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Angiotensin (Ang)-(1–7) stimulates proteins belonging to the insulin signaling pathway and ameliorates the
Ang II negative effects at this level. However, up to date, receptors involved and mechanisms behind these
observations remain unknown. Accordingly, in the present study, we explored the in vivo effects of antago-
nism of the Ang-(1–7) specific Mas receptor on insulin signal transduction in rat insulin-target tissues. We
evaluated the acute modulation of insulin-stimulated phosphorylation of Akt, GSK-3β (Glycogen synthase
kinase-3β) and AS160 (Akt substrate of 160 kDa) by Ang-(1–7) and/or Ang II in the presence and absence
of the selective Mas receptor antagonist A-779 in insulin-target tissues of normal rats. Also using A-779,
we determined whether the Mas receptor mediates the improvement of insulin sensitivity exerted by chronic
Ang-(1–7) treatment in fructose-fed rats (FFR), a model of insulin resistance, dyslipidemia and mild hyperten-
sion. The two major findings of the present work are as follows; 1) Ang-(1–7) attenuates acute Ang II-
mediated inhibition of insulin signaling components in normal rats via a Mas receptor-dependent mechanism;
and 2). TheMas receptor appears to be involved in beneficial effects of Ang-(1–7) on the phosphorylation of cru-
cial insulin signaling mediators (Akt, GSK-3β and AS160), in liver, skeletal muscle and adipose tissue of FFR.
These results shed light into the mechanism by which Ang-(1–7) exerts its positive physiological modulation
of insulin actions in classical metabolic tissues and reinforces the central role of Akt in these effects.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Alterations within the renin-angiotensin system (RAS) are an im-
portant contributor to the development of insulin resistance [1–3].
The RAS is classically conceived as a coordinated hormonal cascade in
the control of cardiovascular, renal, and adrenal functions,mainly through
the actions of angiotensin (Ang) II [4]. Advances in cell and molecular
biology have led to the recognition of other active fragments of RASme-
tabolism, such as Ang III, Ang IV, and Ang-(1–7), the angiotensin-
converting enzyme (ACE) 2, an homolog of classic ACE that forms
Ang-(1–7) directly from Ang II and indirectly from Ang I [5], and
the Ang-(1–7) specific G protein-coupled receptor Mas [6]. In general
terms, the ACE2/Ang-(1–7)/Mas receptor axis opposes the vascular and
proliferative effects of Ang II [7].

A large body of evidence indicates that Ang II plays a critical role in
the etiology of insulin resistance [8]. Themechanism behind this delete-
rious effect appears to be related to a negative modulation exerted by
Ang II through AT1 receptor (AT1R) on several steps of the insulin sig-
naling cascade, including insulin-induced phosphorylation of the insulin
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receptor, insulin receptor substrate-1, and activation of Aktmediated by
amechanism that involves phosphatidylinositol 3-kinase (PI3K) [8]. Ac-
cordingly, clinical trials have shown that inhibition of ACE or selective
AT1R blockade reduces the development of type 2 diabetes in patients
with essential hypertension [9,10]. In line with reports in humans, im-
provement of insulin sensitivity [1,11–13] along with an enhancement
in the response to insulin at various steps of the insulin signaling cas-
cade [14–16], has been detected in various animal models of insulin re-
sistance and/or type 2 diabetes as a consequence of reduction of Ang II
formation or inhibition of its actions. This evidence clearly indicates that
the signaling crosstalk between insulin and Ang II has significant physio-
logical relevance. In contrast, Ang-(1–7), through its specific G
protein-coupled receptor Mas induces responses that oppose those
of Ang II, including antihypertensive, antihypertrophic, antifibrotic
and antithrombotic properties [5,7]. Considering that inhibition of ACE
or chronic blockade of AT1R is associated with increased levels of circu-
lating Ang-(1–7), this hormone could be involved in the beneficial
effects of antihypertensive therapy [17–19].

We have previously demonstrated that Ang-(1–7) reverses insulin
resistance in rats fed a high-fructose diet [20]. This effect could be as-
cribed to the capability of Ang-(1–7) to induce the activation of Akt in
insulin‐target tissues [21,22] and also to counteract the inhibitory
effects of Ang II on insulin-induced Akt phosphorylation [22]. In
line with the finding that Ang-(1–7) has metabolic actions, Santos
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et al. reported that genetic deletion of the specific Ang-(1–7)Mas re-
ceptor leads to a metabolic syndrome-like state in mice [23]. More
recently, it was reported that rats overexpressing Ang-(1–7) display
improved glucose and lipid metabolism [24], and that ACE2 gene thera-
py improves glycemic control in diabetic mice, through a mechanism
mediated by Ang-(1–7) acting through its specific receptor Mas [25].
Despite this available information, themechanismbehind the ameliora-
tion of insulin resistance induced by Ang-(1–7) through its specific re-
ceptor Mas in FFR is intriguing and deserves further exploration.

Accordingly, in the current study, we explored the effects of simul-
taneous acute injection of different combinations of Ang-(1–7) and/or
Ang II in the presence and absence of the selective Mas receptor an-
tagonist A-779 on insulin-stimulated phosphorylation of Akt, GSK-
3β (Glycogen synthase kinase-3β) and AS160 (Akt substrate of
160 kDa) in insulin-target tissues of normal animals. In addition, by
the use of A-779, we determined the role of the Mas receptor in the im-
provement of insulin sensitivity exerted by chronic Ang-(1–7) treat-
ment in FFR, a model of insulin resistance, dyslipidemia and mild
hypertension.
2. Methods

2.1. Reagents

The peptides Ang II, Ang-(1–7) and [7-D-Ala-Ang-(1–7)] (A-779)
were purchased from Bachem Americas, Inc. (Torrance, CA, USA.). The
reagents and apparatus for SDS-PAGE and immunoblotting were
obtained from Bio-Rad (Hercules, CA, USA). The phospho-Akt
(Ser473) rabbit polyclonal antibody that detects endogenous levels of
Akt only when phosphorylated at Ser473 (anti-p-Akt-Ser473; 9271),
the rabbit polyclonal Akt antibody that detects endogenous levels of
total Akt1, Akt2 and Akt3 proteins (anti-Akt; 9272), the phospho-
GSK-3β rabbit polyclonal antibody that detects endogenous levels of
glycogen synthase kinase 3β only when phosphorylated at Ser9 (anti-
p-GSK-3β-Ser9; 9336), themonoclonal antibody that detects total levels
of GSK-3β (anti-GSK-3β; 9315) and the phospho-AS160 (Thr642) rabbit
polyclonal antibody (anti-p-AS160-Thr642; 4288) and the anti-AS160
antibody (anti-AS160; 2670) were purchased from Cell Signaling
(Beverly, MA, USA). The polyclonal antibody that detects total levels
of Mas receptor was purchased from Alomone Labs (Jerusalem, Israel).
The polyclonal goat anti-rabbit IgG conjugated with Horse Radish
Peroxidase (HRP) was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA). Enhanced chemiluminescence (ECL) was pur-
chased from GE Healthcare (Piscataway, NJ, USA). The remaining re-
agents were purchased from Sigma Chemical Co. (St. Louis, MO,
USA).

Protocol 1. Analysis of the in vivo interactions between Ang II, Ang-
(1–7) and insulin in liver, muscle and adipose tissue of normal animals.
2.2. Animals

A total of 24 male Sprague–Dawley rats weighing 220–240 g were
used for this study. Animals were housed in a controlled environment
with a photoperiod of 12 h light–12 h dark (lights on from 06:00 to
18:00 h) and a temperature of 20±2 °C. Sanitary controls were per-
formed for all major rodent pathogens and the results of these tests
were uniformly negative. Animals were given free access to water
and nutritionally balanced diet (16%–18% protein; Cargill, Argentina).
Housing, handling and experimental procedures followed the guide-
lines of the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. The protocols were approved by the Animals
Studies Committee of the School of Pharmacy and Biochemistry,
University of Buenos Aires, Argentina.
2.3. Surgical procedures, hormone administration and tissue homogenization

Rats were starved overnight, anesthetized by the intraperitoneal
(i.p) administration of a mixture of ketamine and xylasine (50 and
1 mg/kg respectively) and submitted to the surgical procedure as
soon as anesthesia was assured by the loss of pedal and corneal re-
flexes. The abdominal cavity was opened, and an in vivo acute stimu-
lation of all tissues analyzed was obtained by the injection of 200 μl
solutions containing either normal saline (0.9% NaCl), Ang II
(8 pmol/kg), Ang-(1–7) (8 pmol/kg) or insulin (8 pmol/kg) or simul-
taneously with insulin and Ang II, with insulin and Ang-(1–7), or with
a combination of these three hormones into the portal vein. For selec-
tive antagonism of the Mas receptor, A-779 (80 pmol/kg) was admin-
istered intravenously together with a combination of these three
hormones (n=3 per group). In a previous work, we demonstrated
that Ang-(1–7) induces the in vivo phosphorylation of Akt in the
heart, which peaks 5 min after injection of an 8 pmol/kg dose of the
hormone [21]. Thus, we decided to perform the experiment within
5 min after the stimulation with solutions containing different com-
positions for all tissues with the exception of the liver. The injection
into the portal vein ensures a rapid arrival of these compounds into
the liver. In a time course analysis (data not shown), we verified that
Ang-(1–7) induced the in vivo phosphorylation of Akt in the liver,
which peaked 1–2 min after injection of an 8 pmol/kg dose of the hor-
mone. Accordingly, liver, adipose tissue (epididymal) and skeletal mus-
cle (soleus) were removed 1, 3 and 5 min after injection respectively,
and kept at −80 °C until analysis. Tissue samples were homogenized
in 10 volumes of a solubilization buffer containing 1% Triton together
with phosphatases and protease inhibitors as described previously
[21]. All tissues extracts were centrifuged at 100,000 ×g for 1 h at
4 °C to eliminate insoluble material, and protein concentration in the
supernatants was determined using the bicinchoninic acid method
[26].

2.4. Western blotting analysis

To determine the phosphorylation levels of Akt (Ser473), GSK-3β
(Ser9), AS160 (Thr642) and the corresponding total protein abundance,
equal amounts of solubilized proteins (40 μg) in Laemmli buffer were
resolved by SDS-PAGE and subjected to immunoblotting with anti-
phospho-Akt, anti-phospho-GSK-3β, anti-phospho-AS160, anti-Akt,
anti-GSK-3β or anti-AS160 (1:3000 dilutions for all antibodies). After
washing, membranes were incubated for 1 h with goat anti-rabbit
IgG-HRP secondary antibody (1:20,000 dilution), proteins detected by
ECL and the intensities of the specific bandswere quantitated by optical
densitometry. The blots shown are representative of four different ex-
periments. Protein loading in gels was evaluated with an anti-tubulin
antibody.

Protocol 2. Analysis of the role of the Mas receptor in the Ang-(1–7)-
induced reversal of insulin resistance in fructose-fed rats.

2.5. Animals and treatments

A total of 30 male Sprague–Dawley rats weighing 220–240 g were
used for this study. All animals were housed individually in a con-
trolled environment with a photoperiod of 12 h light–12 h dark
(lights on from 06:00 to 18:00 h) and a temperature of 20±2 °C.
Housing, handling and experimental procedures followed the rules
written in the Guide for the Care and Use of Laboratory Animals, publi-
shed by the National Institutes of Health [DHEW Publication No.
(NIH) 85‐23, Revised 1996, Office of Science and Health Reports,
DRR/NIH, Bethesda, MD 20205]. Following an acclimatization period
of 7 days, rats received regular diet (19% protein, 77% carbohydrate,
4% fat) and fructose that was administered as a 10% solution (pre-
pared every 2 days) in drinking water during 6 weeks as described
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previously [20]. For the last 2 weeks of the high fructose feeding period,
the animals were divided in 4 groups: FFR-control group (n=6). FFR
with Ang-(1–7) [FFR-Ang-(1–7)] group (n=6). FFR with A-779 [FFR-
A-779] group (n=6) and FFR with Ang-(1–7) and A-779) [FFR-Ang-
(1–7)/A-779] group (n=6). Animals were implantedwith subcutaneous
osmotic pumps (model 2002, Alzet, CA) that delivered Ang-(1–7)
(100 ng⋅kg−1⋅min−1), A-779 (500 ng⋅kg−1⋅min−1 ) or a mixture of
Ang-(1–7) and A-779 (100 ng⋅kg−1⋅min−1 /500 ng⋅kg−1⋅min−1) re-
spectively. The FFR-control group (n=6) underwent a sham surgery.

2.6. Systolic blood pressure and body weight determination

Rats were weighed previously to dietary manipulation and at the
end of the study. The rats were trained to the procedure of systolic
blood pressure (SBP) measurement at 1300 h, twice a week, for
2 weeks previous to the finalmeasurement. Themean of ten consecutive
readingswas used as the reported value of the systolic blood pressure for
each rat. Indirect SBP was measured at week 4 and week 6 by means of
the tail-cuff method using a blood pressure analysis system (model
SC1000, Hatteras Instruments, North Carolina, USA).

2.7. Glucose, triglycerides and insulin measurements

All determinations were performed 6 h after food removal. Blood
glucose measurements were performed using a hand-held glucometer
(Accucheck, Mannheim, Germany). Insulin levels were assessed using
a rat insulin ELISA kit (Ultra Sensitive Rat Insulin ELISA Kit; Crystal
Chem, Inc). Circulating triglycerides (TG) concentrations were mea-
sured by an enzymatic colorimetric assay kit (Wiener Lab, Rosario,
Argentina). The homeostasis model assessment of basal insulin resis-
tance (HOMA-IR) was used to calculate an index from the product of
the fasting concentrations of plasma glucose (mmol/l) and plasma insu-
lin (μU/ml) divided by 22.5 [27]. Lower HOMA-IR values indicated
greater insulin sensitivity, whereas higher HOMA-IR values indicated
lower insulin sensitivity (insulin resistance).

2.8. Acute insulin stimulation and tissue collection

After the 2 week treatment with Ang-(1–7), A-779 or both com-
pounds, rats were starved overnight, anesthetized by the i.p. adminis-
tration of a mixture of ketamine and xylasine (50 and 1 mg/kg
respectively) and submitted to the surgical procedure as soon as anesthe-
sia was assured by the loss of pedal and corneal reflexes. The abdominal
cavity was opened, the portal veinwas exposed and 10 IU of porcine in-
sulin per kg body weight in normal saline (0.9% NaCl) in a final volume
of 0.2 ml was injected. To obtain data under basal conditions, rats re-
ceived an injection of vehicle. The liver, adipose tissue (epididymal)
and skeletal muscle (soleus) were removed after 1, 3 and 5 min respec-
tively and kept at−80 °C until analysis.

2.9. Tissue homogenization and western blotting analysis

This analysis was performed as described for Protocol 1.

2.10. Immunohistochemical staining

Paraffin sections (sagital) were cut at 3 μm, dewaxed in xylene,
rehydrated through a series of descending concentrations of alcohol
to water, and treated with 3% hydrogen peroxide for 30 min to inhibit
endogenous peroxidase. Local Ang II was detected using a rabbit poly-
clonal antibody anti-Ang II (Phoenix Pharmaceutical, Inc, Burlingame,
CA, USA) at a 1:100 dilution using a previously described protocol
[14]. Sections were treated with biotinylated horse anti-rabbit/
mouse/goat IgG (1:200) for 30 min at room temperature and incubated
with the avidin-biotin-peroxidase complex (Vector, Burlingame, CA)
for 60 min. Peroxidase activity was visualized by exposing the sections
for 1 min to 3,30-diaminobenzidine tetrahydrochloride (Vector, Burlin-
game, CA) in PBS containing 3% H2O2. Sections were then counter-
stained with hematoxylin. In the negative controls, the primary
antibody was replaced by nonimmune serum. Four tissues sections
from each experimental animal were stained. On each section, ten con-
secutive microscopic fields (400× magnification) were analyzed to
evaluate Ang II immunostaining density in all tissues analyzed. All his-
tological sections were studied in each animal using a light microscope
(Leica Microsystems, Wetzlar, Germany).

2.11. Statistical analysis

All values are reported asmeans±S.E.M unless specified otherwise.
Significance, considered as Pb0.05, was determined by analysis of vari-
ance (ANOVA) followed by the Tukey–Kramer test using GraphPad
InStat version 5.00 for Windows by GraphPad Software, Inc. (San
Diego, CA, USA).

3. Results

3.1. Protocol 1: in vivo interactions between Ang II, Ang-(1–7) and insulin
on the phosphorylation of Akt, GSK-3β and AS160 in liver, muscle and
adipose tissue

As shown in Fig. 1, upper panel, insulin (8 pmol/kg) stimulated the
phosphorylation of Akt in liver, adipose tissue and skeletal muscle. The
acute administration of Ang II alone (8 pmol/kg) did not stimulate
phosphorylation of Akt at Ser473. On the other hand, Ang-(1–7) in-
duced the phosphorylation of Akt to a similar extent of that attained
after stimulation with insulin.

Insulin-induced phosphorylation of Akt was blunted in the presence
of Ang II (Fig. 1, upper panel). The simultaneous administration of a
mixture of insulin, Ang II and Ang-(1–7) at equivalent doses resulted
in a similar level of phosphorylation of Akt to that achieved after acute
administration of insulin alone. A similar result was obtained after co-
administration of insulin and Ang-(1–7) (Fig. 1, upper panel). Similar
changes were detected for the phosphorylation of Akt at Thr308 (data
not shown). The total amount of Akt protein analyzed was not affect-
ed by the different treatments, as confirmed by submitting the
corresponding total tissues extracts to immunoblotting with anti-Akt
(Fig. 1, middle panel).

Similarly, compared to basal values, GSK-3β Ser9 phosphorylation
increased significantly in rats that received insulin, Ang-(1–7) or amix-
ture of both hormones, (Fig. 2, upper panel). When injected alone, Ang
II did not stimulate increase GSK-3β phosphorylation. In addition, insu-
lin failed to stimulate GSK-3β phosphorylation when co-administered
with Ang II (Fig. 2, upper panel). As shown in Fig. 2, middle panel, hor-
mone treatment did not affect the total amount of GSK-3β in any condi-
tion or tissue analyzed. Finally, we explored the activation of a novel
described substrate of Akt of 160 kDa (AS160), that is required for
GLUT-4 translocation in skeletalmuscle and adipose tissue. As observed
in Fig. 3, in all tissues analyzed, both insulin and Ang-(1–7) stimulated
the phosphorylation of AS160 to a similar extent. Acute administration
of Ang II alone did not stimulate Thr phosphorylation of AS160, while
insulin-induced phosphorylation of AS160 was blunted in the presence
of Ang II (Fig. 3, upper panel). In line with results obtained for Akt and
GSK-3β, insulin-induced phosphorylation of AS160 was blunted in the
presence of Ang II (Fig. 3, upper panel). On the other hand, the admin-
istration of a mixture of insulin, Ang II and Ang-(1–7) in the same
dose, resulted in a similar level of phosphorylation of AS160 to that
achieved after acute administration of insulin alone, indicating that
Ang-(1–7) counteracted the negative modulation of insulin signaling
exerted by Ang II (Fig. 3, upper panel). Ang-(1–7) did not enhance the
insulin stimulation of AS160 (Fig. 3, upper panel). The total amount of
AS160 protein analyzed was not affected by the different treatments,
as confirmed by submitting the corresponding total skeletal muscle
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Fig. 1. Protocol 1: Akt-Ser473 phosphorylation in skeletal muscle, adipose tissue and liver of normal rats. Animals were anesthetized and acutely treated with a single i.v dose
(0.2 ml via portal vein) of a solution of normal saline (−) or solutions of normal saline containing insulin (8 pmol/kg), Ang II (8 pmol/kg), Ang-(1–7) (8 pmol/kg) or their combi-
nations as indicated. For selective antagonism of the Mas receptor, A-779 (80 pmol/kg) was administered intravenously together with a combination of these three hormones. The
liver, adipose tissue (epididymal) and skeletal muscle (soleus) were removed 1, 3 and 5 min after injection respectively. Solubilized tissue proteins were subjected to immunoblot-
ting with anti-phospho-Akt (p-Akt-Ser473) (upper panels). To determine protein abundance, total tissue extracts were subjected to western blotting with anti-Akt antibodies
(lower panels). Bar graphs show the quantitative Akt-Ser473 phosphorylation. Data (means±SEM) are expressed as fold increases in phosphorylation over basal (n=3). In
each group, values marked with a different superscript (a or b) are significantly different between them (Pb0.05). WB: western blotting.
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and adipose tissue extracts to immunoblotting with a specific anti-
AS160 antibody (Fig. 3, middle panel).

To confirm the participation of the Mas receptor in the Ang-(1–7)-
induced phosphorylation of Akt, GSK-3β and AS160, a mixture of in-
sulin, Ang II and Ang-(1–7) was co-administered with the Mas recep-
tor antagonist A-779. As shown in Figs. 1, 2 and 3, upper panels, the
presence of A-779 blocked the stimulating effects of Ang-(1–7) on
both the phosphorylation of Akt and its downstream substrates
GSK-3β and AS160 respectively. Protein loading in gels was evaluated
with an anti-tubulin antibody (lower panels).
3.2. Protocol 2: Ang II immunostaining in liver, skeletal muscle and adipose
tissue of FFR

As shown in Fig. 4, fructose-fed control rats exhibited extensive
areas of Ang II immunostaining in liver, skeletal muscle and adipose tis-
sue. No significant differenceswere observed in the immunostaining for
Ang II in any tissue analyzed.
3.3. Protocol 2: Mas receptor levels in liver, skeletal muscle and adipose
tissue of FFR

The Ang-(1–7) specific receptor Mas in liver, skeletal muscle and
adipose tissue from FFR was analyzed by Western Blot. As shown in
Fig. 5 all groups of experimental animals displayed similar levels of
Mas receptor abundance in liver and skeletal muscle. However, treat-
ment with Ang-(1–7) induced a significant increase in the abundance
of the Mas receptor in adipose tissue (Fig. 5, upper panel).

3.4. Protocol 2: Ang-(1–7)-induced modulation of insulin sensitivity in
FFR is mediated by a Mas receptor-dependent pathway

At the end of the study, all groups of rats analyzed showed similar
body weight and plasma glucose levels (Table 1). After two weeks
treatment with Ang-(1–7), FFR display lower SBP together with a signifi-
cant reduction in both serum insulin and triglycerides compared to FFR
treated with saline only (Pb0.05). Treatment with Ang-(1–7) also cau-
sed a significant decrease in the HOMA score in FFR (Table 1). Specific



Fig. 2. Protocol 1: GSK-3β-Ser9 phosphorylation in skeletal muscle, adipose tissue and liver of normal rats. Rats were treated as described for Fig. 1. At the indicated time points, the
liver, adipose tissue (epididymal) and skeletal muscle (soleus) were removed and homogenized as described in Methods. Solubilized tissue proteins were subjected to immuno-
blotting with anti-phospho-GSK-3β (p-GSK-3β-Ser9) (upper panels). To determine protein abundance, total tissue extracts were subjected to western blotting with anti-GSK-
3β antibodies (lower panels). Bar graphs show the quantitative GSK-3β-Ser9 phosphorylation. Data (means±SEM) are expressed as fold increases in phosphorylation over
basal (n=3). In each group, values marked with a different superscript (a or b) are significantly different between them (Pb0.05). WB: western blotting.
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Fig. 5. Protocol 2: Mas receptor abundance in skeletal muscle, adipose tissue and liver of fructose-fed rats. Tissue homogenates were submitting to western blot analysis. Represen-
tative images and bar charts showing the quantification of Mas receptor for each group. Data (means±SEM) are expressed as fold increases in Mas abundance over basal (n=6;
*Pb0.05). WB: western blotting.
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antagonism of the Mas receptor with A-779 blocked the beneficial ef-
fects of Ang-(1–7) on SBP and metabolic parameters (Table 1). When
compared with untreated FFR, chronic administration to FFR of the
Table 1
Metabolic parameters of the experimental animals.

Parameters Saline Ang-(1–7) A-779 Ang-(1–7)+A-779

Body weight (g) 381±11 385±2 404±18 399±14
SBP (mm Hg) 136±10 116±7* 135±7 132±5
Glucose (mg/dl) 104±7 108±8 111±4 109±8
Insulin (ng/ml) 4.2±0.8 1.3±0.3* 5.2±1.4 4.7±0.9
Triglycerides (mg/dl) 84±8 22±9* 102±17 84±12
HOMA score 27.5±5.8 8.2±1.7* 35.6±10.9 32.1±5.7

Values are means±SEM (n=6 animals in each group). All groups of animals received
a high fructose diet. Ang-(1–7): angiotensin-(1–7); SBP: systolic blood pressure. *Value
significantly different from control saline value (Pb0.05).
Mas antagonist alone did not modify any of the metabolic parameters
analyzed in these animals (Table 1).

3.5. Protocol 2: Angiotensin-(1–7) improves insulin-induced phosphory-
lation of Akt, GSK-3β and AS160 in skeletal muscle, adipose tissue and
liver of FFR via a Mas receptor-dependent pathway

In agreement with our previous reports, chronic treatment with
Ang-(1–7) improved the insulin-stimulated phosphorylation of Akt
in skeletal muscle, adipose tissue and liver of FFR (Fig. 6). This change
correlated with a significant improvement in the insulin-stimulated
phosphorylation of GSK-3β in these tissues (Fig. 7 upper panel). In
addition, FFR that received Ang-(1–7) exhibited a significant increase
in the insulin-induced specific phosphorylation of AS160 in skeletal
muscle and adipose tissue when compared to untreated FFR (Fig. 8,
upper panel). To determine the participation of the Mas receptor in
the beneficial effects exerted by Ang-(1–7) on mediators of insulin
signal transduction, FFR were treated with a mixture of Ang-(1–7)
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Fig. 6. Protocol 2: Akt-Ser473 phosphorylation in skeletal muscle, adipose tissue and liver of fructose-fed rats. After the two-week treatment with Ang-(1–7), A-779 or both com-
pounds, rats were starved overnight, anesthetized were injected via portal vein with 10 IU of porcine insulin per kg body weight in normal saline (0.9% NaCl) in a final volume of
0.2 ml. To obtain data under basal conditions, rats received an injection of saline. The liver, adipose tissue (epididymal) and skeletal muscle (soleus) were removed after 1, 3 and
5 min respectively. Solubilized tissue proteins were subjected to immunoblotting with anti-phospho-Akt (p-Akt-Ser473) (upper panels). To determine protein abundance, total
tissue extracts were subjected to western blotting with anti-Akt antibodies (lower panels). Bar graphs show the quantitative Akt-Ser473 phosphorylation. Data (means±SEM)
are expressed as fold increases in phosphorylation over basal (n=3; *Pb0.05). WB: western blotting.
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and A-779 for 14 d and evaluated for the acute insulin response at
Akt, GSK-3β and AS160 phosphorylation. As shown in Figs. 6 to 8,
(upper panels), selective antagonism of the Mas receptor abolished
the stimulating effects of Ang-(1–7) on Akt, GSK-3β and AS160 phos-
phorylation in all tissues analyzed. Administration of the Mas antago-
nist alone did not affect the phosphorylation of any signaling proteins
analyzed (Figs. 6, 7 and 8, upper panels). The abundance of any of the
analyzed protein abundance remained unchanged (Figs. 6 to 8, middle
panels). Protein loading in gels was evaluated with an anti-tubulin an-
tibody (lower panels).

4. Discussion

One of the major finding of the current study is that the beneficial
effects exerted by Ang-(1–7) on crucial insulin signaling mediators in
vivo, disappeared in the presence of an antagonist of the Ang-(1–7) spe-
cific Mas receptor. By acute administration of mixtures of hormones we
determined that Ang II attenuates the insulin-stimulated phosphoryla-
tion of Akt, GSK-3β and AS160 inmetabolic tissues (liver, adipose tissue
and skeletal muscle). This result agrees with our previously reported
observations made in rat heart in vivo as well as with in vitro studies
employing aortic vascular smooth muscle cells [21,28]. By acute co-
administration of insulin, Ang II, Ang-(1–7) alone or in combination
we determined that Ang-(1–7) counteracts the inhibitory effect of
Ang II on insulin-stimulated phosphorylation of Akt, GSK-3β and
AS160. Through the use of A-779 we determined that these beneficial
effects of Ang-(1–7) proceeded via aMas receptor-dependent pathway.
These results provide a further insight into the mechanisms involved in
the positive effects on insulin action exerted by Ang-(1–7). Phosphoryla-
tion levels of Akt, GSK-3β andAS160 attained after the co-administration
of insulin and Ang-(1–7) were comparable to those detected after acute
stimulationwith insulin alone, indicating that the ability of Ang-(1–7) to
restore insulin-stimulated phosphorylation of Akt, GSK-3β and AS160 is
not a consequence of an enhancement of the stimulating action of insu-
lin, but the result of a counteraction of the negative acute modulation
exerted by Ang II. This opposing action of Ang-(1–7) on the effects of
Ang II has also been demonstrated for other Ang II-stimulated signaling
pathway such as the mitogenic MAP kinase cascade, both in cells in cul-
ture [29–31] and in rat heart in vivo [32].

Additional novel information presented in the current work in-
cludes the study of mechanisms by which Ang-(1–7) treatment im-
proves of glucose and lipid metabolism in insulin resistant FFR, an
animal model that has many features in common with the human
metabolic syndrome. There is little information about the regulation
of Mas expression in FFR. We have previously reported that cardiac
abundance of the Mas receptor is increased in FFR [33]. In the present
study we report data from Mas expression in peripheral tissues of
FFR. Interestingly, while Mas receptor abundance in liver and skeletal



Fig. 7. Protocol 2: GSK-3β-Ser9 phosphorylation in skeletal muscle, adipose tissue and liver of fructose-fed rats. Rats were treated as described for Fig. 4. At the indicated time points,
the liver, adipose tissue (epididymal) and skeletal muscle (soleus) were removed and homogenized as described in Methods. Solubilized tissue proteins were subjected to immu-
noblotting with anti-phospho-GSK-3β (p-GSK-3β-Ser9) (upper panels). To determine protein abundance, total tissue extracts were subjected to western blotting with anti-GSK-3β
antibodies (lower panels). Bar graphs show the quantitative GSK-3β-Ser9 phosphorylation. Data (means±SEM) are expressed as fold increases in phosphorylation over basal
(n=3; *Pb0.05). WB: western blotting.

9M.C. Muñoz et al. / Regulatory Peptides 177 (2012) 1–11
muscle remained unaltered after chronic treatment with Ang-(1–7),
adipose tissue from FFR exhibited a significant increase in the protein
abundance of the Mas receptor, suggesting an organ-specific
*
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regulation of local Mas expression by Ang-(1–7). Tissue-specific
changes in the abundance of Mas receptor were also detected in a
previous study performed in hypertensive SHR rats that were treated
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with Ang-(1–7) [34]. These regulatory effects of Ang-(1–7) on Mas re-
ceptor may influence the overall local RAS and participate in the pro-
gression and prognosis of diseases associatedwithmetabolic syndrome.

In a previous study, we demonstrated that circulating Ang II levels
are increased in FFR [20]. In addition, administration of both Ang II re-
ceptor antagonists [12,35–38] or ACE inhibitors [38] has been shown
to revert the insulin resistance in FFR, strongly suggesting that Ang II
is involved in the insulin resistant state developed by fructose over-
load. Accordingly, in the current work we showed that FFR displayed
a marked immunostaining for Ang II in liver, skeletal muscle and adi-
pose tissue. In view of this data, and given that Ang-(1–7) counteracts
most of Ang II actions, we hypothesize that our current observation
showing reversal of insulin resistance in FFR after Ang-(1–7) treatment
could be the result of a counterbalance exerted by Ang-(1–7) on the
deleterious effects of Ang II with regard to lipid and carbohydrate me-
tabolism. These beneficial effects appeared to be mediated by a Mas
receptor-dependent mechanism. In good agreement with our previous
report [20], chronic Ang-(1–7) treatment resulted in a reversal of
fructose-induced insulin resistance that included reduction of fasting
triglyceride and insulin levels, reduction of systolic blood pressure and
restoration of insulin response in terms of activity of Akt. This Ser/Thr
kinase has been implicated as a key signaling protein for several insulin
actions, including activation of glycogen synthesis, protein synthesis
and GLUT-4 translocation to the cell surface, thereby increasing glucose
transport [39]. One of the principal downstream targets of Akt is GSK-
3β, a proline-directed Ser/Thr kinase that regulates a wide range of cel-
lular processes including glycogenmetabolism, gene transcription, pro-
tein translation, and cell apoptosis [39]. Under basal conditions, GSK-3β
is highly active and inhibits glycogen synthesis by phosphorylation of
glycogen synthase. Akt phosphorylates GSK-3β at inhibitory site Ser9,
leading to stimulation of glycogen synthesis. Another important down-
stream target of Akt, is the so-called Akt substrate of 160 kDa (AS160), a
Rab GTPase activating protein that regulates insulin-stimulated GLUT-4
trafficking [40]. Phosphorylation of AS160 by Akt is necessary for GLUT-
4 translocation to occur [41]. In the current studywe demonstrated that
the Ang-(1–7)-induced enhancement of insulin action extends to two
of the main downstream mediators of Akt: GSK-3β and AS160 in the
main target tissues of insulin analyzed. We have previously demon-
strated the presence of the Mas receptor in liver, adipose tissue and
skeletalmuscle through immunohistochemistry [22] suggesting the ex-
istence of a local ACE2/Ang-(1–7)/Mas receptor axis in these tissues. In
the present study, we demonstrated the in vivo participation of theMas
receptor in the insulin-sensitizing effects of Ang-(1–7). When adminis-
tered chronically in the presence of A-779, Ang-(1–7) failed, not only to
revert insulin resistance in fructose-fed rats, but also to enhance the re-
sponse of insulin in terms of Akt, GSK-3β and AS160 activation in liver,
skeletal muscle and adipose tissue. Taken together, our findings agree
with the demonstration that Ang-(1–7) stimulates the activation of
Akt kinase via the Mas receptor in human endothelial cells [42]. Some
of the effects reported for Ang-(1–7) have been shown to be mediated
by AT1 and AT2 receptors [43]. However, in a previous work we have
observed that antagonism of the AT1R with losartan or blockade of
the AT2R with the selective antagonist PD123319 does not modify
Ang-(1–7)-induced phosphorylation of Akt in rat heart [21], suggesting
that these receptors are not involved in the current observations.

We have previously shown that acute administration of Ang-(1–7)
stimulates the phosphorylation of Akt in rat heart, adipose tissue, skele-
tal muscle and liver in vivo through a Mas receptor/PI3K-dependent
mechanism [21,22]. However, it is not determined whether Ang-(1–7)
can counteract the deleterious actions of Ang II in the insulin signaling
system in vivo. In this study,we proved that in contrast to the stimulating
effects induced by Ang-(1–7), Ang II reduced the insulin-induced phos-
phorylation of Akt, aswell as that of the downstream substrates GSK-3β
and AS160, reinforcing our previously postulated notion that this en-
zyme could be a divergence signaling node in the transduction path-
ways of Ang II and Ang-(1–7) [21,22]. One potential mechanism
involved in these beneficial effects of Ang-(1–7) could be the ability of
Ang-(1–7) to activate, unlike Ang II, the enzyme Akt. A phenomenon
that has been described both in vitro and in vivo [21,22,42]. It is impor-
tant to consider that Ang-(1–7) antagonizes the inhibitory effects of
Ang II on insulin-induced activation of Akt [21]. Thus, the observed im-
provement in insulin signaling after Ang-(1–7) treatment could be re-
lated to this effect exerted by Ang-(1–7). Hemodynamic effects with
improved delivery of insulin and glucose to peripheral tissues could
also be involved in the beneficial effects induced by Ang-(1–7) in FFR.
Angiotensin-(1–7) is a vasodilator, in part due to its recently demon-
strated capability of activating the endothelial nitric oxide synthase
[42] and also because of its proven ability to potentiate the action of bra-
dykinin [5]. The ability of Ang-(1–7) to activate proximal signaling
downstream of the Mas receptor is poorly defined. A clear understand-
ing of the relationship between Ang-(1–7) and Mas is complicated by
its binding to and signaling through the angiotensin AT1 and AT2 recep-
tors [43–46] and the potential formation of heterodimers between the
Mas and AT1 receptors that may and alter theMas receptor pharmacolo-
gy [47,48]. Previous studies have shown that along with activation of
endothelial nitric oxide synthetase and Akt, Ang-(1–7) causes internal-
ization of the Mas receptor and induces the release of arachidonic acid,
prostaglandins as well as release and potentiation of the actions of bra-
dykinin [42,49–51]. However, Ang-(1–7) has not been shown to elicit
changes in Ca2+ levels or stimulate inositol phosphate accumulation
in tissue that express the Mas receptor (heart) or Mas over-expressing
cells [52,53]. Moreover, Ang-(1–7) does not modulate Mas signaling
through Gq, Gs or Gi. Thus, the sequence of events following Ang-
(1–7) binding to Mas receptor remains unclear, and its protective ef-
fects appear to occur via a non-G-protein mechanism.

Given its positive effects on insulin action and signaling, Ang-(1–7)
has a role in the modulation of glucose and lipid metabolism
[20–22,24], the metabolic syndrome-like state displayed by Mas recep-
tor knockout mice reinforces this novel role of Ang-(1–7). In the current
study we provided further information on the mechanisms involved in
these effects by analyzing the activation of downstream signaling com-
ponents of Akt by Ang-(1–7) on the well characterized model of insulin
resistance of fructose‐fed, as well as the participation of the Mas recep-
tor in the beneficial effects induced by Ang-(1–7). In accordance with
previous reports, the favorable effects of chronic Ang-(1–7) treatment
in insulin-resistant animals included reduction of fasting triglyceride
and insulin levels, reduction of systolic blood pressure, and an improve-
ment in the phosphorylation of Akt in the main target tissues of insulin:
skeletal muscle, liver, and adipose tissue [20]. These effects extended to
the activation of thedownstream targets GSK-3β andAS160. In addition,
we demonstrated thatMas receptor antagonism abolished the favorable
effects of this hormone, since a two-week administration of A-779
reverted the stimulatory effect of Ang-(1–7) on metabolic parameters
and insulin signaling components in the main target tissues analyzed.

In conclusion, our current findings suggest that Ang-(1–7) attenuates
acute Ang II-mediated inhibition of insulin signaling components in
normal rats via a Mas receptor-dependent mechanism. In addition, we
found that the Mas receptor appears to be involved in the beneficial ef-
fects of Ang-(1–7) on crucial insulin signaling mediators (Akt, GSK-3β
andAS160), in liver,muscle and adipose tissue of FFR. These results pro-
vide new insight into the mechanisms by which Ang-(1–7) exerts its
positive physiological modulation of insulin actions in classical meta-
bolic tissues and reinforces the central role of Akt in these effects.
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