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SUMMARY
Glucagon-like peptide 1 (GLP-1R) and glucose-dependent insulinotropic polypeptide (GIPR) receptors are
G-protein-coupled receptors involved in glucose homeostasis. Diabetogenic conditions decrease b-arrestin
2 (ARRB2) levels in human islets. In mouse b cells, ARRB2 dampens insulin secretion by partially uncoupling
cyclic AMP (cAMP)/protein kinase A (PKA) signaling at physiological doses of GLP-1, whereas at pharmaco-
logical doses, the activation of extracellular signal-related kinase (ERK)/cAMP-responsive element-binding
protein (CREB) requires ARRB2. In contrast, GIP-potentiated insulin secretion needs ARRB2 in mouse and
human islets. The GIPR-ARRB2 axis is not involved in cAMP/PKA or ERK signaling but does mediate GIP-
induced F-actin depolymerization. Finally, the dual GLP-1/GIP agonist tirzepatide does not require ARRB2
for the potentiation of insulin secretion. Thus, ARRB2 plays distinct roles in regulating GLP-1R and GIPR
signaling, and we highlight (1) its role in the physiological context and the possible functional consequences
of its decreased expression in pathological situations such as diabetes and (2) the importance of assessing
the signaling pathways engaged by the agonists (biased/dual) for therapeutic purposes.
INTRODUCTION

Following meal ingestion, the gut-derived incretin hormones

glucagon-like peptide 1 (GLP-1) and glucose-dependent insulino-

tropic polypeptide (GIP) are released by intestinal L and K cells,

respectively. They are called ‘‘incretins’’ because, after oral inges-

tionof glucose, their intestinal release is responsible for the greater

insulin secretion from pancreatic b cells compared with a similar

intravenous glucose infusion, which does not release GLP-1 or

GIP.1 The incretin effect accounts for 50%–70% of post-prandial

insulin secretion1,2 and is therefore crucial tomaintain glucose ho-

meostasis. Moreover, both hormones have been reported to pre-

serve the pancreaticb cellmass.3,4 In type 2diabetes (T2D), the in-

cretin pathway is disturbed with a decreased insulinotropic

response to GIP but not necessarily to GLP-1.1 In consequence,

current therapeutic strategies have focused on improving the

durability, efficacy, andactivityofGLP-1using stableGLP-1 rather

thanGIPagonists.Nevertheless, it hasbeen recently reconsidered

to combine both incretins into a single molecule (GLP-1/GIP

agonist) to benefit from the positive effects of each molecule on

the pancreas and other target tissues to elicit additional glycemic

and/or bodyweight controls.1,5,6 Because of its therapeutic rele-

vance, GLP-1 receptor (GLP-1R) has been studied more exten-
C
This is an open access article under the CC BY-N
sively than GIP receptor (GIPR), but the current availability of

dual GLP-1/GIP agonists for therapeutic purposes has under-

scored the importance of further characterizing GIPR signaling

along with GLP-1R signaling in native primary living cells.

GLP-1R and GIPR belong to the glucagon subfamily of class B

G-protein-coupled receptors (GPCRs) and are preferentially

positively coupled to Gas, yielding to cyclic AMP (cAMP) in-

crease, protein kinase A (PKA), and exchange protein directly

activated by cAMP 2 (EPAC2) activation.3,7 b-Arrestin 2

(ARRB2), a scaffold protein that interacts with a wide range of

GPCRs, is known to uncouple G-proteins from GPCRs but also

to recruit additional signaling pathways, such as the extracellular

signal-related kinase 1 and 2 (ERK1/2), phosphatidylinositol

3-kinase (PI3K), or focal adhesion kinase (FAK).8,9 Interestingly,

ARRB2hasbeen reported toplay important roles inmetabolic tis-

sues to regulate glucoseandenergyhomeostasis.10ARRB2 is re-

cruited uponGLP-1 stimulation11–13 to the GLP-1R14 in recombi-

nant clonal cell lines. ARRB2 downregulation has been reported

by Jones et al.13 to reduce GLP-1 induced insulin secretion from

clonalbcell lines13 andmore recently fromARRB2knockoutmice

(Arrb2�/�),15 with a minor role in GLP-1R internalization.15,16

Nevertheless, we17 and others18 found similar insulin secre-

tion in response to acute stimulation with pharmacological
ell Reports 42, 113326, November 28, 2023 ª 2023 The Authors. 1
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Figure 1. ARRB2 protein levels are decreased in human islets under

diabetogenic conditions

(A) Analysis of islet transcriptomic expression of GLP1R, GIPR, and ARRB2 in

subjects with T2D compared with non-diabetic (ND) subjects based on three

datasets (GEO: GSE76894 [https://tiger.bsc.es/; ND; n = 84 and T2D; n = 19],

GSE38642 [ND; n = 42 and T2D or hyperglycemic; HbA1c R 6%; n = 21], and

GSE20966 [ND; n = 10 and T2D; n = 10]). Data are mean ± SEM; adjusted p

values (multiple testing corrections).

(B and C) Isolated human islets were exposed for 72 h in control (5 mM glucose

[G5]) orglucolipotoxic (30mMglucose+0.5mMpalmitate [G30-Palm]) conditions.

(B) Quantification of mRNA levels by qRT-PCR of GCK (glucokinase), MAFB,

PCSK1, GLP1R, GIPR, and ARRB2, normalized to the geometric mean of the

expression levels of two housekeeping genes (ARP and L31). The dotted line

shows the normalized values for each gene in G5.

(C) Representative immunoblots of ARRB2, Cl. Casp-3 (cleaved caspase-3;

showing apoptosis induced by G30-Palm), and GAPDH (used as a loading

control) expression and quantitative analysis. Lanes of the immunoblots were

run on the same gel but were non-continuous (as indicated). Data are mean ±

SEM, n = 4–5 donors. *p < 0.05, **p < 0.01, ***p < 0.001 compared with G5.

Student’s t test.
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concentrations of GLP-1 (20–100 nM) in Arrb2+/+ and Arrb2�/�

mouse b cells. On the other hand, while the role of ARRB2 in b

cell protection byGLP-1 is not known,we and others have shown

thatwhole-bodyArrb2�/�micedisplay a reduced bcellmass and

a limited b cell mass expansion under metabolic stress.17,19

The interaction of ARRB2 with the GIPR is less clear. Early

studies have reported that GIP does induce ARRB2 recruitment
2 Cell Reports 42, 113326, November 28, 2023
to the GIPR in non-b cells,12,20,21 while recent studies have found

a crucial role of ARRB2 in trafficking and signaling of the

GIPR.16,22–24 Furthermore, only two studies with a limited num-

ber of experiments have evaluated the involvement of ARRB2

in the regulation of GIP-induced insulin secretion in clonal b

cell line16 and Arrb2�/� mice.15

To determine whether ARRB2 contributes to GLP-1R and

GIPR signaling in primary b cells to regulate glucose homeosta-

sis, we assessed the incretin effect in Arrb2�/� mice. In contrast

to most studies that have investigated GLP-1R and GIPR down-

stream signaling in transfected cell lines overexpressing the pro-

teins of interest (GLP-1R, GIPR, ARRBs, etc.),11,15,16 we studied

downstream signaling of GLP-1R and GIPR in native primary b

cells from Arrb2�/� mice. Because 1–10 pM GLP-1 has been re-

ported to be as effective as 1 nM GLP-1 in modulating electrical

activity25,26 and insulin secretion,25,26 we evaluated the impact

of physiological (<100 pM) and pharmacological (R100 pM–

10 nM) concentrations of GLP-1, the latter being measured after

Roux-en-Y gastric bypass surgery27 and in T2D patients treated

with GLP-1R agonists.28,29 Here we report a distinct role of

ARRB2 in GLP-1R and GIPR signaling in primary b cells and

therefore a specificity of action for two GPCRs belonging to the

class B glucagon subfamily. ARRB2 contributes to a partial

uncoupling of cAMP/PKA signaling in the physiological range

of GLP-1 and, consequently, reduced insulin secretion. On the

other hand, ARRB2 is also required for the recruitment of

ERK1/2 and the activation of the transcription factor cAMP-

responsive element-binding protein (CREB) induced by pharma-

cological doses of GLP-1. In contrast, ARRB2 plays a crucial role

inGIPpotentiation of insulin secretion independently from the ca-

nonical cAMP signaling (PKA and EPAC2) and the ERK1/2

pathway but through F-actin depolymerization. PI3Kg recruit-

ment and/or FAK activation are likely involved in that process.

Our study emphasizes the physiological role of ARRB2 and the

possible functional consequences of its decreased expression

in pathological situations. It also highlights the importance of

evaluating the signaling pathways engaged by different agonists

(biased or dual agonists) for future therapeutic purposes of tar-

geting GLP-1R and/or GIPR, taking into account the specific

and non-redundant roles of ARRB2.

RESULTS

Decreased ARRB2 protein levels in human islets under
diabetogenic conditions
Because subjects with T2D have an impaired insulinotropic

response to GIP but retain a response to GLP-1,1 islet transcrip-

tome data for GLP-1R and GIPR expression in T2D islets were

retrieved from three available datasets (TIGER resource [https://

tiger.bsc.es/]30 and GEO: GSE76894,31 GSE38642,32 and

GSE2096633). The analysis showed that GLP1R mRNA levels

are slightly decreased in two of three datasets compared with

non-diabetic controls (Figure 1A). GIPR mRNA levels are also

only slightly decreased in one of three datasets. In broad terms,

the expression of GLP-1R andGIPR, at themRNA level, does not

seem to be consistently altered in T2D. Additionally, the ARRB2

mRNA levels in T2D samples remained unchanged in all datasets

(Figure 1A). In human islets treated under glucolipotoxic

https://tiger.bsc.es/
https://tiger.bsc.es/
https://tiger.bsc.es/


A B

C D

FE

Figure 2. Arrb2�/� mice have an enhanced incretin effect that is

associated with increased insulin secretion in response to physio-

logical concentrations of GLP-1 despite a decreased insulin secre-

tion in response to GIP

(A) Blood glucose levels before and after oral glucose administration (oral

glucose tolerance test [OGTT]; 1.5 g/kg body weight). The inset shows blood

glucose values for each mouse 30 min after the oral glucose load.

(B) Plasma insulin levels before (0) and 20 min after glucose load during the

OGTT.

(C) Insulin secretion from isolated mouse islets in response to GLP-1 in the

presence of 8 mM glucose (G8).

(D) Insulin secretion in response to 10 pMGLP-1 frommouse islets expressing

either GFP (control) or ARRB2-GFP.

(E) Insulin secretion from isolated islets in response to GIP in the presence of G8.

(F) Insulin secretion in response to 10 nM GIP in islets expressing either GFP

(control) or ARRB2-GFP.

Data are means ± SEM for 11–12 (A and B), 6–8 (C), 4–5 (D), 6 (E), and 4

(F) mice. *p < 0.05, **p < 0.01. One-way ANOVA (C and E) or two-way ANOVA

(A, B, D, and F) followed by Sidak’s post test.
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conditions (30 mM glucose + 0.5 mM palmitate [G30-Palm]),

mimicking the diabetic environment, GLP1R, GIPR, and

ARRB2 mRNA expression levels were not altered (Figure 1B),

while decreased MAFB and increased PCSK1 mRNA levels

were observed (Figure 1B), as expected.34 However, despite

similar mRNA levels, ARRB2 protein expression was significantly

decreased by 20% under glucolipotoxic conditions (Figure 1C).

This is consistent with previous reports showing that ARRB2 pro-

tein expression is reduced in metabolic tissues (such as adipose

tissue, liver, and muscle),35 in islets36 from diabetic35,36 mice or

mice maintained on a high-fat diet,35,36 and in liver samples

from human subjects with T2D.35 All of these results indicate

that ARRB2 protein expression is broadly decreased in the

context of metabolic disease.

Improved incretin effect in Arrb2�/� mouse and higher
insulin secretion upon physiological concentrations of
GLP-1 from Arrb2�/� pancreatic islets
To investigate the impact of the absence of ARRB2, whole-body

Arrb2�/� mice were used. We17 and others35 have previously

reported an impairment in glucose tolerance and altered insulin

secretion in Arrb2�/� mice when glucose was injected intraper-

itoneally and a similar sensitivity to insulin15,17 in Arrb2+/+ and

Arrb2�/� mice. Here we further report that, in contrast to intra-

peritoneally injected glucose, Arrb2�/� mice displayed better

glucose tolerance 30 min after oral administration of the sugar

compared with Arrb2+/+ mice (Figure 2A and inset). This was

concomitant with higher plasma insulin levels (Figure 2B). By

contrast, plasma levels of active GIP (Figure S1A) and glucagon

(Figure S1B) were similar in Arrb2+/+ andArrb2�/�mice, whereas

active GLP-1 levels could not be measured. These results sug-

gest that Arrb2�/� mice have a slightly enhanced incretin effect.

To determine whether the increased plasma insulin concentra-

tion during the oral glucose tolerance test in Arrb2�/� mice

was related to an improvement of the GLP-1R and/or GIPR

signaling in pancreatic b cells, pancreatic islets were isolated

from Arrb2+/+ and Arrb2�/� mice. Insulin secretion was aug-

mented 6-fold in response to 8 mM glucose compared with a

non-stimulatory glucose concentration (G3) and similarly in

Arrb2+/+ and Arrb2�/� islets (Figure S2A). By contrast, insulin

secretion was greater in response to physiological circulating

concentrations of GLP-1 (1–10 pM) (Figures 2C and S2E) in

Arrb2�/� compared with Arrb2+/+ islets, while no differences

were observed upon pharmacological concentrations (R100

pM–10 nM) (Figures 2C and S2E). In Arrb2+/+ b cells, overex-

pressing ARRB2 (ARRB2-GFP) affected neither islet insulin con-

tent (Figure S2B) nor insulin secretion in response to 8 mM

glucose or in response to 10 pMGLP-1 (Figure S2C). In contrast,

reintroducing ARRB2 (ARRB2-GFP) into Arrb2�/� islet b cells

restored insulin secretion to levels similar to those in Arrb2+/+ is-

lets in response to 10 pM GLP-1 (Figures 2D and S2C), showing

that this effect is due to ARRB2. GIP was only effective from 100

pM (Figure 2E), which is not surprising because circulating con-

centrations of GIP37,38 are considered to be slightly higher than

those of GLP-1,37,38 and it has already been reported that b cells

respond to doses of GLP-1 lower than GIP.39 Unexpectedly,

in contrast to GLP-1, GIP-potentiated insulin secretion was

blunted in Arrb2�/� islets (Figures 2E and S2E), while the dual
Cell Reports 42, 113326, November 28, 2023 3
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GLP1R/GIPR agonist tirzepatide (TZP)6,40 induced similar insulin

secretion from Arrb2+/+ and Arrb2�/� islets (Figure S2E).

Again, reintroducing ARRB2 (ARRB2-GFP) in Arrb2�/� islets

restored insulin secretion (Figures 2F andS2D). Of note, the exper-

iments were performed under 8 mM glucose, which is close to the

fed blood glucose concentration inArrb2+/+mice (8.39± 0.67mM,

n = 10), but similar resultswere observedwith 15mMglucose (Fig-

ure S2F), a concentration that is reached during the oral glucose

tolerance test. Although not significant, the response to 10 pM

GLP-1 in Arrb2�/� islets showed a tendency to be increased (Fig-

ure S2F). Overall, our results indicate that the better oral glucose

tolerance of Arrb2�/� mice is associated with increased insulin

secretion in vivo, which might be partly caused by an improved in-

sulinotropic response to GLP-1 from pancreatic b cells.

Increased cAMP production, PKA activation, and [Ca2+]c
changes upon physiological concentrations of GLP-1 in
Arrb2�/� mouse b cells
Next, we investigated the contribution of ARRB2 to GLP-1R

signaling by measuring cAMP production and the resulting acti-

vation of PKA and EPAC2 recruitment underneath the plasma

membrane in living mouse b cells. Physiological concentrations

of GLP-1 (<100 pM) induced significantly higher cAMP produc-

tion (Figures 3A and 3D) and PKA activity (Figures 3B, 3C, 3E,

and 3F) in Arrb2�/� compared with Arrb2+/+ b cells, while no dif-

ferences were observed upon pharmacological (R100 pM) con-

centrations (Figures 3A, 3C, 3D, 3F, S3A, and S3B). By contrast,

EPAC2 was not recruited underneath the plasma membrane in

response to 10 pM GLP-1 (Figures 3G and 3I), while 10 nM

GLP-1 recruited EPAC2 similarly in Arrb2�/� and in Arrb2+/+ b

cells (Figures 3H and 3I).

GLP-1 is known to exert a depolarizing effect on the electrical

activity, partly through the closure of KATP channels but also

through an increase of a background inward Na+ current carried

by TRPM4 and TRPM5 channels.25 Upon 10 pM GLP-1, we

observed no significant impact on [Ca2+]c oscillation frequencies

(Figures 4A, 4B, 4D, and 4E) and mean levels (Figure 4F) in

Arrb2+/+ b cells compared with 8 mM glucose alone, while

[Ca2+]c oscillation frequencies (Figures 4C–4E) and mean [Ca2+]c
levels (Figure 4F) were significantly increased in Arrb2�/� b cells.

By contrast, pharmacological concentrations of GLP-1 induced

similar [Ca2+]c oscillation frequency changes and mean levels in

Arrb2+/+ and Arrb2�/� b cells (Figures 4E and 4F).

Taken together, these results show that the higher insulin

release induced by physiological concentrations of GLP-1 in

the absence of ARRB2 is associated with a greater cAMP pro-

duction, PKA activity, and [Ca2+]c changes without any contribu-

tion of EPAC2 recruitment.

Similar diacylglycerol levels upon physiological
concentrations of GLP-1 inArrb2�/� and Arrb2+/+ mouse
b cells
Physiological concentrations of GLP-1 have been reported to

involve Gaq signaling, resulting in increased diacylglycerol

(DAG) levels and protein kinase C (PKC) activation.25 The addi-

tion of 10 pM GLP-1 increased DAG levels (p < 0.05) similarly

in Arrb2+/+ and Arrb2�/� b cells (Figure S4A), but GLP-1 was

less potent than the muscarinic agonist acetylcholine (Fig-
4 Cell Reports 42, 113326, November 28, 2023
ure S4A). Surprisingly, in contrast to acetylcholine, the increase

in DAG levels upon GLP-1 stimulation was neither followed by

Ca2+ release from the endoplasmic reticulum ([Ca2+]ER) (Fig-

ures S4B and S4C), which could reflect inositol 1,4,5 triphos-

phate production, nor by the recruitment of PKCbII to the plasma

membrane (Figures S4D and S4E). Thus, ARRB2 is not involved

in the production of DAG in response to GLP-1, and GLP-1 does

not trigger PKCbII activation.

ARRB2 is required for full activation of ERK1/2 and
CREB upon pharmacological GLP-1 stimulation
ARRB2 is known as a scaffold protein that recruits additional

signaling pathways to the activated GPCR, such as ERK1/2.

ERK1/2 are activated by GLP-1,11 but the involvement of

ARRB2 in activating ERK1/2 upon GLP-1 stimulation11 is still un-

clear in mouse b cells. We observed that ERK1/2 activation, as-

sessed by immunocytochemistry,41 was significantly increased

by physiological concentration of GLP-1 (10 pM; 1.90 ± 0.06-

fold of 8 mM glucose (G8) in Arrb2+/+ b-cells; p < 0.05 compared

with G8) but to the same extent in Arrb2+/+ and Arrb2�/� b cells

(1.90 ± 0.06 vs. 1.46 ± 0.20-fold of G8; respectively; not signifi-

cant) (Figures 5A and 5B). By contrast, ERK1/2 activation was

significantly reduced in Arrb2�/� b cells in response to pharma-

cological concentrations of GLP-1 (1–10 nM; Figures 5A and 5B).

This was restored/reinforced when ARRB2 (ARRB2-GFP) was

reintroduced in Arrb2�/� b cells (Figures 5C and 5D). Cytosolic

ERK1/2 activity, evaluated in living b cells using the fluorescence

resonance energy transfer (FRET)-based sensor cytoEKAR,41

was less sustained upon physiological concentrations of

GLP-1 versus sustained upon pharmacological concentrations

(Figures 5E and 5F). Consistent with immunocytochemistry ex-

periments, ERK1/2 activity was only reduced in response to

pharmacological concentrations of GLP-1 inArrb2�/� compared

with Arrb2+/+ b cells (Figures 5E and 5F). Overall, these results

indicate that ARRB2 is required for full activity of ERK1/2 only

in response to pharmacological concentrations of GLP-1.

CREB is mainly phosphorylated at Ser133 by PKA but also by

MSK1 and p90RSK, two direct targets of ERK1/2.41 Only phar-

macological doses (1–10 nM) of GLP-1 increased nuclear

CREB phosphorylation in Arrb2+/+ b cells (Figures 5G and 5H),

and this effect was abrogated in Arrb2�/� b cells (Figures 5G

and 5H). These results indicate that ARRB2 is essential for full

activation of ERK1/2 and CREB by pharmacological concentra-

tions of GLP-1.

ARRB2 is required for proper insulin secretion in
response to GIP through actin depolymerization, PI3Kg,
and FAK activation
Although GLP-1 and GIP act through Gas-coupled class B

GPCRs, the deletion of Arrb2 exerts opposite effects on insulin

secretion. Indeed, ARRB2 is required for GIP potentiation of in-

sulin secretion in mouse islets (Figures 2E, 2F, and S2D–S2F).

To determine whether ARRB2 is also involved in humans,

ARRB2 expression was downregulated in human islets using ad-

enovirally transduced short hairpin RNA (shRNA) (Figures 6A and

6B). A decrease in ARRB2 expression by 20% (Figure 6B) signif-

icantly reduced insulin secretion from human islets in response

to GIP but not to GLP-1 (Figure 6C). Moreover, although not
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Figure 3. cAMP production and PKA activation, but not EPAC2 recruitment, are further increased in response to physiological concentra-

tions of GLP-1 in Arrb2�/� mouse b cells

(A–I) GLP-1 concentrations were increased in the presence of G8, as indicated. Traces were normalized to forskolin (Fk; 1 mM)which directly stimulates adenylate

cyclase and maximally increases cAMP production. Please note that cAMP production was only measured from 10 pM (and not at 0.1–1 pM) GLP-1 because of

the small ratio variationsmeasuredwith the EPAC2B-camps probe (low sensitivity) comparedwith thosemeasured for PKA activity with the AKAR3 probe. Shown

are measurements of cAMP production (A and D), PKA activity (B, C, E, and F) and EPAC2 recruitment beneath the plasma membrane by total internal reflection

fluorescence (TIRF) microscopy in dispersed islet cells (G–I). The blue line is without the addition of GLP-1; Arrb2+/+. Shown in (D)–(F) is quantifications of cAMP

production and PKA activity from (A)–(C). Data are means ± SEM for 4 mice (20 cells, A); 5 mice (44–55 cells, B and C), and 4–5 mice (17–25 cells, G and H).

*p < 0.05, **p < 0.01 compared with Arrb2+/+. One-way ANOVA followed by Sidak’s post test.
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significant (p = 0.1008), insulin secretion in response to the dual

GLP-1R/GIPR agonist TZP was still diminished in 3 of 4 batches

of human islets when ARRB2 expression was reduced

(Figure 6C).

To further investigate themolecular mechanisms involved in the

alteration of insulin secretion in response to GIP, islet cells from

Arrb2�/� mice were used. Unexpectedly, upon GIP stimulation,

cAMP production (Figure 6D), PKA activity (Figures 6E, S5E),

EPAC2 recruitment underneath the plasmamembrane (Figure 6F),

Ca2+ signaling (Figures S5A–S5D, S5F, and S5G), and ERK1/2 ac-
tivity (Figure 6G) were similar in Arrb2+/+ and Arrb2�/� mouse b

cells. Additionally, GIP did not trigger PKCbII recruitment under-

neath the plasmamembrane (Figure S5H). In summary, the reduc-

tion of GIP-potentiated insulin secretion in the absence of ARRB2

is not the result of an impairment in cAMP production, recruitment

of PKA, EPAC2, or ERK1/2 or changes in [Ca2+].

In parallel to the canonical cAMP pathway, PI3Kg signaling

has been reported to be required for GIP- but not GLP-1-depen-

dent actin depolymerization and insulin secretion.42 We

observed similar F-actin depolymerization, attested by a lower
Cell Reports 42, 113326, November 28, 2023 5
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Figure 4. [Ca2+]c frequencies and mean levels are increased in

response to physiological concentrations of GLP-1 in Arrb2�/�

b cells

(A–C) GLP-1 concentrations were increased in the presence of G8, as indi-

cated. Representative individual [Ca2+]c traces were measured in Arrb2+/+ (A

and B, two independent experiments) and Arrb2�/� (C) dispersed islet cells.

(D) [Ca2+]c oscillation frequencies in the absence and presence of 10 pM

GLP-1 (from A–C).

(E and F)Mean [Ca2+]c oscillation frequencies (E) and levels (F) quantified in the

absence (0–10 min) or presence of GLP-1 (15–25 min, 30–40 min, and 45–

55 min, respectively).

Note that [Ca2+]c oscillation frequencies were not quantified at 1 nM GLP-1

because most of the clusters displayed a mixed pattern with fast oscillations

superimposed on slow oscillations (A) or a sustained elevated level (data not

shown). Data are representative traces (A–C) and means ± SEM (D–F) for 4–6

mice (15–20 clusters of cells). *p < 0.05, **p < 0.01. One-way ANOVA for

repeated measures followed by Tukey’s post test.
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peak fluorescence intensity at the plasma membrane, upon 10

pM and 10 nM GLP-1 in Arrb2+/+ and Arrb2�/� b cells

(Figures 7A and 7B). By contrast, a significant reduction of

F-actin depolymerization upon 10 nM GIP was observed in

Arrb2�/� compared with Arrb2+/+ b cells (Figures 7A and 7B).

As reported previously,42 a PI3Kg inhibitor (AS604850, 1 mM)

reduced F-actin depolymerization upon GIP but not GLP-1 stim-
6 Cell Reports 42, 113326, November 28, 2023
ulation in Arrb2+/+ b cells (Figure 7C). No supplementary effects

were observed upon PI3Kg inhibition in Arrb2�/� b cells (Fig-

ure 7C), indicating that ARRB2 and PI3Kg likely share a common

signaling pathway leading to actin depolymerization upon GIP

stimulation. Furthermore, it has been reported that FAK is

required for remodeling of the actin cytoskeleton for proper insu-

lin secretion.43 Additionally, FAK has been shown to form a com-

plex with ARRB2 to be recruited to GPCRs, allowing its subse-

quent activation by G-proteins.8 GLP-1 and GIP induced FAK

activation in Arrb2+/+ b cells (Figures 7E and 7F), which was

reduced in Arrb2�/� b cells upon GIP but not GLP-1 stimulation

(Figures 7E and 7F). The phosphorylation of Paxillin, a FAK-inter-

acting protein localized to focal adhesions that mediates the

reorganization of the cytoskeleton, was also increased in

response to GLP-1 and GIP in Arrb2+/+ b cells (Figure S6). Similar

to FAK, Paxillin activation was reduced in Arrb2�/� b cells upon

GIP but not GLP-1 stimulation (Figure S6). Finally, inhibiting

ARRB/b2-adaptin interaction with barbadin8 abrogated FAK

and Paxillin activation in Arrb2+/+ b cells (Figures 7F, S6) and

significantly decreased F-actin depolymerization upon GIP but

not GLP-1 stimulation (Figure 7D), indicating the involvement

of the ARRB/FAK/Paxillin complex in the depolymerization of

F-actin upon GIP stimulation. In summary, ARRB2 is essential

for F-actin depolymerization upon GIP but not GLP-1 stimula-

tion, and the identified mechanisms involved PI3Kg signaling

and FAK/Paxillin activation.

DISCUSSION

ARRB2 has been reported to play an important role in the regu-

lation of glucose and energy homeostasis in metabolic tissues

using mice in which the Arrb2 gene has been inactivated in the

whole organism17,35 or conditionally in adipocytes,44 hepato-

cytes,45 and b cells.15,18 This latter strategy is necessary to

discriminate the role of ARRB2 in each tissue because of the dif-

ficulty of interpreting the metabolic phenotype in vivo or to

dissect the potential role of ARRB2 in b cells in vitro in a mixed

organ such as pancreatic islets. Nevertheless, one could also

object that ARRB2 expression is broadly decreased in the

context of metabolic diseases,18,35,45 and therefore whole-

body inactivation of the Arrb2 gene might also better reflect

physiopathological situations. In this study, we used whole-

body inactivation of the Arrb2 gene and assessed its impact on

pancreatic b cell physiology in response to GLP-1 and GIP.

We report that ARRB2 plays a distinct role in regulating GLP-

1R and GIPR signaling in b cells and thus highlight (1) its speci-

ficity of action for two GPCRs belonging to the class B GPCR

positively coupled to cAMP production, (2) its importance in

the physiological context, and (3) its potential relevance in the

pathological context that should be considered for therapeutics.

Arrb2�/� mice display an improved incretin effect compared

with Arrb2+/+ mice. This is likely attributable to increased GLP-

1R signaling, evidenced by enhanced cAMP/PKA/insulin secre-

tion at physiological doses of GLP-1, whereas insulin secretion in

response to GIP is reduced in Arrb2�/� b cells. These results

were unexpected because GIP is thought to be responsible for

the majority of the incretin effect,1 but the improvement of

GLP-1R signaling very likely compensated for this defect to a
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Figure 5. ARRB2 is required for GLP-1-induced full activation and

activity of ERK1/2 and CREB

(A–D) Representative immunocytochemistry images of the phosphorylated

form of ERK1/2 (p-ERK1/2) representing ERK1/2 activation in dispersed islet
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greater extent. ARRB2 partially uncouples the GLP-1R for cAMP

production, PKA activation, [Ca2+]c changes, and finally insulin

secretion upon physiologically relevant concentrations (<100

pM) but not upon pharmacological concentrations (R100 pM)

of GLP-1, as already reported for the latter.17,18 By contrast, a

recent study has reported decreased cAMP production/insulin

secretion in response to pharmacological doses of a GLP-1

agonist (exendin 4) in Arrb2�/� mouse b cells,15 while the impact

of physiological doses was not investigated. The authors have

reported that this effect was potentially mediated by compensa-

tory b-arrestin 1 binding in the absence of ARRB2. Whether this

effect is specific to their mouse colony needs to be determined

because this effect was not observed in two other independent

colonies.17,18 Additionally, we observed that, with pharmacolog-

ical concentrations of GLP-1, the activation of ERK1/2 andCREB

requires ARRB2, which is in agreement with a recent report for a

clonal b cell line.15 The differential cellular output related to

different concentrations of agonists has already been reported

for other GPCRs46 and for GLP-1 in mouse b cells with low

versus high concentrations activating PKC and PKA, respec-

tively.25 It has also been reported in human adipocytes, where pi-

comolar GLP-1 promoted lipogenesis, whereas nanomolar

GLP-1 induced lipolysis.47 Nevertheless, the contribution of

ARRB2 was not addressed in this context. The plasma concen-

tration of biologically active GLP-1 is in the picomolar range and

does not increase beyond 10–60 pM even after meal inges-

tion,27,37,38 or in T2D patients treated with a dipeptidylpeptidase

IV inhibitor.38 By contrast, pharmacological doses (>100 pM)

could be measured after Roux-en-Y gastric bypass surgery27

and in T2D patients treated with GLP-1R agonists.28,29

Because decreased expression of ARRB2 has been observed

in diabetogenic situations (our study and previous studies18,36),

the differential effects of physiological versus pharmacological

doses of GLP-1 may therefore have functional consequences

depending on the metabolic state. Additionally, despite clear

cAMP production and PKA activation with physiological concen-

trations of GLP-1, EPAC2 is recruited beneath the plasma mem-

brane only upon pharmacological activation of GLP-1R, which is

consistent with the report that EPAC2 has a lower affinity for

cAMP than PKA. This indicates that PKA, rather than EPAC2,

is involved in GLP-1-induced insulin secretion after a meal.
cells (A andC) and quantitative analysis (B andD). Cells were in the presence of

G8 and in the absence or presence of GLP-1. Panels showing green fluo-

rescnce intensity are insulin immunoreactivity (A), GFP-expressing (C), or

ARRB2-GFP-expressing (C) cells, as indicated. Only cells expressing insulin,

GFP, or ARRB2-GFP were analyzed. For clarity, only images without GLP-1

and with 10 nM GLP-1 are shown.

(E and F) Measurements in dispersed islet cells of ERK1/2 activity, using the

EKAR probe, in response to 10 pM (E) or 10 nM (F) GLP-1 in the presence of

G8. Insets illustrate the AUC (5–30 min) for each individual mouse, one dot

being the average of 7–13 cells from the same mouse.

(G andH) Representative immunocytochemistry images of the phosphorylated

form of CREB (p-CREB) (G) in dispersed islet cells and quantitative analysis

(H). Only cells expressing insulin were analyzed.

Scale bars, 5 mm. Data aremean ±SEM, n = 4mice (B and D), n = 5mice (E and

F), and n = 6 mice (G and H). *p < 0.05, **p < 0.01, ***p < 0.001 compared with

Arrb2+/+ (B, F, and H) or Arrb2�/� expressing GFP (D). Student’s t test (F) or

one-way ANOVA followed by Sidak’s post test (B, D, and H).
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Figure 6. In response to GIP, ARRB2 is required for insulin secretion

but not for cAMP and ERK1/2 signaling pathways

(A–C) Human islets were adenovirally transduced with mCherry-Scr-shRNA

(scramble) and mCherry-hARRB2-shRNA.

(A) Representative images of mCherry expression in human islets, showing the

efficacy of infection with each adenovirus. Scale bars, 100 mm.

(B) Representative immunoblots of ARRB2, Cl. Casp-3 (showing apoptosis),

and GAPDH (used as a loading control) expression and quantitative analysis.

(C) Insulin secretion from human islets in response to GIP (10 nM), GLP-1

(10 nM), or TZP (10 nM) as indicated, in the presence of 6 mM glucose (G6).

Data are mean ± SEM, n = 4 donors identified by colored lines. **p < 0.01

compared with Scr. Paired Student’s t test.

(D–G) GIP was added in the presence of G8, and measurements were per-

formed in dispersed mouse islet cells. Traces have been normalized to Fk

(1 mM), which directly stimulates the adenylate cyclase and maximally in-

creases cAMP production. Shown are measurements of cAMP production (D),

PKA activation (E), EPAC2 recruitment beneath the plasmamembrane by TIRF

microscopy (F; the blue line is without GIP), and ERK1/2 activity (G) in

dispersed islet cells.

Data are means ± SEM for 4 mice (22 cells, D), 5–6 mice (50 cells, E), and 4

mice (25–30 cells, F and G).
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We did not explore the molecular mechanisms involved in the

partial uncoupling of GLP-1R by ARRB2 for low concentrations

of GLP-1, but two types of conformations of GPCR/ARRBs com-

plexes have been reported for class B GPCRs with either ARRBs

primarily coupled to the C-terminal tail of the receptor (tail

conformation) or ARRBs further engaged within the receptor

transmembrane core (core conformation).48 In contrast to the

core conformation that uncouples the GPCR from the G protein,

the tail conformation allows G protein signaling in addition to the

recruitment of ARRBs in internalized GPCRs.48 Whether a similar

mechanism applies to GLP-1R depending on the concentration

of GLP-1 is an open question, but few studies have shown a

beneficial effect of GLP-1R internalization that was associated

with a maximal amount of cAMP production,11,12,49 while others

have shown a greater insulin release when GLP-1R was retained

at the plasma membrane.13 The biological reason for this partial

uncoupling at physiological GLP-1 concentrations is unclear, but

it could be argued that this desensitization is a protective mech-

anism for b cells to not release insulin when the insulin demand is

low. Indeed, GLP-1R may be constitutively active,50 and the

presence of GLP-1 in surrounding a cells and the possibility of

GLP-1R activation by glucagonmay also be responsible, at least

in part, for GLP-1R activation in the basal state.50–52

Furthermore, GLP-1 has dual effects in b cells: stimulation of in-

sulin secretion andaprotective role inbcell survival andbcellmass

in situationsof cellular stress.4 Indeed,GLP-1Ractivation hasbeen

reported to trigger the transcription of genes involved in prolifera-

tion or that display anti-apoptotic and/or anti-inflammatory activ-

ity.4 One protein involved in GLP-1-induced b cell protection is

CREB.4,53 Here we report that only pharmacological concentra-

tions of GLP-1 significantly activated CREB and that this effect

is largely dependent on ARRB2. This was surprising because

CREB was primarily found to be phosphorylated at S133 by PKA,

which is similarly activated in Arrb2+/+ and Arrb2�/� b cells upon

pharmacological GLP-1 stimulation. Nevertheless, CREB

is also activated by MSK141 and p90RSK,41 two direct targets of

ERK1/2 in the cytoplasm. When activated by ERK1/2, MSK1

and p90RSK may, in turn, phosphorylate nuclear targets such
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Figure 7. ARRB2 is required forF-actindepolymerizationandFAKactivation in response toGIPandseems toshareacommonpathwaywithPI3Kg
(A) Representative images of dispersedmouse b cells incubated for 20min in the absence or presence of GLP-1 or GIP, as indicated. Cells were stained for insulin

(red), F-actin (green), and DAPI (blue). Intensity line scans for F-actin staining are shown at the bottom.

(B) Quantifications of average peak F-actin intensities from (A).

(C) Same as (B) except that b cells were pre-incubated for 2 h with a PI3Kg inhibitor (1 mM AS604850) before being stimulated with GLP-1 and GIP.

(D) Same as (B) except that b cells were pre-incubated for 15 min with 30 mM barbadin before being stimulated with GLP-1 and GIP.

(E) Representative immunocytochemistry images of the phosphorylated form of FAK (p-FAK) at Tyr397 in dispersed islet cells. Insulin staining, to identify b cells,

was also performed but was not imaged because the focal plane used did not ensure an appropriate focus for insulin (STAR Methods).

(F) Quantitative analysis of (E). Cells were in the presence of G8 in the absence or presence of GLP-1.

Scale bars, 5 mm. Data are mean ± SEM, n = 4–6 mice, one dot being the average of 40–50 cells from the same mouse. **p < 0.01, ***p < 0.001. One-way ANOVA

followed by Sidak’s post test.
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as CREB. Therefore, decreased cytosolic ERK1/2 activity in

Arrb2�/� b cells may be responsible for decreased CREB activa-

tion, as also reported forArrb2�/� cystic fibrosis cells.54 One could

askwhat impact deregulation of CREBactivationmay have. b cell-

specific ablation of CREB in adult mice did not produce a major

phenotype in vivo or on b cell mass unless the mice/islets were

challenged with a high-fat diet or with a cocktail of cytokines,53

respectively. We have reported previously17 that Arrb2�/� mice

had lower islet insulin content, decreased Ins2 mRNA levels, and

reduced b cell mass and plasticity on a high-fat diet associated

with reduced proliferation. Furthermore, we observed an alteration

of the insulin signalingpathway in islets in the absenceof ARRB2.17

Considering that ERK1/2 are involved in insulin gene expression55

and that CREB induces the expression of IRS2,56 an insulin

signaling component involved inb cell survival, the reduced activa-

tion of ERK1/2 and CREB could potentially contribute, at least

in part, to the deregulation of the b cell mass plasticity in Arrb2�/�

mice.

Surprisingly, we observed that the contribution of ARRB2

to GIPR signaling was distinct from that of GLP-1R because

ARRB2 is required for GIP potentiation of insulin secretion

through F-actin depolymerization. Indeed, F-actin can act as a

barrier by limiting insulin granule fusion with the plasma mem-

brane. ARRB2 has been reported to interact with numerous pro-

teins involved in cytoskeleton remodeling57,58 and in actin reor-

ganization.9,58 ARRBs have also been reported to interact with

and/or regulate the activity of members of the Rho family guano-

sine triphosphatases (GTPases) RhoA/Rac1/Cdc42,59,60 with

Rac1 and Cdc42 being involved in insulin granule trafficking

and cytoskeletal rearrangement in b cells.61 PI3Kg, which is

required for GIP- but not GLP-1-dependent insulin secretion via

Rac1 activation42 and actin depolymerization,42 is also likely

involved in this phenomenon. PI3Kg, the only type 1B PI3K iso-

form, is activated by G-protein bg subunits, whereas the most

studied PI3Ks (type 1A) are activated through tyrosine kinase re-

ceptors. Nevertheless, while type1A PI3Ks interact with and are

regulated by ARRBs,9 the interaction/regulation of PI3Kg by

ARRBs has not yet been studied. We further report that ARRB2

is also involved in the activation of FAK and Paxillin in b cells

upon GIP stimulation. FAK can regulate insulin secretion through

actin remodeling43,62 and granule trafficking62 and has been re-

ported to form a complexwith ARRB2 to be recruited toGPCRs.8

Additionally, inhibiting ARRB/b2-adaptin interaction with barba-

din8 abrogated FAK and Paxillin activation and decreased

F-actin depolymerization upon GIP stimulation. Altogether, our

data support the involvement of the ARRB2/FAK/Paxillin com-

plex in the depolymerization of actin upon GIP stimulation.

Furthermore, PI3K has also been reported to regulate FAK activ-

ity,63,64 and some ARRB2 partners are also FAK partners (Src,

mitogen-activated protein kinase [MAPK], PI3K, cytoskeleton

proteins, etc.).57 There are thus many points of molecular and

functional convergence between ARRB2, PI3K, and FAK at the

level of GPCRs, subcellular locations, partners, and associated

signaling pathways/cellular processes.

Interestingly, the insulinotropic effect of the dual GLP-1/GIP

agonist TZP does not require ARRB2 in mouse and human islets.

Nevertheless, in human islets, it should be noted that, although

not significant, the response to TZP is still lower in three of the
10 Cell Reports 42, 113326, November 28, 2023
four hARRB2-downregulated batches. This discrepancy in the

effect of TZP in mouse versus human islets is consistent with

the fact that TZP, which is imbalanced in favor of GIPR6,40 in hu-

mans, has reduced potency in mice on GIPR favoring GLP-1R6.

In T2D, the incretin pathway is disturbedwith a decreased insu-

linotropic response to GIP but not necessarily to GLP-1.1 GLP1R

mRNA levels are decreased to some extent in T2D.31,32 Despite

decreasedGlp1rmRNA levels in islets frommetabolically stressed

ordiabetic rodents,65–67GLP-1Rproteinexpression isunaltered.67

This indicates that caution should be used when interpreting data

for mRNA levels because they do not necessarily reflect protein

expression.67,68 In T2D, GIPR mRNA levels are barely affe-

cted,31–33 while the GIPR protein level is uncertain because of a

lack of suitable antibodies. ARRB2 protein expression is de-

creased in human islets treated under glucolipotoxic conditions.

It is therefore tempting to speculate that decreased expression

of ARRB2 in diabetic situations could contribute at least in part

to the defect of insulin secretion in response to GIP in T2D.

Although GIP has been reported to play a role in b cell protec-

tion,3,69 ARRB2 through ERK1/2 signaling does not seem to be

involved because we observed similar ERK1/2 activity in

Arrb2+/+ and Arrb2�/� b cells. This is in agreement with a study

reporting that ARRBs are not implicated in ERK1/2 recruitment

upon GIP stimulation in HEK293 cells.16 Therefore, other mech-

anisms should be involved in the b cell-protective role of GIP.

Finally, Gipr and Arrb2 mRNA levels are expressed equally in

rodent a and b cells70,71, and glucagon released from a cells

may act in a paracrine fashion on b cell GLP-1R.72–74 One could

imagine an indirect effect of GIP on a cells to regulate b cells. If

we cannot exclude such a possibility, we believe that the major-

ity of the effects that we observed with GIP are directly on GIPR

in b cells. Indeed, (1) our experiments were performed with 8 mM

glucose without a mixture of amino acids, and therefore glu-

cagon secretion is not stimulated; (2) upon GIP stimulation, b

cell signaling is distinct from that observed with GLP-1; (3)

when ARRB2 was re-expressed in Arrb2�/� islets, it mostly

occurred in b cells (STAR Methods and as reported for other ad-

enoviruses41) and restored insulin secretion in response toGIP to

similar levels than those from Arrb2+/+ islets.

Conclusion
In conclusion, although GLP-1R has been studied more exten-

sively than GIPR because of its therapeutic relevance, there is

a renewed interest in GIPR, which has recently been proposed

for therapeutic purposes as a dual and/or tri-agonist with

GLP-1 and glucagon, respectively. We report that ARRB2 plays

a distinct role in regulating GLP-1R and GIPR signaling in b cells,

thus highlight the importance of evaluating the signaling path-

ways engaged by different agonists (biased or dual agonists)

for future therapeutic purposes, taking into account the specific

and non-redundant role of ARRB2. Indeed, the insulinotropic ef-

fect of the imbalanced dual GLP-1/GIP agonist TZP6,40 was not

dependent on ARRB2 expression. Our data report the possible

functional consequences of decreased ARRB2 protein expres-

sion in pathological situations that should also be considered.

The ability of manyGPCRs to respond to ultralow concentrations

of ligand suggests that a better understanding of this sensitivity

is necessary for future research and drug discovery.
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Limitations of the study
A limitation of this study is that the improvement of the incretin

effect observed in vivo in Arrb2�/� mice could not be directly

correlated with the enhanced insulin secretion in vitro in

response to physiological concentrations of GLP-1. Because

the Arrb2 gene was inactivated in the whole organism and not

conditionally in b cells, it is still possible that the enhanced incre-

tin effect may be due to the absence of ARRB2 in cells other than

pancreatic b cells. More in vivo studies and use of Arrb2�/� mice

in which Arrb2 is specifically inactivated in b cells would be

needed.

Another limitation is that the majority of experiments were per-

formedwithmouse islet cells.AlthoughdecreasedARRB2expres-

sion in human islets led to decreased insulin secretion in response

to GIP, the underlying molecular mechanisms could not be inves-

tigated. Furthermore, while ARRB2 expression at the protein level

is decreased under conditions mimicking T2D, we do not know

whether this is also the case in islets from T2D donors.
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tifique, Institut National de la Santé et de la Recherche Médicale, Université de
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Antibodies

Insulin Abcam ab7842; RRID:AB_306130

Phospho-ERK1/2 (Thr202/Tyr204) Cell Signaling #9101; RRID:AB_331646

Phospho-CREB (Ser133) Millipore 06519; RRID:AB_310153

Phospho-FAK (Tyr397) Cell Signaling #3283; RRID:AB_2173659

Phospho-Paxillin (Tyr118) Cell Signaling #2541; RRID:AB_2174466

Cy3-affiniPure Donkey anti-rabbit Jackson Immunoresearch 711-166-152; RRID:AB_2313568

Cy3-affiniPure Donkey anti-guinea pig Jackson Immunoresearch 706-165-148; RRID:AB_2340460

Alexa Fluor 680 Donkey anti-guinea pig Jackson Immunoresearch 706-625-148; RRID:AB_2340478

Alexa Fluor 488 Donkey anti-guinea pig Jackson Immunoresearch 706-546-148; RRID:AB_2340473

ARRB2 Abcam ab54790; RRID:AB_2060273

GAPDH Cell Signaling #5174; RRID:AB_10622025

Cleaved Casp-3 Cell Signaling #9661; RRID:AB_2341188

Anti Rabbit IgG HRP Ozyme CST7074; RRID:AB_2099233

Anti mouse IgG HRP Ozyme CST7076s; RRID:AB_330924

Bacterial and virus strains

Human Adenovirus Type5 (dE1/E3) for

expressing human ShRNA

Vector Biolabs This study

Human Adenovirus Type5 (dE1/E3) for

other adenoviruses

Our lab This study

BJ5183-AD-1 Agilent 200157

Biological samples

Human islets Laboratory of cell Therapy

for diabetes (PRIMS platform)

https://www.ilots-montpellier.fr/

Chemicals, peptides, and recombinant proteins

GLP-1 (7–36 amide) BACHEM 4030663

hGIP BACHEM 4030658

Forskolin Sigma-Aldrich F6886

AS-604850 Selleckchem S2681

Barbadin Axon MedChem 2774

CMRL 1066 Life Technologies 21530027

D- + -glucose Sigma-Aldrich G7528

FBS Life Technologies 10270106

L-glutamine Life Technologies 25030024

100 IU/mL penicillin 100 mg/mL streptomycin Life Technologies 15140122

Dithizone Sigma-Aldrich D5130

Sodium palmitate Sigma-Aldrich P9767

BSA-Free fatty acid Sigma-Aldrich A8806

RPMI-1640 Life Technologies 31870025

Tirzepatide MedChemExpress HY-P1731B

Trypsin-EDTA Life Technologies 25200056

BSA Sigma-Aldrich A8022

Phusion High Fidelity polymerase Thermo Scientific F530S

Fura-2 Leakage Resistant-AM Interchim FP-AM603A

EGTA Sigma-Aldrich E4378

Formaldehyde Sigma-Aldrich 252549
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NaF Sigma-Aldrich S1504

DAPI Roche 10236276001

Collagenase Sigma-Aldrich C9263

MoMuLVRT Life Technologies 28025013

SybrGreen Master Mix Roche 4887352001

DPBS Sigma-Aldrich D8662

NuPAGE gel Termo Fisher Scientific NP0321BOX

Membrane FluoroTrans W PVDF 0.2m VWR 516–0249

Immobilon western Chemilum HRP substrate Sigma-Aldrich WBKLS0100

Critical commercial assays

KAPA mouse genotyping kit Sigma-Aldrich KK7302

Mouse insulin ultra-sensitive ELISA Crystal Chem 90080

Mouse glucagon ELISA Crystal Chem 81518

Mouse GLP-1 ELISA (total) Crystal Chem 81508

Mouse active GIP ELISA Crystal Chem 81511

Insulin ultra sensitive kit PerkinElmer/Cisbio 62IN2PEH

RNAeasy microkit Qiagen 74004

Upward DAG Montana Molecular U0300G-005

Deposited data

Transcriptomic datasets from

human pancreatic islets

31;32;33 GSE76894; GSE38642; GSE20966

Experimental models: Cell lines

HEK293 cells ATCC CRL-1573

Experimental models: Organisms/strains

Arrb2tm1Rjl/J Laboratory of R. J. Lefkowitz,

Duke University Medical Center,

Durham, NC, USA

RRID:IMSR_JAX:011130

Oligonucleotides

Primers for real-time quantitative

RT-PCR, See Table S1

This study N/A

Recombinant DNA

pCMV-EPAC2B-camps V. Nikolaev 75

pShuttle-CMV M.A. Ravier N/A

pCMV-AKAR3 J. Zhang 76

pCMV-EGFP-EPAC2 L. Quilliam 77

pCMV-ARRB2-GFP M Scott 78

pCMV-cytoEKAR Addgene 18679,41

pCMV-D4ER P. Gilon M.A. Ravier 79

pCMV-PKCbII G.A. Rutter 80

mCherry-U6-h-ARRB2-shRNA Vector Biolabs #shADV-201476

mCherry-U6-scrmb-shRNA Vector Biolabs #1781

Software and algorithms

MetaFluor� software Molecular devices https://www.moleculardevices.com

ImageJ ImageJ https://imagej-nih-gov.proxy.

insermbiblio.inist.fr/ij/index.htm

ZenBlue software Zeiss https://www.zeiss.com

GraphPad Prism 9.2.0 GraphPad https://www.graphpad.com

geNorm_3.4 geNorm https://genorm.cmgg.be/
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Lead contact
Further information and request for reagents and resources should be directed to andwill be fulfilled by the lead contact, DrMagalie A

Ravier (magalie.ravier@igf.cnrs.fr).

Materials availability
All materials generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
d This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed in the key resources

table. All data reported in this paper will be shared by the lead contract upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Mice were maintained according to European Union guidelines for the use of laboratory animals. Studies complied with the animal

welfare guidelines of the EuropeanCommunity (EU directive 2010/63/EU) andwas approved by the ethic committee (CEEAN�36) and
theministry of education and research, France (D34-172-41). Mice were housed in pathogen free animal house, with a 12light/12dark

cycle, with a temperature of 20�C, and had freely access to food (4% Fat diet) and water. All experiments were performed using 4-5

month-old male mice.

The strain of the mice is Arrb2tm1Rjl/J. As already reported,17 the heterozygous (referred as 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 an-

imals, and genotyping was performed by PCR.17 In agreement with our previous study,17 Arrb2�/� mice display similar body weight

than Arrb2+/+ mice (32.78 ± 1.03 vs. 33.64 ± 1.71 g, respectively, n = 10) but significant increased fed blood glucose levels (10.09 ±

0.33 vs. 8.39 ± 0.67 mM, *p < 0.05, respectively, n = 10).

Human islets
Experiments involving human islets were performed in agreement with the local ethic committee (Biological Ressources center,

Collection 5 "Human Islets of Langerhans", 345 identifiant Biobanque n� BB-0033-00031, CHU, Montpellier), the institutional ethical

committee of the French Agence de la Biomédecine (ABM n� PFS 13-008) and the French Ministry of Research (DC-2011-1401 and

AC-2017-3039). Informed consent was obtained from family for all pancreases. Pancreases were harvested from thirteen brain-dead

non-diabetic donors. None of them had history of diabetes. Below are listed, for each donor, in this order: unique identifier (HM)/

donor age (years)/sex (M/F), donor BMI (kg/m2).

Figure 1B:

HM78/50/F/29.

HM85/56/M/22.

HM87/77/F/31.

HM71/67/F/25.

HM72/65/F/21.

Figure 1C:

HM50/66/M/30.

HM52/74/F/29.

HM54/36/M/23.

HM66/68/M/30.

Figures 6A–6C.

HM95/60/M/29.
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HM97/37/M/26.

HM108/56/F/24.

HM111/55/M/25.

Isolated islets were prepared by collagenase digestion followed by density gradient purification at the Laboratory of Cell Therapy

for Diabetes (PRIMS platform).68 Following isolation, human islets were cultured for recovery for 3 days at 37�C, in a 5% CO2 atmo-

sphere, in CMRL 1066 medium (Life Technologies) containing 5.6 mM glucose supplemented with 10% FBS, 2 mM glutamine, 100

IU/mL penicillin, and 100 mg/mL streptomycin. The islet purity was 90%, as re-assessed by dithizone staining in the host laboratory.

Islets were then incubated for 72 h in CMRL 1066medium containing either 5.6 mM glucose, 30mMglucose ±0.5 mMpalmitate,68 or

5.6 mM glucose supplemented with the adenoviruses ShRNA-hARRB2 or ShRNA-scramble.

METHOD DETAILS

Human islet gene expression
GEO accession number (GEO: GSE76894,31 GSE38642,32 GSE20966,33) were encoded in GEO fromNCBI. Transcriptomic datasets

from human pancreatic islets were downloaded fromGEO2R. Adjusted p values (multiple-testing corrections) for microarray analysis

were either reported by the TIGER resource (https://tiger.bsc.es/30; GSE76894,31) or by GEO2R (Benjamini & Hochberg; false dis-

covery rate; GSE38642,32 GSE20966,33). For GSE38642,32 the differential expression of genes in islets was analyzed by stratifying

the donors on T2D status or HbA1c (hyperglycemic; HbA1c R 6%).32

Glucose tolerance test and plasma insulin measurements
Oral glucose tolerance tests (OGTT) were performed on overnight-fasted mice. Blood glucose levels were measured (FreeStyle Op-

tium Neo glucometer, Abbott) before (0) and 15, 30, 60, 90, 120 and 150 min after oral glucose administration (1.5 g/kg body weight).

Blood samples were collected (tubes containing 300UI Heparin/lithium and 1mg NaF/ml) before (0) and 20 min after glucose admin-

istration. Plasma insulin,41 glucagon, GIP, GLP-1 levels were determined using the Ultra-Sensitive Mouse Insulin, mouse glucagon,

mouse total GLP-1 and mouse active GIP ELISA Kits (Crystal Chem).

Mouse islet isolation, cell culture and medium
Islets were isolated after collagenase digestion of the pancreas,17,41 and were cultured in RPMI-1640 containing 10 mM glucose and

10% (vol./vol.) FCS. Some islets were dispersed in clusters of cells with trypsin and plated on glass coverslips (n = 1.53) in RPMI-

1640. The medium was a bicarbonate buffered (KRB) solution containing (mM): NaCl 120, KCl 4.8, CaCl2 2.5, MgCl2 1.2 and

NaHCO3 24. It was gassed with O2:CO2 (95:5) to maintain pH 7.4 and supplemented with 1 mg/mL BSA.

Insulin secretion
Mouse islets were preincubated for 20 min in KRB with 8 mM glucose before being distributed in batches of 3 islets for the incubation.

Isletswere incubated for 1hat37�C in800mLofKRBsupplementedwith the indicatedconcentrationofpeptides in thepresenceof8mM

glucose. Supernatantswere collected and isletswere harvested in 150 mL acid ethanol for insulin content. Human isletswere distributed

in batches of 10 andwerepreincubated in 6mMglucose at 37�C in 800 mLKRB.After 30min, supernatant corresponding to basal secre-

tionwere collected and isletswere stimulatedwith 6mMglucose supplementedwith the indicated concentration of peptides for 1 h. For

insulin secretion frommouse/human islets infectedwith adenoviruses, due to the 3Dstructure of islets and the fact that only 2–3 layers of

cells are reached by adenoviruses (personal observations, and81), only small/medium islets (100 mm–200 mm)were infectedwith adeno-

viruses and used for insulin secretion. GFP or ARRB2-GFP was expressed in each islet, but expression was variable from islet to islet

(from very bright to less bright). Fluorescence intensity was checked before the experiment, to assess infection efficiency, but all islets

were thenused randomly, regardlessof their fluorescence intensity since theywerehandpickedusingabright-fieldstereomicroscope.At

the end of all experiments, supernatants were collected and islets were harvested in 150 mL acid ethanol for insulin content. Insulin was

measured by Homogeneous Time Resolved Fluorescence (HTRF) (Insulin ultra sensitive kit, PerkinElmer/Cisbio) according to the man-

ufacturer’s instructions. HTRF signals were measured using Pherastar FS (BMG Labtech) microplate reader.

Vectors, adenoviruses generation and adenoviral infection
EPAC2B-camps (a gift fromV. Nikolaev)75 was digestedwith NotI, blunted and further digestedwith HindIII. The released fragment was

ligated into HindIII and EcoRV sites of pShuttle-CMV. pcDNA3-AKAR3 (a gift from J. Zhang)76 was digestedwith HindIII and EcoRV and

ligated into pShuttle-CMV. EGFP-EPAC2 (a gift from L. Quilliam),77 was digested with NheI, HpaI and SphI. The released fragment was

bluntedand ligated intoEcoRVsitesofpShuttle-CMV.Thedesireddirection for the insertwasevaluatedusingNotI. ARRB2-GFP inserted

in pEGFP-N1 (a gift from M Scott)78 was amplified by PCR using Phusion High fidelity polymerase (NEB) with the following primers

ATCTTCTAGAGCTAGCGCCACCATGGGTGAAAandATCTGATATCATCCTTTACTTGTACAGCTCGTCCAT.Theproductwasdigested

with XbaI and EcoRV, resolved by agarose gel electrophoresis and ligated into pShuttle-CMV. Recombination with pAdEasy-1, trans-

fection into HEK293 cells (ATCC) and viral amplificationwere performed as described.82 The generation of EKAR,41 D4ER79 and PKCbII

(akindgift fromG.A.Rutter)80adenoviruseshavebeendescribedelsewhere,andwere reamplified inhouse.Todownregulate theexpres-

sionofARRB2 inhuman islets, isletswereadenovirally transducedusingShRNA-hARRB2 (Ad-mCherry-U6-h-ARRB2-shRNA;#shADV-
18 Cell Reports 42, 113326, November 28, 2023
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201476 from Vector Biolabs) and compared with islets transduced with ShRNA-scramble (Ad-mCherry-U6-scrmb-shRNA; #1781 from

Vector Biolabs). The expression of proteins and insulin secretion were assessed 72 h after transduction. Transduction for 48 h was not

sufficient todownregulatesignificantlyARRB2 (not shown),whereas transduction for 96hdecreasedARRB2expressionsimilarly to72h.

mCherry fluorescence illustrates only the transfection efficacy and is not correlated to ARRB2 expression, as the ShRNA is expressed

under the control of U6 promoter whilemCherry was under the control of CMVpromoter. As already reported for other probes adenovir-

ally transduced in mouse b-cells,41 we observed that the encoded proteins were preferentially expressed in b-cells compared to non-

b-cells. For instance, of the GFP-EPAC2-positive cells, 92% (68/74 cells) were also positive for insulin, while only 8% (6/74) of

glucagon-positive cells showeda veryweakexpression. Of the EPAC2B-campspositive cells, 97% (71/73)were alsopositive for insulin,

while only 3% (2/73) of glucagon-positive cells showeda veryweakexpression.Of theARRB2-GFPpositive cells, 94% (64/68)werealso

positive for insulin, while only 6% (4/68) of glucagon-positive cells showed a very weak expression. None of the cells were positive for

somatostatin. Dispersed islet cells were overnight infected with the adenoviruses.

cAMP, PKA, ERK1/2, [Ca2+]ER, DAG and [Ca2+]c measurements
The imaging experiments were performed using an Olympus IX70 microscope equipped with a 360/1.35 objective, Lambda DG-4

exciter (Sutter Instruments), and an EMCCD camera (Evolve 512, Photometrics) controlled by MetaFluor software (Molecular de-

vices). Briefly, 18 h (cAMP production, PKA and ERK1/2) or 48 h (D4ER) after infection, cells were placed into a temperature-

controlled perifusion chamber. cAMP production, PKA and ERK1/2 activities and free Ca2+ concentration in the endoplasmic retic-

ulum ([Ca2+]ER), were measured using Epac2B-camps75,83, AKAR3,76 EKAR41 and D4ER79 FRET based sensors, respectively.

Dispersed islet cells were excited every 5 s at 436 nm and the emitted fluorescencewas filtered at 480 nm for cyan fluorescent protein

(CFP) and 540 nm for Yellow Fluorescent Protein (YFP) using a OptoSpin fast spinning (Cairn Research, UK). The results are calcu-

lated and reported as ratio (YFP/CFP) using the MetaFluor software. Fluorescence was normalized as indicated in figures. For

EPAC2B-camps, an increase in cAMP production is reported as a decrease of FRET, but for clarity reasons the curves are repre-

sented inverted (i.e., an increased signal represents an increase in cAMP production). For [DAG]c, Upward DAG25 (Montana Molec-

ular) was delivered via a BacMam infection, according to the manufacturer’s guidelines. Imaging experiments were performed 48 h

after infection. Dispersed islet cells were excited every 5 s at 480 nm and the emitted fluorescence was filtered at 535 nm. Fluores-

cence was normalized to the initial fluorescence and reported as F/F0. For [Ca2+]c, dispersed islet cells were loaded with 2 mMFura-2

Leakage Resistant-AM (Interchim) for 1 h, placed into a temperature-controlled perifusion chamber and excited every 3 s at 340 and

380 nm; the emitted light was recorded at 510 nm17,41. Ca2+-free medium were supplemented with 0.5 mM EGTA.

Total internal refection fluorescence (TIRF) microscopy
A Deltavision OMX-V4 (GE Healthcare Life Sciences) equipped with a3100 objective lens with 1.49 numerical aperture and EMCCD

cameras (Evolve 512B; Photometrics, Tucson, USA) was used. Each probe (GFP-EPAC2,77 PKCbII-GFP80) was excited with a 488

nm laser and emission was filtered at 528/48 nm. Images were collected every 3 s with 10 ms exposure, alternating between three

different fields. Experiments were performed in a 37�C temperature-controlled chamber. Fluorescence was normalized to the initial

fluorescence and reported as F/F0.

Immunofluorescence
Dispersed mouse islet cells were preincubated for 15 min in 8 mM glucose (G8) before being incubated for 25 min in the presence or

absence of GLP-1 or GIP, as indicated. Cells were fixed for 20 min (4% paraformaldehyde; 80 mM NaF for phospho-proteins), over-

night incubated with primary antibodies (key resources table) followed by 1 h incubation with secondary antibodies and DAPI (key

resources table). For p-ERK1/2, a methanol treatment after paraformaldehyde fixation was required.41 For p-FAK and p-Paxillin im-

aging, an insulin staining was also performed and Alexa 680 anti-guinea pig secondary antibody was used. This strategy enabled to

identify b-cells. Then the focus wasmade on the interface/adhesion points where spots of p-FAKwere visible. Insulin was not imaged

because the focal plane used did not ensure an appropriate focus for insulin. All antibodies are commercially available (key resources

table) andwere validated by companies for immunofluorescence, but also verified in our teambefore being used. Results were repro-

ducible over time, using different antibody lots. For the F-actin staining, cells were incubated with Alexa Fluor 488 Phalloidin (Cell

Signaling Technology) for 15 min after the incubation with secondary antibody for insulin, according to manufacturer’s protocol. Ex-

perimenters were blinded to group assignment. Cells were imaged using an 3100 objective from AxioImager Apotome microscope

(Zeiss) using the ZenBlue software. All of the images from Arrb2+/+ and Arrb2�/� and different conditions (in the presence or absence

of GLP-1/GIP) from the same islet preparation were taken the same day to avoid a possible time related fading out of the samples. 50

cells per coverslip/mouse (n = 1) were imaged and saved in ‘‘.czi’’ (rather than ‘‘tiff’’) format allowing to save the entire image param-

eters and were quantified using ImageJ, as already reported.41 Each dot represents the average of�30–50 cells from 1mouse. Cells

were pre-incubated 2 h with the PI3Kg inhibitor AS604850 (1mM) and 15min with barbadin (30 mM) prior the experiments. For p-FAK/

p-Pax images, spots were counted using find single point maxima on a light background after Laplacian filtering using ImageJ.

Real-time quantitative RT-PCR
Total RNAs were extracted and DNase-treated using the RNAeasy microkit (Qiagen) and reverse-transcribed with MoMuLVRT (Life

Technology) according to the manufacturers’ instructions. To quantify the expression of genes, primer pairs were designed and
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validated (Qiagen-Operon, Table S1) for real-time, quantitative PCR, which was performed with Roche LC480 and the Light Cycler

480 SybrGreen Master Mix (Roche).41 GeNorm84 was used to select the most appropriate housekeeping genes. The level of expres-

sion of each gene X was normalized to the geometric mean of the levels of expression of ARP and L31 according to the formula

X/geometric mean (ARP; L31) = 2-(Cp(X)�arithmetic mean (Cp(ARP);Cp(L31))), where Cp is the crossing point.

Western blotting
Human islets were washed with cold PBS and lysed for 10 min at 4�C in lysis buffer, sonicated for 10 s and centrifuged at 10,000 rpm

for 10 min.68 Proteins (25–50 mg/lane) were separated on a 4–12% Bis-Tris (or 3–8% Tris-Acetate) NuPAGE gel and blotted onto a

PVDFmembrane (FluoroTrans; VWR). Membraneswere probed overnight at 4�Cwith primary antibodies (Cell Signaling Technology).

Horse-radish peroxidase-conjugated secondary antibodies were from Cell signaling. Proteins were visualized by enhanced chem-

iluminescence (Millipore) on ChemiDoc camera (Bio-Rad) and protein expression levels were quantified using the ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Unless otherwise indicated, data are mean ± SEM for the indicated number of observations. Statistical details of experiments can be

found in figure legends. GraphPad Prism 9.2.0 softwarewas used. Data normality was assessed usingD’Agostino-Person test and/or

Shapiro-Wilk test. Statistically significant differences between groups were assessed by Student’s two-tailed unpaired or paired t

test (pairwise comparisons), or by one-way or two-way ANOVA (multiple comparisons). For ANOVA, when the global factor effect

was shown significant, post-hoc tests (indicated in figure legends) were performed to get adjusted p values. We used Sidak’s

post-hoc tests when selected pairs of columns were compared, and Tukey’s post-hoc testing for multiple comparisons. A p value

less than 0.05 was considered significant.
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