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A B S T R A C T

The renin-angiotensin system modulates insulin action. Pharmacological stimulation of angiotensin type 2 re-
ceptor (AT2R) was shown to have beneficial metabolic effects in various animal models of insulin resistance and
type 2 diabetes and also to increase insulin sensitivity in wild type mice. In this study we further explored the
role of the AT2R on insulin action and glucose homeostasis by investigating the glycemic profile and in vivo
insulin signaling status in insulin-target tissues from both male and female AT2R knockout (KO) mice. When
compared to the respective wild-type (WT) group, glycemia and insulinemia was unaltered in AT2RKO mice
regardless of sex. However, female AT2RKO mice displayed decreased insulin sensitivity compared to their WT
littermates. This was accompanied by a compensatory increase in adiponectinemia and with a specific at-
tenuation of the activity of main insulin signaling components (insulin receptor, Akt and ERK1/2) in adipose
tissue with no apparent alterations in insulin signaling in either liver or skeletal muscle. These parameters
remained unaltered in male AT2RKO mice as compared to male WT mice. Present data show that the AT2R has a
physiological role in the conservation of insulin action in female but not in male mice. Our results suggest a
sexual dimorphism in the control of insulin action and glucose homeostasis by the AT2R and reinforce the notion
that pharmacological modulation of the balance between the AT1R and AT2R receptor could be important for
treatment of metabolic syndrome and type 2 diabetes.

1. Introduction

The renin-angiotensin system (RAS) is a complex hormonal cascade
of major importance in the pathophysiology of hypertension.
Angiotensin (Ang) II is a key hormone in the RAS, with pleiotropic
actions (Forrester et al., 2018). This octapeptide binds with high affi-
nity to two G protein-coupled receptors, the angiotensin type-1 receptor
(AT1R) and the angiotensin type-2 receptor (AT2R) (Karnik et al.,
2015). Most of the actions of Ang II, including vasoconstriction, anti-
natriuresis, aldosterone secretion and sympathetic nervous system ac-
tivation, cellular dedifferentiation and growth, inflammation, and
target organ damage among other detrimental actions are mediated by

the AT1R (Forrester et al., 2018; Karnik et al., 2015). Although the
physiological functions of the AT2R are less known, in general, inter-
action of the AT2R with Ang II or more recently characterized peptides
of the RAS such as angiotensin-(1–7), generates actions that oppose
those generated through AT1R activation (Carey, 2017; Matavelli and
Siragy, 2015; Santos et al., 2019). The AT2R, while being only sparsely
expressed in most healthy tissues (Forrester et al., 2018; Karnik et al.,
2015; Shao et al., 2013), is strongly upregulated following tissue da-
mage (Steckelings et al., 2010) such as vascular (Nakajima et al., 1995),
and neuronal injury (Gallinat et al., 1998), myocardial infarction
(Altarche-Xifró et al., 2009; Busche et al., 2000; Nio et al., 1995) and
brain ischemia (Li et al., 2005). The selective stimulation of the AT2R
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with a recently available small-molecule ligand, compound 21 (C21),
has not only greatly helped to elucidate the major molecular pathways
involved in AT2R-mediated tissue protection, such as anti-inflamma-
tion, anti-fibrosis and anti-apoptosis, but has also revealed a great po-
tential for pharmacological intervention in the above-mentioned dis-
eases (Santos et al., 2019).

Angiotensin II is involved in the development of insulin resistance
(Saiki et al., 2009). Chronic elevation of Ang II impairs insulin sensi-
tivity and leads to development of insulin resistance. In various animal
models of insulin resistance and/or type 2-diabetes, blockade of the
AT1R consistently improves insulin sensitivity and glucose homeostasis
(Henriksen et al., 2001; Muñoz et al., 2009; Rodriguez et al., 2018;
Shiuchi et al., 2004).

Unlike the AT1R, the role of the AT2R in metabolism is not yet
defined, but accumulated data indicates that it could have a positive
role on insulin action. Acute systemic blockade of AT2R with
PD123319, has been shown to decrease skeletal muscle glucose uptake
in rats (Chai et al., 2010, 2011) and to impair insulin secretion in mice
(Leung et al., 2014). In line with these results, we have demonstrated
that chronic treatment with PD123319 exerts a negative modulation on
insulin signaling (Muñoz et al., 2017). Importantly, administration of
C21 exerts a beneficial effect on insulin sensitivity in both diabetic and
insulin resistant animal models (Ohshima et al., 2012; Shao et al., 2013,
2014; Than et al., 2017; Wang et al., 2017). In addition, administration
of C21 has recently been shown to enhance insulin delivery and me-
tabolic action in rat skeletal muscle (Yan et al., 2018) and we have
recently shown that prolonged treatment with C21 enhances insulin
sensitivity mice (Quiroga et al., 2018). These observations support the
potential role of AT2R as a modulator of insulin action and glucose
homeostasis.

Remarkably, unlike results obtained from AT2R stimulation or an-
tagonism, information obtained from AT2R knockout (KO) mice has not
been consistent so far (Noll et al., 2015; Samuel et al., 2013; Shiuchi
et al., 2004; Yvan-Charvet et al., 2005). In brief, AT2RKO mice have
reported to show decreased glucose transport in adipose tissue (Shiuchi
et al., 2004), increased insulin sensitivity (Yvan-Charvet et al., 2005),
and more recently insulin resistance in female mice without changes in
male mice (Samuel et al., 2013), as compared to hyperglycemia and
reduced insulin levels in male AT2RKO mice (Noll et al., 2015).

With the objective of further characterizing the role of AT2R in
glucose homeostasis, our current work analyzed the phenotype of both
male and female AT2R knockout mice in terms of metabolic para-
meters, insulin and glucose tolerance tests, as well as the status of in-
sulin signaling in the main insulin target tissues. We found that female
AT2RKO displayed decreased insulin sensitivity as compared to wild-
type (WT) controls. This was accompanied by decreased insulin-medi-
ated IR and Akt activation in liver and adipose tissue. In contrast, the
phenotype of male AT2RKO mice regarding these parameters was un-
altered when compared to WT control animals. Collectively, we provide
evidence for a decline of insulin action in AT2RKO mice that seems to
be both sex- and tissue-specific.

2. Materials and Methods

2.1. Materials

The rabbit polyclonal anti-insulin receptor (IR) β-subunit (C19; sc-
711), the mouse monoclonal anti-phosphotyrosine (PY99; sc-7020), the
goat polyclonal anti-rabbit IgG conjugated with HRP (sc-2004), the goat
anti-mouse IgG-HRP (sc-2005) and rabbit anti-goat IgG-HRP (sc-2768)
antibodies were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). The rabbit polyclonal antibody anti-phospho-Akt-S473
(4060), the rabbit polyclonal antibody anti-phospho-Akt-T308 (9275),
the anti-Akt (pan) rabbit monoclonal antibody (C67E7) that detects
endogenous levels of total AKT1, AKT2, and AKT3 protein, the rabbit
monoclonal, the rabbit monoclonal antibody anti-phospho-ERK1/2,

that detects ERK-1 and -2 (p44 and p42MAPK respectively) when
phosphorylated at T202 and Y204 (4370) and the rabbit polyclonal
antibody anti-ERK1/2 (9102) were from Cell Signalling (Danvers, MA,
USA). The goat polyclonal anti-adiponectin (AF1119) antibody was
from R&D systems (Minneapolis, MN, USA). The rabbit polyclonal an-
tibody anti-UCP-1 (PA1-24894 was from Thermo Fisher Rockford, IL,
USA). Protein loading in the gels was evaluated with a polyclonal anti-
actin antibody produced in rabbit (Sigma-Aldrich, USA, Catalog
Number A2066).

2.2. Experimental animals

Mice hemizygous for targeted disruption of the Agtr2 gene
(AT2RKO) were generated by Prof. Tadashi Inagami (Department of
Biochemistry, Nashville University, Nashville, TN, USA; Ichiki et al.,
1995). AT2RKO mice on a C57BL/6 genetic background, were gener-
ated by mating male AT2RKO mice with female wild-type C57BL/6
mice (Charles River, Montreal, QC, Canada). Because the Agtr2 gene is
on the X chromosome and embryonic stem cells are XY, all F1 male
mice were wild type (WT) and all F1 females were heterozygous for the
mutation. These heterozygous females were mated with F1 males,
giving rise to an F2 generation that included homozygous male and
littermate controls. The homozygous males were healthy and fertile. As
for female, homozygous was created by mating F2 male AT2R–KO with
F1 female heterozygous. Age-matched control female mice were ob-
tained during the F1 female heterozygous and the F1 male breeding
strategy. RNA from homozygous males was analyzed by northern
blotting to confirm the absence of AT2R transcripts that are normally
expressed at high levels in fetuses and in adult brains (Ichiki et al.,
1995). Male and female AT2RKO mice from our colony and the re-
spective WT mice (Charles River, Montreal, QC, Canada) were housed
in a specific pathogen-free facility with a temperature-controlled room
and regulated with a 12:12-h light-dark cycle with free access to water
and food containing 6% fiber, 23% protein and 4.5% fat. (Rodent la-
boratory chow 5001, Purina, St-Louis, MO, USA). Animal experiments
comply with the ARRIVE guidelines and were performed in accordance
with the guidelines of the Canadian Council on Animal Care and the
National Institutes of Health guide for the care and use of Laboratory
animals (NIH Publications No. 8023, revised 1978). In addition, all the
procedures were approved by the Animal Care and Ethics Committee of
the Faculty of Medicine and Health Sciences of the Universite de
Sherbrooke.

2.3. Glucose and insulin tolerance tests

At 10 weeks of age, 6 mice from each group were assessed for
glucose tolerance and insulin tolerance. Animals were fasted for 6 h
(8:00 a.m.-14:00 p.m.) prior to beginning of the GTT. Baseline glucose
levels were sampled from tail blood using a commercial glucometer
(Accu-Check,Roche Diagnostics Corp., Indianapolis, IN). Then, mice
were injected I.P with 2 g of glucose per kilogram of body weight (BW)
using a 20% glucose solution (w/v). and blood glucose was measured at
15, 30, 60, and 120min post-injection. After a 2-day interval, mice
were subjected to an insulin tolerance test (ITT). After a 6 h fast, mice
were injected I.P. with 1 IU porcine insulin (Sigma-Aldrich) per kilo-
gram of body weight. Blood glucose was measured at 0, 15, 30, 45, 60,
and 120min. Data for GTT is presented as absolute values, while that
for ITT is presented as % of initial blood glucose levels.

2.4. Acute insulin stimulation and tissue collection

At 11 weeks of age, mice were fasted for 6 h (8:00 a.m.-14:00 p.m.)
and anesthetized by the i. p. administration of a mixture of ketamine
and xylazine (50 and 1mg/kg, respectively). After anesthesia was
guaranteed by the loss of pedal and corneal reflexes, the abdominal
cavity was opened, and a dose of insulin previously demonstrated to

D.T. Quiroga, et al. Molecular and Cellular Endocrinology 498 (2019) 110587

2



attain maximal stimulation of the insulin receptor (10 IU porcine in-
sulin/kg BW) dissolved in 0.2ml of normal saline (0.9% NaCl) was
injected via the vena cava. Baseline values were obtained by studying
another group of mice that injected with vehicle only. The liver, adi-
pose tissue (perigonadal), and skeletal muscle (hindlimb), were re-
moved after 1, 3, and 6min, respectively. Serum was obtained from
blood of saline-injected animals by centrifugation (3200 g for 10min at
4 °C). Tissues and an aliquot of serum (for insulin and adiponectin de-
termination) were kept at −80 °C until analysis. Another aliquot of
serum was used for determination of circulating triglyceride and cho-
lesterol concentrations.

2.5. Tissue protein solubilization and immunoprecipitation

Tissue samples were homogenized in ice-cold homogenization
buffer containing 1% Triton together with phosphatase and protease
inhibitors, (1 g of tissue/ml) as described previously (Muñoz et al.,
2009, 2017; Quiroga et al., 2018). Tissue extracts were centrifuged at
100,000 g for 1 h at 4 °C to eliminate insoluble material, and protein
concentration in the supernatants was measured using the bicincho-
ninic acid assay (Pierce BCA Protein Assay Reagent; Thermo Scientific,
Waltham, MA, USA). Samples were normalized for protein content,
mixed with 2X Laemli buffer and kept at −20 °C until electrophoresis
was performed. For immunoprecipitation, equal amounts of tissue ex-
tracts (2 mg total protein in a final volume of 0.2ml) were incubated
overnight at 4 °C with an anti-IR antibody directed against the IR β-
subunit at a final concentration of 4mg/ml. After incubation, 20 μl
protein A-Sepharose 50% v/v in homogenization buffer were added to
the mixture. Additional samples were incubated in the absence of im-
munoprecipitating antibody to corroborate that the precipitated pro-
teins were specifically recognized by the immunoprecipitating antibody
and not by protein A-Sepharose. The preparation was further incubated
for 2 h at 4 °C. After spin centrifugation, the supernatant was eliminated
and the precipitate was washed three times with buffer containing
50mM Tris, 10mM sodium vanadate, and 1% w/v Triton X-100 (pH
7.4). The final pellet was resuspended in 50 μl Laemmli buffer, boiled
for 5min, and stored at −20 °C until electrophoresis.

2.6. Immunoblotting

Immunoblotting was performed as previously described (Muñoz
et al., 2009, 2017; Quiroga et al., 2018). Briefly, homogenized tissue
proteins were transferred to PVDF membranes and blotted with anti-
phospho-Akt, or anti-phospho-ERK1/2 antibodies (1:2000 dilution for
all antibodies). Immunoprecipitated IR samples were subjected to im-
munoblotting with either a specific anti-phosphotyrosine or with the
same antibody used for immunoprecipitation to determine protein
abundance of the IR. The abundance of Akt, and ERK1/2 was detected
in tissue lysates using the corresponding anti-protein antibodies at
1:2000 dilution. The abundance of adiponectin and UCP-1 in adipose
tissue was detected in tissue lysates using specific antibodies at 1:1000
dilution. ECL and Hyperfilm (ThermoFisher Scientific, Waltham, MA,
USA) were used to detect proteins. Bands were quantified using Gel-Pro
Analyzer 4.0 (Media Cybernetics, Bethesda, MD, USA). Equal protein
loading was controlled by staining the developed membranes with
Coomasie blue. Additionally, the content of β-actin in solubilized pro-
tein extracts was used as a loading control and was assessed in in-
dependent inmunoblottings using the same volume of samples used for
determination of the phosphorylation and content of insulin signaling
molecules by incubation with an anti- β-actin antibody. Representative
images are shown in Supplementary Fig. 1.

2.7. Determination of circulating adiponectin, insulin, triglycerides and
cholesterol levels

Serum cholesterol and triglycerides were measured with enzymatic

colorimetric assay kits (Wiener Lab, Rosario, Argentina). Serum insulin
and adiponectin levels were assessed by ELISA using the ultrasensitive
mouse insulin ELISA (catalog 90080) and mouse adiponectin ELISA kit
(catalog 80569) from Crystal Chem (Downers Grove, IL, USA).

The homeostasis model assessment of basal insulin resistance
(HOMA-IR) was used to calculate an index from the product of the
fasting concentrations of serum glucose (mmol/l) and serum insulin
(μU/ml) divided by 22.5 (Matthews et al., 1985). Lower HOMA-IR
values indicated greater insulin sensitivity, whereas higher HOMA-IR
values indicated lower insulin sensitivity (insulin resistance).

2.8. Statistical analysis

Values are reported as means ± SEM unless specified otherwise.
Statistical significance was determined by one-way ANOVA (for com-
parison of data obtained from the ITT and GTT); Student's t-test (for
comparison of the areas under the curve obtained during the ITT and
GTT as well as adiponectin and UCP-1 abundance), or two-way ANOVA
followed by Tukey's multiple comparison post hoc test (for comparison
of metabolic parameters and insulin signaling pathways activation be-
tween groups). Differences were assigned significance at P < 0.05. All
analyses were performed using GraphPad Prism 8 (GraphPad Software,
San Diego, CA, USA).

3. Results

3.1. AT2R deletion impairs insulin sensitivity in female mice but not in male
mice

Body weight of both female WT and AT2RKO mice was significantly
lower when compared to the corresponding male mice (Table 1). De-
letion of the AT2R did not affect body weight regardless of sex. Serum
glucose levels were numerically lower in both female WT and AT2RKO
mice when compared to the respective group of male mice. However,
this change did not reach statistical significance (Table 1). When
compared to female WT mice, insulin sensitivity was impaired in female
AT2RKO mice (Fig. 1A and B) (curve nadir: 44 ± 4% of initial glucose
in female AT2RKO mice vs. 23 ± 17% of initial glucose in female
control mice). The area under the curve for the ITT was significantly
higher in female AT2RKO mice (7193 ± 1216) compared to the female
WT group (5465 ± 1315; P < 0.05; Fig. 1B). Remarkably, male

Table 1
Characteristics of the experimental animals.
Animals were fasted for 6 h prior to blood extraction. Metabolic parameters

were determined in serum from vehicle-treated animals. Serum cholesterol and
triglycerides were measured with enzymatic colorimetric assay kits. Serum
insulin and adiponectin levels were assessed using specific mouse insulin and
adiponectin ELISA kits. HOMA, homeostasis model assessment.

Gender Males Females

Type of animal Wild-type AT2RKO Wild-type AT2RKO

Body Weight (g) 27±2 (7) 28± 1 (7) 20± 1* (6) 21± 1* (7)
Glucose (mg/dl) 178± 20

(7)
177±21 (7) 156±25

(7)
148±20 (7)

Triglycerides (mg/
dl)

24±10 (6) 25± 8 (5) 38± 12 (6) 37± 13 (6)

Cholesterol (mg/dl) 66±18 (6) 62± 11 (6) 61± 19 (6) 45± 11 (6)
Insulin (ng/ml) 2.6± 0.7

(6)
2.8±0.8 (5) 2.3±0.3

(5)
3.5± 1.0 (5)

Adiponectin (μg/ml) 24±7 (8) 27± 8 (7) 12± 5# (8) 25± 5 (6)
HOMA score 2.8± 0.5

(6)
3.0±0.6 (5) 2.2±0.30

(5)
3.2± 0.6 (5)

Values are means± SD. The number of samples used for each determination (n)
is shown in parentheses. Data where compared by two-way ANOVA; *P<0.05
when compared to the respective group of male mice; **P<0.01 compared to
all experimental groups.
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AT2RKO mice displayed unaltered insulin sensitivity when compared to
male WT animals (Fig. 1C and D). Glucose handling in both female and
male AT2RKO mice was evaluated in a GTT (Fig. 2A–D). When com-
pared to the corresponding WT group, changes in blood glucose levels
during the test where similar in AT2RKO mice of either sex (Fig. 2A
andC). In consequence, the area under the curve for the GTT was not
significantly different from the corresponding WT group either in fe-
male AT2RKO (Fig. 2B) or male AT2RKO mice (Fig. 2D), indicating that
global deletion of the AT2R does not modify glucose tolerance. Al-
though insulin sensitivity was impaired in female AT2RKO mice, this
alteration coincided with statistically unaltered circulating levels of
insulin, cholesterol and triglycerides (Table 1). Male ATR2KO mice
show similar values for the metabolic parameters analyzed, (Table 1).
Although changes in glucose and insulin circulating values between
AT2RKO and WT mice were non-significant, the HOMA score was
calculated for an enhanced characterization of changes in the glycemic
profile of these animals. As shown in Table 1, when compared with
female WT mice, there was a tendency to an increase in the HOMA
score in AT2RKO female mice indicative of a deterioration of the gly-
cemic profile after global AT2R deletion (Table 1), while this change
was not significant. No apparent changes were found for male mice.

Circulating levels of adiponectin were decreased in female WT mice
as compared to male WT mice (P < 0,01; Table 1). Deletion of the
AT2R generated an increase in serum adiponectin levels in female mice,

reaching levels that were comparable to those detected in male WT
mice (Table 1). In contrast, global deletion of the AT2R did not affect
circulating levels of adiponectin in male mice (Table 1).

3.2. The impairment of insulin sensitivity in female AT2RKO mice correlates
with decreased activation of essential insulin signaling molecules in adipose
tissue

Decreased insulin sensitivity in female AT2RKO mice was associated
with a significant impairment in insulin signaling in adipose tissue
(Figs. 3–5). Insulin-induced phosphorylation levels of the insulin re-
ceptor (IR) at Tyr residues 1158/1162/1163 were reduced to 47%
(P < 0.01) in adipose tissue of female insulin-stimulated AT2RKO
mice, compared to values detected in female insulin-stimulated WT
mice (Fig. 3A). No apparent differences in insulin-stimulated phos-
phorylation of the IR in liver (Fig. 3C) or skeletal muscle (Fig. 3E) were
detected between female wild-type and AT2RKO mice. In addition,
insulin-induced phosphorylation levels of Akt were significantly re-
duced to 59% at Ser 473 (P < 0.01), in adipose tissue of female in-
sulin-stimulated AT2RKO mice, when compared to values obtained in
insulin-stimulated female WT mice (Fig. 4A). Akt activation reached
similar levels in liver (Fig. 4C) and skeletal muscle (Fig. 4E) of female
AT2RKO mice and the respective WT group. The attenuation of insulin
signaling in adipose tissue from female AT2RKO mice was also

Fig. 1. Evaluation of insulin tolerance in AT2RKO (n=6 per group) and WT (n=6 per group) mice. Glucose levels during an insulin tolerance test (ITT) performed
in female (Panel A) and male (Panel C) WTand AT2RKO mice. Panels B and D show the calculated area under the curve from the ITTs displayed in (A) and (C)
respectively. Mice were fasted for 6 h prior to basal glucose monitoring (as described in Materials and Methods) and subsequently injected i. p. with a 20% glucose
solution (w/v). Blood was reanalyzed at 15, 30, 45, 60, and 120min post-injection. Data are means ± SD. Areas under the curves were analyzed by Student's T test.
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extended to ERK1/2 (Fig. 5A). An approximate 35% reduction in in-
sulin-stimulated ERK1/2 phosphorylation at Thr202/Tyr204 residues
was observed in this tissue (Fig. 5A). ERK1/2 phosphorylation in either
liver (Fig. 5C) and skeletal muscle (Fig. 5E) was not affected in female
insulin-stimulated AT2RKO mice.

In contrast to changes observed in female animals, male AT2RKO
mice displayed unaltered insulin-stimulated phosphorylation levels of
the IR (Fig. 3B, D and 3F) and Akt (Fig. 4B and D and 4 F) when
compared to values detected in WT male mice. Although not statisti-
cally significant, there were some alterations in ERK/1/2 phosphor-
ylation in AT2RKO male mice (Fig. 5B, D and 5F). In particular, when
compared to levels observed in WT male mice, insulin-stimulated
ERK1/2 phosphorylation tended to be lower in adipose tissue from
AT2RKO mice (Fig. 5B; P= 0.08 vs. WT mice). In addition, basal
ERK1/2 phosphorylation was numerically higher in liver from AT2RKO
male mice (Fig. 5D). ERK1/2 phosphorylation reached comparable le-
vels in skeletal muscle from AT2RKO and WT male mice (Fig. 5F).

Protein abundance of the signaling molecules analyzed was not
significantly changed in AT2RKO mice as compared to their WT
counterparts (Figs. 3–5).

3.3. Adiponectin and UCP-1 levels are unaltered in perigonadal adipose
tissue from AT2RKO mice

Perigonadal levels of adiponectin were not significantly altered by
the deletion of the AT2R in either sex (Fig. 6A and B), although there

was a tendency to an increase of adiponectin levels in AT2RKO female
mice when compared to the corresponding WT values (Fig. 6A). UCP-1
abundance in perigonadal adipose tissue was not significantly affected
by the global deletion of the AT2R regardless of sex (Fig. 6C and D).

4. Discussion

The main finding of these studies is that deletion of the AT2R de-
creased insulin sensitivity in female mice as opposed to male mice that
shown no alterations. Interestingly, when compared to female WT mice,
we have also observed that female AT2RKO mice had a tissue-specific
reduction in the response to insulin of the main signaling components,
namely IR, Akt and ERK1/2 in adipose tissue. In contrast, the insulin
signaling response of the female AT2RKO mice was similar in both liver
and skeletal muscle as compared to female WT mice. In line with the
sex-specific difference observed in terms of insulin sensitivity, we found
that insulin-induced phosphorylation levels of the IR, Akt and ERK1/2
in male AT2RKO mice were unaltered as compared to WT males.
Collectively, these data demonstrate a sexual dimorphism of AT2R
deletion on insulin sensitivity in mice, with a negative impact only in
females compared with males.

Together with the ACE2-Ang-(1–7)-Mas receptor pathway, the Ang
II-AT2R pathway is viewed as counterregulatory of classic ACE-AngII-
AT1R arm of the RAS. A large set of data has been accumulated in favor
of a physiological role of AT2R on glucose homeostasis (Chai et al.,
2010, 2011; Leung et al., 2014; Muñoz et al., 2017; Ohshima et al.,

Fig. 2. Evaluation of glucose tolerance in
AT2RKO (n = 6 per group) and wild-type (WT;
n = 6 per group) mice. Glucose levels during a
glucose tolerance test (GTT) performed in fe-
male (Panel A) and male (Panel C) WT and
AT2RKO mice. Panels B and D show the calcu-
lated area under the curve from the GTTs dis-
played in (A) and (C) respectively. Mice were
fasted for 6 h prior to basal glucose monitoring
(as described in Materials and Methods) and
subsequently injected i. p. with a 20% glucose
solution (w/v). Blood was reanalyzed at 15, 30,
45, 60, and 120 min post-injection. Data are
means ± SD. Areas under the curves were
analyzed by Student's T test, where *P < 0.05
vs. control mice.
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2012; Quiroga et al., 2018; Shao et al., 2014; Than et al., 2017; Wang
et al., 2017; Yan et al., 2018). In this scenario, pharmacologic manip-
ulation aimed at increasing the AT2R-to-AT1R activity ratio may have
the potential to enhance insulin sensitivity and glucose metabolism and
to diminish the cardiovascular complications associated with diabetes
and insulin resistance (Paulis et al., 2016). In particular, recent reports
have shown that pharmacological stimulation of the AT2R with com-
pound 21 induces an improvement of insulin action in different rodent
models of insulin resistance and type 2 diabetes, including KK-Ay dia-
betic mice (Ohshima et al., 2012), high-fat/high-fructose fed rats (Shum
et al., 2013), STZ-diabetic rats (Shao et al., 2014; Wang et al., 2017),
and Zucker diabetic fatty rats (Castoldi et al., 2014). In addition, we
have recently shown that stimulation of AT2R improves insulin sensi-
tivity in normal C57Bl/6 mice (Quiroga et al., 2018). The mechanisms
by which AT2R stimulation favors insulin sensitivity appear to involve
augmentation of plasma adiponectin levels (Ohshima et al., 2012;
Quiroga et al., 2018; Than et al., 2017), enhancement of insulin pro-
duction (Shao et al., 2013, 2014) and protection of pancreatic β-cells
from oxidative stress (Shao et al., 2014; Wang et al., 2017). In addition,
involvement of AT2R in physiological stimulation of T3-induced white
adipose browning has been recently suggested (Than et al., 2017).
Research of mice with genetic deletion of the AT2R lead to a disparity
of results (Noll et al., 2015; Samuel et al., 2013; Shiuchi et al., 2004;
Yvan-Charvet et al., 2005).

Our current findings showing that insulin sensitivity is impaired
after disruption of the Agtr2 gene in female mice, with no detectable
influence in male animals, could be ascribed to the different levels of
expression of AT2R detected in female versus male mice (Armando
et al., 2002; Baiardi et al., 2005). Female mice have been shown to
express renal AT2Rs in numbers substantially higher than those present
in male mice (Armando et al., 2002). Estrogen seems to have a major
role in this difference, since administration of this hormone has been
shown to profoundly upregulate AT2R expression in the mouse kidney,
altering the AT1R/AT2R expression ratio (Baiardi et al., 2005). In
spontaneously hypertensive rats, greater renal AT2R mRNA gene ex-
pression has been reported in females as compared with males (Silva-
Antonialli et al., 2004). The magnitude of the difference in AT2R mRNA
expression between males and females in this study was almost 300-
fold, indicating a shift in the balance between AT1R and AT2R toward
increased AT2R in females (Silva-Antonialli et al., 2004). It has pre-
viously been shown that female, but not male AT2RKO are intolerant to
glucose (Samuel et al., 2013). Sexual dimorphism in the physiological
responses originated from the AT2R have been reported previously.
Infusion of the AT2R antagonist PD123319 has been reported to pro-
mote greater renal injury after ischemia/reperfusion in female more
than in male rats (Maleki and Nematbakhsh, 2016). Taking together,
we hypothesize that the AT2R could be a greater contributor to insulin
sensitivity modulation in female compared to male mice. Noteworthy,

Fig. 3. Representative Western blot (WB) images and scattered plots A)–F) depicting fold change in insulin receptor (IR) tyrosine phosphorylation in main insulin
target tissues of female (A, C, E) and male (B, D, F) WT and AT2RKO mice. Tyrosine (Y) phosphorylation levels was determined after acute injection with insulin (+)
or vehicle (−) using an anti-phosphotyrosine antibody (pY) in samples that had been previously immunoprecipitated (IP) with an anti-IRβ antibody as described in
Materials and Methods. IRβ subunit abundance was detected with the same antibody used for IP. Bar graphs represent the quantification of phosphorylated IR related
to IRβ abundance. Data are mean ± SEM and are expressed as % of the insulin-stimulated WT mean value. Statistical significance was analyzed by two-way ANOVA
followed by Tukey's multiple comparison t tests; n = 5 in all cases. [(*) P < 0.05; (**) P < 0.01; (#) P < 0.001].
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we have previously demonstrated that chronic treatment with C21 in-
creases insulin sensitivity in male mice (Quiroga et al., 2018). However,
this was achieved with a high dose of C21. It remains to be elucidated
whether same beneficial effects can be achieved in female mice with
lower doses of C21.

Shao et al. analyzed the abundance of the AT2R in several tissues of
male rats by western blotting and found that the pancreas was one of
the few tissues that contained a significant proportion of the AT2R as
compared with that of AT1R. This agrees with results obtained in hu-
mans (Lam and Leung, 2002) and in larger animals (Chappell et al.,
1992, 1994), in all suggesting a major role for pancreatic AT2R in the
promotion of proinsulin gene expression, insulin protein biosynthesis,
insulin secretion, and insulin action found after administration of male
rats with C21 (Shao et al., 2013). In relation to our current study, un-
fortunately there is no available data on the relative expression of the
AT2R to that of the AT1R in mice pancreas, or on the relative expres-
sion/binding activity of the AT2R in female versus male mice which
appears as a very relevant study aspect.

Protein kinase B/Akt is a major mediator of insulin action (Boucher
et al., 2014). Our current findings showed impaired insulin signaling in
adipose tissue of AT2RKO mice, which are consistent with our previous
works reporting impaired insulin signaling in adipose tissue after
chronic blockade of the AT2R with PD123319 (Muñoz et al., 2017). In
addition, we have recently demonstrated that administration of a high
dose of compound 21 to C57Bl/6 mice results in a tissue-specific

enhancement of insulin-stimulated Akt activation selectively in adipose
tissue, while decreasing adipocyte size and increasing adiponectin ex-
pression in this tissue (Quiroga et al., 2018). In agreement with these
results, previous studies reported a tissue-specific reduction of glucose
uptake in AT2RKO mice with no apparent difference in insulin-medi-
ated glucose uptake into skeletal muscle between WT and AT2RKO
mice, and a significant reduction of insulin-induced glucose uptake in
white adipose tissues in AT2RKO mice (Shiuchi et al., 2004). Together
with this observation, our current results and previous findings point to
adipose tissue as the mostly affected site after in vivo AT2R stimulation,
blockade or deletion in terms of insulin action.

Finally, previous studies from our lab have shown that blockade of
the AT2R with PD12319 impairs insulin signaling in adipose tissue of
males while activation of these receptors induces the opposite effect
(Muñoz et al., 2017; Quiroga et al., 2018). In the current study, deletion
of AT2R had no effect on insulin signaling in male adipose tissue but
impaired the insulin signaling in female fat only. Regarding this dif-
ference between our current results and our previous study, blockade
with PD123319 was attained only for one month and in AT2RKO the
absence of AT2R is constant since birth. In addition, there are several
sex dimorphisms in metabolic homeostasis, diabetes, and obesity. Fe-
male adipocytes have increased insulin sensitivity compared with male
adipocytes (Guerre-Millo et al., 1985; Macotela et al., 2009). Also, fe-
male adipocytes have increased lipid synthesis compared with male
adipocytes, and in females, perigonadal adipocytes also have improved

Fig. 4. Representative Western blot (WB) images and scattered plots A)–F) depicting fold change in Akt phosphorylation in main insulin target tissues of female (A, C,
E) and male (B, D, F) WT and AT2RKO mice. Specific antibodies were used to detect phosphorylation of Akt at Serine (S) 473. Total Akt was used as a loading control
to normalise protein amount. Bar graphs represent the quantification of phosphorylated Akt related to Akt abundance. Data are mean ± SEM and are expressed as %
of the insulin-stimulated WT mean value. Statistical significance was analyzed by two-way ANOVA followed by Tukey's multiple comparison t tests; n = 5 in all
cases. [(*) P < 0.05; (**) P < 0.01; (#) P < 0.001; (***) P < 0.0001].
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insulin sensitivity to lipogenesis and to insulin signaling (Macotela
et al., 2009). These contribute to the higher whole-body insulin sensi-
tivity displayed by females (Macotela et al., 2009). These differences
could have contributed to the effect of AT2R deletion found in the
current study.

Results from Than et al. and our laboratory have indicated that
stimulation of AT2R leads to an increase of the insulin-sensitizer hor-
mone adiponectin and of UCP-1 in adipose tissue (Than et al., 2017;
Quiroga et al., 2018). To further characterize the effects of AT2R de-
letion, we measured adiponectin and UCP-1 in perigonadal adipose
tissue and found no apparent changes between KO and WT animals of
either sex. Adiponectin levels were found to be significantly lower in
female WT mice than in female AT2RKO mice. This could represent a
compensatory mechanism in response to decreased insulin sensitivity.
The fact that female AT2RKO mice presented impair insulin tolerance
despite displaying higher circulating levels than WT animals could be
indicative of adiponectin resistance as has been described for other
models (Engin, 2017). The absence of modification in the levels of UCP-
1 in AT2RKO mice contrasts with the previously reported increased
levels of this protein after pharmacological activation of the AT2R in
normal mice (Than et al., 2017; Quiroga et al., 2018). Permanent de-
letion of the AT2R since birth is difficult to compare with a temporary
activation of the AT2R, probably several compensatory changes are
taking place in AT2RKO mice and this leads to normalization of UCP-1

levels.

5. Conclusions

In the current study we show that AT2RKO mice display both a sex-
and tissue-specific reduction of insulin action. Insulin sensitivity is
impaired in female AT2RKO mice, while their male counterparts dis-
play a normal phenotype in terms of insulin sensitivity. Impairment of
insulin sensitivity in female AT2RKO mice is associated with an at-
tenuation of the activation of main insulin signaling components,
namely, IR, Akt and ERK1/2 selectively in adipose tissue. These results
together with our previous reports in which the AT2R was pharmaco-
logically blocked or activated, suggest that the presence of the AT2R in
adipose tissue is critical to the role of this receptor in the control of
insulin action and glucose homeostasis.
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