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ABSTRACT  
 
Molecular scanning of human IRS-1 gene revealed a common polymorphism causing Gly 
�Arg972 change. Diabetic and pre-diabetic carriers of Arg972 IRS-1 are characterized by low 
fasting levels of insulin and C-peptide. To investigate directly whether the Arg972 IRS-1 affects 
human islet cells survival, we took advantage of the unique opportunity to analyze pancreatic 
islets isolated from three donors heterozygous for the Arg972 and six donors carrying wild-type 
IRS-1. Islets from carriers of Arg972 IRS-1 showed a two-fold increase in the number of 
apoptotic cells as compared with wild-type. IRS-1-associated PI3-kinase activity was decreased 
in islets from carriers of Arg972 IRS-1. Same results were reproduced in RIN rat β-cell lines 
stably expressing wild-type IRS-1 or Arg972 IRS-1. Using these cells, we characterized the 
downstream pathway by which Arg972 IRS-1 impairs β-cell survival. RIN-Arg972 cells 
exhibited a marked impairment in the sequential activation of PI3-kinase, Akt, and BAD as 
compared with RIN-WT. Impaired BAD phosphorylation resulted in increased binding to Bcl-XL 
instead of 14-3-3 protein, thus sequestering the Bcl-XL antiapoptotic protein to promote survival. 
Both caspase-9 and caspase-3 activities were increased in RIN-Arg972 cells. The results show 
that the common Arg972 polymorphism in IRS-1 impairs human β-cell survival and causes 
resistance to antiapoptotic effects of insulin by affecting the PI3-kinase/Akt survival pathway. 
These findings establish an important role for the insulin signaling in human β-cell survival and 
suggest that genetic defects in early steps of insulin signaling may contribute to β-cell failure.  
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ype 2 diabetes is the most common endocrine disorder affecting more than 5% of the 
population in western countries. The pathogenesis of type 2 diabetes is characterized by 
both decreased peripheral insulin action and impaired pancreatic β-cell function (1). In the 

majority of prediabetic population, the earliest abnormality is insulin resistance that precedes the 
T 



 

 

 

development of glucose intolerance (1). Initially, the pancreas attempts to compensate for insulin 
resistance through increased insulin secretion. When pancreas is unable to maintain sufficient 
hyperinsulinemic response, frank diabetes ensues as a consequence of progressive loss of β-cell 
function. Patients with type 2 diabetes are also characterized by reduced β-cell mass as compared 
with weight-matched non-diabetic subjects (2). The control of β-cell mass depends on subtle 
balance between neogenesis and apoptosis of β-cells, a disruption of which may result in 
alterations in β-cell mass, thus contributing to inadequate insulin secretion. The molecular 
mechanisms responsible for β-cell failure are unknown. Genetic factors are undoubtedly 
contributory because impaired insulin secretion is a risk factor for the development of type 2 
diabetes (3). Primary defects in pancreatic β-cells have been demonstrated in the rare maturity 
onset diabetes of the young (MODY)1, caused by mutations in glucokinase (4), hepatocyte 
nuclear factor-1 and -4 (5, 6), or IPF1 (7). In spite of intense investigation, the genetic basis of 
common forms of type 2 diabetes has not yet been identified. Recent studies have shown that 
some components of the insulin signaling play a role in the growth and secretory function of β-
cells (8–10). Mice with β-cell-specific disruption of the insulin receptor gene exhibit impaired 
insulin secretion in response to glucose and a progressive glucose intolerance associated with a 
20%–40% decrease in islet size (10). Insulin synthesis and secretion may be modulated by 
autocrine activation of the insulin signaling involving insulin receptor phosphorylation, tyrosine 
phosphorylation of insulin receptor substrate-1 (IRS-1), and activation of phosphatidylinositol 3-
kinase (PI 3-kinase) (11). Islets from mice with disruption of the IRS-1 gene exhibit marked 
insulin secretory defects in response to glucose (12). Molecular scanning of the human IRS-1 
gene revealed a common polymorphism causing a Gly to Arg change at codon 972 (Arg972 IRS-
1). Diabetic and pre-diabetic carriers of Arg972 IRS-1 variant are characterized by low fasting 
plasma concentration of insulin and C-peptide (13). Expression of Arg972 IRS-1 in rat β-cells 
causes an impairment in glucose-induced insulin secretion (11). In addition to its metabolic and 
mitogenic effects, insulin promotes cell survival induced by a variety of stimuli (14–17). The 
main signaling pathway used by the insulin receptor for protection against apoptosis originates 
with tyrosine phosphorylation of IRS-1 leading to sequential activation of PI 3-kinase and its 
downstream effector, the serine/threonine kinase Akt, which then, through the inhibition of 
components of the cell death machinery, promotes cell survival (14–16). 
 
In this study, we have directly addressed the role of Arg972 IRS-1 variant in human pancreatic 
islet survival. Our results suggest that β-cells expressing Arg972 IRS-1 have an increased 
susceptibility to apoptosis induced by growth-factor deprivation and that they are resistant to the 
survival-promoting effects of insulin. These data indicate an important role of IRS-1 in human 
pancreatic β-cell function and survival and suggest that defects in early steps of insulin signaling 
may compromise the ability of β-cells to compensate for insulin resistance. 
 
MATERIALS AND METHODS 
 
Human islet isolation and β-cell line culture 
 
Isolated human pancreatic islet cells were obtained by collagenase digestion and density-gradient 
purification from pancreases removed from brain-dead heart-beating multiorgan donors at the 
Islet Core Laboratory of the Department of Endocrinology and Metabolism, University of Pisa, 
as previously described (18). Twelve consecutive pancreatic islet preparations were considered 



 

 

 

for the apoptosis studies, which were eventually performed in nine preparations showing purity 
higher than 70% as estimated by dithizone staining. All islet isolation procedures were 
completed within 10 h after removal from donors. The main characteristics of the donors, 
subdivided according to the presence of the Arg972 IRS-1 variant, are reported in Table 1. 
Donors were matched for age, sex, and body mass index. No subject was affected by overt 
diabetes. Following isolation procedure, islets were suspended in M199 medium supplemented 
with 10% serum and antibiotics, and cultured at 37°C in a CO2 incubator. The Arg972 IRS-1 
variant was detected by nested PCR as previously described (13). The study was approved by the 
Local Ethics Committee and was conducted according to the principles expressed in the Helsinki 
Declaration. RIN 1046-38 β-cell lines stably expressing equal amounts of either wild-type IRS-1 
(RIN-WT) or Arg972 IRS-1 variant (RIN-Arg972) have been described previously (11). 
 
Assessment of apoptosis in human islets  
 
Apoptosis was quantified by flow cytometry in human islet cells from donors carrying wild- type 
IRS-1 (WT-IRS-1 islets) or Arg972 IRS-1. Equal amounts of size-matched islets (400/sample) 
from donors were dissociated with 3 mM EGTA, 20 mg/ml BSA, 2.8 mM glucose, and 0.83 
µg/ml trypsin to obtain single cell suspensions (19). Cells were then plated for 24 h in the 
presence or absence of serum or in the presence of 100 nM insulin alone. For each experimental 
point 1 x 106 cells were used. At the end of treatments, cells were fixed in a methanol–acetone 
solution (4:1) as described (20). Apoptosis was then quantified by flow cytometry in fixed cells 
after staining with hypotonic fluorochrome solution (50 µg/ml propidium iodide solution and 
RNAse (13 KU/ml) (Sigma Chemical Co., St. Louis, Mo.). Cells were analyzed by flow 
cytometer (FacScalibur, Beckton Dickinson, Mountain View, Calif.) by using CellQuest 
software (Beckton Dickinson). This method was previously described and validated in several 
studies in different cell types, including human pancreatic β-cells (19, 20, 21). 
 
Qualitative detection of apoptosis in human pancreatic islets from WT-IRS-1 and Arg972 donors 
was assessed by TUNEL (terminal deoxynucleotidyl–mediated dUTP nick end labeling) 
(Boehringer, Indianapolis, Ind.). Islets were plated and allowed to attach on Lab-Tek slides 
(Nunc, Rochester, N.Y.). Human β-cells were immunostained with guinea pig anti-human 
insulin (Linco Research, St. Charles, Mo.) and detected with rhodamine antibody (Jackson, West 
Grove, Pa.). Islets were visualized by a Nikon Diapho T300 microscope connected with a 
Optronits DEI-750 CE camera at 10x magnification; images were visualized and superimposed 
by Arkon Fish software (Nikon Instruments, Firenze, Italy). 
 

Assessment of apoptosis in RIN-WT and RIN-Arg972 cells 
 
The apoptotic population in RIN-WT and RIN-Arg972 cells was determined in unfixed cells by 
using the fluorescein isothiocyanate (FITC)-annexin V/PI double-staining (BenderMedsystems, 
Vienna, Austria) analysis according to previously described method (21). In other sets of 
experiments, eight clones of RIN-WT and eight clones of RIN-Arg972 cells (1 x 106 cells for 
each experimental point) were analyzed independently by flow cytometry for apoptosis induced 
by serum deprivation, by using propidium iodide staining of fixed cells as described above and 
previously (20).  



 

 

 

 
Insulin secretion 
 
Equal amounts of size-matched human islets (20/tube) were incubated at 37°C in Krebs-Ringer 
bicarbonate buffer supplemented with 3.3 mM glucose and 0.5% BSA, as previously described 
(18). Aliquots of the medium were collected to measure insulin concentrations. RIN cells were 
seeded in 24-multiwell plates at a density of 105 cells/ml. After 48 h, the medium was removed, 
and the cells were washed twice at 37°C in Krebs-Ringer bicarbonate buffer supplemented with 
5 mM glucose and 0.1% BSA (pH 7.4). Aliquots of the supernatant were collected and stored at 
–20°C for subsequent measurements of secreted insulin. Cells were extracted overnight at 4°C 
with a solution of acidified ethanol for measurement of the intracellular insulin content. Insulin 
amount was determined by radioimmunoassay as previously described (22). 
 
Immunoblot and co-immunoprecipitation analysis  
 
To determine tyrosine phosphorylation state of IRS-1 and its co-immunoprecipitation with p85 
subunit of PI 3-kinase, RIN-WT and RIN-Arg972 cells were incubated in the presence or 
absence of 100 nM insulin for the indicated periods of time and processed according to 
previously described methods (9–11). To analyze the phosphorylation state of Akt, BAD, and 
MAPK, and to determine the co-immunoprecipitation between BAD and Bcl-X

L
 and between 

BAD and 14-3-3 proteins, cells were incubated in the presence or absence of 100 nM insulin, and 
lysed in buffer containing 20 mM Tris (pH 7.5), 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 
5 mM Na4P2O4, 10 mM β-glycerolphospahate, 1 mM sodium orthovanadate, 1 µg/ml leupeptin, 
1 µg/ml pepstatin, 0.1 mM PMSF. Protein concentration was evaluated by Bradford (BioRad, 
Richmond, Calif.). Equal amounts of protein (1 mg) from cell lysates were immunoprecipitated 
for 12 h at 4°C with anti-Akt or anti-BAD antibodies (NEB, Beverly, Mass.). 
Immunoprecipitates were collected by Protein-A sepharose (Pharmacia, Milano, Italy). 
Immunocomplexes or equal amounts of protein from cell lysates (100 µg) were denatured, 
separated by 10% or 15% SDS-PAGE, and transferred to nitrocellulose membranes (Schleicher 
and Schuell, Dassel, Germany). Akt phosphorylation was detected by using a phospho-specific 
antibody directed against the Ser473-epitope or Thr308-epitope (NEB). BAD phosphorylation 
was detected by using phospho-specific antibodies directed against the Ser-136 or Ser-112 
epitopes, respectively (NEB). Akt, BAD, Bcl-XL, or BCL-2 total protein levels were assessed by 
immunoblotting equal amounts of protein from cell lysates (100 µg) by using specific anti-Akt 
(NEB), anti-BAD (NEB), anti-Bcl-XL (Santa Cruz, Calif.) and anti-BCL-2 (Santa Cruz, Calif.). 
In three sets of experiments, serum-deprived cells were incubated in the presence of 100 nM 
insulin and lysed. Cell lysates were immunoprecipitated with anti-Bcl-XL (SantaCruz 
Biotechnology, Santa Cruz, Calif.) or anti-14-3-3 antibodies (UBI, Waltham, Mass.), separated 
by SDS-PAGE, and immunoblotted with anti-BAD antibody. p44/p42 MAPK phosphorylation 
and was determined by immunoblotting by using a phospho-specific anti-p44/p42 MAPK 
antibody (NEB). Blots were visualized by using specific goat anti-rabbit antibodies (NEB, UBI, 
Santa Cruz, Calif.), followed by ECL detection (Amersham, Milano, Italy). Autoradiographs 
were visualized and quantified using FluorImager (Biorad). 
 
IRS-1 associated PI 3-kinase activity 
 



 

 

 

Human pancreatic islets (200/sample), RIN-WT or RIN-Arg972 cells were treated with insulin 
100 nM for 2 min and then lysed. Cell lysates were subjected to immunoprecipitation with anti-
IRS-1 antibody, the immunoprecipitates were washed, and PI 3-kinase activity was assayed in 
the immunoprecipitates according to previously described method (23). Briefly, the washed 
immunoprecipitates were re-suspended in 50 µl of 10 mmol/l Tris-HCl (pH 7.6) buffer 
containing 100 mmol/l NaCl, 1 mmol/l EDTA, and 100 µmol/l sodium orthovanadate, and then 
combined with 10 µl of 100 mmol/l MgCl2 and 10 µl of 2 µg/µl PhosphatidylInositol (Sigma) 
that had been sonicated in 10 mmol/l Tris-HCl (pH 7.6) containing 1 mmol/l EGTA. The PI 3-
kinase reaction was initiated by adding 10 µl of 10 mmol/l ATP containing 30 µCi [γ-32P]ATP. 
After 10 min at 22°C with constant vortexing, the reaction was terminated by adding 20 µl 8 N 
HCl and 160 µl chloroform/methanol (1:1, vol/vol). The mixture was vigorously mixed and 
centrifuged to separate the phases. The lower organic phase containing the reaction products was 
removed, applied to a silica gel thin-layer chromatography plate (Merck, Darmstadt, Germany), 
and resolved by ascending chromatography in chloroform/ methanol/water/ammonia 
(60:47:11.3:2, vol/vol). The PI 3-phosphate product was visualized by autoradiography, 
identified by its comigration with a PI 4-phosphate standard (Calbiochem, La Jolla, Calif.), and 
quantified by scanning densitometry by Personal Molecular Imager Fx phosphoimager (Bio-
Rad). 
 
Akt kinase activity  
 
RIN-WT and RIN-Arg972 cells were subjected to serum starvation for 4 h in M-199 medium 
containing 0.3% BSA. The cells were incubated in the same buffer in the presence or absence of 
100 nM insulin for the indicated periods of time at 37°C. The cells were then lysed in buffer 
containing 20 mM Tris (pH 7.5), 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 5 mM 
Na4P2O4, 10 mM β-glycerolphospahate, 1 mM sodium orthovanadate, 1 µg/ml leupeptin, 0.1 
mM PMSF. Equal amounts of protein (1 mg) from cell lysates were incubated with anti-Akt 
polyclonal antibody, and immunocomplexes were collected by incubation with protein G-
Sepharose. Immunoprecipitated proteins were washed and resuspended in kinase buffer 
containing 50 mM Tris-HCl, pH 7.4, 10 mM MgCl2, 1 mM DTT, 1 mg BSA per ml, 500 µM 

ATP, 10 µCi [γ-32P]ATP, and 1 µg of crosstide. After 20 min at 30°C, aliquots were spotted on 
squares of P81 phosphocellulose paper, washed, and counted by Cherenkov.  

 
Caspase assay 
 
Caspase-9 and caspase-3 activity was measured by specific fluorimetric kits (Immunokontact, 
Frankfurt, Germany) based on their ability to cleave specific fluorimetric peptide substrates 
(DEVD-AFC for caspase-3 and LEHD-AFC for Caspase-9) as indicated by the manufacturer. 
The extent of cleavage was monitored by exposing equal amounts of processed proteins from 
cell lysates in a fluorometer equipped with a 405-nm excitation and 505-nm emission filters, 
according to the manufacturer’s protocol. 
 
RESULTS 

Survival of human pancreatic islets expressing Arg972 IRS-1 
 



 

 

 

To investigate directly whether the Arg972 IRS-1 variant affects islet cell survival, we took 
advantage of the unique opportunity to analyze pancreatic islets isolated from three Arg972 
heterozygous donors and six wild-type IRS-1 donors. Immunofluorescence analysis of human 
islets by using specific anti-insulin antibodies revealed increased apoptosis induced by serum 
deprivation of insulin-positive β-cells in islets from the carriers of Arg972 IRS-1 (Fig. 1a, lower 
panel) as compared with wild-type (Fig. 1a, upper panel). To confirm this finding by using a 
quantitative method, we evaluated by flow cytometry of the number of hypodiploid events 
following propidium iodide staining of fixed cells. Under basal conditions, islets from carriers of 
Arg972 IRS-1 variant showed a two-fold increase in the number of apoptotic cells as compared 
with wild-type (45±8% vs. 16±4%, respectively p<0.009) (Fig. 1b). Apoptosis induced by serum 
deprivation was also increased in islets from the carriers of Arg972 IRS-1 as compared with 
wild-type (65±12% vs. 21±5%, respectively; p<0.009) (Fig. 1b). Because insulin prevents 
apoptosis induced by several injuries in a variety of cell types (14–17), we examined the effect of 
insulin on the survival of human islets subjected to serum deprivation. Prior to insulin addition, 
insulin concentrations in the medium were similar in islets from both carriers of Arg972 IRS-1 
and wild-type (11±0.1 and 10±0.2 pM, respectively). The addition of 100 nM insulin at the time 
of serum deprivation was less effective at inhibiting apoptosis in islet cells from Arg972 IRS-1 
carriers as compared with wild-type (57±15 vs. 13±2% respectively p<0.006) (Fig. 1b). These 
results suggest that insulin acting through its own receptor promotes survival of human islets. 
We next compared IRS-1-associated PI 3-kinase activity in islet cells from carriers of Arg972 
IRS-1 variant and wild-type carriers. As compared with wild-type carriers, PI 3-kinase activity 
associated with IRS-1 in islet cells from Arg972 IRS-1 carriers were decreased by 17% (p<0.05) 
in the basal state, and by 36% upon stimulation with insulin (p<0.04) (Fig. 1c). 
 

Survival of RIN β-cells expressing wild-type IRS-1 or Arg972 IRS-1 
 
Only a limited number of pancreatic islets can be obtained from a donor, thus, to further define 
the molecular mechanisms of the increased susceptibility to apoptosis caused by Arg972 IRS-1 
variant, we used RIN β-cell lines stably expressing equal amounts of either wild-type IRS-1 
(RIN-WT) or Arg972 IRS-1 (RIN-Arg972) (11). To better evaluate serum- deprived induction of 
apoptosis, we performed flow cytometry by using annexin V/PI double staining with fresh 
unfixed cells (21). The dot plot from RIN-WT cells did not show relevant positivity to annexin 
V, whereas RIN-Arg972 cells showed marked positivity to annexin V and thus revealed higher 
apoptosis than RIN-WT cells (Fig. 2a). Accordingly, after 12 h of serum deprivation, higher 
apoptosis was observed in RIN-Arg972 than in RIN-WT cells (30±3% vs. 15±3%, respectively 
p<0.004) (Fig. 2b), as assessed by flow cytometry analysis of propidium iodide-stained fixed 
cells. The extent of apoptosis was also increased in the basal state in RIN-Arg972 as compared 
with RIN-WT cells (20±3% vs. 12±3%, respectively; p<0.05) (data not shown). No difference in 
apoptosis was observed between RIN-WT (stably expressing wild-type IRS-1), RIN-Veh (stably 
transfected with the empty pcDNA3 vector), and RIN untransfected cells at similar culture 
passages both in the basal state and during serum deprivation (data not shown). Addition of 
insulin for 12 h during serum deprivation prevented apoptosis in RIN-WT but failed to do it in 
RIN-Arg972 cells (10±2% vs. 27±4%, respectively; p<0.03) (data not shown). 

 



 

 

 

IRS-1 phosphorylation, PI-3-kinase activity and MAPK activation in RIN β-cells 
expressing wild-type IRS-1 or Arg972 IRS-1 
 
Prior to insulin addition, insulin concentrations in the medium were similar in both RIN-WT and 
RIN-Arg972 cells (0.30±0.03 and 0.28±0.05 nM, respectively). The extent of basal and insulin-
stimulated tyrosine phosphorylation of IRS-1 was similar in both RIN-WT and RIN-Arg972 

cells (Fig. 3a). As compared with RIN-WT cells, IRS-1-associated PI-3 kinase activity in RIN-
Arg972 cells was reduced by 20% (p<0.05) in the basal state, and by 50% upon stimulation with 
insulin for 2 min, 10 min, or 20 min (p<0.04) (Fig. 3b). Consistent with our previously reported 
data (11), basal and insulin-stimulated binding of p85 subunit to IRS-1 were significantly 
decreased in RIN-Arg972 as compared with RIN-WT cells (data not shown, and see Ref. 11). 
Expression of the p85 regulatory subunit of PI 3-kinase did not differ between RIN-WT and 
RIN-Arg972 cells as detected by immunoblotting (data not shown). Activation of mitogen-
activated protein kinase (MAPK) has been implicated in protection from apoptosis by a variety 
of survival stimuli including insulin (17). To test the hypothesis that a defect in MAPK activity 
affects RIN-Arg972 cell survival, MAPK phosphorylation was determined in RIN β-cells by 
immunoblotting with a phosphospecific antibody to p44/p42 MAPK. Both basal and insulin-
stimulated MAPK phosphorylation did not differ between RIN-WT and RIN-Arg972 cells (Fig. 
3c). 
 

Akt phosphorylation and activity in RIN β-cells expressing wild-type IRS-1 or Arg972 IRS-
1 
 
The serine/threonine kinase Akt is a critical downstream effector of PI 3-kinase that promotes 
cell survival in a number of cell types (24–26). We investigated whether Arg972 IRS-1 variant 
alters the phosphorylation of Akt in RIN β-cell lines at residues Ser473 and Thr308. Basal 
Ser473 Akt phosphorylation, measured by immunoblotting with a phosphospecific antibody, was 
decreased by 20% in RIN-Arg972 as compared with RIN-WT cells (p<0.03) (Fig. 4a). As 
compared with RIN-WT cells, insulin-induced Ser473 Akt phosphorylation was reduced in RIN-
Arg972 by 50% at 2 min (p<0.001), and by 40% at 10 min (p<0.001) (Fig. 4a). No difference 
was observed between RIN-WT and RIN-Arg972 cells in Akt phosphorylation at Thr308, both 
in the basal state and after insulin stimulation (data not shown). Consistent with these results, 
insulin-stimulated Akt kinase activity assessed in Akt immunoprecipitates was decreased in RIN-
Arg972 as compared with RIN-WT, both in the basal state (p<0.02) and upon stimulation with 
insulin for 2, 10, or 20 min (p<0.02) (Fig. 4b). Expression of Akt did not differ between RIN-
WT and RIN-Arg972 cells as detected by immunoblotting with an anti-Akt antibody (data not 
shown). 
 
BAD phosphorylation and association with Bcl-XL or 14-3-3 protein in RIN β-cells 

expressing wild-type IRS-1 or Arg972 IRS-1 
 
One mechanism by which Akt promotes cell survival is through the phosphorylation of the 
proapoptotic protein BAD, a member of the Bcl-2 family of proteins that are known to play a 
central role in the regulation of cell death (24–28). In response to survival factors, BAD is 



 

 

 

phosphorylated at two sites, Ser112 and Ser136 (26, 27). To investigate whether Arg972 IRS-1 
variant alters the phosphorylation of BAD as a consequence of impaired activation PI 3-
kinase/Akt pathway, BAD phosphorylation was measured in RIN β-cell lines by immunoblotting 
by using phosphospecific antibodies that selectively recognize BAD when phosphorylated at 
Ser112 or Ser136. As compared with RIN-WT cells, BAD phosphorylation at Ser136 in RIN-
Arg972 was decreased by 30% (p<0.04) in the basal state and by 50% upon stimulation with 
insulin (p<0.0004) (Fig. 5a). By contrast, BAD phosphorylation at Ser112 did not differ between 
RIN-WT and RIN-Arg972 cells (Fig. 5a). Expression of BAD was similar in RIN-WT and RIN-
Arg972 cells as detected by immunoblotting with an anti-BAD antibody (Fig. 5b). It has been 
demonstrated that in mammalian cells, serine phosphorylation of BAD results in its binding with 
the docking protein 14-3-3 instead of Bcl-XL, thus freeing this antiapoptotic protein to promote 
cell survival. We therefore investigated whether the decreased phosphorylation of BAD at 
Ser136 observed in RIN β-cell lines expressing Arg972 IRS-1 variant affected its capacity to 
associate with Bcl-XL. Immunoblotting analysis with anti-BAD antibody of cells lysates 
immunoprecipitated with Bcl-XL revealed that association of BAD with Bcl-XL was increased 

in RIN-Arg972 cells as compared with RIN-WT cells under both basal condition and in response 
to insulin (Fig. 5c). Consistent with these results, immunoblotting analysis with anti-BAD 
antibody of cell lysates immunoprecipitated with anti-14-3-3 antibody revealed that association 
of BAD with 14-3-3 was reduced in RIN-Arg972 cells as compared with RIN-WT cells under 
both basal state and upon insulin stimulation (Fig. 5c). Expression of Bcl-XL, 14-3-3, or BCL-2 

did not differ between RIN-WT and RIN-Arg972 cells as detected by immunoblotting (data not 
shown). 
 

Caspase-9 and caspase-3 activity in RIN β-cells expressing wild-type IRS-1 or Arg972 IRS-
1 
 
Bcl-XL promotes cell survival, at least in part, by blocking the release of cytochrome c from 
mitochondria into the cytosol. Following release, cytochrome-c binds to the apoptotic protease 
activating factor (Apaf-1) and facilitates interaction between Apaf-1 and caspase-9, and thus 
results in formation of a multiprotein complex known as apoptosome. This interaction activates 
the proteolytic activity of caspase-9 that directly cleaves to and activates executor pro-caspase-3, 
initiating a cascade of additional caspase activation that culminates in apoptosis (29). We 
investigated whether the increased association of BAD with Bcl-XL observed in RIN β-cells 

expressing Arg972 IRS-1 variant resulted in enhanced proteolytic activity of both caspase-9 and 
caspase-3. We observed that both caspase-9 and caspase-3 activity was increased markedly in 
RIN-Arg972 cells as compared with RIN-WT cells, either under basal condition or after serum 
deprivation (Fig. 6). 
 
DISCUSSION 
 
In the present study, we provide evidence that Arg972 IRS-1 variant, which is more common 
among type 2 diabetic patients (13, 30, 31), impairs pancreatic β-cell survival, which may 
contribute to the relative insulin deficiency observed in carriers of this variant (13). We 



 

 

 

document, for the first time in human tissues, that pancreatic islets isolated from carriers of 
Arg972 IRS-1 exhibit impaired IRS-1-associated PI 3-kinase activity, increased apoptosis, and 
appear resistant to the antiapoptotic effect of insulin as compared with wild-type controls. As a 
consequence of increased susceptibility to apoptosis, one might expect fewer insulin-positive β-
cells in pancreatic islets isolated from carriers of the Arg972 IRS-1 variant. Indeed, although it is 
not possible to measure accurately the total number of insulin-positive β-cells from isolated 
human pancreases, our data from immunofluorescence analysis of various pancreatic islet 
preparations with specific anti-insulin antibodies seem to indicate a reduction of insulin-positive 
β-cells in islets from carriers of Arg972 IRS-1 as compared with wild-type controls (Fig. 1a, 
lower panel, and data not shown). 
 
The results observed in human pancreatic islets were reproduced in RIN rat β-cell lines stably 
expressing either wild-type IRS-1 or Arg972 IRS-1 variant. Using these cell lines, we have 
characterized the downstream signaling pathway by which Arg972 IRS-1 variant impairs 
pancreatic β-cell survival. RIN cells expressing Arg972 IRS-1 exhibited a marked impairment in 
the sequential activation of PI 3-kinase and Akt as compared with RIN cells expressing wild-
type IRS-1. The decrease in Arg972 IRS-1-associated PI 3-kinase activity was not due to defects 
in IRS-1 tyrosine phosphorylation but to a defective activation of PI 3-kinase by IRS-1. Recent 
studies have demonstrated that Akt promotes survival by acting at multiple sites. One 
mechanism by which activated Akt blocks apoptosis is through the phosphorylation on Ser136 of 
BAD, a member of the BCL-2 family of proteins that are critical regulators of apoptosis (32). In 
mammalian cells, BAD exerts its proapoptotic effect in part by sequestering Bcl-XL in non-
functional heterodimers; whereas upon phosphorylation, BAD dissociates from Bcl-XL, and 
interacts with cytoplasmic 14-3-3 phosphoserine-binding protein. The released Bcl-XL then 
promotes cell survival by blocking the caspase protease cascade. Consistent with this model, we 
found that in RIN cells expressing Arg972 IRS-1 both basal and insulin-stimulated BAD 
phosphorylation on serine 136 was reduced as compared with RIN cells expressing wild-type 
IRS-1, and thus resulted in an increased binding to Bcl-XL instead of 14-3-3 protein. These data 
suggest that impaired activation of the insulin signaling pathway involving sequential induction 
of IRS-1-associated PI 3-kinase activity, Akt activity, and BAD phosphorylation is responsible 
for increased apoptosis observed in pancreatic islets isolated from carriers of Arg972 IRS-1. 
Thus, a selective resistance of pancreatic β-cells to insulin may lead to an impairment in the 
control of the programmed cell-death machinery when apoptotic stimuli are exerted. Although PI 
3-kinase is the major kinase involved in Akt phosphorylation, other pathways of Akt activation, 
which are PI 3-kinase-independent, have been described. Recently, a survival signaling pathway 
has been reported in NG108 neuroblastoma cell line in which Ca2+-calmodulin-dependent 
kinase kinase (CaM-K kinase) activates Akt at Thr308 residue and results in phosphorylation of 
BAD on Ser136 and interaction of BAD with 14-3-3 protein (33). An impairment of this 
pathway can be excluded in our study because we did not observe any difference between RIN-
Arg972 and RIN-WT cells in Akt phosphorylation at Thr308. Activation of Akt induced by IGF-
I has been reported to increase expression of BCL-2 (34), and transfection of both murine and 
human pancreatic β-cells with BCL-2 or Bcl-XL has been shown to prevent apoptosis (35). We 

did not find any difference in BCL-2 or Bcl-XL levels between RIN-Arg972 and RIN-WT cells, 

which thus rules out the possibility that increased apoptosis observed in β-cells expressing 



 

 

 

Arg972 IRS-1 was due to altered expression of BCL-2 or Bcl-XL as a consequence of impaired 
Akt activation. 
 
A number of kinases in addition to Akt have been identified as activators of BAD, including 
cyclic-AMP-dependent protein kinase (PKA) and MAPK (36, 37). Recently, it has been shown 
that both PKA and MAPK suppress BAD function in vivo through phosphorylation on serine 112 
(36,37). In RIN β-cells expressing Arg972 IRS-1, basal and insulin-induced BAD 
phosphorylation at serine 112 was similar to that of RIN cells expressing wild-type IRS-1. 
Likewise, there was no difference in MAPK activation between RIN-Arg972 cells and RIN-WT 
cells. These data indicate that PKA and MAPK pathways are not involved in increased 
susceptibility to apoptosis observed in β-cells expressing Arg972 IRS-1. 
 
Bcl-XL, released from BAD, can indirectly regulate the formation of the cytochrome-c - Apaf-1-
caspase-9 multiprotein complex, known as apoptosome, by blocking cytochrome-c release from 
mitochondria. In addition, Bcl-XL can prevent apoptosome formation directly by sequestering 
Apaf-1 from interaction with caspase-9 and thus inhibiting caspase cascade activation. An 
impairment of either mechanism may account for the increased activation of caspase-9 and 
caspase-3 observed in RIN β-cells expressing Arg972 IRS-1 variant. Alternatively, increased 
activity of caspase-9 may be due to an impaired ability of Akt to prevent cytochrome-c release 
from mitochondria (38) or phosphorylate and inactivate caspase-9 (39), although this latter 
possibility seems unlikely because murine caspase-9 lacks of Akt consensus phosphorylation 
sites (40). 
 
The impaired cell survival observed in human islets expressing Arg972 IRS-1 variant contrast 
the β-cells hyperplasia observed in mice with disruption of the IRS-1 gene. This disparity may be 
due to several factors. First, compensatory overexpression of IRS-2 in mice lacking IRS-1 may 
mask the abnormal function of the β-cells. Second, a complex interplay exists between IRS-1 
and IRS-2 in the regulation of downstream signaling, including PI 3-kinase pathway. For 
example, it has been reported that IRS-1-associated PI 3-kinase activity is decreased markedly in 
skeletal muscle of mice lacking IRS-2, whereas IRS-2-associated PI 3-kinase activity is 
enhanced markedly in mice lacking IRS-1. This finding raises the possibility that alterations in 
the balance between these signaling molecules may contribute to β-cells dysfunction. Moreover, 
we have observed that the activity of the IRS-2/PI 3-kinase pathway is not modified in the 
presence of the Arg972 IRS-1 variant (11). Finally, of course, we cannot exclude differences 
between species in terms of the relative role of IRS-1 and IRS-2 in β-cells function as is 
suggested indirectly by genetic studies in several populations showing no association between 
polymorphisms in the IRS-2 gene or its promoter and type 2 diabetes (41).  
 
The data in the present study provide evidence of a functional role for insulin in human islet 
survival and suggest that polymorphism in insulin signaling proteins, such as the naturally 
occurring Arg972 IRS-1 variant, may confer susceptibility to apoptosis of pancreatic β-cells. 
Thus, resistance to the antiapoptotic effect of insulin due to combinations of acquired and genetic 
alterations may be a significant factor in loss of pancreatic β-cell mass observed in type 2 
diabetes. 
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Table 1 

Clinical characteristics (±SD) of human pancreas donors 

Sex (M/F)        Age (years)  BMI (Kg/m2)   
 

IRS-1 WT     3/3   45±15        27±2 
 
IRS-1 Arg972     1/2   56±3        28±1 
 

 

 

 



Fig. 1 
 

              
                       
Figure 1. Arg972-IRS-1 human pancreatic islets have more apoptotic vulnerability to serum deprivation than do WT-IRS-
1 islets. (A) Islets (50/each sample) from WT-IRS-1 and Arg972-IRS-1 donors were allowed to attach on slides for 12 h, 
subjected to serum deprivation for 24 h, and fixed. Apoptosis was analyzed by Fluorescent DNA fragmentation assay 
(Tunel). Co-immunostaining for insulin was performed to visualize islet β-cells. DNA fragmentation was detected by 
FITC-labeled nucleotides (green), and insulin-positive cells were detected by rhodamine antibodies (red). Images were 
photographed individually at 10x magnification by using fluorescence microscopy. (B) Human islets (400/each 
experimental point) from 6 WT-IRS-1 donors and 3 Arg972-IRS-1 donors were dissociated and analyzed for apoptosis by 
propidium iodide under basal conditions or after serum deprivation. Apoptosis was increased in Arg972-IRS-1 as compared 
with WT-IRS-1 islets under basal conditions (white bars) and after serum deprivation (grey bars). Addition of 100 nM 
insulin for 24 h to serum- deprived human islets prevented apoptosis in WT-IRS-1 but not in Arg972-IRS-1 islets (hashed 
bars). These data represent the mean ± sem from nine independent experiments; each experimental point was done in 
duplicate. (C) IRS-1–associated PI 3-kinase activity was reduced in islets from Arg972-IRS-1 as compared with WT-IRS-1 
donors in the basal state and upon insulin stimulation. Equal amounts (200) of size-matched islets were used for each 
sample. Supernatants of lysates from insulin-treated (2 min) or untreated islets were immunoprecipitated with anti-IRS-1 
antibody, and immunoprecipitates were assayed in vitro for PI 3-kinase activity. Data represent two independent 
experiments, each in duplicate. 



Fig. 2 

                           
                       
Figure 2. Survival of RIN β-cell lines stably expressing wild-type IRS-1 (RIN-WT) or Arg972 IRS-1 variant (RIN-
Arg972). (A) apoptotic population analyzed by Annexin V/PI double-staining in unfixed cells after serum deprivation (6 h). 
Ten thousand events per sample were counted. Plots represent one of three experiments. (B) Propidium iodide staining of 
nuclei from eight RIN-Arg972 (white bar) and eight RIN-WT clones (black bar) matched by immunoblot for expression of 
recombinant IRS-1 proteins. Data represent the mean ± sem from two independent experiments in which each of the RIN-
WT, RIN-Arg972, and RIN-Veh clones was assayed in duplicate. Ten thousand events per sample were counted. 
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Figure 3. Insulin-induced activation of IRS-1, PI 3-kinase, and MAP kinase in RIN-WT and RIN-Arg972 cells. Serum-
starved RIN-WT and RIN-Arg972 cells were incubated with 100 nM insulin as indicated. (A) IRS-1 tyrosine 
phosphorylation was similar in both RIN-WT and RIN-Arg972 cells. Equal amounts of protein from each sample were 
immunoprecipitated with anti-IRS-1 antibody and immunoblotted with anti-phosphotyrosine antibody. (B) supernatants (1 
mg) of lysates from RIN-WT and RIN-Arg972 cells were immunoprecipitated with anti-IRS-1 antibody, and PI 3-kinase 
activity was assayed in the immunoprecipitates. (C) lysates from cells untreated or treated with 100 nM insulin for 10 min 
were subjected to immunoblot with a phosphospecific p44/42 MAPK antibody. Quantitative imaging densitometry of 
phospho-MAPK indicated that the signal was similar in both RIN-WT and RIN-Arg972 cells. Representative images of 
three independent experiments are shown. 






