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Abstract 28 

Inhibition of insulin-degrading enzyme (IDE) has been proposed as a possible therapeutic target 29 

for type 2 diabetes treatment. However, many aspects of IDE's role in glucose homeostasis need 30 

to be clarified. In light of this, new preclinical models are required to elucidate the specific role 31 

of this protease in the main tissues related to insulin handling.  32 

To address this, here we generated a novel line of mice with selective deletion of the Ide gene 33 

within pancreatic beta-cells, B-IDE-KO mice, which have been characterized in terms of multiple 34 

metabolic endpoints, including blood glucose, plasma C-peptide and ipGTT. In addition, glucose-35 

stimulated insulin secretion was quantified in isolated pancreatic islets, and beta-cell 36 

differentiation markers and insulin secretion machinery were characterized by RT-PCR. 37 

Additionally, IDE was genetically and pharmacologically inhibited in INS-1E cells, rodent and 38 

human islets, and insulin secretion was assessed. 39 

Our results show that, in vivo, life-long deletion of IDE from beta-cells results in increased plasma 40 

C-peptide levels. Corroborating these findings, isolated islets from B-IDE-KO mice showed 41 

constitutive insulin secretion, a hallmark of beta-cell functional immaturity. Unexpectedly, we 42 

found 60% increase in Glut1 (a high affinity/low Km glucose transporter), suggesting increased 43 

glucose transport into the beta-cell at low glucose levels, which may be related to constitutive 44 

insulin secretion. In parallel, IDE inhibition in INS-1E and islet cells resulted in impaired insulin 45 

secretion after glucose challenge. 46 

We conclude that IDE is required for glucose-stimulated insulin secretion. When IDE is inhibited, 47 

insulin secretion machinery is perturbed, causing either inhibition of insulin release at high 48 

glucose concentrations, or constitutive secretion. 49 

 50 

Keywords: Beta-cell immaturity, GK, Glut1, Glut2, Insulin-degrading enzyme, insulin secretion  51 

 52 

 53 

 54 

 55 

 56 

 57 

Downloaded from www.physiology.org/journal/ajpendo at Univ De Valladolid (157.088.213.189) on October 1, 2019.



3 
 

Introduction 58 

Insulin-degrading enzyme (IDE) is a metalloprotease known to degrade several peptides 59 

centrally involved in glucose regulation, including insulin, glucagon, and amylin. IDE has a 60 

particularly high affinity for insulin (Km~0.1 µM) and it is ubiquitously expressed (7, 8, 30). IDE 61 

has been historically been regarded as the principal protease involved in the degradation of 62 

insulin in vivo (8), but this long-held view has been called into question by recent studies (9, 40). 63 

The relationship between IDE and diabetes mellitus has been stimulated by the fact that the Ide 64 

gene is located in one of chromosomal regions associated with type 2 diabetes susceptibility 65 

(33); and there are some polymorphisms of Ide that have been associated with the development 66 

of the disease (4, 12, 17, 42). Independent of IDE’s role in risk for diabetes, several groups have 67 

pursued the development of pharmacological inhibitors of IDE based on the idea that blocking 68 

insulin degradation by IDE will increase circulating insulin and thus improve glycemic control in 69 

diabetes (6, 9, 24, 26, 30). Results obtained by these studies have been contradictory, perhaps 70 

due to pleiotropic effects of IDE inhibition within different organs and target tissues. Thus, it is 71 

clear that cell-type specific information is required to properly assess whether IDE inhibition can 72 

be a therapeutic target for diabetes mellitus. 73 

We and others have previously reported that beta-cells of type 2 diabetes patients show 74 

decreased IDE protein levels, which it is probably related to beta-cell dysfunction (11, 29, 34). 75 

Steneberg and colleagues have shown that islets isolated from Ide knock-out mice display 76 

impaired glucose stimulated insulin secretion (34);  whether this effect is attributable to Ide 77 

deletion in the pancreatic beta-cells specifically needs to be clarified since they used germ-line, 78 

pan-cellular knock-out mice for their experiments, which are known to undergo significant age-79 

dependent changes as they develop (1). 80 

In this study we have addressed whether acute pharmacological inhibition of IDE in isolated 81 

islets has an effect on pancreatic islet cells´ function; and if IDE is required for beta-cell function. 82 

We have used three different tools to investigate these questions: isolated rodent and human 83 

islets treated with pharmacological inhibitors of IDE; INS-1E cells knock-down for Ide; and a novel 84 

mouse model of beta-cell specific ablation of IDE (B-IDE-KO). 85 

 86 

 87 

 88 
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Material and Methods 89 

B-IDE-KO mice 90 

Animal experiments were approved by University of Valladolid Research Animal Ethical 91 

Committee and JCyL regional authorities (protocol #5003931) in accordance with the European 92 

Guidelines for Care and Use of Mammals in Research. The Cre/LoxP system was used for 93 

generating our tissue specific knockout mice. IDE Flox/Flox mice (1, 40) were crossed to Ins2-Cre 94 

mice provided by Dr. Herrera (Ins2.CreHerr) (15). The breeding strategy is explained more fully in 95 

Fig 4A.  IDEFlox/Flox;Ins-Cre mice are the beta-cell specific IDE KO mice (B-IDE-KO) and  IDEFlox/Flox 96 

and IDEFlox/+ have been used as control mice (WT). IDEFlox/+;Ins-Cre (HT) have not been 97 

characterized in this manuscript. 98 

To genotype the colony of mice, PCR was performed with tail DNA isolated using QuickExtract™ 99 

DNA Extraction Solution (Epicentre, USA) according to the manufacturer’s instructions. The 100 

primers used for PCR were as follows: GAPDH_R: 5’-GATG GCAT GGA CTG TGG TCA T-3’; 101 

GAPDH_F: 5’-CGT GGA GTC TAC TGG TGT CTT-3’; FLOX-IDE_F: 5’-AAC TGC CAC CTG TCC AAT CC-102 

3’; FLOX-IDE_R: 5’-CTC AGG GAT ACA ATG CGT GC-3’; INS-CRE_F: 5’-TAA GGC TAA GTA GAG GTG 103 

T-3’; INS-CRE_R: 5’-TCC ATG GTG ATA CAA GGG AC-3’. 104 

Male and female animals were metabolically characterized at 2 and 6 months. Mice were fed 105 

standard rodent chow diet and water ad libitum in ventilation-controlled cages in a 12-hour 106 

light/dark cycle.  107 

High-fat diet experiments 108 

In order to metabolically stress B-IDE-KO and controls, 6-month-old male mice were fed a 109 

high-fat diet (60% kcal fat, Research Diets, USA) for four weeks. Afterwards ipGTT and C-peptide 110 

levels in circulation were measured.  111 

Plasma biochemistry 112 

Blood glucose levels at 16h or 6h fasting and non-fasting conditions were measured directly from 113 

tails using the Breeze2 Glucometer (Bayer, Germany). Plasma samples were obtained from tail 114 

blood samples of mice under fasting (6h) or non-fasting conditions, blood was extracted using 115 

blood collection tubes treated with EDTA (Sarstedt AG & Co., Germany). Plasma C-peptide levels 116 

were measured using Mouse Ultrasensitive C-peptide ELISA (#80-CPTMS-E01, ALPCO, Salem, 117 

NH). Amylin levels were measured using mouse amylin enzyme immunoassay (EIA) kit (#EK-017-118 

11, Phoenix Pharmaceuticals, USA). 119 
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Intraperitoneal glucose tolerance test   120 

To evaluate alterations in glucose homeostasis in our mice, we performed intraperitoneal 121 

glucose tolerance tests (ipGTT). Briefly, mice were fasted for 6 h and then injected 122 

intraperitoneally with glucose at 2 g/kg body weight. Blood glucose levels were quantified 123 

immediately before and 15, 30, 60 and 120 min after glucose challenge. 124 

In a different set of experiments, but using the same technique, blood samples were obtained 125 

0, 5, 15 and 30-minutes after glucose challenge using blood collection tubes. Plasma was 126 

obtained by centrifuging the blood at 3,300 X g for 10 min. C-peptide levels were determined by 127 

ELISA as described above. 128 

RNA isolation and RT-PCR 129 

Total RNA from islets and tissues samples was extracted using TRIZol® Reagent (Thermo Fisher 130 

Scientific, USA), according to the manufacturer’s instructions. Quantification of mRNA levels was 131 

determined from UV absorbance using a NanoDrop™ N-D1000 spectrophotometer. These 132 

samples were treated with RapidOut DNA Removal Kit (Thermo Fisher Scientific, USA). First 133 

strand complementary DNA (cDNA) was synthesized with iScript™ cDNA synthesis kit (Bio-Rad, 134 

USA) as described in the manufacturer’s instructions.   135 

Quantitative PCR was carried out on equal amounts of cDNA in duplicate for each sample using 136 

Maxima Probe qPCR Master Mix (Thermo Fisher Scientific, USA) with corresponding TaqMan® 137 

Gene Expression Assays (Applied Biosystems, USA) in a thermal cycler Rotor-Gene 3000 (Corbett 138 

Research).  The following TaqMan assays were used: Ide: Mm00473077_m1; Ins1: 139 

Mm01259683_g1; Ins2: Mm00731595_gH; Nkx2-2: Mm00839794_m1; Nkx6-1: 140 

Mm00454961_m1; Pax6: Mm00443081_m1; Pdx1: Mm00435565_m1; Neurod1: 141 

Mm_01280117_m1; Mafb: Mm00627481_s1; Ucn3: Mm00453206_s1; Syt4: Mm01157571_m1; 142 

Slc2a2: Mm00446229_m1; Slc2a1: Mm00441480_m1; Slc2a3: Mm00441483_m1; Gck: 143 

Mm00439129_m1; Kcnj11: Mm00440050_s1; Abcc8: Mm00803450_m1; Cacna1a: 144 

Mm00432190_m1; G6pc: Mm00839363_m1; Pck1: Mm01247058_m1. The following SYBR 145 

Green assay was used: Mafa: (F: 5´-GAGGAGGTCATCCGACTGAAA-3´; R: 5´-146 

GCACTTCTCGCTCTCCAGAAT-3´) Pcsk1: (F: 5’-CTGGCCAATGGGTCGTACTC-3’; R: 5’-147 

TGGAGGCAAACCCAAATCTTAC- 3’). 148 

Data were normalized with the housekeeping gene RPL18: (F: 5’-AAGACTGCCGTGGTTGTGG-3´; 149 

R: 5’-AGCCTTGAGGATGCGACTC-3’, Probe: 5’-FAM-TTCCCAAGCTGAAGGTGTGTGCA-BHQ1-3’) 150 

and relative expression was quantified using the comparative 2-ΔΔCT method. 151 
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Quantification of islet histomorphometry 152 

Six-month-old mice were euthanized, their pancreata were dissected and fixed in 10% neutral 153 

buffer formalin overnight at 4 °C, then embedded into paraffin blocks. Five-µm sections were 154 

obtained from 4 distinct areas of each pancreas spaced at least 100 microns. To analyze 155 

pancreatic morphology pancreas sections were stained with anti-insulin antibody 1:100 dilution 156 

(#180067, Invitrogen, USA) for beta-cell area and anti-glucagon antibody 1:500 dilution (#10988, 157 

Abcam, UK) for alpha-cell area, and they were counterstained with hematoxylin, as previously 158 

reported (20). 159 

Images of the sections were acquired using a NIKON Eclipse 90i microscope associated with CCD 160 

NIKON camera (DSRi1), using 20X objective with transmitted light. Beta-cell area, alpha-cell area 161 

and islet number were calculated using ImageJ software (NIH, USA) as previously reported (20, 162 

40).  163 

Cell culture 164 

INS-1E were a gift of Dr. Pierre Maechler (University of Geneva, Switzerland). Cells were grown 165 

at 37 °C and 5% CO2 in a humidified atmosphere to 80% confluence. INS-1E culture medium was 166 

RPMI-1640 with 2 mM L-glutamine supplemented with 11 mM D-glucose, 10% fetal bovine 167 

serum, 100 U/ml penicillin, 100 μg/ml streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, and 168 

50 μM β-mercaptoethanol. Mycoplasma contamination was checked monthly. 169 

Small interfering RNA-mediated gene suppression 170 

ON-TARGET plus SMART pool siRNA targeting Rat IDE (Dharmacon, USA) was transfected into 171 

INS-1E cells in the presence of Lipofectamine 2000 Transfection Reagent (Invitrogen, USA) for 172 

4h. Cells were cultured for 72h in INS-1E cell medium before experimentation. ON-TARGET plus 173 

Non-targeting pool was used as control siRNA. 174 

Generation of INS1-E shRNA-IDE  175 

INS-1E cells were transduced using short hairpin RNA (shRNA) lentiviral vector pGreenPuro™ 176 

shRNA Cloning and Expression Lentivector (System Biosciences, USA). Oligonucleotide design 177 

and shRNA synthesis was performed according to manufacturer´s criteria. The sequences 178 

contain both sense and anti-sense strand were located in exon 25 of the rat IDE gene (F: 5´-179 

CCCTTGTGAAGCCACACATTA-3´; R: 5´-CCCTTGTGAAGCCACACATTA-3´). All constructs were 180 

sequence-verified. Analysis of silencing efficiency was performed by western blotting. 181 

In-vitro glucose-stimulated insulin secretion 182 
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INS-1E cells were seed on cell culture 6-well plates at a density of 600,000 cells per well. After 183 

treatment, cells were washed in HEPES balanced salt solution (HBSS) (114mmol/l NaCl, 4.7 mM 184 

KCl, 1.2 mM KH2P O4, 1.16 mM MgSO4, 20 mM HEPES, 2.5 mM CaCl2, 25.5 mM NaHCO3, and 185 

0.2% bovine serum albumin [essentially fatty acid-free], pH 7.2). Insulin secretion was stimulated 186 

by using static incubation for a 1-hour period in 3 ml of the same buffer, followed by incubation 187 

in HBSS containing 22 mM glucose for 90 min. Insulin secretagogues were used at the following 188 

concentrations: 10 mM Arginine (Arg) and 100 μM IBMX. Secretion samples were used to 189 

measure insulin by Rat Insulin ELISA (#10-1250-01) and C-peptide by Rat C-peptide ELISA (#10-190 

1172-01). To quantify intracellular insulin content, cells were treated for 1 hour with acid 191 

ethanol followed by Rat Insulin ELISA.  192 

Rat and human islets were plated on cell culture inserts onto 24-well plates at a density of 20 193 

IEq groups in HBSS. Islets were washed twice in 1 ml HBSS with 2.2 mM glucose followed by 194 

preincubation in 2 ml of the same buffer for 10 min. Insulin secretion was stimulated by using 195 

static incubation for 30 min in 1 ml of the same buffer, followed by incubation in HBSS containing 196 

22 mmol/l glucose for 30 min. Secretion samples of rat islets were used to measure insulin by 197 

Rat Insulin ELISA. Secretion samples of human islets were measured by Insulin ELISA (#10-1113-198 

01). Secreted insulin was represented dividing by islet number in GSIS. 199 

B-IDE-KO islets were plated on cell culture inserts in 24-well plates at a density of 5 equivalent 200 

islets per well. Islets were washed twice in 500 µl Krebs-Ringer buffer (140 mM NaCl, 4.5 mM 201 

KCl, 1 mM MgCl2, 25 mM HEPES, 2.5 mM CaCl2, 0.1% BSA) with 3 mM glucose. Insulin secretion 202 

was stimulated by using static incubation for 1 h in 500 µl of the same buffer, followed by 203 

incubation in KRB containing 16 mmol/l glucose for 1 h. Secretion samples were used to measure 204 

insulin by Mouse Insulin ELISA (#10-1247-01) and proinsulin by Rat/Mouse Proinsulin ELISA (#10-205 

1232-01). To analyze the intracellular insulin content, islets were exposed for 1 h to acid ethanol 206 

followed by quantification using Mouse Insulin ELISA. Secreted insulin was represented dividing 207 

by islet number in GSIS. 208 

All insulin, proinsulin and C-peptide ELISA kits reported in here were obtained from Mercodia 209 

AB, Sweden. 210 

Islets isolation and culture 211 

B-IDE-KO islets were isolated by pancreatic duct perfusion with Collagenase P (1.7 mg/mL) 212 

(Roche Diagnostics, USA) and purified as previously reported (5) from 6-month-old male mice. 213 

To quantify intracellular insulin content, islets were exposed for 1 hour to acid ethanol followed 214 
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by Mouse Insulin ELISA, and normalized to the DNA content of the sample, measured using a 215 

NanoDrop™ N-D1000 spectrophotometer. 216 

Rat islets were isolated and purified from 2-month-old male Wistar rats provided by Animal 217 

Production and Experimentation Service (University of Valladolid) by a standard procedure and 218 

they were grown at 37°C and 5% CO2 in a humidified atmosphere. Culture medium was RPMI-219 

1640 (GIBCO, EEUU) supplemented with 5.5 mM D-glucose, 10% fetal bovine serum, 100 U/ml 220 

penicillin, and 100 μg/ml streptomycin.  221 

Human islets were obtained from Dr. Olle Körsgren lab at the University of Uppsala (Sweden) 222 

through Juvenile Diabetes Research Foundation award 31-2008-416 (ECIT Islet for Basic 223 

Research program). Islets were grown at 37 °C and 5% CO2 in a humidified atmosphere. Culture 224 

medium was RPMI-1640 (GIBCO, EEUU) supplemented with 5.5 mM D-glucose, 10% fetal bovine 225 

serum, 100 U/ml penicillin, and 100 μg/ml streptomycin. 226 

Western blotting 227 

Islets from B-IDE-KO mice and INS-1E cells were homogenized in lysis buffer (125 mM Tris, pH 228 

6.8, 2% SDS, 1 mM DTT supplemented with protease and phosphatase inhibitors) and briefly 229 

sonicated. Proteins were quantified using the Micro BCA Kit (Thermo Scientific, USA), separated 230 

by SDS-PAGE (7.5%), and then transferred to PDVF Immobilon-P membranes (Millipore, USA). 231 

Blots were incubated with the following antibodies: anti-Actin 1:40,000 dilution (#612656, BD 232 

Biosciences, USA), anti-IDE 1:15,000 dilution (#9210, Millipore, USA), anti-GLUT1 1:10,000 233 

dilution (#07-1401, Millipore, USA), anti-GLUT2 1:10,000 dilution (#07-1402 Millipore, USA), 234 

anti-GCK 1:5,000 dilution (#ab37796, Abcam, UK), anti-GAPDH 1:10,000 (#mab374, Chemicon 235 

international, USA). All antibodies were previously validated by the manufacturer and previous 236 

publications (11, 40).   237 

ImageJ software (NIH, USA) was used for processing and analysis of data. Results were 238 

normalized to control values on each membrane. 239 

Electron microscopy 240 

After performing GSIS on INS1-E cells, pellets of cell preparations were fixed in 2% formaldehyde 241 

and 2% glutaraldehyde in phosphate buffered saline (PBS) for 30 min at 4 °C. Samples were then 242 

embedded in 2% agar, post-fixed with 1% osmium tetroxide in water, dehydrated through a 243 

graded series of ethanol and embedded in Epoxy EMbed-812 resin (EMS, Electron Microscopy 244 

Sciences). Ultrathin sections were obtained with a Leica EM UC7 ultramicrotome, contrasted 245 

with uranyl acetate and lead citrate, and analyzed using a Tecnai Spirit Twin 120 kv electron 246 
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microscope with a CCD Gatan Orius SC200D camera with DigitalMicrograph™ software. Electron 247 

microscopy pictures were taken in the Microscopy Service at the University of Salamanca, Spain. 248 

Inhibition of proteolytic activity 249 

Rat and human islets were treated with the IDE specific inhibitor NTE-2 (kindly provided by Dr. 250 

Timothy B. Durham at Eli Lilly and Company, USA) (9) at 0.1 µM. NTE-2 was dissolved in DMSO. 251 

Islets were treated with this compounds or its respective vehicle for 1h at 37 °C in complete 252 

medium before glucose-stimulated insulin secretion. 253 

Immunostaining 254 

B-IDE-KO pancreata were dissected and immersed in 10% neutral buffer formalin overnight and 255 

embedded into paraffin blocks. Five-µM serial sections of pancreas were obtained and stained 256 

with the following antibodies: Mouse anti-insulin 1:1,000 dilution (#SAB4200691, Sigma-Aldrich, 257 

USA), rabbit anti-IDE 1:2,000 dilution (#9210, Millipore, USA), rabbit anti-Glut-1 1:500 dilution 258 

(#07-1401, Millipore, USA) and rabbit anti-glut-2 1:500 dilution (#07-1402 Millipore, USA). 259 

Fluorescent secondary antibodies were used for detection. All antibodies were previously 260 

validated by the manufacturer and previous publications (3, 11, 19, 39). Sections were 261 

counterstained with nuclear DAPI staining. Fluorescence images of the sections were acquired 262 

using a NIKON Eclipse 90i microscope associated with CCD NIKON camera (DSRi1), using a 40X 263 

objective. All the pictures were obtained using the same exposure conditions.  264 

Immunofluorescence intensity of Glut1 was quantified by ImageJ software (NIH, USA) using the 265 

following method to each insulin/Glut1 stained pancreas slide: Separated photos of insulin and 266 

Glut1 were taken. A mask of the insulin stained area was made using the “Create Mask” tool on 267 

the insulin photo. The mask of insulin area was transferred onto the Glut1 photo, and then, the 268 

intensity of Glut1 staining within this selected “mask” area was quantified using the tool 269 

“Integrated Density”. The final intensity number was calculated dividing integrated 270 

density/mask area. 271 

Statistics 272 

Data were analyzed using the Graph Pad Prism v. 4.0 (GraphPad Software, Inc., La Jolla, CA, USA). 273 

Data were presented as mean ± SEM. Distribution of variables was analyzed using the 274 

Kolmogorov-Smirnov test. Statistical differences between two groups were analysed using the 275 

Student's t-test and between more than two groups using an ANOVA test followed by Tukey’s 276 

multiple comparison test. A significance level of <0.05 was used to judge statistical significance. 277 
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Results 278 

IDE inhibition of adult beta-cells impairs insulin secretion  279 

To clarify whether the presence of IDE plays a key role in beta-cell function, we tested insulin 280 

secretion in the pancreatic beta cell line INS-1E transfected with siRNA-IDE or control si-RNA.  As 281 

judged by western blot analysis, we obtained ~40% reduction of IDE levels (Fig 1A-B). Upon 282 

challenge with low and high glucose, INS-1E cells with reduced IDE levels exhibited a ~50% 283 

decrease in secreted insulin relative to controls (Fig 1C). 284 

To assess whether the observed result was due to a defect on the machinery of secretion or, 285 

instead, an effect on insulin stability or production, we quantified C-peptide levels in same cell 286 

culture supernatants. C-peptide levels in the IDE-deficient INS-1E cells were significantly 287 

decreased by 50% relative to controls, in excellent agreement with the results for insulin 288 

secretion (Fig 1D). No alterations in intracellular insulin content were detected (Fig 1E). 289 

Together, these results indicate that insulin secretion is impaired when IDE levels are reduced 290 

in INS-1E cells. 291 

To confirm our results using a different model that ensures uniformity of IDE silencing over a 292 

more prolonged period of time, we generated an INS-1E clone using lentiviruses containing 293 

shRNA-IDE (INS1-shRNA-IDE), which expressed IDE protein levels reduced by ~30% relative to a 294 

control clone (INS1-shRNA-C) generated in parallel (Fig 2A-B). INS1-shRNA-IDE cells showed total 295 

abolishment of insulin secretion upon either high or low glucose challenge (Fig 2C). Interestingly, 296 

insulin content was increased by 100% in INS1-shRNA-IDE cells (Fig 2D). To elucidate the 297 

mechanistic basis underlying the observed impairment in insulin secretion, we studied INS1-298 

shRNA-IDE cell ultrastructure by electronic microscopy, which revealed an approximate 299 

doubling of the density of insulin granules in INS1-shRNA-IDE cells after glucose overload versus 300 

INS1-shRNA-C cells, pointing to a defect in insulin vesicle mobility (Fig 2E-F). Supporting this 301 

conclusion, in GSIS experiments, insulin release in the presence of two insulin secretagogues, 302 

Arg and IBMX, was impaired in INS1-shRNA-IDE cells relative to control cells (Suppl Fig 1). 303 

To explore a more physiological model, we obtained isolated islets from rat and human 304 

pancreata and pharmacologically inhibited IDE activity using the IDE specific inhibitor NTE-2. 305 

Both assays showed a significant impairment in insulin secretion (Fig 3 A-B), corroborating the 306 

results obtained from INS-1E cells in Figures 1 and 2.    307 

Taken together, these results indicate that acute reduction or inhibition of IDE in INS-1 cells or 308 

islet cells in vitro leads to impaired glucose-stimulated insulin secretion (GSIS). However, these 309 

Downloaded from www.physiology.org/journal/ajpendo at Univ De Valladolid (157.088.213.189) on October 1, 2019.



11 
 

experiments do not address the effect of chronic deficiency of IDE, specifically in beta-cells, nor 310 

do they reveal any insight into the role of IDE in the beta-cell in vivo. For that purpose, we 311 

generated beta-cell specific IDE knock-out mice. 312 

 313 

B-IDE-KO mice show normal glucose homeostasis despite increased C-peptide in circulation  314 

Pancreatic beta-cell specific IDE knock-out mice (B-IDE-KO) were generated by breeding mice 315 

homozygous for a floxed Ide allele (40) with transgenic mice expressing Cre recombinase under 316 

the insulin promoter (Ins2.CreHerr), thus targeting expression to pancreatic beta-cells (15) (Fig 317 

4A). We studied the phenotype of male and female Ideflox/flox; +/+ or Ideflox/+; +/+ (henceforth 318 

referred to as WT) and Ideflox/flox; Ins-Cre/+ (B-IDE-KO) mice at 2 and 6 months of age.  319 

To confirm that Ide genetic ablation was specific to pancreatic beta-cells, we performed IDE 320 

quantitative PCR of B-IDE-KO and WT pancreatic islets, skeletal muscle, kidney, liver and 321 

hypothalamus. We found a ~70% reduction of IDE expression in islets, and no changes in the 322 

other tissues (Fig 4B).  323 

To verify loss of IDE expression in pancreatic beta-cells, pancreatic islets were obtained from 324 

WT, B-IDE-HET (Ideflox/+; Ins-Cre/+), B-IDE-KO and from T-IDE-KO (germ-line, total-IDE-KO) mice 325 

(1) and quantified by western blotting. As expected, IDE was present in islet cells of WT mice, 326 

partly reduced in islets of B-IDE-HT mice and mostly absent in B-IDE-KO islets. There is a faint 327 

IDE band at 110 kDa in B-IDE-KO, which is not present in the T-IDE-KO extract, which is due to 328 

~20% non-beta-cells present in pancreatic islets (Fig 4C). We also performed IDE/insulin double 329 

staining to confirm that IDE loss of expression was specifically happening in beta-cells and not 330 

in other islet cell types. As shown in Figure 4D, WT islets show overlapped staining of IDE and 331 

insulin, meanwhile B-IDE-KO mice only show IDE staining in non-beta-cells. Together, these 332 

results confirm that IDE ablation in B-IDE-KO pancreatic beta-cells was both effective and 333 

specific. 334 

We next performed a metabolic characterization of male mice at 2 months of age. First, we 335 

measured basal blood glucose levels under fasting (16- and 6-hour) and non-fasting conditions. 336 

Relative to WT controls, B-IDE-KO mice didn´t show changes in glucose levels (Fig 5A-C). Glucose 337 

homeostasis as measured by ipGTT was normal as showed by the AUC (Fig 5D-E). No changes in 338 

body weight were detected (Fig 5F). To understand if IDE has a role in GSIS in vivo, plasma C-339 

peptide levels were monitored before and 5, 15 and 30 min after glucose challenge.  The 340 

resulting AUC indicated that C-peptide in circulation was similar in WT and B-IDE-KO mice (Fig 341 
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5G-H). Interestingly, ex vivo GSIS results obtained in islets isolated from B-IDE-KO and WT mice 342 

(Fig 6I) showed that secreted insulin levels were chronically higher in B-IDE-KO islets relative to 343 

controls, but no further increase was observed upon high glucose challenge (Fig 6I). 344 

Furthermore, GSIS is impaired in B-IDE-KO as shown by the fold-increase in insulin secretion 345 

~3.5-fold versus ~1-fold for WT versus B-IDE-KO islets, respectively (Fig 6J).  346 

Then, we aged mice to 6 months of age and performed a similar metabolic characterization; we 347 

measured basal blood glucose levels under fasting (16- and 6-hour) and non-fasting conditions. 348 

No changes were observed under fasting or non-fasting conditions (Fig 6A-C). C-peptide levels 349 

were increased in B-IDE-KO versus WT mice under both fasted and non-fasted conditions (~60% 350 

more) (Fig 6D-E). Glucose homeostasis as measured by ipGTT was normal as showed by the AUC, 351 

albeit glucose levels were significantly increased in B-IDE-KO mice 15 minutes after glucose 352 

challenge (Fig 6F-G). This metabolic phenotype pointing to increased insulin resistance is not 353 

associated to body weight changes (Fig 6H) but it is related to increased hepatic gluconeogenesis 354 

as it is suggesting increased expression of phosphoenolpyruvate carboxykinase (Pck1) and 355 

glucose-6-phosphatase (G6pc) enzymes (Fig 6I). 356 

Female mice data for ipGTT and plasma C-peptide at 2 and 6 months of age showed similar 357 

results to those reported for male mice (Suppl Fig 2). 358 

To further potentiate the metabolic phenotype, 6-month-old male B-IDE-KO and WT mice were 359 

fed a high-fat diet for 4 weeks. After metabolic characterization, no differences were observed 360 

in ipGTT despite the presence of elevated C-peptide levels in B-IDE-KO mice (Suppl Fig 3). 361 

Taken together, these results suggest that life-long genetic deletion of IDE in beta-cells results 362 

in increased insulin secretion together with a degree of insulin resistance as evidenced by 363 

elevated glucose 15 minutes after glucose challenge, in parallel to elevated levels of liver´s 364 

gluconeogenic enzymes. 365 

C-peptide levels were measured before, 5, 15 and 30 min after glucose challenge.  C-peptide 366 

levels were increased in each time point, and the resulting AUC was found to be significantly 367 

increased as well (Fig 7A-B). This rise in C-peptide levels was not due to increased beta-cell area 368 

(Fig 7C-D), alpha-cell area (7 E-F) or number of pancreatic islets (7G); but instead was due to 369 

constitutive insulin secretion, as reflected by GSIS results obtained in islets isolated from B-IDE-370 

KO and WT mice (Fig 7H). Secreted insulin was constitutively elevated in B-IDE-KO islets relative 371 

to controls, but no further increase was observed upon high glucose challenge (Fig 7H), same as 372 

observed in 2 months old mice. Furthermore, GSIS is impaired in B-IDE-KO as shown by the fold-373 

increase in insulin secretion ~2.5-fold versus ~1-fold for WT versus B-IDE-KO islets, respectively 374 
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(Fig 7I). No changes were detected in islet insulin content when B-IDE-KO and WT islet extracts 375 

were compared (Fig 7J).  376 

Constitutive insulin secretion is a signal of beta-cell immaturity (2, 18, 31) that is often 377 

accompanied by increased proinsulin secretion due to a defect in proinsulin processing (13, 16, 378 

43). Accordingly, we measured proinsulin secretion after challenge with low and high glucose.  379 

Secreted proinsulin levels show the same profile as insulin secretion, constitutive proinsulin 380 

secretion in B-IDE-KO islets (Fig 7K). 1-3% non-processed proinsulin has been previously 381 

reported to be secreted with mature insulin in normal islets (13), as it is shown in our WT islets. 382 

Here we are showing higher levels of secreted proinsulin in B-IDE-KO islets under low glucose 383 

concentrations, in line with the increased insulin levels being secreted under this condition.  384 

 385 

B-IDE-KO islets undergo molecular changes that reflect beta-cell functional immaturity 386 

B-IDE-KO islets display a phenotype of constitutive insulin secretion and insulin granules 387 

harboring proinsulin molecules, both hallmarks of beta-cell functional immaturity. To attempt 388 

to elucidate the molecular mechanisms underlying immature beta-cell phenotype, we 389 

performed RT-PCR to quantify mRNA levels of several transcription factors and proteins known 390 

to be required for beta-cell maturity (Ins1, Ins2, Nkx2.2, Nkx6.1, Pax6, Pdx1, Neuro D1, Mafb, 391 

Mafa, Ucn3, Syt4) (Fig 8A). We also quantified the expression of a number of proteins subserving 392 

insulin processing (Pcsk1) (Fig 8C) and insulin secretion (Slc2a2, Slc2a1, Salc2a3, Gck, Kcnj11, 393 

Abcc8, Cacna1a) (Fig 8B).  394 

Among the genes reflective of beta-cell maturity B-IDE-KO islets exhibited a 60% decrease in 395 

Ins2 and 40% decrease in Ucn3 (Fig 8A). Enzymes involved in insulin processing Pcsk1/3, showed 396 

a ~70% decrease in B-IDE-KO islets (Fig 8B); this result explains increased proinsulin levels (Fig 397 

7H). Interestingly, we also found that most of the genes involved in insulin secretion (genes 398 

codifying for Glut1, GK, Sur1 and calcium channel) are upregulated, which is reflective of 399 

activation of cell metabolism and constitutive insulin secretion. Especially relevant is the 400 

increase in Scl2a1 (Glut1 gene) levels observed in B-IDE-KO islets, which is the main glucose 401 

transporter in alpha-cells, but not in beta-cells. At the same time Scl2a2 (Glut2 gene), which is 402 

the main glucose transporter in mouse beta-cells, is unchanged. The Km value is an indicator of 403 

the affinity of the glucose transporter for glucose molecules; Glut2 Km is 15-20 mM, meanwhile 404 

Glut1 Km is 1-3 mM (23); therefore, Glut1 has a high affinity for glucose and uptake from 405 

extracellular medium is constant. 406 
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To further elucidate the mechanisms underlying constitutive insulin secretion in B-IDE-KO islets, 407 

we immunostained pancreata of WT and B-IDE-KO mice with Glut2 and Glut1 antibodies (Fig 9 408 

A-B).  B-IDE-KO beta-cells showed less Glut2 in the plasma membrane (Fig 9A), meanwhile Glut1 409 

expression was increased in B-IDE-KO pancreatic beta-cells (Fig 9B). Quantification of Glut1 410 

staining in the insulin-positive area showed a 50% increase in Glut1 expression in B-IDE-KO 411 

versus WT beta-cells (Fig 9C). These results were confirmed by western-blot of protein extracts 412 

obtained from isolated islets (Fig 9D). The following proteins were detected and quantified: IDE, 413 

GK, Glut1 and Glut2. These experiments demonstrated that Glut 1 levels were ~60% 414 

upregulated, and there were not changes in GK or Glut2 total levels. These results suggest that 415 

abnormal glucose transport under low glucose concentrations may occur in B-IDE-KO but not 416 

WT pancreata due to elevated Glut1 levels, which in turn would result in continuous glucose 417 

utilization. Interestingly, although Glut2 total protein levels are not changed in B-IDE-KO islets 418 

by western-blot, staining shows reduced localization at the plasma membrane compared with 419 

WT beta-cells (Fig 9A). This phenotype of Glut2 has been shown in other beta-cell immaturity 420 

models (22, 31). 421 

The abnormal pattern of glucose transporters in B-IDE-KO beta-cells due to IDE loss of 422 

expression may be associated to constitutive and impaired insulin secretion in B-IDE-KO mice. 423 

 424 

Discussion  425 

IDE’s precise role in glucose homeostasis remains unresolved, as evidenced by contradictory 426 

results observed in germ-line Total-IDE-KO mice (1, 10, 34) and also following administration of 427 

IDE inhibitors to diabetic mouse models (6, 9, 24, 26). Since IDE is a ubiquitous protein, total 428 

knock-out models, or pharmacological inhibitors, can only reveal overall metabolic results, 429 

potentially obscuring complex interactions and thereby limiting the understanding of IDE's 430 

tissue-specific roles in glucose homeostasis. The generation of cell-specific IDE KO models can 431 

facilitate the elucidation of the precise role of IDE in different tissues involved in glucose and 432 

insulin homeostasis.  433 

Since its discovery in 1949 (27), the primary function of IDE—indeed that implied by the name 434 

“insulin-degrading enzyme”—has been widely supposed to be limited to that of proteolytic 435 

degradation of insulin.  Initial studies in germ-line Total-IDE-KO models (1, 10) reported that 436 

these animals exhibit hyperinsulinemia, seemingly confirming this view.  However, subsequent 437 

studies utilizing tissue-specific genetic ablation or analyzing tissue-specific functions of IDE have 438 

not supported this simplistic model.  For instance, Villa-Pérez and colleagues found that, 439 
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contrary to expectation, insulin clearance was not impaired by selective deletion of IDE from 440 

liver (L-IDE-KO mouse), the primary organ involved in insulin clearance (40). Similarly, Steneberg 441 

and colleagues uncovered evidence that insulin secretion from both intact Total-IDE-KO animals 442 

and isolated islets is in fact impaired, and traced the cause to a non-proteolytic mechanism 443 

associated with insulin secretion that involved the irreversible binding of alpha-synuclein to IDE 444 

(34). 445 

In the present study, we aimed to further elucidate the function of IDE by investigating the 446 

consequences of genetic and/or pharmacological reduction of IDE selectively in beta cells, using 447 

multiple, complementary approaches.  Consistent with previous findings suggesting a role for 448 

IDE in facilitating insulin secretion (34), decreasing IDE levels in INS-1E cells by shRNA or siRNA 449 

resulted in significant decreases in GSIS. Similar results were obtained for human and rat islets 450 

treated with pharmacological inhibitors of IDE.  The latter results are the first to directly examine 451 

the effects of IDE inhibitors on insulin secretion, and they raise the interesting possibility that, 452 

whatever the precise role of IDE in beta-cells, its function may involve its proteolytic activity.   At 453 

the same time, these results would seem to argue against the viability of using IDE inhibitors as 454 

a potential treatment for diabetes. 455 

A consistent finding among all papers examining germ-line Total-IDE-KO mice is the 456 

development of very marked glucose intolerance by 6 months of age (1, 10, 34).  We report here 457 

that deletion of IDE in beta-cells does not fully recapitulate the previously observed phenotype. 458 

This finding clearly demonstrates that the effects of IDE deletion on glucose homeostasis are not 459 

explained by its role in beta-cells on insulin secretion exclusively.  Indeed, this conclusion is 460 

reinforced by the recent report that liver-specific ablation also results in pronounced effects on 461 

glucose tolerance (40).   Thus, our study reinforces the idea that IDE has multiple roles within 462 

many diverse aspects of glucose regulation, which deserve to be explored further. 463 

Another significant finding is the observation of constitutive insulin secretion in the absence of 464 

high glucose in B-IDE-KO mice.  After investigating potential mechanisms, we uncovered the 465 

novel finding that beta-cells from B-IDE-KO mice harbor decreased levels of the Glut2 glucose 466 

transporter in the plasma membrane and increased levels of Glut1. These observations suggest 467 

a plausible explanation for the hyperinsulinemia reported in other studies of germ-line Total-468 

IDE-KO mice, which had previously been hypothesized as being due to decreased catabolism of 469 

insulin by IDE (1, 10). 470 

We propose two different models of IDE loss of function: an in vitro and acute type of partial 471 

loss of function (as exemplified by INS-1E cells and isolated islets), and an in vivo, chronic, 472 
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complete loss of function (as exemplified by the B-IDE-KO mouse line). When beta-cells are 473 

acutely deprived of IDE expression or activity, GSIS is impaired. These results are in good 474 

agreement with those of Steneberg et al. (34), who reported impaired insulin secretion in islets 475 

of Total-IDE-KO mice due to a defect of beta-cell cytoskeleton. Here we show that INS1-shRNA-476 

IDE beta-cells also exhibit increases in the amount of insulin granules and augmented insulin 477 

content after GSIS, pointing to a defect in the movement of insulin granules consistent with what 478 

was described previously (34). More importantly, we are showing for the first time that IDE 479 

pharmacological inhibition in human islets cells leads to impaired insulin secretion. These results 480 

are in agreement with what we and others have recently published (11, 29, 34), IDE loss of 481 

expression occurs in dysfunctional type 2 diabetes human beta-cells. Taken together, our results 482 

with human islets support the idea that IDE plays a key role in human beta-cell function. 483 

In contrast to these in vitro results, we show here that beta-cell chronic and total loss of IDE 484 

expression starting at embryonic life (as in the B-IDE-KO mouse line) generates constitutive 485 

insulin secretion. B-IDE-KO islets secrete high quantities of insulin at low glucose and have a 486 

stunted secretory response. This result is likely attributable to the dysfunctional phenotype 487 

observed in IDE-null beta-cells. Glut 1 is a high-affinity/low- Km transporter that transports 488 

glucose at concentrations as low as 1 mM (35). Thus, it is possible that Glut1 would be 489 

introducing glucose into the beta-cell at low glucose concentrations, although glucose uptake 490 

itself wouldn´t be enough to induce insulin secretion; it is well known that the step limiting in 491 

beta-cell glucose metabolism is GK (the glucose sensor) and glucose phosphorylation. We are 492 

describing here a novel model where beta-cell glucose transport is possible at low glucose 493 

concentrations due to increased Glut1 levels, that it is making possible the entrance of glucose 494 

at 2mM extracellular glucose, increasing intracellular glucose levels and activating GK to produce 495 

glucose-6-P, glycolysis and increased ATP/ADP ratio that ends producing insulin exocytosis. 496 

Interestingly, although insulin secretion is stimulated at low glucose, there is impaired GSIS 497 

when glucose levels increase. This is an unexpected result, since the entire insulin secretion 498 

machinery looks hyperactive, as shown by increased expression of glucokinase, potassium 499 

channel and calcium channel in B-IDE-KO islets, but it might be explained by decreased levels of 500 

Glut2 in the plasma membrane. It is known that Glut2 normal levels are required for a 501 

physiological response to high glucose concentrations (38). 502 

Constitutive insulin secretion has been reported as a hallmark of dysfunctional and immature 503 

beta-cells. Embryonic and neonatal beta-cells secrete insulin constitutively (2, 14, 18, 31). It is 504 

already described that embryonic cells have more Glut1 than any other glucose transporter. 505 
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Most fetal cells exhibit rapid growth and differentiation requiring high supply of energy, glucose 506 

being one of the most important nutrients required to obtain ATP (25). It will be critical to more 507 

deeply explore the mechanisms underlying increased Glut1 levels in the beta-cell plasma 508 

membrane in the absence of IDE. Other markers that support beta-cell immaturity in B-IDE-KO 509 

islets are decreased mRNA levels of Ins2 and Ucn3 (2), increased proinsulin secretion at basal 510 

glucose levels, decreased protein convertase 1 (Pcsk1/3) (31) and abnormal pattern of Glut2 in 511 

the plasma membrane (18, 22, 31, 36). 512 

Treatment of lean and obese mice with IDE specific inhibitor 6bk shows that IDE regulates the 513 

abundance and signaling of glucagon and amylin, in addition to that of insulin (26). In our hands, 514 

pancreatic beta-cell specific IDE genetic abolishment is not affecting to other beta-cell´s 515 

products that can be degraded by IDE, as amylin (Suppl Fig 4). In Maianti´s manuscript glucagon 516 

is upregulated after 135 min of IDE inhibition (26). Alpha-cell specific IDE loss of function 517 

experiments are required to elucidate the impact of IDE on glucagon homeostasis. 518 

Despite considerable efforts spanning decades, the etiology of insulin resistance remains to be 519 

deciphered. Classically, it has been proposed that intracellular accumulation of toxic lipids, 520 

derived from adipose tissue lipolysis, triggers systemic insulin resistance, which in turn increases 521 

compensatory beta-cell insulin secretion, leading to hyperinsulinemia.  However, it has also 522 

been proposed that elevated basal levels of insulin play a causative role of in the pathogenesis 523 

of insulin resistance in obesity and type 2 diabetes. Mechanistically, this could be mediated by 524 

desensitization and lysosomal degradation of the insulin receptor by chronically elevated levels 525 

of circulating insulin, leading to a reduced tissue response to insulin (21, 28, 32, 37). 526 

We show here that selective deletion of IDE in beta cells results in increased basal circulating C-527 

peptide levels, in parallel with hepatic insulin resistance. Mechanistically, insulin resistance was 528 

associated with dysregulated hepatic gluconeogenic gene expression of PEPCK (Pck1) and 529 

G6Pase (G6pc). The expression of both genes is inhibited by insulin and requires intact 530 

intracellular insulin signaling. PEPCK regulates the rate-limiting step of gluconeogenesis (i.e. the 531 

conversion of oxaloacetate into phosphoenolpyruvate), whereas G6Pase catalyzes the final step 532 

of gluconeogenesis by converting glucose-6-phosphate to glucose. These results in our B-IDE-KO 533 

mouse model beg an important question: How can the interplay between elevated levels of C-534 

peptide and hepatic insulin resistance be explained? Here, we propose the following model: 535 

Beta-cell depletion of IDE leads to increased C-peptide/insulin secretion via portal vein and 536 

chronic exposure of hepatocytes to insulin. In response, chronically elevated insulin causes 537 

desensitization and lysosomal degradation of the insulin receptor leading to decreased 538 
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intracellular insulin signaling and poor regulation of hepatic gluconeogenic gene expression. In 539 

this model, we cannot exclude that other metabolic pathways regulated by insulin may remain 540 

intact as a compensatory mechanism to maintain glucose homeostasis (e.g. enhanced hepatic 541 

glycogenesis and/or insulin clearance). Further work is warranted to clarify molecular 542 

mechanisms of hepatic insulin resistance in the B-IDE-KO mouse model. 543 

Because our B-IDE-KO mice have been generated using Ins2.CreHerr mice, and it has been 544 

reported that this line can generate some low degree of recombination in brain (41), we cannot 545 

disregard the impact of that possible recombination in our metabolic phenotype. That said, 546 

increased insulin secretion resulting from IDE deletion in vivo has also been demonstrated ex 547 

vivo in isolated islets, where brain-dependent effects are absent. Future studies using a more 548 

cell-type specific Cre-LoxP system would help to clarify this point. 549 

Our data highlight the following conclusion: IDE loss of activity has several deleterious effects 550 

on beta-cell function depending on when and how long it is inhibited and/or absent. In light of 551 

this, our results raise concerns about the utility of IDE inhibitors as a treatment for diabetes. 552 
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Figure 1: Impaired insulin secretion after transient IDE inhibition in vitro in beta-cells. (A) 725 

Representative IDE western blot of INS-1E cells untreated, transfected with siRNA-Control or 726 

siRNA-IDE. (B) Quantification of IDE by western blotting in INS-1E cells. n= 4 independent 727 

experiments in triplicates. (C) GSIS (glucose-stimulated insulin secretion) in siRNA-transfected 728 

INS-1E cells exposed to low or high glucose concentrations. n= 3 independent experiments in 729 

triplicates. (D) C-peptide levels after GSIS in INS-1E cells. n= 3 different experiments in triplicates. 730 

(E) Intracellular insulin content of siRNA-transfected INS-1E cells. n= 3 independent experiments 731 

in triplicates. Data are presented as mean ± SEM. *p< 0.05 versus siRNA-C condition; §p< 0.05 732 

versus low glucose by two-way ANOVA.  733 

Figure 2: Impaired insulin secretion after chronic IDE inhibition in vitro in beta-cells. (A) 734 

Representative IDE western blot of INS-1E cells transfected with shRNA-Control or shRNA-IDE. 735 

(B) Quantification of IDE by western blotting in INS-1E cells. n= 3 independent experiments in 736 

duplicates. (C) GSIS (glucose-stimulated insulin secretion) in INS-1E cells exposed to low or high 737 

glucose concentrations. n= 3 independent experiments in triplicates. (D) Intracellular insulin 738 

content of shRNA INS-1E cells. n= 3 independent experiments in triplicates. (E) Quantification of 739 

insulin vesicle density in shRNA-Control or shRNA-IDE INS1 cells after GSIS. n=16-21 cells per 740 

condition. (F) Representative images acquired by electron microscopy from shRNA INS-1E cells. 741 

Data are presented as mean ± SEM. *p< 0.05 versus Ctrl condition; §p< 0.05 versus low glucose 742 

by two-way ANOVA. Data are presented as mean ± SEM. *p< 0.05 versus shRNA-C condition; §p< 743 

0.05 versus low glucose by two-way ANOVA. 744 

Figure 3: Impaired insulin secretion after pharmacological IDE inhibition in vitro in pancreatic rat 745 

and human islets. (A) Insulin secretion from rat islets exposed to low or high glucose 746 

concentrations after 1h treatment with NTE-2. n=3 independent experiments in quintuplicates. 747 

(B) Insulin secretion from human islets exposed to low or high glucose concentrations after 1h 748 

treatment with NTE-2. n= 2 in triplicates (from two independent human islet preparations). Data 749 

are presented as mean ± SEM. *p< 0.05 versus vehicle/control condition; §p< 0.05 versus low 750 

glucose by two-way ANOVA. 751 

Figure 4: IDE loss of expression in pancreatic beta-cells of B-IDE-KO mice. (A) Breeding strategy 752 

to obtain B-IDE-KO mice. (B) IDE expression in different tissues measured by quantitative PCR. 753 

n=3 WT; n=2 B-IDE-KO in duplicate. (C) Representative IDE western blot in islets of WT (Ideflox/flox; 754 

+/+ or Ideflox/+; +/+), B-IDE-HT (Ideflox/+; Ins-Cre/+), B-IDE-KO (Ideflox/flox; Ins-Cre/+) and T-IDE-KO 755 

(germ-line, Total-IDE-KO) mice. (D) IDE and insulin double-staining in WT and B-IDE- KO 756 

pancreata.  757 
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Figure 5: Characterization of B-IDE-KO mouse glucose homeostasis at 2 months of age. (A) Blood 758 

glucose levels after 16h fasting. (B) Blood glucose levels after 6h fasting. (C) Blood glucose levels 759 

in non-fasting. (D) IPGTT after 6h fasting. (E) Area under the curve of figure D. (F) Weight of 760 

animals (n=7 WT; n=7 B-IDE-KO). (G) Plasma C-peptide levels at 0, 5, 15 and 30 min after 761 

intraperitoneal injection of glucose (2 g/kg) (n=5 WT; n=7 B-IDE-KO). (H) Area under the curve 762 

of figure G. (I) GSIS (glucose-stimulated insulin secretion) in WT and B-IDE-KO islets exposed to 763 

low or high glucose concentrations. (n=9 WT; n=9 B-IDE-KO). (J) Fold-change of GSIS of figure E. 764 

*p< 0.05 versus WT condition; §p< 0.05 versus low glucose by two-way ANOVA. 765 

Figure 6: Characterization of B-IDE-KO mouse glucose homeostasis at 6 months of age. (A) Blood 766 

glucose levels after 16h fasting. (B) Blood glucose levels after 6h fasting. (C) Blood glucose levels 767 

in non-fasting conditions. (n=13 WT; n=12 B-IDE-KO) (D) Plasma C-peptide levels after 6h fasting. 768 

(E) Plasma C-peptide levels in non-fasting conditions. (n=8 WT; n=5 B-IDE-KO) (F) IPGTT after 6h 769 

fasting. (G) Area under the curve of figure G. (H) Weight of animals. (n=13 WT; n=12 B-IDE-KO). 770 

(I) Hepatic gluconeogenic enzymes Pck1 and G6pc were studied by RT-PCR to detect expression 771 

levels (n=5 WT; n=4 B-IDE-KO in triplicates). Data are presented as mean ± SEM*p < 0.05 by two-772 

tailed Student's t test.  773 

Figure 7: Increased plasma C-peptide levels are not due to increased B-IDE-KO beta-cell area but 774 

to constitute insulin secretion. (A) Plasma C-peptide levels at 0, 5, 15 and 30 min after 775 

intraperitoneal injection of glucose (2 g/kg) (n=7 WT; n=5 B-IDE-KO). (B) Area under the curve of 776 

figure A. (C) Quantification of beta-cell area per pancreas. (D) Representative images of insulin 777 

staining in pancreas from WT and B-IDE-KO mice. (E) Quantification of alpha-cell area. (F) 778 

Representative images of glucagon staining in pancreas from WT and B-IDE-KO mice. (G) 779 

Quantification of number of islets/pancreas area in WT and B-IDE-KO mice. (n=7 WT; n=10 B-780 

IDE-KO for pancreas histomorphometry) (H) GSIS (glucose-stimulated insulin secretion) in WT 781 

and B-IDE-KO islets exposed to low or high glucose concentrations. (I) Fold-change of GSIS of 782 

figure E. (J) Intracellular insulin content of WT and B-IDE-KO islets. (K) Proinsulin release in WT 783 

and B-IDE-KO islets exposed to low or high glucose concentrations. (n=9 WT; n=12 B-IDE-KO). 784 

Data are presented as mean ± SEM. *p< 0.05 versus WT condition; §p< 0.05 versus low glucose 785 

by two-way ANOVA. 786 

Figure 8: Disturbances in transcription factors and insulin secretory machinery proteins point to 787 

B-IDE-KO beta-cell functional immaturity. (A) Results of quantitative PCR experiments showing 788 

expression of different genes involved in beta-cell maturity; (B) beta-cell secretory machinery; 789 

and (C) insulin processing (protein convertase 1) normalized to L18 expression as housekeeping 790 
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gene in B-IDE-KO mice islets. Each column is the mean of islets from 3-6 different mice per group 791 

in duplicate for each condition. Data are expressed using the (2−ΔΔCt) formula ± SEM. *p < 0.05 792 

determined by 2-tailed Student's t test. 793 

Figure 9: Glucose transporters show an abnormal pattern in B-IDE-KO beta-cells. (A) 794 

Representative images of Glut2 immunofluorescence in pancreas of WT and B-IDE-KO mice (n=6 795 

WT; n=7 B-IDE-KO). (B) Representative images of Glut1 immunofluorescence in pancreas of WT 796 

and B-IDE-KO mice (n=6 WT; n=6 B-IDE-KO). (C) Quantification of Glut1 staining intensity in 797 

pancreatic beta-cells. (D) Representative western-blot of IDE, GK, Glut1 and Glut2 protein 798 

expression in isolated islets of WT and B-IDE-KO mice. (E) Quantification of Glut1 WB. (F) 799 

Quantification of Glut2 WB. (G) Quantification of GK WB. (n=9 WT; n=6 B-IDE-KO) *p < 0.05 800 

determined by 2-tailed Student's t test. 801 

 802 

Supplementary Figures are available at: https://doi.org/10.6084/m9.figshare.9675437.v1 803 

 804 

 805 
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