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mimic of angiotensin-(1–7)
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BACKGROUND AND PURPOSE
AVE 0991 (AVE) is a non-peptide compound, mimic of the angiotensin (Ang)-(1–7) actions in many tissues and
pathophysiological states. Here, we have investigated the effect of AVE on pulmonary remodelling in a murine model of
ovalbumin (OVA)-induced chronic allergic lung inflammation.

EXPERIMENTAL APPROACH
We used BALB/c mice (6–8 weeks old) and induced chronic allergic lung inflammation by OVA sensitization (20 μg·mouse−1,
i.p., four times, 14 days apart) and OVA challenge (1%, nebulised during 30 min, three times per·week, for 4 weeks).
Control and AVE groups were given saline i.p and challenged with saline. AVE treatment (1 mg·kg−1·per day, s.c.) or saline
(100 μL·kg−1·per day, s.c.) was given during the challenge period. Mice were anaesthetized 72 h after the last challenge and
blood and lungs collected. In some animals, primary bronchi were isolated to test contractile responses. Cytokines were
evaluated in bronchoalveolar lavage (BAL) and lung homogenates.

KEY RESULTS
Treatment with AVE of OVA sensitised and challenged mice attenuated the altered contractile response to carbachol in
bronchial rings and reversed the increased airway wall and pulmonary vasculature thickness and right ventricular hypertrophy.
Furthermore, AVE reduced IL-5 and increased IL-10 levels in the BAL, accompanied by decreased Ang II levels in lungs.

CONCLUSIONS AND IMPLICATIONS
AVE treatment prevented pulmonary remodelling, inflammation and right ventricular hypertrophy in OVA mice, suggesting
that Ang-(1–7) receptor agonists are a new possibility for the treatment of pulmonary remodelling induced by chronic
asthma.

Abbreviations
ACE2, angiotensin-converting enzyme 2; Ang II, angiotensin II; Ang-(1-7), angiotensin-(1-7); ASM, airway smooth
muscle; AVE, AVE 0991, agonist of Mas receptor; BAL, bronchoalveolar lavage; MRGD, Mas-related G-protein-coupled
receptor D; OVA, ovalbumin; RAS, renin-angiotensin system; SMC, smooth muscle cells
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Introduction

Asthma is a major chronic respiratory disease of childhood

(Pedersen et al., 2011) involving airflow limitation and a vari-

able decline in lung function related to the duration and

severity of the disease, as well as, genetic and environmental

interactions. The persistent airflow limitation, decreased lung

function and airway responsiveness are related to structural

changes in the airways, referred to as remodelling (Tagaya

and Tamaoki, 2007; Cho, 2011; Durrani et al., 2011). Airway

remodelling is characterized by the loss of epithelial integrity

and denudation of the basement membrane, subepithelial

fibrosis, hyperplasia and hypertrophy of smooth muscle cells

(SMCs), hyperplasia and hypertrophy of submucosal glands

with mucus production, obstruction and thickening of the

airway walls, loss of cartilage integrity and angiogenesis

(Bergeron et al., 2010). These structural changes are caused

by different immune-related mediators or cell mechanisms

(Manso et al., 2012). Eosinophils, T-lymphocytes, mast cells,

epithelia, macrophages, airway SMCs and fibroblasts are the

main cells involved in airway remodelling (Cho, 2011;

Girodet et al., 2011).

The pathophysiological mechanisms underlying airway

remodelling have not yet been fully clarified. However, angio-

tensin II (Ang II), the main effector of the renin-angiotensin

system (RAS), is involved in the pathophysiology of airway

remodelling (McKay et al., 1998; Du et al., 2004; Wang et al.,

2008). Ang II induced hypertrophy and TGF-β1 mRNA expres-

sion in human airway SMCs, as well as increasing the release

of TGF-β1, suggesting that Ang II participates in the growth of

SMC, in the airway remodelling process (McKay et al., 1998).

Expression of TGF-β1, a potent profibrogenic factor, is

increased in asthmatic airways and it is a primary candidate

for the initiation and persistence of airway remodelling in

asthma (Yang et al., 2012). Studies have also indicated that

the effects of Ang II on airway remodelling are mediated by

the angiotensin AT1 receptor (receptor nomenclature follows

Alexander et al., 2011). Valsartan, an AT1 receptor antagonist,

inhibited the inflammatory cell influx and attenuated struc-

tural airway changes and inflammation in rats chronically

exposed to ovalbumin (OVA; Wang et al., 2008). Further, val-

sartan suppressed the synthesis of collagen III and V by

down-regulating TGF-β1 mRNA and protein expression (Du

et al., 2004).

In addition to Ang II, Ang-(1–7) has become, in recent

years, another RAS peptide of considerable interest because its

effects counter those of Ang II, mainly in the cardiovascular

system (Santos et al., 2005; Ferreira et al., 2012). Ang-(1–7) is

principally synthesized by ACE2 and interacts with the GPCR

Mas (Santos et al., 2003; 2005). In an acute model of OVA-

induced allergic asthma, Ang-(1–7), via Mas, inhibited the

increase in total cell counts of eosinophils, lymphocytes and

neutrophils El-Hashim et al. (2012). In the airways, Ang-(1–7)

also reduced perivascular and peribronchial inflammation,

fibrosis and goblet cell hyperplasia/metaplasia. Moreover,

Ang-(1–7) attenuated the OVA-induced increase in the phos-

phorylation of IκB-α and ERK 1/2, suggesting that Ang-(1–7)

could mediate an anti-inflammatory pathway in allergic

asthma.

Although there has been considerable progress in our

understanding of the pathophysiology of asthma, the preven-

tion and treatment of airway remodelling still constitute a

significant problem. To date, long-term medication in asthma

treatment mainly focuses on anti-inflammatory effects and

there are no therapeutic interventions that can reverse estab-

lished remodelling of the airways (Zhang and Li, 2011). AVE

0991 (AVE) is a synthetic compound that is a mimic of Ang-

(1–7) and is considered an agonist at Mas receptors (Wiemer

et al., 2002; Santos and Ferreira, 2006). AVE is capable of

reproducing the anti-fibrotic, anti-proliferative and anti-

inflammatory effects of Ang-(1–7) (Wiemer et al., 2002;

Pinheiro et al., 2004; Santos and Ferreira, 2006; Lubel et al.,

2009; da Silveira et al., 2010; Barroso et al., 2012; Marques

et al., 2012). In the present study, we tested the hypothesis

that treatment with AVE could attenuate inflammation and

the structural and functional changes induced by airway

remodelling in a murine model of OVA-induced chronic aller-

gic lung inflammation.

Methods

Animals
All animal care and experimental procedures in this study

were approved by the Ethics Committee for Animal Experi-

mentation of the Federal University of Minas Gerais, Brazil

(CETEA; Proc#253/10). All studies involving animals are

reported in accordance with the ARRIVE guidelines for

reporting experiments involving animals (Kilkenny et al.,

2010; McGrath et al., 2010). Seventy-one male BALB/c mice

(6–8 weeks of age) weighing 20–25 g, were divided into four

groups: Control (CTRL; n = 17) and AVE groups (n = 12) that

were treated with saline injections (i.p.) and exposed to saline

‘challenge’; a group of OVA-sensitized and challenged mice

(OVA; n = 21) and a group of OVA-sensitized and challenged

mice treated with AVE (OVA + AVE; n = 21). The animals were

housed under a 12 h light–dark cycle (lights at 0600 h) with

free access to standard chow and water.

OVA immunization and challenge
Chronic allergic lung inflammation was induced, as previ-

ously described by Vieira et al. (2008). Briefly, as shown in

Figure 1, mice received four doses of OVA (20 μg diluted in

0.5 mL of saline, i.p.) 14 days apart (0, 14, 28 and 42 days)

and on the 21st day, the mice were exposed to nebulized OVA

(1% in saline), for 30 min, three times·per week, for 30 days,

as the challenge. Mice of the CTRL and AVE groups were

subjected to four injections of saline (NaCl 0.9%, 0.2 mL, i.p.)

and were nebulized with saline only, using the same regimen

as the OVA mice. Nebulization was performed in an acrylic

box (30 × 15 × 20 cm) coupled to an ultrasonic nebulizer. OVA

was purchased from Sigma (St. Louis, MO, USA).

Treatment with AVE and A-779
Along with inhalation, half of the mice of CTRL and OVA

groups were treated daily with AVE (1 mg·kg−1 diluted in

10 mM KOH and 1 mL of NaCl 0.9%, s.c.). AVE was a gener-

ous gift from Dr Juergen Puenter from Aventis Pharma.

In a smaller group of animals (n = 5), OVA + AVE animals

also received the Mas receptor antagonist, A-779 (DAla7-Ang-

(1-7). A-779 (1.5 μg h−1, 0.11 μl h−1; Bachem, Torrance, CA,
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USA) was continuously infused during the last 28 days of the

protocol. Infusions were made with osmotic mini-pumps

(Alzet, model 1004; DURECT Corporation, Cupertino, CA,

USA) which were implanted subcutaneously in the inter-

scapular region under anaesthesia (ketamine, 0.5 mg·kg−1 and

xylazine, 0.43 mg·kg−1, i.p.; Robifarma Indústria Farmacêutica

Ltda, Brazil).

Blood and lung samples
Seventy-two hours following the last challenge, some of the

animals were anaesthetized with a mixture of ketamine

(0.5 mg·kg−1) and xylazine (0.43 mg·kg−1; Robifarma Indústria

Farmacêutica Ltda, Brazil), given i.p.. A midline neck incision

was made and the trachea and jugular vein were exposed.

After collecting blood from the jugular vein, the abdominal

aorta and vena cava were cut. The trachea was then clamped

and the lungs were collected in functional residual capacity.

In some animals, the left lung and right ventricle were col-

lected for morphometric analysis and the right lung was

removed, snapped frozen in dry ice and kept at −80°C until

assayed. The lungs of the remaining animals were used to

evaluate airway responsiveness.

Levels of serum antibody
Anti-OVA IgE was measured as described by Saldanha et al.

(2004). Serum samples were obtained from all groups follow-

ing antigen exposure. Anti-OVA IgE antibodies were meas-

ured by capture-ELISA using plates (Maxsorb, Nunc, Hampton,

NH) coated with rat anti-mouse IgE (Southern Biotechnology

Associates, Birmingham, AL), 50 μL of total serum and bioti-

nylated OVA. The results are reported as arbitrary units (A.U.)

using a positive reference serum assigned to be 1000 units.

Airway responsiveness test
Seventy-two hours following the last challenge with OVA,

mice were killed and the primary bronchi of each animal was

removed, cut in small rings (2–3 mm) and placed in vertical

chambers (internal volume 10 mL) filled with Krebs–

Henseleit solution (mmol·L−1): NaCl 110.8, KCl 5.9, NaHCO3

25.0, MgSO4 1.07, CaCl2 2.49, NaH2PO4 2.33 and glucose

11.51, oxygenated with carbogen gas (95% O2/5% CO2) at

37 ± 0.2°C under a tension of 1.0 g, for 1 h to equilibrate.

Mechanical activity, recorded isometrically by a force

transducer, was fed to an amplifier-recorder (Powerlab 4/20,

ADInstruments, Inc., Colorado Springs, CO, USA) and to a

personal computer equipped with an analogue-to-digital con-

verter board (AD16JR; World Precision Instruments, Inc.,

Sarasota, FL, USA), using cell voltage monitoring system data

acquisition/recording software (World Precision Instruments,

Inc.). To investigate airway contractile response, carbachol

was added in increasing cumulative concentrations

(100 pmol−100 μmol·L−1) to the isolated bronchial rings and

a concentration-response curve was obtained.

Bronchoalveolar lavage (BAL)
Seventy-two hours following the last nebulization, CTRL,

OVA and OVA + AVE (n = 5–6) mice were anaesthetized with

the mixture of ketamine and xylazine (0.5 mg·kg−1 and

0.43 mg·kg−1, respectively; i.p.), the trachea was exposed and

the mice were placed with the head elevated 30° from the

horizontal plane. Next, a 16-G cannula was inserted into the

trachea and lungs were gently rinsed twice with 0.5 mL of

saline. The BAL fluid collected was centrifuged (600× g for

8 min at 4°C) and the supernatant was frozen and stored at

−80°C until assayed.

Airway and vessel morphometry
Lung tissue was fixed in formalin and embedded in paraffin.

Sections (4 μm thick) were stained with haematoxylin and

eosin for histological analysis. The ratio of the thickness of

the muscle and bronchial epithelial layer was calculated by

counting the number of points hitting muscle areas divided

by the number of intercepts crossing the epithelial basement

membrane (Vieira et al., 2008). The measurements were per-

formed on five airway images (bronchiole) from each animal

(four to five mice in each group). The muscle layer of five

arterioles in each animal (four to five mice in each group) was

Figure 1
Experimental protocol: Mice received four i.p. injections of either OVA solution (20 μg per mouse) or saline (0.5 mL per mouse) on days 0, 14,

28 and 42. From day 21 to 51, mice were challenged with OVA nebulization (1%) or saline (three times per week, for 30 min). During the period

of challenge, mice were treated with AVE (1 mg·kg−1, s.c.) or saline. The animals were killed 72 h after the last challenge (at day 54).

BJPMas agonist prevents asthma pulmonary remodelling
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also evaluated. A binary image was created and submitted to

digital processing for the calculation of the thickness of the

muscle layer of the arterioles. The external perimeter (EP),

defined by the last layer of smooth muscle in the arterioles,

was determined first, followed by the internal perimeter (IP)

of the arterioles, delimited by the endothelium. The ratio

between these perimeters (EP/IP) was considered to be the

thickness index of the muscle layer. All measurements were

obtained using the KS300 image analyzer (Carl Zeiss,

Oberkochen, Germany).

Morphometric analysis of heart
The right ventricles were dehydrated by sequential washes

with 70, 80, 90 and 100% ethanol and embedded in paraffin

The tissue was cut longitudinally in 6 μm sections. at inter-

vals of 30 μm and stained with haematoxylin and eosin for

the analysis of cell morphology. Heart hypertrophy was

evaluated by morphometry of cardiomyocytes; 350 cells were

counted per group (n = 7), except for the group CTRL, in

which 250 cells were counted (n = 5). Cardiac hypertrophy

was assessed with the aid of a light microscope (BX 60,

Olympus) with a ruler attached to the eyepiece, each section

of which corresponded to 2.5 μm (Marques et al., 2011). Car-

diomyocytes were examined with a 40× objective and 50 cells

per animal were measured. Only cardiomyocytes with well-

defined nuclei and cell boundaries were measured.

Expression of angiotensin receptor protein in
the lung by Western blotting
Samples of protein (50 mg) extracted from the lung (n = 6

from each group) were applied to polyacrylamide gel/SDS

10% and then transferred to nitrocellulose membranes. The

membranes were incubated with primary antibody for MAS

(rabbit anti-angiotensin-(1–7) MAS receptor, 1:500, Alamone

Labs, Jerusalem, Israel) or AT1 (rabbit anti-AT1 receptor,

1:1000, Alamone Lab) or AT2 (rabbit anti-AT2 receptor,

1:1000, Alamone Lab) receptors followed by a fluorescent

secondary antibody [IRDye ® 680 conjugated goat (poly-

clonal) anti-Rabbit IgG (H + L) diluted to 1:10 000 (Li-COR

Biosciences, Lincoln, NE, USA)]. Levels were normalized to

GAPDH levels in the same sample. Staining was visualized

and quantified in a Li-COR Odyssey Scanner.

Blood sample collection
Blood (1 mL) was collected from the jugular vein into chilled

polypropylene tubes containing 1 mM p-hydroxymercury

benzoate, 30 mM 1,1 o-phenanthroline, 1 mM PMSF, 1 mM

pepstatin A and 7.5% EDTA (50 μL·mL−1 of blood). After cen-

trifugation, plasma samples were frozen and stored at −80°C

until assayed.

Measurement of Ang-(1–7) and Ang II
Peptides from plasma and lung homogenates were extracted

onto a Bond-Elut phenyl silica cartridge (Varian, Inc., Santa

Clara, CA, USA). The columns were pre-activated by sequen-

tial washes with 99.9% acetonitrile/0.1% heptafluorobutyric

acid (HFBA) and 0.1% HFBA. Sequential washes with 10 mL

of 99.9% acetonitrile/0.1% HFBA, 10 mL of 1% HFBA, 3 mL

of 0.1% HFBA containing 0.1% BSA, 10 mL 10% acetonitrile/

0.1% HFBA and 3 mL of 0.1% HFBA were used to activate the

columns and increase peptide recovery. After the application

of the sample, the columns were washed with 0.1% HFBA and

3 mL of 20% acetonitrile/0.1% HFBA. The adsorbed peptides

were eluted with 3 mL of 99.9% acetonitrile/0.1% HFBA into

polypropylene tubes rinsed with 1% BSA. After evaporation,

peptide levels were measured by RIA, as described previously

(Botelho et al., 1994; Santos et al., 2004).

Measurement of cytokine levels
The concentration of the cytokines, IL-4, IL-5 and IL-10, in

BAL and lung homogenates were measured using commer-

cially available antibodies and according to the procedures

supplied by the manufacturer (R&D Systems, Minneapolis,

MN, USA). Results are expressed as pg·mL−1 of plasma or

pg·mg−1 of lung wet weight. The detection limit of the ELISA

assay was in the range of 4–8 pg·mL−1.

Data analysis
All results are expressed as mean ± SEM. Comparisons of

angiotensin peptides levels, receptors expression and airway

and vessel morphometry were performed using one-way

ANOVA followed by the Newman–Keuls post test. Kruskal–

Wallis with Dunn’s multiple comparison test was used to

assess differences in right ventricular hypertrophy. Contrac-

tile response to carbachol in isolated mouse bronchial rings

was evaluated using two-way ANOVA followed by the Bonfer-

roni post test. All analysis and graphics were performed with

the Graphpad Prism software (GraphPad Software Inc.,

version 5.0; La Jolla, CA, USA). The level of significance was

set to P < 0.05.

Results

In order to confirm the development of allergic lung inflam-

mation, serum antibody, anti-OVA IgE, was measured. IgE

was increased in the asthmatic group (154 ± 21 A.U.) in

comparison with CTRL mice (11 ± 1.5 A.U.). In addition, OVA

mice treated with AVE presented an attenuation of IgE levels

(51 ± 8 A.U.).

Airway responsiveness test
As seen in Figure 2, a significant attenuation of the contrac-

tions of bronchial rings in response to carbachol was observed

in OVA mice, suggesting that OVA treatment has induced

structural alterations that diminished the bronchoconstric-

tion induced by muscarinic receptor stimulation. OVA animals

treated with AVE displayed an attenuation of this response.

The response to carbachol in the group of mice treated with

saline and AVE did not differ from the CTRL group.

Airway and vascular remodelling
As summarised in Figure 3, The CTRL (Figure 3A) and AVE

(Figure 3B) groups exhibited lung parenchyma with normal

alveolar septa and bronchiolar wall thickness as well as

aerated alveoli. The intra-acinar vessels exhibited a normal

aspect. In contrast, the OVA group (Figure 3C) exhibited large

interalveolar interstitial thickening, resulting mainly from

the accumulation of inflammatory cells. Bronchiolar wall

thickening was also observed, mainly due to hypertrophy

and hyperplasia of the bronchial epithelium and the SMC

BJP M G Rodrigues-Machado et al.
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layer. Moreover, a reduction in the alveolar lumen was found.

The pulmonary vasculature exhibited an increase in size and

number of vessels within the airway wall, contributing to the

thickening of the wall. In OVA + AVE (Figure 3D), the lung

parenchyma exhibited reduced inflammation in the interal-

veolar space, with a normal appearance of alveolar lumen and

bronchioles. Morphometric analyses revealed that chronic

treatment with AVE reversed airway (Figure 3E) and vessel

remodelling (Figure 3F) in OVA-sensitized mice.

Right ventricular hypertrophy
The OVA mice exhibited a significant increase in myocyte

diameter of the right ventricle (Figure 4) in comparison with

CTRL (Figure 4), suggesting that structural remodelling led to

an increase in pulmonary vascular resistance and subsequent

right ventricular hypertrophy. AVE treatment prevented right

ventricular hypertrophy (Figure 4).

Cytokine concentrations in BAL and lung
Figure 5 shows IL-4, IL-5 and IL-10 in the BAL and lung of

CTRL, OVA and OVA–AVE groups. As expected IL-5 was sig-

nificantly increased in BAL (Figure 5A) and lungs (Figure 5B)

of OVA mice in comparison with CTRL mice, while IL-4 was

not changed (Figure 5C and D). AVE treatment of OVA-

induced allergic pulmonary inflammation completely pre-

vented IL-5 increase both in the BAL and lung (Figure 5A and

B). Interestingly, AVE treatment also increased IL-10 levels in

BAL, relative to the levels in CTRL mice (Figure 5E). No sig-

nificant change was observed in IL-10 in the lung (Figure 5F)

in OVA + AVE mice. The balance between these anti-

inflammatory and pro-inflammatory cytokines, which can be

evaluated by the ratio IL-10/IL-5, was increased in the BAL of

OVA + AVE treated mice (Figure 5G) in comparison with

CTRL or OVA mice. Furthermore, in the lung homogenates,

this relationship was improved in OVA + AVE mice

(Figure 5H) compared with OVA mice. In an additional group

of animals (n = 5), OVA + AVE mice were treated simultane-

ously with the Mas receptor antagonist, A-779 (1.5 μg·h−1,

s.c., for 28 days through ALZET osmotic mini-pumps).

A-779 completely blocked the increase in IL-10 in the BAL

(66.4 ± 3.3 vs. 89.1 ± 6.8 pg·mL−1 in OVA–AVE), but the

decreased levels of IL-5 of OVA + AVE mice were not changed

by A-779 treatment (68.6 ± 3.3 vs. 63.9 ± 1.5 pg·mL−1 in OVA).

Expression of angiotensin receptor proteins in
the lung
As shown in Figure 6, Mas receptor expression in the OVA

group of mice (Figure 6A) was significantly lower than in the

CTRL mice. Treatment of OVA mice with AVE did not alter

the decreased expression of Mas receptors (Figure 6A). CTRL

mice treated with AVE presented levels of Mas similar to those

in the CTRL group. In addition, no change in AT1 and AT2

receptor expression was observed in the different groups

studied. These data suggest a decrease in the ACE2/Ang-(1–

7)/Mas axis in this experimental model of chronic allergic

lung inflammation.

Pulmonary and circulating RAS profile
Figure 7 shows lung and plasma levels of angiotensin pep-

tides. No significant difference was found in AVE mice in

comparison with the CTRL group for any of the peptides in

the plasma or in the lung. OVA mice exhibited a significant

increase in plasma Ang II (Figure 7A) with no change in

Ang-(1–7) levels (Figure 7B), indicating an overactivity of the

circulating ACE-Ang II-AT1 axis in OVA-induced lung inflam-

mation, compared with the CTRL group. No significant

change in angiotensin peptides was observed in the lung of

OVA mice (Figure 7D–F). AVE treatment of OVA mice did not

alter the increased Ang II levels in the plasma (Figure 7A) but

it did decrease Ang II levels in the lung (Figure 7D). Ang-(1–7)

did not significantly change in plasma or lung of OVA + AVE

mice. These changes resulted in a trend to alter the balance

between Ang-(1–7) and Ang II in the lung (Figure 7F), sug-

gesting that treatment of mice with chronic allergic lung

inflammation with AVE alters the balance of angiotensin

peptides in the lung, apart from its direct effects.

Discussion and conclusions

The most important findings of the present study were the

observations that AVE treatment prevented the development

of airway and pulmonary vascular remodelling, attenuated

right ventricle hypertrophy and pulmonary inflammation

and improved contractile responses in bronchial rings to

carbachol, in a model of chronic lung inflammation.
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Figure 2
Contractile response induced by carbachol (100 pM–100 μM) in

bronchial rings (2 mm) isolated from primary bronchi of mice sen-

sitized and challenged with OVA (n = 4); mice sensitized and chal-

lenged with OVA and treated with AVE (1 mg·kg−1, s.c.; OVA + AVE;

n = 6); CTRL (n = 5) and control mice treated with AVE (AVE; n = 4).

*P < 0.05, significantly different from CTRL or AVE groups; #
P < 0.05

significantly different from OVA group; two-way ANOVA followed by

Bonferroni’s post test.
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Recent investigations have changed our understanding of

asthma from a purely inflammatory disease to a disease in

which both inflammatory and structural components are

equally involved (Al-Muhsen et al., 2011). Despite advances

in the identification of key cellular and molecular mecha-

nisms involved in airway remodelling, there are as yet no

clear proposals regarding prevention, treatment or the best

time to initiate treatment of such remodelling (Durrani et al.,

2011). Ang-(1–7), via the receptor Mas, acts as an anti-

inflammatory agent in an acute murine model of asthma

(El-Hashim et al., 2012). Treatment of OVA-challenged mice

with Ang-(1–7) for 4 days induced a significant dose-

dependent decrease in the total cell count, eosinophils,

lymphocytes, neutrophils and macrophages in the BAL.

In addition, Ang-(1–7) treatment significantly reduced the

perivascular and peribronchial inflammation, fibrosis and

goblet cell hyper/metaplasia induced by OVA. In the present

study employing AVE, which is a synthetic, non-peptide com-

pound, mimicking the anti-fibrotic, anti-proliferative and

anti-inflammatory effects of Ang-(1–7) (Wiemer et al., 2002;

E

A B

C D

F

Figure 3
Representative histological images of airways (arrow) and pulmonary vessels (arrowhead) from CTRL (A), AVE (B), OVA (C) and OVA + AVE (D)

groups (n = 5 each). A and B show lung parenchyma with normal aspect of the airway and vessels. C shows marked interalveolar interstitial

thickening resulting mainly from the accumulation of inflammatory cells (white asterisk), bronchiolar wall thickening by hypertrophy and

hyperplasia of bronchial epithelium and SMC layer, reduction in the alveolar lumen and vascular remodelling with increased size and number of

vessels within the airway wall contributing to thickening of wall. Image D shows reduced inflammation in the interalveolar space with normal

appearance of alveolar lumen and bronchioles of the lung parenchyma in OVA + AVE mice. In addition, reduced inflammation in the interalveolar

space with normal appearance of alveolar lumen and bronchioles. (E) Thickness index of airway smooth muscle and bronchial epithelial layer was

calculated by counting the number of points hitting muscle areas divided by the number of intercepts crossing the epithelial basement membrane.

(F) Morphometric analysis of vascular thickness index calculated by the EP and IP ratio, EP/IP ratio. *P < 0.05 significantly different from CTRL and
#
P < 0.05 significantly different from OVA; one-way ANOVA followed by Newman–Keuls post test. Bar = 20 μm.
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Pinheiro et al., 2004; Santos and Ferreira, 2006; Lubel et al.,

2009; da Silveira et al., 2010; Barroso et al., 2012; Marques

et al., 2012), we have advanced these observations by

showing that AVE prevented the development of airway and

pulmonary vascular remodelling and pulmonary inflamma-

tion, improving airway responsiveness in mice with chronic

allergic lung inflammation.

Airway responsiveness to carbachol in a murine model of

asthma has been used both in vitro (Chen et al., 2003) and in

vivo (Milanese et al., 2001; Dimitropoulou et al., 2009) as a

marker of airway SMC function. In the present study, airway

responsiveness was tested ex vivo in bronchial rings from

animals sensitized with OVA, with or without treatment with

AVE. The OVA group exhibited significant, concentration–

dependent, attenuation of bronchial ring contractions to car-

bachol, suggesting that these mice had reached an advanced

degree of remodelling that prevented airway narrowing

induced by the activation of muscarinic receptors. Depending

on the extent and distribution of the remodelling, changes in

the extracellular matrix can either enhance or prevent airway

shortening (Palmans et al., 2000). Decreased shortening of

asthmatic airway smooth muscle (ASM) can be dependent on

the load against which the muscle contracts (Bramley et al.,

1995). These authors also demonstrated that collagenase

treatment of human lobar bronchial smooth muscle

increased ASM shortening, suggesting that excessive extracel-

lular matrix components increase the muscle resistive load to

the shortening, independent of any changes in the muscle

itself. In keeping with these findings, Milanese et al. (2001)

showed that the thickening of the reticular basement mem-

brane, which has been described as a characteristic feature of

airway remodelling in asthma, was associated with less

airway narrowing and air trapping, suggesting that reticular

basement membrane thickening represents an additional

load on ASM. Our data obtained in OVA-induced chronic

asthma mice are compatible with these results. Furthermore,

in the present study, we showed that treatment with AVE

improved the contractile response to carbachol in bronchial

rings, suggesting that AVE can decrease the accumulation

of extracellular matrix components and/or reticular base-

ment membrane thickening, that is induced by allergic

inflammation.

Airway remodelling has been documented in all degrees

of asthma severity and in both large and small airways. Inva-

sive techniques for the evaluation of airway remodelling have

shown structural alterations in the bronchial layers, as well

as, inflammatory and fibrotic cell infiltration (Manso et al.,

2012). Among the structural alterations, an increase in ASM

mass is the most prominent feature of airway remodelling in

asthma (Tagaya and Tamaoki, 2007). In addition to their

physical property, human ASM cells produce and secrete a

variety of inflammatory mediators that can contribute to

the inflammatory state, airway responsiveness, and airway

remodelling present in asthma (Xia et al., 2012). In the

present study, AVE exerted a protective effect on airway

remodelling, preventing the increase in thickness of ASM and

the bronchial epithelial layer. As remodelling affects different

components of the airways, AVE treatment may have modu-

lated other factors beyond the SMC layer, such as fibrosis and

inflammation. As observed by El-Hashim et al. (2012) treat-

ment with Ang-(1–7) resulted in a significantly reduced peri-

bronchial and perivascular fibrosis and inflammation in an

OVA-challenged mouse model of acute allergic asthma.

Similar results were observed with pulmonary vascular

remodelling. The thickness index of the vascular muscle

layer was increased in allergic mice, while chronic treatment

with AVE reversed this response. These findings confirm

and extend previous observations that Ang-(1–7) has anti-

proliferative effects in vascular SMC (Santos et al., 2005;

Zhang et al., 2010). In agreement with these observations, the

OVA group in the present study exhibited a significant right

ventricular hypertrophy and treatment with AVE reversed

this response. In earlier studies carried out at our laboratory,

AVE prevented the development of hypertrophy and collagen

deposition induced by isoproterenol treatment, in addition

to an improvement in cardiac function (Ferreira et al., 2007).

Right ventricular hypertrophy represents functional and

structural adaptation in response to chronic pressure over-

load induced by different chronic and hypoxemic diseases. As

the pulmonary circulation is a low-pressure system, with low

vascular resistance to right ventricular output, factors that

continuously and progressively increase afterload lead to

right ventricular adaptation. As the increased thickness index

of the vascular muscle layer was reversed by AVE, it is likely

that the cardioprotective effect of AVE was related to preven-

tion of an increase in pulmonary vascular resistance.

IL-5, a key cytokine in chronic inflammation, was

increased in the OVA mice. Moreover, AVE treatment of

OVA mice prevented lung and BAL increase in IL-5 and

increased IL-10 in the BAL. These results suggest that AVE

has a protective effect in the pulmonary remodelling pro-

bably by re-establishing the balance between pro- and anti-

inflammatory cytokines in the lung. Studies in experimental

models of chronic allergic lung inflammation have shown

that OVA sensitization induces Th2 responses with the release

of cytokines, particularly IL-5 (Bruijnzeel, 1994; Lampinen

Figure 4
Effect of AVE treatment on right ventricular hypertrophy evaluated by

measurement of transverse cardiomyocyte diameter (CTRL group,

n = 5; OVA, AVE and OVA + AVE groups, n = 7 each). *P < 0.05,

significantly different from CTRL; #
P < 0.05, significantly different

from OVA group; Kruskal–Wallis test followed by Dunn’s test.
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Figure 5
IL-4, IL-5 and IL-10 in the BAL and lungs of CTRL (n = 5), OVA sensitized and challenged (OVA; n = 5–6) and OVA sensitized and challenged treated

with AVE (OVA + AVE; n = 4–6) groups. *P ≤ 0.05, significantly different from CTRL and #
P ≤ 0.05, significantly different from OVA; one-way ANOVA

followed by Newman–Keuls post test.
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et al., 2004). IL-5 modulates TGF-β expression involved in the

pulmonary remodelling and regulates the proliferation, dif-

ferentiation and the trafficking of eosinophils to the lung

(Carlson et al., 1993; Lampinen et al., 2004; Cho, 2011). The

increase in eosinophils is implicated in the pulmonary lesions

observed in allergic asthma (Kidd, 2003). In contrast to IL-5,

IL-4 levels were not altered in OVA mice. This result, however,

is in keeping with other studies showing that IL-4 may not

play a significant role in chronic airway inflammation.

Accordingly, IL-4-knockout (KO) mice developed increased

epithelial hypertrophy, subepithelial fibrosis and airway

inflammation in chronic models of asthma (Foster et al.,

2000; Kumar et al., 2002).

IL-10, on the other hand, plays an important role down-

stream of the inflammatory cascade in the Th2 response to

antigens (Kosaka et al., 2011). Our data indicate that AVE

Figure 6
Expression of angiotensin receptor proteins in lung tissue, using Western blotting (n = 6 in each group). (A) Relative expression of Mas receptor;

(B) Relative expression of AT1 receptor. (C) Relative expression of AT2 receptor. After incubation with primary and secondary antibody for Mas, AT1

and AT2 receptors, the membranes were stripped and incubated with primary and secondary antibodies to detect GAPDH; *P < 0.05, significantly

different from CTRL or AVE groups; one-way ANOVA followed by Newman–Keuls post test.
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modulated the release of at least these cytokines, thereby

contributing to a decrease in the pulmonary remodelling

induced by inflammation. Furthermore, our data suggest that

the increase in IL-10 induced by AVE was mediated by Mas

receptors, as it was blocked by the Mas receptor antagonist,

A-779. However, A-779 did not block the effect of AVE on

IL-5. Because different pathways or cells are involved in the

production of IL-10 and IL-5, it is possible that other recep-

tors or receptor subtypes are involved in the effects of AVE on

IL-5 release.

Previous studies by us (Pinheiro et al., 2004; Lemos et al.,

2005) and others (Wiemer et al., 2002) had shown that dif-

ferent effects of Ang-(1–7) and AVE can be partially or even

totally blocked by the AT2 receptor antagonist, PD123319,

suggesting that Ang-(1–7) and AVE exert effects mediated

through the AT2 or other receptors, sensitive to PD123319.

We have recently identified and characterized a new peptide

of the RAS, Ala-Arg-Val-Tyr-Ile-His-Pro, alamandine, in rats,

mice and humans (Lautner et al., 2013), whose biological

effects resemble those produced by Ang-(1–7), such as vaso-

dilation, antifibrotic, antihypertensive and central effects.

Alamandine can be formed, in vivo, directly from Ang-(1–7)

by decarboxylation of its aspartate residue. More interest-

ingly, we showed that alamandine binds to a Mas-related

GPCR, member D (MrgD) and its effects are blocked by

D-Pro7-Ang-(1–7), the MrgD ligand β-alanine and PD123319,

but not by the Mas receptor antagonist, A-779. Moreover,

alamandine induced vasorelaxation in aortic rings isolated

from AT2 receptor KO mice and this effect was abolished by

PD1233319, suggesting that PD123319 is also an MrgD

antagonist/ligand. Thus, it is possible that some part of the

effects of AVE could be ascribed to actions on the MrgD

Figure 7
Levels of angiotensin peptides levels in plasma and lung measured by RIA. Plasma angiotensin II-immunoreactivity (Ang II-ir, pg·mL−1, n = 5–8; A);

plasma Ang-(1–7)-ir (pg·mL−1, n = 5–8; B), plasma Ang-(1–7)/Ang II ratio (C); lung Ang II-ir (pg·mg−1 protein, n = 4–7; D); lung Ang-(1–7)-ir

(pg·mg−1 protein, n = 4–7); lung Ang-(1–7)/Ang II ratio (F). *P < 0.05, significantly different from CTRL; one-way ANOVA followed by Newman–Keuls

post test.
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receptor. Further studies will be necessary to confirm this

possibility.

The protective effects of AVE observed in the present

study were not related to changes in the expression of Mas or

AT1 or AT2 receptors in the lung. We found that Mas receptor

expression was much lower (∼70%) in OVA mice, but it was

not significantly altered in OVA + AVE mice. This result sug-

gests that reduction in the activity of the ACE2/Ang-(1–7)/

Mas receptor axis is involved in the pulmonary inflammation

and remodelling in this model of chronic allergic lung

inflammation. On the other hand, circulating levels of Ang II,

but not the levels in lung tissue, were significantly increased

in OVA-induced chronic allergic inflammation. These

changes indicate a predominance of Ang II/AT1 actions in

these mice. It is well known that Ang II stimulates prolifera-

tion and/or hypertrophy in a wide variety of cells, including

in the human airway SMC, which suggests its participation in

airway remodelling (McKay et al., 1998). Thus, the alterations

in the profile of the RAS that we observed, did contribute to

the pathophysiology of chronic allergic lung inflammation.

More interestingly, Ang II levels in the lung were

decreased after treatment of OVA mice with AVE and,

although this effect was not accompanied by changes in

Ang-(1–7), there was a significant alteration in the balance

between Ang-(1–7) and Ang II in the lungs of treated mice.

Taken together, these results suggest that AVE treatment, in

addition to its direct agonist effect, also decreased Ang II/AT1

actions in the lungs of mice with OVA-induced allergic

inflammation. Collectively, these effects may have contrib-

uted to the attenuation of inflammation and pulmonary

remodelling in our model of asthma in mice.

In summary, the results of the present study show, for the

first time, that AVE, a Mas receptor agonist, prevented the

development of airway and vascular pulmonary remodelling

and pulmonary inflammation and improved contraction in

bronchial rings from mice with OVA-induced chronic allergic

lung inflammation. Moreover, right ventricular hypertrophy,

which reflects increased pulmonary vascular resistance, was

also prevented by AVE treatment. As airway remodelling is

associated with a poor clinical outcome, these findings open

a new possibility for the treatment of pulmonary remodelling

induced by asthma and other chronic lung diseases, to

include analogues of Ang-(1–7).
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