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Abstract

Glucagon and α-cell dysfunction are critical in the development of hyperglycemia during diabetes 

both in humans and rodents. We hypothesized that α-cell dysfunction leading to dysregulated 

glucagon secretion in diabetes is due to both a lack of insulin and intrinsic defects.

To characterize α-cell dysfunction in diabetes, we used Glucagon-Venus transgenic male mice and 

induced insulinopenic hyperglycemia by streptozotocin administration leading to alterations of 

glucagon secretion. We investigated the in vivo impact of insulinopenic hyperglycemia on 

glucagon-producing cells using Facs-sorted α cells from control and diabetic mice. We 

demonstrate that increased glucagonemia in diabetic mice is mainly due to increases of glucagon 

release and biosynthesis per cell compared to controls without changes in α-cell mass. We 

identified genes coding for proteins involved in glucagon biosynthesis and secretion, α-cell 

differentiation and potential stress markers such as the glucagon, Arx, MafB, cMaf, Brain4, Foxa1, 

Foxa3, HNF4α, CF7L2, Glut1, Sglt2, Cav2.1, Cav2.2, Nav1.7, Kir6.2/Sur1, Pten, insulin receptor, 

NeuroD1, GPR40 and Sumo1 genes, which were abnormally regulated in diabetic mice. 

Importantly insulin treatment partially corrected α-cell function and expression of genes coding 

for proglucagon, or involved in glucagon secretion, glucose transport and insulin signaling but not 
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those coding for c-Maf, Foxa1 and α-cell differentiation markers as well as GPR40, NeuroD1, 

Cav2.1 and Sumo1.

Our results indicate that insulinopenic diabetes induce marked α cell dysfunction and moleculer 

alteration which are only partially corrected by in vivo insulin treatment.
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Introduction

The pathophysiology of diabetes has been attributed for many decades to insulin resistance 

and decreased insulin production and secretion as well as an excess of glucagon (1). Indeed, 

plasma glucagon levels are increased in diabetes and particularly in poorly controlled type 1 

diabetes and diabetic ketoacidosis; these levels have also been reported to be increased in 

glucose-intolerant and type 2 diabetic patients (2). In diabetic patients glucagon release is 

not suppressed by increased glucose levels, and thus contributes further to postprandial 

hyperglycemia in both type 1 and type 2 diabetes (3,4). Furthermore, the secretory response 

of α cells to low glucose concentrations is impaired in “long-standing” diabetes, increasing 

the risk of severe hypoglycemia, especially in patients treated with insulin (5,6). Overall, 

plasma glucagon levels are inappropriate in the context of hyperglycemia, which normally 

suppress glucagon secretion. The consequences of the unsuppressed glucagon secretion are 

an increased rate of hepatic glucose production contributing to fasting hyperglycemia. Thus 

dysregulated α-cells hypersecrete glucagon which contribute in a major way to 

hyperglycemia.

Whether α-cell dysfunction in diabetes, particularly in response to glucose, comes from an 

intrinsic defect of impaired glucose sensing and/or from insulin deficiency, α-cell insulin 

resistance or dysfunction β cells is unclear. A large number of studies have examined the 

consequences of diabetes on islet functions using different animal models among them 

chemical β-cell ablation (7). Whereas the effects of diabetes on β cells have been extensively 

studied, consequences on α cells remain limited to plasma glucagon levels and α-cell mass 

with contradictory results.

In order to better characterize the functional and molecular defects of α cells in diabetes, we 

used the transgenic mouse strain Glucagon-Venus and induced diabetes by streptozotocin 

(STZ) administration which led to drastic β-cell ablation, severe hyperglycemia and 

hyperglucagonemia. In this model glucagon mRNA levels, pancreatic glucagon content and 

basal glucagonemia were increased in the absence of α-cell mass changes. In addition, 

glucose did not regulate glucagon secretion compared to control animals. To investigate 

whether alterations of glucagon secretion were due to intrinsic α-cell defects, we collected 

islets and purified Venus-α cells from control and STZ-diabetic mice and assessed α-cell 

secretion. We observed that basal release was upregulated and glucagon secretion was not 

regulated by low glucose compared to controls, similarly to what we observed in pancreatic 

perfusion experiments.
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We then assessed mRNA levels of specific genes important for α-cell function from control 

and STZ sorted-α cells and revealed that glucose transporters as well as α-cell markers were 

decreased in STZ-diabetic mice compared to controls suggesting that the identity and 

glucose sensing of pancreatic α cells are altered in hypoinsulinemic hyperglycemic 

conditions. We also observed that Foxa1 and cMaf mRNA levels coding for two 

transcription factors involved in glucagon gene expression were upregulated in α cells from 

diabetic mice compared to controls; in agreement with mRNA levels FOXA1 protein was 

also increased in STZ islets compared to controls.

Whereas insulin treatment partially corrected α-cell function, it normalized glucagon, 

Foxa3, HNF4α, TCF7L2, Glut1, Sglt2, Cav2.2, Nav1.7, Kir6.2, Sur1, Pten and insulin 

receptor mRNA levels, it did not correct those coding for Arx, MafB, Brain4, Foxa1, cMaf, 

NeuroD1, Cav2.1, GPR40 and Sumo1.

Our results indicate that streptozotocin-induced diabetes leads to specific alterations in α 
cells, independently of α-cell mass, including decreases in the expression of genes coding 

for glucose transport as well as for α-cell identity and upregulation of genes coding for 

transcription factors involved in glucagon gene expression. Although many defects are 

corrected by insulin treatment, some of the defects remain altered and may be intrinsic to the 

α-cells or require intra-islet insulin or other factors to be normalized.

Materials and Methods

mGlu124 Gcg-Venus Transgenic mouse strain

The transgenic mouse strain Glucagon-Venus express specifically the Venus fluorochrome in 

glucagon-producing cells (8). This mouse strain was obtained through collaboration with Dr 

Fiona Gribble (Cambridge University, UK). The genetic background for Glucagon-Venus 

strain is C57Bl6J. Mice were bred in conventional housing according to ethical approbation 

by Swiss federal committee. Of note, all of Venus+ α cells express glucagon and 92+/% of 

glucagon-producing cells expressed Venus (Supplemented data, Figure 1).

Streptozotocin-induced diabetes (STZ)

20 weeks-old male Glucagon-Venus mice were separated into 3 groups (control, 

streptozotocin (STZ) and insulin-treated STZ-induced diabetic mice (STZ+insulin implant)) 

fed with chow diet. Animals of the STZ groups were injected (intraperitoneal) with a single 

high-dose of STZ (200mg/kg). Maximal effect of STZ is observed about 1 week after 

injection (9). The control group was injected with the resuspension buffer of STZ (Na-

citrate/Citric acid). 7 days after STZ injection, Insulin implants (LINBIT) were placed 

subcutaneously in STZ-induced diabetic mice. Animals from each group were monitored 

each day for weight and glycemia during 4 weeks until sacrifice and pancreases collection. 

Weight, glycemia and glycated hemoglobin (Siemens DCA systems Hemoglobin A1c) were 

analyzed from blood samples.
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Morphometric analyses of pancreatic α-cell mass in STZ-induced diabetic mice

The pancreases were removed after sacrifice and fixed overnight in paraformaldehyde 4%; 

after embedding in paraffin, 5 μm thick sections were cut. Immunofluorescence stainings 

were performed with the following primary antibodies (1/500): Rabbit anti-Glucagon 

(Millipore) and Guinea-pig anti-insulin (ThermoFischer Scientific) and with the following 

secondary antibodies: Alexa-Fluor anti-Rabbit 488 (1/1000) and Alexa-Fluor anti Guinea-

pig 568 (1/500) as well as DAPI (10μg/ml).

Morphometric analysis was performed on 3 independent sections spaced at least 250 μm for 

each animal. Whole pancreas sections with glucagon, insulin, and DAPI staining were 

scanned using Mirax scanner. The images obtained were displayed on a large screen to 

localize each area with insulin and/or glucagon staining. Each islet was analyzed with 

Metamorph and Pannoramic Viewer softwares to measure pancreatic section area, islet area, 

glucagon and insulin staining area and glucagon and insulin positive cell number.

Primary Venus+ alpha-cell preparation

Islets of Langerhans were isolated using standard procedure as described (10). Primary 

Venus+ α cells were separated from non-Venus and exocrine cells by fluorescence-activated 

sorting using FACS Biorad S3 (Facs-profiles for CTRL, STZ and STZ+ 

groups:Supplemented data, Figures 2-4). The percentage of glucagon positive cells (99% 

+/-1%) was evaluated by immunohistochemistry using specific glucagon and insulin 

antibodies using at least 10 male mice. The purity was also assessed by PCR analysis using 

6 control mice (Supplemented data, Figure 5).

Ex vivo measurements of glucagon release, secretion and contents

Glucagon contents were measured on collected mouse sorted Venus+ α cells (1000 cells) 

from control, STZ and STZ-treated mice in Acid/Ethanol mixture (1.5%HCl / 75% Ethanol).

For ex vivo short-term primary culture of pancreatic α cells, FACS-sorted Venus cells (1000 

cells per condition) were seeded in 50μl drops using laminin pre-coated culture dishes 

(35mm Easy-grip Tissue Culture Dish, Falcon) as previously described (10). Cells were next 

incubated overnight in DMEM (#11926-025, Gibco) supplemented by 5.6mM Glucose, 

1%FBS, 20mM Hepes as well as antibiotics. Glucagon release over 8h-incubation and acute 

30min glucagon secreation from primary α cells of control and diabetic mice (STZ and STZ

+insulin implant) were then analysed. The effect of glucose (1-5.6mM D-glucose) was 

assessed as described (11). Glucagon was quantified in cell contents and supernatants by 

Elisa kit (#10-1271-01, Mercodia).

Pancreatic perfusion experiments

16 weeks-old control and STZ-induced diabetic mice were anesthetized before experiments. 

Briefly, after laparotomy, pancreases were isolated to the rest of body through specific 

ligatures as described (12). Pancreatic perfusion samples from control and diabetic mice 

were next analyzed by glucagon and mouse insulin Elisa (Mercodia) kits following the 

manufacturer's recommendations.
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RNA preparation and RT-PCR analysis

Total RNA was isolated from mouse sorted Venus+ α cells using RNeasy Plus Micro kit 

(Qiagen). After specific quantification (Qubit RNA High-sensitivity Assay Kit, life 

technologies) 10ng of total RNA were reverse-transcribed (PrimeScript RT reagent Kit, 

Takara) and preamplified (cDNA Pre-Amp Master kit, Roche Diagnostics) following the 

manufacturer’s instructions. Through candidate gene approach, specific mRNA levels were 

analyzed by real-time qPCR using Light-cycler technology (Roche Diagnostics). The 

expression of each candidate gene expression was evaluated using specific primers 

(Supplemented data, Table 1-3).

FOXA1 immunodetection in the pancreas of Control and STZ-treated mice

After sacrifice, pancreases were fixed overnight in 4% paraformaldehyde and embedded in 

paraffin. Immunofluorescence was performed on deparaffinized 5 μm thick pancreatic 

sections after antigen retrieval in TEG buffer. Chicken anti-Venus (1/100; ThermoFischer 

Scientific) and Rabbit anti-Foxa1 (1/100; Gift by Dr R. Costa) were used as primary 

antibodies (overnight, 4°C) following by 1h incubation with Alexa-Fluor Anti-Rabbit 568 

and Anti-Chicken 488 (1/500; ThermoFischer Scientific).

Data analysis

Data are presented as means ± SE and analyzed by two-tailed Student-t test and ANOVA 

analysis. A p value of less than 0.05 was considered to be statistically significant. All tests 

were performed using the SPSS software.

Results

Functional alterations of pancreatic alpha cells in streptozotocin-induced diabetic mice

To better understand why and by which mechanisms pancreatic α cells are affected in 

diabetes, we used an insulin-deficient model in the mouse transgenic strain where 

proglucagon-producing cells are labeled by the Venus fluorescent protein. We generated 

streptozotocin-induced diabetic mice using a single high-dose streptozotocin injection. 

Control (CTRL) and streptozotocin-diabetic (STZ) animals were kept during 28 days. We 

first characterized the in vivo model including weight, glycemia, glycated hemoglobin 

measurements (HbA1c) and performed oral glucose tolerance tests (OGTT) (Fig.1).

We observed that streptozotocin-treated mice presented rapid weight-loss and a marked 

increase of glycemia from day 3 after streptozotocin injection (Fig.1A-B). At the end of 

protocol, STZ-induced diabetic mice exhibited 16.9% (+/-1.4) weight-loss and 415% (+/-20) 

increase in glycemia compared to controls. Glycated hemoglobin (HbA1c) were 

3.78+/-0.08% (IFCC: 18mmol/mol) and 8+/-0.25% (IFCC: 64mmol/mol) in control and 

STZ-treated mice respectively (Fig.1C).

We next assessed glycemia, glucagonemia and insulinemia during an OGTT and observed 

that after an 8h-fasting period, STZ-induced diabetic mice exhibited hyperglycemia 

(18.3+/-1.6 mM for STZ vs 5+/-0.6 mM for CTRL) associated with hypoinsulinemia 

(0.24+/-0.11 ng/ml for STZ vs 0.55+/-0.07 ng/ml for CTRL) and hyperglucagonemia 
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(5.53+/-0.94 pM for STZ vs 3.24+/-0.45 pM for CTRL) compared to controls (Fig.1D-F). At 

15 minutes after glucose administration, insulin levels remained low and glucagon levels did 

not decrease in diabetic mice (T15 glycemia: 26.2+/-2.2 mM for STZ vs 12+/-1.1 mM for 

CTRL; insulinemia: 0.19+/-0.06 ng/ml for STZ vs 1.09+/-0.14 ng/ml for CTRL; 

glucagonemia: 6.38+/-0.87 pM for STZ vs 1.62+/-0.31 pM for CTRL) indicating that basal 

glucagon secretion was increased and not inhibited by glucose.

STZ-induced β-cell ablation was analyzed by pancreatic insulin content measurements as 

well as immunohistochemistry and morphometric analyses; STZ-induced diabetic mice 

presented a 74.9% (+/-2.6) decrease of β-cell mass (Fig.2A-B) as well as a 92% (+/-4) 

decrease of pancreatic insulin content compared to controls (Fig.2F). Remaining insulin-

positive cells were 70.9% (+/-3.1) smaller compared to control β cells (Fig.2B). 

Furthermore, we also observed that pancreatic islet number was decreased by 55.9+/-4% in 

STZ mice compared to controls.

Importantly, pancreatic glucagon contents were 47.4% (+/-18.3) higher in STZ-induced 

diabetic mice compared to controls (Fig.2G). To determine if this increase was due to an 

increase in α-cell number we investigated pancreatic α-cell mass in islets and total pancreas 

and observed that there was no significant difference in the total number of glucagon-

positive cells 28 days after STZ injection between diabetic and control mice. There were 

increases of α-cell number per islet (233.9+/-28.2% of controls, Fig.2C) and of α-cell 

number relative to pancreatic area (138.7+/-11.3 % of controls, Fig.2E) in STZ mice 

compared to controls that were compensated by the decreases of islet number in total 

pancreas and of pancreatic area (Fig.2B,D). Interestingly, we also observed an increase of α-

cell size in pancreases of STZ mice (175.1-/23.3% of CTRL) suggesting α-cell hypertrophy.

To further characterize alterations of glucose-regulated glucagon secretion, we performed 

pancreatic perfusion experiments using low (2.8mM D-Glucose) and high glucose (16.7mM) 

concentrations. In STZ-diabetic mice glucagon secretion did not decrease with high glucose 

as it was observed for controls (Fig.3A). These observations were associated with the 

absence of glucose-stimulated insulin secretion in STZ-induced diabetic mice (Fig.3B).

To further analyze the characteristics of the dysfunctional α cells in STZ-diabetic mice we 

specifically investigated α-cell glucagon contents as well as glucagon secretion from Facs-

sorted α cells at the end of protocol. We observed that glucagon contents were 31% (+/-4) 

higher per cell in Facs-sorted α cells from STZ-induced diabetic mice compared to controls 

(Fig.4A) suggesting that the increase of pancreatic glucagon content was mainly due to an 

increase in glucagon biosynthesis per cell.

We then analyzed glucagon secretion of α cells from control and STZ-diabetic mice using 

Facs-sorted α cells at the end of protocol. We observed that α cells from STZ-induced 

diabetic mice exhibited respectively 2.48- and 2.32-fold higher basal glucagon release 

compared to control cells in 8h-continuous release experiment (DMEM-5.6mM 

Glucose-0.5%BSA) and in acute 30 minutes secretion assays (Krebs buffer-5.6mM 

Glucose-0.5%BSA). However, whereas glucagon release in control α cells was regulated 

negatively by glucose, it was not in α cells from STZ-induced diabetic mice (Fig.4C). By 
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contrast to the absence of glucose effects on α cells from STZ-induced diabetic mice, these 

cells responded to insulin by decreasing basal glucagon secretion without complete 

normalization (Fig.4D).

Taken together these data clearly demonstrate that β-cell ablation and subsequent 

hyperglycemia leads to hyperglucagonemia secondary to increases of glucagon biosynthesis 

and secretion per cell. Importantly, isolated α cells from STZ-induced diabetic mice exhibit 

alterations of basal and glucose-regulated glucagon secretion.

Characterization of the molecular alterations of pancreatic alpha cells in streptozotocin-
induced diabetic mice

To further characterize functional alterations of α cells we searched for altered gene 

expression potentially involved in diabetes through a candidate gene approach. We 

determined a list of 49 genes which are all involved in α-cell identity and function including 

specific gene targets which code for proteins involved in glucagon biosynthesis and 

secretion as well as α-cell differentiation and maturation. We thus quantified mRNA levels 

of targeted genes from Facs-sorted α cells of control and STZ-diabetic mice after 28 days 

protocol period (Fig.5). We first observed that proglucagon mRNA levels were significantly 

increased in STZ-induced diabetic mice (1.42+/-0.12 fold induction) compared to controls 

whereas Arx, Brain4 (Pou3f4), MafB, Foxa3 and NeuroD1 were reduced suggesting that α-

cell identity is modified in STZ-induced diabetes (Fig.5A). Interestingly, we also observed 

robust increases of Foxa1 and cMaf (v-Maf) mRNA levels (2.1+/-0.4 and 3.71+/-1.2 -fold 

induction for Foxa1 and cMaf respectively) and decreases of Foxa3 and TCF7L2 mRNAs 

coding for transcription factors in diabetic mice compared to controls. We then analyzed 

genes coding for factors involved in glucose metabolism and insulin signaling and identified 

that the glucose transporters Glut1 and Sglt2 as well as the insulin receptor (IR) and pten 

mRNAs were decreased in diabetic mice but not those for Irs1 and 2 (Fig.5B), suggesting 

alterations in glucose transport and insulin signaling in insulinopenic diabetes.

We finally investigated the mRNA levels of genes involved in glucagon secretion and 

observed that Nav1.7 (Scn9a), Cav2.2 (Cacna1B), Kir6.2 (Kcnj11), Sur1 (Abcc8) and 

Sumo1 were decreased in STZ-diabetic mice compared to controls whereas Cav2.1 

(Cacna1A) mRNA levels were slightly but significantly increased (Fig.5C). The fatty-acid 

receptor GPR40, but not GPR119/120, was also affected. Of note, gene expression of the 

IL6 receptor (IL6R) and transducer (GP130) were not affected in STZ-induced diabetic 

mice. Critical genes also involved in α-cell functions such as PC2 (Pcsk2), Pax6, Foxa2, 

Gck, Nkx2.2, Isl1 as well as general exocytosis components such as Nav1.3 (Scn3a), Stx1A 

(syntaxin1A), SNAP25 and Syt7 (synaptotagmin7) were not affected in STZ-induced 

diabetic mice.

To confirm that molecular alterations of identified target genes were translated at the protein 

levels we performed immunofluorescences using pancreatic sections of CTRL and STZ 

mice. FOXA1 was upregulated in Venus+ α cells of STZ mice compared to controls (Fig.6) 

whereas cMaf expressed at low levels in α cells was not detected in both groups (data not 

shown).
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These experiments clearly show that α cells from STZ-diabetic mice exhibit specific 

molecular alterations including critical genes involved in glucagon biosynthesis (glucagon 

itself, Foxa1, cMaf and NeuroD1), α-cell identity (Arx, MafB and Brain4), glucose transport 

(Glut1 and Sglt2), insulin signaling (IR and pten) and secretion (Cav2.1/2.2, Kir6.2/Sur1, 

Nav1.7, GPR40 and Sumo1).

In vivo insulin treatment partially corrects functional and molecular alterations of 
pancreatic alpha cells in streptozotocin-induced diabetic mice

To evaluate the potential reversibility of α-cell alterations in STZ-induced diabetes we 

evaluated the impact of chronic insulin treatment using subcutaneous insulin implants 7 days 

after STZ injection for 21 days (Fig.7). As expected, insulin treatment improved glycemia 

(Fig.7B) and HbA1c levels of STZ-diabetic mice (IFCC: 36mmol/mol (HbA1c 

5.48+/-0.21%) for STZ+insulin implant vs 64mmol/mol (HbA1c 8%) for STZ; Fig.7C) 

although these mice were still mildly diabetic (Fig.7A). First we observed that in vivo 

glucagon secretion in response to glucose loading (Fig.7D) was corrected by insulin 

treatment whereas fasting glucagonemia of treated diabetic mice were still elevated 

(5.8+/-0.6pM, Fig.7E) compared to control mice (3.2+/-0.5, Fig.1F).

We then specifically analyzed Facs-sorted α cells from control, STZ-diabetic and insulin-

treated STZ-diabetic mice and observed that insulin treatment partially corrected altered 

glucagon secretion (Fig.6F). Indeed, basal glucagon secretion (5.6mM glucose condition) of 

sorted α cells from STZ mice was normalized by insulin whereas stimulation by low glucose 

was not fully corrected (Fig.7F-G). We then investigated the effects of insulin treatment on 

α-cell gene expression. Increased glucagon mRNA levels observed in diabetic mice were 

corrected by insulin (Fig.8A). Similarly Foxa3, HNF4alpha, TCF7L2, Glut1 and Sglt2, 

Cav2.2, Nav1.7, Kir6.2, Sur1, Pten and IR mRNA levels were normalized by insulin 

treatment whereas those coding for Arx, MafB, Brain4, Foxa1, cMaf, NeuroD1, Cav2.1 and 

Sumo1 were not (Fig.8A-B). GPR40 mRNA levels were partially corrected but still 

remained significantly different compared to controls (Fig.8B).

Our results thus suggest that insulin treatment can reverse specific alterations of α cells 

observed in diabetes such as glucagon biosynthesis and expression of genes involved in 

glucose transport and insulin signaling but is not sufficient or unable to completely correct 

dysregulated glucagon secretion and genes involved in α-cell differentiation and maturation.

Discussion

Alterations of the glucagon secretory responses observed in diabetes have been attributed to 

several defects in α-cells including defective glucose sensing, loss of β-cell function, insulin 

resistance or autonomic malfunction (13,14). Despite a paucity of informations concerning 

potential intrinsic defects of pancreatic α cells in diabetes, recent data suggest that α-cell 

dysfunction might be due to both glucotoxicity and insulin deficiency (15). Furthermore, in 

vitro studies mainly performed on rodent glucagon-producing cell lines have illustrated the 

effects of glucose and palmitate excess on α-cell function including insulin resistance, 

altered glucagon secretion and increased glucagon biosynthesis (16,17).
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Whether α-cell dysfunction, particularly in response to glucose, is an intrinsic defect of 

impaired glucose sensing and/or of insulin action or an extrinsic defect due to absence of 

functional β cells has still to be clearly determined. To characterize α-cell alterations in 

diabetes, we used insulinopenic high dose STZ-induced diabetes male mice which are 

characterized by specific functional α-cell alterations including increases of basal and 

dysregulated glucagon secretion as well as a transient increase of α-cell mass (18,19). Our 

data confirm basal hyperglucagonemia during fasting and increased glucagon secretion after 

glucose ingestion with a similar α-cell mass compared to control mice. Despite controversial 

data, several studies have clearly shown a transient increase of α-cell mass in STZ-induced 

diabetes mainly due to α-cell proliferation a few days after STZ injection (20–22). By 

contrast when focusing on α-cell mass 4 weeks after STZ-induced hyperglycemia, no major 

variation was observed anymore (15,19). Our data clearly indicate that alpha cell number per 

islet and relative to pancreatic area were increased with a significant decreased of islet 

number and pancreatic area leading to eventually no change in the total pancreatic α-cell 

number 28 days after STZ administration. Furthermore we also observed that α-cell size as 

well as cellular glucagon content was increased in STZ mice suggesting that α cells exhibit 

hypertrophy with cellular accumulation of glucagon in STZ-induced diabetes as previously 

described (15).

Recent studies using transgenic mice with specific labeling of glucagon-producing cells have 

clearly highlighted that α cells from STZ-induced diabetic mice exhibited increases of 

glucagon content and release (15). Our ex vivo studies using isolated α cells from control 

and STZ-diabetic mice indicate that the increase of glucagonemia is secondary to increases 

in glucagon biosynthesis and release per cell with 42% increases of glucagon mRNA levels 

and 2.5-fold higher basal glucagon secretion without glucose regulation suggesting that 

these cells are potentially locked in a hypersecretory state.

We demonstrate for the first time that isolated α cells from STZ-diabetic mice exhibit 

chronic molecular alterations of genes coding for proteins involved in glucagon biosynthesis 

and secretion as well as α-cell identity. The mRNA levels coding for Arx, MafB, Brain4 and 

NeuroD1, specific α-cell markers and transcription factors linked to the α-cell lineage, 

differentiation and maturation (23–26), are decreased in α cells from STZ-diabetic mice 

suggesting that α-cell identity could be altered as previously proposed in STZ-treated rats 

(27). Interestingly, insulin treatment which partially corrects α-cell function did not correct 

these alterations suggesting that chronic insulinopenic hyperglycemic in vivo situation leads 

to persistent α-cell defects.

Regulated glucagon secretion is a complex process involving many factors among them 

glucose and insulin. Whereas several components such as glucose transporters, ion channels 

and signaling pathways are identified as modulators of glucagon secretion few of them have 

been shown to be altered in diabetes (13,14). Among them sodium glucose cotransporters 

Sglt2 as well as its potential regulators HNF4alpha emerge as potential key factors linked to 

diabetes and alterations in glucagon biosynthesis and secretion (28). Recent work showed 

indeed that the specific Sglt2 antagonist dapaglifozin led to increases of glucagon mRNA 

levels and secretion in human islets as it was observed after specific silencing of Sglt2 and 

HNF4alpha using siRNAs indicating the critical importance of SGLT2 in glucagon 
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secretion. Furthermore expression of these 2 genes were found to be affected in human islets 

from obese and type 2 diabetic patients and decreased after prolonged exposure to high-

glucose concentrations in α-TC1.9 glucagon-producing cells. Similarly we observed that 

Sglt2 as well as HNF4alpha are also decreased in α cells from STZ-diabetic mice as well as 

the expression of the Glut1 gene suggesting that glucose influx in α cells could be affected 

in diabetes and potentially lead to blindness of the α cells to glucose and thus hypersecretion 

of glucagon. Of importance, insulin treatment normalized both Sglt2 and HNF4α as as well 

as Glut1 gene expression and hypersecretion of glucagon.

The expression of genes coding for Kir6.2 and Sur1 subunits of K-ATP channel, Nav1.7 

sodium channel and Cav2.2 calcium channel were also decreased whereas expression of the 

Cav2.1 gene was increased in α cells from STZ-induced diabetic mice. These channels were 

previously identified as regulators/effectors of glucagon secretion (29–32). Indeed, mutation 

of Kir6.2 as well as Sur1 knock-out led to alterations of glucose effects on glucagon 

secretion evidencing their contribution in the regulated secretion process (33–35). 

Nevertheless, except for the Nav1.7 gene which exhibited 47% decreased expression in α 
cells from diabetic mice, alterations of Kir6.2/Sur1 and Cav2.1/2.2 expression were modest 

and unlikely to fully explain the unresponsiveness to glucose. Dysregulation of these genes 

except Cav2.1 were also normalized by insulin treatment.

Finally, we observed significant and substantial increases of Foxa1 and cMaf expression, 

two transcription factors involved in glucagon gene expression (36,37), in diabetic α cells 

suggesting a potential link with the increase of glucagon biosynthesis and secretion. 

However, we observed that in vivo insulin treatment reversed the increase of mRNA levels 

of glucagon but not those coding for Foxa1 and cMaf indicating that these 2 transcription 

factors are not causal in the increase of glucagon biosynthesis in diabetes.

Chronic but not short-term insulin treatment of diabetic mice has been shown to correct α-

cell dysfunctions (19,38). Our data indicate that chronic insulin treatment of STZ-diabetic 

mice with non-regulated insulin implant which partially improve glycemia and glucagon 

secretion, is able to normalize the expression of multiple genes. However Foxa1, cMaf, 

GPR40, Sumo1 and Cav2.1 as well as Arx, MafB, Brain4 and NeuroD1 gene expression 

were not corrected by insulin suggesting that these targets may reflect intrinsic α-cell 

defects in diabetes, need intra-islet insulin or other additional factors to be corrected.

The changes in α-cell gene expression we observed might be implicated in the alterations of 

α-cell function or be secondary or adaptative to diabetes and reflect protective mechanisms. 

STZ-diabetic mice as well as type 1 diabetic patients are characterized by hypoinsulinemia, 

hyperglycemia and elevated circulating FFA (39,40). During long-term exposure with high 

glucose and/or FFA concentrations as well as insulin deficiency adaptative responses as it 

was previously described in several organs including placenta, retina, muscle, kidney and 

pancreatic β cells. Indeed, in vitro exposure to high concentration of glucose led to a 50% 

decrease of Glut1 mRNA levels in human placental trophoblast (41) as well as in the retina 

and its microvessels of STZ-diabetic rats (42). Similarly inhibition of fatty-acids receptor 

GPR40 gene expression, which is known to be involved in glucagon secretion, protects 

insulin-producing cells to palmitate-induced ER stress and apoptosis (43). Our in vivo 
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results showing decreased Sglt2, Glut1 and GPR40 gene expression in α cells in response to 

high concentration of glucose or palmitate go along with an adaptative response which then 

may lead to α-cell dysfunction.

Recent data suggest that pancreatic α cells are resistant to metabolic stress-induced 

apoptosis in diabetes involving a detoxification mechanism with Bcl2l1 overexpression (44). 

Interestingly cMaf was previously identified as a protective factor in the kidney under 

ischemic and oxidative-stress conditions (45). Recent data also mentioned that large-Mafs 

transcription factors could be involved in the control of autophagic activity and protection of 

pancreatic cells for ER stress (46). In this context, our observation on the increase of cMaf 

gene expression (unregulated by insulin treatment) and decreases of Glut1, Sglt2 and GPR40 

mRNA levels in STZ-diabetic mice could bring crucial and new informations concerining 

potential resistance of pancreatic α cells to the toxic environment in diabetes and assimilated 

to protective mechanisms.

In conclusion, hyperglycemia and hypoinsulinemia lead to chronic α-cell dysregulation 

involving increases of glucagon biosynthesis and secretion with changes in gene expression 

which are partially reversed by insulin treatment in male mice. We suggest that excess 

glucose and FFA in insulinopenic conditions lead to constitutive alterations of key genes and 

that the combination of these defects engage pancreatic α cells on its own protection in 

response to the toxic environment as well as in a dedifferentiation process developing 

subsequent alterations of glucagon biosynthesis and secretion.
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Figure 1. Physical and biological characteristics of the control and streptozotocin-induced 
diabetic mice
Data corresponding to control chow-diet (CTRL) and diabetic mice (STZ) are illustrated 

respectively by black and white colors. Weight (A) and random glycemia (B) were 

monitored during 28 days for CTRL (Black Diamond) and STZ-induced diabetic mice 

(White Square). Glycated hemoglobin (HbA1c) were measured from CTRL (black bar) and 

STZ (white bar) animals at 28 days (C). Glucose tolerance test (OGTT) (D-F) were 

performed on control (black) and STZ (white) using oral gavage of D-Glucose solution 

(1g/kg) one week before sacrifice (3 weeks). Glycemia were measured before and 15, 30, 
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60, 90 and 120 min after glucose administration. Circulating blood insulin (E) and glucagon 

(F) levels were also measured from control (black bars) and STZ (white bars) serum mice 

before and 15 min after glucose load. Physiological parameters were evaluated on each 

group including 15 mice at least.

* and ** indicate statistical significance (respectively p value ≤0.05 and p value ≤0.01) 

compared to control mice. $ indicates statistical significance compared to T0.
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Figure 2. Morphometric analysis of pancreatic α and β cells in control and STZ-induced diabetic 
mice
Illustrative images corresponding to pancreatic sections of CTRL and STZ-treated (A) mice 

were performed using anti-glucagon (green) and anti-insulin (red) immunostaining as well 

as DAPI. Seven different mice were used for quantitative and statistical analysis using Mirax 

scanner and Metamorph software (B-C) in each group (Control (black bars) and 

Streptozotocin (white bars)). Islets number, α- and β-cell numbers as well as sizes were 

evaluated for each animal in 3 different pancreatic sections containing islets (B). α-cell 

numbers were also evaluated relative to islet for CTRL and STZ groups (C). Pancreatic area 
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(D) and relative alpha cell number per surface unit (E) were analyzed in each group (21 

pancreatic sections corresponding to 7 mice) using Mirax scans and Pannoramic Viewer 

software.

Total pancreatic insulin (F) and glucagon (G) contents were measured from homogenized 

pancreas of CTRL and STZ-induced diabetic mice. Glucagon and insulin contents were 

expressed relative to total protein amounts. * (p≤0.05) and ** (p≤0.01) indicate statistical 

significance compared to control.
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Figure 3. Alterations of glucagon and insulin secretions in STZ-induced diabetic mice
Glucagon and insulin secretions were investigated from control and STZ-induced diabetic 

mice after 4 weeks. After an initial 30min-stabilization step, pancreases were perfused 

successively with 2.8mM, 16.8mM and 2.8mM glucose-Krebs solutions during 15min-

periods each. Pancreatic secretions were collected every minute. Glucagon (A) and insulin 

(B) levels were monitored in samples collected from perfused pancreas of control (black 

bars) and STZ (white bars) mice. Pancreatic perfusion experiments include 5 mice per 

group. * indicate statistical significance compared to control. $ significance compared to 

first 2.8mM incubation period.
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Figure 4. Glucagon secretion from Facs-sorted α-cells from control and STZ-induced diabetic 
mice
After islets isolation and Facs-sorting, glucagon contents were evaluated from Facs-sorted α 
cells of controls (black bars) and STZ (white bars) mice (A). Venus+ cells from control 

(black) and diabetic mice (white) were plated in 5.6mM DMEM-1%FBS medium for the 

night (recovery medium). 24h after glucagon secretory capacities of cells were measured 

from control (CTRL, black bars) and diabetic mice (STZ, white bars) for 8h in recovery 

medium (continuous release, B) or after 1 hour depletion in 5.6mM glucose Krebs buffer 

(KRB-0.5% BSA) for acute secretion assays (C,D). Primary cells were then incubated for 
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30min in KRB medium supplemented by 1 or 5.6mM glucose and insulin (100ng/ml). 

Histograms (B-D) represent percentage of glucagon measured from the supernatant of 

primary control and STZ sorted α cells relative to glucagon contents; basal glucagon during 

8h (B), glucose (C) and insulin effects (D). Glucose and insulin effects were evaluated 

during 30min incubation periods. Ex vivo secretion assays were performed on 5 different 

samples of Facs-sorted α cells per condition and group.

* indicate statistical significance compared to control. $ significance compared to 5.6mM 

conditions.
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Figure 5. Molecular analyses of α-cell specific gene transcripts involved in glucagon biosynthesis 
and secretion as well as α-cell differentiation from control and STZ-induced mice
FACS-sorted Venus+ α cells from control and STZ-induced diabetic mice were collected 

and analyzed for mRNA quantification of specific genes coding for proteins involved in α-

cell identity and glucagon biosynthesis (A) or glucose metabolism and insulin signalling (B) 

and mRNAs coding for receptors and ions channels as well as general components of 

exocytosis (C). mRNA levels of each tested genes are relative to RPS9, HPRT, Actin Beta, 

Tubulin Beta and cyclophilin mRNA values. Data are presented as the means (% of control) 
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± SE (%) for 4 different experiments including at least 11 mice in each group. Relative 

mRNA levels of STZ-diabetic mice are analyzed compared to their own littermate controls.

* and ** indicate statistical significance (respectively p value ≤0.05 and p value ≤0.01) 

compared to control mice.
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Figure 6. FOXAI expression in α cells from control and STZ islets
Illustrative images corresponding to pancreatic sections of CTRL and STZ mice were 

performed using anti-Venus (green) and anti-Foxa1 (red) as well as DAPI staining (blue). 

Merge images represent DAPI, Venus and Foxa1 signals. White arrows target Foxa1/Venus 

positive cells in control and STZ islets.
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Figure 7. Insulin treatment of STZ-induced diabetic mice partially corrects α-cell function
Data corresponding to control chow-diet (CTRL), diabetic mice (STZ) and treated diabetic 

mice with insulin implant (STZ+Insulin implant) are illustrated respectively by black, white 

and grey colors. Black arrow indicates the begining of insulin treatment (insulin implant 

input). Weight (A) and random glycemia (B) were monitored during 28 days whereas 

glycated hemoglobin (HbA1c; C) was measured at the end of treatment. OGTT was 

performed in insulin-treated STZ-induced diabetic mice and evaluated for glycemia (D) and 

glucagonemia before and 15min after glucose loading (E). Due to the fact that insulin-

treated STZ-induced diabetic mice do not tolerate fasting, glucose (1mg/kg of D-glucose) 
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was administered during the fasting period when glycemia reached 5 to 6mM (T0). α-cell 

secretion was evaluated from Facs-sorted Venus+ α cells of control (CTRL, black), STZ-

diabetic (STZ, white) and insulin-treated STZ (STZ+Insulin implant, grey) mice (F-G). 

Acute glucagon secretion was evaluated during 30min periods in 5.6 and 1mM glucose 

solutions and expressed relative to glucagon content in each condition (F). The effect of 

glucose was evaluated by the ratio of glucagon secretion measured at 1mM and 5.6mM 

glucose (G). Each parameter was evaluated from 11 mice except for ex vivo secretion assays 

which included Facs-sorted α cells from 5 mice.

* indicate statistical significance compared to control. $ significance compared to STZ 

group. & significance compared to 5.6mM conditions
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Figure 8. Insulin treatment of STZ-induced diabetic mice partially corrects molecular alterations 
of α-cell
mRNA quantification of specific genes from FACS-sorted α cells from control, STZ and 

STZ+insulin implant mice (A-B). mRNA levels of each tested genes are relative to RPS9, 

HPRT, Actin Beta, Tubulin Beta and cyclophilin mRNA values. Data are presented as the 

means (relative to control) ± SE (%) for 3 different experiments including 10 animals in 

each group. Relative mRNA levels of STZ-diabetic mice (+/- Insulin implant) are analyzed 

compared to their own littermate controls.
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* indicate statistical significance compared to control. $ significance compared to STZ 

group.
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