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The in vivo effect of angiotensin (ANG)-(1-7) on the activation of insulin signaling transduction in rat
extracardiac tissues is unknown. Thus, in the present study, we evaluated the ability of ANG-(1-7) to
stimulate the phosphorylation of Akt, a main mediator of insulin action in rat extracardiac tissues (adipose
tissue, liver and skeletal muscle). We proved that ANG-(1-7) induces the phosphorylation of Akt at both
threonine 308 and serine 473 in all tissues analyzed. Selective antagonism of the Mas receptor with A779
blocked the ANG-(1-7)-induced Akt phosphorylation in extracardiac tissues. Reinforcing this evidence, we
determined that ANG-(1-7) induces the in vivo activation of the downstream target of Akt, glycogen synthase
kinase-3β in liver and skeletal muscle. Moreover, in every tissue analyzed, the presence of the Mas receptor
was detected by immunohistochemical analysis. Based on the current results, we postulate that ANG-(1-7)
could be a positive physiological contributor to the actions of insulin in extracardiac tissues. Therefore, our
findings extend the possibilities for new approaches in the study of ANG-(1-7)/Mas receptor axis and show
the therapeutic potential of ANG-(1-7) in the treatment of metabolic disorders such as insulin resistance as
well as other disorders associated with diminished Akt activity.
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1. Introduction

Alterationswithin the renin–angiotensin system(RAS) are important
contributors to the development of insulin resistance [1–3]. At least two
opposing arms can be identified within the current view of the RAS. The
first arm is representedbyangiotensin II (ANG II) through its specificAT1
receptor (AT1R), and is characterized by hypertensive, proliferative and
hypertrophic effects. ANG II is originated from an enzymatic cascade in
which angiotensinogen is converted to ANG I and then to ANG II by the
actions of renin and angiotensin converting enzyme (ACE), respectively
[4,5]. The second arm is antihypertensive and antihypertrophic of
nature, where the major participant is ANG-(1-7), an heptapeptide that
constitutes an important functional end-product of the RAS and is
primarily formed from ANG II by angiotensin converting enzyme type
2 (ACE2) [4,5]. The heptapeptide ANG-(1-7), through its specific G
protein-coupled receptorMas, induces responses opposing those of ANG
II, including antihypertensive, antihypertrophic, antifibrotic, and antith-
rombotic properties [4–6].

A large body of evidence indicates that ANG II plays a critical role in
the etiology of insulin resistance [7]. The mechanism behind this
deleterious effect appears to be related to a negative modulation
exerted by ANG II on several steps of the insulin signaling cascade,
including insulin-induced phosphorylation of the insulin receptor
(IR), insulin receptor substrate-1 (IRS-1) and activation of Akt by
phosphatidylinositol 3-kinase (PI3K) [7]. This evidence clearly
indicates that the signaling cross-talk between insulin and ANG II
has significant physiological relevance.

In a previous work, we demonstrated that ANG-(1-7) is able to
utilize components of the insulin signaling pathway by inducing IRS-1
and Akt phosphorylation via Mas receptor in rat heart in vivo [8]. In
addition, it was shown that ANG-(1-7) overcomes the inhibition of
insulin-induced phosphorylation of Akt phosphorylation by ANG II [8].
Our results are in keeping with studies performed in rat ventricular
cardiomyocytes, confirming the involvement of the PI3K/Akt pathway
in the mechanism of action of ANG-(1-7) [9]. Overall, these actions of
ANG-(1-7) on insulin pathways indicated a role in metabolic processes.

In an effort to characterize this novel action of ANG-(1-7), Santos
et al. analyzed the phenotype of Mas receptor-knockout mice
reporting that genetic deletion of Mas receptor leads to a metabolic
syndrome state in mice [10]. In a recent work, we confirmed the role
of ANG-(1-7) as a modulator of insulin action [11]. Chronic infusion of
the heptapeptide reverted insulin resistance by enhancing insulin
signaling in insulin target tissues of fructose-fed rats [11]. We
hypothesized that this insulin-sensitizing effect of ANG-(1-7) could
be related to its capability of modulating Akt activity in other tissues
aside the heart. Thus, in the present study, we evaluated the ability of
ANG-(1-7) to stimulate the phosphorylation of Akt in vivo in the main
insulin target tissues (adipose tissue, liver and skeletal muscle).
Results were compared to those obtained with ANG II under the same
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conditions. By the use of the selective receptor antagonist A779, we
analyzed the participation of the Mas receptor in these signaling
events activated by ANG-(1-7).

2. Materials and methods

2.1. Reagents

The peptides ANG II, ANG-(1-7) and [7-D-Ala]-ANG-(1-7), (A779)
were synthesized in our laboratory as described previously [8]. The
reagents and apparatus for SDS-PAGE and immunoblotting were
obtained from Bio-Rad (Hercules, CA, USA). The phospho-Akt (Thr308)
rabbit polyclonal antibody that detects endogenous levels of Akt only
when phosphorylated at threonine 308 (9275), the phospho-Akt
(Ser473) rabbit polyclonal antibody that detects endogenous levels of
Akt only when phosphorylated at serine 473 (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 β only when phosphorylated at serine 9 (9336), and the
monoclonal antibody that detects total levels of GSK-3β (9315) were
purchased from Cell Signaling (Beverly, MA, USA). 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 from Amersham (Piscataway,
NJ, USA). The polyclonal anti-Mas Proto-Oncogene (anti-Mas receptor)
antibodywaspurchased fromNovus Biologicals (Littleton, CO, USA). The
remaining reagents, including the polyclonal anti-β actin antibody were
purchased from Sigma Chemical Co. (St. Louis, MO, USA).

2.2. Animals

Male Sprague–Dawley rats at 8 weeks of age were used. 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 performed 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 guidelines 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, hormones administration and tissue
preparation

The experimental procedure was performed following previously
described protocols [8,11]. Ratswere 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 reflexes. The abdominal cavity was opened, and an in vivo acute
stimulation of all tissues analyzed was obtained by the injection of
200 μl solutions containing either normal saline (0.9% NaCl) or ANG II
(8 pmol/kg) orANG-(1-7) (8 pmol/kg) into the portal vein. For selective
antagonism of the Mas receptor, A779 (80 pmol/kg) was administered
intravenously with or without ANG-(1-7) (8 pmol/kg).
Fig.1. ANG-(1-7)-induces Akt phosphorylation at residues Thr308 and Ser473 in rat adipose
a single i.v dose (0.2 ml) of a solution of normal saline or solutions of normal saline containin
(1-7) (8 pmol/kg) and A779 (80 pmol/kg). Adipose tissue (A), liver (B), skeletal muscle
(Section 2.3). Solubilized tissues proteins were subjected to immunoblotting (IB) with anti-
abundance, the same extracts were subjected to Western Blotting with anti-Akt (middle pa
antibody (lower panels). Data (means±S.E.M) are expressed as fold increases in phosphor
corrected by actin content.
In a previous work, we have 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 [8]. A similar level
of phosphorylation was found within 10 min of stimulation [8].
Considering these results we decide to perform the experiment within
5–10 min after the stimulation with solutions containing different
compositions [ANG-(1-7) or ANG II or normal saline or A779 or a
mixture of A779+ANG-(1-7)] 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 liver, which peaked 1–2 min after injection of an 8 pmol/kg dose of
the hormone. According to this, the liver, the adipose tissue
(epididymal) and the skeletal muscle (soleus) were removed after
1, 3 and 5 min, respectively, and kept at 80 °C until analysis or fixed in
10% buffered formaldehyde and embedded in paraffin.

Tissue samples were homogenized in 10 volumes of a solubiliza-
tion buffer containing 1% Triton together with phosphates and
protease inhibitors as described previously [11]. 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 mea-
sured using the Bradford method as described previously [11].

2.4. Immunoblotting

To determine the phosphorylation levels of Akt (Thr308 and Ser473),
equal amounts of solubilized proteins (40 μg) were denatured by being
boiled in reducing sample buffer, resolved by SDS-PAGE, and subjected to
immunoblotting with the anti-phospho-Akt-Thr308 antibody (1:5000
dilution) or the anti-phospho-Akt-Ser473 antibody (1:3000 dilution).
Akt abundance was detected by incubation of the membranes with the
anti-Akt antibody (1:1000 dilution). The phosphorylation levels of GSK-
3β were determined by subjecting tissue homogenates to Western
Blotting using the anti-phospho-GSK-3β-Ser9 antibody (1:1000 dilu-
tion). Tissular abundance of GSK-3β was measured by immunoblotting
using the anti-GSK-3β antibody (1:3000 dilution).

Finally,membraneswere incubated for 1 hwithgoat anti-rabbit IgG-
HRP secondary antibody, proteins detected by ECL and the intensities of
the specific bands were quantitated by optical densitometry.

2.5. Immunohistochemical staining

Paraffin tissue sections (sagittal) 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. Mas receptor was detected using the
anti-Mas receptor antibody (Novus Biologicals, Littleton, CO, USA) at a
1:100 dilution using a previously described protocol [12]. Sections
were treated with biotinylated horse anti-rabbit/mouse/goat IgG
(1:200 dilution) for 30 min at room temperature and incubated with
the avidin–biotin–peroxidase complex (Vector, Burlingame, CA, USA)
for 60 min. Peroxidase activity was visualized by exposing the
sections for 1 min to 3,30-diaminobenzidine tetrahydrochloride
(Vector, Burlingame, CA, USA) in PBS containing 3% H2O2. Sections
were then counterstained with hematoxylin.

In the negative controls, the primary antibody was replaced by
nonimmuneserum.Four tissues sections fromeachexperimental animal
were stained. On each section, ten consecutive microscopic fields (400×
magnification)were analyzed to evaluateMas receptor immunostaining
tissue, liver and skeletal muscle in vivo. Rats were anesthetized and acutely treated with
g ANG II (8 pmol/kg), ANG-(1-7) (8 pmol/kg), A779 (80 pmol/kg) or a mixture of ANG-
(soleus; C) were removed and homogenized as described in Materials and methods
phospho-Akt (Akt-pThr308 or Akt-pSer473) (upper panels). To determine Akt protein
nels). Protein loading in gels was evaluated by reblotting membranes with anti-β-actin
ylation over basal, (n=3; *Pb0.01 vs. basal value). Phosphorylation/protein ratio was
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Fig.2. ANG-(1-7)-induces GSK-3β phosphorylation at Ser9 in rat liver and skeletal
muscle in vivo. Rats were injected as described in Materials and methods (Section 2.3).
At the indicated time points (see Section 2.3), liver (A) and skeletal muscle (soleus; B)
were removed and homogenized as described in Materials and methods. Solubilized
tissues proteins were subjected to immunoblotting (IB) with anti-phospho-GSK-3β
(GSK-3β-pSer9) (upper panels). To determine GSK-3β protein abundance, the same
extracts were subjected toWestern Blotting with anti-GSK-3β (middle panels). Protein
loading in gels was evaluated by reblotting membranes with anti-β-actin antibody
(lower panels). Data (means±S.E.M) are expressed as fold increases in phosphory-
lation over basal, (n=3; *Pb0.01 vs. basal value). Phosphorylation/protein ratio was
corrected by actin content.
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presence in all tissues analyzed. All histological sections were studied in
each animal using a light microscope (Olympus BX-51). Images were
acquired with QCapture Pro software (QImaging, Surrey, BCCanada).

2.6. Statistical analysis

Data were analyzed with analysis of variance (ANOVA) followed by
the Tukey–Kramer test usingGraphPad InStat version 5.00 forWindows
by GraphPad Software, Inc. (San Diego, CA, USA). A value of Pb0.05 was
considered significant. All values are presented as means±S.E.M.

3. Results

3.1. ANG-(1-7) induces the phosphorylation of Akt in rat adipose tissue, liver,
and skeletal muscle in vivo through a Mas receptor-dependent mechanism

To investigate if ANG-(1-7) induces the activation of Akt, we
evaluated the effect of an acute in vivo administration of ANG-(1-7) on
Akt phosphorylation in adipose tissue, liver, and skeletal muscle. As
shown in Fig. 1, ANG-(1-7) induced the phosphorylation of Akt at
residues Thr308 and Ser473 after the injection of an 8 pmol/kg dose of
the hormone (upper panels, n=3 for all tissues). Under the same
conditions, ANG II was unable to induce the phosphorylation of Akt in
any of the analyzed tissues (Fig. 1, A–C). Total Akt protein was
analyzed in each case by subjecting the corresponding membranes to
immunoblotting with anti-Akt antibody (Fig. 1, middle panels).
Protein loading in gels was evaluated and corrected by reblotting
membranes with anti-β-actin antibody (Fig. 1, lower panels).

As shown in Fig. 1 (A–C, upper panels), theMas receptor antagonist,
A779 blocked the stimulating effects of ANG-(1-7) on Akt Thr308 and
Ser473 phosphorylation (n=3 for all tissues). As expected, the
administration of the Mas antagonist by itself did not affect the
phosphorylation of Akt in any of the tissues studied (Fig. 1). Total
amount of Akt protein analyzedwasnot affectedbydifferent treatments
as confirmed by submitting the corresponding tissues extracts to
immunoblottingwith anti-Akt (Fig. 1,middle panels). Protein loading in
the gels was evaluated and corrected after subjecting the corresponding
membranes to reblotting with an anti-β-actin antibody (Fig. 1, lower
panels).

3.2. ANG-(1-7) induces the phosphorylation of GSK-3β in rat liver and
skeletal muscle in vivo through a Mas receptor-dependent mechanism

As shown in Fig. 2, after the intravenous injection of an 8 pmol/kg
dose of ANG-(1-7), the phosphorylation of GSK-3β at Ser9 increased
markedly in rat liver and skeletal muscle in comparison to basal
values (Fig. 2, A, B, upper panels, n=3 for both tissues). Under the
same conditions, ANG II did not induce the phosphorylation of GSK-3β
(Fig. 2, A, B, upper panels).

As shown in Fig. 2 (A, B, upper panels), theMas receptor antagonist
A779 blocked the stimulating effects of ANG-(1-7) on GSK-3β Ser9
phosphorylation (n=3 for both tissues). The administration of the
Mas antagonist by itself did not affect the phosphorylation of GSK-3β
Ser9 phosphorylation (Fig. 2, A, B, upper panels).

As confirmed by immunoblotting with anti-GSK-3β, no changes in
the abundance of GSK-3β in liver and skeletal muscle were detected
after the different treatments (Fig. 2, A, B, middle panels). Protein
loading in the gels was evaluated and corrected by reblotting the
corresponding membranes with anti-β-actin antibody (Fig. 2, A, B,
lower panels).

3.3. Mas receptor levels in extracardiac tissues of experimental animals

As shown in Fig. 3 (A–C), Mas receptor protein immunoreactivity
was detected in sections from adipose tissue, liver and skeletalmuscle.
4. Discussion

The role of the RAS extends well beyond its classical role in blood
pressure regulation and salt-water balance. Local RAS have been
described in a number of tissues, including cardiovascular, brain,
endocrine, sensory, fat and immune cells; given its function in
physiological and pathophysiological processes, such as metabolic
diseases offers new therapeutic opportunities for pharmacological
manipulation of this system [13].



Fig.3. Representative tissue sections showing positive immunostaining for Mas receptor in rat adipose tissue (A), liver (B) and skeletal muscle (soleus; C). Original
magnification×400. All tissue sections show extended areas of positive staining for Mas receptor (indicated by arrows).
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Angiotensin II, one of the most important active peptides of the
RAS, plays a critical role in the etiology of insulin resistance [1–3]. The
mechanism behind this deleterious effect appears to be related to a
negative modulation exerted by ANG II on several steps of the insulin
signaling cascade, including insulin-induced phosphorylation of the
IR, IRS-1 and activation of Akt by phosphatidylinositol 3-kinase [7].
Accordingly, selective blockade of the AT1R or inhibition of ACE
improves insulin sensitivity [3,7,14–16]. Considering that inhibition of
ACE or chronic blockade of AT1Rs is associatedwith increased levels of
circulating ANG-(1-7), this hormone could be involved in the
beneficial effects of antihypertensive therapy [4,17–19]. Interestingly,
acute blockade of ANG-(1-7) synthesis reverses some beneficial
effects associated with RAS inhibition [18]. The counterregulatory
effects of ANG-(1-7) on the pressor and trophic actions of ANG II
appear to be mediated by the Mas receptor, a G protein-coupled
receptor present in several tissues, including heart and kidney [19,20].

Activation of PI3K has been demonstrated to be a pivotal event in
themetabolic actions of insulin [21]. An important downstream target
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of the 3-phosphoinositides generated by PI3K is the Ser/Thr kinase
Akt, which appears as a critical mediator of many insulin actions [21].
Akt is activated by phosphorylation at two regulatory sites, Thr308
and Ser473 [21]. In good concordance with our present results,
through the use of the selective Mas receptor antagonist A779 and the
specific PI3K inhibitor wortmanin, we have previously shown that
acute administration of ANG-(1-7) stimulates the rapid phosphory-
lation of Akt in rat heart in vivo through a Mas receptor/PI3K-
dependentmechanism [8].However the in vivo effect of ANG-(1-7) on
the activation of Akt in rat extracardiac tissues is unknown. Thus, the
major goal of the current study was to determine if ANG-(1-7) is able
to induce the phosphorylation of Akt in liver, adipose tissue and
skeletal muscle in vivo.

We proved that ANG-(1-7) induces the in vivo phosphorylation of
Akt at Thr308 and Ser473 in all rat tissues analyzed. In accordance
with our previous results in rat heart tissue [8], we also demonstrated
that under the same conditions, ANG II does not stimulate Akt
phosphorylation in these tissues, reinforcing the previously postulat-
ed notion that this enzyme could be a divergence signaling node in the
transduction pathways of ANG II and ANG-(1-7) [8].

Notably, in the current study we have also established that selective
antagonism of the Mas receptor completely blocked the ANG-(1-7)-
induced phosphorylation of Akt. This observation suggests the partic-
ipation of the Mas receptor in the stimulation of Akt by ANG-(1-7). In
support of this evidence, the presence of theMas receptor was detected
in all tissues analyzed through immunohistochemistry. This result is in
good agreement with a previously reported study showing low levels
of mRNA expression of the mas proto-oncogene in liver and skeletal
muscle [22]. Taken together, our findings agree with those recently
reported by Sampaio et al., which demonstrated that in human
endothelial cells, ANG-(1-7), through receptor Mas, stimulates the
activation of Akt kinase [23].

Although some of the effects reported for ANG-(1-7) have been
shown to be mediated by the ANG II receptors AT1 and AT2 [6], in a
previous work we have shown that antagonism of the AT1R with
losartan or blockade of the AT2R with the selective antagonist
PD123319 does not alter ANG-(1-7)-induced phosphorylation of Akt
in rat heart suggesting that none of these receptors are involved in
this response [8]. However, we have demonstrated that acute ANG-
(1-7) administration leads to phosphorylation of other signaling
molecules in the heart such as JAK2 and IRS-1 [8]. Unlike what was
observed for Akt, involvement of the AT1R in this phenomenon was
demonstrated by antagonism with losartan [8]. In good concordance
with our present results, through the use of the selective Mas receptor
antagonist A779 and the specific PI3K inhibitor wortmanin, we have
previously shown that acute administration of ANG-(1-7) stimulates
the rapid phosphorylation of cardiac Akt in vivo through a Mas
receptor/PI3K-dependent mechanism [8].

Recently, Santos et al. [10] reported that genetic deletion of the
Mas receptor leads to a metabolic syndrome state in mice, supporting
a putative new physiological function of ANG-(1-7) in glycemic
control and insulin resistance. Accordingly, in a recent work, we have
demonstrated that chronic treatment with ANG-(1-7) results in a
reversal of fructose-induced insulin resistance [11]. 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 restoration of insulin signaling through
the IR/ IRS-1/PI3K/Akt pathway in the main target tissues of insulin:
skeletal muscle, liver, and adipose tissue [11]. These findings indicate
that the ANG-(1-7)/Mas receptor axis is involved in metabolic
processes and provide new insights into possible insulin sensitization
mechanisms of ANG-(1-7).

To our knowledge, this is the first study to characterize ANG-(1-7)
signal transduction in rat extracardiac tissues in vivo. Our current
results indicate that Akt and GSK-3β could be possible physiological
mediators of the insulin-sensitizing actions of ANG-(1-7). These
results are in good concordance with our previous findings showing
that chronic ANG-(1-7) treatment can revert insulin resistance an
improve insulin signaling in fructose-fed rats [11]. Particularly, the
finding that intravenous administration of ANG-(1-7) induces the
activation of GSK-3β, a key regulator in glycogen synthesis and
therefore in glucose homeostasis [24], points to ANG-(1-7) as a
positive modulator of insulin action in liver and skeletal muscle.

In the last years, it has been demonstrated that ACE2 gene and
tissue activity are up-regulated by chronic liver injury in human and
bile duct ligated rat. Also, ANG-(1-7) and Mas receptor expression
increases as the liver injury progresses [25,26]. These studies suggest
that in liver disease the ACE2/ANG-(1-7)/Mas receptor axis is up-
regulated in response to chronic damage. Support for a possible
protective role of ANG-(1-7) in liver disease has been provided by an
in vivo animal experiment in which the Mas receptor was pharma-
cologically inhibited [27]. In addition, Lubel et al. established that
ANG-(1-7) ameliorates hepatic fibrosis in an in vivo animal model
[28]. Furthermore, they demonstrated that plasma ANG-(1-7) levels
are markedly elevated in human liver disease. Therefore, new actions
of ANG-(1-7) are still being identified. These evidences remark that
the physiological and pathophysiological implications of the ACE2/
ANG-(1-7)/Mas receptor axis are broad.

In summary, we have demonstrated that acute administration of
ANG-(1-7) stimulate the rapid phosphorylation of Akt in adipose
tissue, liver and skeletal muscle, along with the phosphorylation of
GSK-3β in liver and skeletal muscle of the rat in vivo, through a
mechanism that appears to involve the Mas receptor. Our current
results may shed light into the mechanism of action of ANG-(1-7) as a
positive physiological contributor to insulin actions in extracardiac
tissues.
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