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Abstract
Aims: The present study was performed to evaluate the effects of target disruption of the G-protein-coupled receptor
Mas for angiotensin 1–7 [Ang(1–7)] in knockout mice on the
course of two-kidney, one-clip (2K1C) Goldblatt hypertension. Methods: Knockout and wild-type mice underwent
clipping of one renal artery. Blood pressure (BP) was monitored by radiotelemetry. The mice were either untreated or
chronically treated with the superoxide (O–2) scavenger tempol (400 mg/l) or the inhibitor of NADPH oxidase apocynin
(1 g/l) administered in drinking water. Results: Knockout
mice responded to clipping by accelerated increases in BP
and the final BP was significantly higher than that in wildtype mice. Chronic treatment with tempol or apocynin elic-
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ited similar antihypertensive effects in 2K1C/knockout as in
2K1C/wild-type mice. Acute nitric oxide synthase inhibition
caused greater BP increases in 2K1C/wild-type than in 2K1C/
knockout mice. Conclusion: Our present findings support
the notion that the angiotensin-converting enzyme 2-Ang(1–
7)-Mas axis serves as an important endogenous physiological
counterbalancing mechanism that partially attenuates the
hypertensinogenic actions of the activated renin-angiotensin system. The impairment in this axis may contribute to the
deterioration of the course of 2K1C Goldblatt hypertension.
Copyright © 2010 S. Karger AG, Basel

Introduction

The two-kidney, one-clip (2K1C) Goldblatt model of
hypertension strongly resembles human renovascular
hypertension. It is well established that in this model the
renin-angiotensin system (RAS) plays an important role
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in the development and maintenance of hypertension.
Previous studies have also clearly shown that angiotensin
II (Ang II) is the biologically most important peptide of
the RAS and that Ang II-mediated activation of Ang II
type 1 receptors is the critical mechanism in the pathophysiology of 2K1C Goldblatt hypertension [1, 2]. Nevertheless, recent studies have demonstrated that in the
phase of sustained hypertension the enhanced plasma
Ang II level is not the exclusive causative factor responsible for the maintenance of hypertension in this model
and therefore the role of other components of the RAS
and/or their interaction with other vasoactive system(s)
must be evoked [3, 5].
Emerging evidence indicates that angiotensin 1–7
[Ang(1–7)], a biologically active heptapeptide which is
mainly formed by angiotensin-converting enzyme 2
(ACE2), acts as a vasodilator and natriuretic peptide
which can be considered as an endogenous physiological
Ang II counterbalancing peptide within the RAS [6–8].
The importance of Ang(1–7) has been underlined by the
findings that the G-protein-coupled Mas receptor is the
endogenous binding site for Ang(1–7) and through its activation the majority of actions of Ang(1–7) are mediated
[9–12]. In our recent study, we have shown that either
chronic pharmacological blockade of Ang(1–7) receptors
by infusion of 7-D-Ala-Ang(1–7) or chronic treatment
with an ACE2 inhibitor worsened the course of hypertension and elicited a significant reduction of renal hemodynamics in the nonclipped kidney of 2K1C Goldblatt hypertensive rats without altering circulating and intrarenal Ang II levels as compared with saline vehicle-infused
2K1C hypertensive rats. These data suggest that Ang(1–7)
serves as an important endogenous vasodilatory and
renoprotective agent that, at least partially, attenuates the
vasoconstrictor actions of elevated intrarenal Ang II levels in the nonclipped kidney of 2K1C hypertensive rats
[13, 14]. On the basis of these results, it has been postulated that either a deficiency in intrarenal Ang(1–7) formation or an interrupted signaling within the endogenous ACE2-Ang(1–7) axis might contribute to the deterioration of the course of hypertension in the 2K1C
Goldblatt hypertensive model.
Some conflicting data from previous studies evaluating the physiological and pathophysiological role of
Ang(1–7) have been ascribed to nonspecific and/or related actions of Ang(1–7) receptor antagonists and agonists [6, 7, 15]. In order to overcome some of these limitations and to address some criticism regarding the
conclusions drawn from our previous studies which predominantly used a pharmacological approach to study

the role of the ACE2-Ang(1–7) axis in the regulation of
blood pressure (BP) and renal function [13, 14, 16, 17], we
have decided to employ in the present study genetically
engineered mice with target disruption of the Mas receptor (knockout mice). In a first series of experiments, the
effects of a chronic functional lack of actions of endogenous Ang(1–7) on the development of 2K1C Goldblatt
hypertension were evaluated.
Emerging evidence indicates that enhanced nitric oxide (NO) formation counteracts the hypertensinogenic
actions of elevated Ang II levels in Ang II-dependent
forms of hypertension [4, 18, 19], since it has been shown
that Ang(1–7)-induced vasodilatation is predominantly
NO dependent and that NO release occurs through Mas
receptor-mediated actions of Ang(1–7) that elicits sitespecific phosphorylation/dephospohrylation of endothelial NO synthase (NOS) [6, 11, 20, 21]. Accordingly, the
second aim of the present study was to assess the effects
of acute NOS inhibition with nitro-L-arginine methyl ester (L-NAME) on BP in sham-operated and 2K1C knockout and wild-type mice.
Recently, we have demonstrated that during the maintenance phase of hypertension 2K1C mice exhibit enhanced oxidative stress which decreased NOS-dependent
vasodilatation when compared with the initial hypertensive phase. Moreover, it has been suggested that increased
production of superoxide anion (O–2) might be an important factor contributing to the maintenance of hypertension in 2K1C mice [4, 22], and Ang(1–7) has been demonstrated to attenuate Ang II-induced O–2 in endothelial
cells [23]. In view of the above-mentioned information,
we hypothesized that interruption of the ACE2-Ang(1–
7)-Mas axis might further increase the O–2 formation and
contribute to the worsening of the course of 2K1C Goldblatt hypertension. Accordingly, the third aim of the
present study was to evaluate whether chronic treatment
with either the membrane-permeable, metal-independent superoxide dismutase mimetic 4-hydroxyl-2,2,6,6tetramethyl piperidinoxyl (tempol), which has been
shown to be a stable spin trap and to scavenge O–2 in many
in vitro as well as in vivo studies [24–27], or whether
chronic administration of apocynin, which has been
shown to act as an antioxidant in vascular tissue [27, 28],
will attenuate the course of hypertension after unilateral
renal artery clipping and the BP responses to acute NOS
inhibition with L-NAME in knockout and wild-type
mice.
Furthermore, to gain a more detailed insight into the
role of both axes of the RAS in the pathophysiology of
2K1C hypertension in mice, Ang II and Ang(1–7) concen-
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trations in plasma and in the nonclipped kidney were assessed.
Finally, to elucidate whether the genetically engineered interruption of the ACE2-Ang(1–7)-Mas axis selectively alters vasomotor responses to Ang II, additional
experiments were performed to assess BP responses to
Ang II and norepinephrine in untreated and tempol- and
apocynin-treated sham-operated and 2K1C hypertensive
knockout and wild-type mice.

Methods
The studies were performed in accordance with guidelines
and practices established by the Animal Care and Use Committee
of the Institute for Clinical and Experimental Medicine (protocol
No. 2006). All animals used in the present study were bred at the
Department for Experimental Medicine from stock animals supplied by the Max Delbrück Center for Molecular Medicine, Berlin,
Germany (we acknowledge the generous gift of Michael Bader).
In order to obtain knockout mice on pure genetic background the
originally heterozygous mice on mixed genetic background were
backcrossed to the inbred FVB/N mouse line.
Series 1: Evaluation of the Development of 2K1C Goldblatt
Hypertension in Knockout and Wild-Type Mice – Effects of
Tempol and Apocynin Treatment
Male wild-type and knockout mice weighing 28–32 g were
anesthetized with a combination of ketamine (90 mg/kg i.p.) and
xylazine (10 mg/kg i.p.) and TA11PA-C10 radiotelemetric probes
(Data Sciences International, St. Paul, Minn., USA) were implanted in the left carotid artery, as described previously in detail and
as used in our recent study [4]. Mice were allowed 5 days to recover, after which time basal BP was recorded for 7 days and subsequently 2K1C Goldblatt hypertensive and sham-operated mice
were prepared. 2K1C mice were prepared in a similar way as described previously [4, 22]. Antioxidant treatment with the O2–
scavenger tempol (Sigma, Prague, Czech Republic) at a dose of 400
mg/l or the NADPH oxidase inhibitor apocynin at a dose of 1 g/l
were given in drinking water starting after clip placement and
administered until the end of the experiment (day 25 after clip
placement). Previous studies have shown that these doses of tempol and apocynin can effectively reduce oxidative stress [26–28].
Apocynin was sonicated with cyclodextrin (1 g/l) in 2 ml of ethanol and dissolved in 1 liter of water. Our preliminary study has
shown that this solution of cyclodextrin itself did not affect BP or
renal excretory parameters in mice. The drinking water solutions
were filled into covered bottles to minimize degradation by light
and were changed every second day.
Direct BP measurement by radiotelemetry was conducted in
the following experimental groups of G-protein-coupled receptor
Mas wild-type and knockout mice:
(1) sham-operated wild-type mice (wild-type mice, n = 5);
(2) sham-operated wild-type mice treated with tempol (wildtype mice + tempol, n = 5);
(3) sham-operated wild-type mice treated with apocynin
(wild-type mice + apocynin, n = 5);
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(4) sham-operated knockout mice (knockout mice, n = 5);
(5) sham-operated knockout mice treated with tempol (knockout mice + tempol, n = 5);
(6) sham-operated knockout mice treated with apocynin
(knockout mice + apocynin, n = 5);
(7) 2K1C wild-type mice (2K1C/wild-type mice, n = 7);
(8) 2K1C wild-type mice treated with tempol (2K1C/wild-type
mice + tempol, n = 7);
(9) 2K1C wild-type mice treated with apocynin (2K1C/wildtype mice + apocynin, n = 7);
(10) 2K1C knockout mice (2K1C/knockout mice, n = 8);
(11) 2K1C knockout mice treated with tempol (2K1C/knockout mice + tempol, n = 8);
(12) 2K1C knockout mice treated with apocynin (2K1C/
knockout mice + apocynin, n = 7).
Twenty-four-hour urine samples were collected in conscious
mice using metabolic cages 2 days before the clip placement and
the start of the treatment protocol to establish basal renal excretory parameters and subsequently on days 7, 14, 21 and 25 of the
experiment. Urinary concentrations of sodium and potassium
were assessed by flame photometry. Concentration of 8-isoprostane was determined by enzyme immunoassay (Cayman Chemical, Prague) and nitrate/nitrite concentration was measured using
a colorimetric assay (Cayman Chemical, Prague). At the end of
the experiment, mice were sacrificed with excess intraperitoneal
thiopental. The kidneys and hearts were excised, drained and
weighed.
Series 2: Assessment of the Effects of Acute NOS Inhibition on
Mean Arterial Pressure in Knockout and Wild-Type Mice
Separate groups of mice were anesthetized with thiopental sodium (60 mg/kg, i.p.) and placed on a servo-controlled surgical
table that maintained body temperature at 37 ° C. A tracheostomy
was performed using PE-90 tubing. The mice were allowed to
breathe air enriched with O2. The right carotid artery was cannulated with a PE-10 catheter connected to a PE-50 catheter for
continuous measurement of mean arterial pressure (MAP) with a
pressure transducer (model MLT 1050). For recording a computerized data acquisition system (PowerLab/4SP, ADInstruments,
UK) was used. In addition, the right jugular vein was catheterized
with PE-10 tubing for infusion of saline containing 1% bovine serum albumin (Sigma Chemical Co.) at a rate of 5 l/min throughout the experiment. After surgery mice were allowed a 10-min
recovery period which was followed by a 25-min control period
for measurements of basal MAP. Acute NOS inhibition was
achieved by intravenous bolus administration of L-NAME (Sigma
Chemical Co.; 1 mg/kg) which was dissolved in 50 l, and then a
continuous infusion of L-NAME (0.25 gⴢg body weight–1ⴢmin–1)
was employed throughout the experiment. The dose of L-NAME
used in the present study was validated in our previous study [4].
Time control mice received a constant saline vehicle infusion
throughout the experiment. At the end of the experiment, mice
were sacrificed with an excess dose of intravenous thiopental sodium. The following experimental groups of G-protein-coupled
receptor Mas wild-type and knockout mice (n = 7 in each group)
were examined on day 26 after clip placement or sham operation:
(1) sham-operated wild-type mice;
(2) sham-operated wild-type mice + tempol;
(3) sham-operated wild-type mice + apocynin;
(4) sham-operated knockout mice;
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(5) sham-operated knockout mice + tempol;
(6) sham-operated knockout mice + apocynin;
(7) 2K1C/wild-type mice;
(8) 2K1C/wild-type mice + tempol;
(9) 2K1C/wild-type mice + apocynin;
(10) 2K1C/knockout mice;
(11) 2K1C/knockout mice + tempol;
(12) 2K1C/knockout mice + apocynin.
Series 3: Determinations of Plasma and Kidney Tissue Ang II
and Ang(1–7) Concentrations
It is now recognized that plasma and tissue Ang II concentrations in anesthetized animals are higher than those obtained
from decapitated conscious rats and that normotensive animals
exhibit greater increases in renin secretion in response to anesthesia and surgery than Ang II-dependent hypertensive intrarenal renin-depleted animals [29]. Therefore, in the present study,
Ang II and Ang(1–7) levels were determined in plasma and in
nonclipped kidneys and hearts in separate experimental groups
of the above-described mice (n = 8 in each group). At the end of
the experiments (on day 26 after clip placement or sham operation), mice were sacrificed by decapitation, and plasma and tissue
Ang II levels were assessed by radioimmunoassay (RIA) based on
the procedure developed by Fox et al. [30] and further modified
and validated in our laboratory [4, 5, 14, 27, 31–33]. This approach
for blood and tissue sampling and Ang II assay, which is routinely used in our laboratory, allows us to compare the present results
with those of our previous studies evaluating the role of RAS in
the pathophysiology of hypertension [4, 5, 14, 27, 31–33]. Ang(1–7)
was measured by RIA similar to methods employed in previous
studies by other laboratories using the antibody produced by our
laboratory. This RIA method for Ang(1–7) determination was recently introduced and validated in our laboratory in 2K1C Goldblatt hypertensive rat [14].
Series 4: Assessment of MAP Responses to Bolus Doses of
Ang II and Norepinephrine
In this series, wild-type and knockout mice were subjected to
the same experimental design as described in series 1. On day 26
of the experiment, mice were anesthetized (thiopental sodium, 60
mg/kg, i.p.) and prepared as described in series 2. After a 20-min
equilibration period, the experimental protocol was started to assess the responses of MAP to increasing systemic (intravenous)
bolus doses of vasoactive hormones. The vasoactive agents were
dissolved in 50 l of isotonic saline and after intravenous administration a bolus of 50 l of isotonic saline was administrated to
ensure a rapid and complete delivery of the vasoactive agent into
the systemic circulation. We and others have demonstrated in
previous studies that a 5-min period between injections is sufficient to permit the return of MAP to basal values [31, 34, 35]. MAP
responses to intravenous bolus doses of Ang II (10 and 25 ng) and
thereafter of norepinephrine (50 and 150 ng) were studied in the
following experimental groups of G-protein-coupled receptor
Mas wild-type and knockout mice (n = 8 in each group):
(1) sham-operated wild-type mice;
(2) sham-operated wild-type mice + tempol;
(3) sham-operated wild-type mice + apocynin;
(4) sham-operated knockout mice;
(5) sham-operated knockout mice + tempol;
(6) sham-operated + apocynin;
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(7) 2K1C/wild-type mice;
(8) 2K1C/wild-type mice + tempol;
(9) 2K1C/wild-type mice + apocynin;
(10) 2K1C/knockout mice;
(11) 2K1C/knockout mice + tempol;
(12) 2K1C/knockout mice + apocynin.
Statistical Analyses
All values are expressed as means 8 SEM. With GraphPad
Prism software (GraphPad Software, San Diego, Calif., USA), statistical analysis was performed using Student’s t test, Wilcoxon’s
signed-rank test for unpaired data, or one-way ANOVA when appropriate. ANOVA for repeated measurements, followed by Student-Newman-Keuls test was performed for the analysis within
groups (e.g. for the analysis of BP changes after clip placement).
Values exceeding the 95% probability limits (p ! 0.05) were considered statistically significant.

Results

Series 1: Development of 2K1C Goldblatt
Hypertension in Knockout and Wild-Type Mice –
Effects of Tempol and Apocynin Treatment
As shown in figure 1a, basal values of MAP did not
differ between wild-type and knockout mice (100 8 2 vs.
102 8 2 mm Hg). MAP remained unchanged in shamoperated mice throughout the duration of the study.
MAP in 2K1C/wild-type mice exhibited progressive increases during the duration of the study reaching a value
of 142 8 2 mm Hg on day 25. In comparison, 2K1C/
knockout mice exhibited earlier onset of hypertension
and MAP reached significantly higher levels compared to
2K1C/wild-type mice on day 25 (152 8 2 vs. 142 8
2 mm Hg). As shown in figure 1b, tempol or apocynin did
not modify the development of hypertension in 2K1C/
wild-type mice but treatment with tempol and apocynin
starting from day 15 attenuated the level of MAP on day
25 after clipping being significantly lower than in untreated 2K1C/wild-type mice (125 8 2 and 124 8 2 vs.
142 8 2 mm Hg, p ! 0.05 in both cases). Likewise, treatment with tempol and apocynin did not alter the course
of hypertension in 2K1C/knockout mice and ameliorated
the degree of hypertension from day 16 on after clip
placement resulting in a significantly lower MAP on day
25 after clipping than in untreated 2K1C/knockout mice
(134 8 2 and 136 8 2 vs. 152 8 2 mm Hg, p ! 0.05 in
both cases) (fig. 1c). Neither tempol nor apocynin altered
MAP in sham-operated wild-type and knockout mice.
As shown in figure 1d, cardiac hypertrophy (expressed
as a ratio of heart weight to body weight) closely correlated with the changes in MAP after clipping and with the
Kidney Blood Press Res 2010;33:476–488
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Fig. 1. a–c MAP (measured by radiotelemetry) after clip placement in conscious mice. d Ratio of heart weight
and body weight at the end of experiment. Tempol and apocynin = Chronic administration of these drugs in
drinking water. a p ! 0.05 compared with sham-operated mice; b p ! 0.05 compared with unmarked values at
the same time point; c p ! 0.05 compared with all other values.

effects of tempol and apocynin on the course of hypertension in 2K1C mice.
As shown in figure 2a, basal urinary 8-isoprostane excretion (before clipping) was not significantly different
between wild-type and knockout mice (1.76 8 0.19 and
1.84 8 0.22 ng/24 h) and remained unaltered until day
14 after clip placement. On days 21 and 25 after clipping,
urinary excretion of 8-isoprostane in 2K1C/wild-type
and 2K1C/knockout mice was significantly higher than
baseline values (2.76 8 0.26 and 3.06 8 0.21 and 2.65 8
0.14 and 3.12 8 0.14 vs. 1.76 8 0.19 and 1.84 8 0.22
480
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ng/24 h, respectively, p ! 0.05 in all cases). Chronic tempol and apocynin treatment prevented the increase in
urinary 8-isoprostane excretion in 2K1C/wild-type and
2K1C/knockout mice, i.e. the levels were not significantly different from basal values.
As shown in figure 2b, the basal daily urinary excretion of NO metabolites, determined as nitrate/nitrite, was
not significantly different between wild-type and knockout mice (0.31 8 0.08 and 0.33 8 0.09 mol/day). Clip
placement resulted in significant increases in nitrate/nitrite excretion in wild-type as well as in knockout mice.
Rakušan et al.
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However, increases in nitrate/nitrite excretion in 2K1C/
wild-type mice were markedly higher than in 2K1C/
knockout mice reaching a maximum on day 25 after clipping (2.28 8 0.18 vs. 1.04 8 0.09 mol/day, p ! 0.05).
Chronic tempol and apocynin treatment increased urinary excretion of nitrate/nitrite on days 21 and 25 after
clipping in 2K1C/wild-type mice as well as 2K1C/knock-

out mice when compared with untreated 2K1C/wild-type
and 2K1C/knockout mice (fig. 2b).
Sham-operated wild-type and knockout mice did not
exhibit significant changes in urinary 8-isoprostane and
nitrate/nitrite excretion throughout the experiment and
neither tempol nor apocynin treatment altered their urinary excretion.
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Series 2: Effects of Acute NOS Inhibition with
L-NAME on MAP
Similar to radiotelemetric data in conscious mice, basal values of MAP in anesthetized sham-operated wildtype and knockout mice were not significantly different
(102 8 2 vs. 103 8 2 mm Hg) and chronic treatment with
either tempol or apocynin did not cause significant
changes in MAP. In addition, acute NOS inhibition induced similar increases in tempol- and apocynin-treated
sham-operated wild-type and knockout mice (+14 8 2,
+12 8 2 and +13 8 2, +12 8 3 mm Hg). The final MAP
after NOS inhibition was not significantly different
among the experimental groups.
As shown in figure 3a, basal values of MAP were significantly higher in 2K1C/knockout mice than in 2K1C/
wild-type mice (152 8 2 vs. 141 8 2 mm Hg, p ! 0.05).
Chronic treatment with tempol and apocynin significantly lowered MAP in 2K1C/wild-type mice (126 8 2
and 127 8 3 mm Hg, respectively) as well as in 2K1C/
knockout mice (135 8 2 and 136 8 2 mm Hg, respectively). Figure 3b shows that 2K1C/wild-type mice responded to acute NOS inhibition with a significantly
greater increase in MAP than 2K1C/knockout mice (+38
8 3 vs. +24 8 2 mm Hg, p ! 0.05), such that MAP levels
in 2K1C/wild-type mice after NOS inhibition approached
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those of 2K1C/knockout mice (fig. 3c). The responses of
MAP to L-NAME administration were unaffected by either tempol or apocynin.
Series 3: Plasma and Tissue Ang II and Ang(1–7)
Concentrations
As shown in figure 4a, there were no significant differences in plasma Ang II levels on day 26 after clip placement or sham operation between wild-type and knockout mice.
Figure 4b shows that the intrarenal content of Ang II
in sham-operated wild-type and knockout mice was not
significantly different and was not altered by tempol or
apocynin. Whole kidney Ang II levels in the nonclipped
kidney of 2K1C mice on day 26 were significantly higher
than those of sham-operated mice. However, they were
not significantly different between wild-type and knockout mice (248 8 36 and 229 8 37 vs. 137 8 14 and 122
8 15 fmol/g, respectively, p ! 0.05 in both cases) and
were unaffected either by tempol or apocynin.
Figure 4c shows that plasma Ang(1–7) was not significantly different between sham-operated wild-type and
knockout mice (9 8 3 vs. 14 8 2 fmol/ml). Plasma Ang(1–
7) increased significantly after clip placement as compared with sham-operated mice. However, plasma Ang(1–
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Fig. 4. Plasma (a, c) and nonclipped kidney (b, d) Ang II and Ang(1–7) levels at the end of experiments. Tempol

and apocynin: chronic administration of these drugs in drinking water. a p ! 0.05 compared with unmarked
values; b p ! 0.05 compared with all other values.

7) levels were significantly higher in 2K1C/knockout
mice than in 2K1C/wild-type mice (26 8 2 vs. 18 8
2 fmol/ml, p ! 0.05). Likewise, there were no significant
differences between whole kidney Ang(1–7) levels in
sham-operated wild-type and knockout mice, but on day
26 after clipping whole kidney Ang(1–7) levels were significantly higher than in sham-operated wild-type and
knockout mice [48 8 7 (wild-type) and 61 8 5 fmol/g
(knockout) vs. 27 8 4 (sham-operated wild-type) and 32
8 6 fmol/g (sham-operated knockout), p ! 0.05 in both
cases] (fig. 4d). Chronic treatment with tempol or apocynin did not alter plasma and whole kidney Ang(1–7) levels in any of the experimental groups.

There were no significant differences in heart Ang II
and Ang(1–7) concentrations between sham-operated
wild-type and knockout mice (24 8 3 vs. 21 8 5 and 11
8 2 vs. 9 8 2 fmol/g). In addition, they were not altered
by either clip placement or chronic treatment with tempol
or apocynin in any of the experimental groups.
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Series 4: Responses of MAP to Bolus Doses of Ang II
and Norepinephrine
Basal values of MAP in anesthetized sham-operated
wild-type and knockout mice and in 2K1C/wild-type and
2K1C/knockout mice either untreated or tempol- or
apocynin-treated were almost identical to those in series
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drugs in drinking water. a p ! 0.05 compared with unmarked values in response to the same dose.

2 (confirming data obtained from conscious mice when
MAP was measured by the radiotelemetric method).
As shown in figure 5a, increases in MAP in response
to intravenous bolus administration of 10 and 25 ng of
Ang II were similar in sham-operated wild-type and in
knockout mice. In contrast, responses of MAP were significantly greater in 2K1C/knockout mice than in 2K1C/
wild-type mice (+23 8 2 vs. +13 8 2 and +45 8 2 vs. +25
8 2 mm Hg, respectively, p ! 0.05 in both cases). Chron484
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ic treatment with tempol or apocynin did not modify
MAP responses to intravenous bolus doses of Ang II in
any of the experimental groups of mice (fig. 5b).
Figure 5c and d shows that the intravenous administration of 50 and 150 ng of norepinephrine elicited similar increases in MAP in all groups of sham-operated and
2K1C wild-type as well as knockout mice.
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Discussion

A first major finding of this study is that target disruption of Mas receptor for Ang(1–7) worsened the development as well as the course of 2K1C Goldblatt hypertension. This was associated with decreased urinary nitrate/
nitrite excretion and attenuated responses of MAP to
acute NOS inhibition in 2K1C/knockout mice as compared with 2K1C/wild-type mice. In addition, 2K1C/
knockout mice exhibited a selectively enhanced vascular
responsiveness to Ang II as compared with 2K1C/wildtype mice. Altogether, these data strongly support the recently proposed concept that the ACE2-Ang(1–7)-Mas
axis serves as an important endogenous vasodilatory system that partially attenuates the hypertensinogenic actions of an inappropriately activated RAS [6–8, 15, 36].
Moreover, our data – i.e. the lower urinary nitrate/nitrite
excretion and the reduced response of MAP to acute NOS
blockade – suggest that impaired NO release/activity as a
consequence of the interruption of the ACE2-Ang(1–7)Mas axis is the underlying mechanism responsible for the
worsening of the course of hypertension during the developmental as well as the maintenance phase in 2K1C/
knockout mice.
In this context, it is of special interest that at the end
of the experiment plasma Ang II levels in 2K1C mice
were similar to those observed in sham-operated mice
and that they were not altered by pharmacological treatment or by gene targeting of the Mas receptor. However,
it is important to note that even normal plasma Ang II
levels in 2K1C mice should be considered as inappropriately high for the level of BP and, as it has been demonstrated previously, they may contribute to some extent to
the maintenance of hypertension during the sustained
phase of 2K1C Goldblatt hypertension. Furthermore, intrarenal Ang II concentrations in the nonclipped kidney
of 2K1C mice were markedly elevated in wild-type as
well as knockout mice when compared with sham-operated mice. However, neither gene targeting itself nor
pharmacological treatment with tempol or apocynin did
alter kidney Ang II levels in any of the experimental
groups. These data further emphasize the critical role of
intrarenal Ang II content of the nonclipped kidney in the
pathophysiology of 2K1C hypertension and are in accordance with results from previous studies indicating that
an impaired ability to suppress intrarenal Ang II content
in relation to BP elevations is the main pathophysiological mechanism responsible for the maintenance of hypertension in the 2K1C Goldblatt form of hypertension
[1–5, 14].
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Of special interest are also our findings regarding the
role of Ang(1–7), since we found that plasma and intrarenal Ang(1–7) levels after clipping were significantly increased when compared with sham-operated wild-type
as well as knockout mice. Furthermore, the finding that
plasma Ang(1–7) levels in 2K1C/knockout mice were significantly higher than the levels observed in 2K1C/wildtype mice suggests that Ang(1–7) exerts a negative shortloop feedback effect of Mas receptor activation on circulating Ang(1–7) levels; the elevated plasma Ang(1–7)
levels in 2K1C/knockout are thus the consequence of the
interruption of the ACE2-Ang(1–7)-Mas axis under condition of increased RAS activity.
It is noteworthy to emphasize that we found significantly higher Ang(1–7) levels in 2K1C/knockout mice
than in 2K1C/wild-type mice. In view of our current
knowledge of the biochemical properties of the ACE2Ang(1–7)-Mas axis [6–8], one would expect that Ang II
levels should result in significant decreases in Ang II concentrations in 2K1C/knockout mice as compared with levels in 2K1C/wild-type mice. However, we did not observe
such expected decreases in plasma and nonclipped kidney
Ang II tissue levels in 2K1C/knockout mice. We cannot
offer a fully satisfactory explanation for our present findings. Further studies are required to address this issue.
Altogether, these findings further support the notion
that Ang(1–7) serves as an important endogenous agent
counterbalancing the hypertensinogenic actions of Ang
II under conditions of increased RAS activity [6–8, 13, 14,
36].
The second new finding of our present study is that on
days 21 and 25 after clipping urinary excretion rates of
8-isoprostane, which has been repeatedly demonstrated
as a reliable marker for the assessment of endogenous O–2
production [25–27, 37, 38], were elevated to the same levels in untreated 2K1C/wild-type and untreated 2K1C/
knockout mice. Moreover, chronic treatment with the O–2
scavenger tempol or the NADPH inhibitor apocynin reduced the excretion rate of 8-isoprostane to values observed before clipping. In addition, chronic treatment
with tempol and apocynin exhibited similar BP-lowering
effects in 2K1C/wild-type as in 2K1C/knockout mice.
These observations are in good agreement with recent
findings showing that 2K1C Goldblatt hypertensive mice
exhibit an impaired NOS-dependent vasodilatation during the maintenance phase of hypertension [4]. Our present data show that this is due to enhanced oxidative stress
in 2K1C mice. However, our present results do not corroborate our original hypothesis that the interruption of
the ACE2-Ang(1–7)-Mas axis will further increase the O–2
Kidney Blood Press Res 2010;33:476–488
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formation and thereby contribute to the worsening of hypertension during the maintenance of 2K1C Goldblatt
hypertension. In fact, the aforementioned data show that
the level of oxidative stress is similar in 2K1C/wild-type
as in 2K1C/knockout mice. However, in this context it is
important to note that in our study tissue endothelial
NOS expression and activity as well as tissue O–2 production have not been evaluated because the design of the
chronic experiment with subsequent dynamic analyses
does not allow tissue sampling for evaluation of the NO
and O–2 tissue production. We are aware that this represents a limitation of the present study and future experiments are required to address this issue.
The third important finding of our study is that under
control conditions knockout mice do not exhibit an impaired cardiovascular phenotype. Thus, BP is within normotensive levels, NO bioavailability and O–2 production
as well as BP responses to acute NOS inhibition and peripheral and renal vascular responsiveness to vasoconstrictor agents and plasma, kidney and heart tissue concentrations of Ang II and Ang(1–7) were not significantly different from values observed in sham-operated
wild-type mice. These results indicate that genetically engineered interruption of the ACE2-Ang(1–7)-Mas axis
itself does not affect the cardiovascular phenotype, although we have not specifically addressed cardiac function in this study. These findings are in good agreement
with our recent studies showing that pharmacologically
induced interruption of the ACE2-Ang(1–7)-Mas axis
under conditions of normal RAS activity does not lead to
increases in BP. Only under circumstances of an activated endogenous RAS blockade of the endogenous ACE2Ang(1–7)-Mas axis does it result in further deterioration
of the course of Ang II-dependent hypertension [14]. In
addition, our current results are in accordance with data
demonstrating that under basal conditions ACE2-deficient mice do not exhibit alterations in resting BP levels.
However, they exhibit an increased sensitivity to the development of Ang II-dependent hypertension when compared with their wild-type control mice [39]. Moreover,
our present findings are also in good agreement with the
recent observation by Wysocki et al. [40] who showed
that administration of soluble human recombinant ACE2
does not alter BP in normotensive mice but prevents the
development of Ang II-dependent hypertension. Taken
together, these findings further support our original hypothesis that the ACE2-Ang(1–7)-Mas axis serves as an
endogenous physiological counterbalancing system that,
at least partially, attenuates the hypertensinogenic actions of Ang II.
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Nevertheless, it is important to note that we found under basal conditions in our knockout mice a normal cardiovascular phenotype. These findings are, on the one
hand, in accordance with the results of previous studies
employing Mas receptor-deficient mice [15, 41] but, on
the other hand, they are in contrast to previously published data showing that Mas receptor-deficient mice exhibit higher basal BP than wild-type mice and this was
associated with decreased NO formation, increased O–2
production and endothelial dysfunction [12, 15]. Since it
is now well known that the genetic background is an important factor influencing cardiovascular parameters
and especially basal BP levels in mice [42], it has been suggested that the different genetic background of Mas-deficient mice can be an explanation for the variability of
basal cardiovascular phenotype in these mice. This notion has been further supported by findings demonstrating that the different genetic background substantially
modified the cardiovascular phenotype in ACE2-deficient mice [43]. However, this explanation cannot be simply applied to our experiments because in the present
study knockout mice on the FVB/N genetic background
were employed, i.e. the same mouse model as was used in
studies in which the impaired basal cardiovascular phenotype was observed [12]. We cannot offer a satisfactory
explanation for these discrepancies. One possible explanation may be related to the slightly different methodology of direct BP measurements by the radiotelemetry system employed between our present study and studies
from other laboratories. In our laboratory, we routinely
use the implantation of radiotelemetric probes into the
left carotid artery [4], whereas other groups who compare
the cardiovascular phenotype of Mas-deficient with that
of wild-type mice employed implantation into the abdominal aorta through the femoral artery [12]. Thus, it is
possible that a relative temporary brain ischemia produced by our methodology could have overcome the
slight difference in basal BP level which was observed between knockout and wild-type mice by other groups of
investigators [12, 15]. Therefore, in view of the aforementioned information, it is still most likely that due to the
lack of cardiovascular phenotypic alteration Mas-deficient mice may be ascribed to random fixation of alleles
caused by genetic drift during the inbreeding procedure.
In summary, our present results clearly show that target disruption of the Mas receptor worsens the developmental as well as the maintenance phase of hypertension
in 2K1C mice. In addition, our data demonstrate that the
disruption of the Mas receptor results in an impaired NO
release/activity in 2K1C Goldblatt hypertensive mice.
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Moreover, these data suggest that target disruption of
Mas receptor does not further increase oxidative stress
during the maintenance phase of 2K1C Goldblatt hypertension. Finally, we show that target disruption of the Mas
receptor specifically exaggerates the vascular responsiveness to Ang II in 2K1C Goldblatt hypertensive mice.
Collectively, based on our present results, we suggest
that Ang(1–7)-induced activation of the Mas receptor
serves as an important physiologic endogenous counterbalancing mechanism that partially attenuates the hypertensinogenic actions of inappropriately elevated Ang
II levels in 2K1C hypertensive mice. Finally, our results
indicate that an impairment of the endogenous ACE2Ang(1–7)-Mas axis contributes to the deterioration of the
course of 2K1C Goldblatt hypertension.
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