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1 Sorbonne Université -INSERM, Centre de Recherche Saint-Antoine (CRSA), Paris, France
2 Institut Hospitalo-Universitaire ICAN, Paris, France
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SUMMARY

Pancreatic beta cells can adapt their mass and function to maintain normal glycemia when facing peripheral 
insulin resistance. To clarify the specific contribution and mechanisms of beta-cell mass adaptation in response 
to insulin resistance, we took advantage of genetic and pharmacologically induced insulin resistance in mice. 
We uncovered beta-cell expansion, via an increase in pancreatic islet density, as an adaptive mechanism trig-

gered by mild-to-severe insulin resistance in young and older mice and documented pancreatic adaptation us-

ing 3D whole-pancreas analysis. Next, we found that insulin-resistant myotubes secrete factors that induce 
beta-cell differentiation. Using a combination of transcriptomic and functional analysis on a pancreatic differ-

entiation model, we identified that myostatin, amphiregulin, and epiregulin can induce beta-cell differentiation 
in vitro. This work highlights how a physiological adaptation to insulin resistance can unlock the regenerative 
potential of myotube-derived peptides to trigger adaptive pancreatic beta-cell mass increase.

INTRODUCTION

Beta-cell loss and/or dysfunction are central to the development 

of diabetes characterized by a deficiency in insulin secretion 

caused by the dramatic loss of beta-cell mass in both type 1 

and type 2 diabetes. 1 During hyperglycemia and/or insulin resis-

tance, beta cells are able to increase their mass as an adaptation 

to the increased demand for insulin to maintain glucose homeo-

stasis. 2 Research strategies aimed at compensating for beta-cell 

loss in diabetes have been dampened by our limited understand-

ing of the mechanisms underlying the regulation of pancreatic 

beta cells in the adult pancreas and its inducing signals, notably 

in response to insulin resistance.

Stimulating pancreatic beta-cell mass adaptation represents 

a promising therapeutic avenue to treat insulin deficiency. Yet, 

the modulation of beta-cell mass in response to insulin resis-

tance—in comparison with other means of pancreatic adapta-

tion i.e., increases in beta-cell function—remains to be defined. 

To gain robust insights into beta-cell mass adaptation in vivo, 

the use of animal models to study insulin resistance in comple-

mentary physiological, genetic, or drug-induced approaches is 

required.

We previously developed in mice a model of glucocorticoids 

(GCs)-induced insulin resistance using chronic corticosterone 

(CORT) treatment and subsequently characterized beta-cell 

adaptation. 3 GCs are known to alter glucose homeostasis by in-

hibiting insulin secretion 4 ; reducing insulin sensitivity at the liver, 

muscle, and adipose tissue; and by modulating insulin resis-

tance. 4–7 We showed a massive increase in beta-cell mass 

driven by islet growth and an increase in islet number. We noted 

that the increased beta-cell mass was associated with an in-

crease in Ngn3 expression along with other genes known to be 

involved in beta-cell differentiation. Strikingly, partial beta-cell 

mass regeneration after GC treatment occurred even after 

near-total depletion, suggesting beta-cell regeneration. Finally, 

we demonstrated that beta-cell mass adaptation was not a 

direct effect of GCs, but rather regulated by unknown factors 

in the serum of GC-treated mice. 3 Our model raised the possibil-

ity of a substantial increase in beta-cell mass in the pancreas of 

young-adult mice driven by circulating factors.
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Other situations of insulin resistance have been described, but 

beta-cell adaptation has been partially explored. Hence, muta-

tions in the BSCL2 gene—encoding seipin, a protein required 

in lipid droplet formation and maintenance within adipocytes— 

induces a near-complete loss of adipose tissue, severe insulin 

resistance, and ultimately diabetes. Mouse model of Bscl2 

gene deletion leads to similar metabolic phenotypes, 8 and 

adipocyte-specific deletion of Bscl2 results in progressive lipo-

dystrophy associated with glucose intolerance and insulin resis-

tance. 9 Pancreatic beta-cell function has been assessed in the 

constitutive model of heterozygous Bscl2 deletion, 10 but 

morphological and adaptive mechanisms are unknown. S961, 

an insulin receptor antagonist causes insulin resistance, hyperin-

sulinemia, and hyperglycemia. 11 S961 induces beta-cell prolifer-

ation in both rats and mice, 12,13 but effects on other aspects of 

beta-cell mass adaptation remain to be characterized.

The aim of our present study was to (1) better characterize 

pancreatic adaptation in response to GC-induced insulin resis-

tance compared with other well-described models of insulin 

resistance, namely the adipocyte-specific deletion of Bscl2 

and S961 models; (2) identify the circulating factors responsible 

for beta-cell mass adaptation in response to CORT; and (3) iden-

tify the signaling pathways involved. 3

Using multiple mouse models, here we show that (1) mild-to-

severe insulin resistance induces beta-cell mass adaptation in 

young and older mice, (2) there is a threshold of GC exposure 

and insulin resistance that are necessary to trigger adaptations 

in beta-cell mass and function, and (3) islet volume and density 

can be precisely quantified by optimizing 3D analysis of cleared 

adult mice pancreas. Finally, we analyzed elements of tissue 

communication between skeletal muscle cells and the pancreas 

and identified 3 myokines: Myostatin (MSTN, transforming 

growth factor β [TGF-β] superfamily), Amphiregulin (AREG, 

epidermal growth factor [EGF] family), and Epiregulin (EREG, 

EGF family) that trigger beta-cell differentiation ex vivo. Interest-

ingly, changes in EGF and VEGF signaling ex vivo were also re-

flected in the pancreatic ducts and islets of CORT-treated ani-

mals in vivo. All together, our findings suggest that targeting 

beta-cell mass adaptation could be envisioned as a regenerative 

therapy in future treatments for diabetes.

RESULTS

Mild-to-severe insulin resistance in young mice predicts 

beta-cell functional adaptations versus both function 

and mass adaptations

We previously demonstrated that pancreatic adaptation, with 

increased beta-cell mass and islet density, occurs in response 

to 100 μg/mL CORT (C100)-induced insulin resistance in young-

adult mice. 3 We next aimed to determine the dynamic relationship 

between insulin resistance and pancreatic adaptation by chal-

lenging mice with lower CORT doses, 25 (C25) or 50 (C50) 

μg/mL of CORT. After 4 weeks of treatment, insulin tolerance 

test (ITT) showed a severe insulin resistance in C100- and C50-

treated mice and intermediate insulin resistance in the C25 group 

(Figure 1A). Compared to VEH-treated mice, slopes of early insu-

lin sensitivity were reduced in mice treated with C25, C50, and 

more severely with C100 (Figure 1B). Fasting plasma insulin levels

were respectively increased 17- and 15-fold in C50 and C100 

treatments, in comparison to VEH (Figure 1C).

Beta-cell fraction and mass were increased in C50- and C100-

but not in C25-treated mice (Figures 1H, 1I, and S1A). Increased 

beta-cell mass in C50 and C100 was achieved through an in-

crease in mean islet size and islet density (Figures 1J and 1K). 

Further, Mki67 expression, a marker of proliferation, was 

increased in C50 and C100 conditions (Figure 1L). We also 

noticed a significant increase in the mRNA levels of several 

genes crucial for function (Ins1, Ins2, Abcc8, Gck, Kcnj11; 

Figure 1M) and maturation/identity (Pdx1, Ngn3, Rfx6, Isl1, 

Nkx2-2/6-1; Figure 1N) of beta cells in C100 mice.

Taken together, these results demonstrate that mild insulin 

resistance induced by C25 treatment could lead to beta-cell 

adaptation solely by a functional increased insulin secretion with 

no change in beta-cell mass, while more severe insulin resistance 

(C50–C100) induces both functional and beta-cell mass increases 

through an increase in beta-cell mass and islet density.

Aging is a limiting process in adaptive mechanisms. 14 Hence, 

we sought to determine whether the capacity for beta-cell adap-

tation is maintained in 12-month-old mice in response to moder-

ate and severe CORT-induced insulin resistance. As in young 

mice, we observed an increase in insulin resistance and serum 

insulin levels with increasing CORT dose, suggesting the persis-

tence of pancreatic adaptation with age (Figures S1B–S1D). 

Interestingly, in older mice, C25 treatment resulted in an increase 

in beta-cell fraction and mass (Figures S1E, S1F, and S1I–S1L), 

while islet density solely increased in C50 and C100 treatments 

(Figure S1K). Overall, these results show that the adaptation of 

beta-cell mass can be induced and maintained in older mice in 

response to severe insulin resistance.

Further, we explored whether this adaptive mechanism per-

sists in other models of insulin resistance: mice with adipose tis-

sue-specific genetic deletion of Bscl (Adipo Seipin knockout 

[KO]) displayed mild insulin resistance (Figures S2A and S2B), 

while mice treated with the insulin receptor antagonist S961 

show a rapid and severe insulin resistance associated with hy-

perglycemia 15 compared to controls. Beta-cell fraction was 

increased (Figures S2C and S2D) with no change in beta-cell 

mass (Figure S2E) or mean islet size (Figure S2F) but an 

augmented islet density (Figure S2G) in Adipo Seipin KO, while 

pancreatic weight and alpha-cell mass and fraction show mini-

mal or no changes (Figures S2H–S2J). Beta-cell fraction was 

doubled and beta-cell mass increased in S961-treated mice 

(Figures S2K–S2M). Mean islet size remained unchanged 

(Figure S2N) but islet density was increased by 50% 

(Figure S2O), while pancreatic weight and alpha-cell mass 

were slightly decreased (Figures S2P–S2R). Overall, these re-

sults demonstrate that mild-to-severe insulin resistance associ-

ates with beta-cell mass and islet density adaptations.

3D analysis of pancreas from CORT-induced insulin-

resistant mice confirms increased islet number as an 

adaptive mechanism to increase beta-cell mass in 

young adult mice

Generally, the study of pancreatic adaptation relies on morpho-

metric techniques limited to 2D analysis of pancreatic sections 3 

or 3D analysis that is restricted to specific areas of the
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pancreas. 13,16 Biases from tissue sectioning, histological 

methods, and sampling (Figure S1A) often preclude an accurate 

quantification of pancreatic islets necessary to fully characterize 

beta-cell mass adaptation. These limitations impose a technical 

gap in our estimation of pancreatic adaptation. To address this, 

we optimized a 3D model allowing insulin staining and tissue 

clearing of the whole pancreas (Figure 2A). Our protocol 

(Figure 2A) allowed for beta-cell detection and tissue clearing 

to assess whole pancreas volume, whole insulin-immunofluores-

cence volume, islet counting, and classification of individual vol-

umes of insulin-positive cell clusters. We observed a specific 

and homogenous staining of insulin-positive cells, regrouped in 

well-defined circular objects, classified as pancreatic islets 

(Figures 2B and 2C). Following islets segmentation, 3D recon-

structions showed a regular distribution of islets throughout the 

pancreas, validating our pipeline for image segmentation 

(Figures 2B and 2C). Whole pancreatic volume was identical in 

young VEH- and C50-treated mice (Figure 2D) while whole

Figure 1. The severity of insulin resistance balances beta-cell functional adaptation vs. function and mass adaptation in young mice

(A and B) (A) Insulin tolerance test, presented as the percentage of basal glycemia, was carried out on mice treated with VEH (n = 6), C25 (n = 6), C50 (n = 6), and 

C100 (n = 5) for 4 weeks and (B) slopes of early insulin sensitivity between T15 and T0.

(C) Fasted insulin serum levels in mice treated with VEH (n = 6), C25 (n = 6), C50 (n = 5), and C100 (n = 5).

(D–G) Representative images of insulin immunostaining (brown) on hematoxylin (blue) counterstained pancreatic sections of (D) VEH-, (E) C25-, (F) C50-, and (G) 

C100-treated mice.

(H–K) Pancreatic beta-cell fraction, beta-cell mass, mean islet size, and islet density after insulin immunostaining VEH (n = 4), C25 (n = 5), C50 (n = 4), and C100 

(n = 5) mice.

Values are expressed as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 when comparing CORT-treated vs. VEH-treated mice.

(L–N) mRNA levels of (L) cellular cycle, (M) beta-cell function, and (N) beta-cell maturation/identity maintenance genes were determined by quantitative reverse-

transcription PCR (RT-qPCR) on isolated islets from (n = 6) VEH-, (n = 5) C25-, (n = 5) C50-, and (n = 4) C100-treated mice.

Values are expressed as the mean ± SEM. a C25 vs. VEH; b C50 vs. VEH; c C100 vs. VEH; d C25 vs. C50; e C25 vs. C100; and f C50 vs. C100; and x p < 0.05; xx p < 0.01; 
xxx p < 0.001; xxxx p < 0.0001.
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insulin volume was 4.6-fold higher and insulin fraction 5.4-fold 

higher in C50 mice versus VEH (Figures 2E and 2F). We 

measured an 80% increased islet number upon C50 challenge 

(Figure 2G; Video S1) and a 2.6-fold higher mean islet volume 

in C50 mice (Figure 2H). Comparing the number of islets to the 

whole pancreatic volume, we demonstrated a 2-fold increase 

in islet density (Figure 2I). Islet classification revealed a near 

doubling of both the smallest and the largest classes of cell clus-

ters (Figures 2J and 2K; Video S2) and a trend toward higher islet 

number in every other class (Figure 2K). Similar trends were 

found in older mice (Figure S3), albeit to a lesser extent, along 

with an increase in both small and big classes of cell clusters 

(Figure S3H).

Taken together, these results unequivocally show increased 

beta-cell mass and fraction in CORT-treated mice, as well as a 

doubled islet density and a clear and specific rise in small islet 

numbers, reflecting increase of islet density as an adaptive pro-

cess to insulin resistance in mice.

Conditioned medium from CORT-treated myotubes 

enhances beta-cell differentiation in an ex vivo 

pancreatic bud model

We previously demonstrated that beta-cell mass adaptation in 

response to CORT was due to the presence of circulating pro-

adaptive factors in the serum of mice with GC-induced insulin 

resistance. 3 We hypothesized that insulin-sensitive organs may

Figure 2. 3D analysis of pancreas from CORT-induced insulin-resistant mice confirms increased islet numbers as an adaptive mechanism in 

young-adult mice

(A) Schematic representation of the three-dimensional analysis protocol.

(B and C) Representative images of a z stack section after acquisition on whole pancreas stained for insulin using light-sheet microscopy from VEH and C50 mice 

(left) and representative images of the 3D reconstruction following image segmentation of volume (glass-like structure) and islets (red structures) on whole 

pancreas from VEH and C50 mice (right).

(D–I) Whole pancreas volume, total insulin volume, insulin fraction, islet number, mean islet volume, and islet density calculated after image segmentation and 

analysis of pancreas from VEH (n = 4) and C50 (n = 5) mice.

(J) Illustration of islet size diversity and density inside a pancreas of VEH (left) and C50 mouse (right). Islets < 11 cells are represented in yellow; islets 12–148 cells 

are in pink; islets > 149 cells are in blue.

(K) Islet size distribution in pancreas from VEH (n = 4) and C50 (n = 5) mice. Size categories were defined as indicated in the STAR Methods.

Values are expressed as the mean ± SEM. *p < 0.05, ****p < 0.0001 when comparing CORT-treated vs. VEH-treated mice.
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produce such factors. Skeletal muscle, the largest insulin sensi-

tive organ in the body, is known to have paracrine and endocrine 

functions via the release of myokines, metabolites, and exo-

somes and impact beta-cell survival and proliferation. 5,17,18

To mimic skeletal muscle to pancreas communication in vitro, 

we treated mouse pancreatic buds with conditioned media 

collected from C50-treated C2C12 myotubes. We first validated 

that a 24-h CORT treatment induced insulin resistance, as illus-

trated by the dampened pAKT/AKT ratio in C50 vs. VEH myo-

tubes following an insulin challenge (Figure 3A). We applied the 

conditioned medium (CM) from C50 or control myotubes directly 

to pancreatic buds E11.5 for 7 days (D7) and in CM-free culture 

for an extra 7 days (D14) to alleviate any direct effect of CORT, as

described previously. 3 We observed a significant increase in the 

beta-cell fraction of CM-C50-treated pancreatic buds shown by 

insulin labeling (Figures 3B and 3C) at D14 and increased Ins1 

and Pdx1 expression (Figure 3D). All together, our data indicate 

that insulin-resistant myotubes secrete factors that can enhance 

beta-cell differentiation.

CORT treatment in myotubes induces the expression of 

genes coding for secreted proteins and growth factors 

To discover the potential pro-adaptive factors, we used RNA 

sequencing to analyze the transcriptomic signature of the C50-

treated myotubes whose CM was used to treat pancreatic buds. 

Three biological replicates with 29–35 million reads per replicate

Figure 3. CORT treatment in myotubes induces the expression of genes coding for secreted proteins and growth factors

(A) Resistance to insulin (100 nM) was monitored with the quantification by western blot of the phosphorylated AKT to total-AKT protein ratios in C2C12 

differentiated myotubes treated or not with C50 for 24 h. n = 6 per condition.

(B and C) Insulin labeling (B) and morphometric quantification (C) were performed on sections of pancreatic bud E11.5 treated for 7 days with the conditioned 

medium (CM) from CORT (n = 3)- or VEH (ethanol, n = 5)-treated myotubes followed by 7 days with the treated medium. Untreated pancreatic buds (no CM, n = 2) 

were added for comparison purposes over the direct effect of C2C12 CM.

(D) mRNA levels of the beta-cell maturation/identity maintenance genes Ins1, Pdx1, NeuroD, and Ngn3 were determined by RT-qPCR on pancreatic buds E11.5 

treated for 7 days with CM from VEH- or C50-treated myotubes ±7 days without CM (D14) (n = 4 per condition).

(E and F) RNA-seq analysis of myotubes treated for 24 h with either C50 or VEH (n = 3 per condition). (E) Adjusted p value (FDR) < 0.1 was used for cutoff, 

representing a total of 119 differentially expressed genes (DEGs) that were further used for functional annotation clustering using DAVID database. (F) A protein-

protein interaction network generated on STRING database using the significantly up-regulated DEGs highlights different functional clusters of genes coding for 

secreted proteins (orange), components of the extracellular matrix (green), and growth factors (yellow).

(G) Mstn (VEH, n = 9; C50, n = 10), Areg (VEH, n = 3; C50, n = 6), Ereg (VEH, n = 7; C50, n = 8), and Bmp6 (VEH, n = 6; C50, n = 6) gene expression validated using 

RT-qPCR in C2C12 myotubes treated for 24 h with either C50 or VEH (ethanol).

(H) Mstn (VEH, n = 20; C50, n = 21), Areg (VEH, n = 11; C50, n = 10), Ereg (VEH, n = 16; C50, n = 14), and Bmp6 (VEH, n = 20; C50, n = 21) gene expression in skeletal 

muscle from mice treated for 4 weeks with either VEH (ethanol) or C50 in drinking water. Values are expressed as the mean ± SEM. *p < 0.05; **p < 0.01; 

***p < 0.001 when comparing C50-treated vs. VEH-treated C2C12 myotubes, skeletal muscles, or CM-C50 vs. CM-VEH treated pancreatic buds.
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were generated for C50- or VEH-treated myotubes. The high 

sequencing quality score (Table S1) and consistency in 

fragments per kilobase million (FPKM) distribution among 

samples confirmed the low technical variability across samples 

(Figure S4A). However, principal component analysis did not 

demonstrate a specific clustering of the two treatment groups, 

possibly due to the low number of differentially expressed genes 

(DEGs = 119) in C50- versus VEH-myotubes (false discovery 

rate [FDR] < 0.1 with 0.5 < log2FC < − 0.5; Figures S4B–S4D; 

Table S2). Interestingly, 101 of the DEGs were up-regulated in 

C50 (Figure S4D). To identify signatures specific to CORT treat-

ment, we performed gene ontology and functional enrichment 

analysis using the DAVID and STRING databases (Figures 3E 

and 3F). The transcriptome of C50-myotubes was enriched for 

genes coding for secreted proteins (19 genes), growth factors 

(6 genes), and components of the extracellular matrix (10 genes) 

(Figure 3E), suggesting that CORT induces a secretory phenotype 

in myotubes. In order to narrow our list of potential candidates, we 

decided to exclude genes coding for proteins in the extracellular 

matrix (Figure 3F). We generated a shortlist of 8 potential candi-

dates whose expression was up-regulated in the C50 dataset 

(Areg, Ereg, Vash2, Mstn, Ctrb1, Bmp6, Inha, and R3hdml) 

(Figure 3E) and evaluated their expression profile at 24 h 

(Figure 3G) or up to 72 h (Figure S4E) in C50- or VEH-treated my-

otubes and in skeletal muscle (soleus and gastrocnemius com-

bined) of C50- or VEH-treated mice (Figure 3H). Only 2 genes, 

Mstn and Bmp6 were overexpressed in response to CORT in 

both myotubes and skeletal muscle tissues (Figures 3G and 3H), 

while Areg and Ereg were up-regulated only in mouse skeletal 

muscle or in myotubes, respectively (Figures 3G and 3H). 

Finally, to identify signaling pathways triggered by CORT, we 

performed kinome profiling in C50 or VEH pancreatic ducts 

(Figures S5A–S5E) or islets (Figures S5F–S5J) to characterize 

serine/threonine or tyrosine kinases whose activity was 

changed by CORT. Multiple peptides were found to be differen-

tially phosphorylated in the C50 duct protein extract 

(Figures S5A and S5B), resulting from a change in the activity 

of several kinases (Figures S5C–S5E). Hence, three main 

signaling pathways changed in response to CORT: VEGF, 

EGF, and neurotrophin signaling. Moreover, protein-protein 

interaction network analysis using STRING-db revealed that 

AREG and EREG, but not MSTN nor BMP6, are closely related 

to VEGF, EGF, and neurotrophin (Figure S5E). ERBB4, whose 

phosphorylation is reduced in CORT-treated pancreatic ducts, 

is a known receptor of both AREG and EREG. 19 Interestingly, 

ErbB and VEGF signaling were also changed in pancreatic islets 

in response to CORT (Figure S5J). Although more experiments 

are needed to functionally validate the participation of these 

signaling pathways in beta-cell mass adaptation, these results 

suggest that circulating AREG and EREG, and more generally 

EGF ligands, are candidates that may stimulate beta-cell 

mass adaptation.

MSTN, AREG, and EREG enhance beta-cell 

differentiation in an ex vivo mouse pancreatic bud model 

Next, we evaluated whether recombinant proteins AREG, EREG, 

but also BMP6 and MSTN could directly impact beta-cell differ-

entiation in pancreatic buds at E11.5 (Figure 4). Based on the

literature 20–23 and a setup experiment where we titrated protein 

concentrations (Figures S6A–S6H), we treated pancreatic buds 

with BMP6 (20 ng/mL), MSTN (100 ng/mL), AREG (500 ng/mL), 

and EREG (100 ng/mL) for either 3 (D3) or 7 (D7) consecutive 

days or 14 days with a washout period of 7 days (D14), to mirror 

experimental conditions in Figure 3. At D7 and D14, the beta-cell 

and alpha-cell fraction increased in pancreatic buds treated with 

MSTN, AREG, or EREG (Figures 4A–4C) with no effect of BMP6 

(Figures 4A–4C). Expression of beta-cell marker Ins1, alpha-cell 

marker Gcg, and delta-cell marker Sst were drastically increased 

from D3 to D14 in MSTN-treated buds. MSTN enhanced the 

expression of the pro-endocrine master regulator Ngn3 and 

downstream targets (NeuroD and Insm1) along with other pro-

endocrine regulators (Nkx2.2 and MafA) at D7 and/or D14 

(Figures 4E–4G and S6I–S6R). EREG treatment significantly 

increased the expression of Ngn3, NeuroD, Insm1, Nkx2.2, Snail, 

MafA, and Arx from D7 along with the maturation markers Ins1, 

Gcg, and Sst from D14 (Figures 4 and S6I–S6R). At D7, AREG 

also induced the expression of Insm1 (Figure 4G). AREG-treated 

buds maintained a higher proliferation rate before committing to 

the endocrine cell lineage, as shown by the induction of the pro-

liferation markers (Ki67 and PCNA) and the expression of proen-

docrine PDX1 at the protein level (Figures S6E–S6H). Of note, 

both AREG and EREG reduced the expression of exocrine-cell 

markers (Amy2b and Cpa2), further demonstrating that endo-

crine over exocrine cellular differentiation is favored by these 

two myokines (Figures 4J and S6Q).

Overall, our data demonstrate that MSTN and EREG enhance 

endocrine and beta-cell differentiation from either D3 or D7, 

while AREG first maintains cellular proliferation, to promote 

cellular differentiation toward the beta-cell lineage at a later 

stage. These data support the concept that myotubes influence 

pancreatic adaptation and beta-cell differentiation during insulin 

resistance by releasing myokines such as MSTN, EREG, 

and AREG.

DISCUSSION

Our studies demonstrate that insulin resistance—either pharma-

cologically or genetically induced—associates with pancreatic 

adaptation through both a functional increase in insulin secretion 

and/or a beta-cell mass via islet growth and increased islet den-

sity. Importantly, pancreatic adaptation by an increased islet 

density was a conserved mechanism across mild-to-severe in-

sulin resistance in young and older mice. We optimized the 

iDisco 3D light sheet immunofluorescence technique and 

demonstrate that GC-induced insulin resistance is associated 

with an increase in both islet size and number. Finally, we estab-

lished that insulin-resistant myotubes can secrete factors, 

namely MSTN, AREG, and EREG, that drive beta-cell differenti-

ation from embryonic precursor cells.

We used two independent models of insulin resistance, 

Bscl2 lox/lox × Adipoq-CreER mice and S961-treated mice, and 

observed beta-cell adaptation trough increased islet density. 

Thus, insulin resistance could be the driving force behind beta-

cell mass adaptation, irrespective of its origin. We also used 

different doses of CORT to achieve gradual insulin resistance 

and showed that beta-cell adaptation was driven solely
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by increasing secretory capacity without stimulating mass adap-

tation in mild insulin resistance while higher CORT treatment trig-

gered both function and mass adaptation. Aging is associated 

with insulin resistance in humans and mice, compensated by

increased insulin secretion. 24–29 This functional adaptation is 

concomitant to increased beta-cell mass. 30,31 In our study, older 

mice exposed to CORT treatment became insulin resistant and 

were still able to increase beta-cell mass through augmented

Figure 4. MSTN, AREG, and EREG enhance beta-cell differentiation in an ex vivo pancreatic bud model

(A–C) Pancreatic buds E11.5 were treated with recombinant proteins, either BMP6 (20 ng/mL), MSTN (100 ng/mL), AREG (500 ng/mL), or EREG (100 ng/mL) for 

either 0 (n = 4), 3 (n = 6), 7 (n = 6), or 14 (n = 3) days with a washout period of 7 days. Insulin (A and B) or glucagon (A and C) labeling and subsequential 

morphometric quantifications (B and C) were performed on pancreatic bud E11.5 tissue sections.

(D–K) Expression of pancreatic pro-endocrine cell maturation/identity maintenance genes (Ins1, Gcg, Sst, Ngn3, NeuroD, and Insm1), exocrine cells (Amy2b), and 

proliferation markers (Ki67) were determined by RT-qPCR in pancreatic buds 3, 7, and 14 days post-myokine treatment.

Values are expressed as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 when comparing myokine-treated vs. day 0 pancreatic buds E11.5.
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islet density, emphasizing the plasticity of pancreatic cells in 

aged organisms.

We previously demonstrated—using a 2D analysis technique 

on pancreatic sections—an increase in islet density, notably 

small. 3 Biases associated with the 2D analysis prompted us to 

tailored organ clearing for a more detailed morphometric anal-

ysis of entire pancreas. Different types of 3D analyses of the 

pancreas of diet-induced obese mice treated with S961 32 or 

ob/ob mice 33 showed increases in beta-cell volume and number, 

suggesting adaptation by beta-cell proliferation in these studies. 

In our study, a detailed 3D analysis of the endocrine pancreas 

focused more specifically on islet size classification in response 

to insulin resistance enabled us to identify small clusters contain-

ing as few as 1–3 beta cells. We showed a clear and unbiased 

increase in beta-cell mass and fraction with a doubled islet num-

ber following insulin resistance.

Further, we showed that serum from CORT-treated mice con-

tains factors that induced beta-cell differentiation in vitro 3 ; we 

tested the possibility that such factors may originate from skel-

etal muscle. In this study, we identified myokines—MSTN, 

AREG, and EREG—as stimulants of beta-cell differentiation 

ex vivo, triggering the expression of key transcription factors 

essential for beta-cell differentiation and maturation (Ngn3, 

MafA, Nkx2.2, and Insm1) alongside factors that control prolifer-

ation (PCNA and Ki67). AREG and EREG are both members of 

the EGF family. EREG was shown to induce proliferation and 

enhance insulin secretion in vitro in INS-1E and RINm5F beta-

cell lines. 34 MSTN is a member of the TGF-β protein family and 

acts as a key regulator of muscle mass and development. 35 

Our results unveil a direct communication axis that exists be-

tween insulin-resistant skeletal muscle and beta-cell precursors, 

leading to enhanced beta-cell mass in vitro, which remains to be 

confirmed in vivo.

Recently, Quadir et al. identified an ALK3 high, PDX1/P2RY1 + 

progenitor cell population enriched in the vicinity of pancreatic 

ducts and pancreatic duct glands, but not in pancreatic is-

lets, 36,37 able to expand and differentiate toward insulin + cells 

upon transient treatment with BMP7. Another BMP, BMP6, 

was identified in our screen and failed to improve beta-cell differ-

entiation in our hands, perhaps due to acute and non-transient 

treatment.

Our results offer a broad view of beta-cell mass adaptation in 

several models of genetic or pharmacological insulin resistance. 

Our study demonstrates that the level of pancreatic adaptation 

depends on both duration and severity of insulin resistance 

and that age is not a barrier to pancreatic adaptation by 

increased islet number. The use of an optimized whole organ 

3D analysis allowed us to show a robust increase in beta-cell 

mass and could be further used as a tool to monitor the efficacy 

of therapeutic strategies aiming at increasing beta-cell mass. 

Finally, we identified 3 myokines whose expressions are 

increased during insulin resistance that can stimulate beta-cell 

differentiation in vitro, representing promising candidates to 

regenerate a functional beta-cell mass in the pancreas.

Limitations of the study

In several models of insulin resistance, we observed increased 

islet density and numbers, including through unbiased 3D anal-

ysis, that may result from the formation of new beta cells from 

precursors but without an identifiable source. Moreover, we 

have shown that myokines stimulate beta-cell differentiation in 

an in vitro model of pancreatic buds from mouse embryos. It is 

now required to define whether similar effects can be obtained 

on adult tissues (cultured pancreatic slices for example) and 

in vivo in mice.
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15. Gueddouri, D., Caü zac, M., Fauveau, V., Benhamed, F., Charifi, W., Beau-

doin, L., Rouland, M., Sicherre, F., Lehuen, A., Postic, C., et al. (2022). In-

sulin resistance per se drives early and reversible dysbiosis-mediated gut 

barrier impairment and bactericidal dysfunction. Mol. Metab. 57, 101438. 

https://doi.org/10.1016/j.molmet.2022.101438.

16. Gribben, C., Lambert, C., Messal, H.A., Hubber, E.L., Rackham, C., Evans,

I., Heimberg, H., Jones, P., Sancho, R., and Behrens, A. (2023). Ductal 

Ngn3-expressing progenitors contribute to adult beta cell neogenesis in 

the pancreas. Cell Stem Cell 30, 498–499. https://doi.org/10.1016/j. 

stem.2023.02.005.

17. Mizgier, M.L., Cataldo, L.R., Gutierrez, J., Santos, J.L., Casas, M., Llanos,

P., Contreras-Ferrat, A.E., Moro, C., Bouzakri, K., and Galgani, J.E. (2017). 

Effect of Human Myotubes-Derived Media on Glucose-Stimulated Insulin 

Secretion. J. Diabetes Res. 2017, 1328573. https://doi.org/10.1155/2017/ 

1328573.

18. Zhang, H., Mulya, A., Nieuwoudt, S., Vandanmagsar, B., McDowell, R.,

Heintz, E.C., Zunica, E.R.M., Collier, J.J., Bozadjieva-Kramer, N., Seeley, 

R.J., et al. (2023). GDF15 Mediates the Effect of Skeletal Muscle Contrac-

tion on Glucose-Stimulated Insulin Secretion. Diabetes 72, 1070–1082. 

https://doi.org/10.2337/db22-0019.

19. Lucas, L.M., Dwivedi, V., Senfeld, J.I., Cullum, R.L., Mill, C.P., Piazza, J.T.,

Bryant, I.N., Cook, L.J., Miller, S.T., Lott, J.H., 4th, et al. (2022). The Yin and 

Yang of ERBB4: Tumor Suppressor and Oncoprotein. Pharmacol. Rev. 74, 

18–47. https://doi.org/10.1124/pharmrev.121.000381.

20. Traore, M., Noviello, C., Vergnol, A., Gentil, C., Halliez, M., Saillard, L.,

Gelin, M., Forand, A., Lemaitre, M., Guesmia, Z., et al. (2024). GDF5 as 

a rejuvenating treatment for age-related neuromuscular failure. Brain 

147, 3834–3848. https://doi.org/10.1093/brain/awae107.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

monoclonal anti-insulin antibody Sigma-Aldrich, St. Louis, MO #I2018 clone K36AC10; RRID AB_260137

monoclonal anti-glucagon antibody LifeTechnologies PA5-88091; RRID AB_2804644

Doliclus biflorus agglutinin biotinylated vectorlab B1035; RRID AB_2314288

Insulin anti rat antibody abcam Ab 181547; RRID AB_2716761

Alexa 750 goat anti mouse antibody LifeTechnologies A21037; RRID AB_2535708

Streptavidine-cyanine5 vectorlab SA1500

Alexa Fluor 488 donkey anti rabbit antibody LifeTechnologies A21206; RRID AB_2535792

Alexa Fluor 546 donkey anti mouse antibody LifeTechnologies A10036; RRID AB_11180613

Alexa Fluor 546 donkey anti rabbit antibody LifeTechnologies A10040; RRID AB_2534016

Alexa fluor goat anti-rat 555 antibody LifeTechnologies A21434; RRID AB_141733

Anti AKT antibody Cell signaling 9272S; RRID AB_329827

Anti-Phospho-akt (ser473) antibody Cell signaling 9271S; RRID AB_329825

Anti PDX1 antibody Guillemain et al. 38

Anti Ki67 antibody Abcam Ab15580; RRID AB_443209

Anti PCNA (FL-261) antibody Santa Cruz Biotechnology SC-7907; RRID AB_2160375

Anti alpha-Tubulin antibody Sigma-Aldrich T5168-2ML, RRID AB_477579

Anti mouse HRP conjugated antibody Cell Signaling 7076S; RRID AB_330924

Anti Rabbit HRP conjugated antibody Cell signaling 7074S; RRID AB_2099233

Chemicals, peptides, and recombinant proteins

Corticosterone Sigma-Aldrich, St. Louis, MO 27840

S961 Novo Nordisk NN0069-961

Human insulin ACTAPID PENFILL 100IU/mL Novo Nordisk MI-05CFA

Collagenase from clostridium histolyticum Sigma-Aldrich C7657

BMP6 recombinant protein, lot TPI0320121 R&D system 6325-BM

MSTN (myostatin) recombinant protein, lot EZG7419091 R&D system 788-G8

AREG (amphiregulin) recombinant protein lot FIF1221042 R&D system 989-AR

EREG (epiregulin) recombinant protein lot FWP0321031 R&D system 1068-EP

Dichloromethane Sigma-Aldrich, St. Louis, MO 270997-1L

Dibenzyl ether Sigma-Aldrich, St. Louis, MO 33630-1L

Gelatin Sigma-Aldrich, St. Louis, MO 48723-500-F

TRITON 100X Sigma-Aldrich, St. Louis, MO T8787

Saponin Sigma-Aldrich, St. Louis, MO S4521

Critical commercial assays

insulin immunoassay Merck, Millipore EZRMI-13K

RNeasy Mini Plus Kit QIAGEN, Hilden, Germany 74136

RNeasy Micro Plus Kit QIAGEN, Hilden, Germany 74004

Deposited data

C2C12 myotubes treated with corticosterone 

10-7M for 24H, rep1, fastq

NCBI GEO GSM8155523

C2C12 myotubes treated with corticosterone 

10-7M for 24H, rep2, fastq

NCBI GEO GSM8155524

C2C12 myotubes treated with corticosterone 

10-7M for 24H, rep3, fastq

NCBI GEO GSM8155525

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

C2C12 myotubes treated with ethanol 

(1/1000) for 24H, rep1, fastq

NCBI GEO GSM8155526

C2C12 myotubes treated with ethanol 

(1/1000) for 24H, rep2, fastq

NCBI GEO GSM8155527

C2C12 myotubes treated with ethanol 

(1/1000) for 24H, rep3, fastq

NCBI GEO GSM8155528

genes.readcount.annot_C2C12.txt, 

normalized read count

NCBI GEO GSE261984

Experimental models: Cell lines

C2C12 mouse myoblast cells ATCC CRL-1772

Experimental models: Organisms/strains

C57BL/6J male mice Charles River Laboratories 632C57BL/6J

Bscl2 lox/lox X Adipoq-CreER mice Combot et al. 9

Oligonucleotides

RPL 19 

TCCAGGGCCTTGAGATTGAG 

GCCAGCGTGCCTTCCA

Sigma-Aldrich N/A

NGN3

AGTTGGCACTCAGCAAAAAGC

GATTGCGCTCCCGATCAT

Sigma-Aldrich N/A

Neuro D 

TCCAGGGTTATGAGATCGTCACT 

CGCTCTCGCTGTATGATTTGG

Sigma-Aldrich N/A

KI 67 

GCGAGCCTCAAGAGATAGCTTCT 

TTTTGAAGCTTTGGTATCTTGACCTT

Sigma-Aldrich N/A

INSM 1 

TCGCTGTGTTCATGGTCTAGAAA 

ACGCTACAGACATAGAGAGCAGAGGAT

Sigma-Aldrich N/A

INS1

TCAGCAAGCAGGTCATTGTTTC

AAGCCTGGGTGGGTTTGG

Sigma-Aldrich N/A

Glucagon

GTGACTGGCACGAGATGT

AGCACCATTCTGGATAATCTT

Sigma-Aldrich N/A

Amylase

TCCATAAGGATGAGCCAACATAAA

GGAGGATCATCCATCCTGACA

Sigma-Aldrich N/A

ISL1

TGTCATCCCCTGGATATTAGTTTTG

GGACAAGAAACGCAGCATCA

Sigma-Aldrich N/A

PAX4

ACCTGTGCGGTAGTAGCGT

AGGGGGACTCTTTGTGAATGG

Sigma-Aldrich N/A

ARX

TCTGTCAGGTCCAGCCTCAT

TTCCAGAAGACGCACTACCC

Sigma-Aldrich N/A

CPA2

GTGCCGTGGAGTCTTTTCAAA

CAGATGACTTTAATGAGCTGGATGA

Sigma-Aldrich N/A

CK19

TCCAGGGCCTTGAGATTGAG

GCCAGCGTGCCTTCCA

Sigma-Aldrich N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Somatostatine

CCCAGACTCCGTCAGTTTCTG

GGGCATCATTCTCTGTCTGGTT

Sigma-Aldrich N/A

Snail

CAGTGGGAGCAGGAGAATGG

TGCACCACCTGTGGAAAGG

Sigma-Aldrich N/A

NKX 2.2 

CGGCGTGAGACGGATGAG 

AAAGCGCAGACCTACGAGCTG

Sigma-Aldrich N/A

NKX 6.1 

TCCCATCTTTGTCCAACAAAATG 

GCCCGGAGTGATGCAGAGT

Sigma-Aldrich N/A

Mafa

TCCTCCGGCGTCAGGTT

AAAAGCGGTGCTGGAGGAT

Sigma-Aldrich N/A

PDX1

CCCCAGTTTACAAGCTCGCT

CTCGGTTCCATTCGGGAAAGG

Sigma-Aldrich N/A

18S

GATCCGAGGGCCTCACTAAAC

AGTCCCTGCCCTTTGTACACA

Sigma-Aldrich N/A

AREG

AAGAAAACGGGACTGTGCAT

GGCTTGGCAATGATTCAACT

Sigma-Aldrich N/A

BMP6

ACTGACTAGCGCGCAGGA

TGTGGGGAGAACTCCTTGTC

Sigma-Aldrich N/A

EREG

TTGACGCTGCTTTGTCTAGG

GGATCACGGTTGTGCTGAT

Sigma-Aldrich N/A

MSTN

GGCCATGATCTTGCTGTAACC

TGTGTGTGTCACCTTGACTTCTAAAA

Sigma-Aldrich N/A

INHA

ACCTGTGAGGACCAGCCA

CATAAGTGAAGAGGCCTTCC

Sigma-Aldrich N/A

VASH2

CCGAGAATCCTTGCCTATCA

GCTGCCCATTGGTGAGAT

Sigma-Aldrich N/A

RH3DML

TAACACCTGTAGCAGCATCAATG

TAATGGCGTAGTTGCAGACCA

Sigma-Aldrich N/A

CTRB1

TTCCCTGCTGGGACACTG

CAGCTTGTCAGGGGTCTTG

Sigma-Aldrich N/A

INS2

CATCCACAGGGCCATGTTG

CCGCTACAATCAAAAACCATCA

Sigma-Aldrich N/A

SLC 30a8 

TCCGTGCACAGTCTACACATCTG 

TGGCTGGCAGCTGTAGCA

Sigma-Aldrich N/A

RFX6

CGGAAGCAGAACAACTCGTTT

GTTTGCAAGTTGGAAGCTACTACAGT

Sigma-Aldrich N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

All procedures involving experimental animals were performed in accordance with the principles and guidelines established by 

INSERM and were approved by the local animal care and use committee (Charles Darwin ethic committee, Paris, France). Of 

note, this study included mice at young (8 weeks) or older (52 weeks) age timepoints. However, only male mice were used in the study 

and this should be considered as a limitation to the generalization of the present research.

C57BL/6J male mice were obtained from Charles River Laboratories (Saint-Germain-sur-l’Arbresle, France) at the age of 8 weeks 

or 52 weeks. Mice were chow fed ad libitum and housed in 12-h light/dark cycles. Mice were acclimatized for 2 weeks in Saint-

Antoine research center animal facility (PHEA) before initiating the treatment. Animals were treated with either CORT dissolved in 

ethanol (25, 50 or 100 μg/mL, as indicated) (Sigma-Aldrich, St. Louis, MO) or vehicle (VEH) (1% ethanol) in drinking water for 3 

(aged mice) to 4 weeks (young mice). CORT- and VEH- treatment were changed simultaneously every 2 days. Additionally, treat-

ments were randomly assigned to entire cages. VEH- and CORT-treated mice were located in the same area of the experimentation

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CDKN1A

CCTGGTGATGTCCGACCTG

CCATGAGCGCATCGCAATC

Sigma-Aldrich N/A

CDKN1B

TTACGTCTGGCGTCGAAGGC

AGGCGGTGCCTTTAATTGGG

Sigma-Aldrich N/A

ABCC8

GGATGGGATGTGCTGGTCAA

CAGCCTGCTCAATCGCATCA

Sigma-Aldrich N/A

GCK

CTCGGGTGCAGCTTGTACACGGAGC

CGACTCTGGGGACCGAAGGCAGATC

Sigma-Aldrich N/A

KCNJ11

TTGCCTTTCTTGGACACGAA

AAGGGCATTATCCCTGAGGAA

Sigma-Aldrich N/A

GLP1R

CTGGTGCAGTGCAAGTGTCT

CTTTCTTTCTCCGCCTTGG

Sigma-Aldrich N/A

Software and algorithms

Bioanalyzer 2100 system Agilent Technologies, CA, USA N/A

NOVAseq 6000 plateform Novogene Co., LTD Beijing, China N/A

FastQC v0.11.9. N/A

HISAT2 v2.0.5 (56)

HTSeq v0.6.1 (57)

DEseq2 v1.24.0 (58)

Arivis Vision 4D Zeiss AG N/A

MATLAB The MathWorks R2021a

MeshLab v2022.2 (59)

ImageJ2 V2.9.0 N/A

Leica Qwin500 microsoft N/A

Cell sens dimension V1.14 olympus N/A

Other

mini osmotic pumps ALZET® N/A

Glucometer Accu-checkPerforma, Roche N/A

binocular microscope Leica Microsystems, Wetzlar, Germany N/A

Olympus IX83 Olympus N/A

QuantStudio 1 Applied Biosystems N/A

UltraMicroscope II Light Sheet microscope LaVision BioTec N/A
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room. All experiments with young and old CORT-treated mice were done at the PHEA, institutional permission: C75-12-01, project 

permission: APAFIS #9533.

For experiments with S961, ALZET mini osmotic pumps were implanted subcutaneously in eight-week-old male C57Bl/6J mice to 

infuse either S961, an insulin receptor (IR) peptide antagonist (Novo Nordisk) (20 nmol/week), or PBS, as VEH control, at 0.5 μL/h for

1 week as previously described. 15 All experiments with S961 were done at the Institut Cochin animal facility, institutional permission: 

C75-14-02, project permission: APAFIS # 14856 N ◦ 2018041615405803.

Bscl2 lox/lox mice were crossed with Adipoq-CreER 9 mice to generate Bscl2 lox/lox X Adipoq-CreER mice as previously described. 10 

Cre activation was performed by 5 consecutive days of intraperitoneal Tamoxifen (Tam) injection resuspended in sunflower oil: 

ethanol (9:1) at 8 weeks-old, and then one injection every month until 6 months. Bscl2 lox/lox X Adipoq-CreER mice that receive 

Tam will be referred as Adipo Seipin KO and Bscl2 lox/lox mice treated with Tam will be referred as Adipo Seipin lox/lox . Insulin tolerance 

tests were performed after 6h fasting as previously described (18). All mice (males, n = 8 to 11 per group) were euthanized in the 

random fed state between 8 a.m. and 10 a.m. All experiments were done in the animal facility, institutional permission D44-278, proj-

ect permission APAFIS#10980–2017082117591518.

Mouse pancreatic buds were isolated from C57BL/6J female mice (Charles River Laboratories, Saint-Germain-sur-l’Arbresle, 

France) at precise embryonic day E11.5, pancreatic buds were isolated from embryo using manual microdissection under a binocular 

microscope as previously described. 38 Experiments were done at Saint-Antoine research center animal facility (PHEA), institutional 

permission: C75-12-01, project permission: Ce5/2017/002.

Cell lines

The immortalized mouse myoblast cell line C2C12 (gracious gift from Eric Hajduch, INSERM U1138) below passage 7 was used for 

the in vitro experiments.

METHOD DETAILS

Insulin tolerance tests (ITT)

Insulin tolerance tests (ITT) were performed as previously described. 3 Briefly, after a 6-h fast, insulin (1 unit/kg of body weight) was 

injected intraperitoneally. Blood glucose levels were measured before and 15, 30, 60, and 120 min after the injection, using a gluc-

ometer (Accu-check Performa, Roche). Slope of early insulin sensitivity were calculated as the difference of blood glucose levels 

15 min after insulin and before insulin injection and divided by time (15 min). Slopes were expressed as mg/dl/min.

Hormonal assays

Blood was collected by intracardiac puncture. Serum was collected after 5 min of centrifugation at 2000g at 4 ◦ C. Insulin levels were 

measured using mouse insulin immunoassay (Merck, Millipore) according to manufacturer’s instructions.

Islet isolation

Mouse islets were isolated after injecting a collagenase solution (1 mg/mL) (Sigma-Aldrich) in the bile duct and handpicked under a 

binocular microscope (Leica Microsystems, Wetzlar, Germany) as described in. 3

Immunohistochemistry, immunofluorescence, and morphometry

Pancreas were dissected - heads and tails separately - then fixed in 3.7% formalin solution, embedded in paraffin, and cut into 5-μm 

sections. 4 sections per slide were collected at regular intervals throughout entire pancreatic head and pancreatic tail, e.g., if 100 

slides were obtained over an entire head, we selected slides #20, #40, #60 and #80 for quantification.

Morphometric parameters (beta-cell fraction, islet size, and density) were evaluated after immunohistochemistry using a mouse 

monoclonal anti-insulin antibody (Sigma-Aldrich, St. Louis, MO) as described previously. 3 Secondary antibodies coupled to 

horseradish peroxidase or to alkaline phosphastase were obtained from Jackson ImmunoResearch (Westgrove, PA). Enzyme sub-

strates were DAB+ (Dako). Morphometric parameters were determined by analyzing stained sections using a microscope equip-

ped with a motorized stage and coupled to a camera (Leica Qwin 500) and the Leica Qwin software. Analyzed sections are distant 

of 20 × 4 × 5 = 400 μm, precluding us from counting twice the same islet, even large objects with an estimated radius of about 

60 μm. Each section was entirely analyzed and we measured beta-cell area (μm 2 ), tissue area (μm 2 ), numbered and sorted islets 

based on their size.

Beta-cell fraction (%) was calculated as the ratio of the sum of the insulin-positive areas over the sum of the tissue areas for 8 sec-

tions per animal. Beta-cell mass (mg) was calculated by multiplying beta-cell fraction by pancreatic mass. A cluster of more than 4 

insulin-positive cells (or a diameter of at least 25 μm) was considered as an islet. Mean islet size (μm 2 ) was calculated as the total 

insulin-positive area divided by the total number of islets per pancreas. Islet density (n/mm 2 ) was calculated as the number of islets 

per mm 2 of pancreatic tissue. Individual beta-cell size was estimated as described in. 3 Islet were sorted into 9 classes according to 

their size: Class I [4–11 cells], Class II [12–20 cells], Class III [21–32 cells], Class IV [33–48 cells], Class V [49–66 cells], Class VI [67–87 

cells], Class VII [88–112 cells], Class VIII [113–148 cells], Class IX [>148 cells].
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Pancreas clearing, imaging and 3D image analysis pipeline

Pancreas collection and clearing

Mice were anesthetized using isoflurane and received 10mL of cold PBS and 20mL of cold 4% paraformaldehyde (PFA) through intra-

cardiac infusion. The dissected pancreata were stored in 20mL of 4% PFA at 4 ◦ C for a maximum period of one month. Pancreas 

staining and clearing was achieved following iDisco clearing technique with an adapted timing. Pancreata were incubated three times 

with PBS +0.2% Gelatin (Sigma ref. 48723-500-F) + 0.5%TRITON 100X (SigmaT8787) (PBSGT) during 1h at 37 ◦ C and incubated in 

PBSGT for 3 days at 37 ◦ C under slow agitation to block nonspecific binding and permeabilize the pancreases.

Permeabilized pancreata were incubated in PBSGT with 0.1–0.2% saponin (Sigma ref S4521) (PBSGT-sap) and mouse anti-insulin 

antibody (1/800; Sigma I2018) during 5 days at 37 ◦ C under slow rotation. Pancreata were washed 6 times in PBSGT at 37 ◦ C during 1h 

under slow agitation and incubated in PBSGT-sap with Alexa 750 coupled anti-mouse antibody (1/50; Life Technologies A21037) for 

at least 3 days at 37 ◦ C under slow agitation. Samples were washed 6 times in PBSGT at 37 ◦ C during 1h under slow agitation. At this 

step, they were either stored in PBSGT at 37 ◦ C without agitation for 1 day or directly dehydrated, as follows.

For dehydration, pancreata were first washed two times in H 2 O MilliQ at room temperature during 1h under slow agitation, and 

then, incubated at room temperature under slow agitation in methanol solutions (20%, 40%, 60%, 80% methanol diluted in H 2 O 

MilliQ and two times in 100% methanol) during 1h for each bath. Samples were then incubated overnight in 1/3 methanol +2/3 di-

chloromethane (DCM; Sigma ref. 270997) solution. Complete delipidation was achieved by 2 incubations of 1h each, at slow agita-

tion, in a bath of pure DCM at room temperature. Immediately after delipidation, pancreases were incubated in dibenzyl ether (DBE; 

SIGMA ref. 33630) to allow refractive index correction.

3D image acquisitions

Acquisitions of whole pancreases were performed in collaboration with an UltraMicroscope II Light Sheet Fluorescence Microscope 

magnification 0.63×, dipping cap 2X. An image of the pancreas volume was acquired using tissue autofluorescence (470/40nm exci-

tation filter; 525/50 nm emission filter) with a z-step of 10 μm; islets acquisitions were performed with a z-step of 1 μm (710/75nm 

excitation filter; 785/62nm emission filter), both using horizontal dynamic focusing.

Islet segmentation and data analysis

Pancreatic islets were segmented automatically using a custom analysis pipeline in Arivis Vision 4D (v3.1.1, Zeiss AG). Briefly: The 

islet channel in the 3D image was first filtered using a 2D median of radius of 3 pixels. Then two different steps of segmentation 

were performed. First islets were segmented on the median-filtered image using a threshold on intensity. The value of this 

threshold was adapted for each image, depending on the preservation of the markers and range with intensity from 180 to 

1800 arbitrary units. Spurious objects were filtered out by rejecting objects with a 3D sphericity (without holes) below 0.3, and ob-

jects smaller than 100 voxels. The resulting 3D binary mask was then smoothed using the plane-wise ‘Closing’ morphological filter 

with a radius of 3 pixels. Because this filtering discarded big islets that had a complex shape and hence, a low sphericity, we used 

an additional segmentation to rescue them. A second identical step of segmentation was performed, on the same filtered image, 

but with thresholds on intensity about 50% larger than in the first step and a threshold on sphericity of 0.1. The two binary 3D masks 

were then exported as meshes, and post-processed in MeshLab (v2022.2) (https://www.meshlab.net). In MeshLab, the islet 

meshes were determined using the Quadratic Edge Collapse Decimation method, reducing the number of vertices from 40 million 

to about 5 million per image.

The two meshes from the two segmentation steps were then combined using MATLAB (R2021a, The MathWorks) to produce a 

single mesh file where each islet is represented by one closed mesh. Individual meshes were then used to yield estimate of the vol-

ume, intensity etc. The pancreas volume was segmented from the autofluorescence signal, on an image with larger pixel size, using 

again Arivis Vision4D. The image was first filtered with a 2D median of radius 3 pixels, then segmented with a threshold on intensity 

above 200. The resulting 3D binary mask was filtered with the ‘Closing’ morphological plane-wise operation with a radius 5 pixels. 

Islet classification was determine based on our previous method 3 by calculating the volume of an individual beta cell (≈1,670 μm 3 ) 

to obtain approximative volume of beta-cell clusters/islets as following:

• ≤ 11 cells eq. ≤ 18370 μm 3

• 12-20 cells eq. 18371–33400 μm 3

• 21-32 cells eq. 33401–53440 μm 3

• 33-48 cells eq. 53441–80160 μm 3

• 49-66 cells eq. 80161–110220 μm 3

• 67-87 cells eq. 110221–145290 μm 3

• 88-112 cells eq. 145291–187040 μm 3

• 113-148 cells eq. 187041–247160 μm 3

• > 149 cells eq. > 247161 μm 3

Reconstructions presented as Figures 3B and 3C and films in Supplemental data (Movie S1-2) were performed on Blender soft-

ware using meshes post-process as described above.
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Cell and tissue culture

C2C12 cells were grown until reaching confluence in a complete Dulbecco’s Modified Eagle’s Medium (DMEM) medium containing 

4.5g/L glucose, 25 mM pyruvate, (ThermoFisher Scientific, Montigny-le-Bretonneux, France), 10% FBS (fetal bovine serum, 

Dutscher, Issy-les-Moulineaux, France), glutamine and 1% penicillin/streptomycin. Cells were differentiated into myotubes with a 

differentiation medium containing DMEM containing 4.5g/L glucose, 25mM pyruvate, 2% horse serum, glutamine and 1%- 

penicillin/streptomycin (Sigma–Aldrich, Saint Quentin Fallavier; France). The level of differentiation was evaluated under the micro-

scope before initiation of the 24h VEH (ethanol) or CORT (100nM) treatment. Before cell collection, conditioned medium was 

collected, centrifugated at 2500g for 5 min to remove cellular debris, frozen in liquid nitrogen and stored at − 80 ◦ C.

Mouse pancreatic buds E11.5 were isolated as previously described 38 and cultured on filters at the interface between air and me-

dium with a control (CTL) medium 100% (RPMI medium, 10% FBS, 1% HEPES, glutamine and 1% penicillin/streptomycin, 1% non-

essential amino acids) or CTL medium (50%) mixed with C2C12 conditioned medium (50%). Medium was changed 3 times per week. 

Pancreatic buds were collected after either 3 days or 7 days of culture in presence of CTL or CTL:C2C12 mix culture medium, or

7 days (CTL:C2C12 mix) + 7 days (CTL 100%) for RNA or protein extraction or immunofluorescent analysis.

In order to analyze the impact of the identified myokines on pancreatic beta-cell differentiation, mouse pancreatic buds E11.5 were 

isolated and cultured in the absence (control condition, CTL) or in presence of BMP6 (20ng/mL), myostatin (MSTN, 100ng/mL), am-

phiregulin (AREG, 500ng/mL) or epiregulin (EREG, 100ng/mL). After 3 (D3) and 7 (D7) days of culture, 3 pancreatic buds were pooled 

and lysed before RNA extraction or individually fixed in 3.7% formalin, included in paraffin and sectioned. Alternatively, after 7 days of 

culture in the absence or in the presence of the indicated myokine, a 7-day washout culture period in control medium was added 

(D14). At the end of culture period, 3 embryonic pancreases were pooled in order to perform RNA extraction or individually fixed 

and sectioned. Immunofluorescence for insulin (Sigma-Aldrich) and glucagon (Sigma-Aldrich) as well as DAPI staining were per-

formed on all sections that were then analyzed as previously described. 38

RNA analysis – RT-qPCR

Total RNA was isolated (RNeasy Mini Plus Kit or RNeasy Micro plus kit for embryonic buds; QIAGEN, Hilden, Germany) and reverse 

transcribed into cDNA using the SuperScript III reverse transcriptase kit per manufacturer’s instructions (Invitrogen, Carlsbad, CA). 

Gene expression was quantified by real-time PCR using SYBR Green Supermix (Eurogentec, Seraing, Belgium) in a QuantStudio 1 

(Applied Biosystems). The mRNA levels of each specific gene product were calculated using the ddCt method and normalized to 

reference genes RPL19 or 18S expression level. Values are expressed as the fold change of the treated compared to the control 

condition.

RNA analysis – RNAseq

Total RNA was extracted from 3 replicates of C2C12 cells differentiated into myotubes and treated for 24h with either DMSO (VEH) or 

Corticosterone (CORT) (100nM). RNA was extracted from cells using Qiagen RNeasy mini kit per manufacturer’s instructions (Qiagen, 

Hilden, Germany). RNA integrity (RIN) was assessed using Bioanalyzer 2100 system (Agilent Technologies, CA, USA). RNA with a RIN 

above 9 were used to establish the sequencing libraries. PolyA mRNA selection, cDNA libraries preparation and sequencing were con-

ducted by Novogene Co., LTD (Beijing, China) using the Illumina NOVAseq 6000 plateform and 150bp paired-end reads sequencing. 39 

Sequencing depth ranged from 28 ′ 851 ′ 292 to 36 ′ 073 ′ 937 reads per sample. Read quality check was examined using FastQC v0.11.9. 

Clean reads were obtained using Fastp v0.20.1 to remove low-quality reads and read adapters. Clean reads were mapped on the USCS 

Mus musculus mm10 reference genome using HISAT2 v2.0.5 default parameter. 40 Transcript abundance was quantified using HTSeq 

v0.6.1 using -m union parameter. 41 The differential expression analysis was performed using the DEseq2 v1.24.0 package. 42 Genes 

with an adjusted p-value <0.05 were further used for analysis. R software and ggplot2 v3.3.4 were used to generate volcano plots 

and perform the principal component analysis in-between CORT-vs. DMSO-treated myotubes. Gene ontology, pathways enrichment 

analysis and protein-protein interaction networks with a Padj< 0.05 were generated using GOSeq v1.34.1, STRING-database, 43 

KEGG 44 (KOBAS v3.0) and Wikipathways databases (https://wikipathways.org). RNAseq raw data are deposited on the NCBI Gene 

Expression Omnibus (GEO) repository under the accession number GSE261984, BioProject: PRJNA1089982.

Western Blot

Cells and pancreatic buds were extracted as previously described. 3 Protein lysates were separated by SDS-PAGE, transferred onto 

nitrocellulose membrane (Thermofisher, scientific) and immunodetected with antibodies targeting either total AKT (Rabbit polyclonal 

anti-AKT, Cell Signaling Technology), phosphor AKT (Rabbit polyclonal anti-Phospho-AKT (Ser 473), Cell Signaling Technology), 

PDX1 (64), Ki67 (Rabbit polyclonal antibody, Abcam, ab15580), PCNA (Rabbit polyclonal antibody FL-261, Santa Cruz), Tubulin 

(Monoclonal anti a-tubulin, Sigma-Aldrich). Bands were detected with Supersignal West Pico PLUS chemiluminescent substrate 

(Thermofisher scientific, per manufacturer’s instructions) and imaged on a camera iBright CL1500 (Thermofisher scientific). Bands 

intensities were quantified using the open-source ImageJ software.

Kinome profiling

Pancreatic islets and ducts from either 4 weeks CORT- or VEH-treated young mice were isolated after injecting a collagenase solu-

tion (1 mg/mL, Sigma-Aldrich) in the bile duct and handpicked under a binocular microscope (Leica Microsystems, Wetzlar,
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Germany) as described in. 3 For kinome analysis, sample incubation, detection and analysis were performed on a PamStation 12 

following the manufacturer’s instructions as previously described 45,46 using serine/threonine or tyrosine kinase PamChip microarrays 

(PamGene International BV). Upstream kinases were identified using the Human Protein Reference Database (http://www.hprd.org/). 

Functional enrichment analysis and protein-protein interactions were identified on STRING database 43 and by generating a new da-

taset combining kinases, phosphoproteins and myokine candidates.

QUANTIFICATION AND STATISTICAL ANALYSIS

(1) For all analysis, quantifications and p values are indicated in the figure legend.

(2) Insulin tolerance tests (relate to Figures 1, S1, and S2) were performed on C25 (n = 6), C50 (n = 6), C100 (n = 5) or VEH (n = 6) 

young C57BL/6J male mice (Figure 1); on VEH (n = 4), C25 (n = 4), C50 (n = 4) and C100 (n = 4) older C57BL/6J male mice 

(Figure S1); or on Seipin KO mice (n = 9) vs. WT mice (n = 10) (on VEH (n = 4), C25 (n = 4), C50 (n = 4) and C100 (n = 4) older 

C57BL/6J male mice (Figure S2). Values are expressed as the mean ± SEM. Statistical analysis was done using the GraphPad 

Prism 9 software and a one-way ANOVA multiple comparison test or Mann-Whitney U test (Figure 1B – slope of insulin sensi-

tivity). P < 0.05 was considered significant.

(3) Pancreas 2D morphometric analysis (related to Figures 1, S1, and S2) was done on VEH (n = 4), C25 (n = 5), C50 (n = 4) and 

C100 (n = 5) young C57BL/6J male mice (Figure 1); or VEH (n = 5), C25 (n = 6), C50 (n = 4) and C100 (n = 4) older C57BL/6J male 

mice (Figure S1); or on Adipo Seipin KO (n = 7) or L/L (n = 7) mice (Figure S2); or S961-treated (n = 6) or VEH (n = 4) mice 

(Figure S2). Per pancreas, quantification was performed to determine islet volume, islet density, mean islet size and beta-

cell mass. Alternatively, Adipo Seipin KO (n = 3) or L/L (n = 4) mice, S961-treated (n = 4) or VEH (n = 4) were used for 

alpha-cell fraction and mass calculation (Figures S2I, S2J, S2Q, and S2R). Values are expressed as the mean ± SEM. Statis-

tical analysis was done using the GraphPad Prism 9 software and Mann-Whitney U test (Figure S2) or one-way ANOVA mul-

tiple comparison (Figures 1 and S1). P < 0.05 was considered significant.

(4) 3D pancreas analysis was performed on VEH- (n = 4) and C50-treated (n = 5) young C57BL/6J male mice (Figure 2); or VEH 

(n = 3) and C50-treated (n = 4) older C57BL/6J male mice (Figure S3). Please see the method section named ‘‘islet segmen-

tation and data analysis’’ for more details. For C50 vs. VEH morphometric analysis and islet clusters analysis, values are ex-

pressed as the mean ± SEM. Statistical analysis was done using the GraphPad Prism 9 software and Mann-Whitney U test vs. 

VEH (Figure 2 and S3). P < 0.05 was considered significant.

(5) For in vitro analysis of C2C12 differentiated myotubes and pancreatic buds treated with conditioned medium (Figure 3), VEH 

(n = 6) or C50 (n = 6) biological replicates were done to estimate insulin resistance (Figure 3A); CM VEH (n = 4), CM CORT (n = 3) 

pancreatic buds were used to analyze beta-cell fraction, (no CM (n = 2) is given as an indication); pancreatic buds RT-qPCR 

analysis were performed on CM VEH (n = 4) or CM C50 (n = 4) at either D7 or D14 using the ddCt method and normalized to the 

reference gene 18S expression level. values are expressed as the mean ± SEM. Statistical analysis was done using the 

GraphPad Prism 9 software and two-way ANOVA test (Figure 3D). P < 0.05 was considered significant.

(6) 3 independent biological replicates of C2C12 cells differentiated into myotubes and treated for 24h with either DMSO (VEH) or 

Corticosterone (CORT) (100nM) were used for RNAsequencing analysis as described in the Method or in the Result sections 

related to Figure 3. 29 to 35 million reads, paired-end 150bp long, were generated using the Novaseq 6000 illumina sequencer. 

The analysis pipeline included: quality check, read filtering, alignment on the mm10 genome, count normalization and statis-

tical analysis using FastQC v0.11.9., Fastp v0.20.1, HISAT2 v2.0.5, HTSeq v0.6.1, DEseq2 v1.24.0. QC stats and principal 

component analysis are reported in Figure S4. Differentially expressed genes with an adjusted p-value (false discovery 

rate) < 0.1 and a log2fold change of ±0.5 were further used for analysis and reported in Table S2).

(7) Gene expression analysis (Figures 3G, 3H, 4D–4K, S4, and S6) was calculated using the ddCt method and normalized to the 

reference gene 18S expression level. Figure 3G VEH: n = 9, C50: n = 10 for MSTN; VEH: n = 3, C50: n = 6 for AREG; VEH: n = 7, 

C50: n = 8 for EREG; VEH: n = 6, C50: n = 6 for BMP6; Figure 3H VEH: n = 20, C50: n = 21 for MSTN; VEH: n = 11, C50: n = 10 for 

AREG; VEH: n = 16, C50: n = 14 for EREG; VEH: n = 20, C50: n = 21 for BMP6. Figure S4 n = 4 per condition except for MSTN 

(n = 2). Of note, a minimal amount of 3 pancreatic buds were combined per condition before RNA extraction (Figure 3 and S6). 

Figures 3G, 3H, and S4: Statistical analysis was done using the GraphPad software and a Mann-Whitney test. Figures 4 and 

S6: statistical analysis was done using the GraphPad Prism 9 software by testing first normality of the sample (Shapiro-Wilk 

test) and second using two-way ANOVA multiple comparison. P < 0.05 was considered significant.

(8) Kinome assay (Figure S5) performed on pancreatic ducts and pancreatic islets protein extracts of CORT- or VEH-treated mice 

(n = 4 mice per group). Data analysis was done with Bionavigator software from Pamgene. Statistical analysis was done using 

a Student t-test.

18 Cell Reports 44, 116283, September 23, 2025

Report
ll

OPEN ACCESS

http://www.hprd.org/

	CELREP116283_proof_v44i9.pdf
	Beta-cell adaptation unveiled: The role of myokines in insulin-resistant mice
	Introduction
	Results
	Mild-to-severe insulin resistance in young mice predicts beta-cell functional adaptations versus both function and mass ada ...
	3D analysis of pancreas from CORT-induced insulin-resistant mice confirms increased islet number as an adaptive mechanism t ...
	Conditioned medium from CORT-treated myotubes enhances beta-cell differentiation in an ex vivo pancreatic bud model
	CORT treatment in myotubes induces the expression of genes coding for secreted proteins and growth factors
	MSTN, AREG, and EREG enhance beta-cell differentiation in an ex vivo mouse pancreatic bud model

	Discussion
	Limitations of the study

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References
	STAR★Methods
	Key resources table
	Experimental model and study participant details
	Animals
	Cell lines

	Method details
	Insulin tolerance tests (ITT)
	Hormonal assays
	Islet isolation
	Immunohistochemistry, immunofluorescence, and morphometry
	Pancreas clearing, imaging and 3D image analysis pipeline
	Pancreas collection and clearing
	3D image acquisitions

	Islet segmentation and data analysis
	Cell and tissue culture
	RNA analysis – RT-qPCR
	RNA analysis – RNAseq
	Western Blot
	Kinome profiling

	Quantification and statistical analysis




