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Abstract 37 

Objectives. The effects of prolonged exposure of pancreatic beta-cells to high saturated fatty acids on 38 

GLP-1 action were investigated. 39 

Methods. Murine islets, human pancreatic 1.1B4 cells and rat INS-1E cells were exposed to palmitate 40 

for 24 h. mRNA and protein expression/phosphorylation were measured by real-time RT-PCR and 41 

immunoblotting, respectively. Specific siRNAs were used to knockdown expression of the GLP-1 42 

receptor (Glp1r) and Srebf1. Insulin release was assessed with a specific ELISA. 43 

Results. Exposure of murine islets, as well as of human and INS-1E beta-cells, to palmitate reduced 44 

the ability of exendin-4 to augment insulin mRNA levels and induce insulin release. In addition, 45 

palmitate blocked exendin-4-stimulated CREB and AKT phosphorylation, whereas phosphorylation 46 

of MEK-1/2 and ERK-1/2 was not altered. Similarly, RNAi-mediated suppression of Glp1r 47 

expression prevented exendin-4-induced CREB and AKT phosphorylation, but did not impair 48 

exendin-4 stimulation of MEK-1/2 and ERK-1/2. Both islets from mice fed a high fat diet and human 49 

and INS-1E beta-cells exposed to palmitate showed reduced GLP-1 receptor and PDX-1 and 50 

increased SREBP-1C mRNA and protein levels. Furthermore, suppression of SREBP-1C protein 51 

expression prevented the reduction of PDX-1 and GLP-1 receptor levels and restored exendin-4 52 

signaling and action. Finally, treatment of INS-1E cells with metformin for 24 h resulted in inhibition 53 

of SREBP-1C expression, increased PDX-1 and GLP-1 receptor levels, consequently, enhancement of 54 

exendin-4-induced insulin release. 55 

Conclusion/interpretation. Palmitate impairs exendin-4 effects on beta-cells by reducing PDX-1 and 56 

GLP-1R expression and signaling in a SREBP-1C-dependent manner. Metformin counteracts the 57 

impairment of GLP-1R signaling induced by palmitate.  58 

 59 

Abbreviations 60 

AKT: v-akt murine thymoma viral oncogene homolog 61 

AMPK: AMP-activated protein kinase 62 

CREB: cAMP-response-element-binding protein 63 

FA: fatty acid 64 
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GAPDH: glyceraldehyde-3-phosphate dehydrogenase 65 

GUSB: glucuronidase beta 66 

JNK: c-Jun N-terminal kinase 67 

MEK: MAP kinase-ERK kinase 68 

PPAR: peroxisome proliferator-activated receptor 69 

RNAi: RNA interfering 70 

RNA18S1: RNA 18s ribosomal 1 71 

RPMI1640: Roswell Park Memorial Institute 72 

siRNA: short interfering RNA 73 

SREBF1: sterol regulatory element binding transcription factor 1 74 

75 
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Introduction 76 

 77 

GLP-1 and glucose-dependent insulinotropic polypeptide (GIP) are major incretins released from gut 78 

endocrine cells in response to nutrient ingestion. They have important physiological roles, the most 79 

characterized of which is potentiation of glucose-stimulated insulin secretion from the beta-cells, the 80 

so-called incretin effect (1). Individuals with type 2 diabetes mellitus typically show an impaired 81 

incretin effect (2, 3). However, the secretion of GIP and GLP-1 is not always decreased (4, 5), 82 

suggesting that defects in incretin receptor signaling also contribute to this phenomenon. Specifically, 83 

the incretin effect was shown to be markedly reduced in type 2 diabetes, primarily because of a defect 84 

in beta-cell sensitivity to GIP; on the other hand, the insulinotropic effect of GLP-1 may be preserved 85 

although reduced in its magnitude (6). In recent years, clinical experience with GLP-1 analogs, such 86 

as exenatide, liraglutide and others, shows that these agents are generally effective in correcting 87 

hyperglycemia by stimulating insulin secretion (7) in type 2 diabetes, even though some patients may 88 

not show an adequate therapeutic response. 89 

 90 

The progressive deterioration in beta-cell function over time in patients with type 2 diabetes, 91 

characterized both by beta-cell secretory defects and decreased beta-cell mass, results at least partly 92 

from the deleterious effects of high glucose and saturated fatty acid (FA) levels, referred to as beta-93 

cell gluco-lipotoxicity (8). The specific increase of plasma FA is thought to be an important link 94 

between obesity and type 2 diabetes (9). Indeed, while acute exposure to elevated plasma FA 95 

enhances glucose- and non-glucose stimulated insulin secretion both in vitro and in vivo (10), long-96 

term exposure to FA impairs glucose-stimulated insulin secretion (GSIS) and may induce beta-cell 97 

death (11, 12). The impact of obesity, a condition characterized by increased circulating FA levels, on 98 

incretin action is less explored. Because type 2 diabetes is strongly associated with obesity, the 99 

question of the separate impact of obesity and hyperglycemia on incretin action has been partially 100 

addressed. In recent years, however, it has been shown that obesity and glucose tolerance 101 

independently attenuate the incretin effect on beta-cell function, and GLP-1 response specifically 102 

(13). Moreover, the incretin effect is significantly reduced in obese compared to lean subjects with 103 
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normal glucose tolerance (14), and obesity was recently shown to attenuate the glucose-lowering 104 

effect of the dipeptidyl peptidase-4 inhibitor sitagliptin in Japanese patients with type 2 diabetes (15). 105 

Finally, elevated saturated FA levels contribute to impaired responsiveness to GLP-1 in rodent 106 

insulinoma cell lines and isolated islets (16). Altogether, these results suggests that lipids may be 107 

involved in modulating GLP-1 responsiveness in pancreatic beta-cells. 108 

 109 

Specific defects at the GLP-1 receptor level may contribute to impaired incretin action in diabetes. 110 

Indeed, the expression of the GLP-1 receptor, a member of the Gs-protein-coupled receptor 111 

superfamily, is decreased in pancreatic islets cultured in high glucose concentrations for 48 h (17, 18). 112 

Whether prolonged exposure to saturated FA also results in reduced GLP-1 receptor expression and 113 

which are the mechanisms involved is still unclear. Expression of sterol regulatory element-binding 114 

protein (SREBP-1C), a membrane-bound transcription factor of the basic helix loop helix leucine 115 

zipper family, established to be a regulator of lipogenic enzymes in the liver (19), is promptly 116 

upregulated by dietary intake of saturated FA (20, 21). Moreover, in pancreatic beta-cells, activation 117 

of SREBP-1C has been shown to be involved in generation of impaired insulin secretion and glucose 118 

intolerance (22, 23). The potential involvement of SREBP-1C in the cross-talk between excess 119 

saturated FA and diminished GLP-1 action has not been investigated. 120 

 121 

In this study, we show that the chronic exposure of murine islets, as well as of human and rat 122 

pancreatic beta-cells, to elevated saturated FA levels is sufficient to impair the effects of exendin-4, a 123 

39-amino acid peptide acting as a full GLP-1 receptor agonist (24), on insulin mRNA gene expression 124 

and insulin release. Generation of this “incretin resistance” involves reduction of GLP-1 receptor 125 

expression via FA-induced activation of SREBP-1C. 126 

127 
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Materials and Methods 128 

 129 

Cell culture. Rat insulin-secreting INS-1E cells (passage 15-30; a kind gift from C. B. Wollheim, 130 

University of Geneva, Geneva, Switzerland) were grown as previously described (25). Human 131 

pancreatic insulin-releasing 1.1B4 cells (26) (passage 15-40; purchased from ECACC, European 132 

Collection of Cell Cultures, Sigma-Aldrich, St Louis, MO, USA) were grown in monolayer at 37 °C 133 

in a humidified incubator gassed with 5% CO2, in RPMI 1640 medium containing 2 mM L-glutamine 134 

supplemented with 10% FBS, 100 IU/ml penicillin and 100 μg/ml streptomycin (all from Life 135 

Technologies, Carlsbad, CA, USA). 136 

 137 

Animals. Wild type C57Bl/6 mice were purchased from Charles River Laboratories (Calco, LC, 138 

Italy). All animal experimentation respected regulations and guidelines of Italy and European Union 139 

and the NIH Principles of Laboratory Animal Care (NIH, publication n. 85-23, revised 1985). All the 140 

experiments with mice described in this paper have been evaluated and approved (internal ID 0907) 141 

from the Ethics Committee "Comitato Etico per la Sperimentazione Animale" (CESA) of IRSG, 142 

Biogem. 143 

 144 

Diet and study design. From weaning at the age of 3 weeks onwards, 42 male mice received a 145 

standard diet. At the age of 3 weeks, mice were randomly divided as follow: 6 mice were sacrificed at 146 

day 0 (0 h); 36 mice received a standard diet or a high-fat diet purchased from Mucedola (Settimio 147 

Milanese, Milan, Italy), consisting of 60% energy from hydrogenated palm fat, for an additional 21 148 

days (504 h). Blood samples were collected at the indicated hours from the tail vein of fed mice. 149 

Triglyceride concentrations were measured using Triglyceride Quantification Kit (Abcam); the inter-150 

assay coefficient of variation was less than 5%.  151 

 152 

Islets isolation and culture. Murine islets were isolated by bile duct perfusion and collagenase 153 

digestion as described (27). After isolation, islets were cultured free floating in RPMI 1640 culture 154 

medium (Life Technologies, Carlsbad, CA, USA) at 5.5 mmol/l glucose concentration and studied 155 
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within 72 h from isolation. Cell viability, measured by Trypan Blue exclusion, was 90% after 72 h in 156 

culture. 157 

 158 

Treatments. Murine pancreatic islets, human pancreatic 1.1B4 cells and INS-1E cells were pretreated 159 

with or without 0.5 mM palmitate (Sigma-Aldrich, St Louis, MO, USA), followed by stimulation with 160 

10 nM or 50 nM exendin-4 (exenatide, from Eli Lilly and Co., Indianapolis, IN, USA). Palmitate was 161 

dissolved in 0.1 M NaOH at 70 °C for 30 min, and 5 mM palmitate was complexed with 10% 162 

essentially FA-free BSA (FA:BSA molar ratio of 3.3:1). As indicated, cells were pre-incubated with 163 

1,10-phenanthroline (50 µM) for 1 h or with metformin (0.5 mM) for 24 h (both from Sigma-Aldrich, 164 

St Louis, MO, USA). 165 

 166 

Cell Transfection. INS-1E cells were seeded in 6-well plates. Upon reaching approximately 50% 167 

confluence, cells were cultured in growth medium without antibiotics, and after 24 h they were 168 

transiently transfected with 30 nM siRNA Glp1r (SASI_Rn01_00102001, Rat, NM_012728, Sigma-169 

Aldrich, St Louis, MO, USA) or 100 nM siRNA Srebf1 (generated within the coding region 5’-170 

GGGGTACTCAAGCCTGCCTTC-3’) using Lipofectamine RNAiMAX (Life Technologies, 171 

Carlsbad, CA, USA) according to the manufacturer’s instructions. Lipofectamine RNAiMAX only 172 

(mock) and negative siRNA (Life Technologies, Carlsbad, CA, USA) controls were carried out in 173 

parallel. 174 

 175 

Immunoblotting. Cells were lysed in buffer containing 50 mM HEPES (pH 7.4), 1% Triton X 100, 176 

150 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 10% glycerol, 10 mM NaPP, 10 mM NaF, 4 mM EDTA, 177 

supplemented with  protease and phosphatase inhibitors (Complete Mini Protease Inhibitor Cocktail 178 

Tablets e PhosStop Phosphatase Inhibitor Cocktail Tablets, Roche Diagnostic, Indianapolis, IN, 179 

USA). Equal protein samples (40 μg) from the cell lysates were separated on 7% or 10% SDS-PAGE 180 

gels, as appropriate, and analyzed by immunoblotting as previously described (25). 181 

 182 
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Gene expression analyses. RNA isolation was conducted as previously described (28, 29). Genomic 183 

DNA contamination was eliminated by DNase digestion (Qiagen, Hilden, Germany), and 500 ng of 184 

total RNA was used for cDNA synthesis using High Capacity cDNA Reverse Transcription Kit (Life 185 

Technologies, Carlsbad, CA, USA). Primers were designed using Primer Express 3.0 (Applied 186 

Biosystems, Weiterstadt, Germany): rattus_Gusb_For: 5’-GACGTTGGGCTGGTGAACTAC-3’; 187 

rattus_Gusb_Rev: 5’-CACGGGCCACAATTTTGC-3’; mouse_Gusb_For: 5’-188 

CGGAGAGCTCATCTGGAATTTC-3’; mouse_Gusb_Rev: 5’-TCCCCTTCTTGTTTCCGATTAC-189 

3’; human_RNA18S1_For: 5’-CGAACGTCTGCCCTATCAACTT-3’; human_RNA18S1_Rev: 5’-190 

ACCCGTGGTCACCATGGTA-3’; rattus_insulin_For: 5’-CTGCCCAGGCTTTTGTCAA-3’; 191 

rattus_insulin_Rev: 5’-TCCCCACACACCAGGTACAGA-3’; mouse_insulin_For: 5’-192 

ACCCACCCAGGCTTTTGTC-3’; mouse_insulin_Rev: 5’-TCCCCACACACCAGGTAGAGA-3’; 193 

human_insulin_For: 5’-TACCAGCATCTGCTCCCTCT-3’; human_insulin_Rev: 5’-194 

TGCTGGTTCAAGGGCTTTAT-3’; mouse_Glp1r_For: 5’-GGCTCCTCTCCTATCAGGACTCT-3’; 195 

mouse_Glp1r_Rev: 5’-AGTTGGCTGCCACGCAGTAC- 3’; human_GLP1R_For: 5’- 196 

ACCTGAACCTGTTTGCATCCTT-3’; human_GLP1R_Rev: 5’-GCGGCTGTGCTATACATCCA-197 

3’; mouse_Pdx1_For: 5’-CGCGTCCAGCTCCCTTT-3’; mouse_Pdx1_Rev: 5’-198 

CCTGCCCACTGGCCGTT-3’; mouse_Srebf1_For: 5’-CCACTAGAGGTCGGCATGGT-3’; 199 

mouse_Srebf1_Rev: 5’-TCCCTTGAGGACCTTTGTCATT-3’. The PCR reactions were carried out 200 

in an ABI PRISM 7500 System (Applied Biosystems, Weiterstadt, Germany) under the following 201 

conditions: 50 °C for 2 min, 95 °C for 10 min, 40 cycles at 95 °C for 15 s and 60 °C for 1 min. 202 

Relative RNA levels were determined by analyzing the changes in SYBR green fluorescence during 203 

PCR using the ΔΔCt method. The mRNA level of each gene was normalized using Gusb mRNA 204 

levels for rat and mouse gene expression analysis, RNA18S1 mRNA levels for human gene expression 205 

analysis. 206 

 207 

Assessment of glucose-stimulated insulin secretion. INS-1E cells, human pancreatic cells and 208 

isolated mouse islets were preincubated in HEPES-balanced Krebs-Ringer bicarbonate buffer 209 

(KRBH) (136 mM NaCl, 4.7 mM KCl, 1.25 mM CaCl2, 1.25 mM MgCl2, 5 mM KH2PO4, 25 mM 210 
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NaHCO3, 10 mM HEPES and 0.5 % BSA, pH 7.4) containing 3 mM glucose for 1 h, then treated for 211 

1 h in KRBH buffer containing the indicated reagents with low (3 mM) or stimulatory (25 mM) 212 

glucose concentrations. The supernatants were then obtained and used for subsequent determination 213 

of insulin concentrations using an ELISA kit for measurement of rat and mouse insulin (Merck 214 

Millipore, Darmstadt, Germany) or human insulin (ALPCO Diagnostic, Salem, NH, USA).  The inter-215 

assay and intra-assay coefficients of variation were all <10%; the limits of detection were 0.1 ng/ml 216 

for rat and mouse insulin and 5.5 pg/mL for human insulin. 217 

 218 

Statistical analyses. All data are presented as means ± SE and were analysed by the Student’s t test or 219 

ANOVA, as appropriate. Statistical significance was set at P value <0.05. 220 

221 
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Results 222 

 223 

Palmitate impairs exendin-4-induced insulin mRNA expression and insulin secretion in pancreatic 224 

beta-cells. 225 

To investigate if the incretin effect on beta-cells could be altered by prolonged exposure to high 226 

saturated FA concentrations, the biological actions and signaling mechanisms of the GLP-1 analog 227 

exendin-4 were investigated in murine pancreatic islets, human pancreatic insulin-releasing 1.1B4 cell 228 

lines (HPC) and rat INS-1E cells following pretreatment with 0.5 mM palmitate for 24 h. Stimulation 229 

of control murine pancreatic islets with exendin-4 (10 nM or 50 nM) for 1 h resulted in 3-fold 230 

increase in insulin mRNA levels and 1.7-fold increase in GSIS (P <0.05 vs. cells not treated with 231 

exendin-4). By contrast, these responses were impaired in islets exposed to palmitate, showing full 232 

inhibition of exendin-4-stimulation of insulin mRNA levels and 55% reduction of exendin-4-induced 233 

GSIS (P <0.05 vs. cells not treated with palmitate; Fig. 1A, B). In addition, challenge of murine islets 234 

with exendin-4 resulted in increased phosphorylation of the kinases CREB (3-fold), AKT (1.9-fold), 235 

and ERK-1/2 MAPK (1.8-fold), and this was evident after 5 min of exposure to the GLP-1 analog (P 236 

<0.05 vs. cells not treated with exendin-4; Fig. 1C-E). However, when murine islets were pretreated 237 

with palmitate for 24 h, exendin-4-stimulated phosphorylation of CREB and AKT proteins was 238 

abrogated (P <0.05 vs. cells not treated with palmitate; Fig. 1C, D), whereas phosphorylation of ERK-239 

1/2 kinases was not altered (Fig. 1E). Similar results were obtained in human 1.1B4 pancreatic cells 240 

and rat INS-1E cells pretreated with 0.5 mM palmitate for 24 h, in which the ability of exendin-4 to 241 

augment insulin mRNA levels and to enhance GSIS was also inhibited (P <0.05 vs. cells not treated 242 

with palmitate; Fig. 1F, G; Fig. 2A, B). In addition, pretreatment with palmitate resulted in marked 243 

inhibition of CREB and AKT phosphorylation induced by exendin-4 (P <0.05 vs. cells not treated 244 

with palmitate; Fig. 1H, I; Fig. 2C, D), without altering phosphorylation of MEK-1/2 and ERK-1/2 245 

kinases (Fig. 1J; Fig. 2E, F). The palmitate-dependent impairment of intracellular signaling was 246 

specific for the GLP-1 receptor since IGF-I-stimulated AKT phosphorylation was unaltered 247 

(Supplemental Fig. 1). 248 

 249 
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Effects of palmitate on GLP-1 receptor expression in pancreatic beta-cells.  250 

To assess whether palmitate altered GLP-1 signaling and action by interfering with GLP-1 receptor 251 

expression, the effects of the saturated FA on GLP-1 receptor protein levels were next investigated. 252 

GLP-1 receptor protein levels were significantly reduced by 50% in both murine islets (P <0.05 vs 253 

basal; Fig. 3A) and human pancreatic beta-cells exposed to palmitate (P <0.05 vs basal; Fig. 3B). 254 

Similarly, a significant reduction in GLP-1 receptor protein levels was also found in INS1-E cells 255 

treated with palmitate up to 48 h (P <0.05 vs basal; Fig. 3C). An RNA interference strategy was then 256 

used to selectively suppress GLP-1 receptor expression and determine the resulting effects on 257 

exendin-4-induced intracellular signaling. INS-1E cells transfected with a siRNA sequence targeting 258 

Glp1r showed a 45% reduction in GLP-1 receptor protein levels (P <0.05 vs. cells not treated with 259 

siRNAGlp1r; Fig. 3D). Under these conditions, exendin-4-induced phosphorylation of CREB and 260 

AKT proteins was fully inhibited (P <0.05 vs. cells not treated with siRNAGlp1r; Fig. 3E, F), but no 261 

impairment of exendin-4 stimulation of MEK-1/2 and ERK-1/2 phosphorylation was observed (Fig. 262 

3G, H). Altogether, these findings indicate that reduction of GLP-1 receptor levels by approximately 263 

50%, using RNAi technology as well as following prolonged exposure to palmitate, results in 264 

impaired exendin-4-induced phosphorylation of CREB and AKT and preservation of exendin-4-265 

induced phosphorylation of MEK-1/2 and ERK-1/2. 266 

  267 

Role of SREBP-1C in palmitate-induced impairment of exendin-4 signaling and action. 268 

GLP-1 receptor expression is reported to be regulated by pancreatic duodenal homeobox-1 (PDX-1) 269 

(30), and it is also known that SREBP-1C inhibits PDX-1 expression (22, 31). Therefore, we 270 

hypothesized that saturated FA may reduce GLP-1 receptor protein levels by inducing SREBP-1C. 271 

Indeed, the reduction in GLP1R mRNA in response to prolonged palmitate exposure (P <0.05 vs. 272 

basal; Fig. 4A, C) was associated with a reduction in PDX-1 protein levels by 50% and an increase in 273 

SREBP-1C protein levels by 50%, and this was evident in all experimental cells (P <0.05 vs. basal; 274 

Fig. 4B, D, E). Similar results were observed in islets from mice fed a high-fat diet (HFD). HFD mice 275 

showed increased serum triglycerides monitored over a period of 21 days vs. mice fed a standard diet 276 

(1.64±0.17 vs. 1.06±0.29 mM; P <0.05), as well as a significant reduction by 35% in Glp1r mRNA 277 
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levels in their pancreatic islets (P <0.05 vs. islets from control mice; Fig. 5B). Moreover, in the 278 

pancreatic islets of HFD mice Pdx1 mRNA levels were decreased by 60% (P <0.05 vs. control mice; 279 

Fig. 5C) and Srebf1 mRNA, encoding for SREBP-1C, were increased by 55% (P <0.05 vs. control 280 

mice; Fig. 5D), in line with the findings in rodent and human beta-cells in vitro. 281 

 282 

The involvement of SREBP-1C protein in palmitate-induced resistance to exendin-4 was next 283 

investigated using both 1,10-phenanthroline, a chemical inhibitor of SREBP-1C activation, and a 284 

specific siRNA targeting Srebf1. When INS-1E cells were incubated with 1,10-phenanthroline (50 285 

µM for 1 h), the SREBP-1C active protein was markedly reduced (P <0.05 vs. cells not treated with 286 

1,10-phenanthroline; Fig. 6A, Supplemental Fig. 2A). Under these conditions, palmitate failed to 287 

induce SREBP-1C, as well as to reduce PDX-1 and GLP-1 receptor protein levels (P <0.05 vs. cells 288 

not treated with 1,10-phenanthroline; Fig. 6B, C). Consequently, in palmitate-treated beta-cells, 1,10-289 

phenanthroline restored the ability of exendin-4 to increase insulin mRNA levels, which was 290 

decreased by palmitate (P <0.05 vs. cells treated with palmitate and not with 1,10-phenanthroline; 291 

Fig. 6D), as well as to stimulate phosphorylation of CREB and AKT proteins (P <0.05 vs. cells 292 

treated with palmitate and not with 1,10-phenanthroline; Supplemental Fig. 2A, B, C). Similar results 293 

were obtained using an RNAi strategy to selectively suppress Srebf1. INS-1E cells transfected with a 294 

siRNA specific to Srebf1 and then treated with palmitate showed a 45% reduction in SREBP-1C 295 

protein levels (P <0.05 vs. not treated with siRNASrebf1; Fig. 6E). Under these conditions, the 296 

inhibition of PDX-1 and GLP-1 receptor protein expression in response to palmitate was no longer 297 

observed (P <0.05 vs. cells not treated with siRNASrebf1; Fig. 6F, G), and the ability of exendin-4 to 298 

increase insulin mRNA levels was fully preserved (P <0.05 vs. cells not treated with siRNASrebf1; 299 

Fig. 6H). Altogether, these findings indicate that, in beta-cells exposed to excess saturated FA, the 300 

lipid-sensing transcription factor SREBP-1C conveys a signal that, via reductions in PDX-1 and GLP-301 

1 receptor protein expression, alters GLP-1 receptor signaling and GLP-1 receptor agonist action. 302 

 303 

 304 

 305 
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Metformin counteracts palmitate-induced resistance to exendin-4 in pancreatic beta-cells. 306 

Palmitate-dependent SREBP-1C activation regulates PDX-1 and GLP-1 receptor expression in 307 

pancreatic beta-cells. Since SREBP-1C was shown to be regulated by AMPK in hepatocytes (32), and 308 

metformin is known to increase GLP-1 receptor levels in pancreatic beta-cells (33), the effects of 309 

metformin on SREBP-1C and GLP-1 receptor in palmitate-treated beta-cell were studied next. 310 

Exposure of INS-1E cells to 0.5 mM metformin resulted in a dose-dependent 2-fold increase in 311 

AMPK protein phosphorylation, a 30% reduction of SREBP-1C protein expression, and an 312 

augmentation of GLP-1 receptor protein levels by 80% (P <0.05 vs. cells not treated with metformin; 313 

Fig. 7A). Furthermore, in INS-1E cells pretreated with metformin for 24 h, the palmitate-induced 314 

increase of SREBP-1C was not observed, and PDX-1 protein content was not reduced but rather 315 

augmented (P <0.05 vs. cells not treated with metformin; Fig. 7B, C). Consequently, in palmitate-316 

treated beta-cells, metformin increased GLP-1 receptor protein levels by 80% (P <0.05 vs. cells not 317 

treated with metformin; Fig. 7D) and improved the ability of exendin-4 to enhance GSIS (P <0.05 vs. 318 

cells not treated with metformin; Fig. 7E, F), thus offsetting the saturated FA-dependent impairment 319 

of incretin action. These results illustrate the important role of the SREBP-1C/PDX-1 axis in the 320 

control of GLP-1 receptor signaling in beta-cells in response to a pharmacological agent used in type 321 

2 diabetes therapy. 322 

323 
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Discussion 324 

 325 

This study was designed to identify the mechanisms of the reduced incretin effect caused by long-326 

term exposure of pancreatic beta-cells to saturated FA. The degree of saturation of the FA seems to be 327 

important for the dysfunction of beta-cells (34), and thus in this study palmitic acid, one of the most 328 

abundant saturated FA in human plasma, was used. We show that prolonged exposure of isolated 329 

murine pancreatic islets and cultured human and rat pancreatic beta-cell lines to palmitate results in an 330 

impaired ability of exendin-4 to promote insulin mRNA gene expression and to enhance GSIS, by 331 

reducing GLP-1 receptor expression and consequently inhibiting its downstream signaling. In analogy 332 

with our finding with excess FA, it was previously demonstrated that hyperglycemia determines a 333 

reduction of GLP-1 receptor expression, contributing to impaired exendin-4 effects on beta-cells. The 334 

mRNA expression of incretin receptors, Glp1r and Gipr, were significantly decreased in islets of 90% 335 

pancreatectomized hyperglycemic rats, and perfused islets isolated from these animals showed 336 

reduced insulin responses to GLP-1 and GIP (17). 337 

 338 

Long-term exposure of beta-cells to palmitate inhibited exendin-4-induced CREB and AKT, but not 339 

MEK and ERK-1/2 phosphorylation. Changes in activation of specific signaling proteins appear to be 340 

the consequence of reduced GLP-1 receptor protein content, which was detected both in human and 341 

rat pancreatic beta-cell lines exposed to excess palmitate for up 24-48 h in culture, as well as in 342 

pancreatic islets isolated from mice fed with HFD (Figs. 3 and 4). Indeed, Glp1r knockdown, obtained 343 

with a specific Glp1r siRNA and resulting in a reduction of GLP-1 receptor protein content of similar 344 

magnitude as that determined by exposure of cells to palmitate, also resulted in inhibition of exendin-345 

4-induced CREB and AKT phosphorylation without affecting MEK and ERK-1/2 activation. These 346 

results indicate, for the first time, differential regulation of specific GLP-1 signaling pathways in 347 

response to a decrease in the level of GLP-1 receptors in beta-cells. While the CREB/AKT pathway 348 

couples the GLP-1 receptor to the insulin secretory pathway, the MEK/ERK-1/2 pathway is 349 

preferentially conveying beta-cell growth signals (35) and appears to be activated also in the presence 350 

of a more limited number of GLP-1 receptors. 351 
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  352 

The transcription factor PDX-1 reportedly regulates early pancreatic development and controls the 353 

expression of insulin as well as of other beta-cell-specific genes (36, 37). Glucose intolerance due to 354 

defective GSIS has been described in the heterozygous Pdx1-mutant mouse (38). Interestingly, 355 

inhibition of PDX-1 function suppressed the expression of GLP-1 receptor, and this resulted in 356 

marked impairment of both basal and exendin-4-stimulated cellular cAMP levels, indicating that 357 

PDX-1 may affect insulin secretion by changing cellular cAMP levels and GLP-1 receptor-dependent 358 

responses (30). In addition, in INS-1 cells with Pdx1 knockdown, GLP-1 receptor was down-359 

regulated by approximately 55% at both mRNA and protein levels, further establishing PDX-1 as a 360 

determinant of GLP-1 receptor protein expression (39). In line with these previous findings, in this 361 

study exposure of murine islets and human and rat beta-cells to palmitate resulted in a reduction of 362 

PDX-1 and GLP-1 receptor expression, and this was associated with impairment of exendin-4 363 

signaling and action (Figs. 3 and 4). Additionally, the mechanism through which saturated FA 364 

reduced PDX-1 and GLP-1 receptor was shown to involve SREBP-1C, a member of transcriptional 365 

factors that regulate genes involved in lipid synthesis (40). Both 1,10-phenanthroline, that prevents 366 

SREBP-1C activation by inhibiting the S2P enzyme, and a specific Srebf1 siRNA could restore 367 

exendin-4 effects on insulin mRNA expression and insulin release in the presence of palmitate, and 368 

this was associated with restored PDX-1 and GLP-1 receptor protein levels. This is consistent with the 369 

concept that the palmitate-induced impairment of GLP-1 action in beta-cells involves SREBP-1C-370 

dependent repression of PDX-1 and GLP-1 receptor levels. These results are in agreement with the 371 

recent observation by Yang et al., showing SREBP-1C-dependent control of GLP-1 receptor levels in 372 

isolated rat islets and INS-1E cells (18). In pancreatic beta-cells, activation of SREBP-1C has been 373 

implicated in impaired insulin secretion in response to nutrients, and this is associated with decreased 374 

mRNA levels of Pdx1 and its target genes, including insulin (31, 41). Chronic exposure of islets or 375 

beta-cells to excess palmitate also lead to blunted GSIS through SREBP-1C (42). Furthermore, Li et 376 

al. (43) have recently shown that Srebf1 knockdown prevented the impairment of insulin secretion 377 

induced by palmitate in INS-1E cells, and that Pdx1 mRNA expression was increased in Srebf1 378 

knockout mice (22). Altogether, these findings suggest that SREBP-1C activation may couple 379 
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lipotoxic conditions to impaired insulin secretion and overall beta-cell dysfunction, including the 380 

response to GLP-1 receptor agonists, through PDX-1 suppression. Indeed, SREBP-1C and PDX-1 381 

directly interact through basic helix-loop-helix and homeobox domains, respectively, and the SREBP-382 

1C/PDX-1 complex inhibits the recruitment of PDX-1 coactivators (44). The involvement of 383 

alternative FA-dependent signals in the impairment of exendin-4 signaling and action has also been 384 

proposed. Indeed, saturated FA activate proteins involved in beta-cells damage, including JNK-1/2 385 

(29). However, inhibition of palmitate-induced JNK phosphorylation by SP600125 did not restore the 386 

ability of exendin-4 to activate CREB and AKT phosphorylation (Natalicchio et al., data not shown), 387 

whereas exendin-4 effects on beta-cell were fully restored when SREBP-1C protein activity was 388 

inhibited (Fig. 6, Supplemental Fig. 2).  389 

 390 

Preventing SREBP-1C activation is a common event to leptin, metformin and PPAR-γ agonists (32, 391 

45). Thus, there might be a correlation between inhibition of SREBP-1C function and the antidiabetic 392 

effects of these agents. Metformin activates AMPK in INS-1E cells and hepatocytes, and activation of 393 

AMPK by metformin suppresses hepatic expression of SREBP-1 at both mRNA and protein levels 394 

(32, 46). In this study, palmitate-induced resistance to exendin-4 in pancreatic beta-cells could be 395 

fully corrected by pretreatment of beta-cells with metformin. Additionally, metformin induced AMPK 396 

phosphorylation and lead to a reduction of SREBP-1C protein content in INS-1E cells, thereby 397 

preventing the reduction of PDX-1, and actually resulting in increased PDX-1 and GLP-1 receptor 398 

protein levels. Previous studies have shown that metformin can restore insulin secretion following 399 

chronic exposure of rat islets to non-esterified fatty acids or high glucose through direct regulation of 400 

pancreatic beta-cell gene expression (47), including a significant increase in PDX-1 protein levels and 401 

its translocation from the cytoplasm to the nucleus (48). However, other investigators have claimed 402 

that metformin directly increases GLP-1 receptor expression in INS-1 beta-cells via a PPARα-403 

dependent, AMPK-independent mechanism (49). The reasons for these apparent discrepancies are 404 

unknown at present. Interestingly, it was recently demonstrated that PPARα regulates the expression 405 

of PDX-1 in INS-1 cells and ameliorates GSIS impaired by palmitate (50). Further studies will have 406 

to clarify the potential regulation of SREBP-1C by PPARα. The effects of metformin to correct the 407 
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impairment of exendin-4 action by palmitate may be mechanistically well suited for combination of 408 

metformin with incretin-based therapies, especially in patients with type 2 diabetes and excess 409 

circulating saturated FA. 410 

411 
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Figure Legends 564 

 565 

Figure 1. Effects of palmitate on the biological effects and signaling mechanisms of exendin-4 in 566 

murine islets and human cells. Murine pancreatic islets and human pancreatic 1.1B4 cells were 567 

incubated with or without 0.5 mM palmitate for 24 h, and then exposed to 10 nM or 50 nM exendin-4 568 

for 1 h (A, B, F, G), for 15 min (C-E), or for indicated times (H-J). A, B, F, G: Effects of palmitate 569 

on exendin-4-induced insulin mRNA expression and insulin secretion, respectively, in murine 570 

pancreatic islets and human pancreatic beta-cells. A, F: Insulin mRNA levels from murine islets (A) 571 

and human cells (F) were evaluated by quantitative real-time RT-PCR and normalized using Gusb or 572 

RNA18S1 mRNA, respectively, as internal control (n = 4 experiments). B, G: Murine islets (B) or 573 

human pancreatic 1.1B4 cells (G) were pretreated with 0.5 mM palmitate for 24 h or left untreated, 574 

and then incubated in KRBH buffer containing 3 or 25 mM glucose in the presence or absence of 50 575 

nM exendin-4 for 1 h. Insulin secretion was evaluated by measuring insulin concentrations in the 576 

conditioned medium with an ELISA assay (n = 4 experiments). C-E, H-J: Effects of palmitate on 577 

phosphorylation of CREB, AKT and ERK-1/2 MAPK in murine pancreatic islets and human 578 

pancreatic beta-cells. Representative immunoblots of CREB phosphorylation and GAPDH protein 579 

content and relative ratio of phosphorylated CREB to GAPDH in murine islets (C) and human beta-580 

cells (H), AKT phosphorylation and AKT protein content and relative ratio of phosphorylated AKT to 581 

total AKT in murine islets (D) and human cells (I), ERK-1/2 phosphorylation and ERK-1/2 protein 582 

content and relative ratio of phosphorylated ERK-1/2 to total ERK-1/2 in murine islets (E) and human 583 

cells (J). At least n = 4 independent experiments for each endpoint were performed. *P <0.05 vs. 584 

islets or cells not exposed to exendin-4; #P <0.05 vs. islets or cells not treated with palmitate; †P 585 

<0.05 vs. islets or cells incubated in 3 mM. Palm, palmitate; Ex-4, exendin-4.  586 

 587 

Figure 2. Effects of palmitate the biological effects and signaling mechanisms of exendin-4 in rat 588 

insulin-secreting cells. INS-1E cells were incubated with or without 0.5 mM palmitate for 24 h and 589 

then exposed to 10 nM or 50 nM exendin-4 for 1 h (A, B), or for indicated times (C-F). A, B: Effects 590 

of palmitate on exendin-4-induced insulin mRNA expression and insulin secretion. A: Insulin mRNA 591 
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levels from were evaluated by quantitative real-time RT-PCR and normalized using Gusb mRNA as 592 

internal control (n = 5 experiments). B: INS-1E cells were pretreated with 0.5 mM palmitate for 24 h 593 

or left untreated, and then incubated in KRBH buffer containing 3 or 25 mM glucose in the presence 594 

or absence of 50 nM exendin-4 for 1 h. Insulin secretion was evaluated by measuring insulin 595 

concentrations in the conditioned medium with an ELISA assay (n = 4 experiments). C-F: Effects of 596 

palmitate on phosphorylation of CREB, AKT and ERK-1/2 MAPK. Representative immunoblots of 597 

CREB phosphorylation and GAPDH protein content and relative ratio of phosphorylated CREB to 598 

total GAPDH (C), AKT phosphorylation and AKT protein content and relative ratio of 599 

phosphorylated AKT to total AKT (D), MEK-1/2 phosphorylation and MEK-1/2 protein content and 600 

relative ratio of phosphorylated MEK-1/2 to total MEK-1/2 (E), ERK-1/2 phosphorylation and ERK-601 

1/2 protein content and relative ratio of phosphorylated ERK-1/2 to total ERK-1/2 (F) in INS-1E 602 

cells. At least n = 5 independent experiments for each endpoint were performed. *P <0.05 vs. cells 603 

not exposed to exendin-4; #P <0.05 vs. cells not treated with palmitate; †P <0.05 vs. cells incubated 604 

in 3 mM glucose. Palm, palmitate; Ex-4, exendin-4. 605 

 606 

Figure 3. A-C: Effects of palmitate on GLP-1 receptor protein in murine pancreatic islets, human 607 

beta-cells and rat pancreatic beta-cells. Representative immunoblots of GLP-1 receptor protein 608 

content in murine islets (A), human pancreatic 1.1B4 cells (B) and rat INS-1E insulin-secreting cells 609 

(C). GAPDH was measured to assess protein loading. The ratio of GLP-1 receptor to GAPDH is also 610 

shown. At least n = 4 independent experiments were performed. #P <0.05 vs. cells not treated with 611 

palmitate. Palm, palmitate. D-H: Role of GLP-1 receptor in exendin-4 signaling in rat insulin-612 

secreting cells. INS-1E cells were transfected with a siRNA sequence targeting Glp1r (siGlp1r, 30 613 

nM), with a negative control siRNA (siCTRLneg, 30 nM), or with transfection reagents only (Mock), 614 

as described under Research Design and Methods. D: Representative immunoblots showing GLP-1 615 

receptor protein expression in INS-1E cells. GAPDH was analyzed as control for equal protein 616 

loading (n = 4 experiments). E-H: Effects of siRNA-mediated knockdown of Glp1r on exendin-4 617 

signaling. Representative immunoblots and quantitation of multiple experiments showing CREB 618 

phosphorylation and relative ratio of phosphorylated CREB to GAPDH (E), AKT phosphorylation 619 
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and protein content and relative ratio of phosphorylated AKT to total AKT (F), MEK-1/2 620 

phosphorylation and protein content and relative ratio of phosphorylated MEK-1/2 to total MEK-1/2 621 

(G), ERK-1/2 phosphorylation and protein content and relative ratio of phosphorylated ERK-1/2 to 622 

total ERK-1/2 (H) in INS-1E cells (n = 5 experiments). *P <0.05 vs. cells not exposed to exendin-4; 623 

§P <0.05 vs. cells not treated with siGlp1r. Ex-4, exendin-4; GLP-1R, GLP-1 receptor. 624 

 625 

Figure 4. Effects of palmitate on GLP-1 receptor (Glp1r) mRNA and PDX-1 and SREBP-1C protein 626 

expression in murine pancreatic islets and human and rat pancreatic beta-cells. A, C: Effects of 627 

palmitate on Glp1r mRNA levels in human pancreatic 1.1B4 (A) and rat insulin-secreting INS1-E 628 

beta-cells (C), evaluated by quantitative real-time RT-PCR and normalized using RNA18S1 and Gusb 629 

mRNA, respectively, as internal control. B, D, E: Effects of palmitate on PDX-1 and SREBP-1C 630 

proteins in human pancreatic 1.1B4 (B), rat insulin-secreting INS-1E cells (D), and murine pancreatic 631 

islets (E). Representative immunoblots of PDX-1 and SREBP-1C protein content and quantitation of 632 

multiple experiments are shown. GAPDH was measured to assess protein loading and to assess the 633 

ratio of PDX-1 and SREBP-1C to GAPDH. At least n = 5 independent experiments were performed. 634 

Experimental cells and islets were exposed to 0.5 mM palmitate for indicated times. #P < 0.05 vs. 635 

cells not treated with palmitate. Palm, palmitate. 636 

 637 

Figure 5. Effects of high-fat diet (HFD) on GLP-1 receptor (Glp1r), Pdx1 and Srebf1 mRNA levels in 638 

mouse pancreatic islets. A: Triglycerides in serum of mice fed with high-fat diet (HFD, black circles) 639 

or standard diet (SD, white circles) for different hours (n = 3 each). Glp1r (B), Pdx1 (C) and Srebf1 640 

(D) mRNA levels in islets from mice fed with high-fat diet (HFD, black circles) or standard diet (SD, 641 

white circles) for different hours (n = 3 each). mRNA expression was evaluated by quantitative real-642 

time RT-PCR and normalized using Gusb mRNA as internal control. *P <0.05 vs. mice fed a SD.  643 

 644 

Figure 6. Role of SREBP-1C in palmitate-induced alterations of exendin-4 action in rat pancreatic 645 

beta-cells. A-C: Effects of 1,10-phenanthroline on SREBP-1C, PDX-1 and GLP-1 receptor in rat INS-646 

1E insulin-secreting cells. INS-1E cells were pre-treated with 1,10-phenanthroline (50 µM for 1 h) 647 
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and then exposed to 0.5 mM palmitate for 24 h. Representative immunoblots of active SREBP-1C 648 

(A), PDX-1 (B) and GLP-1 receptor (C) protein content in INS-1E cells. GAPDH was measured to 649 

assess protein loading. The ratio of GLP-1R, PDX-1 and SREBP-1C to GAPDH is also shown. At 650 

least n = 5 independent experiments were performed for each protein of interest. #P <0.05 vs. control 651 

cells not exposed to palmitate; §P 0.05 vs. cells not treated with 1,10-phenanthroline. D: Effects of 652 

1,10-phenanthroline on insulin mRNA levels. Insulin mRNA levels were evaluated by quantitative 653 

real-time RT-PCR and normalized using Gusb mRNA as internal control (n = 5 experiments). *P 654 

<0.05 vs. cells not exposed to exendin-4; #P <0.05 vs. cells not treated with palmitate; §P <0.05 vs. 655 

cells not treated with 1,10-phenanthroline. E-G. Effects of siRNA-mediated knockdown of Srebf1 on 656 

SREBP-1C, PDX-1 and GLP-1 receptor in rat INS-1E insulin-secreting cells. INS-1E cells were 657 

transfected with a siRNA sequence targeting Srebf1 (siSrebf1, 100 nM), with a negative control 658 

siRNA (siCTRLneg, 30 nM), or with transfection reagents only (Mock), as described under Research 659 

Design and Methods, and then exposed to 0.5 mM palmitate for 24 h. Representative immunoblots 660 

and the quantitation of multiple experiments are shown. GAPDH was analyzed as control for equal 661 

protein loading. Representative immunoblots and quantitation of multiple experiments of SREBP-1C 662 

(E), PDX-1 (F) and GLP-1 receptor (G) protein content. GAPDH was measured to assess protein 663 

loading. The ratio of SREBP-1C, PDX-1 and GLP-1 receptor to GAPDH is also shown. At least n = 4 664 

independent experiments for each protein of interest were performed. #P <0.05 vs. cells not exposed 665 

to palmitate; §P <0.05 vs. cells not treated with siSrebf1. H: Effects of siSrebf1 on insulin mRNA 666 

levels. INS-1E cells were pre-treated with siSrebf1, exposed to 0.5 mM palmitate for 24 h, and then 667 

stimulated with 10 nM exendin-4 for 1 h. Insulin mRNA levels were evaluated by quantitative real-668 

time RT-PCR and normalized using Gusb mRNA as internal control (n = 4 experiments). *P <0.05 669 

vs. cells not exposed to exendin-4; #P <0.05 vs. cells not treated with palmitate; §P <0.05 vs. cells not 670 

treated with siSrebf1. Palm, palmitate; Ex-4, exendin-4; GLP-1R, GLP-1 receptor; Phe, 1,10-671 

phenanthroline. 672 

 673 

Figure 7. Effects of metformin on palmitate-induced alterations of exendin-4 action in rat insulin-674 

secreting INS-1E cells. A: Effects of metformin on AMPK phosphorylation and SREBP-1C and GLP-675 
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1 receptor proteins. Cells were incubated with metformin for the indicated doses for 24 h or left 676 

untreated. Representative immunoblots of AMPK phosphorylation, SREBP-1C and GLP-1 receptor 677 

protein content. GAPDH was measured to assess protein loading. The ratio of AMPK, SREBP-1C and 678 

GLP-1R to GAPDH is also shown. At least n = 5 independent experiments were performed. ‡ P <0.05 679 

vs. basal. B-D: Effects of metformin on SREBP-1C, PDX-1 and GLP-1 receptor proteins in INS-1E 680 

cells exposed to palmitate. Cells were incubated with 0.5 mM metformin for 24 h and then exposed to 681 

0.5 mM palmitate for 24 h. Representative immunoblots of SREBP-1C (B), PDX-1(C) and GLP-1 682 

receptor (D) protein content. GAPDH was measured to assess protein loading. The ratio of SREBP-683 

1C, PDX-1 and GLP-1 receptor to GAPDH is also shown (n = 5). #P <0.05 vs. cells not exposed to 684 

palmitate; §P <0.05 vs. cells not treated with metformin. E, F: Effects of metformin on insulin 685 

secretion in INS-1E cells exposed to palmitate. Cells were incubated with 0.5 mM metformin for 24 h 686 

and then exposed to 0.5 mM palmitate for 24 h. Then, they were incubated in KRBH buffer 687 

containing 3 or 25 mM glucose in the presence or absence of 50 nM exendin-4 for 1 h. Insulin 688 

secretion was evaluated by measuring insulin concentrations in the conditioned medium with an 689 

ELISA assay (n = 4). Data are expressed as insulin secreted on total protein content (E) or fold change 690 

secretion normalized to 3 mM glucose (GSIS) (F). †P <0.05 vs. cells incubated in 3 mM glucose; *P 691 

<0.05 vs. cells not treated with exendin-4; #P <0.05 vs. cells not treated with palmitate; §P <0.05 vs. 692 

cells not treated with metformin. Palm, palmitate; Ex-4, exendin-4; GLP-1R, GLP-1 receptor; Metf, 693 

metformin. 694 


