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The detrimental role of over activation of renin-angiotensin system (RAS) in atherogenesis is widely recognized.
Recently, we have demonstrated that Ang-(1-7) peptidomimetic - AVE0991, as well as known beta-adrenolytic agent
nebivolol, exert anti-atherogenic actions in mouse model of atherosclerosis - apoE-knockout mice. Here, using LCESI-MS ex vivo system, we tested whether prolonged treatment of apoE-knockout mice by these drugs can influence
RAS in aorta of apoE-knockout mice in regard to generation of most active metabolites of Ang I-Ang II and Ang-(17). As compared to wild type animals there was increased generation of Ang II in aorta of apoE-knockout mice, while
the formation of Ang-(1-7) did not differ between both groups. Either treatment with AVE0991 or nebivolol resulted
in significant attenuation of Ang II production in aorta of apoE-knockout mice. In conclusion, for the first time we
directly demonstrated that there is increase in ability of aortic tissue to generate Ang II in mouse model of
atherosclerosis of apoE knockout mice, and that such effect could be efficiently attenuated either by treatment of
nebivolol or Ang-(1-7) peptidomimetic - AVE0991. The exact mechanism(s) responsible for interference of both drugs
with RAS require further investigation.
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INTRODUCTION
The detrimental role of over activation of renin-angiotensin
system (RAS) in atherogenesis is widely recognized and drugs
that inhibit RAS, irrespective of their mode of action, were
shown to reverse endothelial dysfunction and prevent or delay
progression of atherosclerosis (1-4). Over the last two decades,
early concepts of RAS, focused mainly on the pathways
involved in generation of pro-atherogenic angiotensin II (Ang II)
in plasma have been upgraded by studies showing robust, local
tissue formation of various angiotensins, e.g. endogenous
functional Ang II antagonist - Ang-(1-7) (Fig. 1A) (5-7). Thus,
the current view of drugs interfering with RAS encompass not
only their inhibitory effect on Ang II formation, but also their
influence on Ang-(1-7) generation (8).
The nitric oxide (NO) system seems to be mutually
connected to RAS in regulation of vessel wall homeostasis. It
has been shown that Ang II-elicited reactive oxygen species
(ROS) are responsible for decrease of endothelial NO
generation/bioavailability (9,10). Other way around, several
lines of evidence point to the inhibitory influence of NO on
activity of RAS in vessels (10, 11). Specifically, stimulation of
Ang-(1-7) Mas receptor, via Akt kinase-dependent
phosphorylation of endothelial NO synthase (NOS) has been
demonstrated to abrogate detrimental action of Ang II (6).

Recently, we have demonstrated that Ang-(1-7)
peptidomimetic AVE0991, as well as known beta-adrenolytic
agent nebivolol, exert anti-atherogenic actions in mouse model of
atherosclerosis - apoE-knockout mice (12-15). Importantly, both
drugs were shown to increase endothelial NO production (16,
17). Here, using ex vivo system, we tested whether prolonged
treatment of apoE-knockout mice by these drugs influences RAS
in aorta of apoE-knockout mice in regard to generation of most
active metabolites of Ang I-Ang II and Ang-(1-7).
MATERIALS AND METHODS
Animals and treatment
Female apoE-knockout mice on the C57BL/6J background
were obtained from Taconic (Ejby, Denmark). Mice were
maintained on 12/12-h dark/light cycles in air-conditioned
rooms (22.5±0.5°C, 50±5% humidity) and access to diet and
water ad libitum in Animal House of Chair of Immunology of
Jagiellonian University Medical College. At the age of 8 weeks
mice were put on chow diet made by Ssniff (Soest, Germany)
for 4 months. Two experimental groups (in each n=4) received
the same diet as a control group, mixed with: (A) AVE 0991 (a
kind gift from Sanofi-Aventis Deutschland GmbH, Frankfurt
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am Main, Germany) at a dose 0.58 µmol per kg of body weight
per day, or (B) nebivolol (a kind gift from Janssen
Pharmaceutica, Geel, Belgium) at a dose 2.0 µmol per kg of
body weight per day.
The procedure of isolation of aorta was described previously
(13, 14, 18). Briefly, the age of 6 months 1000 UI of fraxiparine
(Sanofi-Synthelabo, France) was injected into the peritoneum
and after 10 min mice were killed in a chamber filled with
carbon dioxide. Then, right atrium was incised and the heart was
perfused by PBS through the apex of the left ventricle at a
constant pressure of 100 mm Hg. Next, the whole thoracic aorta
were dissected, washed cold with standard Krebs-Henseleit
solution, cleaned of thrombi and tissue remnants, cut into a
suitable number of rings and opened flat.

95%O2/5%CO2. Sample of 50 µl of buffer was removed to
provide information on background production of angiotensin
metabolites. Then, Ang I was added to a final concentration of 1
µM. Samples of 50 µl of buffer were removed after another 15
min of incubation. Each sample was promptly frozen at -70°C
until further analysis. Tissue pieces were dried overnight at 60°C
to allow estimation of angiotensin metabolites' production per
mg of dry tissue.
Liquid chromatography - mass spectrometry (LC-MS)
assessment of angiotensin peptides
Samples were purified and concentrated using Ultra-Micro
Spin C-18 column (Harvard Apparatus, USA). Separation of
angiotensin peptides was performed on a reversed-phase, high
performance liquid chromatography (HPLC) system Ultimate
3000 (Dionex, USA) as described previously (21).
Concentrations of angiotensins (Ang II, Ang 1-7) were calculated
using the standard calibration curves, constructed by linear
regression analysis by plotting of peak area versus angiotensin
concentration and calculated as pmol/mg dry tissue.

Ex vivo angiotensin I metabolism
Tissue incubation was performed according the principles
described previously (19, 20). Briefly, tissue fragments were
incubated for 30 minutes at 37°C in Eppendorf tubes in 550 µl
of Krebs-Henseleit solution and continuously bubbled with
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Fig. 1. (A) main pathways of Ang I
metabolism. (B) representative chromatogram of products of ex vivo Ang I
conversion by the aorta of C57BJ6 mice;
peaks represent relative abundance (Ang I
= 100%), Insert: magnifications of
chromatogram fragment. (C) quantitative
data (pmoles/mg of dry tissue) showing the
formation of Ang II and Ang-(1-7) in organ
bath of aorta of C57BJ6 mice, apoEknockout mice, apoE-knockout mice
treated with AVE 0991 or apoE-knockout
mice treated with nebivolol.
* p<0.05 vs. wild type C57BL/6J mice;
# p<0.05 vs. apoE KO mice
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Chemicals
Angiotensins: I (Ang I), III (Ang III), IV (Ang IV) and
angiotensin fragments 1-9 (Ang-(1-9)) and 1-5 (Ang-(1-5)) were
purchased from Bachem (USA). Angiotensin II (Ang II) and
angiotensin fragment 1-7 (Ang-(1-7)) were purchased from
Sigma Chemicals (USA). Formic acid (99%), trifluoroacetic
acid (TFA) and ammonium formate were purchased from Fluka
(USA). Acetonitrile (J.T. Baker, USA), and water (Rathburn,
Scotland) were of HPLC grade.
Statistics
Concentrations of angiotensins were expressed as in
pmol/mg dry tissue. All values in the figures and text are
expressed as mean ±S.D. of n observations. Statistical
comparisons between peptide concentrations were made by using
Student’s t-test. P<0.05 was considered statistically significant.
RESULTS
Both, in the case of wild type (C57BJ6) and apoE-knockout
mice incubation of Ang I with mouse aorta resulted in formation
of high amounts of Ang-(1-9) and Ang II as well as two-fold
lower production of Ang-(1-7) (Fig. 1B). There was increased
generation of Ang II in aorta of apoE-knockout mice, as
compared to wild type animals, while the formation of Ang-(17) did not differ between both groups (Fig. 1C). Either treatment
with AVE0991 or nebivolol resulted in significant attenuation of
Ang II production in aorta of apoE-knockout mice (Fig. 1C).
Both compounds tended to decrease formation of Ang-(1-7),
however this effect did not reach statistical significance.
DISCUSSION
In the "classical" view of RAS angiotensin converting
enzyme (ACE)-derived Ang II is regarded as a major effector
peptide in plasma, whereas "non-classical" view includes many
peptides (e.g. Ang-(1-7), Ang-(1-9), Ang IV) and enzymes, e.g.
angiotensin converting enzyme 2 (ACE2), neutral
endopeptidase (NEP), expressed locally in tissues (5, 22).
Recent studies have established a new regulatory axis in RAS
(6). In this axis, Ang-(1-7) produced from Ang I (or Ang II) by
the catalytic activity of ACE2, via stimulation of Mas receptor
opposes in tissues detrimental actions of ACE-derived Ang II,
executed via AT1 receptors. Here we demonstrated that ex vivo
system of assessment of angiotensin conversion could be
successfully applied to quantitative measurements of formation
of two main Ang I metabolites (Ang II and Ang-(1-7)) in aorta
of mouse model of atherosclerosis, namely in apoE-knockout
mice. Our results revealed that aortic tissue isolated from
atherosclerotic mice showed increased ability to synthesize of
Ang II, as compared to wild type animals. This is in keeping
with mainstream of current knowledge, strongly supporting the
role of Ang II over production by ACE in atherogenesis (3). On
the other hand, our finding is in contradiction to that of Weiss et
al. (23), who showed using genetic models on the background
of apoE-knockout mice that expression of ACE in vessel wall is
not required for atherosclerotic lesion formation Noteworthy,
our results, for the first time directly show increased ability of
atherosclerotic vessel wall to produce Ang II. However, we are
aware that to estimate the mechanism(s) of this phenomenon,
our measurements should be expanded to contain detailed
pharmacological analysis (e.g. estimation of ex vivo influence
of selective ACE inhibitor perindoprilat on Ang II formation)

and molecular studies (e.g. immunoblotting of ACE protein in
mouse aorta).
Recently, we have shown that Ang-(1-7) peptidomimetic AVE0991, as well as beta-adrenolytic agent nebivolol, exert antiatherogenic action in mouse model of atherosclerosis - apoEknockout mice (12-15). Here we demonstrated that for both drugs
such action was associated with inhibitory influence on
generation of Ang II in aorta of apoE-knockout mice. It has been
shown previously, that stimulation of Mas receptor may inhibit
tissue expression of ACE and AT1 receptors (24, 25).
Interestingly, recent reports may point to the similar, vascular
action of nebivolol (26, 27). Our results directly show the ability
of both drugs to inhibit aortic Ang II generation. Such property
could represent attractive new modality of action of clinically
recognized beta-adrenolytic agent nebivolol, however such
interference with RAS in patients treated with nebivolol remains
to be tested.
Our study was not aimed to assess the mechanism(s) of
influence of AVE0991 and nebivolol on aortic angiotensin I
metabolism. Strikingly, both drugs are known to act as
stimulators of endothelial NO release (17, 28). We hypothesize
that there is close relationship between this property and ability
of both drugs to decrease Ang II formation in aortic tissue,
although it is not easy to delineate the cause and effect in such
interaction. It has been shown in various animal models that
ACE inhibition results in increase of NO release from
endothelium (29, 30) and other way around, the inhibition of
NOS by L-NAME is associated with increase of ACE activity
(31-33). Clearly, further studies are required to clarify the nature
of this mutual interaction.
In conclusion, here for the first time we directly
demonstrated that aortic tissue of apoE knockout mice ,
generates Ang II and that such effect could be efficiently
attenuated by treatment of nebivolol and Ang-(1-7)
peptidomimetic - AVE0991. In the case of nebivolol such action
could represent attractive new modality of action of this
clinically widely recognized beta-adrenolytic agent. However,
exact mechanism(s) responsible for its interference with RAS
require further investigation.
Abbreviations: ACE, angiotensin converting enzyme; ACE2,
angiotensin converting enzyme type 2; APA, aminopeptidase A;
APB, aminopeptidase B; DAP, aminopeptidase D; NEP, neutral
endopeptidase.
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