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2. REGULACIÓ DE LA MASSA CEL·LULAR BETA 

La concepció de la capacitat d’adaptació del pàncrees endocrí ha canviat radicalment en els 

últims anys, de ser considerat un òrgan estàtic a definir-se com a un òrgan dinàmic i plàstic. La 

plasticitat endocrina es pot definir com la capacitat que té l’òrgan per regular la massa cel·lular 

beta en funció de les necessitats d’insulina per tal de poder garantir un òptim control de la 

glucèmia. Aquesta plasticitat cel·lular implica, per una banda l’expansió, i per l’altra la 

disminució de la massa beta. Així doncs, el pàncrees endocrí es troba en constant remodelació 

mitjançant un procés dinàmic en el que participen tant la regeneració com la mort cel·lular. 

Diversos factors de tipus genètic, metabòlic i ambiental participen d’aquest procés de 

remodelació. El balanç entre els diferents mecanismes que controlen la massa beta permeten 

l’adaptació d’aquesta a les variacions de la demanda metabòlica de l’organisme al llarg de la 

vida. Els mecanismes d’adaptació de la massa beta no són excloents i poden donar-se de 

manera simultània. L’expansió i la involució de la massa beta poden venir determinades tant 

pel canvi en el número de cèl·lules com per la modificació de la seva mida mitjançant 

l’augment (hipertròfia) o la disminució (atrofia) del volum cel·lular (Montanya and Téllez, 

2009). 

 

2.1. Canvis en el nombre de les cèl·lules beta 

El nombre de cèl·lules beta presents en l’organisme es troba en equilibri dinàmic i la quantitat 

final dependrà del balanç entre l’augment i la mort d’aquestes. 

 

 

 

 

 

 

 

Figura 4. Representació esquemàtica de l’equilibri dinàmic de la massa beta.  
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Els dos mecanismes que determinen l’augment del nombre absolut de cèl·lules beta són la neogènesi i la 

replicació (Bonner-Weir and Weir, 2005) (Fig. 4). 

 

2.1.1. Neogènesi 

La neogènesi és el procés de formació de noves cèl·lules beta a partir de precursors no 

endocrins; pel que es requereix en primer lloc, la proliferació d’aquests precursors i en segon 

lloc, una posterior diferenciació dels precursors cap a cèl·lules beta productores d’insulina. 

Durant el desenvolupament embrionari l’expansió de la massa cel·lular beta es dóna 

principalment per neogènesi, en canvi, en el pàncrees adult es considera que la neogènesi 

generalment es dóna en baixa freqüència, però podria augmentar en casos de pèrdua d’una 

part important de la massa beta. 

En el pàncrees adult la naturalesa dels precursors no ha estat determinada de manera 

inequívoca, tot i que existeixen diversos estudis que suggereixen que es podrien trobar en els 

ductes pancreàtics i serien d’origen epitelial (Suzuki et al., 2004).  

En l’estudi de la regeneració endocrina del pàncrees els models in vivo més utilitzats han estat 

el de l’obstrucció ductal i el de la pancreatectomia subtotal. Ambdós models resulten en un 

increment de la massa de cèl·lules beta. L’aparició de petites agrupacions de cèl·lules beta 

escampades per la porció exocrina del pàncrees, d’illots en contacte amb els ductes i de 

cèl·lules ductals expressant insulina han portat a reforçar la hipòtesi de que cèl·lules ductals 

adultes poden considerar-se cèl·lules progenitores endocrines (Bonner-Weir et al., 1993; 

Rosenberg et al., 1983; Wang et al., 1995). 

Tant en el model d’obstrucció ductal com en el de la pancreatectomia subtotal es dóna un 

increment del nombre de cèl·lules amb fenotip ductal que es troben formant complexes 

tubulars, i s’ha hipotetitzat que aquestes cèl·lules amb fenotip ductal podrien contenir cèl·lules 

mare multipotents (Sharma et al., 1999; Wang et al., 1995). Per tant, l’administració de 

molècules amb accions mitogèniques, com són l’EGF, la gastrina o els anàlegs del GLP-1 als 

animals sotmesos a lesió pancreàtica, potencia l’increment de l’expansió de la massa beta 

(Rooman and Bouwens, 2004; Téllez et al., 2011; Xu et al., 2006; Xu et al., 1999). S’ha proposat 

que l’increment de la massa beta vindria donat, principalment, per la diferenciació de cèl·lules 
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Abstract

Interleukin-1b (IL1B) is an important contributor to the

autoimmune destruction of b-cells in type 1 diabetes, and it

has been recently related to the development of type 2

diabetes. IGF2 stimulates b-cell proliferation and survival. We

have determined the effect of IL1B on b-cell replication, and

the potential modulation by IGF2 and glucose. Control-

uninfected and adenovirus encoding for IGF2 (Ad-IGF2)-

infected rat islets were cultured at 5.5 or 22.2 mmol/l glucose

with or without 1, 10, 30, and 50 U/ml of IL1B. b-Cell

replication was markedly reduced by 10 U/ml of IL1B and

was almost nullified with 30 or 50 U/ml of IL1B. Higher

concentrations of IL1B were required to increase b-cell

apoptosis. Although IGF2 overexpression had a strong

mitogenic effect on b-cells, IGF2 could preserve b-cell

proliferation only in islets cultured with 10 U/ml IL1B, and

had no effect with 30 and 50 U/ml of IL1B. In contrast, IGF2

overexpression induced a clear protection against

IL1B-induced apoptosis, and higher concentrations of

the cytokine were needed to increase b-cell apoptosis in

Ad-IGF2-infected islets. These results indicate that b-cell

replication is highly sensitive to the deleterious effects of the

IL1B as shown by the inhibition of replication by relatively

low IL1B concentrations, and the almost complete suppres-

sion of b-cell replication with high IL1B concentrations.

Likewise, the inhibitory effects of IL-b on b-cell replication

were not modified by glucose, and were only modestly

prevented by IGF2 overexpression, in contrast with the

higher protection against IL1B-induced apoptosis afforded by

glucose and by IGF2 overexpression.

Journal of Endocrinology (2009) 203, 55–63

Introduction

b-Cell mass reduction has a central role in the development of

type 1 and type 2 diabetes, and in both conditions the loss of

b-cells has been largely attributed to increased b-cell death

(Butler et al. 2003, Devendra et al. 2004). Recent reports have

highlighted the fundamental contribution of b-cell replica-

tion to the physiological maintenance of b-cell mass

(Montanya et al. 2000, Meier et al. 2008), and to b-cell

mass regeneration in models with reduced b-cell mass (Dor

et al. 2004, Nir et al. 2007). This may suggest that impaired

b-cell replication could contribute to the reduction of b-cell

mass in diabetes.

Interleukin-1b (IL1B) is an important contributor to b-cell

damage in type 1 diabetes (Mandrup-Poulsen 1996), and

recently it has also been related to the development of type 2

diabetes (Larsen et al. 2007). It is well established that IL1B,

alone or in combination with other pro-inflammatory

cytokines interferon-g (IFNG) and tumour necrosis factor-a

(TNF), induces b-cell death in mouse, rat, and human islets

(Saldeen 2000, Eizirik & Mandrup-Poulsen 2001, Mathis

et al. 2001). IL1B exerts also an inhibitory effect on b-cell

replication (Eizirik et al. 1990, Southern et al. 1990, Sjöholm

1991, Maedler et al. 2001, Téllez et al. 2005), that has received

less attention and is less well defined. In an islet transplantation

model, we recently reported that islet overexpression of the

IL-1 naturally occurring antagonist, IL-1 receptor antagonist

protein, increased b-cell replication and mass (Téllez et al.

2007), suggesting that IL1B inhibition of b-replication was

relevant in b-cell mass reduction. Thus, IL1B could play a

dual role in b-cell mass reduction inducing b-cell death and

inhibiting b-cell replication.

Insulin-like growth factors I and II (IGF1 and IGF2) are

potent b-cell growth factors (Vasavada et al. 2006). In vitro,

IGF1 and IGF2 promote DNA synthesis in b-cell lines, and in

rat and human fetal b-cells (Hogg et al. 1993, Asfari et al.

1995, Huotari et al. 1998). In vivo, the mitogenic effect of

IGF2 was shown in transgenic mice overexpressing Igf2 gene

(Petrik et al. 1999a). IGF1 and -2 can also increase b-cell

survival. In early neonatal life there is a wave of apoptotic
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b-cell death (Scaglia et al. 1997) that has been linked to the

concomitant reduction in IGF2 expression (Petrik et al. 1998,

Hill et al. 2000). In adult islets, IGF2 survival action has been

shown in rats fed with a low protein diet (Petrik et al. 1999b),

and in transplanted islets (Robitaille et al. 2003). Thus, IGF2

may play a dual beneficial role on b-cell mass, acting both as a

mitogenic and as a survival factor for b-cells. Cytokines

inhibit the expression of IGFs in several cell types (Ilvemarski

et al. 1993, Martin et al. 1993, Lin et al. 1994), and a reduction

in IGF2 immunoreactivity has been found in islet cells

undergoing insulitis, suggesting that cytokines may inhibit the

expression of IGF2 in islet cells (Hill et al. 1999). Although

IGF2 may protect islet cells from cytokine-induced apoptosis

(Hill et al. 1999), some studies have shown no effect of IGFs

on IL1B-induced apoptosis (Raile et al. 2003), and it is not

known whether IGF2 could modify IL1B-induced suppres-

sion of b-cell replication. In this study we aimed to investigate

the effect of IL1B on b-cell replication, and the potential

modulation by IGF2. Since the induction of b-cell

proliferation by IGFs is dependent on ambient glucose

concentration (Hügl et al. 1998), low and high glucose

concentrations were used to better define the effects of IL1B

and IGF2 on b-cell replication.

Material and Methods

Islet isolation

Islets from male LEW/SsNHsd rats (Harlan, Horst, The

Netherlands; 6–8 weeks old, 175–200 g of body weight) were

isolated by collagenase (Collagenase P; Roche Diagnostics)

digestion of the entire pancreas as previously described

(Nácher et al. 1996). Isolated islets were hand-picked under a

stereomicroscope two or three times, until a population of

pure islets was obtained. Islets were washed in serum-free

RPMI 1640 11.1 mmol/l glucose (Sigma Immunochemicals)

supplemented with 100 U/ml penicillin and 100 mg/ml

streptomycin before infection. Each experiment was per-

formed using a pool of 1000–1200 islets obtained from

four rats in a single isolation procedure. The islets of the pool

were then randomly distributed among the different

experimental conditions studied in each experiment. Each

condition was studied in 3–11 different experiments, as

indicated in figure legends.

Recombinant adenoviruses

E1–E3-deleted adenoviral vectors were used for islet transfec-

tion. Adenovirus encoding for green fluorescent protein

(Ad-GFP) was used to assess the efficiency of infection, and

adenovirus encoding for luciferase (Ad-Luc) as control of

infection. Ad-GFP, Ad-Luc, and adenovirus encoding for

IGF2 (Ad-IGF2) were generated by Pacific Northwest

Research Institute (Seattle, USA). In all adenoviral vectors the

transgenewas driven by the cytomegalovirus (CMV) promoter.

Gene transfer

Groups of 200 islets were left uninfected (uninfected control

group), or infected with Ad-Luc, Ad-GFP, or Ad-IGF2 at a

plaque-forming unit of 7!107 in 400 ml serum-free RPMI

1640 11.1 mmol/l glucose for 2 h at 37 8C and 5% CO2.

After infection, islets were washed three times in RPMI 1640

containing 10% heat-inactivated FCS, and incubated over-

night in non-tissue culture-treated plasticware at 37 8C in

serum containing medium at 11.1 mmol/l of D-glucose.

Islet culture

After overnight incubation, islets were cultured in RPMI

1640 10% FCS, 11.1 mmol/l glucose for 48 h to determine

the efficiency of infection, islet viability, and islet function. To

determine the effects of IL1B on b-cell apoptosis and

replication, and the modulation by IGF2 overexpression

and glucose, control-uninfected islets and Ad-IGF2-infected

islets were cultured for 48 h in RPMI 1640 10% FCS at 5.5
and 22.2 mmol/l D-glucose with or without 1, 10, 30, and

50 U/ml recombinant human IL1B (BD Pharmingen,

Heidelberg, Germany).

Efficiency of infection

The efficiency of infection was determined by flow cytometry,

confocal microscopy, and immunohystochemical confirma-

tion of IGF2 overexpression 48 h after adenoviral infection.

Flow cytometry Forty-eight hours after infection,

Ad-GFP-infected islets were dispersed into single cells and

analyzed on a FACS calibur cytometer (Beckton Dickinson

Instruments, Heidelberg, Germany) using 488 nm excitation

and a 530G15 nm band-pass filter, as previously described

(Téllez et al. 2005).

Confocal microscopy In vivo observation of whole

Ad-GFP-infected islets with a confocal microscope (Leica

TC6-SL Spectral confocal; Mannheim, Germany) was used

to determine the distribution of infected islet cells.

IGF2 expressionCultured islets were fixed overnight in 4%

paraformaldehyde at 4 8C, embedded in paraffin, sectioned

and immunostained after deparaffinization and rehydratation.

Sections were incubated overnight at 4 8C with a rabbit anti-

human IGF2 antibody (final dilution 1:100; Novozymes

GroPep, Adelaide, Australia). Visualization was performed

with LSABCSystem-HRP (DakoCytomation, Carpinteria,

CA, USA).

Islet cell viability

To assess islet cell viability after adenovirus infection,

fluorescein diacetate (FDA; Sigma) assay was used (Persidsky

& Baillie 1977). After 48 h culture, Ad-Luc-infected islets

E ESTIL.LES and others . IL1B and b-cell replication56
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were dispersed into single cells, incubated with FDA (4 mg/ml)

at 37 8C, 5% CO2 for 10 min, and analyzed on the flow

cytometer at 488 nm excitation and a 530G15 nm band-pass

filter for FDA detection (green).

Propidium iodide (PI) was used to determine islet cell late

apoptosis and necrosis. After 48 h culture, Ad-GFP-infected

islets were dispersed into single cells and immediately before

cytometric analysis, 0.05 mg/ml PI (Sigma) was added. PI

fluorescence emission was collected at 620 nm (red).

Insulin secretion

Glucose-stimulated insulin secretion was used as a functional

assay to determine the effects of adenoviral infection.

Control-uninfected islets and Ad-Luc-infected islets were

cultured for 48 h with RPMI 1640 medium supplemented

with 11.1 mmol/l glucose and 10% FCS. Control-uninfected

islets and Ad-IGF2-infected islets were also cultured for 48 h

in RPMI 1640 10% FCS at 11.1 mmol/l D-glucose with or

without 50 U/ml recombinant human IL1B to determine the

effects of IL1B and IGF2 overexpression on b-cell function.

Cultured islets were then washed twice with Krebs–Ringer

bicarbonate buffer supplemented with HEPES and BSA

(KRBH buffer: 115 mmol/l NaCl; 24 mmol/l NaHCO3;

5 mmol/l KCl; 1 mmol/l MgCl2; 2.5 mmol/l CaCl2;

10 mmol/l HEPES; and 0.5% BSA, pH 7.4) with

2.8 mmol/l glucose, and were pre-incubated 1 h at 37 8C in

triplicate groups of 10 islets in 1 ml fresh KRBH buffer

containing 2.8 mmol/l glucose. The medium was removed

and islets were incubated with 1 ml of KRBH buffer

containing 2.8 or 16.7 mmol/l glucose for an additional

hour with continuous shaking. Supernatants were removed

and stored atK80 8C until assayed for insulin content. Insulin

was measured by ELISA (Mercodia Rat insulin ELISA,

Mercodia AB, Uppsala, Sweden).

DNA content

After the insulin secretion assay, islets were rinsed three times

with phosphate buffer (2 M NaCl; 40 mmol/l Na2HPO4
.-

H2O; 2 mmol/l EDTA) to avoid the interfering effect of

BSA in the DNA test and were disrupted by sonication.

DNA was determined by a fluorimetric assay using Hoechst

33258 (Sigma; excitation wave length 356 nm, and emission

wave length 448 nm) on a fluorescence spectrophotometer

(F-2000, Hitachi Ltd, Tokyo, Japan).

Immunocytochemical quantification of b-cell apoptosis and
replication

Cultured islets were fixed overnight in 4% paraformaldehyde

at 4 8C, embedded in paraffin, sectioned and immunostained

after deparaffinization and rehydratation.

b-Cell apoptosis Sections were double stained by immu-

noperoxidase for apoptotic nuclei with the terminal deoxy-

nucleotidyl transferase biotin-dUTP nick end labeling

(TUNEL) technique (In Situ Cell Death Detection Kit,

ApopTag, Intergene,Oxford,UK) and by alkaline phosphatase

for the endocrine non-b-cells of the islets. A cocktail of

antibodies (Dako) rabbit anti-swine glucagon (final dilution

1:1000), rabbit anti-human somatostatin (final dilution

1:1000), and rabbit anti-human pancreatic polypeptide (final

dilution 1:500) were used as previously described (Biarnés et al.

2002). After immunoperoxidase staining, b-cells and TUNEL

positive b-cells were counted using an Olympus BX

microscope connected to a digital camera Olympus DP70

with a color monitor (Téllez et al. 2005). When assessing

apoptotic nuclei we excluded necrotic regions. b-Cell

apoptosis was expressed as percentage of TUNEL-positive

b-cells. Aminimumof 1200 cells per samplewere counted; the

sectionswere systematically sampled, all endocrine nuclei were

counted, and when needed a second section was included.

b-Cell replication The thymidine analog 5-bromo-

2 0deoxyuridine (BrdU, Amersham) was added to the islet

culture for the last 24 h of culture prior to fixation. Sections

were double stained with immunoperoxidase for BrdU using

a Cell Proliferation Kit (Amersham) with a modified protocol

(Biarnés et al. 2002), and for endocrine non-b-cells of the

islets using the cocktail of antibodies described above. After

immunoperoxidase staining, b-cells and BrdU-positive

b-cells were counted as described for b-cell apoptosis.

b-Cell replication was expressed as percentage of BrdU-

positive b-cells, and at least 1200 cells were counted.

Nitrite determination

Nitric oxide (NO) production by islets was measured as nitrite

accumulation in culture media (nitrite is a stable product of

NO oxidation). Groups of 100 control-uninfected and

Ad-IGF2-infected islets were cultured for 48 h in RPMI

1640 medium without phenol red supplemented with

11.1 mmol/l glucose and 5% FCS with or without 10 U/ml

of recombinant human IL1B. Samples of the conditioned media

were collected and nitrite was measured by nitrate/nitrite fluo-

rometric assay kit (Cayman Chemical, Ann Arbor, MI, USA).

Statistical analysis

Results were expressed as meansGS.E.M. Statistics were

performed using SPSS 12.0 (Chicago, IL, USA) for windows,

and differences among means were evaluated by the Kruskal–

Wallis test, followed by the Mann–Whitney test. A P value of

!0.05 was considered significant.

Results

Efficiency of infection

Forty-eight hours after gene transfer 100% of Ad-GFP-

infected islets expressed GFP when observed by confocal

microscopy (Fig. 1A). The majority of infected cells were in

IL1B and b-cell replication . E ESTIL.LES and others 57

www.endocrinology-journals.org Journal of Endocrinology (2009) 203, 55–63



the periphery of the islets (Fig. 1B). The predominantly

peripheral expression of IGF2 protein by Ad-IGF2-infected

islets was confirmed by immunocytochemical staining with

an anti-IGF2 antibody (Fig. 1C). When the efficiency of

infection was determined at the level of individual islet cells

by flow cytometry of dispersed islet cells, it was found that

29% of islet cells were infected (Fig. 2).

Adenoviral infection did not modify islet viability and function

Islet viability was similar in control-uninfected and in

Ad-Luc-infected islets. In both cases, FDA staining showed

90–95% viability after 48 h in culture (data not shown). PI

staining yielded similar results, and only 5.61G0.54% of

control-uninfected and 5.57G0.18% of Ad-GFP-infected

islets cells were found to be stained by PI (Fig. 2). Glucose-

stimulated insulin secretion was also similar in Ad-Luc-

infected and control-uninfected islets (Supplementary Fig. 1,

available in the online version of the Journal of Endo-

crinology at http://joe.endocrinology-journals.org/cgi/con-

tent/full/JOE-09-0047/DC1), indicating that adenoviral

infection had no effect on b-cell function.

Effects of IGF2 overexpression on IL1B-induced inhibition of

b-cell-function

The well-established inhibitory effects of IL1B on b-cell

function were confirmed in control-uninfected islets incu-

bated with IL1B that showed a profoundly impaired glucose

stimulated insulin secretion. IGF2 overexpression partly

preserved b-cell function in islets exposed to 50 U/ml of

IL1B that showed an increased insulin secretion in response to

16.7 mmol/l glucose of borderline statistical significance

(PZ0.077), and an insulin stimulation index that doubled

that of control-uninfected islets (2.24G1.69 vs 5.45G0.92;
Supplementary Fig. 2, available in the online version of

the Journal of Endocrinology at http://joe.endocrinology-

journals.org/cgi/content/full/JOE-09-0047/DC1).

Effects of IGF2 overexpression on IL1B-induced b-cell apoptosis

IL1B increased b-cell apoptosis in a dose-dependent manner

in islets cultured at low (5.5 mmol/l) and at high (22.2 mmol/l)

glucose concentration (Fig. 3). b-Cell apoptosis was higher in

Figure 1 Efficiency of adenovirus islet infection analyzed
by confocal microscopy and immunocytochemistry 48 h after
infection. Ad-GFP-infected islets visualized by confocal
microscopy showing GFP positive cells (green). The image is a
2D average projection of a series along fixed axis (A). Infected cells
were predominantly found in the periphery of the islets, as
visualized by confocal microscopy in Ad-GFP-infected islets (green)
(B), and in Ad-IGF2-infected islets stained with an anti-IGF2
antibody (brown) (C).

Figure 2 Efficiency of adenovirus islet infection and islet cell
viability analyzed by flow cytometry 48 h after infection. Dispersed
islet cells of control-uninfected islets (left dot-plot) and Ad-GFP-
infected islets (right dot-plot) were analyzed by flow cytometry for
GFP production and propidium iodide (PI) staining. 29% of
individual cells from Ad-GFP-infected islets showed GFP
expression, and only 5.6% of both control-uninfected and
Ad-GFP-infected islets were stained by PI.
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islets cultured at low glucose concentration that showed

increased apoptosis when exposed to 10 U/ml or higher

concentrations of IL1B. In islets cultured at 22.2 mmol/l

glucose, higher concentrations of IL1B (30 and 50 U/ml)

were required to increase b-cell apoptosis that was not

modified by 10 U/ml of IL1B.

IGF2 overexpression protected b-cells against IL1B-

induced apoptosis. In islets cultured at 22.2 mmol/l glucose

and exposed to 50 U/ml of IL1B, b-cell apoptosis was lower

in Ad-IGF2 islets than in control-uninfected islets

(1.62G0.19 vs 0.99G0.13%, P!0.03). Moreover, a higher

concentration of IL1B was required to increase b-cell

apoptosis in Ad-IGF2-infected islets compared to control-

uninfected islets, both in islets incubated at low (Fig. 3A) and

at high glucose (Fig. 3B). In islets cultured at 5.5 mmol/l

glucose, 10 U/ml of IL1B were sufficient to increase b-cell

apoptosis in control islets but not in Ad-IGF2 islets that had to

be exposed to 30 U/ml IL1B. Similarly, in islets cultured at

22.2 mmol/l glucose, incubation with 30 U/ml IL1B

increased b-cell apoptosis in uninfected islets but not in

Ad-IGF2 islets that had to be exposed to 50 U/ml IL1B.

Thus, the IL1B pro-apoptotic effect on b-cells was higher at

low glucose concentrations, and was reduced in islets

overexpressing IGF2.

Effects of IGF2 overexpression IL1B-induced inhibition of b-cell
replication

IL1B reduced b-cell replication in islets exposed to 10, 30,

and 50 U/ml, both at low and high glucose concentrations

(Fig. 4). b-Cell replication showed a high sensitivity to IL1B

as indicated by the dramatic reduction in islets exposed to

10 U/ml IL1B and the almost complete suppression with 30

and 50 U/ml of IL1B.

At 5.5 mmol/l glucose, 1 U/ml IL1B increased b-cell

replication compared with uninfected islets not exposed to

IL1B. No effect of 1 U/ml IL1B was detected in islets

cultured at 22 mmol/l glucose. Glucose increased b-cell

replication in uninfected and in Ad-IGF2 islets in the absence

of IL1B and in islets exposed to low (1 and 10 U/ml) IL1B

concentrations.

IGF2 overexpression doubled b-cell replication in islets

cultured at 5.5 and at 22.2 mmol/l glucose compared with

control-uninfected islets, and showed a protective effect on

b-cell replication in islets exposed to 10 U/ml IL1B that

maintained b-cell replication similar to that of control-

uninfected islets not exposed to IL1B. At higher IL1B

concentrations (30 and 50 U/ml), IGF2 overexpression had

minimal impact on b-cell replication that remained almost

completely suppressed both in islets cultured at 5.5 and

22.2 mmol/l glucose.

Nitrite production

Nitrite production was measured to determine whether

IGF2 overexpression modified IL1B-induced production of

NO. Nitrite accumulation in cell culture supernatants was

increased in control-uninfected islets exposed to 10 U/ml of

IL1B for 48 h (Fig. 5). In contrast, no changes in nitrite

accumulation were detected when islets overexpressing

IGF2 were exposed to IL1B, indicating that IGF2 prevented

the formation of NO in islets exposed to IL1B.

Discussion

In this study, we show that IL1B has a profound inhibitory

effect on b-cell replication that was partly prevented by

adenoviral overexpression of IGF2 on islet cells. The high

sensitivity of b-cell replication to IL1B was established based

on the almost completely suppression of b-cell replication,

the absence of modulation by glucose, and the relatively

Figure 3 Effect of IL1B and IGF2 overexpression on b-cell
apoptosis. Control-uninfected and Ad-IGF2-infected islets were
exposed to 0, 1, 10, 30 and 50 U/ml of IL1B, at 5.5 (A) or 22.2
(B) mmol/l glucose for 48 h to study the effect of IL1B and of IGF2
overexpression on b-cell apoptosis. Values are meansGS.E.M.
(nZ9–11 for control-uninfected and Ad-IGF2-infected islets not
exposed to IL1B, and nZ5 for all other groups). Kruskal–Wallis,
P!0.001 among all groups cultured at 5.5 mmol/l glucose (A),
or among all groups cultured at 22.2 mmol/l glucose (B). Mann–
Whitney *P!0.01 versus control-uninfected group not exposed
to IL1B; #P!0.05 between control-uninfected islets and
IGF2-infected islets cultured with 50 U/ml IL1B.
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modest prevention achieved by IGF2 overexpression

compared with the higher protection afforded by glucose

and IGF2 on IL1B-induced apoptosis.

b-Cell replication was increased in islets exposed to very

low IL1B (1 U/ml) concentration and was severely reduced

with higher amounts of IL1B. The mitogenic effect of very

low IL1B concentrations is in agreement with the results

reported in human islets, a beneficial action that could reflect

a physiological role of low cytokine concentrations on islet

cells (Maedler et al. 2006). In contrast, higher IL1B

concentrations had a clear deleterious effect, and induced a

strong inhibition of b-cell replication. The suppression of

b-cell replication was detected with IL1B concentrations

that were insufficient to induce b-cell apoptosis, indicating a

high sensibility of b-cell replication to IL1B. b-Cell

replication was substantially reduced in rat islets exposed to

10 U/ml IL1B, and was almost completely suppressed in

islets exposed to 30 and 50 U/ml of IL1B. In contrast, 30 and

50 U/ml of IL1B was required to consistently increase b-cell

apoptosis.

The strong suppression of b-cell replication by IL1B was

also found in islets overexpressing IGF2. In the absence of

IL1B, IGF2 overexpression increased b-cell replication in

islets cultured at low and high glucose concentration in

agreement with the well-known mitogenic effects of IGF2

(Hogg et al. 1993, Asfari et al. 1995, Petrik et al. 1999a).

In islets exposed to IL1B, IGF2 overexpression had a clear

anti-apoptotic action, but resulted in a more modest

preservation of b-cell replication. IGF2 overexpression

reduced b-cell apoptosis in all groups showing IL1B-induced

b-cell apoptosis, but preserved b-cell replication only in islets

exposed to 10 U/ml IL1B, and had no effects on the

suppressed b-cell replication of islets exposed to 30 or

50 U/ml IL1B. Overall, the results indicate that b-cell

replication is more sensitive to the deleterious effects of

IL1B than b-cell survival.

The effects of glucose on b-cell survival are modified by

glucose concentration, duration of exposure, and genetic

background. In vitro, glucose has been found to promote the

survival of rat single b-cells (Hoorens et al. 1996), but also to

induce apoptosis in islets of diabetic-prone animals (Donath

et al. 1999), and in human islets (Maedler et al. 2001). In vivo,

we have reported increased b-cell apoptosis in transplanted

mice islets exposed to chronic hyperglycemia (Biarnés et al.

2002). The effects of glucose on IL1B-induced apoptosis are

not well established, and although high glucose concen-

trations amplified cell damage in islets exposed to IL1B

(Spinas et al. 1988), other studies reported no effects of

glucose on IL1B-induced b-cell apoptosis (Raile et al. 2003,

Téllez et al. 2005). In the current study, the use of several

IL1B concentrations allowed us to identify the protective

action of glucose on IL1B-induced apoptosis. In the absence

of IL1B, b-cell apoptosis was similar in islets incubated at low

Figure 5 Effects of IL1B and IGF2 overexpression on islet cell
production of nitric oxide. Control-uninfected islets and Ad-
IGF2-infected islets were incubated for 48 h in the presence or
absence of 10 U/ml of IL1B. Nitrite production is expressed as pmol
of nitrite/islet every 48 h. Values are meansGS.E.M. (nZ4) *P!0.05
between control islets exposed to 10 U/ml IL1B and Ad-IGF2 islets
exposed to 10 U/ml IL1B.

Figure 4 Effect of IL1B and IGF2 overexpression on b-cell
replication. Control-uninfected and Ad-IGF2-infected islets were
exposed to 0, 1, 10, 30, and 50 U/ml of IL1B, at 5.5 (A) or 22.2
(B) mmol/l glucose for 48 h to study the effect of IL1B and of IGF2
overexpression on b-cell and replication. Values are meansGS.E.M.
(nZ9–11 for control-uninfected and IGF2-infected islets not
exposed to IL1B, and nZ5 for all other groups). Kruskal–Wallis,
P!0.001 among all groups cultured at 5.5 mmol/l glucose (A) or
among all groups cultured at 22.2 mmol/l glucose (B). Mann–
Whitney, *P!0.05 versus control-uninfected group not exposed
to IL1B.
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and high glucose concentration. However, when islets were

exposed to 10 U/ml IL1B, b-cell apoptosis was increased in

islets cultured at low (5.5 mmol/l), but not at high

(22.2 mmol/l) glucose, suggesting that glucose had a pro-

survival effect. This protective effect of glucose was confirmed

in islets overexpressing IGF2 and exposed to 30 U/ml IL1B

that showed increased b-cell apoptosis only when cultured at

low glucose. In contrast, despite the strong and well

established proliferative effect of glucose on b-cells (Swenne

1982, Lingohr et al. 2006) glucose did not modulate the

inhibitory effect of IL1B on b-cell replication, an additional

indication of the high sensitivity of b-cell replication to the

deleterious effects of IL1B.

Several of the deleterious effects of IL1B on rodent islets are

mediated by NO (Darville & Eizirik 1998) which is produced

by the inducible form of NO synthase (iNOS). We found that

in islets exposed to IL1B, NO production was lower in islets

overexpressing IGF2 than in control-uninfected islets,

suggesting that the protection afforded by IGF2 was mediated

in part by the inhibition of iNOS expression. These results are

in agreement with the observation that the neonatal peak of

islet apoptosis coincides with low IGF2 and with increased

iNOS levels, suggesting that IGF2 has an inhibitory effect on

NO formation (Petrik et al. 1998). Furthermore, signaling

by IGF1 involves the activation of IGF1 receptor, and IGF1

has been shown to decrease IL1B-mediated NO formation

by inhibition of iNOS expression and synthesis in rodent

islets (Mabley et al. 1997, Castrillo et al. 2000), and to

prevent IL1B-mediated NO production in human islets,

as well as b-cell dysfunction and apoptosis (Giannoukakis

et al. 2000).

The inhibitory effect of IL1B on b-cell secretion are well

established and have been studied in detail (Eizirik et al. 1988,

Scarim et al. 1997). Our experiments have confirmed the

profound impairment of b-cell function induced by IL1B,

and we found a limited protection in islets infected with

Ad-IGF2. Some studies have shown a role for insulin in adult

b-cell replication and b-cell mass maintenance (Okada et al.

2007). In our experiments, although IGF2 overexpression

partly preserved insulin secretion in islets exposed to high

IL1B, b-cell replication remained fully suppressed, indicating

that the secreted insulin was not sufficient to increase b-cell

proliferation.

The high sensitivity of b-cell replication to IL1B may be

relevant for the reduction of b-cell mass which takes place in

diabetes. In normal conditions, b-cell mass is maintained by a

balance between cell regeneration and death, and recent data

have shown that b-cells have a strong potential for

regeneration that can compensate severe reductions in

b-cell mass (Dor et al. 2004, Nir et al. 2007), even though

b-cell growth potential could be more limited in human islets

(Parnaud et al. 2008). IL1B- induced b-cell damage has been

implicated in the pathogenesis of type 1 diabetes and more

recently in type 2 diabetes, essentially based on the suppressive

effects of IL1B on b-cell function and on the induction of

b-cell death. The strong inhibitory effect of IL1B on b-cell

replication that we show suggests that impaired b-cell

replication may be important in the demise of b-cells in

diabetes. The suppression of b-cell replication could abrogate

the replicative response needed to compensate the reduction

of b-cell mass induced by increased b-cell death. The recent

indication that b-cell replication is not increased in recent-

onset type 1 diabetic patients could support this hypothesis

(Butler et al. 2007). By suppressing b-cell replication IL1B

could prevent the renewal of b-cells and reduce b-cell mass

even in the absence of increased b-cell apoptosis.

Adenoviral overexpression is a useful technique to assess the

effects achieved by the local and transient administration of

proteins with potential therapeutic action. This is of particular

interest in islet transplantation, where the expression in the

graft of proteins with therapeutic action could obtain the

beneficial effect and avoid the unwanted toxicity associated

with systemic administration. The beneficial effects of

adenoviral overexpression of IGF2 that we have found

in vitro provide the bases to tests these effects in in vivo in

experimental islet transplantation, a condition where

increased levels of IL1B in the graft in the initial days after

transplantation are thought to play a deleterious role in the

survival of transplanted b-cells (Montolio et al. 2007). The

predominantly peripheral expression of IGF2 in islet cells

suggests that the majority of infected cells were endocrine

non-b cells, most of them a-cells. However, since IGF2 is

secreted, it was active on more cells than just the islet cells

infected by the adenovirus, and exerted a paracrine effect on

neighboring cells as indicated by the substantial effects found

on b-cells. The different distribution of endocrine cell types

in rodent and human islets, where a-cells and b-cells are

scattered throughout the islet, could increase the number of

infected b-cells in human islets. However, the paracrine effect

of secreted IGF2 reduces the significance of the specific

endocrine cell type that becomes infected by the adenovirus.

In summary, our results indicate that b-cell replication is

highly sensitive to the deleterious effect of IL1B. The strong

suppressive effect of IL1B on b-cell replication may be

relevant for the process leading to the loss of b-cell mass in

diabetes. Adenoviral transfer of IGF2 to islets protected

against IL1B inhibition of b-cell replication and IL1B-

induced b-cell apoptosis, and prevented IL1B-induced NO

production, suggesting that IGF2 could have a role in

strategies to induce the regeneration of b-cell mass in diabetes

or in islet transplantation.
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Increased β-Cell Replication and β-Cell Mass Regeneration in Syngeneically 

Transplanted Rat Islets Overexpressing Insulin-Like Growth Factor II
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*Laboratory of Diabetes and Experimental Endocrinology, Department of Clinical Sciences,  

IDIBELL-University of Barcelona, Barcelona, Spain
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Insulin-like growth factor II (IGF2) is a growth-promoting peptide that increases β-cell proliferation and sur-
vival. The aim of the study was to determine the effect of IGF2 overexpression on β-cell mass in transplanted 
islets. Islets infected with adenovirus encoding for IGF2 (Ad-IGF2 group), for luciferase (Ad-Luc control group), 
or with uninfected islets (control group) were syngeneically transplanted to streptozotocin-diabetic Lewis rats. 
Eight hundred islets, a minimal mass model to restore normoglycemia, or 500 islets, a clearly insufficient mass, 
were transplanted. Rats transplanted with 800 Ad-IGF2 islets showed a better metabolic evolution than control 
groups. As expected, rats transplanted with 500 Ad-IGF2 or control islets maintained similar hyperglycemia 
throughout the study, ensuring comparable metabolic conditions among both groups. β-Cell replication was 
higher in Ad-IGF2 group than in control group on days 3 [1.45% (IQR: 0.26) vs. 0.58% (IQR: 0.18), p = 0.006], 
10 [1.58% (IQR: 1.40) vs. 0.90% (IQR: 0.61), p = 0.035], and 28 [1.35% (IQR: 0.35) vs. 0.64% (IQR: 0.28), 
p = 0.004] after transplantation. β-Cell mass was similarly reduced on day 3 after transplantation in Ad-IGF2 
and control group [0.36 mg (IQR: 0.26) vs. 0.38 mg (IQR: 0.19)], it increased on day 10, and on day 28 it was 
higher in Ad-IGF2 than in control group [0.63 mg (IQR: 0.38) vs. 0.42 mg (IQR: 0.31), p = 0.008]. Apoptosis 
was similarly increased in Ad-IGF2 and control islets after transplantation. No differences in insulin secretion 
were found between Ad-IGF2 and uninfected control islets. In summary, IGF2 overexpression in transplanted 
islets increased β-cell replication, induced the regeneration of the transplanted β-cell mass, and had a beneficial 
effect on the metabolic outcome reducing the β-cell mass needed to achieve normoglycemia. 

Key words: Insulin-like growth factor II (IGF2); Islet transplantation; Pancreatic β-cell; β-Cell mass;  
β-Cell proliferation 

becomes engrafted is low, minimal additional losses may 

determine the recurrence of hyperglycemia (23). Thus, 

new strategies aimed to preserve or increase the engrafted 

β-cell mass are needed to improve the current success rate 

of islet transplantation. 

Insulin-like growth factors I and II (IGF1, IGF2) are 

potent cell growth regulators that promote proliferation 

and survival in β-cells (50). The effects of IGF2 have been 

demonstrated in β-cell lines, in rat and human β-cells, and 

in transgenic mice (2,13,18–20,35,37). An autocrine role 

of IGF2 in protecting β-cells against apoptosis was also 

recently proposed (7). It may be expected that these ben-

eficial effects of IGF2 could be useful to increase β-cell 

mass in islet transplantation. Interestingly, an association 

has been recently described between insulin-like growth 

factor II mRNA binding protein 2 (IGF2BP2), that binds 

to the leader elements in the untranslated regions of IGF2 

INTRODUCTION

Islet transplantation restores normoglycemia in type 1  

diabetic patients (44), but with time hyperglycemia 

recurs in most patients despite the maintenance of par-

tial graft function (40). The cause of the progressive loss 

of insulin  independence is not well established and is 

probably  multi factorial. Damage of transplanted islets due 

to rejec tion, recurrence of autoimmunity, β-cell toxicity 

of immunosuppressive therapy, and metabolic stress may 

contribute to the long-term failure of islet grafts (23). The 

amount of transplanted islet tissue determines also the 

outcome of islet transplantation. A high islet mass must 

be transplanted to achieve normoglycemia, probably due 

to the massive destruction of islets taking place in the 

initial  days after transplantation (5,8), and the number of 

initially transplanted islets contributes to late function or 

failure of the graft (22,48,51). Since the islet mass that 
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transcripts and regulates IGF2 translation during late mam-

malian development (32) and type 2 diabetes (41,43,54). 

However, some studies have suggested that IGF2 over-

expression may have deleterious effects on islet cells. 

Transgenic mice overexpressing IGF2 show large and 

irregular shape in islets with disrupted islet architecture 

(9,35), a left shift in the dose–response curve relating insu-

lin secretion and glucose concentration, and they develop 

diabetes (9). Transgenic mice expressing IGF2 in β-cells 

have a higher susceptibility to streptozotocin-induced β-cell 

damage, and double transgenic interferon (IFN)-β/IGF2 

mice develop spontaneous diabetes (1). Thus, although 

IGF2 may have a beneficial role on β-cells, acting as a 

mitogenic and prosurvival factor, the transgenic data sug-

gest that sustained overexpression of IGF2 could increase 

the susceptibility of islets to damage. In order to determine 

the effects of IGF2 overexpression on islet transplantation, 

and in particular on the graft β-cell mass, we transplanted 

streptozotocin-diabetic rats with syngeneic islets infected 

with an adenovirus encoding for IGF2. 

MATERIALS AND METHODS

Animals

Animal experimental procedures were reviewed and 

approved by the ethical committee of the University of 

Barcelona. Male inbred Lewis rats (Harlan Laboratories), 

aged 7–10 weeks, were used as donors and recipients of 

transplantation. The recipients were made diabetic by a 

single intraperitoneal injection of streptozotocin (STZ) 

(Sigma Immunochemicals, St. Louis, MO, USA), 60 mg/

kg body weight, freshly dissolved in citrate buffer (pH 4.5).  

Diabetes was confirmed by the presence of hyperglyce-

mia, polyuria, and no weight gain. Only rats with a blood 

glucose of >20 mmol/L on a minimum of two consecu-

tive measurements were transplanted. Blood glucose was 

determined between 9:00 and 11:00 AM in nonfasting 

conditions. Blood was obtained from the snipped tail, and 

glucose was measured with a portable meter (Glucocard 

Memory, A. Menarini Diagnostics, Barcelona, Spain). 

Experimental Groups 

To determine the effects of IGF2 overproduction on 

the metabolic outcome of the graft, STZ-diabetic rats 

were randomly transplanted with 800 islets infected with 

an adenovirus (Ad) encoding for IGF2 (Ad-IGF2 group, 

n = 7), encoding for luciferase (Ad-Luc, control vector 

group, n = 7), or with uninfected islets (control uninfected 

group, n = 7). Eight hundred islets is a borderline β-cell 

mass that can restore normoglycemia in some, but not all, 

STZ-diabetic rats (4). The grafts were removed on day 

60 after transplantation. One day before graft harvesting 

an intraperitoneal glucose tolerance tests (IPGTT) was 

performed. After graft removal, blood glucose was deter-

mined to assess the recurrence of hyperglycemia. A group 

of control nontransplanted rats (n = 6) had their blood glu-

cose and body weight determined weekly.

To determine the effects of IGF2 on β-cell replication, 

apoptosis, and mass, STZ-induced diabetic rats were ran-

domly transplanted with 500 Ad-IGF2-infected islets or 

with 500 uninfected islets. Transplantation of 500 islets 

provides a clearly insufficient β-mass to restore normo-

glycemia in this model, and the animals were expected to 

remain hyperglycemic after transplantation (4). Since glu-

cose is known to modify β-cell replication, apoptosis, and 

mass, we used this model to ensure comparable metabolic 

conditions among groups throughout the study. Since cyto-

pathic effects have been reported in association with adeno-

viral infection (3), we compared the Ad-IGF2-infected 

islets with the potentially better control group of uninfected 

islets. Grafts were removed 3 (n = 12), 10 (n = 12), and 28 

(n = 12) days after transplantation (six groups, n = 6 for 

each experimental group). A group of 8- to 10-week-old 

normal rats (n = 5) had their pancreas harvested to deter-

mine nomal β-cell replication and apoptosis.

Recombinant Adenoviruses 

E1/E3-deleted adenoviral vector was used for islet 

transfection. Adenovirus encoding for green fluorescent  

protein (Ad-GFP) was used to assess the efficiency of  

infection. The adenoviruses Ad-GFP, Ad-Luc, and Ad- 

IGF2 were generated by Pacific Northwest Research 

Institute (Seattle, WA, USA). The transgene was driven 

by the cytomegalovirus (CMV) promoter.

Islet Isolation and Gene Transfer 

Islets were isolated by collagenase (Collagenase P; 

Roche Diagnostics, Mannheim, Germany) digestion of the 

pancreas as previously described (31). Isolated islets were 

hand-picked under a stereomicroscope two or three times, 

until a population of pure islets was obtained. Islets were 

washed in serum-free RPMI 1640 11.1 mmol/L glucose 

(Sigma Immunochemicals) supplemented with 100 U/ml  

penicillin and 100 µg/ml streptomycin before infection. 

Groups of 200 islets were infected with Ad-IGF2 or with 

Ad-Luc at a plaque-forming unit (pfu) of 7 × 107 in 400 µl 

of serum-free RPMI 1640 11.1 mmol/L glucose for 2 h at 

37ºC and 5% CO
2
. After infection, islets were washed three 

times in RPMI 1640 containing 10% heat-inactivated fetal 

calf serum (FCS) and incubated overnight in non-tissue 

culture-treated plastic ware at 37ºC in serum- containing 

medium at 11.1 mmol/L of D-glucose. Uninfected islets 

had the same treatment as infected islets, but in the absence 

of adenovirus.

Islet Transplantation and Graft Harvesting 

After overnight incubation, Ad-IGF2-infected, Ad- 

Luc-infected, and uninfected islets were counted into 

groups of 500 or 800 islets and transplanted under the 
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left kidney capsule of the recipients (31). To harvest the 

graft, the kidney capsule surrounding the graft was incised 

and removed with the graft. The grafts were immediately 

immersed in 4% paraformaldehyde-PBS, were fixed over-

night, and, after removal of any excess paraformaldehyde 

by capillary action, were weighed (31). 

Intraperitoneal Glucose Tolerance Test 

The intraperitoneal glucose tolerance test (IPGTT) 

was performed 1 day before graft harvesting. Glucose 

(2 g/kg) was administered intraperitoneally to conscious 

animals after a 2-h fast. Blood glucose was measured at 

0, 30, 60, 90, and 120 min after injection. Nondiabetic 

nontransplanted rats (n = 6) were used as normal controls. 

Total area under the curve (AUC) was determined using 

the trapezoidal rule method. 

Efficiency of Infection 

The efficiency of infection was quantified in Ad-GFP-

infected islets 24 h after infection, islets were dispersed 

into single cells and analyzed by flow cytometry, as pre-

viously described (45). 

IGF2 production was determined by immunohisto-

che mistry in islets before and after transplantation. Graft 

sections were incubated overnight at 4°C with a rabbit anti-

human IGF2 antibody (final dilution 1:100) (Novozymes 

GroPep, Adelaide, Australia). Preparations were visualized 

with LSAB+ System-HRP (DakoCytomation, Carpinteria, 

CA, USA). 

Insulin Secretion 

To determine whether IGF2 overexpression modified  

β-cell function, glucose-stimulated insulin secretion was 

used as a functional assay. Ad-IGF2-infected and con-

trol uninfected islets were cultured for 2 and 7 days with 

RPMI 1640 medium supplemented with 11.1 mmol/L 

glucose and 10% FCS. Cultured islets were preincubated 

1 h at 37ºC in triplicate groups of 10 islets in 1 ml of 

fresh Krebs–Ringer bicarbonate buffer supplemented 

with Hepes and bovine serum albumin (BSA) (KRBH 

buffer) containing 2.8 mmol/L glucose. The medium was 

removed, and islets were incubated at 37ºC with 1 ml  

of KRBH buffer containing 2.8 or 16.7 mmol/L glucose 

for an additional hour with continuous shaking (45). 

Supernatants were removed and stored at –80ºC until 

assayed for insulin. Insulin was measured by ELISA 

(Mercodia Rat insulin ELISA, Mercodia AB, Uppsala, 

Sweden) and was corrected by DNA content. Islets were 

disrupted by sonication, and DNA content was determined 

by a fluorimetric assay, as previously described (45). 

β-Cell Apoptosis 

Sections were double-stained by immunoperoxidase 

for apoptotic nuclei using the terminal deoxynucleotidyl 

transferase biotin-dUTP nick end labeling (TUNEL) 

technique (In Situ Cell Death Detection Kit, ApopTag; 

Intergene, Oxford, UK) (5,28) and by alkaline phos-

phatase for the endocrine non-β-cells of the islets. A 

cocktail of antibodies (DakoCytomation) including rabbit 

anti-swine glucagon (final dilution 1:1,000), rabbit anti-

human somatostatin (final dilution 1:1,000), and rab-

bit anti-human pancreatic polypeptide (final dilution 

1:500) was used (5). When assessing apoptotic nuclei, 

we excluded necrotic regions. β-Cell apoptosis was also 

determined in the pancreases of normal Lewis rats. β-Cell 

apoptosis in islet grafts and in control pancreas was 

expressed as percentage of TUNEL-positive β-cells, and 

a minimum of 1,200 β-cells were counted per sample. 

β-Cell Replication 

Rats were injected with the thymidine analogue 5-  

bromo-2¢deoxyuridine (BrdU; Sigma Immunochemicals, 

St. Louis, MO, USA), 100 mg/kg body weight IP, 6 h 

before removing the graft (27). Sections were double-

stained with immunoperoxidase for BrdU using a cell 

proliferation kit (Amersham, Amersham, UK) with a 

modified protocol (5,28) and for endocrine non-β-cells 

of the islets using the cocktail of antibodies described 

above. Sections were also double-stained for BrdU and 

for β-cells with a rabbit anti-human insulin antibody 

(final dilution 1:50) (Santa Cruz Biotechnology, Santa 

Cruz, CA, USA). β-Cell replication was also measured in 

the pancreases of normal Lewis rats injected with BrdU 

6 h before pancreas excision. β-Cell replication in islet 

grafts and in control pancreas was expressed as percent-

age of BrdU-positive β-cells, and a minimum of 1,200 

β-cells were counted per sample. 

Individual β-Cell Area 

The mean cross-sectional area of individual β-cells, 

a measure of β-cell size, was determined using image-

 analytical software (AnalySIS 3.0; Soft Imaging 

System, Münster, Germany). The individual β-cell 

area on the day of transplantation was determined in 

sections from the five groups of 500 isolated islets that 

were used to measure the initially transplanted β-cell 

mass. For both grafts and isolated islets, the peri-

meter of the β-cell tissue on a random field was care-

fully traced on the computer’s monitor to exclude any 

other tissue, and the total β-cell area and β-cell nuclei 

(392 ± 25 nuclei per sample) in that field were deter-

mined. To calculate the area of the individual β-cells, 

the total β-cell area in the field was divided by the 

number of β-cell nuclei (5,28). 

β-Cell Mass 

β-Cell mass was measured by point-counting mor-

phometry (52), as previously described (28,31). β-Cell 
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mass was obtained by multiplying the weight of the graft 

by the relative β-cell volume. In addition, the β-cell mass 

of islets at the time of transplantation was determined in 

five groups of 500 islets isolated on different days. Islets 

were pelleted and then fixed and weighed as described 

for islet grafts. The islets β-cell mass was obtained by 

multiplying the weight of the islets by the percentage of 

β-cell volume, determined with image-analytical soft-

ware (AnalySIS 3.0; Soft Imaging System) on sections 

of the islet pellets. 

Statistical Analysis

Statistics were performed using SPSS 14.0 (Chicago, 

IL, USA) for Windows and differences among groups 

were evaluated using the Kruskal–Wallis H test, and when 

determined as significant (p < 0.05), the Mann–Whitney 

U test was used to determine specific differences between 

groups. Subsequently, the Bonferroni correction was used 

as post hoc test to adjust the type I error (a) for multiple 

testing. Since the use of adjustments for multiple tests has 

been questioned, as it increases the likelihood of type II 

errors, the result of the Mann–Whitney U test is presented 

when it is statistically significant, and it is followed by 

the adjustment with the Bonferroni correction. Results 

are expressed as median values and interquartile range 

(IQR). In figures, mean ± SEM is given to describe the 

data as it is a better known and more widely used descrip-

tor. The Kaplan–Meier method was used to analyze the 

metabolic evolution after transplantation, and the differ-

ences among the survival curves were compared by the 

log-rank test with subsequent Bonferroni correction.

RESULTS

Efficiency of Adenoviral Infection

At 24 h after infection 100% of islets and 20% of the 

individual islet cells were infected, as indicated by GFP 

production. We have previously shown that this rate of 

infection is sufficient to double β-cell replication in vitro 

in Ad-IGF2 infected islets (13). The expression of the 

transgene was predominantly found in peripheral cells of 

the islets. Specific staining with IGF2 antibody showed a 

clear production in Ad-IGF2-infected islets, both before 

transplantation and at all time points after transplantation 

(Fig. 1). No IGF2 expression was found in noninfected 

islets or in the renal parenchyma surrounding the trans-

planted Ad-IGF2-infected islets.

β-Cell Function in Infected Islets 

Glucose-stimulated insulin secretion was similar in 

Ad-IGF2-infected islets and in uninfected islets 48 h and 

7 days after infection, indicating that β-cell function was 

unaffected in infected islets overexpressing IGF2 (data 

not shown). 

IGF2 Overexpression Improved the Metabolic Outcome 

of Islet Grafts

Blood Glucose. To explore the effects of IGF2 over-

expression on the outcome of islet grafts, STZ-diabetic 

rats were transplanted with 800 syngeneic islets, a mar-

ginal β-cell mass to achieve normoglycemia. All animals 

transplanted with 800 Ad-IGF2-infected islets achieved 

normoglycemia on day 10 after transplantation and 

remained normoglycemic until graft removal on day 60 

(Fig. 2A). In contrast, only 14% of animals transplanted 

with 800 Ad-Luc infected islets or with 800 control 

 uninfected islets were normoglycemic on day 10 after 

transplantation. Normoglycemia was eventually achieved 

on days 21–28 after transplantation in most but not all 

rats (71%) transplanted with uninfected islets or with 

Ad-Luc-infected islets. The improved metabolic evolu-

tion of Ad-IGF2 group was confirmed by the statistically 

significant difference in the Kaplan–Meier survival curve 

(Fig. 2B). In all normoglycemic rats, graft harvesting was 

followed by recurrence of severe hyperglycemia. 

Intraperitoneal Glucose Tolerance Test 

The IPGTT was performed in all three groups trans-

planted with 800 islets and in control non-STZ-injected 

Figure 1. Insulin-like growth factor II (IGF2) expression (brown) in islet grafts from control uninfected group (A) and from adenovirus 
infected (Ad)-IGF2 group on day 10 after transplantation (B).
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rats. All transplanted groups showed glucose intoler-

ance with higher hyperglycemia after glucose injection 

than control nontransplanted non-STZ-injected animals  

(Fig. 2C). Nevertheless, glucose intolerance was milder 

in Ad-IGF2 group that was less hyperglycemic than unin-

fected control and Ad-Luc groups 30, 60, or 90 min  

after glucose injection and achieved glucose values 

similar to control non-STZ-injected animals after 120 min.  

The AUC was also lower in Ad-IGF2 group [1,635 mmol/ 

L·min (IQR: 902)] than in control uninfec ted group 

[2,339 mmol/L·min (IQR: 1,054), p = 0.035)] or in  

Ad-Luc [2,697 mmol/L·min (IQR: 1,694), p = 0.064], 

although the differences did not remain statistically sig-

nificant after adjustment for multiple comparisons. 

IGF2 Overexpression Increased Transplanted β-Cell 

Replication and Mass 

Since glucose is known to modify β-cell replication, 

apoptosis, and mass, the differences in blood glucose 

levels between Ad-IGF2 and control uninfected groups 

transplanted with 800 islets could preclude a valid com-

parison. Thus, to ensure comparable metabolic conditions 

among grafts from Ad-IGF2 group and control uninfected 

group throughout the study, STZ-diabetic recipients were 

transplanted with 500 islets, a β-cell mass clearly insuffi-

cient to restore normoglycemia in this model. As planned, 

both groups showed similar hyperglycemia throughout 

the study (Table 1).

β-Cell Replication. At all time points after transplan-

tation, β-cell replication was higher in grafts of Ad-IGF2 

group than in grafts of control uninfected group [day 3: 

1.45% (IQR: 0.26) vs. 0.58% (IQR: 0.18), p = 0.006;  

day 10: 1.58% (IQR: 1.40) vs. 0.90% (IQR: 0.61), p =  

0.035; day 28: 1.35% (IQR: 0.35) vs. 0.64% (IQR: 0.28), 

p = 0.004] and than β-cell replication in normal pancreas 

[0.36% (IQR: 0.17), p < 0.02; p < 0.05 when it was adjusted 

for multiple comparisons] (Fig. 3B). Although glucose is 

a well-known stimulator of β-cell proliferation, in con-

trol uninfected group β-cell replication was significantly 

increased only on day 10 after transplantation, but not on 

days 3 and 28, compared to normal pancreas, confirming 

previous observations indicating that β-cell replication is 

impaired initially after transplantation (5) and after long-

term exposure to hyperglycemia (5,46). 

FACING COLUMN
Figure 2. Metabolic evolution of streptozotocin (STZ)-diabetic 
Lewis rats transplanted with 800 Ad-IGF2 islets (squares), with 
800 Ad-luciferase (Luc) islets (triangles), or with 800 control unin-
fected islets (rhombus) and of nondiabetic nontransplanted animals 
(crosses). (A) Nonfasting blood glucose. Tx indicates transplanta-
tion day, and the arrow indicates the removal of the graft. Values 
are the mean. *p < 0.05 versus nondiabetic nontransplanted animals 
(Mann–Whitney U test). After adjusting for multiple comparisons, 
all differences except day 40, between nondiabetic nontransplanted 
animals and control uninfected and Ad-Luc groups remained sta-
tistically significant. (B) Kaplan–Meier survival curve showing 
differences in percentage of normoglycemic animals over time 
among Ad-IGF2 (squares), Ad-Luc (triangles), and uninfected 
(rhombus) groups (log-rank, c2 = 19.39, p = 0.0001). The percent-
age of normoglycemic animals over time differed significantly 
between Ad-IGF2 group and control uninfected group (log-rank, 
c2 = 11.48, p = 0.001) and between Ad-IGF2 group and Ad-Luc 
group (log-rank, c2 = 11.48, p = 0.001), but not between the con-
trol uninfected and Ad-Luc groups (log-rank, c2 = 0.17, p = 0.67). 
Differences remained statistically significant after adjusting for 
multiple comparisons (p < 0.005). (C) Intraperitoneal glucose tol-
erance test. Kruskal–Walis, p < 0.05 among all groups at each time 
point, Mann–Whitney, *p < 0.05 versus all other groups except 
Ad-IGF2 at time 120. †p < 0.05 between Ad-IGF2 group and 
control uninfected group. #p < 0.05 between Ad-IGF2 group and 
Ad-Luc group. Differences among transplanted groups were not 
statistically significant after multiple comparison correction.
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Table 1. Blood Glucose and Body Weight in STZ-Diabetic Rats Transplanted With 500 Islets

Days After Transplantation

STZ Tx 3 10 28

Blood glucose (mmol/L) Control group 6.0 (1.0)* 31.9 (4.9)† 22.3 (5.2) 23.6 (6.82) 24.5 (3.2)

Ad-IGF-2 group 5.8 (1.2)* 28.3 (3.6)† 23.2 (2.7) 21.2 (5.1) 20.2 (5.3)

Body weight (g) Control group 188 (8.0) 199 (7.6) 209 (16.9) 220 (14.8) 248 (12.0)

Ad-IGF-2 group 187 (13.2) 198 (10.3) 199 (12.4) 214 (21.4) 233 (27.7)

Values are median and interquartile range (shown in parentheses) for six animals in each group. STZ, day of streptozotocin injection; Tx, day of islet 
transplantation. Kruskal–Wallis, p < 0.001 among different time points in control uninfected group and adenovirus encoding insulin-like growth factor 2  
(Ad-IGF2) group; Mann–Whitney, *p < 0.01 compared to all time points, †p < 0.02 versus all time points after transplantation. After adjusting for multi-
ple comparisons, all differences, except Tx day versus day 3 in Ad-IGF2 group, remained statistically significant at all time points.

Figure 3. (A) Islet graft from Ad-IGF2 group on day 10 after transplantation. Section was double-
stained for bromodeoxyuridine (BrdU) (black nuclei, clearly shown in inset) and for insulin (brown 
cytosolic staining). (B) β-cell replication in normal pancreas (black bar) and in 500-islet grafts 
from control uninfected (white bars) and Ad-IGF2 (hatched bars) groups. Values are mean ± SEM. 
Kruskal–Wallis, p < 0.02 among control pancreas and control uninfected groups and among con-
trol pancreas and Ad-IGF2 groups, Mann–Whitney, *p < 0.02 versus control pancreas. Differences 
remained significant after adjusting for multiple comparisons (p < 0.05). †p < 0.05 between control 
uninfected and Ad-IGF2 groups. 
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β-Cell Apoptosis. β-Cell apoptosis was significantly 

increased in transplanted islets from both control unin-

fected and Ad-IGF2 groups compared with normal 

pancreas at all time points (p < 0.01 and p < 0.05 when 

adjusted for multiple comparisons) (Fig. 4A). There were 

no differences between Ad-IGF2 and uninfected groups. 

Individual Cross-Sectional β-Cell Size. The individual 

cross-sectional area of β-cells increased significantly in 

islet grafts on days 10 and 28 after transplantation com-

pared with the individual area of β-cells in isolated islets 

(p < 0.01 and p < 0.02 when adjusted for multiple com-

parisons) (Fig. 4B). Individual β-cell size was similar in 

Ad-IGF2 and uninfected groups. 

β-Cell Mass. β-Cell mass was reduced on day 3 after 

transplantation in control uninfected [0.38 mg (IQR: 

0.19)] and Ad-IGF2 [0.36 mg (IQR: 0.26)] groups com-

pared with the initially transplanted β-cell mass [control 

uninfected: 1.60 mg (IQR: 0.22), p = 0.006; Ad-IGF2: 

1.61 mg (IQR: 0.15), p = 0.006; p = 0.018 in both cases 

when adjusted for multiple comparisons] (Fig. 5). In 

Ad-IGF2 group transplanted β-cell mass increased on 

day 10 to a value similar to the initially transplanted 

β-cell mass [1.27 mg (IQR: 0.91)], and on day 28 it was 

higher than that of control uninfected group [0.63 mg 

(IQR: 0.38) vs. 0.42 mg (IQR: 0.31), p = 0.008], reflect-

ing the higher β-cell replication of Ad-IGF2 transplanted 

islets. In contrast, in control uninfected group, the graft 

β-cell mass was always lower than the initially trans-

planted β-cell mass (p < 0.02 and p < 0.05 when adjusted 

for multiple comparisons). Although it increased transito-

rily on day 10 after transplantation [1.05 mg (IQR: 0.50)], 

in agreement with the higher β-cell replication and indi-

vidual β-cell size at this time point, it was reduced again 

on day 28 when β-cell replication was impaired and could 

not compensate the increased β-cell apoptosis. 

Figure 4. (A) β-Cell apoptosis in normal pancreas (black bar) 
and in 500-islet grafts from control uninfected (white bars) 
and Ad-IGF2 (hatched bars) groups. Values are mean ± SEM. 
Kruskal–Wallis, p < 0.01 among control pancreas and control 
uninfected groups and among control pancreas and Ad-IGF2 
groups, Mann–Whitney, *p < 0.01 versus all other groups. Dif-
ferences remained significant after adjusting for multiple 
comparisons (p < 0.05). (B) Cross-sectional area of individual 
β-cells in isolated islets cultured overnight as for transplanta-
tion, and in 500-islet grafts from control uninfected (white bars) 
and Ad-IGF2 (hatched bars) groups. Values are mean ± SEM. 
Kruskal–Wallis, p < 0.002 among control uninfected groups 
and among Ad-IGF2 groups, Mann–Whitney, *p < 0.01 versus 
control uninfected islets and Ad-IGF2-overexpressing islets. 
Differences remained significant after adjusting for multiple 
comparisons (p < 0.02). Figure 5. β-Cell mass in 500 isolated islets cultured overnight 

as for transplantation and in 500-islet grafts from control unin-
fected (white bars) and Ad-IGF2 (hatched bars) transplanted  
groups. Values are mean ± SEM. Kruskal–Wallis, p < 0.005 among  
control uninfected groups and among Ad-IGF2 groups, Mann–
Whitney, *p < 0.02 versus all other groups except Ad-IGF2 on  
day 10 after transplantation. Differences remained significant 
after adjusting for multiple comparisons (p < 0.05) except bet-
ween 500 Ad-IGF2 isolated islets and Ad-IGF2 group on day 28  
after transplantation. †p < 0.01 between control uninfected group  
and Ad-IGF2 group. 
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DISCUSSION

In this study, we show that transplanted islets over-

expressing IGF2 maintained a sustained increment in 

β-cell replication that led to the regeneration of the 

engrafted β-cell mass and to the early achievement of 

sustained normoglycemia after transplantation to diabetic 

recipients. IGF2 overexpression did not modify insulin 

secretion in islets studied in vitro, did not reduce β-cell 

apoptosis, and did not enhance β-cell hypertrophy in 

transplanted islets, suggesting that the higher β-cell mass 

and improved metabolic control in IGF2-overexpressing 

grafts resulted from the increased β-cell replication. 

IGF1 and IGF2 are β-cell mitogens, and they also 

promote β-cell survival. The biological effects of IGF2 

are mediated primarily by type 1 IGF receptor, which is 

abundant on β-cells (14,49). IGF2 can also act through the 

insulin receptor (39). IGF2 expression is higher in fetal 

life, but it declines and in rodents is extinguished in most 

tissues after birth. In contrast, IGF1 expression in fetal 

life is low and does not rise to adult levels until weaning. 

In early neonatal life, there is a wave of apoptotic β-cell 

death (42) that has been linked to the concomitant reduc-

tion in IGF2 expression (17,34). In adult islets, incubation 

of islets with IGF2 improves islet cell viability (13,20,37), 

and IGF2 survival action has been also shown in rats fed 

with a low protein diet (36). However, we did not detect 

a reduction in β-cell apoptosis in islet grafts that overex-

pressed IGF2. The difficulties of preventing the massive 

loss of islet tissue, up to 70% of the transplanted β-cell 

mass, that takes place in the early posttransplant period 

were recently reviewed (11). β-Cell apoptosis peaks 

around day 3 after transplantation and plays a major role 

in this early β-cell death (5,11). The cause of the initial 

β-cell apoptosis is multifactorial (12), with hypoxia play-

ing a fundamental role (10), and other factors such as 

anoikis (47), nonspecific inflammation (29,38,46), and 

hyperglycemia (5,15,26,33) also contributing to islet dam-

age. Several strategies that have successfully increased 

the long-term outcome of islet transplantation have been, 

however, unable to increase the initial survival of islets 

(11). We have also met this difficulty in previous experi-

ments in which we found that the beneficial effects of nor-

moglycemia (25) and IL-1 receptor antagonist protein (46) 

in the outcome of islet transplantation were not associated 

with a reduction of early β-cell apoptosis. Robitaille et al.  

(37) reported that preincubation of encapsulated islets 

with IGF2 before transplantation increased the percent-

age of diabetic mice that achieved normoglycemia, but 

apoptosis was not determined in the islet grafts. The lack 

of effect of IGF2 on transplanted β-cell survival, along 

with previous data showing similar negative results with 

other therapeutic interventions, highlights the difficulty 

of reducing the initial β-cell death in islet transplantation. 

It is unknown whether a multifactorial approach would 

prove more successful. 

IGF2 overexpression resulted in sustained β-cell hyper-

plasia of transplanted islets that showed throughout the 

study higher proliferation than uninfected transplanted 

islets or than endogenous pancreatic islets of normal rats. 

Although glucose is a very potent stimulator of β-cell pro-

liferation (6), on day 3 after transplantation β-cell replica-

tion was not significantly higher in islet grafts of control 

uninfected group than in islets of normal, non-STZ-

 injected nontransplanted, control rats, confirming previ-

ous data indicating that β-cell replication is impaired in 

the early days after transplantation (5). The limitation in 

β-cell replication in the initial days after transplantation 

is mediated, at least partly, by IL-1β-mediated nonspe-

cific inflammation (29,45). The increased replication on 

day 3 after transplantation in IGF2-overexpressing grafts 

suggests that IGF2 is able to partly prevent the suppres-

sive effects of IL-1β on β-cell replication in vivo and is 

in agreement with recently published in vitro data (13). 

On the other hand, glucose-induced β-cell replication is 

not maintained when islets are exposed to chronic hyper-

glycemia (5,21,30), as shown in the transplanted islets 

of control uninfected group exposed to 28 days of sus-

tained hyperglycemia. The increased β-cell replication in 

Ad-IGF2 group on day 28 after transplantation indicates 

that IGF2 overexpression was able to overcome this limi-

tation. The mechanism by which IGF2 increased β-cell 

replication in islets exposed to chronic hyperglycemia 

remains unknown. As described for IGF1 (53), overex-

pression of IGF2 in islet cells could increase the expres-

sion of insulin receptor substrate 2 (IRS-2), a protein 

playing a crucial role in β-cell growth. 

IGF2 has been reported to inhibit, increase, or have 

no effect on insulin secretion (9,16,24,55). We found that 

glucose-stimulated insulin secretion was not modified in 

Ad-IGF2 islets after 2 and 7 days in culture. This nor-

mal insulin secretion in Ad-IGF2 islets suggests that the 

improved metabolic outcome in rats transplanted with 

IGF2 overexpressing islets was due to the increased β-cell 

mass. IGF2 overexpression did not increase the size of indi-

vidual β-cells in agreement with previous data indicating 

that IGF2 overexpression in transgenic mice did not induce 

α- or β-cell hypertrophy (9). Thus, since IGF2 overexpres-

sion did not modify insulin secretion, did no reduce trans-

planted β-cell death, and did not induce β-cell hypertrophy, 

we postulate that the increased β-cell mass in islet grafts 

overexpressing IGF2 and improved the metabolic outcome 

resulted from the sustained increment of β-cell replication 

throughout the first month after transplantation. 

In clinical islet transplantation, a high islet mass must be 

transplanted to achieve normoglycemia, typically requir-

ing two or three islet transplant procedures (23,40,44). The 
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transplantation process results in a dramatic loss of islets 

leading to the successful engraftment of a β-cell mass that 

is marginally sufficient to maintain normoglycemia and 

any subsequent reduction, even from mild insults, may 

result in the recurrence of hyperglycemia (23). Since the 

preservation of the initially transplanted β-cell mass has 

proven to be particularly challenging, an alternative or 

complementary strategy to increase the grafted β-cell mass 

would be to enhance the replication of transplanted β-cells. 

In this study, we have shown that a therapeutic interven-

tion targeting β-cell replication was able to regenerate the 

transplanted β-cell mass and to improve the outcome of 

islet transplantation. The use of adenoviral vectors in clini-

cal islet transplantation is unlikely, but it is a useful model 

to investigate the benefits of local delivery of treatments 

to islet grafts. The results indicate that overexpression of 

IGF2 to the islet grafts was beneficial. IGF2 overexpres-

sion induced a sustained increment in β-cell replication in 

transplanted islets, with no changes in β-cell apoptosis or 

individual cell size, and increased the β-cell mass in the 

islet graft. The improved metabolic outcome of the dia-

betic recipients indicates that strategies that increase β-cell 

replication can increase the grafted β-cell mass and reduce 

the β-cell number required to achieve normoglycemia.
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