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bstract

Angiotensin (Ang)-(1–7), a bioactive compound of the renin–angiotensin system, exerts effects leading to blood pressure reduction which
ounterbalance Ang II pressor actions. The present study was conducted to examine Ang-(1–7) and Ang II effects on superoxide anion production
n rat aorta using the lucigenin chemiluminescence method. Ang II dose-dependently increased superoxide anion formation when compared to
ontrol levels; a maximal increase (2.5-fold) was observed with 1 × 10−10 M peptide concentration. The Ang II-stimulated superoxide formation
as blocked by 1 × 10−10 M losartan, the specific AT1 receptor antagonist, but not by 1 × 10−10 M PD 123319, the AT2 receptor antagonist,

uggesting that the increased superoxide levels caused by Ang II are mediated through AT1 receptors activation. The Ang II-stimulated superoxide
roduction was not modified by 2 × 10−8 M allopurinol or 1 × 10−7 M indomethacin, but was completely abolished by NAD(P)H oxidase inhibitors:
× 10−8 M diphenylene iodonium, or 2 × 10−8 M apocynin, demonstrating that NAD(P)H oxidase participates in such response.
In contrast to Ang II, Ang-(1–7) concentrations ranging 1 × 10−12 to 1 × 10−6 M did not modify superoxide anion levels, but prevented the Ang
I-enhanced superoxide production.
In conclusion, we demonstrated that Ang-(1–7) blocks the pro-oxidant effects of Ang II, thus reducing the superoxide anion production and

elaying the hypertension development.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

The renin–angiotensin system (RAS) is a very important
egulatory system in cardiovascular and blood pressure home-
stasis. Although angiotensin (Ang) II has been considered the
ajor effector peptide of the RAS, Ang-(1–7), the heptapeptide

acking the C-terminal phenylalanine of the Ang II sequence, is
lso an important biologically active component of the system.
rocessing of Ang II by prolyl-endopeptidase or endopeptidases
roduces Ang-(1–7) [1,2]. In addition, Ang I via an indepen-
ent pathway by the action of angiotensin-converting enzyme

ACE) or tissue-specific endopeptidases contributes to the hep-
apeptide formation [2–4]. It was reported that ACE2, a new
AS regulatory enzyme, produces Ang-(1–7) from Ang II [5,6].
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ng-(1–7) lacks the vasoconstrictor, aldosterone secretagogue
r dipsogenic effects of Ang II [2,7]. In contrast, it causes natri-
resis and diuresis, vasodilation and inhibits angiogenesis and
ellular growth, suggesting that in many cases this peptide may
ct as an endogenous antagonist of Ang II [2,7–9]. In fact, an
ntihypertensive as well as a counterbalancing role to the pres-
or and proliferative actions of Ang II have been suggested for
ng-(1–7), since some of its effects opposite to those produced
y Ang II are enhanced in rat models of hypertension [7].

It is known that reactive oxygen species (ROS) contribute to
he pathogenesis of numerous cardiovascular diseases including
ypertension, atherosclerosis, cardiac hypertrophy, heart fail-
re and restenosis, being NAD(P)H oxidase the predominant
ource of ROS. Activation of this enzyme leads to a variety of

ntracellular signaling events that ultimately promote endothe-
ium dysfunction, vascular smooth muscle cells proliferation,
ro-inflammatory genes expression and reconstruction of the
xtracellular matrix [10]. Ang II, via activation of the AT1 recep-
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smaller increase in superoxide production (Fig. 1). The Ang II-
stimulated superoxide formation was blocked by 1 × 10−10 M
losartan, the specific AT1 receptor antagonist, but not by
1 × 10−10 M PD 123319, the AT2 receptor antagonist (Fig. 2),

Fig. 1. Effects of Ang II on superoxide production in thoracic aortic rings.
Results indicate the ratio between chemiluminescence produced by lucigenin
with and without peptide additions and are expressed as means ± S.E.M. (n = 7)
in each group. *p < 0.01 vs. control group.
A.H. Polizio et al. / Pharmaco

or, stimulates NAD(P)H oxidases activity in vascular smooth
uscle cells increasing superoxide anion formation and nitric

xide inactivation, effects associated with the pathogenesis of
ypertension [11,12]. Furthermore, many Ang II effects seem to
e mediated by enhanced ROS production [13].

In this study, we investigate in aortic thoracic rings Ang-
1–7) and Ang II effects on superoxide anion levels. Since it
as been suggested that Ang-(1–7) counter-regulates the pressor
nd trophic actions of Ang II [7], we hypothesize that Ang-(1–7)
pposes the Ang II-stimulated superoxide production.

. Materials and methods

.1. Chemicals

NADPH, diphenylene iodonium (DPI), indomethacin,
D123319, Nw-nitro-l-arginine methyl ester (l-NAME), allop-
rinol and Ang II were purchased from Sigma–Aldrich (St.
ouis, MO). Apocynin was obtained from Calbiochem, CA and

osartan was from Dupont-Merck, Wilmington, DE. Ang-(1–7)
nd [d-Ala7]Ang-(1–7) were synthesized in our laboratory by
he Merrifield solid-phase procedure, as described previously
14]. All other chemicals were of analytical grade.

.2. Experimental procedure

Male Sprague–Dawley rats weighing 200 g were killed by
ecapitation and thoracic aortas were isolated and placed in
hilled modified Krebs/Hepes buffer containing (in mM): 99.01
aCl, 4.69 KCl, 1.87 CaCl2, 1.20 MgSO4, 1.03 K2HPO4, 25.00
aHCO3, 20.00 Na Hepes, and 11.1 glucose (pH 7.4). The aortas
ere cleaned of excessive adventitial tissue and cut into 5-mm

ing segments.
Superoxide anion production was measured by the lucigenin

hemiluminescence method [15]. Briefly, aortic rings were incu-
ated during 30 min at 37 ◦C in Krebs/Hepes buffer either with
o addition (control) or in the presence of different concentra-
ions of Ang II or Ang-(1–7) or a combination of both peptides.
o test the effect of antagonists, rings were handled as described
bove, after preincubation for 30 min with or without antag-
nist. Following incubation, scintillation vials containing 2 ml
rebs/Hepes buffer with 5 × 10−6 M lucigenin and 1 × 10−8 M
ADH were placed into a scintillation counter switched to the
ut-of-coincidence mode. After dark adaptation, background
ounts were recorded and the vascular segment was added to
he vial. Light production induced by superoxide anion attack
n lucigenin was recorded every minute during 30 min and the
espective background counts were substracted. At the end of the
ncubation, rings were removed and dried in a 90 ◦C oven for
4 h. Chemiluminescence produced by lucigenin in rings with
r without additions was expressed as cpm per mg of dried aortic
issue.
.3. Statistical analysis

All data were expressed as mean ± S.E.M. where n is
he number of rats used (seven animals/group). Statistical
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omparisons were performed using one-way ANOVA. When
ignificance was indicated, a Student–Newman–Keuls post hoc
nalysis was applied.

. Results

As shown in Fig. 1, Ang II dose-dependently increased
uperoxide anion formation when compared to control levels;
maximal increase (2.5-fold) was observed with 1 × 10−10 M
eptide concentration. Higher Ang II concentrations produced a
ig. 2. Effects of pretreatment with 1 × 10−10 M losartan or PD 123319 on
uperoxide formation by 1 × 10−10 M Ang II in thoracic aortic rings. Results
ndicate the ratio between chemiluminescence produced by lucigenin with and
ithout additions and are expressed as means ± S.E.M. (n = 7) in each group. &
< 0.01 vs. Ang II-stimulated group.
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Fig. 3. Effects of pretreatment with either 1 × 10−8 M diphenylene iodo-
nium (DPI), 2 × 10−8 M allopurinol (Allo), 1 × 10−7 M indomethacin (Indo),
or 2 × 10−8 M apocynin on superoxide formation by 1 × 10−10 M Ang II
in thoracic aortic rings. Results indicate the ratio between chemilumines-
cence produced by lucigenin with and without additions and are expressed as
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Fig. 4. Effects of Ang-(1–7) on superoxide production in thoracic aortic rings.
Results indicate the ratio between chemiluminescence produced by lucigenin
with and without peptide addition and are expressed as means ± S.E.M. (n = 7)
in each group. *p < 0.01 vs. control group.

Fig. 5. Effects of pretreatment with 1 × 10−10 M Ang-(1–7) on superoxide for-
mation by 1 × 10−10 M Ang II in thoracic aortic rings. Results indicate the ratio
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eans ± S.E.M. (n = 7) in each group. *p < 0.01 vs. control group. & p < 0.01
s. Ang II-stimulated group.

uggesting that the increased superoxide levels caused by Ang
I are mediated through AT1 receptors activation.

Superoxide anion is formed from O2 mainly by the enzy-
atic activity of NAD(P)H oxidase, but other oxidant enzymes,

uch as xanthine oxidase may also be involved [16]. Moreover,
t has been demonstrated that arachidonic acid metabolites par-
icipate in oxidase activation [17]. In order to test which enzyme
ediates the enhanced superoxide anion level caused by Ang II,

pecific inhibitors of NAD(P)H oxidase, xanthine oxidase and
yclooxygenase were assayed. The Ang II-stimulated superox-
de production was not modified by 2 × 10−8 M allopurinol,
n specific inhibitor of xanthine oxidase, or by 1 × 10−7 M
ndomethacin, which inhibits cyclooxygenase (Fig. 3), but was
ompletely abolished in the presence of NAD(P)H inhibitors:
iphenylene iodonium (1 × 10−8 M), or apocynin (2 × 10−8 M)
Fig. 3), demonstrating that NAD(P)H oxidase participates in
uch response.

In contrast to Ang II, Ang-(1–7) concentrations ranging
× 10−12 to 1 × 10−6 M did not modify superoxide anion lev-
ls (Fig. 4), but prevented the Ang II-enhanced superoxide anion
roduction (Fig. 5).

To test if the decreased Ang II-stimulated superoxide for-
ation caused by Ang-(1–7) was due to the activation of the
ng-(1–7)-sensitive receptor named Mas [18,19], incubation
as performed in the presence of the receptor antagonist [d-
la7]Ang-(1–7). As shown in Fig. 6, the addition of 1 × 10−10 M

d-Ala7]Ang-(1–7) did not modify the Ang-(1–7) effect.
Several reports demonstrate that some Ang-(1–7) biologi-

al actions are mediated by nitric oxide and/or prostaglandins
2,20]. To investigate whether Ang-(1–7) blocking effect on
ng II-increased superoxide production was mediated by

itric oxide or prostaglandins, incubations were performed
ith aortic rings pretreated with 1 × 10−10 M l-NAME or

ndomethacin. No change in the Ang-(1–7) effect was observed
Fig. 7).

w
A
o
v

etween chemiluminescence produced by lucigenin with and without additions
nd are expressed as means ± S.E.M. (n = 7) in each group. *p < 0.01 vs. control
roup. & p < 0.01 vs. Ang II-stimulated group.

. Discussion

In accordance with previous studies [12,21,22], the present
tudy indicates that in vascular cells Ang II significantly
nhanced the production of superoxide anion in a dose-
ependent manner. A smaller increase in superoxide formation
as observed above 1 × 10−10 M Ang II, probably due to desen-

itization of AT1 receptors [23,24]. The fact that the increased
uperoxide levels caused by Ang II were blocked by DPI and
pocynin demonstrates that NAD(P)H oxidases activation is
nvolved.

In our study, the Ang II-augmented superoxide production

as totally blocked by losartan, suggesting the involvement of
T1 receptors (present results). Accordingly, it has been previ-
usly demonstrated that Ang II stimulates superoxide production
ia both AT1A and AT1B receptors in mouse aorta and heart [22]
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Fig. 6. Effects of 1 × 10−10 M Ang-(1–7) on superoxide formation by
1 × 10−10 M Ang II in thoracic aortic rings pretreated with 1 × 10−10 M
[d-Ala7]Ang-(1–7). Results indicate the ratio between chemiluminescence
produced by lucigenin with and without additions and are expressed as
m
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eans ± S.E.M. (n = 7) in each group. *p < 0.01 vs. control group. & p < 0.01
s. Ang II-stimulated group.

nd that the hypertension induced in rats by chronic infusion of
ng II is correlated with an increased NAD(P)H oxidase-derived

uperoxide generation and prevented by losartan pretreatment
12]. Furthermore, an increased NADPH oxidase activity medi-
ted through AT1 receptors has been reported in rats with
enetically high ACE levels [25].

The effects of Ang-(1–7) on superoxide production by
AD(P)H oxidase are poorly documented. In our experimen-

al work, none of the tested concentrations affected superoxide
evels, suggesting that Ang-(1–7) did not interact with the vascu-
ar NAD(P)H oxidase. Our results are in accordance with those

eported by Oudot et al. [26] demonstrating that Ang-(1–7) has
o effect on NAD(P)H oxidase activity in isolated perfused rat
earts under non-ischemic conditions. However, pharmacologi-

ig. 7. Effects of 1 × 10−10 M Ang-(1–7) on superoxide formation by
× 10−10 M Ang II in thoracic aortic rings pretreated with either 1 × 10−7 M

ndomethacin, or 3 × 10−7 M l-NAME. Results indicate the ratio between
hemiluminescence produced by lucigenin with and without additions and are
xpressed as means ± S.E.M. (n = 7) in each group. *p < 0.01 vs. control group.

p < 0.01 vs. Ang II-stimulated group.
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al concentrations of Ang-(1–7) activated myocardial NAD(P)H
xidase after ischemia–reperfusion [26].

Since Ang-(1–7) exerts several biological actions through
ctivation of the Mas receptor [18,19] experiments performed in
he presence of [d-Ala7]Ang-(1–7), a selective Ang-(1–7) antag-
nist, indicated that this receptor is not involved in the Ang-(1–7)
ffect. Possibly, Ang-(1–7) behaves as an Ang II antagonist
y competing for AT1 receptors. In fact, we have previously
emonstrated that Ang-(1–7) releases [3H]norepinephrine in
at atria through activation of AT1 receptors [27] and elicits
igh affinity for those receptors in rat glomeruli [28]. Several
ffects induced by Ang II are blocked by Ang-(1–7). I.e. Zhu
t al. [29] demonstrated that Ang-(1–7) shows partial antag-
nism on the Ang II-induced activation of protein kinase C
nd extracellular signal-regulated kinases (ERK1/2) in vascular
mooth muscle cells. Similarly, the Ang II-stimulated nore-
inephrine release in hypothalami from SHR was blocked by
ng-(1–7) [30]. Since Ang-(1–7) blocked Ang II-induced pres-

or responses, it has been suggested that the heptapeptide may
ct as a specific non-competitive antagonist of AT1 receptors
31,32]. Moreover, Clark et al. [33] demonstrated in vascular
mooth muscle cells that Ang-(1–7) reduces Ang II binding to
he AT1 receptor, as a result of a decreased number of recep-
ors available for subsequent binding with no significant effect
n Ang II affinity for the receptor. The down regulation of
he Ang II receptor by Ang-(1–7) was blocked by pretreat-

ent with the AT1 receptor antagonist L158,809 demonstrating
direct interaction of the heptapeptide with the AT1 receptor

33].
It has been described that some Ang-(1–7) effects are

ediated by the release of nitric oxide and/or prostaglandins
2,20]. Present results showed that pre-treatment with l-NAME
nitric oxide synthase inhibitor), or indomethacin (cycloxyge-
ase inhibitor) did not modify the blocking effect of Ang-(1–7)
n Ang II-stimulated superoxide production, suggesting a nitric
xide and prostaglandin-independent mechanism.

ACE inhibitors have turned to be important tools in the
herapy of hypertension, heart failure, cardiac remodeling,
ostmyocardial infarction and renal diseases. Ang-(1–7) level
ncreases 5–25-fold in blood after administration of an ACE
nhibitor, either due to an increased formation from its precur-
or Ang I or a decreased degradation after ACE blockade [34].
he accumulation of Ang-(1–7) possibly determines its opposi-

ion to the pro-oxidative effects of Ang II in the production of
uperoxide anion via NAD(P)H oxidase and may play a substan-
ial role in cardiovascular and antihypertensive effects of RAS
lockade protecting the endothelium [35]. Furthermore, Igase et
l. [36] demonstrated that systemic blockade of AT1 receptors
s associated with increased expression of aortic ACE2 mRNA
s well as increased immunoreactive Ang-(1–7) in the thoracic
orta of SHR. Since ACE2 cleaves Ang II to Ang-(1–7) with
igh catalytic efficiency, the therapeutic use of AT1 blockers,
upports the hypothesis that Ang-(1–7) reinforces the decreased

uperoxide formation promoted by those drugs.

In conclusion, we demonstrated that Ang-(1–7) blocks the
ro-oxidant effects of Ang II, thus reducing the superoxide anion
roduction and delaying the hypertension development.
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