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Abstract 

Aims/hypothesis Beta cell failure due to progressive secretory dysfunction and limited 

expansion of beta cell mass is a key feature of type 2 diabetes. Beta cell function and mass are 

controlled by glucose and hormones/neurotransmitters that activate G protein-coupled 

receptors or receptor tyrosine kinases. We have investigated the role of β-arrestin (ARRB)2, a 

scaffold protein known to modulate such receptor signalling, in the modulation of beta cell 

function and mass, with a specific interest in glucagon-like peptide-1 (GLP-1), muscarinic 

and insulin receptors. 

Methods β-arrestin2-knockout mice and their wild-type littermates were fed a normal or a 

high-fat diet (HFD). Glucose tolerance, insulin sensitivity and insulin secretion were assessed 

in vivo. Beta cell mass was evaluated in pancreatic sections. Free cytosolic [Ca2+] and insulin 

secretion were determined using perifused islets. The insulin signalling pathway was 

evaluated by western blotting. 

Results Arrb2-knockout mice exhibited impaired glucose tolerance and insulin secretion in 

vivo, but normal insulin sensitivity compared with wild type. Surprisingly, the absence of 

ARRB2 did not affect glucose-stimulated insulin secretion or GLP-1- and acetylcholine-

mediated amplifications from perifused islets, but it decreased the islet insulin content and 

beta cell mass. Additionally, there was no compensatory beta cell mass expansion through 

proliferation in response to the HFD. Furthermore, Arrb2 deletion altered the islet insulin 

signalling pathway. 

Conclusions/interpretation ARRB2 is unlikely to be involved in the regulation of insulin 

secretion, but it is required for beta cell mass plasticity. Additionally, we provide new insights 

into the mechanisms involved in insulin signalling in beta cells. 

 

Keywords: β-Arrestin, GLP-1, High-fat diet, Insulin secretion, Pancreatic beta cell mass, 

Pancreatic islet biology 
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Abbreviations 

ACh   Acetylcholine 

ARRB   -Arrestin 

AU   Arbitrary units 

[Ca2+]c   Free cytosolic Ca2+ concentration 

FOXO1  Forkhead box O1 

GIPR   Gastric inhibitory polypeptide receptor 

GLP-1R  Glucagon-like peptide-1 receptor 

GPCR   G protein-coupled receptor 

GSIS   Glucose-stimulated insulin secretion 

GSK3   Glycogen synthase kinase 3 

H&E   Haematoxylin and eosin 

HFD   High-fat diet 

IR   Insulin receptor 

ND   Normal diet 

PDX1   Pancreas/duodenum homeobox protein 1  

PI3K   Phosphatidylinositol 3-kinase 

RTK   Receptor tyrosine kinase 
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Introduction 

Type 2 diabetes is characterised by a chronic hyperglycaemia due to defects in both insulin 

sensitivity and secretion. It is now established that beta cell failure results from a progressive 

secretory dysfunction and a limited expansion of the beta cell mass [1-3]. Beta cell function 

and mass are tightly controlled by glucose and are modulated by hormones and 

neurotransmitters that activate G protein-coupled receptors (GPCRs) or receptor tyrosine 

kinases (RTKs) [4,5]. The neurohormonal amplification of glucose-stimulated insulin 

secretion (GSIS) and also beta cell mass adaptation are mainly controlled by the incretin 

gastrointestinal hormone glucagon-like peptide-1 (GLP-1) and the parasympathetic 

neurotransmitter acetylcholine (ACh), which both act through the activation of GPCRs 

[4,6,7]. The incretin GLP-1 binds the specific GLP-1 receptor (GLP-1R) that is positively 

coupled to the adenylyl cyclase through Gαs, leading to cAMP production [8]. ACh binds to 

M3 muscarinic receptors [6,9] that are coupled via Gq/11-proteins to phospholipase C. This 

results, on one hand, in inositol 1,4,5-triphosphate production and Ca2+ mobilisation from the 

endoplasmic reticulum and, on the other hand, to diacylglycerol production and protein kinase 

C activation [6]. In addition, several lines of evidence suggest a direct autocrine effect of 

insulin on beta cells [5,10-12]. The insulin signalling pathway is mainly mediated through the 

insulin receptor (IR)/IRS/phosphatidylinositol 3-kinase (PI3K)/Akt cascade [5,11,13]. It plays 

a critical role in the maintenance of the beta cell mass and a role in its own secretion has also 

been proposed [5,10-12]. 

The β-arrestins (ARRBs) are ubiquitously expressed cytosolic proteins that were 

originally identified as negative regulators of GPCR signalling via desensitisation and 

internalisation processes. However, it is now well established that ARRBs can also act as 

multifunctional scaffolding proteins to elicit G-protein-independent signalling pathways by 

linking the activated GPCRs to various additional catalytically active effectors [14-17], and 

are strongly involved in several GPCR-mediated physiological effects [16,18]. The two 
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ARRBs isoforms, ARRB1 and ARRB2, share a high degree of structural homology, but they 

display specific functions in several physiological processes [16-19]. In addition, the roles of 

ARRBs are not only restricted to the regulation of GPCRs but also extend to RTK signalling 

pathways [14,20]. Indeed, insulin has been shown in hepatocytes to promote the formation of 

a signalling complex in which ARRB2 was required to scaffold Src and Akt to the IR to 

ensure a full Akt activation [21]. 

We and others have shown that ARRB1 mediates GPCR signalling for GLP-1 [22-25], 

pituitary adenylate cyclase-activating polypeptide  (PACAP) [25] and M3 muscarinic agonists 

[26], and could be involved in the regulation of insulin secretion as well as beta cell survival 

and proliferation [27]. By contrast, little is known concerning the role of ARRB2 in beta cells. 

Only a recent study has reported that its deletion impaired glucose-induced insulin secretion 

in mice [28], though the impact on agonist-activated GPCRs and RTKs was not explored. In 

the present study, we have used Arrb2-knockout (Arrb2/) mice to investigate the impact of 

Arrb2 deletion on beta cell function and mass, with a specific interest in GLP-1, M3 and IR. 

Methods 

Materials The sources of primary and secondary antibodies used are listed in the electronic 

supplementary material (ESM) Table 1. GLP-1 was from Bachem (Bubendorf, Switzerland). 

The PP2 and protease inhibitor mixture were from Calbiochem (La Jolla, CA, USA). All 

other chemical reagents were purchased from Sigma-Aldrich (St Louis, MO, USA). 

Animals The original heterozygous (Arrb2+/) mice were obtained from R. J. Lefkowitz (Duke 

University Medical Center, Durham, NC, USA). Mice were subsequently backcrossed onto 

C57BL/6J background (Charles River, Lyon, France). Arrb2/ mice and their wild-type 

littermates (Arrb2+/+) were generated by breeding heterozygous animals. Mouse genotyping 

was performed by PCR (ESM Fig. 1a) and verified by western blot (ESM Fig. 1b). All animal 

studies complied with the authorisation of the Ministry of Agriculture, France (D34-172-13). 
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The mice were fed either with a standard normal diet (ND, 5% kJ% fat), or a high-fat diet 

(HFD, 45% kJ% fat; D12451; Research Diets, New Brunswick, NJ, USA). Except when 

stated, all experiments were performed using 6- to 7-month-old female mice. 

Glucose and insulin tolerance test measurements Glucose tolerance tests were performed on 

overnight-fasted mice by i.p. injection of glucose or by re-feeding tests. Insulin tolerance tests 

were performed on mice fasted for 4 h by i.p. injection of insulin (Umuline, Lilly, Giessen, 

Germany). Blood glucose levels were measured using an OneTouch Ultra glucometer 

(LifeScan, Issy les Moulineaux, France). Plasma insulin and glucagon levels were determined 

using a sensitive rat insulin and glucagon RIA kits (Millipore, St Charles, MO, USA). 

Islet isolation Islets were isolated after collagenase digestion of the pancreas [25], and were 

used either immediately after isolation or after an overnight culture in RPMI-1640 containing 

10 mmol/l glucose and 7.5% (vol/vol) FCS. The medium used for the experiments was a 

bicarbonate KRB supplemented with 1.1 mmol/l glucose [25]. 

Free cytosolic Ca2+ concentration, insulin secretion and content measurements For free 

cytosolic Ca2+ concentration ([Ca2+]c), cultured islets were loaded with 2 mol/l Fura2-Leak-

Resistant-AM (Tef Labs, Austin, TX, USA) for 2 h, placed into a temperature-controlled 

perifusion chamber and excited every 3s at 340 and 380 nm; the emitted light was recorded at 

510 nm. Insulin secretion from cultured islets was examined by perifusion or static incubation 

[29]. Islet or pancreas insulin content was determined after extraction in acid-ethanol. Insulin 

concentrations were determined using a rat insulin RIA kit (Millipore). 

Western blot Immunoblots were performed on cell lysates from pancreatic islets as previously 

described [25]. Briefly, freshly isolated islets were harvested in cold lysis buffer and equal 

amounts of proteins were subjected to western blotting [25] with primary antibodies of 

interest (ESM Table 1). 
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Real-time quantitative RT-PCR Total RNA from mouse islets was extracted and DNase-

treated using the RNAeasy microkit (Qiagen, Courtaboeuf, France), according to the 

manufacturer’s instructions. Real-time quantitative RT-PCR experiments were performed as 

previously described [25]. Primer sequences are listed in ESM Table 2. 

Histological analysis and immunostaining of pancreases Pancreases were spread into flat 

embedding cassettes, fixed with 4% (vol/vol) paraformaldehyde, paraffin embedded and 

longitudinally sectioned through the pancreatic head-to-tail axis (4 μm thickness). Three 

pancreatic sections per mouse, separated by at least 100 μm, were stained with haematoxylin 

and eosin (H&E), and scanned using a NanoZoomer slide scanner (Hamamatsu Photonics, 

Hamamatsu City, Japan). The islet numbers were quantified and the area of each islet was 

measured with the NDP.view software, version 1.2 (http://ndp-

view.software.informer.com/1.2/). For immunohistochemistry, deparaffinised pancreatic 

sections were boiled in 10 mmol/l citrate buffer for 30 min before blocking with 1% BSA-

PBS 30 min at room temperature. Sections were incubated overnight at 4°C with primary 

antibodies (ESM Table 1), followed by 1 h at room temperature with secondary antibodies 

(ESM Table 1) and DAPI. Sections were mounted in Mowiol (Sigma-Aldrich) and imaged 

using a Zeiss AxioImager microscope (Carl Zeiss, Marly le Roi, France). 

Statistical analysis Data are presented as mean ± SEM. Statistically significant differences 

between groups were assessed by Student’s t test or by ANOVA, followed by the Newman–

Keuls test or a Bonferroni post test for multiple comparisons using GraphPad Prism software 

version 5.0 (http://www.graphpad.com/scientific-software/prism/). Differences were 

considered significant at p<0.05. 

Results 

Arrb2/ mice displayed glucose intolerance and reduced plasma insulin responses Body 

weight (not shown) and food intake (ESM Fig. 2b) were not significantly different between 
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Arrb2+/+ and Arrb2/ mice, but Arrb2/ mice displayed glucose intolerance. Indeed, after an 

i.p. glucose injection, blood glucose levels were higher at 15 and 30 min (Fig. 1a) in Arrb2/ 

vs Arrb2+/+ mice, while insulin tolerance tests showed similar insulin sensitivities (Fig. 1b). 

By contrast, glucose intolerance was associated with decreased plasma insulin levels 15 min 

after the i.p. injection of glucose (Fig. 1c). Similarly, fasted (Fig. 1f), postprandial (re-fed; 

Fig. 1f) and fed (Fig. 1d) blood glucose levels were increased while plasma insulin levels 

were reduced in re-fed and fed states (Fig. 1e, g) in Arrb2/ vs Arrb2+/+ mice. However, there 

were no significant differences in fed plasma glucagon levels between Arrb2/ and Arrb2+/+ 

mice (0.024±0.003 vs 0.028±0.003 pmol/l, respectively). Therefore, Arrb2/ mice displayed 

glucose intolerance associated with decreased plasma insulin levels, suggesting reduced 

insulin secretion rather than defective insulin action. 

Arrb2/ islets displayed normal glucose-induced insulin secretion but lower islet insulin 

content To determine if ARRB2 was involved in beta cell secretory function, both free 

cytosolic Ca2+ ([Ca2+]c) changes and insulin release were evaluated in vitro in response to 

glucose in isolated islets. An increase in glucose concentration from 1.1 to 16.7 mmol/l 

triggered the classic biphasic changes in [Ca2+]c in both Arrb2+/+ and Arrb2/ islets (Fig. 2a). 

Neither the increases in [Ca2+]c (Fig. 2a) nor [Ca2+]c oscillations (Table 1) were affected in 

perifused Arrb2/ mouse islets. Additionally, insulin secretion was not affected when 

expressed as pg/islet (Fig. 2b) or when the amount of secreted insulin was normalised to the 

islet insulin content (Fig. 2c). Similar results have been obtained from static islet incubations 

with various glucose concentrations (ESM Fig. 3). This indicates a preserved beta cell 

secretory function in response to glucose in Arrb2/ islets. By contrast, the insulin content 

was significantly lower in Arrb2/ compared with Arrb2+/+ mice in size-matched isolated 

islets (20%) (Fig. 2d) and in the whole pancreas (27%) (Fig. 2e). Furthermore, Ins2 mRNA 

levels were lower in Arrb2/ islets (28%) (Fig. 2f) without a significant alteration of Ins1 
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mRNA levels (1±0.10 vs 1.10±0.18 arbitrary units [AU], NS, for Arrb2+/+ vs Arrb2/, 

respectively). Taken together, these results indicate Arrb2/ islets showed a decreased insulin 

expression but normal beta cell secretory function in response to glucose. 

Arrb2/ islets displayed normal GLP-1- and ACh-induced insulin secretion As ARRBs are 

well known for their role in GPCR signalling [14-16], isolated islets were subjected to GLP-1 

or ACh stimulation. GLP-1 (20 nmol/l) increased the frequency and reduced the amplitude of 

glucose-induced oscillations of [Ca2+]c in Arrb2+/+ islets (Fig. 3a, Table 1). The amplitude 

decrease was mainly due to the increased nadir level of the [Ca2+]c oscillations (Table 1). 

Interestingly, no significant differences could be observed under GLP-1-induced [Ca2+]c 

changes between Arrb2/ and Arrb2+/+ islets (Fig. 3a, Table 1). Additionally, GLP-1 

potentiated GSIS similarly in Arrb2/ and Arrb2+/+ islets during perifusion (Fig. 3b) and 

static incubations (ESM Fig. 3). Similarly, ACh (1 µmol/l) induced a comparable sustained 

[Ca2+]c plateau which was either flat or superimposed with fast oscillations (Fig. 3c, Table 2), 

and potentiated insulin secretion in Arrb2/ islets to a similar extent as in Arrb2+/+ islets (Fig. 

3d). Therefore, ARRB2 is not involved in the regulation of GSIS or in the response to GLP-1 

or ACh. 

Arrb2/ mice displayed a reduced pancreatic beta cell mass The lower pancreatic insulin 

content of Arrb2/ mice could result not only from impaired preproinsulin gene transcription 

(reduced Ins2 mRNA levels) but also from a reduced beta cell mass. Morphometric 

histological analysis of pancreatic sections showed no differences in islet number (Fig. 4a, b), 

while the proportion of islet occupation per section (i.e. islet area) was decreased by ~30% in 

Arrb2/ pancreases (Fig. 4a, c), due to a modified distribution of the islet sizes (increased 

amount of smaller islets and reduced amount of large islets) (Fig. 4d). Immunohistochemical 

staining for insulin and glucagon and cell nuclei number counting did not show any 
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abnormalities in islet architecture (Fig. 4e) but, in keeping with reduced islet size, indicated a 

decrease in beta cell (35%) but no change in alpha cell number (Fig. 4f), resulting in a relative 

significant enrichment in islet alpha cells (23.51±0.85 vs 28.90±1.38%, p<0.001) in Arrb2/ 

pancreases. In addition, beta cell size did not differ significantly between Arrb2/ and 

Arrb2+/+ mice (Fig. 4g). 

ARRB2 is involved in the insulin signalling pathway in pancreatic islets Numerous studies 

have documented the role of insulin through the IR/PI3K/Akt pathway for the expansion of 

the beta cell mass [5,10,11]. ARRB2 has been shown to be involved in the regulation of the 

insulin signalling pathway in liver by scaffolding c-Src and Akt to the IR, allowing full Akt 

activation [21], and we observed that ARRB2 plays a key role in the modulation of the beta 

cell mass. Therefore, we have investigated whether ARRB2 could be involved in the 

regulation of the insulin signalling pathway in islets. In Arrb2+/+ islets, insulin (100 nmol/l) 

induced a clear Akt phosphorylation (~1.7-fold increase), which was strongly reduced in 

Arrb2/ mouse islets (p<0.001) (Fig. 5). Moreover, insulin-induced phosphorylation of the 

transcription factor Forkhead box O (FOXO)1 and the glycogen synthase kinase 3 (GSK3), 

two major downstream targets of Akt, were also markedly reduced (Fig. 5). Taken together, 

our results establish for the first time that ARRB2 contributes to the insulin signalling 

pathway in islets. 

Arrb2/ mice were unable to compensate their beta cell mass under HFD Diet-induced 

obesity leads to insulin resistance and to a compensatory increase in beta cell mass [2,30,31]. 

Thus, to explore the potential role of ARRB2 in the compensatory beta cell mass expansion, 

we examined Arrb2/ male mice fed with HFD. Compared with ND, feeding Arrb2+/+ mice 

with an HFD for 19 weeks resulted in an insulin-resistant phenotype, characterised by higher 

weight gain (ESM Fig. 2a) for a similar food intake (ESM Fig. 2b), elevated fasted (ESM Fig. 

2c) and fed (ESM Fig. 2d) blood glucose and fed plasma insulin levels (ESM Fig. 2e). 
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Arrb2/ mice displayed similar increases in weight gain (ESM Fig. 2a) and food intake (ESM 

Fig. 2b) to Arrb2+/+ mice. Additionally, HFD similarly enhanced blood glucose levels in 

Arrb2/ and Arrb2+/+ mice (ESM Fig. 2c, d), but Arrb2/ mice exhibited a clearly lower 

increase in plasma insulin levels (ESM Fig. 2e). Morphometric analysis of pancreatic sections 

showed that while Arrb2+/+ littermates displayed a doubling of their islet area occupation per 

section (Fig. 6a) and an increase in islet number (Fig. 6b), Arrb2/ mice were unable to 

compensate these variables or, therefore, their islet mass under the HFD (Fig. 6a, b). As 

expected, beta cell mass (Fig. 6d, f) and proliferation (Ki67-positive beta cells) (Fig. 6g) were 

both increased in Arrb2+/+ islets under the HFD, while both variables remained unchanged in 

Arrb2/ islets (Fig. 6d-g). 

Discussion 

ARRB1 and ARRB2 play key roles in various receptor functions by acting as either GPCR 

desensitisers or signal transducers through the coupling of activated GPCRs or RTKs to 

additional non-canonical signalling pathways. Beta cell function and mass are tightly 

controlled by glucose and are modulated by GPCRs and RTKs. The neurohormonal 

amplification of GSIS and beta cell mass adaptation are ensured mainly by GPCRs such as 

GLP-1 and M3 muscarinic receptors, but also by RTKs such as IRs. In this study, we have 

used Arrb2/ mice to assess the role of ARRB2 in beta cell function and mass, with a specific 

interest in GLP-1 and ACh actions, and have addressed its potential implication in the insulin 

signalling pathway. Our study shows that Arrb2 deletion in mice did not impact on GSIS or 

GLP-1 and ACh responses in vitro, but it reduced beta cell mass in normal conditions and 

avoided its compensatory increase under an HFD. Furthermore, the absence of ARRB2 

altered the islet insulin signalling pathway. 

Our Arrb2/ mice were mildly glucose intolerant, with higher fasted and postprandial 

blood glucose levels. Nevertheless, despite their higher blood glucose levels, Arrb2/ mice 
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exhibited lower amount of plasma insulin in response to glucose load in the re-fed and fed ad 

libitum states, but displayed similar insulin sensitivities to Arrb2+/+ mice. Therefore, the in 

vivo glucose intolerance in Arrb2/ mice was likely to have been caused by an insufficient 

insulin release in response to glucose rather than insulin resistance. In spite of the lower 

plasma insulin, which suggests a beta cell defect, glucose-induced [Ca2+]c changes and GSIS 

(normalised to % of content) were similar in isolated islets from Arrb2/ and Arrb2+/+ mice. 

Moreover, the ability of ACh and GLP-1 to modulate [Ca2+]c changes and potentiate GSIS 

was unaffected in Arrb2/ islets, indicating that ARRB2 is unlikely to play a crucial role in 

GSIS and the amplification mediated by GLP-1R and M3 muscarinic receptors. Conflicting 

results have been reported concerning the interactions of ARRB2 and GLP-1R. Indeed, it has 

been shown in HEK293 cells that, on GLP-1 activation, ARRB2 was not recruited to the 

receptor and consequently was not involved in GLP-1R endocytosis [32]. Others have 

reported that ARRB2 was recruited to the activated GLP-1R and that the interaction markedly 

reduced G protein-mediated cAMP accumulation [33,34]. Furthermore, in HEK293T, GLP-1-

mediated ARRB2 recruitment was decreased when GLP-1R were co-expressed with gastric 

inhibitory polypeptide receptors (GIPRs), suggesting that GLP-1/GIP receptor 

heteromerisation protected from receptor desensitisation [35]. As both GIPR and GLP-1R are 

highly co-expressed in beta cells [8], such mechanisms could explain the lack of effects of 

Arrb2 deletion on GLP-1-potentiated GSIS in our study. Additionally, the lack of ARRB2 

could be compensated by ARRB1, the other isoform. However, it should be noted that we did 

not observe any compensatory increases in Arrb1 mRNA levels in Arrb2/ islets (not shown), 

and that despite their high structural homology, ARRB1 and ARRB2 are not often 

functionally redundant, but exerts specific functions [16,18]. In that sense, and in contrast to 

ARRB2, we and others have shown that ARRB1 is involved in GLP-1 [22,23,25] and M3 

[26] receptor signalling pathways for the stimulation of insulin secretion [27]. 

By contrast, if we have observed that ARRB2 is unlikely to play a crucial role in GSIS and 
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in the amplification mediated by GLP-1R and M3 muscarinic receptors, Arrb2 deletion 

decreased total pancreas and islet insulin content, and decreased the beta cell mass. This may 

explain the lowered plasma insulin levels recorded in vivo in Arrb2/ mice. The decreased 

insulin content was associated with a reduced expression of Ins2 but not Ins1 mRNA levels. 

This differential regulation of Ins2 and Ins1 genes has been reported by others [36-38]. 

Moreover, Arrb2/ mice under the ND displayed a relatively lower islet size (due to an 

increased amount of small islets and a reduced amount of large islets), associated with a 

decrease in beta cell number, suggesting that ARRB2 is required for the maintenance of 

mouse beta cell mass in vivo. In adults, the beta cell mass is stable because of a slow turnover 

rate, but it displays dynamic plasticity when needed to compensate for differing insulin 

requirements of the organism. Thus, in most situations of insulin resistance, such as obesity, 

there is a compensatory increase in beta cell mass, where beta cell proliferation plays a key 

role [11,39-41]. In agreement with previous reports, we observed that C57BL/6J mice fed 

with a moderate increase in dietary fat (45%) displayed higher body weight gain and 

moderate hyperglycaemia and hyperinsulinaemia. In addition, Arrb2+/+ mice under the HFD 

showed a compensatory increase in beta cell mass due to proliferation (i.e. increase in Ki67-

positive beta cells). In our study no change in beta cell size was observed, suggesting that 

hyperplasia, rather than hypertrophy, was involved. By contrast, Arrb2/ mice under the HFD 

did not display a compensatory increase in beta cell mass, and this inability was correlated 

with no increase in beta cell proliferation. Our study shows for the first time that ARRB2 is 

required not only for the maintenance of the beta cell mass under normal conditions but also 

for the compensatory beta cell mass expansion under conditions where the insulin demand is 

increased. 

As ARRB2 is ubiquitously expressed, the defective beta cell mass expansion observed in 

Arrb2-global-knockout mice could be the indirect consequence of ARRB2 action in non-beta 

cells, such as insulin resistance from other tissues generating metabolic disturbances [21]. In 
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addition, it should be mentioned that neuronal and systemic signals from liver have been 

reported to trigger the compensatory increase in beta cell number in insulin-resistant states 

[42-44], and such mechanisms could be defective in the absence of ARRB2. Future studies 

using beta-specific Arrb2/ mice should determine if the defective beta cell mass expansion is 

due to a direct effect of ARRB2 on beta cells rather than a consequence of the absence of 

ARRB2 in the whole organism. 

Pancreatic beta cell proliferation and survival are regulated by signalling pathways linked 

to GPCRs and RTKs such as IR [4,5]. The insulin signalling pathway in beta cells is mainly 

mediated through the IR/IRS/PI3K/Akt cascade [5,11,13]. Any deficiency of this pathway has 

been reported to induce beta cell failure by affecting the beta cell mass expansion [11,13,45]. 

Akt activation requires PI3K-mediated phosphatidylinositol 3,4,5-triphosphate (PIP3) 

synthesis, allowing its recruitment to the plasma membrane, where it is subsequently 

phosphorylated at Thr308 and Ser473 via the phosphoinositide-dependent kinase 1 and by the 

mammalian target of rapamycin complex 2, respectively [46]. In addition to this canonical 

PI3K/Akt pathway, ARRB2 was previously shown in hepatocytes to be required downstream 

of the IR for a full Akt activation [21]. Here, we found that insulin-induced Akt 

phosphorylation at Ser473 requires ARRB2-dependent mechanisms in mouse pancreatic 

islets. In beta cells, FOXO1 and GSK3 are two major targets of Akt which represses, by 

phosphorylation, the negative effects of FOXO1 and GSK3 on insulin production and beta 

cell mass. Indeed, Akt inactivates FOXO1 by phosphorylation, allowing its exclusion from 

the nucleus where it represses the expression of both insulin and pancreas/duodenum 

homeobox protein 1 (PDX1), a transcription factor involved in the maintenance of the beta 

cell mass [38,47]. Similarly, GSK3β seems to negatively regulate the beta cell mass by 

repressing the insulin signalling pathway and by reducing PDX1 levels in islets [48,49]. The 

involvement of ARRB2 in IR–Akt signalling is functionally relevant in vivo, as the 

phosphorylation of GSK3 and FOXO1, two Akt downstream targets, were strongly decreased 
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on insulin stimulation in islets isolated from Arrb2/ mice. Thus, our results suggest that 

ARRB2 could play a role in the control of pancreatic beta cell mass and insulin production 

through, at least in part, the insulin–Akt–GSK3β/FOXO1 signalling pathway. Full validation 

of the role of ARRB2 in the insulin signalling pathway awaits the results of further 

experiments testing the effects of an overexpression of an overexpression of the protein both 

in vitro and in vivo. 

Besides IR, numerous GPCRs that could exhibit potential ARRB2-dependent signalling 

pathways are also involved in the regulation of beta cell mass [4,40]. It is also noteworthy that 

there is evidence for ARRB1 roles in GLP-1 mediation of cell survival and proliferation in 

clonal beta cell lines [22,24,25]. Indeed, we showed in INS-1E cells that ARRB1 is required 

for GLP-1R-mediated sustained ERK1/2 activation leading to IRS-2 expression [25], and it 

has recently been reported that ARRB1 is involved in the proliferative action of GLP-1 via 

the recruitment of c-Src in beta INS832/13 cells [24]. Additionally, we have reported in MIN6 

cells that ARRB1 mediates anti-apoptotic effects of GLP-1 by phosphorylating the pro-

apoptotic protein BAD through ERK1/2 activation [22]. 

Our results are in disagreement with the phenotype of Arrb2/ mice previously reported by 

Luan et al [21]. First, in contrast to our study, their colony of Arrb2/ mice exhibited 

hyperinsulinaemia in the re-fed state and in response to glucose load during glucose tolerance 

tests, an effect associated with lower insulin sensitivity and higher hepatic glucose production 

during hyperinsulinaemic–euglycaemic clamp studies in 8-week-old mice. The authors 

concluded on one hand that glucose intolerance associated with hyperinsulinaemia resulted 

from impaired insulin sensitivity [21], but on the other hand, they recently reported that 

glucose intolerance was due to impairment of insulin secretion as they observed impaired 

GSIS in vivo during a hyperglycaemic clamp and in vitro in static islet incubations [28]. 

The reason for the discrepancies between their results and our study is unclear, but the 

differences cannot result from differences in ages and/or experimental conditions. Indeed, in 
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our study the defective insulin secretion in vivo and normal insulin sensitivity were not only 

observed in 6-7-month-old mice but also in 8-week-old animals (not shown). In addition, we 

have observed that in vitro GSIS is not affected in perifused or static incubated Arrb2/ islets, 

regardless the glucose concentration used. The differences between the two colonies of 

Arrb2/ mice might rather be explained by environmental/epigenetic phenomena and/or 

C57BL/6 mouse strain differences. Indeed, it is now clear that there are several C57BL/6 

substrains with genetic differences for which different phenotypes have been reported [50]. 

In summary, we report that ARRB2 is not involved in GSIS or in GLP-1 or ACh 

potentiation of GSIS, but plays a key role in the modulation of the beta cell mass and, notably, 

contributes to the compensatory beta cell mass expansion in response to high-fat feeding 

through proliferation. In addition, we provide further new insights concerning the 

mechanisms of insulin action in pancreatic beta cells by showing that ARRB2 is required for 

full Akt activation by the hormone. 
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Table 1 Quantification of [Ca2+]c oscillations under glucose and GLP-1 stimulation 

 G16.7  G16.7 + GLP-1 

Measure Arrb2+/+ Arrb2/  Arrb2+/+ Arrb2/ 

Frequency (min1) 0.234±0.010 0.261±0.016a  0.454±0.060** 0.484±0.037**,a 

Nadir  0.917±0.003 0.919±0.003a 

 

 0.987±0.011** 0.969±0.010**,a 

Peak  1.103±0.009 1.092±0.006a 

 

 1.109±0.009** 1.096±0.005*,a 

Amplitude 0.186±0.010 0.173±0.007a 

 

 0.122±0.010** 0.137±0.007**,a 

*p<0.05 and **p<0.01 compared with G16.7 

aNS compared with Arrb2+/+ 

G16.7, 16.7 mmol/l glucose 

 

 

 

Table 2 Quantification of [Ca2+]c changes under ACh stimulation 

Measure Arrb2+/+ Arrb2/ 

Cells with a sustained level of [Ca2+]c 17/38 (44.7%) 16/37 (43.2%)a 

Frequency (min1) 2.795±0.248 3.467±0.265a 

 

 response 0.075±0.003 0.085±0.004a 

 
aNS compared with Arrb2+/+ 
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Figure legends 

Fig. 1 Arrb2/ mice displayed mild glucose intolerance and reduced plasma insulin levels. 

(a) Intraperitoneal glucose tolerance test: blood glucose levels were measured before and after 

an i.p. glucose injection (1.5 g/kg body weight) in Arrb2+/+ vs Arrb2/ mice. (b) 

Intraperitoneal insulin tolerance test: blood glucose levels were measured before and after the 

i.p. insulin injection (0.75 U/kg body weight) in Arrb2+/+ vs Arrb2/ mice. (c) During the 

glucose tolerance test, plasma insulin levels were measured before (0) and 15 min after the 

i.p. glucose injection. Blood glucose (d) and plasma insulin (e) levels in Arrb2+/+ vs Arrb2/ 

mice fed ad libitum. Blood glucose (f) and plasma insulin (g) levels were measured before 

(Fasted) and 3 h after re-feeding (Re-fed) in Arrb2+/+ vs Arrb2/ mice. Data are mean±SEM 

from 12–14 mice. *p<0.05, **p<0.01 and ***p<0.001 compared with Arrb2+/+ mice. White, 

Arrb2+/+; black, Arrb2/ 

 

Fig. 2 Arrb2/ islets displayed normal glucose-induced [Ca2+]c and insulin secretion 

changes but lower insulin content. Glucose-induced [Ca2+]c changes (a) and insulin release 

(b,c) in Arrb2+/+ vs Arrb2/ mice. After overnight culture, batches of 30–40 islets were 

perifused for 30 min with KRB containing 1.1 mmol/l and then 16.7 mmol/l glucose for 40 

min. (b) Inset, AUC (pg/islet in 7 min) for the first phase of secretion (from 10 to 17 min). 

Insulin content of isolated islets (d) and whole pancreas (e), and Ins2 mRNA levels in islets 

(f) in Arrb2+/+ vs Arrb2/ islets. Ins2 mRNA levels were determined by real-time quantitative 

RT-PCR on total islet RNA using a mouse-specific primer (see ESM Table 2) and normalised 

to the geometric mean of the expression levels of four housekeeping genes (Gus, Hprt, Gapdh 

and Tubb2). Data are mean±SEM from six to eight independent experiments or animals. 

*p<0.05 compared with Arrb2+/+. Blue line/white symbols, Arrb2+/+; red line/black symbols, 

Arrb2/. G1.1, 1.1 mmol/l glucose; G16.7, 16.7 mmol/l glucose 

http://diabetes.diabetesjournals.org.gate2.inist.fr/lookup/suppl/doi:10.2337/db10-1783/-/DC1
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Fig. 3 Arrb2/ islets displayed normal responses to GLP-1 and ACh. The impact of GLP-1 

(20 nmol/l) on [Ca2+]c changes (a) and insulin secretion (b) in the presence of 16.7 mmol/l 

glucose. The impact of ACh (1 µmol/l) on [Ca2+]c changes (c) and insulin secretion (d) in the 

presence of 11 mmol/l glucose in Arrb2+/+ vs Arrb2/ islets. (a,c) The two upper traces 

illustrate individual experiments while the two lower traces illustrate the average. (b,d) Insets, 

AUC (pg/islet/min) during either GLP-1 or ACh stimulation. Data are mean±SEM from five 

to six independent experiments or animals. Blue line/white symbols, Arrb2+/+; red line/black 

symbols, Arrb2/. G1.1, 1.1 mmol/l glucose; G16.7, 16.7 mmol/l glucose 

 

Fig. 4 Arrb2/ mice displayed reduced beta cell mass. (a) Representative microphotographs 

of H&E-stained pancreatic sections from Arrb2+/+ or Arrb2/ mice. (b) Islet number and (c) 

occupation of pancreatic section in Arrb2+/+ vs Arrb2/ pancreatic sections. (d) Distribution 

of islets according to their size (area) expressed as percentage of total islet number per 

pancreatic section in islets from Arrb2+/+ and Arrb2/ mice. (e) Representative 

immunofluorescence staining of insulin and glucagon from a pancreatic section. Nuclei have 

been labelled with DAPI. Quantification of beta and alpha cell number per islet (f) and beta 

cell size (g) within the islets from Arrb2+/+ vs Arrb2/ mice, using the calibrated ImageJ 

analysis program. *p<0.05 and **p<0.01 compared with Arrb2+/+ mice. White, Arrb2+/+; black, 

Arrb2/ 

 

Fig. 5 ARRB2 is involved in insulin signalling in mouse pancreatic islets. Freshly isolated 

islets were distributed in batches of 120–150, subjected to a 2 h quiescent period in 

bicarbonate KRB with 1.1 mmol/l glucose and then incubated with insulin (100 nmol/l) for 10 

min. Representative immunoblots show the comparative effects of insulin on phosphorylation 
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of Akt, FOXO1 and GSK3 in islets from Arrb2+/+ and Arrb2/ mice; the graphs illustrate the 

quantitative analysis of increase in protein phosphorylation over basal level by densitometry 

using ImageJ. Data are mean±SEM from three to four independent experiments from 15–20 

mice. **p<0.01 and ***p<0.001 compared with insulin treatment in Arrb2+/+ islets. White, 

Arrb2+/+; black, Arrb2/ 

 

Fig. 6 Arrb2/ mice are unable to compensate their beta cell mass under HFD conditions. 

Islet occupation (a) and number (b) in H&E-stained pancreatic sections from male Arrb2+/+ 

and Arrb2/ mice fed with ND or HFD from 8 weeks for 19 weeks. (c) Representative images 

of insulin and Ki67 immunofluorescence staining in pancreatic sections from male Arrb2+/+ 

mice fed with either standard ND or HFD. Ki67-positive nuclei in beta cells are indicated 

with arrowheads. (d) beta cell number and (e) beta cell size within the islets from Arrb2+/+ 

and Arrb2/ mice. (f) The beta cell mass was measured by multiplying the total area occupied 

by the insulin-positive cells in three pancreatic sections with the weight of the pancreas for 

each mouse. (g) Quantification of Ki67-positive beta cells expressed as percentage of beta 

cells per islet from Arrb2+/+ and Arrb2/ mice. Data are mean±SEM from four animals. 

*p<0.05 and ***p<0.001. White, Arrb2+/+; black, Arrb2/ 
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Fig S1. Genotyping and Arrb2 protein expression in Arrb2 +/+, Arrb2 +/- and Arrb2 -/- mice. 
(a) Mouse genotyping was performed by PCR using Arrb2WT-forward GATCAAAGCCCTCGATGATC 
(intron 2) and Arrb2KO-forward GCTAAAGCGCATGCTCCAGA (Neo), which are specific for wild type 
(WT)  and knockout (KO), respectively, and the primer Arrb2-reverse ACAGGGTCCACTTTGTCCA 
(exon 3) which is common for both WT and KO. Amplicon lenghts are 605 bp and 300 bp for  Arrb2+/+ and 
Arrb2 -/- alleles, respectively. (b) Representative immunoblots and quantitative analysis by densitometry 
using Image J, of Arrb2 protein from spleen of Arrb2+/+, Arrb2 +/- and Arrb2 -/- mice. 

0

1.0

+/+ +/-

β-
ar

r2
 (p

ro
te

in
 le

ve
l)

0.5

1.5

+/+ +/-MW

250

500
750

1000
1500
2000

10000

Arrb2

β-actin

+/+ +/- -/- +/+ +/- -/-

-/-



0

0.5

1.0

1.5

2.0

3.0

In
su

lin
 s

ec
re

tio
n 

(%
 o

f c
on

te
nt

)

Arrb2 +/+ Arrb2 -/-

Fig S3. Insulin secretion from Arrb2 -/- and Arrb2 +/+ incubated islets. After overnight culture, 
batches of 5 islets were preincubated for 45 min in 5.5 mmol/l glucose (G5.5) before being incubated 
for 60 min in 1.1 (G1.1), 5.5 (G5.5), 11.1 (G11.1) or 16.7 (G16.7) mmol/l glucose in the presence or absence 
of 20 nmol/l GLP-1, as indicated. 
**p<0.01, ***p<0.005. Data are mean ± SEM from 4 independent experiments and animals.
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Fig S2. In vivo characteristics of Arrb2-/- (white bars) and Arrb2+/+ (black bars) mice fed with either 
a ND or a HFD. (a) Weight gain after 19 weeks of diet. (b) Food intake monitored during 24h in metabolic 
cages after 17 weeks of diet. (c) Blood glucose levels were measured after an overnight fast (Fasted) or in a 
fed ad libitum animals (Fed) (d). (e) Measurement of plasma insulin in fed ad libitum mice. 
*p<0.05, **p<0.01, ***p<0.005. Data are mean ± SEM for 5 (a,b) or 8-13 (c-e) separate animals. 
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