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Abstract
Since angiotensin (Ang) (1-7) injected into the brain blocked Ang II pressor actions in rats made
hypertensive by aortic coarctation (CH), we examined systemic and tissue angiotensin peptide levels,
specifically concentrating on the hypothalamic Ang-(1-7) levels. Plasma, heart and kidney isolated
from CH rats showed increased levels of Ang I, Ang II and Ang-(1-7) compared with the
normotensive group, with Ang II being the predominant peptide in heart and kidney. In the
hypothalamus, equimolar amounts of Ang II and Ang-(1-7) were found in the sham group, whereas
only Ang-(1-7) levels increased in CH rats. We conclude that aortic coarctation activates systemic
and tissue renin-angiotensin system. The increased central levels of Ang-(1-7) in the CH rats suggest
a potential mitigating role of this peptide in central control of the hypertensive process.
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1. Introduction
The physiopathogenesis of acute aortic coarctation hypertension has been well documented
[5,6,25–27,31]. Clamping the aorta between the renal arteries initially results in arterial and
cardiac hypertrophy in response to the development of high blood pressure [5,6]. Involvement
of angiotensin II (Ang II) in this hypertensive process has been demonstrated by blockade of
Ang II receptors or measurement of plasma renin activity, which was significantly increased
following aortic constriction [5,6,25–27,31]. On the other hand, the response of critical
cardiovascular target organs to the increased renin-angiotensin system (RAS) in this model of
hypertension has not been characterized. In addition, there is lacking information about RAS
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at the central level in this hypertensive model. It is not known whether the hypertension induced
by renal hypoperfusion results from increased activity of the circulating or if other local tissue
RAS are also activated. With this in mind, we have evaluated the participation of local tissue
RAS systems (heart, kidney above the coarctation, and hypothalamus) by measuring plasma
and tissue levels of Ang I, Ang II and Ang-(1-7) in rats made hypertensive by aortic coarctation.
Furthermore, since a counterbalancing role on Ang II pressor and trophic actions has been
suggested for Ang-(1-7) [10], specially in situations of increased Ang II activity as in
hypertension, our aim was to investigate changes in plasma and tissue Ang-(1-7) levels. In fact,
we have previously shown that Ang-(1-7) blocked Ang II actions at the hypothalamic level in
coarcted hypertensive (CH) rats [12,15], so we hypothesize that Ang-(1-7) levels are increased
in hypothalami from these rats to counterbalance the activated renal RAS.

2. Methods
2.1. Animal Preparation

Male Wistar rats (250–300 g) were anesthetized with ether and subjected to sham operation or
complete ligation of the abdominal aorta between the renal arteries according to the method
described by Rojo-Ortega and Genest [24]. Following surgery, rats were returned to their cages
and penicillin (50000 UI) administered s.c. to prevent infections. Although they displayed
lower limb paralysis during the first 20 h after surgery, normal range of motion returned within
24 h. All experimental procedures complied with the guidelines of the American Physiological
Society, and the study was approved by our Institutional Review Board for Animal
Experimentation.

2.2. Experimental Protocols
Experiments were performed 7 days after surgery. To measure mean arterial blood pressure
(MAP), rats were anesthetized with ether and the left common carotid artery cannulated with
a polyethylene tubing containing heparinized saline solution (25 U/ml). The cannula was
externalized at the back of the neck and connected to a blood pressure transducer (Viggo
Spectramed, Viggo, USA) coupled to a polygraph (Grass 79D, Grass, USA). After 3 h, arterial
blood pressure was measured in conscious, freely moving animals. MAP was calculated
according to the following formula: diastolic presure + [(systolic pressure − diastolic pressure)/
3]. Heart rate (HR) was calculated by counting the pulsatile waves of arterial pressure using a
tachograph.

24 h urine was collected in 6 N HCl 6 days after surgery and stored at −70°C until assay, as
previously described [3,17].

Rats were killed by decapitation. Trunk blood was rapidly collected in glass tubes containing
a mixture of 25 mmol/L potassium ethylene-diamine-tetraacetic acid (Sigma-Aldrich), 0.44
mmol/L o-phenanthroline (Sigma-Aldrich), 1 mmol/L Na+ para-chloromercuribenzoate
(Sigma-Aldrich), 0.12 mmol/L pepstatin A (Sigma-Aldrich) and the renin inhibitor acetyl-His-
Pro-Phe-Val-Statine-Leu-Phe (AnaSpeck Inc) (3 μmol/L), which inhibits in vitro production
and degradation of angiotensin peptides [3,17]. Blood was centrifuged for 20 min at 3000 xg
(4 °C) and plasma kept frozen at −70 °C until assay. The hypothalamus, right kidney (above
the coarctation), and heart were rapidly dissected on ice, frozen and stored at −70°C until assay.

Ang peptides in plasma, urine, heart, kidney and hypothalamus were extracted and quantified
as described previously [3,17]. Ang levels were not measured in the left kidney because it was
completely necrotized due to complete ligation of the artery.
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2.3. Statistical Analysis
All values are mean±SEM. Data were analyzed by one-way ANOVA or Student’s t test. Post
hoc analysis was carried out using the Student-Newman-Keuls test, considering P< 0.05
significant.

3. Results
MAP was significantly higher in conscious rats with aortic coarctation-induced hypertension
(CH) than in animals subjected to sham operation (134 ± 5 vs 98 ± 4 mm Hg, P<0.05), while
the heart rate in CH rats was lower (409 ± 14 vs 459 ± 11 beats/min, P<0.05). The ratio of heart
weight to body weight was significantly increased in the CH rats (4.8 ± 0.5 vs 3.2 ± 0.2 in the
sham group, P<0.05), suggesting development of cardiac hypertrophy.

Plasma levels of Ang I, Ang II and Ang-(1-7) were increased 18-, 12- and 6-fold, respectively,
in CH rats (Fig. 1A) with Ang I being the predominant peptide (levels in fmol/ml plasma of
Ang I: 101.6±22.2 in sham vs 1538±376 in CH; Ang II: 31.2±1.8 in sham vs 352±119.6 in CH;
Ang-(1-7): 14.2±3.6 in sham vs 88.8±8.3 in CH). Ang II/Ang I and Ang II/Ang-(1-7) ratios
were not changed (Fig. 1B).

Figure 2A illustrates the effect of this form of hypertension on renal tissue concentrations of
Ang I, Ang II, and Ang-(1-7) above the aortic ligature, that is in the right kidney. Ang levels
were not measured in the left kidney (below the level of the aortic banding) because it was
completely necrotized due to complete ligation of the artery. Compared with sham-operated
rats, CH rats had increased renal tissue levels of Ang I (2-fold), Ang II (3.8-fold) and Ang-
(1-7) (2-fold), with Ang II > Ang I > Ang-(1-7) (levels in fmol/g tissue of Ang I: 219.8±23.9
in sham vs 438.4±40.7 in CH; Ang II: 158.6±13.9 in sham vs 600.8±80.6 in CH; Ang-(1-7):
53.1±7.6 in sham vs 98.0±14.4 in CH). There was a shift to a higher Ang II/Ang-(1-7) ratio in
CH compared to sham-operated rats, though the Ang II/Ang I ratio did not change (Fig. 2B).

Ang peptides were also detected in the urine. Urinary concentrations of Ang I, Ang II and Ang-
(1-7) were increased in CH rats (levels in fmol/24 h of Ang I: 794.2±82.9 in sham vs 5365.6
±1420.0 in CH; Ang II: 1087.8±174.2 in sham vs 2908.4±555.0 in CH; Ang-(1-7): 1031.6
±289.2 in sham vs 2818.3±641.8 in CH) (Fig. 3A). Both Ang II/Ang I and Ang II/Ang-(1-7)
ratios were diminished in CH rats (Fig. 3B).

Cardiac levels of Ang II and Ang-(1-7) averaged 100% and 69%, respectively, above sham
values (levels in fmol/g tissue of Ang II: 32.3±1.9 in sham vs 65.6±12.7 in CH; Ang-(1-7):
16.3±0.7 in sham vs 27.5±2.3 in CH)(Fig. 4A). The Ang II/Ang-(1-7) ratio was higher in CH
than in sham-operated rats, while the Ang II/Ang I ratio did not change (Fig. 4B).

In the hypothalamus, equimolar amounts of Ang II and Ang-(1-7) were found in the sham
group, whereas only Ang-(1-7) levels were significantly increased in CH rats (levels in fmol/
g tissue of Ang I: 50.0±5.6 in sham vs 74.4±12.3 in CH; Ang II: 196.9±9.6 in sham vs 220.7
±37.3 in CH; Ang-(1-7): 142.6±22.5 in sham vs 232.9±33.1 in CH) (Fig. 5A). Ang II/Ang I
and Ang II/Ang-(1-7) were not changed (Fig. 5B).

4. Discussion
The key observations derived from the present work is that a renin-dependent model of
hypertension induced by ligation of the aorta between the renal arteries is associated with a
significant increase in not only plasma but also tissue concentrations of Ang II and Ang-(1-7)
in the kidney and heart. Ang II was the predominant peptide in both tissues, shifting the balance
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of Ang peptides toward the vasoconstrictor peptide. Conversely, in hypothalamus from these
hypertensive rats only Ang-(1-7) levels were augmented.

Our observation of increased plasma Ang I, Ang II and Ang-(1-7) levels is in agreement with
the elevated plasma renin activity reported in CH rats [5,6] and confirms that the systemic RAS
is activated. The elevated plasma Ang levels may result from the augmented plasma renin
activity arising from the reduced perfusion pressure of the kidney below the constriction
previously reported in CH rats [5,6,25–27,31], suggesting that activation of the enzyme
contributes to the increased production of Ang peptides. Similarly, augmented Ang I and Ang
II levels as a result of increased plasma renin activity have also been reported in two-kidney,
one-clip (2K, 1C) hypertensive rats [13], another renovascular hypertensive rat model
characterized by RAS hyperactivity. Plasma conversion of Ang I to Ang II as reflected by the
Ang II/Ang I ratio, which is an index of angiotensin-converting enzyme (ACE) activity [21],
was similar in normotensive and CH rats (present results), suggesting that ACE activity was
not modified. In agreement with this, Guan at al. [13] have shown that ACE activity did not
change 7 days after clipping one renal artery in 2K, 1C rats.

In the present study, we found that renal content of Ang peptides was elevated in CH rats
compared to the normotensive group, with Ang II being the predominant peptide. Due to
exposure of this kidney to increased blood pressure, one might anticipate that juxtaglomerular
renin would be reduced. Since we did not measure renin activity or concentration in renal tissue,
the markedly elevated tissue levels of Ang I and Ang II suggest no suppression of the local
tissue RAS. The increase in Ang peptides may result from local renin secretion, outside the
juxtaglomerular cells. However, Wang et al. [29] reported finding no difference in either renal
renin activity or renin mRNA expression above the coarctation in normotensive and CH rats.
In agreement with our results, Guan et al.[13] described elevated Ang levels with no change
in renin activity in the non-clipped kidney from 2K,1C rats. A possible explanation may be
that the increased renal levels of Ang II (present results) may be due to renal uptake of
circulating renin, as suggested by Campbell et al. in kidneys from transgenic hypertensive rats
[2]. In fact, Ang formation mediated by renin uptake has been demonstrated in cardiac and
coronary vascular tissues [8,20] and in the endothelium [14]. Our results indicate that
conversion of Ang I to Ang II was not changed, that is, the Ang II/Ang I ratio in the CH rat
kidney was similar to that of the sham-operated rats. On the other hand, conversion of Ang II
to Ang-(1-7) was decreased in the CH kidney suggesting diminished activity of an enzyme
involved in Ang-(1-7) generation. One may speculate that ACE2, which efficiently degrades
Ang II to Ang-(1-7) [1,7,22], may be reduced. In fact, in rat models of hypertension, renal
ACE2 mRNA and protein expression are markedly reduced [7]. Thus, diminished renal ACE2
activity in CH rats may lead to increased Ang II with resultant promotion of Na+ retention.
Although the ratios may provide an index of ACE and ACE2 activity they do not definitely
measure the activities of the enzymes. Furthermore, other enzymes such us prolyl
endopeptidases, thimet oligopeptidases or neutral endopeptidases 24.11 may be involved [4,
30]. The contribution of these enzymes to Ang-(1-7) generation may be directed by the tissue-
specific distribution of the appropriate enzyme. Further studies will have to be done to
characterize the involvement of specific enzymes.

Urine excretion of Ang I, Ang II and Ang-(1-7) were several-fold higher in CH rats compared
to normotensive controls, with Ang I being the predominant peptide. This may not be due to
increased plasma filtration in the kidney, since Ang concentrations were substantially greater
than in plasma of CH rats, implicating the kidney as a site for Ang peptide production. In
agreement with this, augmented urinary Ang excretion has been reported in spontaneously and
transgenic hypertensive rats [32] and in animals exposed to chronic treatment with either an
ACE inhibitor or Ang II receptor blocker [16].

Gironacci et al. Page 4

Peptides. Author manuscript; available in PMC 2008 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cardiac levels of Ang I were not modified in CH rats, whereas Ang II and Ang-(1-7) content
were significantly increased, suggesting that Ang II and Ang-(1-7) production may be
compartmentalized in the rat heart, as previously demonstrated in the dog heart [9]. The
existence of a cardiac RAS has been a matter of debate since a controversy on the question of
local synthesis versus uptake from the circulation exists [23]. However, it has been recently
demonstrated an intracellular synthesis of Ang II by isolated cardiac myocytes and fibroblasts
[28] supporting the idea of local cardiac RAS synthesis.

Our results showed that the cardiac Ang II/Ang-(1-7) ratio was increased in CH rats, suggesting
that the Ang-(1-7) generation pathway is diminished, favoring Ang II accumulation. This
increase in Ang II formation in the heart may contribute to the pathogenesis of cardiac
hypertrophy observed in this model of hypertension (present results and those of Chatelain et
al. [5]). In fact, in transgenic mice overexpressing angiotensinogen exclusively in the heart, it
was shown that a locally activated RAS induces cardiac hypertrophy [19].

The present results indicate that in contrast to plasma and peripheral tissues, the hypothalamus
in CH rats experienced a specific increase in Ang-(1-7) content with no change in Ang I and
Ang II levels, suggesting that the heptapeptide may play a mitigating role in the central control
of blood pressure regulation in this hypertensive process. This is the first report demonstrating
increased levels of Ang-(1-7), which in addition are slightly higher than those of Ang II, at the
central level in a renovascular hypertensive model. These augmented Ang-(1-7) levels in
hypothalami from these rats support the fact that the heptapeptide not only diminished NE
release but also blocked Ang II-enhanced norepinephrine outflow from hypothalami isolated
from CH rats [12], thus diminishing sympathetic nervous system activity and contributing to
reduce blood pressure. Furthermore, we found that intrahypothalamic injections of Ang-(1-7)
in conscious CH rats blocked the increase in blood pressure caused by Ang II [15].

5. Conclusions
In summary, the present study demonstrates that Ang levels are increased in plasma and local
tissues of CH rats and provides further evidence that RAS hyperactivity promotes elevated
arterial pressure in the acute state of this model of renovascular hypertension. Nevertheless,
the increasing complexity of the RAS requires further detailed analysis of the expression and/
or activity of tissue angiotensin forming enzymes. Our results show that Ang II is the
predominant peptide found in the heart and kidney, and these data provide direct support for
an Ang II-dependent mechanism of hypertension and cardiac hypertrophy in this model.
Despite the fact that a cardioprotective [11,18] and a counterregulatory role of Ang II actions
have been suggested for Ang-(1-7) [10], its increased levels may not be enough to overcome
the Ang II-induced cardiac hypertrophy and Na+-enhanced retention observed in this
hypertensive model. On the other hand, the increased central levels of Ang-(1-7) in CH rats,
together with the fact that Ang-(1-7) blocked central Ang II actions in these hypertensive rats
[12,15], suggest a potential mitigating role of this peptide in central control of the hypertensive
process. The new information on the brain levels in conjunction with the peripheral tissues
provide a more complete assessment of the RAS in this model of hypertension.
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Fig. 1.
Plasma levels of angiotensin (Ang) I, Ang II and Ang-(1-7) (A) and Ang II/Ang I and Ang II/
Ang-(1-7) ratios (B) in sham-operated rats (sham) and rats with aortic coarctation-induced
hypertension (CH). *P<0.05 compared with sham. n=10–12
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Fig. 2.
Renal levels of angiotensin (Ang) I, Ang II and Ang-(1-7) (A) and Ang II/Ang I and Ang II/
Ang-(1-7) ratios (B) in sham-operated rats (sham) and rats with aortic coarctation-induced
hypertension (CH). *P<0.05 compared with sham rats. n=10–12
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Fig. 3.
Levels of angiotensin (Ang) I, Ang II and Ang-(1-7) (A) and Ang II/Ang I and Ang II/Ang-
(1-7) ratios (B) in urines from sham-operated rats (sham) and rats with aortic coarctation-
induced hypertension (CH). *P<0.05 compared with sham rats. n=10–12
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Fig. 4.
Cardiac levels of angiotensin (Ang) I, Ang II and Ang-(1-7) (A) and Ang II/Ang I and Ang II/
Ang-(1-7) ratios (B) in sham-operated rats (sham) and rats with aortic coarctation-induced
hypertension (CH). *P<0.05 compared with sham rats. n=10–12
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Fig. 5.
Levels of angiotensin (Ang) I, Ang II and Ang-(1-7) (A) and Ang II/Ang I and Ang II/Ang-
(1-7) ratios (B) in hypothalami from sham-operated rats (sham) and rats with aortic coarctation-
induced hypertension (CH). *P<0.05 compared with sham rats. n=10–12
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