of HPB-CD/Ang-(1–7) produces beneﬁcial cardiovascular effects in spontaneously
hypertensive rats (SHR), as well as to compare the results obtained with those produced by exercise
training. Male SHR (15-week old) were divided in control (tap water) or treated with HPB-CD/Ang-(1–7)
(corresponding to 30 g kg−1 day−1 of Ang-(1–7)) by gavage, concomitantly or not to exercise training
(treadmill, 10 weeks). After chronic treatment, hemodynamic, morphometric and molecular analysis in
the heart were performed. Chronic HPB-CD/Ang-(1–7) decreased arterial blood pressure (BP) and heart
rate in SHR. The inclusion compound signiﬁcantly improved left ventricular (LV) end-diastolic pressure,
restored the maximum and minimum derivatives (dP/dT) and decreased cardiac hypertrophy index in
SHR. Chronic treatment improved autonomic control by attenuating sympathetic modulation on heart
and vessels and the SAP variability, as well as increasing parasympathetic modulation and HR variability.
Overall results were similar to those obtained with exercise training. These results show that chronic
treatment with the HPB-CD/Ang-(1–7) inclusion compound produced beneﬁcial effects in SHR resembling the ones produced by exercise training. This observation reinforces the potential cardiovascular
therapeutic effect of this novel peptide formulation.
© 2013 Elsevier Inc. All rights reserved.

1. Introduction
The renin–angiotensin system (RAS) is a major cardiovascular and renal control mechanism. Based on many recent studies
this system is composed of two effector arms: the classical
one angiotensin-converting enzyme (ACE)/angiotensin II (Ang
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II)/angiotensin II receptor type 1 (AT1) which is responsible
for most of the known actions of the RAS and the counterregulatory arm ACE2/angiotensin-(1–7) (Ang-(1–7))/Mas receptor,
which opposes a variety of the Ang II effects [10,11,39]. Ang-(1–7)
is a heptapeptide primarily formed from angiotensin I by ACEindependent pathway and from angiotensin II cleavage by ACE2
[39]. Ang-(1–7) is present in the heart, and it contributes to preserve
the cardiac function and the coronary perfusion in experimental
models of cardiovascular diseases [22]. The cardioprotective effect
of Ang-(1–7) is mainly mediated through G protein-coupled Mas
receptor activation, also expressed in the heart, and modulated
under physiological and pathological conditions [40]. Abnormal
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activation of the ACE/Ang II/AT1 receptor is observed in cardiovascular diseases, stimulating maladaptive cardiac responses and
directly contributing to the progression to heart failure [1,44].
The spontaneously hypertensive rat (SHR) has many similarities with the human essential hypertension, including high blood
pressure (BP), cardiac remodeling and target-organ damage [43].
The ACE/Ang II/AT1 axis appears as a key mechanism stimulating cardiac hypertrophy and ﬁbrosis in this model [37]. Cardiac
structural changes are also accompanied by left ventricular (LV)
dysfunction and the impairment of the autonomic control of the
BP in this model [4,20]. The association of LV dysfunction, high BP
and impaired autonomic control in SHR determines the progression
to heart failure, and in humans, it is considered an important predictor of mortality and morbidity caused by cardiovascular diseases
[21].
Beneﬁcial effects of exercise training on managing high BP have
been extensively described in humans [28,31] and animal models [8,20] in the last decades. In SHR model, our group and others
have previously shown that exercise training reduces BP mainly
by improving the autonomic control and reducing sympathetic
modulation in the heart and vessels [4], but also by decreasing
overall cardiovascular oxidative stress and enhancing endothelial vasodilator function [3,33]. Although direct effects of exercise
training on RAS are not well understood, some studies show upregulation of AT1 receptor in the heart after resistance training in
normotensive rats [2], as well as increased Mas receptor expression and Ang-(1–7) concentration in SHR hearts after swim training
[15]. In SHR, exercise training might therefore modulate the balance
between both RAS axes which may contribute to prevent or reduce
hypertension-induced cardiovascular dysfunction.
In addition to exercise, pharmacological approaches targeting
the ACE/Ang II/AT1 axis are nowadays widely used in the treatment and handling of hypertension and heart failure. It is well
established in the literature that AT1 receptor blockade in SHR
reduces left ventricular (LV) mass and improves coronary hemodynamics [34]. However, the activation of the counteracting axis
ACE2/Ang-(1–7)/Mas has been currently considered an alternative
therapeutic strategy to control Ang II effects and to circumvent
adverse responses observed with drugs blocking the Ang II axis.
Thus, Mas agonists such as AVE 0991 or orally active formulations of Ang-(1–7) should be considered as a putative new class of
cardiovascular drugs. Our group has recently described a new formulation of Ang-(1–7) which could allow the oral administration
of this peptide, reducing its degradation by the digestive tract [23].
This is an inclusion compound composed of hydroxy-propyl-betacyclodextrin (HPB-CD), and Ang-(1–7). The structural arrangement
of the inclusion compound protects the internal (guest) molecule,
in this case Ang-(1–7), against proteolytic enzymes, and once HPBCD is enzymatically degraded by bacterial enzymes at the distal
portions of the digestive tract it releases the peptide which is
absorbed mainly in the colon. We therefore aim to assess in this
study the potential therapeutic effect of the Ang-(1–7)-inclusion
compound (HPB-CD/Ang-(1–7)) on BP values and heart function,
as well as to compare its effects with the ones of exercise training on autonomic control of BP and heart rate (HR) in SHR. For this
purpose, we hereby compare the effect of chronic administration of
HPB-CD/Ang-(1–7) with exercise training, as well as the association
of these two interventions.

2. Methods
2.1. Animals
Male SHR (15-week old, 250–300 g) were obtained from the
Fundação Universitária de Cardiologia (Porto Alegre, Brazil) and

divided in four experimental groups: sedentary treated with
tap water (n = 8), sedentary treated with oral administration of
HPB-CD/Ang-(1–7) inclusion compound (72 g kg−1 day−1 , corresponding to 30 g kg−1 day−1 of Ang-(1–7))(n = 8), exercise-trained
treated with tap water (n = 9) and exercise-trained treated with
HPB-CD/Ang-(1–7) (n = 8). Treatment was administered by gavage once per day during 10 weeks, in the morning, concomitantly
with the exercise training protocol. Animals received standard
laboratory chow and water ad libitum and were housed in
temperature-controlled rooms (22 ◦ C) with a 12:12-h dark–light
cycle. A moderate-intensity exercise protocol was performed in
treadmill, 5 days/week during 10 weeks. Exercised rats progressed
toward a speed of 20 m/min for 1 h, prescribed based on lactate
threshold assessment, as previously described by Bertagnolli et al.
[3]. One week before starting the exercise protocol, all animals
were adapted to the procedure. All animal protocols and procedures used were in accordance with the Guidelines for Ethical
Care of Experimental Animals and the US National Institutes of
Health or European Commission guidelines, and were approved
by Fundaçao Universitaria de Cardiologia de Porto Alegre Ethical
Committee.
2.2. Acute Ang-(1–7) absorption protocol
Additional male SHR were allotted to an acute experiment to test
the absorption of HPB-CD/Ang-(1–7) inclusion compound. Twentyfour hours before the experiment, a polyethylene catheter ﬁlled
with saline was inserted in all rats femoral artery (under ketamine
90 mg/kg and xylazine 20 mg/kg anesthesia) to allow the collection
of blood samples. SHR were divided in three groups (n = 5/group):
control treated with tap water, treated with Ang-(1–7) not included
(Bachem), and treated with HPB-CD/Ang-(1–7) inclusion compound (72 g kg−1 corresponding to 30 g kg−1 of Ang-(1–7)) by
gavage. Blood samples were collected at 2, 4, 6, 8 and 24 h after
treatment for measuring plasma Ang-(1–7) concentrations.
2.3. Hemodynamic measurements
Forty-eight hours after the last treatment day (10 weeks), rats
from the chronic experiment were anesthetized with intramuscular injection of ketamine (90 mg/kg) and xylazine (20 mg/kg)
for intra-arterial catheterization. Two polyethylene catheters (PE10, Biocorp Australia, Huntingdale, Victoria, Australia) ﬁlled with
heparinized saline solution, connected to a strain gauge transducer (NarcoBiosystem Pulse Transducer RP-155, Houston, TX,
USA) linked to a pressure ampliﬁer (HP 8805C, Hewlett Packard,
USA), were inserted into the femoral artery and vein for direct
measurements of systolic, diastolic, mean arterial and pulse
pressures (SAP, DAP, MAP and PP, respectively), heart rate (HR),
and drug administration, respectively. The intra-arterial measurements were performed 48 h after the surgical procedure. After
the conscious pressure recordings, rats were anesthetized through
femoral vein catheter with sodium pentobarbital (40 mg/kg, i.v.,
Cristalia, SP, Brazil) and a PE-50 catheter was inserted through the
right carotid artery and advanced into the LV for recording intraventricular systolic (LVSP) and end-diastolic (LVEDP) pressures, as
well as the maximum rate of LV pressure rise and fall (+dP/dT
and −dP/dT). The obtained pressure recordings were taken using
a microcomputer equipped with an analog-to-digital conversion
board (Windaq, 2 kHz sample rate, Dataq Instruments, Inc., Akron,
OH, USA). Rats have their BP and HR constantly monitored during
pentobarbital anesthesia to control the adequacy of the anesthesia. Intraventricular catheterization was only performed when BP
and HR values were similar to those obtained with conscious
intra-arterial recordings. An additional group of normotensive
Wistar–Kyoto rats (25-week old) was added to the experiment to
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allow comparison of intraventricular pressures (n = 6). Immediately
after LV recordings, rats were killed by decapitation still under
anesthesia, to avoid neuro-hormonal changes in plasma and the
heart. Signs of inﬂammation and pain were monitored after surgery
and their absence justify avoiding the use of anti-inﬂammatory
drugs in this experiment.
2.4. Spectral analysis
After detecting the pulse intervals, the heart period was automatically calculated on a beat-to-beat basis as the time interval
between two consecutive systolic peaks or pulse interval (PI) in randomly chosen sequences of 200–300 beats [36]. Frequency domain
analysis of HR variability and SAP variability were performed
with an autoregressive algorithm on the PI interval sequences
(tachogram) and on respective systolic sequences (systogram) [24].
The power spectral density was calculated for each time series. In
this study, three spectral components were considered: very low
frequency (VLF), from 0 to 0.25 Hz; low frequency (LF) indicating
sympathetic modulation, from 0.25 to 0.75 Hz; and high frequency
(HF) indicating parasympathetic modulation, from 0.75 to 3.00 Hz.
The spectral components were expressed in absolute units (ms2 or
mm Hg2 ) [32].

Fig. 1. Analysis of plasma Ang-(1–7) concentration after acute administrating of
tap water, not included Ang-(1–7) and Ang-(1–7) included in hydroxy-prolyl-betacyclodextrin (HPB-CD) (HPB-CD/Ang-(1–7)). Data represent mean ± SEM. *P < 0.05 at
6 h in HPB-CD/Ang-(1–7) group compared to other times and treatments (repeatedmeasures ANOVA, n = 5/group).

2.5. Plasma and cardiac Ang-(1–7) concentrations
Blood samples were collected in tubes containing 1 mmol/L
p-hydroxymercury benzoate, 30 mmol/L 1,10-phenanthroline,
1 mmol/L phenylmethylsulphonyl ﬂuoride (PMSF), 1 mmol/L pepstatin A and 7.5% EDTA. Samples were centrifuged at 250 × g for
10 min, and plasma stored at −80 ◦ C. Approximately 200 mg of
LV were homogenized in 4 mol/L of guanidine thiocyanate and
1% triﬂuoroacetic acid in water. Peptides were after extracted as
previously described [29] using Bond-Elutphenylsilica cartridge
(Varian, Inc., Palo Alto, CA, USA). After evaporation, plasma and
cardiac Ang-(1–7) peptide immunoreactivity levels were measured
by radioimmunoassay according to Botelho et al. [5]. Protein concentration in the heart was determined by the Bradford method
[6].
2.6. Histological analysis
At the end of the treatment and exercise training protocol,
the rats were killed by decapitation and the hearts were immediately removed, weighted and ﬁxed in 10% formalin in 0.1 mol/L
phosphate buffer, pH 7.4, for 48 h at room temperature. The tissue was embedded in parafﬁn, sectioned (5 m) and stained with
hematoxylin and eosin. Images from 3 slides of each animal were
captured and cardiac ﬁbers from at least 80 cells of each group were
measured using Leica microscopy using a 40× objective. Cardiomyocytes were analyzed only from longitudinal ﬁbers with deﬁned
central nucleus.
2.7. Statistical analysis
Data are presented as mean ± SEM. Comparisons between
groups in the chronic experiment were performed using two-way
ANOVA followed by Bonferroni test, considering Ang-(1–7) treatment and exercise training as two factors. Analysis of the cardiac
Ang-(1–7) concentration used the non-parametric Kruskal–Wallis
followed by Dunn’s Multiple Comparison tests since the data did
not presented normal distribution. The software GraphPad Prism
version 5.00 for Windows (GraphPad Software, San Diego, CA, USA)
was used for all tests performed. The signiﬁcance level was established at P < 0.05.

Fig. 2. Cardiac Ang-(1–7) concentration assessed by radioimmunoassay in sedentary and exercise-trained SHR, treated or not with orally active Ang-(1–7) included
in hydroxy-prolyl-beta-cyclodextrin (HPB-CD) (HPB-CD/Ang-(1–7)). Data represent mean, minimum and maximum values analyzed by Kruskal–Wallis test
(n = 6/group). *P < 0.05 vs control sedentary group.

3. Results
3.1. Acute Ang-(1–7) absorption
Ang-(1–7) concentrations were assessed in plasma during 24 h
after an acute administration of tap water (control), Ang-(1–7) not
included and the HPB-CD/Ang-(1–7) inclusion compound by gavage. Fig. 1 shows that after 6 h of an acute administration, only the
group treated with HPB-CD/Ang-(1–7) reached a peak of Ang-(1–7)
concentration. The same proﬁle was not observed in the group
treated with Ang-(1–7) not included.

3.2. Chronic HPB-CD/Ang-(1–7) and exercise increased cardiac
tissue Ang-(1–7) concentration
Cardiac Ang-(1–7) concentration was assessed after chronic
treatments by radioimmunoassay. Fig. 2 shows that all intervention groups have increased values of Ang-(1–7) concentration in
the heart compared to the control group.
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Table 1
Blood pressure measurements in SHR pre and post-treatment with water (control) or HPB-CD/Ang-(1–7).
Sedentary
Control

Exercise-trained
Ang-(1–7)

Pre-treatment tail cuff plethysmography
208 ± 3
SAP (mm Hg)
389 ± 6
HR (bpm)

207 ± 2
390 ± 4

Post-treatment intraarterial BP
SAP (mm Hg)
223
DAP (mm Hg)
162
MAP (mm Hg)
192
PP (mm Hg)
61
339
HR (bpm)

202
147
179
55
311

±
±
±
±
±

3
3
2
3
12

±
±
±
±
±

2†
2
2†
1
8†

Two-way ANOVA

Control

Ang-(1–7)

200 ± 2
395 ± 5

202 ± 2
394 ± 6

196
138
166
58
295

±
±
±
±
±

6†
5†
6†
1
5†

187
128
158
59
301

±
±
±
±
±

3†
6† , ‡
5† , ‡
3
4†

Treatment

Training

***

***

**

***

*

***

**

Values represent mean ± SEM. Systolic arterial pressure, SAP; diastolic arterial pressure, DAP; mean arterial pressure, MAP; pulse pressure, PP; heart rate, HR.
*
P < 0.05 on two-way ANOVA considering treatment (Ang-(1–7)) and training as factors.
**
P < 0.01 on two-way ANOVA considering treatment (Ang-(1–7)) and training as factors.
***
P < 0.001 on two-way ANOVA considering treatment (Ang-(1–7)) and training as factors.
†
P < 0.05 vs SHR sedentary control group.
‡
P < 0.05 vs SHR sedentary treated (Ang-(1–7)) group.

3.3. Chronic HPB-CD/Ang-(1–7) and exercise-training reduced BP
and improved autonomic control
Pre-treatment SAP and HR, measured by tail-cuff plethysmography, were not different between groups (Table 1). After treatment,
reduced intra-arterial SAP, DAP, MAP and HR are observed in
HPB-CD/Ang-(1–7) and in exercise-trained SHR (Table 1) and the
association of both interventions potentiate their effects on BP.
Chronic treatment and exercise-training also improved cardiovascular autonomic control assessed by spectral analysis of
intra-arterial BP recordings, indicating respectively the HR and SAP
variabilities (Figs. 3 and 4). Signiﬁcant improvement of HR variability was obtained with HPB-CD/Ang-(1–7) treatment, but not with
exercise-training in SHR (Fig. 3A). However, both interventions
ameliorated sympathetic (LF absolute, Fig. 3B) and parasympathetic (HF absolute, Fig. 3C) components of the HR variability. Both
LF and HF data indicate an improvement of cardiac autonomic control in favor of the parasympathetic modulation after Ang-(1–7)
treatment and exercise-training. Sympathovagal balance (LF/HF
index, Fig. 3D) in the heart was also improved by both interventions.
Regarding SAP variability (Fig. 4A), similar beneﬁcial effects
were obtained after chronic HPB-CD/Ang-(1–7) treatment and
exercise-training. Similar responses are also veriﬁed in both groups
regarding sympathetic (Fig. 4B) and parasympathetic (Fig. 4C)
components of the SAP variability, indicating the autonomic modulation on vessels. Absolute VLF (Fig. 4D) was also reduced by both
interventions although its physiological meaning is still not well
understood. Overall data show an improvement of autonomic control in the cardiovascular system obtained with HPB-CD/Ang-(1–7)
treatment and exercise training, with both groups presenting very
similar effects. No additive or synergistic effect was observed with
the use of both interventions.

3.4. Chronic HPB-CD/Ang-(1–7) and exercise-training improved
cardiac function
Both interventions elicited similar changes in SHR LV function. Morphometric analysis of the heart is shown in Fig. 5.
No difference in body weight was observed between control,
HPB-CD/Ang-(1–7) treated and exercise-trained groups (Fig. 5A)
although it is increased in the exercise-trained + treated group.
Chronic HPB-CD/Ang-(1–7) reduced heart weight (Fig. 5B) and
cardiac hypertrophy index, obtained from heart to body weight
ratio (Fig. 5C), when compared to controls. Similar responses were
observed with exercise training, whereas the association of Ang(1–7) treatment with exercise did not produced an additional effect.

Histological analysis shows that HPB-CD/Ang-(1–7) treatment has
markedly decreased cardiomyocyte diameter compared to controls
SHR (Fig. 5D and E). Exercise training, however, did not signiﬁcantly decreased myocyte diameter compared to controls although
its association with Angio-(1–7) was effective to reduce myocyte
hypertrophy also compared to controls.
Chronic HPB-CD/Ang-(1–7) also improved LV function, here
assessed by intraventricular catheterization to obtain LV enddiastolic and systolic pressures, as well as LV maximum and
minimum derivatives (dP/dT). Chronic treatment with the inclusion compound restored LV end-diastolic pressure in SHR to values
similar to Wistar–Kyoto rats (normotensive strain as control for
SHR) and exercise training had similar effect (Fig. 6A). A partial reduction in the LV systolic pressure was also observed with
both interventions (Fig. 6B) although it remained higher compared
to Wistar–Kyoto rats. Regarding the cardiac muscle mechanical
properties, 25-week old SHR presented a compensatory cardiac
hypertrophy with higher values of LV minimum and maximum
dP/dT in comparison to Wistar–Kyotos (Fig. 6C and D). However,
chronic administration of the inclusion compound restores both
derivatives to values similar to the Kyotos while exercise training only reduced the minimum dP/dT. Overall data indicate that
chronic treatment with HPB-CD/Ang-(1–7) effectively improves LV
function, mainly by restoring LV diastolic function and mechanical
properties of contractility and relaxation. HPB-CD/Ang-(1–7) and
exercise training had similar effects.

4. Discussion
In the present study, we report that chronic treatment with the
inclusion compound HPB-CD/Ang-(1–7) is effective in reducing BP
and improving overall cardiovascular autonomic control in SHR.
The inclusion compound also attenuated cardiac hypertrophy and
restored LV function, presenting similar effects to those produced
by exercise training.
We observed that both exercise training and chronic oral
administration of the Ang-(1–7) inclusion compound elicited a
signiﬁcant reduction of BP values (around 15–20 mm Hg in SHR).
Enhanced autonomic modulation of the cardiovascular system
was also evident in trained or treated SHR. This was achieved
mainly by decreased sympathetic modulation on heart and vessels and increased parasympathetic modulations on heart after
both interventions, which may directly contribute to reduce BP
in both groups. Overall data indicate beneﬁcial effects of both
HPB-CD/Ang-(1–7) treatment and exercise training on cardiovascular system although the combination of both interventions did
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Fig. 3. Spectral analysis of heart rate (HR) recordings and variability assessing autonomic modulation on heart. (A) HR variability and (B) low frequency (LF absolute) and
(C) high frequency (HF absolute) components of the HR variability, indicating the sympathetic and parasympathetic modulations, respectively, (D) sympathovagal balance
(LF/HF index) in sedentary and exercise-trained SHR rats treated with tap water (control) or HPB-CD/Ang-(1–7) inclusion compound (Ang-(1–7)). Data represent mean ± SEM.
*P < 0.05 and **P < 0.01 vs group indicated, two-way ANOVA (n = 8/group).

Fig. 4. Spectral analysis of blood pressure recordings and variability assessing autonomic modulation on vessels. (A) Systolic arterial pressure (SAP) variability and (B) low
frequency (LF absolute) and (C) high frequency (HF absolute) components of the SAP variability, indicating respectively the sympathetic and parasympathetic modulations
and (D) very low frequency (VLF absolute) in sedentary and exercise-trained SHR rats treated with tap water (control) or HPB-CD/Ang-(1–7) inclusion compound (Ang-(1–7)).
Data represent mean ± SEM. *P < 0.05 vs group indicated, two-way ANOVA (n = 8/group).
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Fig. 5. Morphometric and histological analysis: (A) body weight, (B) heart weight, (C) heart/body weight ratio (cardiac hypertrophy index), (D) representative images of
cardiomyocyte diameter measurement in heart sections stained with hematoxylin and eosin, 40×, and (E) cardiomyocyte diameter quantiﬁcation in sedentary and exercisetrained SHR treated with HPB-CD/Ang-(1–7) inclusion compound (Ang-(1–7)) or tap water (control). Data represent mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 vs group
indicated, two-way ANOVA (n = 8/group).

not potentiate their isolated responses in SHR. This later observation might suggest that changes in Ang-(1–7) concentration play
a role in the beneﬁcial effects of exercise. Indeed, our study shows
that both inclusion compound-treated and exercise-trained groups
have higher cardiac concentrations of Ang-(1–7). Increased LV
Ang-(1–7) concentration induced by exercise was also previously
reported in SHR after swimming training [15] and it might exerts a
key role in preventing cardiac remodeling and dysfunction in this
model.
Different experimental strategies are being currently tested for
stimulation of the ACE2/Ang-(1–7)/Mas axis in animal models of
cardiovascular diseases [14]. In isoproterenol-induced cardiac dysfunction, treatment with AVE 0991, a nonpeptide Mas agonist,
attenuated cardiac dysfunction and ﬁbrosis [13]. Treatment with
AVE 0991 improved cardiac function, assessed in vitro, by restoring overall cardiac muscle mechanical properties of contractility
and relaxation. AVE 0991 also ameliorated cardiac function in
rats submitted to myocardial infarction [12]. Genetic approaches
targeting ACE2/Ang-(1–7)/Mas axis also provided evidence for
a cardioprotective role of Ang-(1–7) [30,41]. More recently it
has been shown that transgenic overexpression of Ang-(1–7)
prevented the development of LV diastolic dysfunction after induction of DOCA-salt hypertension [38]. A cardioprotective effect of
ACE2/Ang-(1–7)/Mas axis has been also suggested by the use of
putative ACE2 activators, such as xanthenone and resorcinolnaphthalein [18].
In our study, we tested a novel orally active formulation of
Ang-(1–7), the inclusion compound of HPB-CD/Ang-(1–7) [23],
in a low dosage (equivalent to 30 g kg−1 day−1 of the peptide),
as another therapeutic approach for hypertension-induced cardiovascular changes. For this purpose, we ﬁrst evaluated the

pharmacokinetic of the inclusion compound in SHR. In SHR, the
peptide reached a peak of plasma Ang-(1–7) concentrations at
6 h after oral administration. The curve here obtained by treating
SHR with the inclusion compound was similar to that previously
observed in Wistar rats [26]. The dose used was effective in increasing cardiac Ang-(1–7) concentrations to values similar to those
obtained with exercise training. The effectiveness of the Ang-(1–7)
oral formulation is also evident by the marked changes in HR and
SAP variability and autonomic modulation. Our data are in keeping
with recent data from our group showing the effectiveness of this
formulation in myocardial infarction [26] and as anti-trombogenic
[16]. Importantly, the inclusion compound did not present any
adverse effect in SHR as well as in other animal models previously
studied. This is in agreement with the fact that other cyclodextrin inclusion compounds have been used in human beings without
adverse effects [9].
In SHR and in human hypertension, an imbalance between
sympathetic and parasympathetic modulations on cardiovascular
system impairs the regulation of BP, and in the heart, it impacts
in cardiac muscle inotropy and chronotropy. Our group has previously shown that exercise training in SHR decreases sympathetic
modulation and improves SAP variability, which was associated
with decreased cardiac norepinephrine concentrations [4]. Additionally, it is also well described that exercise training improves
baroreﬂex sensitivity and cardiovascular autonomic control in SHR
which was also correlated with the improvement of the peripheral and vascular oxidant stress proﬁle [3]. We here observed
a signiﬁcant improvement of SAP and HR variability in trained
SHR. Chronic treatment with Ang-(1–7) decreased the sympathetic
modulation on heart and vessels (LF components obtained from HR
and SAP). Ang-(1–7) treatment has, in addition, increased the HF
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Fig. 6. Assessment of left ventricular (LV) function by intraventricular catheterization. (A) LV end-diastolic pressure (LVEDP), (B) LV systolic pressure (LVSP), (C) minimum
LV dP/dT and (D) and maximum LV dP/dT, indicating LV contractility and relaxation, respectively, in sedentary and exercise-trained SHR treated with HPB-CD/Ang-(1–7)
inclusion compound (Ang-(1–7)) or tap water (control) and compared to normotensive Kyoto rats. Data represent mean ± SEM. *P < 0.05 vs group indicated, two-way ANOVA
(n = 6/group).

component, indicating an increment of the parasympathetic activity in cardiovascular system, being more signiﬁcant in the heart.
By comparing both interventions used in our study, we therefore
show that while Ang-(1–7) has a signiﬁcant impact in ameliorating parasympathetic modulation, exercise is more effective in
reducing sympathetic modulation in SHR hearts. Whether autonomic responses elicited by orally active Ang-(1–7) are caused
systemically or locally in heart and vessels was not addressed
in our study, and indeed, both possibilities are corroborated by
others [18,19]. Previously, Xiao et al. [42] observed that central
overexpression of ACE2 decreased norepinephrine release and the
renal sympathetic nerve activity in mice with heart failure. Byku
et al. [7] have also shown that peripherally, Ang-(1–7) decreased
nerve-stimulated norepinephrine overﬂow and perfusion pressure
in the mesenteric arterial bed of SHR. On the other hand, data
showing Ang-(1–7)-induced modulation of cardiovascular sympathetic and parasympathetic activities, as well as sympathovagal
balance (LF/HF index), suggest a central effect of this peptide on
BP regulation. In keeping with our results, a previous study from
Heringer-Walther et al. [17], also performed in SHR, has shown
that Ang-(1–7) is involved in the central autonomic regulation of
BP by modulating sympathetic neurons. Further, in rabbits with
pacing-induced cardiac heart failure, central infusion of Ang-(1–7)
blunted sympathetic outﬂow and stimulated vagal outﬂow [19].
These observations favor the hypothesis that our results could be
at least partially dependent on a central action of Ang-(1–7), conceivably acting primarily in brain-barrier deﬁcient regions. Further
studies are obviously needed to conﬁrm this possibility.
Beneﬁcial effects of Ang-(1–7) on autonomic modulation as
shown here forHR and SAP variabilities, probably contribute for
restoring cardiac function and lowering BP, here observed in
rats treated with the inclusion compound. In this regard, chronic

treatment with Ang-(1–7) was very similar to exercise training
effects in restoring cardiovascular autonomic control. The results
obtained with HPB-CD/Ang-(1–7) and exercise training may also
have future implications on clinical outcomes in hypertensive population since HR and SAP variability are considered predictors of
cardiac events in healthy people and in patients with cardiovascular
diseases [21,25,35].
Regarding cardiac changes induced by both treatments,
beneﬁcial effects obtained after chronic treatment with HPBCD/Ang-(1–7) in SHR comprised a diminished cardiac hypertrophy
and improved function. Similar results were also veriﬁed using
the same compound in models of myocardial infarction and
isoproterenol-induced heart failure [26]. Amelioration of cardiac
remodeling caused by HPB-CD/Ang-(1–7) treatment and exercise training is accompanied by the improvement of LV function
in SHR. We showed that chronic treatment with the inclusion
compound restores LV end-diastolic pressure to values similar to
normotensive Wistar–Kyoto rats. Exercise training caused similar
responses in both LV pressures. Mechanical improvement of the
cardiac muscle is also shown by LV maximum and minimum derivatives. We demonstrated that only Ang-(1–7) treatment restores
both derivatives of contractility and relaxation, whereas exercisetraining ameliorated only the relaxation component. Alterations in
the autonomic control on heart caused by both treatments may
contribute to improve cardiac muscle mechanical properties.
4.1. Conclusion
In conclusion, chronic administration of HPB-CD/Ang-(1–7)
inclusion compound in SHR decreases BP and greatly improves the
autonomic modulation of the cardiovascular system. Beneﬁcial cardiovascular responses obtained with the orally active Ang-(1–7)
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compound also include the improvement of LV function and
cardiac muscle mechanical properties. Treatment with the Ang(1–7) inclusion compound produced responses similar to those of
exercise training mainly on attenuating cardiac hypertrophy and
enhancing cardiovascular autonomic control. Our data reinforces
the feasibility of the use of an orally active HPB-CD/Ang-(1–7) inclusion compound for managing BP and target-organ damage induced
by hypertension.
4.2. Perspectives
The results obtained with HPB-CD/Ang-(1–7) treatment highlight the potential therapeutic effect of an orally active Ang-(1–7)
formulation as a putative mimetic of exercise training on handling
the deleterious cardiac dysfunction induced by hypertension. We
used a rather low effective once-a-day dose of Ang-(1–7), which has
been used in a previous study examining the antithrombotic effect
of Ang-(1–7) in SHR [16] and its cardioprotective effect in myocardial infarction [27] and isoproterenol-induced cardiac dysfunction
and remodeling [26].
However, despite of the dramatic effects observed in the current study in the diastolic dysfunction and HR variability, in future
studies would be important to evaluate the effect of different doses
of the inclusion compound, especially on BP since Ang-(1–7) is
known as a vasodilator, as well as to compare the hemodynamic
effects of this compound with other anti-hypertensive drugs. A
more detailed assessment of the mechanism by which the Ang(1–7) is absorbed in the digestive tract, as well as whether this
peptide crosses the encephalic barrier and/or penetrate cardiac tissue, will be also important in order to determine the mechanism
of the exercise-mimetic activity of Ang-(1–7) in the cardiovascular
system.
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