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ABSTRACT 

The diabetic phenotype caused by the deletion of insulin receptor substrate-2 (Irs-2) in 

mice displays a sexual dimorphism. Whereas the majority of male Irs-2
-/-

 mice are overtly 

diabetic by 12 weeks of age, female Irs-2
-/-

 animals develop mild obesity and progress less 

rapidly to diabetes. Here we investigated β-cell function and lipolysis as potential 

explanations for the gender-related differences in this model. Glucose-stimulated insulin 

secretion was enhanced in islets from male null mice as compared to male WT whereas this 

response in female Irs-2
-/-

 islets was identical to that of female controls. The ability of α 2-

adrenoceptor (α2-AR) agonists to inhibit insulin secretion was attenuated in male Irs2 null 

mice. Consistent with this, the expression of the α2A-AR was reduced in male Irs-2
-/-

 islets. 

The response of male Irs-2
-/-

 islets to forskolin was enhanced, owing to increased production 

of cAMP. Basal lipolysis was increased in male Irs-2
-/-

 but decreased in female Irs-2
-/- 

mice, 

concordant with the observation that adipose tissue is sparse in males whereas female Irs2 

null mice are mildly obese. Adipocytes from both male and female Irs-2
-/-

 were resistant to the 

anti-lipolytic effects of insulin but female Irs-2
-/-

 fat cells were additionally resistant to the 

catabolic effects of  beta-adrenergic agonists. This catecholamine resistance was associated 

with impaired generation of cAMP. Consequently, targets of cAMP-dependent protein kinase 

(PKA) which mediate lipolysis were not phosphorylated in adipose tissue of female Irs-2
-/-

 

mice. Our findings suggest that IRS-2 deficiency in mice alters the expression and/or 

sensitivity of components of adrenergic signaling. 
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1. INTRODUCTION 

The presence of a sexual dimorphism is observed in almost all mouse models of 

diabetes, including those generated by altering insulin signaling, with males displaying a 

predominance of the diabetic phenotype [1-4]. However, with the non-obese diabetes (NOD) 

mouse model of type 1 diabetes, there is a strong tendency for females to develop diabetes, 

even though both genders present lymphocytic infiltration of the islets [5, 6]. The specific 

factors which mediate sexual dimorphisms remain largely unexplained in these experimental 

models of diabetes. Thus, the molecular mechanisms underlying the gender-specific 

differences which modulate the development and progression of diabetes may provide 

important clues for the design of anti-diabetic drugs or therapies in human patients. 

Various lines of evidence suggest that catecholamines and adrenergic receptors are 

involved in the etiology and pathogenesis of type 2 diabetes mellitus [7, 8], which is 

characterized by an insufficient secretion of insulin to compensate for resistance to insulin 

action in peripheral tissues [9].  Indeed, the plasma concentrations of catecholamines are 

higher in diabetic than in healthy subjects [10, 11] and glucose intolerance is frequently 

observed in patients with endocrine disorders such as pheochromocytoma ([12, 13]. The anti-

secretagogue effect of catecholamines is mediated primarily by the stimulation of alpha 2-

adrenoceptors (α 2-AR) in pancreatic beta cells, suggesting that increased sympathetic 

innervation or a reinforced α 2-adrenergic response in pancreatic islets may account for the 

impaired secretory response to glucose observed in certain forms of type 2 diabetes [14, 15]. 

Adrenaline and other α 2-adrenoceptor agonists inhibit insulin secretion by a number of 

mechanisms coupled to the Gi/Go signaling system,  including inhibition of adenylate cyclase 

(AC) and cAMP production [16], activation of K
+
 channels [17, 18], and inhibition of L-type 

voltage-dependent CA
+2

 channels [19]. Generation of mice deficient in α2-AR subtypes has 

demonstrated that insulin secretion is modulated principally by the α-2A AR; the absence of 



Page 4 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 - 4 - 

inhibitory pancreatic beta-cell α 2A-AR function causes hyperinsulinaemia, reduced blood 

glucose levels and improved glucose tolerance in knockout mice [20]. Conversely, 

overexpression of α 2A-AR specifically in beta cells causes hyperglycemia in response to α 2-

AR agonists due to reduced insulin secretion [21]. A recent study has demonstrated that a 

single-nucleotide polymorphism in the human ADRA2A gene is associated with 

overexpression of α 2A-AR, reduced insulin secretion, and increased risk for type 2 diabetes 

[22]. Consistent with these findings, a genome-wide association (GWA) project has recently 

linked the ADRA2A locus with beta-cell dysfunction in humans with Type 2 diabetes [23]. 

Given that obesity is closely associated with the development of diabetes, the effects 

of catecholamines on the metabolic parameters of white and brown adipose tissue represent 

another target for intervention in this disease ([24]. The three ß-adrenergic receptor (ß-AR) 

subtypes
 
(ß-AR1, ß-AR2, and ß-AR3) are coupled to G s for increasing intracellular cAMP 

levels [25]. In white adipose tissue, lipolysis is regulated by activation of adenylyl cyclase and 

cAMP-dependent protein kinase (PKA) which stimulates lipase, the enzyme that catalyzes the 

breakdown of triacylglycerol into glycerol and free fatty acids (FFA) [26]. By contrast, 

activation of α 2 - adrenoceptors inhibits lipolysis [27]. In most models of obesity, the ß-AR
 

system is dysfunctional [28] leading to impairments of lipolysis
 
and thermogenesis. However, 

whereas activation of  the ß-AR subtypes can stimulate lipolysis, the involvement of each 

subtype varies according to fat location, species, gender, age, and degree of obesity [29]. 

Interestingly, selective
 
agonists for the ß-AR3, the subtype expressed predominantly

 
in 

adipocytes  [30], prevent or reverse obesity
 
and accompanying insulin resistance in animal 

models. Whether
 
these agonists represent a viable therapeutic option for human obesity is 

much
 
debated. Nevertheless, the physiological changes in adrenoceptor function associated 

with obesity in rodent models have yielded beneficial insights into ß-AR signaling and 

adipocyte physiology.    
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Members of the insulin receptor substrate (IRS) protein family mediate the 

physiological effects of insulin and IGF-I [31]. Deletion of IRS-2 produces diabetes in mice 

owing to peripheral insulin resistance and a reduction in pancreatic ß-cell mass [32]. 

However, this diabetic phenotype displays a sexual dimorphism; male Irs-2
-/- 

mice often die of 

diabetic complications by 12 weeks of age but female Irs-2
-/-

 develop a  milder form of 

diabetes and many live up to 6 months [33, 34]. Additionally, female Irs-2 deficient mice 

display hyperleptinemia and develop moderate obesity [35, 36], in contrast to male Irs-2
-/-

 

which are often leaner than control mice. In the present study, we used a pharmacological 

approach to 1) characterize in greater detail the sexual dimorphism of the Irs-2
-/-

 model with 

respect to beta cell function and lipolysis and 2) to explore the contributions of adrenergic 

signaling to the diabetic phenotype of Irs-2 deficient animals.  
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2. MATERIAL AND METHODS  

 

2.1. Animal Experimentation.  The generation and genotyping of mice deficient for Irs-2
-/-

 

have been described previously [3]. The mice used in the present study were maintained on a 

C57Bl6 background and were allowed free access to food (irradiated chow, Harlan 20/14) and 

water during controlled light-dark cycles of 12 hours. All mice were studied at 8-10 weeks of 

age and any which were overtly diabetic (>220 fed glucose mg/dl or 120 fasted glucose 

mg/dl) were excluded in order to examine the consequences of Irs-2
-/-

 deficiency under 

conditions which minimize the complications of diabetic metabolism. For routine 

measurements of fasting glucose and insulin, mice were fasted for 16 hours and a small 

quantity of tail blood was extracted for immediate analysis by a glucometer (Bayer Elite 

model, Bayer Healthcare, Barcelona, Spain). Circulating insulin was measured by a mouse 

ultra-sensitive ELISA (Mercodia, Uppsala, Sweden, http://www.mercodia.se).  When fed 

values for insulin and glucose were assessed by these same methods, tail blood was collected 

consistently between 10 and 11 AM. All experimental procedures were approved by the 

institutional committee for animal experimentation. 

 

2.2. Adipocyte isolation and lipolysis assay. The details of this experimental procedure have 

been described previously [37]. Briefly, intra-abdominal white adipose tissue (WAT) of peri-

renal and epididymal origin was removed from fed animals. Adipose tissue was digested for 

35 to 45 min at 37 °C under shaking with 1.5 mg/ml collagenase A (Roche Diagnostics, 

Mannheim, Germany) in Krebs-Ringer containing 15 mM sodium bicarbonate, 6 mM 

glucose, 10 mM HEPES, and bovine serum albumin (35 mg/ ml) adjusted to pH 7.4 (KRBA 

buffer). Isolated fat cells were filtered and washed three times in KRBA buffer to eliminate 

collagenase. The packed cells were diluted in around 10-fold their volume of KRBA, and 

500 µl of cell suspension was distributed into plastic incubation vials. Therefore, after 90-min 
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incubation under gentle shaking at 37 ºC with the indicated final concentration of tested 

drugs, the glycerol released into the medium was assayed and lipolytic activity was expressed 

as µmoles of glycerol released/100 mg of cellular lipid/90 min. Changes in glycerol release 

are expressed as percentages of mean control. A one-way analysis of variance (ANOVA) and 

the Newman–Keuls test were used for statistical analysis. Results were considered significant 

if P < 0.05. 

 

2.3. Islet isolation and measurement of insulin secretion/content. Islets were isolated by 

collagenase digestion (Inmunogenetics, Madrid, Spain) of
 
the pancreas of fed female and male 

WT and IRS-2
-/-

 mice, followed by manual selection using a dissecting microscope [38]. They 

were free of visible exocrine contamination. The medium used for islet isolation was a 

bicarbonate-buffered
 
solution (HCO3 medium) containing 120 mM NaCl, 4.8 mM KCl, 2.5 

mM CaCl2, 1.2
 
mM MgCl2, 5 mM HEPES and 24 mM NaHCO3. It was equilibrated with O2-

CO2 (94:6)
 
to maintain a pH of 7.4 and was supplemented with 1 mg ml

-1
 BSA

 
and 10 mM 

glucose. After isolation, the islets were pre-incubated for 60 min in HCOS medium containing  

15 mM glucose before being distributed into batches of three. Each batch of islets was then 

incubated for 60 min in 1 ml at 37ºC of medium containing glucose and test substances. A 

portion of the medium was withdrawn at the end of the incubation to measure the insulin 

concentration. Additionally, the islets were recovered following the incubation
 
and total 

insulin content was determined after extraction in acid-ethanol [39]. Insulin was measured by 

a double-antibody RIA (Schering Laboratories, Madrid, Spain).
 
Calculations and statistics 

were performed with the Instat software 

(GraphPad, San Diego, CA, USA). Results are provided as mean ± S.E.M. 

Statistical significance was assessed by the Student’s t-test or the 
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one-way analysis of variance (ANOVA) corrected by the Newman–Keuls test. 

Results were considered significant if P < 0.05. 

 

2.4. Immunohistochemistry and quantification of beta cell area. Pancreata were removed 

at the time of sacrifice and fixed for 16 hours in Bouin´s solution (Sigma, Steinheim, 

Germany, http://www.sigmaaldrich.com). Subsequently, pancreatic tissue was embedded in 

paraffin and sections of 5 icrons were prepared. Following re-hydration and 

permeabilization with 1% Triton X-100, sections were incubated with anti-insulin (Sigma, 

http://www.sigmaaldrich.com) and anti-glucagon (Sigma, http://www.sigmaaldrich.com) 

antibodies overnight at 4°C. Detection was performed with rhodamine and fluorescein 

conjugated secondary antibodies (Jackson Immunoresearch, USA, 

www.jacksonimmuno.com). For quantification of ß-cell area, sections were viewed using a 

Zeiss Axiovert S100 TV microscope at a magnification of 10x. The islet cross-sectional area 

and total pancreatic area were measured using Openlab Image analysis software (Improvision 

Imaging). At least 3 sections, separated by 200 m were measured per animal. For 

quantification of the number of islets per area, only islets with more than 5 cells were scored.   

 

2.5. Western Blotting. Abdominal fat depots were collected and frozen immediately in liquid 

nitrogen. Tissue was lysed in RIPA buffer (NaCl 150mM, Tris 50mM, EDTA 1mM, EGTA 

1mM,  SDS 0.1%, Sodium deoxycholate 0.5%, NP-40 1%, Na3VO4 1mM, NaF 1mM) by 

polytron and homogenates were clarified by centrifugation at 12,000 x g for 10 min. Protein 

determination was by the Biorad assay. 50 g of total protein was separated by SDS-PAGE. 

Gels were transferred to Immun-Blot
TM

 PVDF Membrane (Bio-Rad Laboratories, Hercules 

CA, www.bio-rad.com) and incubated with one of the following antibodies: rabbit anti-

phospho PKA substrate (Cell Signaling, http://www.cellsignal.com), anti-perilipin A/B 

http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/
http://www.sigmaaldrich.com/
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(Sigma, http://www.sigmaaldrich.com), rabbit anti-alpha2A adrenergic receptor (Acris 

Antibodies, Hiddenhausen, Germany, www.acris-antibodies.com), or anti-hormone sensitive 

lipase (Santa Cruz, http://www.scbt.com/), or rabbit anti-beta tubulin (Sigma, 

http://www.sigmaaldrich.com). Westerns were developed by ECL (Pierce, Thermo Scientific, 

Rockford IL, http://www.piercenet.com/).  

 

2.6. Measurement of Intracellular cAMP Content. Islets were isolated as described above 

in batches of 100 size-matched islets. Subsequently, the medium was changed to adjust 

glucose concentrations to 3mM or 15mM, with or without forskolin, in KRBH containing 

1mM isobutylmethylxanthine (IBMX) which prevents cAMP degradation by inhibiting cyclic 

nucleotide phosphodiesterases. Following a 30 min incubation at 37ºC, islets were collected 

by centrifugation and the pellet was frozen immediately in liquid N2. Adipocytes were 

isolated and incubated with pharmacological agents as described above. Intracellular cAMP 

levels were assessed using the AlphaScreen cAMP kit (Perkin-Elmer, Massachusetts, USA 

http://las.perkinelmer.com). Statistical significance was evaluated by the Student´s t-test. 

Results are expressed as mean ± S.E.M. 

 

3. RESULTS 

3.1. Metabolic differences between male and female IRS2-deficient mice cannot be 

explained by beta cell number or insulin content.  

To explore the physiological basis of the sexual dimorphism in the Irs2 knockout 

model, we first measured fed blood glucose and insulin levels in mice of 8-10 weeks of age. 

Fed plasma glucose values in both male and female Irs2
-/-

 mice were higher than in their WT 

controls (Fig. 1A), although the differences were less pronounced in female mice. Mice which 

were overtly diabetic (>220 fed glucose mg/dl or 120 fasted glucose mg/dl) were excluded 

from study in order to examine the contributions of Irs-2
-/-

 deficiency under conditions which 

http://www.sigmaaldrich.com/
http://www.scbt.com/
http://www.sigmaaldrich.com/
http://www.piercenet.com/
http://las.perkinelmer.com/
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minimize the complications of diabetic metabolism. Both male and female Irs-2
-/-

 displayed 

higher fed insulin values in comparison to their WT controls, although this was statistically 

significant only in males (Fig. 1B). Consistent with previous reports, the female Irs2
-/-

 mice in 

our study weighed more than their WT controls (Irs2
-/-

: 19.3 grams ± 2.40, WT: 15.9 g ± 2.23; 

p< 0.05, n=10 mice of each genotype) whereas no differences were observed between the 

body weights of male transgenic and control mice (Irs2
-/-

: 20.6 grams ± 2.19, WT: 20.3 g ± 

2.05; n=10 mice of each genotype). To determine whether the metabolic differences between 

male and female IRS2-deficient mice could be explained by differences in the beta cell 

population, histological analysis was performed. Beta cell mass was reduced in both males 

and females, although to a slightly lesser extent in females (male Irs-2
-/-

: 40.2% vs. female Irs-

2
-/-

: 28.5%) (Fig. 1C). When total pancreas insulin content was evaluated (Figure 1D), it was 

reduced similarly in male and female Irs-2
-/-

 mice (males: WT 1,719   145 vs. Irs-2
-/-

: 1.287 

  44 mIU/islet; females: WT 1,202  105 vs. Irs-2
-/-

 928  76 mIU/islet). The integrity of the 

insulin secretory response to glucose was evaluated by measuring glucose-stimulated insulin 

release from isolated islets. In response to various concentrations of glucose, islets from Irs-2
-

/-
 males secreted more insulin than WT controls whereas the response of female Irs-2

-/-
 was 

identical to WT control females (Fig. 1E, F). Thus, the rapid progression of diabetes in males 

Irs2 null mice could not be explained by gender differences in beta cell area and insulin 

content but was associated with defective insulin secretion.  

 

3.2. Secretion of insulin by male Irs-2
-/-

 islets displays altered sensitivity to adrenergic 

agonists and forskolin 

Since it is well established that the sympathetic nervous system can modulate insulin 

secretion, we tested the effect of various types of pharmacological agonists on insulin release 

under conditions where glucose was maintained at 15 mM. The muscarinic agonist carbachol 

increased insulin secretion equivalently in islets from all genotypes (Fig. 2A). Brimonidine 
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(UK 14,304), an agonist for α2 adrenoceptors, at a dose of 1µM reduced insulin secretion as 

expected in control islets (figure 2A).  However, inhibition of insulin secretion by this α2 

agonist in male Irs2
-/-

 was significantly less efficient than its effect on WT islets. We reasoned 

that this decreased sensitivity to brimonidine might reflect down-regulation of  α2-AR or 

modifications of cAMP signalling components at the post-receptor level. To test these 

possibilities, we performed Western blot analysis and, interestingly, observed that expression 

of α2A-AR was reduced in islets of male Irs-2
-/- 

mice (Figure 2B).  

Based on these observations, we tested the response of Irs-2
-/-

 islets to forskolin, a 

direct activator of adenylate cyclase which is known to promote insulin secretion by 

increasing intracellular cAMP. The response of male Irs-2
-/-

 islets to forskolin was enhanced 

in comparison to WT controls, whereas female Irs-2
-/-

 islets displayed a slight decrease in the 

response to this cAMP agonist (Figure 2C).  To further explore this altered response, we 

measured cAMP production in islets stimulated with either glucose or forskolin. The 

generation of cAMP in islets of male Irs-2
-/-

 displayed enhanced sensitivity to both glucose 

and forskolin (Figure 2D), consistent with the insulin secretion results. In contrast, islets of 

female IRS2-deficient mice produced less cAMP in response to forskolin than female 

controls. These results suggest that the increased sensitivity of cAMP-generation in islets of 

male Irs2
-/-

 males, combined with reduced expression of α2A-AR, contributes to the 

dysregulated insulin secretion and hyperinsulinemia observed in these animals.  

 

3.3. Basal and Insulin-inhibited Lipolysis in Males vs. Females 

As mentioned previously, female Irs-2
-/- develop moderate obesity whereas body 

weight of males is comparable to their WT controls, at least during the pre-diabetic phase. 

Although Irs2
-/- is known to have an important role in hypothalamic regulation of appetite and 

obesity [36, 40], we considered the possibility that adipose metabolism might also contribute 
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to differences between male and female Irs-2
-/-. Therefore, we measured glycerol release in 

adipocytes isolated from male and female mice of both genotypes. Basal lipolysis in male Irs-

2
-/-

 was increased by 21% whereas it was reduced in females Irs-2
-/-

 by 19%, in comparison to 

their respective WT controls (Figure 3A). When we tested the effects of insulin on lipolysis in 

isolated adipocytes, this hormone suppressed glycerol release effectively at both 

concentrations (10
-8

 and 10
-7

 M) in WT animals (Figure 3B, C). In contrast, lipolysis was not 

inhibited significantly by insulin in male (Figure 3B) or female Irs-2
-/- adipocytes (Figure 3C), 

suggesting that these animals are resistant to insulin action. Previous studies have 

demonstrated that IRS2-deficiency causes peripheral insulin resistance, particularly in liver 

[41].   

 

3.4. Adipocytes of female Irs-2
-/-

 mice display resistance to -adrenergic-mediated 

lipolysis 

One of the major counter-regulatory mechanisms for controlling lipolysis is the 

adrenergic system. Catecholamines modulate lipolysis through lipolytic ß-adrenoceptor and 

anti-lipolytic α2-adrenoceptor [24]. Given the altered basal lipolysis in male and female Irs-2
-/-

, we examined the effects of adrenergic stimulation on isolated adipocytes. Isoproterenol, a 

classic ß-agonist, increased lipolysis in adipocytes from male WT and Irs-2
-/-

 in a dose-

dependent manner (Figure 4A). In sharp contrast, adipocytes isolated from female Irs-2
-/-

displayed a blunted response to isoproterenol, particularly at high concentrations (10
-7

 and 10
-

6
 M) of this agonist. (Figure 4B). This defective response to ß-adrenergic agonists in female 

Irs-2
-/-

 fat cells may reflect an inability to elevate intracellular cAMP, owing either to 

impaired cAMP generation or an increase to its degradation. We next tested the effects of the 

α2-adrenergic agonist brimonidine on isoproterenol-stimulated lipolysis which would be 

expected to inhibit given that α2A-AR decreases adenylate cyclase activity. At the highest dose 
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(10-6 M) isoproterenol, brimonidine attenuated significantly glycerol release in male and 

female WT adipocytes (Figure 4C and D). However, in male Irs-2
-/-

 fat cells, brimonidine had 

no effect on isoproterenol-induced lipolysis, consistent with the reduced sensitivity to 

brimonidine observed in islets of male null mice. The inhibitory effects of brimonidine on 

lipolysis were also not significant in female Irs-2
-/-

 adipocytes but this is most likely explained 

by the apparent resistance of these cells to isoproterenol.    

  

3.5. Female Irs-2
-/-

 adipocytes are less sensitive to forskolin   

To investigate whether the resistance to -adrenergic agonists in female Irs-2
-/- 

adipocytes reflects alterations at the receptor or post-receptor level, the effects of forskolin on 

lipolysis were tested. In male Irs-2
-/-

 fat cells, forskolin (10
-5

 M) increased basal lipolysis to a 

greater extent than in WT (40% of control, p <0.001, Figure 5A). However, forskolin was less 

effective at stimulating lipolysis in adipocytes of female transgenics as compared to female 

WT controls (20% less glycerol was released when compared with WT, p <0.001, figure 5B).  

Given the dampened response to both ß-adrenergic agonists and forskolin in female 

Irs-2
-/-

 adipocytes, we next evaluated cAMP generation in response to these agents. Consistent 

with the lipolysis data, generation of cAMP in adipocytes of male Irs-2
-/-

 mice displayed 

increased sensitivity to forskolin. In contrast, the ability of isoproterenol as well as forskolin 

to promote cAMP accumulation was attenuated in adipocytes of female Irs-2
-/-

 as compared 

with female controls. Thus, these results reveal a potential explanation for the failure of 

forskolin and isoproteronol to stimulate lipolysis in adipocytes derived from female IRS2-

deficient mice.  

 

3.6. cAMP signalling and expression of hormone sensitive lipase are reduced in adipose 

tissue of female Irs-2
-/-

 mice  
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Perilipin A (Plin) is a major lipid droplet protein that regulates basal and PKA-

stimulated lipolysis [42, 43]. Plin is required for the translocation of hormone-sensitive lipase 

(HSL) from the cytosol to lipid droplets upon stimulation [44]. When catecholamines bind to 

their receptors and initiate signals that increase cAMP, PKA phosphorylates Plin A which 

then promotes the translocation of HSL to facilitate maximal lipolysis. Thus, to determine 

whether the reduced ability to elevate cAMP agents in female Irs-2
-/-

 adipocytes has 

consequences for downstream targets of the lipolytic pathway, we examined the 

phosphorylation of Plin A/B in adipose tissue lysates by Western blotting with an antibody 

specific for substrates of PKA.  Although total expression levels were similar between Irs-2 

males and WT males as well as between Irs-2 females and WT females, basal PKA-mediated 

phosphorylation of Plin A/B was notably reduced in the adipose tissue of Irs-2 deficient 

females (Fig. 6A). These results suggest that reduced sensitivity to cAMP-elevating agents 

impairs the PKA pathway in adipose tissue of female Irs2 null mice. Additionally, the 

expression of HSL was notably reduced in adipocytes of female Irs-2
-/- 

mice (Fig. 6B). 

Collectively, these alterations may explain the reduced lipolysis and increased body weight of 

female Irs2-deficient mice.  

 

4. DISCUSSION 

The development of diabetes in Irs-2
-/- 

null mice has been well-characterized and is 

attributed to beta cell insufficiency paired with severe insulin resistance [32]. However, the 

sexual dimorphism associated with this diabetic phenotype is poorly understood. In our study, 

circulating insulin levels were not significantly different between WT and Irs2
-/- 

females. 

However, male Irs-2
-/-

 animals were hyperinsulinemic when compared with their WT 

controls. Consistent with this, glucose-stimulated insulin secretion was enhanced in islets 

from male Irs-2
-/-

 whereas no difference was observed between female WT and Irs-2
-/-
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animals. The metabolic differences between male and female IRS2-deficient mice could not 

be explained on the basis of differential defects in the β-cell population and/or insulin content. 

β-cell mass was reduced in Irs2 null mice of both genders, though to a slightly lesser extent in 

females and insulin content was diminished to a similar extent in both male and female 

transgenic mice.  

This compensatory hyperinsulinemia could derive from an adaptive response of the 

autonomic nervous system to the pathology of pre-diabetes since differences were observed 

when we analysed the inhibitory effect of the adrenergic agents on insulin secretion. 

Brimonidine, an α 2-AR agonist, inhibited insulin secretion less efficiently in male Irs-2
-/- 

mice 

than in their WT controls. Additionally, the expression of this α 2A-AR was down-regulated in 

male but not in female IRS2-deficient islets, consistent with the reduced response to the 

inhibitory effects of α 2-AR on insulin release. Since α 2A-AR appears to be the main receptor 

in beta cells and mediates the inhibition of adenylate cyclase, reduced expression of this 

receptor would be expected to favor increased intracellular levels of cAMP [45, 46]. 

Therefore, dysregulation of cAMP could explain the enhanced insulin secretory response to 

both glucose and forskolin observed in islets of male  Irs-2
-/-

mice. Indeed, the cAMP- 

dependent guanine nucleotide exchange factor EPAC potentiates exocytosis by interacting 

with K
+
ATP and Ca

+2
 voltage channels and by promoting granule fusion events. [47]. 

Chronic, elevated insulin levels have been reported in α 2-AR
-/-

 mice and animals deprived of 

noradrenergic tonic inhibition [20, 48]. Recent studies in humans have suggested that the α 2-

AR may also play an important role in development of diabetes. A single-nucleotide 

polymorphism in the human ADRA2A gene has been correlated with overexpression of α 2A-

AR, reduced insulin secretion, and increased risk for type 2 diabetes [22]. Consistent with 

these findings, a GWA study has recently linked the ADRA2A locus with beta-cell 

dysfunction in humans with Type 2 diabetes [23]. 
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Basal lipolysis was significantly increased in male Irs-2
-/-

 adipocytes whereas it was 

markedly reduced in female Irs-2
-/-

 in comparison to their WT controls. When we tested the 

anti-lipolytic effect of insulin on isolated fat cells, glycerol release was suppressed in WT 

samples but insulin had no significant inhibitory effect on lipolysis in adipocytes of male or 

female Irs-2
-/-

 mice. This results suggest that IRS2 may play a role in regulating insulin 

sensitivity in adipose tissue. Thus, our lipolysis data confirm the presence of insulin resistance 

and hyperinsulinemia in male Irs-2
-/-

 mice. In female Irs-2
-/-

 animals, not only was the basal 

rate of lipolysis reduced in comparison to WT females but the expected lipolytic response to 

either isoproterenol or forskolin was clearly attenuated; even at a concentration of 10
-6

 M,  the 

glycerol release evoked by isoproterenol was reduced by approximately 50% in adipocytes of 

Irs-2
-/-

 females. Consistent with this altered lipolytic response, cAMP generation in response 

to isoprenaline and forskolin was reduced in adipocytes of Irs-2
-/-

 females as compared with 

female controls, suggesting that post-receptor defects may contribute to the catecholamine 

resistance in these animals. The enhanced lipolytic response to forskolin in adipocytes of male 

Irs-2
-/-

 adipocytes was associated with increased production of cAMP. Given that we detected 

reduced expression of α 2A-AR in islets of male Irs-2
-/-

, it is possible that the absence of an α2 

AR inhibitory effect also increases cAMP levels in male Irs-2
-/- 

adipocytes, thereby 

predisposing them to an increased basal rate of lipolysis.  

The observation that PKA-mediated phosphorylation of perilipin is significantly 

reduced in adipose tissue is consistent with the defective accumulation of cAMP in fat cells of 

female Irs-2
-/- 

mice. Moreover, female Irs-2
-/- 

adipocytes display another defect not present in 

their male counterparts which is a significant reduction in the expression of HSL. In Irs1
-/-

 

mice, which are lean and resistant to the effects of high-fat diet, HSL expression in adipocytes 

is enhanced more than 4-fold [49,50], suggesting that IRS1 and IRS2  may differentially 

regulate expression of lipolytic enzymes. These data provide a molecular explanation for the 



Page 17 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 - 17 - 

development of moderate obesity in female Irs2-deficient animals; since phosphorylation of 

perilipin by PKA is required for the translocation of HSL to lipid droplets, the observed 

defects in adipocytes of female Irs-2
-/-

 would be expected to impair lipolysis and facilitate fat 

storage. Interestingly, diminished expression of HSL has been observed in patients with 

obesity and Type 2 diabetes [51, 52]. Studies in humans have also demonstrated that the 

expression of ß-AR2 and the regulatory IIß-subunit of PKA are reduced in adipocytes of 

female patients with polycystic ovary disease (PCOS), a common endocrine disorder 

characterized by obesity and insulin resistance [53, 54]. These defects are associated with 

catecholamine resistance and decreased lipolytic activity in vivo which promotes obesity in 

PCOS patients. In addition to the metabolic abnormalities characterized by beta cell failure 

and insulin resistance, Irs-2
-/-

 females are infertile as IRS-2 signals are required for ovarian 

function and proper regulation of the reproductive axis [36, 55]. Thus, the presence of 

catecholamine resistance and perturbed cAMP signaling in adipose tissue of Irs-2
-/-

 females 

suggest that these mice may represent a valid model for unravelling the molecular 

mechanisms underlying the pathology of  PCOS.  

In summary, the sexual dimorphism described for the diabetic phenotype of Irs-2
-/-

 

mice can be explained, at least partially, by differential defects in pancreatic islets and adipose 

tissue. In female Irs-2
-/-

 mice at 8-10 weeks of age, reduced basal lipolysis and catecholamine 

resistance in adipocytes are paired with a normal secretory response to glucose in pancreatic 

beta cells. Conversely, in male IRS2-deficient mice of the same age, basal lipolysis is 

enhanced as adipocytes are resistant to both insulin and to the inhibitory effects of α2 AR 

agonists, a situation that requires increased secretion of insulin and favours a more rapid 

progression of diabetes. These metabolic differences between male and female Irs-2
-/-

 mice 

must also reflect some influence of sex steroid hormones. In addition to its role in the 

physiology of reproduction, estrogen modulates metabolic parameters. For example, estrogen 
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plays an essential role in adaption  to pregnancy by enhancing insulin byosinthesis and 

glucose-stimulated insulin secretion [56]. However, as both gonadotropins and steroid 

hormones are reduced in the infertile Irs2
-/-

 females [36, 55], it is unlikely that the influence of 

estrogen and progesterone on gene expression has a major role in delaying the progression of 

diabetes in females versus males of this experimental model. The metabolic alterations which 

underlie this sexual dimorphism appear to be associated with differential defects in the cAMP 

system, including reduced expression of α2 AR in β-cells of male Irs-2
-/- 

and impaired 

generation of cAMP in adipose tissue of female Irs-2
-/-

 mice. 
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FIGURE LEGENDS  

Figure 1. Characterization of beta cell function in male and female mice.   

(A) Fed blood glucose levels were measured in animals of  8-10 weeks of age. n= 14 male 

WT, 14 male Irs-2
-/-

, 16 females WT and 18 females Irs-2
-/-

. *** p< 0.001, ** p< 0.01. (B) 

Circulating insulin levels from fed animals were measured by ELISA. n= 14 male WT, 14 

male Irs-2
-/-

, 16 female WT and 18 female Irs-2
-/-

.  **p< 0.01 (C) Quantification of beta cell 

area. Animals were sacrificed at 8-10 weeks of age. Pancreas sections were stained with anti-
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insulin antibodies and beta cell area was determined using serial sections. n= 4 male WT, 4 

male Irs-2
-/-

, 3 female WT and 4 female Irs-2
-/-

. **p < 0.01. (D) Total insulin content was 

determined from isolated islets by radioimmunoassay and plotted as µunits of total insulin 

content per islet. For the experiment, 25-30 batches of three islets from the experimental 

groups were matched carefully by size. Data represent the average ± SEM of 6 WT and 6 Irs-

2
-/-

 animals. **p <0.01. (E) Glucose-stimulated insulin release was measured in the presence 

of 3, 15 and 30 mM of glucose in islets isolated from  male or (F) female animals (8-10 weeks 

of age). Insulin levels were determined by radioimmunoassay and plotted as µunits of insulin 

per islet/h. n=9 males of each genotype and  n=10 females of each genotype. *** p< 0.001, ** 

p< 0.01. Note: The results of the female Irs-2
-/-

 were identical to female WT control and thus, 

the lines of the graph in F are superimposed.  

 

Figure 2. Analysis of insulin release in male and female mice.  (A) The effects of carbachol 

(100 µM) and brimonidine (UK14,304, 1µM) on insulin release were tested in islets of male 

and female mice (8-10 weeks of age). Pancreatic islets were incubated for 60 min in 1 ml of 

bicarbonate-buffered medium (HCOS medium supplemented with 1 mg/ml of BSA and 5 mM 

HEPES, see Methods) containing the indicated drug concentrations and 15 mM glucose. 

Values are expressed as percentages of mean control (100%, 15mM glucose of each animal) ± 

SEM of 10-15 batches of three islets from 8-10 animals. *p<0.05. (B) Expression of the α-2A-

AR in isolated islets of male mice was analysed by Western blotting. Anti-beta tubulin was 

used to confirm equal loading of samples. Islets were pooled from three animals of each 

genotype. (C) The effects of forskolin (FK, 1µM) on insulin release were tested in isolated 

islets as indicated in A. Values are expressed as percentages of mean control (100%, glucose 

15mM) ± SEM of 10-15 batches of three islets from 8-10 animals. **p<0.05. (D) Islets were 

isolated as described and incubated in HCOS medium (see Methods) containing 3 mM 
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glucose. Subsequently, batches of 100 size-matched islets from each genotype were selected. 

Islets were then stimulated with either forskolin or 15 mM glucose for 10 minutes as 

described in C. The stimulation with forskolin was performed in triplicate and samples were 

lysed to measure intracellular cAMP. **p <0.01, *p<0.05. 

 

 Figure 3. Basal glycerol release in isolated adipocytes and inhibition by insulin. (A) 

Following isolation of adipocytes from abdominal fat, basal lipolytic activity in wild-type vs. 

Irs2-
-/-

 mice (8-10 weeks of age) was measured. Values are expressed as means ± SE obtained 

from the analysis of the following groups of mice: male WT (n = 29), male Irs-2
-/-

 (n = 28), 

female WT (n = 46) and female Irs-2
-/-

 (n = 41). Data are expressed relative to basal lipolysis, 

which was set as 100% in WT animals of each gender (absolute values for basal glycerol 

released in WT mice were 0.34 ± 0.05 and 0.42 ± 0.02 µmol/100 mg lipid/90 min for male 

and female, respectively). **p < 0.01 and *p < 0.05. (B and C) Anti-lipolytic effect of insulin 

on basal glycerol release. Increasing concentrations of insulin (10
-8

 and 10
-7

 M) were added to 

the incubation media and the percentage of inhibition of glycerol release from adipocytes of 

male (B) and female (C) mice was measured. **p <0.01 and *p <0.05.  

 

Figure 4. Analysis of adrenergic-regulated lipolysis in adipocytes.  

(A and B) Analysis of isoproterenol-induced glycerol release. Fat cells from WT and Irs2
-/-

 

male (A) and female (B) mice of 8-10 weeks of age were incubated 90 min with increasing 

concentrations (10
-9

 – 10
-6

 M) of the ß-adrenergic agonist, isoproterenol (Iso). Basal lipolysis 

was considered as 100% in WT animals of each gender. Data are presented as means ± SE 

(see Fig. 3A for absolute values in WT mice). *p < 0.05 and **p < 0.01. n= 6 mice of each 

experimental group. (C and D) Effects of the α2-adrenergic agonist brimonidine (UK 14,304) 

on isoproterenol-induced glycerol release from mouse adipocytes. Values are expressed as 
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mean ± SE relative to the percentage of WT basal values (100% of WT of each gender). *p 

<0.05 and **p <0.01. n= 4 mice of each experimental group.  

 

Figure 5. cAMP-mediated glycerol liberation in isolated mouse adipocytes. 

(A and B) Effects of 10 M forskolin (FK) on basal lipolysis. Basal lipolysis was established 

as 100% in WT animals of each gender. ***p <0.001. n= 4 animals of each experimental 

group. (C) Triplicates of isolated adipocytes from each experimental group were stimulated 

with the indicated  concentrations of either isoproterenol or forskolin for 10 min. Samples 

were then lysed and assayed for intracellular cAMP. n= 6 mice of each experimental group. 

*P <0.05 and **P <0.01. 

 

Figure 6. Analysis of cAMP-dependent signaling in adipose tissue. (A)  Western analysis 

of  perilipin A/B expression and phosphorylation. Visceral adipose tissue was removed and 

protein lysates were prepared from four animals of each genotype. 500 g of total protein 

were immunoprecipitated (from pools of two animals of each experimental group) using anti-

perilipin A/B and these immunocomplexes were then separated by SDS-PAGE. The 

membrane was first incubated with anti-phospho PKA substrate to detect phosphorylated 

perilipinA/B. Subsequently, the blot was stripped and re-probed to reveal total levels of 

perilipin A/B. Blots were scanned and phospho-perilipin A (approximately 62 kDa) was 

quantified by densitometry. Total perilipin A/B was used to normalize the levels of phospho-

perilipin A/B. A representative blot from two independent experiments is presented. Total n = 

8 animals of each group. (B) Western analysis of hormone-sensitive lipase expression in 

adipose tissue. 50 g of the adipose tissue lysates prepared in A were probed with anti-HSL 

antibodies. Anti-beta actin was used to confirm equal  protein loads. Molecular weight is 

indicated at the left of each membrane.  
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