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Abstract
AVE0991, a nonpeptide angiotensin-(1–7) mimic, has similar protective effects for cardiovascular system to Ang-(1–7). In
this article, we aimed to explore the effects of AVE0991 and Ang-(1–7) on abdominal aortic aneurysm (AAA) induced by
Ang II in apolipoprotein E knockout mice. The mice AAA model was established by Ang II infusion, and then mice
received different treatment with saline, Ang II (1.44 mg/kg/day), different dose AVE0991 (0.58 or 1.16 μmol/kg/day), or
Ang-(1–7) (400 ng/kg/min). The incidence of AAAwas 76%, 48%, 28%, and 24% in the vehicle, the low-dose AVE0991,
high-dose AVE0991, and the Ang-(1–7) group, respectively. In comparison with control group, AVE0991 and Ang-(1–7)
treatment significantly increased smooth muscle cells and decreased macrophage accumulation, the expression levels of
monocyte chemoattractant protein-1 (MCP-1) and tumor necrosis factor α (TNF-α), and the expression and activity of
metalloproteinases 2 and 9 in mice AAA model or in human smooth muscle cells (hVSMCs). The therapeutic effects may
be contributed to reduction of oxidative stress and downregulation of P38 and ERK1/2 signal pathways via Mas receptor
activation, whereas the positive impacts were reversed by co-administration with the Mas antagonist A779 (400 ng/kg/
min) and AVE0991 in Ang II–infused mice or in hVSMCs. Therefore, AVE0991 and Ang-(1–7) might be novel and
promising interventions in the prevention and treatment of AAA.

Key messages
• AVE0991 dose-dependently inhibited Ang II–induced AAA formation in Apoe−/− mice.
• Ang-(1–7) played the same protective role as high-dose AVE0991.
• Inhibition of Mas receptor with A779 could reverse the protective effect of AVE0991.
• The therapeutic effects may be contributed to reduction of oxidative stress and downregulation of P38 and ERK1/2 signal
pathways via Mas receptor activation.
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Introduction

Abdominal aortic aneurysm (AAA) is a common vascular
disease, which is often asymptomatic. AAA is characterized
by permanent dilatation or ballooning of the abdominal aorta
surpassing the normal diameter by more than 50%. In the men
over 65, up to 6–9% suffer from AAA claiming more than
15,000 lives annually [1]. Currently, surgery repair has been
proven to restrain AAA progression and rupture. However,
surgery is limited for the treatment of patients with small
AAAs or contraindications for surgery. Therefore, searching
for a safe and effective therapeutic approach of preventing
AAA formation and progression remains an important issue.

Pathologically, AAA is characterized by apoptosis of
smoothmuscle cells and loss of elastin [2]. In AAA formation,
the inflammation and matrix degradation of arterial tissues
contribute to the tissue destruction and arterial wall impair-
ment [3–5]. Oxidative stress has been demonstrated to become
a causative bridge between inflammation, degradation of ma-
trix, and AAA pathogenesis [6]. For instance, angiotensin II
(Ang II) increases oxidative stress [7], activates matrix metal-
loproteinase (MMPs) expression [8], and induces AAA for-
mation in experimental studies via inflammation [9].

For the mice AAA model, Ang II infusion into apolipo-
protein E knockout (Apoe−/−) mice is commonly used,
which is similar to the pathology of human AAA [10].
As a major family member of the renin–angiotensin system
(RAS), Ang II play a part in oxidative stress, matrix deg-
radation, inflammation, and vascular remodeling of the ab-
dominal aorta [11]. Previous studies have reported that
angiotensin-(1–7) (Ang-(1–7)), which is cleaved from
Ang II by angiotensin-converting enzyme 2 (ACE2) [12],
neutralizes the adverse effects of Ang II in atherosclerosis
[13]. Recently, ACE2 and Ang-(1–7) as a novel therapeutic
target for cardiovascular diseases have been systemically
evaluated. Previous studies show that Ang-(1–7), which is
primarily mediated by a G protein-coupled receptor, the
Mas receptor, exerts protective roles against vascular in-
flammation and remodeling in the pathophysiology of in-
tracranial aneurysms [14]. The nonpeptide Ang-(1–7)
mimic, AVE0991, is recognized an agonist at Mas receptor
which has beneficial cardiovascular effects similar to anti-
inflammation and reduction of oxidative stress induced by
Ang-(1–7) [15–17]. However, it remains unknown whether
AVE0991 and Ang-(1–7) are able to prevent Ang II–
induced AAA formation and, if they are so, what mecha-
nisms may be involved in these therapeutic approaches.

In this study, we explore the hypothesis that AVE0991
and Ang-(1–7) may prevent Ang II–induced AAA in
Apoe− /− mice through inhibiting inflammation and
MMP-2 and MMP-9. A series of in vivo and in vivo ex-
periments were designed and performed to validate this
hypothesis.

Materials and methods

Animal protocol

Two hundred male Apoe−/− mice (8–12 weeks) were obtained
from Beijing WeiTongLiHua Animal Experimental Center
and housed in the temperature and humidity-controlled cages.
The animal protocol was reviewed and approved by
Shandong University Institute Animal Care and Use
Committee. And all the animal experiments followed the
“3R” (Reduction, Replacement, Refinement) guidelines in
this article.

Our animal studies were consisted of two parts. In the first
part, in order to examine the dose-effect of AVE0991 on Ang
II–induced abdominal aortic aneurysm (AAA), Apoe−/− mice
were randomly divided into 5 groups after a 1-week regular
diet feeding (n = 25 per group), and were treated with contin-
uous subcutaneous infusion of different agents via an osmotic
minipump (Model 2004, Durect Corporation, CA, USA) for
28 days as described previously [18]. The control group re-
ceived infusion of saline, the vehicle group received infusion
of Ang II (1.44 mg/kg/day, Sigma-Aldrich), the low-dose
AVE0991 group received the same diet, mixed with
AVE0991 (Sanofi-Aventis Deutschland GmbH, Frankfurt
am Main, Germany) at a dose of 0.58 μmol/kg/day [19] and
infusion of Ang II (1.44 mg/kg/day), the high-dose AVE0991
group received orally AVE0991 (1.16 μmol/kg/day) and infu-
sion of Ang II (1.44 mg/kg/day), and the Ang-(1–7) group
received infusion of Ang II (1.44 mg/kg/day) plus Ang-(1–
7) (400 ng/kg/min, Bachem, Torrance, CA). All mice
underwent euthanasia after 28-day infusion and the whole
aortas including thoracic and abdominal aortas were collected
for morphological and histological analysis of AAA.

In the second part of the study, in order to elaborate the role
of Mas receptor in the effect of AVE0991 on Ang II–induced
AAA, Apoe−/− mice were randomly divided into 3 groups
(n = 25 per group): a vehicle group that received infusion of
only Ang II (1.44 mg/kg/day), a high-dose AVE0991 group
received orally AVE0991 (1.16 μmol/kg/day) and infusion of
Ang II (1.44 mg/kg/day), and a high-dose AVE0991 + A779
group received orally AVE0991 (1.16 μmol/kg/day) and infu-
sion of Ang II (1.44 mg/kg/day) plus A779 (Mas antagonist,
400 ng/kg/min, Bachem, Torrance, CA). These agents were
continuously infused into mice subcutaneously via an osmotic
minipump for 28 days and then the whole aortas were collect-
ed from all mice after euthanasia for morphological and his-
tological analysis of AAA.

Cell cultures

Human vascular smooth muscle cells (hVSMCs) from ATCC
were grown in SMC medium (SclenCell, USA) containing
2% fetal bovine serum (gibco, Australia), 1% SMC growth

542 J Mol Med (2020) 98:541–551



supplement, 100 U/ml penicillin, and 10 mg/ml streptomycin.
All cells were incubated at 37 °C in a humidified atmosphere
of 5% CO2 and 95% air and were used between passages 4–6.
Cells were cultured to 80% confluency before being treated
with different agents.

In the first part, the experiments were divided into 5
groups: a control group that received no drug stimulation, a
Ang II group that received only stimulation of Ang II
(10−6 mol/L), a low-dose AVE0991 group that received treat-
ment of Ang II (10−6 mol/L) + AVE0991(10−8 mol/L), a high-
dose AVE0991 group that received treatment of Ang II
(10−6 mol/L) + AVE0991 (10−6 mol/L), and a Ang-(1–7)
group that received treatment of Ang II (10−6 mol/L) +
Ang-(1–7) (10−6 mol/L). Cultured hVSMCs were pretreated
with AVE0991 or Ang-(1–7) for 1 h followed by co-
incubation of Ang II for 24 h [20].

To further study the role of Mas receptor in the effect of
AVE0991 against Ang II, cells were cultivated with Mas an-
tagonist A779 (10−6 mol/L) for 1 h before adding Ang II
(10−6 mol/L) and AVE0991(10−6 mol/L). Cells seeded in 6
wells were divided into 4 groups: a control group that received
no drug stimulation, a Ang II group that received only stimu-
lation of Ang II (10−6 mol/L), a high-dose AVE0991 group
that received treatment of Ang II (10−6 mol/L) +
AVE0991(10−6 mol/L), and a high-dose AVE0991 + A779
group that received treatment of Ang II (10−6 mol/L) +
AVE0991 (10−6 mol/L) + A779 (10−6 mol/L).

Statistical analysis

Statistical analyses involved use of SPSS 20 (SPSS Inc.,
Chicago, IL). Data were displayed as scatter plots and bar
graphs with indication of mean ± SEM. Comparisons of pa-
rameters among more than two groups were made by one-way
ANOVA with least significant difference post hoc analysis.
Chi-square test was applied to comparisons of AAA inci-
dence, mortality. A value with P < 0.05 was considered statis-
tically significant.

More methods are included in the Supplemental
sections

Results

Serum lipid and blood pressure

As indicated in Supplementary Table S1 and S2, serum lipid
levels did not differ among all mice groups. Systolic blood
pressure (SBP) was significantly increased in Ang II–infused
Apoe−/− mice compared with the control group. However,
neither AVE0991 at different doses and Ang-(1–7) nor

A779-AVE0991 had effect on SBP (Supplementary
Table S1 and S2).

AVE0991 and Ang-(1–7) attenuated Ang II–induced
AAA formation in Apoe−/− mice

We detected the effects of AVE0991 at different doses and
Ang-(1–7) on AAA formation. As shown in Fig. 1B, the in-
cidence of AAAwas 76%, 48%, 28%, and 24% and the mor-
tality of mice was 24%, 12%, 0%, and 4% in the vehicle, low-
dose AVE0991, high-dose AVE0991, and Ang-(1–7) groups,
respectively. There were no mice in the control group devel-
oping AAA and death (0%). Compared with the vehicle
group, the AAA incidence and mortality of mice were signif-
icantly decreased in the low-dose AVE0991, high-dose
AVE0991, and Ang-(1–7) groups (Fig. 1A, B). In addition,
the AAA incidence and mortality were substantially decreased
in the high-dose AVE0991 and Ang-(1–7) groups compared
with the low-dose AVE0991 group, with no significant differ-
ence between the high-dose AVE0991 and Ang-(1–7) groups.
As well, the maximal diameter of the abdominal aorta was
gradually reduced by AVE0991 in concentration-dependent
manner in comparison with the vehicle group (Fig. 1D).
Compared with low-dose AVE0991 group, the maximal di-
ameter was significantly decreased in the Ang-(1–7) group,
but with no significant difference between the high-dose
AVE0991 and Ang-(1–7) groups. Therefore, AVE0991 dose-
dependently reduced the incidence and mortality of Ang II–
induced AAA in Apoe−/− mice.

Effect of AVE0991 and Ang-(1–7) treatment on Ang
II–induced histological and morphological changes
in Apoe−/− mouse aortas

Angiotensin II infusion induced the abdominal aorta re-
modeling, breakdown of the aortic media and adventitia,
and breakage and discontinuity of elastin fibers in the aor-
tic wall of mice. Hematoxylin and eosin and Verhoff–Van
Gieson staining showed that AVE0991 in dose-dependent
manner and Ang-(1–7) treatment largely reversed these
pathological changes (Figs. 1C and 2A). However, the
morphology of the abdominal aorta was similar in high-
dose AVE0991 and Ang-(1–7) groups, which was charac-
terized by the slight pathological changes.

Specifically, the relative content of SMCs in the aortic
wall was gradually increased by AVE0991 in dose-
dependent manner, whereas the content of macrophages
was gradually decreased in comparison with the vehicle
group (Fig. 2A–C). In addition, these parameters showed
the same trend between the high-dose AVE0991 and
Ang-(1–7) groups.
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AVE0991 and Ang-(1–7) downregulated
the expression of proinflammatory cytokines

Chronic inflammation of the aortic wall is crucial for AAA
formation. Previous studies indicated that proinflammatory
cytokines, such as monocyte chemoattractant protein-1
(MCP-1) and tumor necrosis factor α (TNF-α), were upregu-
lated with chronic infusion of Ang II in Apoe−/−mice [21, 22].
In this study, both Western blot and immunohistochemical
analysis showed that the protein expression levels of MCP-1
and TNF-α in the aortic tissues were significantly decreased in
the low-dose AVE0991, high-dose AVE0991, and Ang-(1–7)
groups compared with the vehicle group (Fig. 3A, D, E and
Supplementary Fig. S1A, S1D, S1E); Nevertheless, these
measurements were significantly attenuated by high-dose
AVE0991 and Ang-(1–7) treatment relative to the low-dose
AVE0991 group, but there was no significant difference be-
tween the high-dose AVE0991 and Ang-(1–7) groups.

In vitro study, we found that the protein expression levels of
MCP-1 and TNF-α were gradually reduced by AVE0991 in
concentration-dependent manner in comparison with the vehicle
group in human vascular smooth muscle cells (hVSMCs) as
in vivo study (Supplementary Fig. S2A, S2F and S2G), whereas

the high-dose AVE0991 (10−6 mol/L) and Ang-(1–7) had the
similar effect of inflammatory cytokines expression. Thus,
AVE0991 in concentration-dependent manner and Ang-(1–7)
downregulated the expression of proinflammatory cytokines.

AVE0991 and Ang-(1–7) attenuated MMP-2
and MMP-9 expression

MMP-2 and MMP-9 are the predominant proteinases in the
aortic wall for elastin degradation in the process of AAA [23,
24]. The protein expression levels and activities of MMP-2 and
MMP-9 by Western blot or immunohistochemical analysis and
gelatin zymography were significantly lower in the low-dose
AVE0991, high-dose AVE0991, and Ang-(1–7) groups than in
the vehicle group (Fig. 3A–C, F–H and Supplementary Fig.
S1A-S1C). Furthermore, MMP-2 and MMP-9 expression
levels in the high-dose AVE0991 and Ang-(1–7) groups had
similar pattern, but were lower than in the low-dose AVE0991
group. In hVSMCs, AVE0991 in concentration-dependent
manner and Ang-(1–7) blunted Ang II–induced upregulation
of MMP-2 and MMP-9 (Supplementary Fig. S2A, S2D and
S2E), and there was no significant difference between the
high-dose AVE0991 and Ang-(1–7) groups.

Fig. 1 Effect of AVE0991 and Ang-(1–7) on the formation of Ang II–
induced AAA in Apoe−/−mice. (A) Representative photographs showing
macroscopic features of abdominal aortic specimens in 5 groups of mice.
(B) The incidence and the mortality in 5 groups of mice. (C)

Representative hematoxylin and eosin staining in abdominal aortic
cross-section. (D) Maximal abdominal aortic diameters in 5 groups of
mice. * P < 0.05 vs low-dose AVE0991, high-dose AVE0991, and Ang-
(1–7) groups; #P < 0.05 vs low-dose AVE0991 group

544 J Mol Med (2020) 98:541–551



Fig. 2 Effect of AVE0991 and Ang-(1–7) on abdominal aortic wall
compositions in Ang II–infused Apoe−/− mice. (A) Representative
erhoff-Van Gieson staining, immunohistochemistry of α SM-actin and
MOMA-2 in abdominal aortic cross-section. (B and C) Quantitative

analysis of α SM-actin and MOMA-2 staining in 4 groups of mice.
*P < 0.05 vs low-dose AVE0991, high-dose AVE0991, and Ang-(1–7)
groups; #P < 0.05 vs low-dose AVE0991 group

Fig. 3 Effect of AVE0991 and Ang-(1–7) on the expression of MMPs
and proinflammatory cytokines in Ang II–infused Apoe−/− mice. (A)
Western blot analysis of MMP-2, MMP-9, MCP-1, and TNF-α expres-
sion in abdominal aortic aneurysm fromAng II–infused Apoe−/−mice. (B
to E) Quantitative analysis of MMP-2, MMP-9, MCP-1, and TNF-α

expression in 4 groups of mice. (F) Gelatin zymography analysis of
MMP-9 and MMP-2 activity and their quantitative analysis (G and H).
*P < 0.05 vs low-dose AVE0991, high-dose AVE0991, and Ang-(1–7)
groups; #P < 0.05 vs low-dose AVE0991 group
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AVE0991 and Ang-(1–7) reduced oxidative stress

Oxidative stress is established mediators of AAA develop-
ment [25]. We detected the protein expression of p47 and
NOX2 in the aortic tissues of Apoe−/− mice by Western blot
and found that were significantly reduced in the low-dose
AVE0991, high-dose AVE0991 and Ang-(1–7) groups com-
pared with the vehicle group (Fig. 4A, B). Furthermore, these
measurements were significantly lower in the high-dose
AVE0991 and Ang-(1–7) groups than in the low-dose
AVE0991 group, but with no significant difference between
the high-dose AVE0991 and Ang-(1–7) groups. In hVSMCs,
we obtained the same results as in Apoe− /− mice
(Supplementary Fig. S2A-S2C).

AVE0991 and Ang-(1–7) suppressed the activation
of P38 MAPK and ERK1/2 signal pathway

To verify the signaling proteins involved in the
AVE0991 effect on Ang II–induced AAA, we examined

the expression levels of P38 MAPK (P38) and extracel-
lular signal-regulated kinase 1/2 (ERK1/2) both in vivo
and in vitro. In AVE0991-treated mice and hVSMCs,
phosphorylated P38 (pP38) and phosphorylated ERK1/
2 (pERK1/2) were significantly decreased in comparison
with vehicle mice and Ang II group of cells (Fig. 4E, F
and Supplementary Fig. S2H, S2J, S2K). In addition,
pP38 and pERK1/2 were significantly decreased in the
high-dose AVE0991 and Ang-(1–7) groups compared
with the low-dose AVE0991 group, but there was no
significant difference between the high-dose AVE0991
and Ang-(1–7) groups.

AVE0991 and Ang-(1–7) increased the expression
of Mas receptor

We then investigated the expression of Mas receptor involved
in the protective effect of AVE0991 on Ang II–induced AAA
in vivo. Compared with the vehicle group, low-dose and high-
dose AVE0991 and Ang-(1–7) treatment significantly

Fig. 4 Effect of AVE0991 and Ang-(1–7) on oxidative stress, Mas
receptor and signaling proteins in Ang II–infused Apoe−/− mice. (A)
Western blot analysis of p47 and NOX2 expression in 4 groups of mice
and their quantitative analysis (B). (C) The level of Mas receptor mRNA
expression was assayed by RT-PCR. (D) Mas receptor protein expression
in abdominal aortic arteries was determined by Western blot and it

quantitative analysis. (E and F) The levels of pP38, P38, pERK, and
ERK in abdominal aortic arteries were measured by Western blot and
quantitative analysis of pP38/P38, pERK/ERK. *P < 0.05 vs low-dose
AVE0991, high-dose AVE0991 and Ang-(1–7) groups; #P < 0.05 vs
low-dose AVE0991 group
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upregulated the mRNA and protein expression of Mas recep-
tor (Fig. 4C, D), whereas Mas receptor expression was signif-
icantly increased in high-dose AVE0991 and Ang-(1–7)
groups compared with the low-dose AVE0991 group, with
no significant difference between the high-dose AVE0991
and Ang-(1–7) groups. The results in hVSMCs showed rela-
tive to the control and Ang II groups, the mRNA and protein
expression of Mas receptor were gradually increased by
AVE0991 i n concen t r a t i on - d ependen t manne r
(Supplementary Fig. S2H, S2I and S2L), but there was no
significant difference between the control and Ang II groups
or between the high-dose AVE0991 and Ang-(1–7) groups.

To further understand whether AVE0991 exerted its
protective effect via Mas receptor, we co-treated mice
with Mas antagonist A779 and high-dose AVE0991. We
found that A779 not only reversed the AAA incidence
and mortality of mice, and the maximal diameter of the
abdominal aorta by AVE0991 (Fig. 5), but also reversed
high-dose AVE0991-induced increase in SMCs content in
AAA (Fig. 6A, B). As well, it markedly blunted the

suppression of macrophage infiltration and inflammation
by high-dose AVE0991 (Figs. 6A, C and 7A, D, E;
Supplementary Fig. S3A, S2D, S3E). The protein expres-
sion and activity of MMP-2 and MMP-9 were restored
with the co-treatment of AVE0991 and A779 (Fig. 7A–
C, F–H; Supplementary Fig. S3A-S3C). The expression
of p47 and NOX2 and the phosphorylation of P38 and
ERK1/2 were increased in AVE0991 and A779 co-
administrated group (Supplementary Fig. S4A, S4B and
S4E, S4F). Compared with the high-dose AVE0991
group, A779 treatment downregulated mRNA and protein
expression of Mas receptor (Supplementary Fig. S4C and
S4D). In hVSMCs, consistent with vivo results, A779
treatment significantly increased the expression levels of
proinflammatory cytokines, MMPs, p47, NOX2, and sig-
nal proteins, but decreased the expression of Mas receptor
compared wi th the h igh-dose AVE0991 group
(Supplementary Fig. S5). Therefore, Mas receptor may
play an important role in the beneficial effect of
AVE0991 on Ang II–induced AAA.

Fig. 5 Effect of Mas antagonist A779 on Ang II–induced AAA forma-
tion. (A) Representative images showingmacroscopic features of abdom-
inal aortic specimens in 3 groups of mice. (B) The incidence and the
mortality in 3 groups of mice. (C) Representative hematoxylin and eosin

staining in abdominal aortic cross-section. (D) Maximal abdominal aortic
diameters in 3 groups of mice. *P < 0.05 vs vehicle group; #P < 0.05 vs
high-dose AVE0991 group
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Discussions

In the present study, we used 2 different doses of AVE0991
(0.58μmol/kg/day and 1.16μmol/kg/day) continued the treat-
ment time to 28 days. We provide the first evidence that
AVE0991 dose-dependently inhibited Ang II–induced AAA
formation in Apoe−/− mice, and Ang-(1–7) played the same
protective role as high-dose AVE0991. Moreover, inhibition
of Mas receptor with A779 could reverse the protective effect
of AVE0991. The mechanisms underlying these therapeutic
effects involved increased SMCs content, inhibited inflamma-
tion, and decreased MMP-2 and MMP-9 expression induced
by reduction of oxidative stress and downregulation of P38
and ERK1/2 signal pathways via Mas receptor activation.

An important finding of this study is that AVE0991 and
Ang-(1–7) treatment did not differ in serum lipid levels in
our animal model, indicating that the therapeutic effects of
AVE0991 and Ang-(1–7) are independent of lipid levels.
Although infusion of AngII could increase BP, AVE0991
and Ang-(1–7) treatment did not affected the elevated BP in

the mouse model. Previous study illustrated that BP did not
play an important role in AAA induced by Ang II infusion
[26]. Thus, the protective effects of AVE0991 and Ang-(1–7)
treatment on AAA formation are both lipid- and BP-
independent.

One of the characterized signs in the pathogenesis of AAA
is chronic inflammation of the aortic wall, which is character-
ized by the resultant infiltration of inflammatory cells, partic-
ularly macrophages, and increased the expression of proin-
flammatory cytokines [23]. In the present study, AVE0991
and Ang-(1–7) treatment significantly decreased macrophage
infiltration and the expression levels of proinflammatory cy-
tokines, such as MCP-1 and TNF-α, in aortic tissues and
hVSMCs. These results suggested that the therapeutic effects
of AVE0991 and Ang-(1–7) treatment are associated with the
attenuated inflammatory cell accumulation and proinflamma-
tory cytokine expression.

Degradation of extracellular matrix and vascular remodel-
ing are main pathological features of human AAA and medi-
ated mainly by MMPs [4]. MMPs expressions, particularly

Fig. 6 Effect of A779 on abdominal aortic wall compositions in Ang II–
infused Apoe−/− mice. (A) Representative erhoff-Van Gieson staining,
immunohistochemistry of α SM-actin and MOMA-2 in abdominal aortic

cross-section. (B and C) Quantitative analysis of α SM-actin and
MOMA-2 staining in 3 groups of mice. *P < 0.05 vs vehicle group;
#P < 0.05 vs high-dose AVE0991 group
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MMP-2 and MMP-9, are increased in human aneurysmal tis-
sues, which are essential to the formation of AAA [24].
Experimental studies demonstrated that a concerted role of
MMP-2 and MMP-9 is required for aneurysmal degeneration,
whereas MMP-2 and MMP-9 deficiency could prevent AAA
progression [24]. In the present study, we found that the ex-
pression and activity of MMP-2 and MMP-9 were inhibited
by AVE0991 and Ang-(1–7) in mouse aortas and in
HASMCs, which may contribute to attenuate aortic matrix
degradation and tissue disintegration in our mouse model.

Previous studies demonstrate that oxidative stress plays an
important role in AAA formation [25, 27]. NADPH oxidase
(NOX) expression and levels of the p47phox subunit are
markedly upregulated in human aortic aneurysmal tissues
[28]. Furthermore, experimental studies have produced
ROS, which is generated mainly by NOX, in the development
and progression of AAA [29]. Oxidative stress was associated
with inflammatory cytokines expression and MMPs produc-
tion in the progression of AAA [6]. In our study, AVE0991
and Ang-(1–7) treatment significantly reduced the expression
of p47 and NOX2 in aortic tissues in Apoe−/− mice and in

hVAMCs, suggesting that blunted oxidative stress may be a
key mechanism in inhibiting AAA formation.

Several studies demonstrated that mitogen-activated pro-
tein kinase (MAPK) was involved in the development and
progression of AAA [30, 31]. P38 and ERK1/2, main mem-
bers of MAPK family, are upregulated in human and mouse
AAA tissues and was associated with activated inflammation
and MMP production [32, 33]. In this study, the activation of
P38 and ERK1/2 was markedly reduced in AVE0991- and
Ang-(1–7)-treatedmice and hVSMCs, indicating that the ther-
apeutic effects of AVE0991 and Ang-(1–7) on AAAwere via
downregulating the activation of P38 and ERK1/2.

We know that the role of angiotensins is receptor-mediated.
In this study, we found that AVE0991 and Ang-(1–7) treat-
ment significantly increased Mas receptor protein and mRNA
expression in Apoe−/− mice and in hVSMCs, suggesting that
Mas receptor was activated by AVE0991 and Ang-(1–7).
Previous studies demonstrate that AVE0991 or Ang-(1–7)
has been shown to exert potential beneficial cardiovascular
actions via upregulating the expression of Mas receptor [14,
17]. In the present study, we found that co-treatment of A779,
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TNF-α
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Fig. 7 Effect of A779 on the expression of MMPs and proinflammatory
cytokines in Ang II–infused Apoe−/− mice. (A) Western blot analysis of
MMP-2, MMP-9, MCP-1, and TNF-α expression in abdominal aortic
aneurysm from Ang II–infused Apoe−/− mice. (B to E) Quantitative

analysis of MMP-2, MMP-9, MCP-1, and TNF-α expression in 3 groups
of mice. (F) Gelatin zymography analysis ofMMP-9 andMMP-2 activity
and their quantitative analysis (G and H). *P < 0.05 vs vehicle group;
#P < 0.05 vs high-dose AVE0991 group
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an antagonist of Mas receptor, reversed the beneficial effects
of AVE0991 in vivo and in vitro. These results suggested that
the therapeutic effects of AVE0991 and Ang-(1–7) on AAA
were via increasing the activation of Mas receptor.

Interestingly, we found that the Ang II–treated mice
showed marked cardiac hypertrophy than the control group,
which is consistent with previous studies [34, 35]. There are
also reports showed that AVE0991 and Ang-(1–7) attenuate
cardiac hypertrophy and improve cardiac function [36, 37].
According to our research, the AAA formation induced by
Ang II is weakened by AVE0991 and Ang-(1–7). And the
related signal pathway such as ERK and p38-MAPK might
be participated in the myocardial remodeling induced by
AVE0991 and Ang-(1–7).

In conclusion, AVE0991 dose-dependently inhibited Ang
II–induced AAA formation in Apoe−/− mice, and Ang-(1–7)
played the same protective role as high-dose AVE0991.
Furthermore, inhibition of Mas receptor with A779 could re-
verse the protective effect of AVE0991. The mechanisms un-
derlying these therapeutic effects involved increased SMCs
content, inhibited inflammation, decreased MMP-2 and
MMP-9 expression and activity induced by reduction of oxi-
dative stress and downregulation of P38 and ERK1/2 signal
pathways via Mas receptor activation. Therefore, AVE0991
and Ang-(1–7) may become novel and promising approaches
in the prevention and treatment of AAA.
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