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Introduction

Over the last decade, islet transplantation has gained rec-

ognition as a valuable therapeutic option for select

patients with type 1 diabetes [1]. Sixty to eighty percent

of recipients demonstrate at least 1-year insulin-indepen-

dence in experienced centres, which represents a signifi-

cant improvement as compared with previous protocols

demonstrating approximately 10% 1-year insulin-

independence [2,3].

One of the important criteria to achieve good out-

comes is related to the ability to transplant a large num-

ber of islets per kg of recipient body weight. It is

generally assumed that a combined implant mass of at

least 10 000 islet equivalent (IE) per kg is required to

routinely achieve post-transplant insulin-independence.

At this time, most centres keep islets in culture for 24–

48 h prior to transplant, allowing coordination and

administration of induction therapy [4]. While being

logistically convenient, the time of culture can lead to the

loss of up to 10–20% of the islet mass, occasionally pre-

venting transplantation because of a low postculture islet

count [5]. In our centre, 37 out of 104 (36%) clinical

grade islet preparations have lost more than 20% of islets

during culture, despite use of standard supplemented

Connaught’s Medical Research Labs (CMRL)- and insu-

lin-transferrin-selenium-based supplemented culture

media, and avoidance of overloading of the culture flasks

[5]. The application of newly refined culture methods

would have the potential to prevent islets losses, increase

the number of transplanted patients and improve results

with the infusion of higher islet masses.

Glucagon-like peptide 1 (GLP-1) analogues are emerg-

ing as a new treatment option for patients with type 2

diabetes [6]. They exert their effect through the GLP-1

receptor and stimulate insulin secretion, suppress

glucagon secretion, decrease gastric emptying and

increase satiety [6]. Several GLP-1 analogues are
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Summary

The culture of human islets is associated with approximately 10–20% islet loss,

occasionally preventing transplantation. Preconditioning of the islets to improve

postculture yields would be of immediate benefit, with the potential to increase

both the number of transplanted patients and their metabolic reserve. In this

study, the effect of liraglutide, a long-acting human glucagon-like peptide 1 ana-

logue, on cultured human islets was examined. Culture with liraglutide

(1 lmol/l) was associated with a preservation of islet mass (significantly more

islets at 24 and 48 h, compared to control; P £ 0.05 at 24 and 48 h) and with

the presence of larger islets (P £ 0.05 at 48 h). These observations were sup-

ported by reduced apoptosis rates after 24 h of treatment. We also demon-

strated that human islet engraftment is improved in C57Bl/6-RAG)/) mice

treated with liraglutide 200 lg/kg sc twice daily (P £ 0.05), suggesting that

liraglutide should be continued after transplantation. Overall, these data demon-

strate the beneficial effect of liraglutide on cultured human islets, preserving islet

mass. They support the design of clinical studies looking at the effect of liraglu-

tide in clinical islet transplantation.
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available for clinical use, including exenatide (half-life

60–90 min) and liraglutide (half-life 13 h) [7]. Previ-

ous studies have validated their positive metabolic effect

after islet transplantation utilizing small and large animal

models [8–10]. Subsequent human data have demon-

strated that exenatide can improve engraftment and

long-term islet graft survival [11–14]. Of all GLP-1 ana-

logues, liraglutide is the most attractive clinically because

of its longer half-life, allowing less frequent dosing, more

stable serum levels and probably better tolerability

[15,16]. Our group has previously demonstrated that

liraglutide can enhance engraftment and islet graft func-

tion in mouse and pig models, paving the way for clini-

cal studies [17,18].

While previous small and large animal data are promis-

ing, the effect of liraglutide on human islet survival has

not been fully characterized. Previous data has demon-

strated that the liraglutide can prevent the loss of pig

islets during culture [18].Given the known anti-apoptotic

and positive insulinotropic effects of liraglutide, it is likely

that this agent could be of benefit during both the pre-

transplant culture period as well as post-transplant as a

chronic therapy. In this study, the effect of liraglutide on

cultured human islets has been analysed using in vitro

and in vivo models.

Methods

All pancreata used in this study were accepted for poten-

tial transplantation in patients. When the number of iso-

lated islets was not reaching the minimum required islet

mass for transplantation and when consent had been

obtained from the family, the islets were used for

research (for reasons of logistics, the islets were received

in the research lab between 1 and 3 days after isolation).

The protocol has been reviewed by the Health Research

Ethics Board at the University of Alberta and the use of

animals by the Health Sciences Animal Care and Use

Committee at the University of Alberta.

Islet isolation and culture

Pancreata were retrieved from deceased multiorgan

donors after cross-clamping of aorta and infusion of His-

tidine-Tryptophan-Ketoglutarate (HTK) solution. Islets

were isolated according to a modified Ricordi’s semi-

automated technique [5,19]. Briefly, the pancreas was dis-

tended with collagenase NB1 supplemented with neutral

protease (Serva Electrophoresis GMbH) and digested in a

Ricordi chamber. When free islets were released, tissue

digest was collected and further purified on a cell sorter

(Model 2991, Cobe, Lakewood, CO, USA) using a contin-

uous density gradient [20].

Islets were cultured at 37 �C, 5% CO2 in CMRL 1066

medium containing HEPES (25 mmol/l, final concentra-

tion), penicillin (112 kU/l), streptomycin (112 mg/l),

l-Gluthamine (100 mg/l) and fetal calf serum (10%).

Liraglutide (Novo-Nordisk, Bagsværd, Denmark) was

used at 1 lmol/l in treated groups, as previously

described [18]. Culture was performed in 75 cm2 flasks

(Corning, NY, USA), with 500 Islet Equivalent (IE)/ml.

Aliquots of 300 ll (containing 84 ± 17 islets) were

taken at the end of purification and after culture, and

intact, dithizone-stained islets were counted and the IE

was calculated by normalizing the islets to a standard

diameter of 150 lm. The Islet Ratio (IR) was obtained by

dividing the IE by the total number of islets, as previously

described [21]. The IR was lower for islet preparations

with smaller or more fragmented islets. Counting was

always performed by the same observer, taking three

aliquots from each sample. Islet viability was assessed

using SYTO-13 (Molecular Probes, Eugene, OR, USA)/

ethidium bromide staining, using a technique previously

described [22].

Apoptosis assessment

Aliquots of islets were collected prior to and after 24 or

48 h of culture. They were fixed in 4% paraformaldehyde,

embedded in agar, and processed in paraffin. Insulin and

terminal deoxynucleotide transferase-mediated dUTP nick-

end labelling (TUNEL) costaining was performed as previ-

ously described [23,24], using guinea pig anti-insulin anti-

body (1:1000; Dako, Carpinteria, CA, USA), Deadend

Fluorometric TUNEL System (Promega, Madison, WI,

USA), and a counter-stain with 4¢-6-diamidino-2-phenylin-

dole (DAPI, InnoGenex, San Ramon, CA, USA). Prolifera-

tion was assessed using KI67/insulin/DAPI staining (mouse

anti-KI67 antibody; Dako). The number of TUNEL + Insu-

lin+ or KI67 + insulin+ cells was counted and divided by

the number of insulin + DAPI+ cells to determine the pro-

portion of apoptotic or proliferating b-cells. More than

1000 insulin + DAPI+ cells were assessed in each group.

Static incubation

After 24- and 48-h culture, aliquots of 500 IE were seeded

in six-well plates. Static incubation tests were performed

in triplicate, as previously described [25]. Briefly, islets

were preincubated in Roswell Park Memorial Institute

medium (RPMI)-1640 (2.8 mmol/l glucose) supplemented

with penicillin (112 kU/l), streptomycin (112 mg/l),

BSA fraction V (5%) and sodium bicarbonate (0.2%,

Sigma-Aldrich, Oakville, ON, USA). Tests were performed

with supplemented RPMI containing 2.8 (low) or 20

(high) mmol/l glucose with or without 3-isobutyl-1-
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methylxanthine IBMX (2 mmol/l) or liraglutide (1 lmol/

l). After 2-h incubation, the supernatant was collected.

Insulin levels were determined by ELISA (Roche Diagnos-

tics, Indianapolis, IN, USA).

Marginal mass islet transplantation

Diabetes (defined as ‡20 mmol/l) was induced by a sin-

gle intraperitoneal injection of 175 mg/kg streptozotocin

(Sigma-Aldrich, St Louis, MO, USA) in immunodeficient

C57Bl/6-RAG)/) mice (B6.129S7-Rag1tm1mom/J) obtained

from The Jackson Laboratory (Bar Harbor, ME, USA)

and bred at the University of Alberta. A marginal mass

transplantation model was used to assess human islet

engraftment and in vivo function. Islets were handpicked,

and 1500 IE were transplanted under the left kidney cap-

sule. Liraglutide was used at 200 lg b.i.d s.c. continuously

until reversal of diabetes or 60 days, as previously

described [17]. Islet engraftment was assessed as the time

required for reaching normoglycaemia (defined as nonfa-

sting blood glucose levels £11 mmol/l on two consecutive

readings). Blood glucose was assessed three times a week,

using a One Touch Ultra (LifeScan, Burnaby, BC) glu-

cometer. At least 10 mice were transplanted in each group

(total n = 43) with islets isolated from four donors.

Statistical analysis

Results were provided as mean ± standard error of the

mean. anova on ranks and Mann–Whitney tests were

used for comparison of continuous variables. Survivals

were assessed by the Kaplan Meier method and compared

with log rank test. A standard alpha level of 0.05 was

selected. Analyses were performed with the spss software

package (spss 15.0, SPSS, Chicago, IL, USA).

Results

Fourteen separate human islet preparations were used for

this study. Donors included 11 female and three male sub-

jects, with a mean age of 53 ± 3 years and a mean body

mass index of 26 ± 1 kg/m2. Cold ischaemia time (from

aortic cross-clamp to initiation of isolation) was 10 ± 1 h

and the duration of enzymatic digestion 18 ± 1 min.

As expected from previous local observations [5], a sig-

nificant number of islets were lost during culture. In the

control group, 48 ± 16% of IE were lost after 48 h of

culture (19679 ± 3869 preculture vs. 10189 ± 1180 IE

after culture, P £ 0.05), and 28 ± 16% in the liraglutide

group (13953 ± 780 IE after culture, P £ 0.05). Con-

versely, the addition of liraglutide significantly preserved

the islet mass, with more islet equivalents at 24 and 48 h

compared to controls (P £ 0.05 at 24 and 48 h, Fig. 1a).
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Figure 1 Islet equivalent (a), islet ratio (b) and viability (c) of human

islets after 24 and 48 h of culture with or without liraglutide (1 lmol/l).

Results were normalized for controls (liraglutide-free). Islet equivalent

was calculated by normalizing the islets to a standard diameter of

150 lm. Islet ratio was obtained by dividing the IE by the total number

of islets, providing an assessment of islet size. *P £ 0.05; **P £ 0.01.
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In addition, liraglutide was associated with the presence

of larger islets as demonstrated by a higher IR (P £ 0.05

at 48 h, Fig. 1b). Islet purity remained stable in all groups

and at all times, between 45% and 60%. Viability was

similar prior to culture (95 ± 0.5%) and after 24

(91 ± 3%) and 48 (71 ± 9.6%) h of culture, in both

control and liraglutide groups.

The apoptosis assessment demonstrated an increase in

the proportion of apoptotic insulin-positive cells after

24 h of culture in the control group, which was reduced by

the addition of liraglutide (Fig. 2). After 48 h of culture,

both control and treated islets demonstrated similar levels

of apoptosis. Proliferation levels (KI67 + insulin+ cells)

tended to be higher in liraglutide-treated islets compared

with controls, but this did not reach significance

(0.4 ± 0.2% vs. 1 ± 0.5% after 24 h of culture, P = 0.6).

In an effort to assess the function of islets previously

cultured with liraglutide, we performed static incubation
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Figure 2 Assessment of apoptosis, reported as the proportion of

TUNEL+ cells among insulin+ cells in human islets prior to and after

24 and 48 h of culture with or without liraglutide (1 lmol/l).

*P £ 0.05.
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Figure 3 (a) In vitro insulin release of human islets previously cultured

with or without liraglutide (1 lmol/l) and under stimulation of 2.8

(low) or 20 (high) mmol/l glucose with or without 3-isobutyl-1-methyl-

xanthine IBMX. (b) Similar assay under stimulation of 20 mmol/l glu-

cose with or without liraglutide (1 lmol/l). *P £ 0.05.
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Figure 4 Marginal mass human islet transplantation (1500 IE) in

chemically diabetic, immunodeficient C57Bl/6-RAG)/) mice. (a) No dif-

ference in outcome was observed between animals transplanted with

either human islets previously treated with liraglutide versus vehicle-

treated islets. (b) An in vivo treatment with liraglutide 200 lg b.i.d. s.c.

improved human islet rate of engraftment (P £ 0.05). Of note the islets

used in (b) were not exposed to liraglutide prior to transplantation.
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tests. In absence of liraglutide in the static incubation

medium, the insulin release profiles were similar when

using control or previously treated islets, both after 24

and 48 h of culture (Fig. 3a). However, the adjunction of

liraglutide during the test, significantly improved the

release of insulin after stimulation with 20 mmol/l glucose

(Fig. 3b), suggesting that the drug should be administered

continuously in order to observe the metabolic effect

associated to liraglutide. Of note, islets exposed to liraglu-

tide both prior to and during the static incubation test

demonstrated similar insulin release profiles as those trea-

ted only during the test.

To further test the impact of a liraglutide-based culture

on post-transplant function, we performed marginal islet

mass islet transplantation using chemically diabetic,

immunodeficient recipient mice. In this model, an islet

mass of 2500 IE usually reverses diabetes (a greater islet

mass is required as human insulin is less effective

in mice), while an islet mass of 1500 IE is considered

‘marginal’ in that it does not result in 100% insulin-inde-

pendence and has a slower return to euglycaemia post-

transplant [25,26]. As shown in Fig. 4a, islets treated with

liraglutide in vitro demonstrated similar post-transplant

engraftment to controls. Conversely, the in vivo treatment

with liraglutide significantly improved the rate of engraft-

ment (P £ 0.05, Fig. 4b), suggesting that the in vitro lira-

glutide treatment should be best followed by an in vivo

post-transplant administration.

Discussion

This study demonstrates that liraglutide can decrease the

loss of human islet in culture, reduce culture-related

apoptosis, and improve insulin secretion in human islets.

These effects alone suggest that the inclusion of liraglutide

in islet culture will result in transplantation of a larger

islet mass, and may therefore improve the metabolic insu-

lin reserve of the transplanted graft.

The use of fresh versus cultured human islets has evolved

over the years. While early experiences were performed

with cultured islets, the common practice shifted towards

the use of fresh islets in 2000 after the introduction of the

‘Edmonton protocol’ [1].Currently, most centres (includ-

ing the Edmonton site) have gone back to culturing islets,

mainly driven by reasons of logistics, as also with the

notion that this may further improve the safety (less risk of

portal venous thrombosis) and considering the inflam-

matory nature of the islet graft. While the time taken for

culture allows coordination of transplantation and admin-

istration of immunosuppression induction therapy, it

could also provide a period of time to optimize and further

manipulate the islets in culture, an approach that has not

been fully utilized as of yet in the clinic.

The present data suggest that liraglutide (1 nm) can

increase the number of human islets available for trans-

plantation, which has the potential to improve transplant

outcomes, with a higher number of transplanted islets per

recipient and potentially an increase in the total number

of transplants that can be performed.

The mechanisms supporting this effect are likely to be

multifactorial and not as yet fully characterized. First, we

observed that islets cultured in presence of liraglutide

were larger (higher IR), which suggests that the islets are

of better quality and undergo less fragmentation than

control ones. In addition, liraglutide was associated with

a trend towards a lower rate of apoptosis after 24 h of

culture (not reaching significance in this study). This

effect of liraglutide on human islets has been previously

observed with both rodent and porcine islets, and this

was attributed to activity of the GLP-1 receptor and

cAMP [18,27]. Other investigators have reported similar

prevention of spontaneous or cytokine (IL-1b)-induced

apoptosis using other GLP-1 analogues, suggesting that

this is a common, anticipated benefit when using this

class of drugs [28–30]. Finally, liraglutide is associated

with higher rates of b-cell proliferation in culture, as sug-

gested by the present data (although not statistically sig-

nificant) and previous reports [31].

While liraglutide has a beneficial effect on the postcul-

ture islet yield, the present data also demonstrates that

previously-treated islets do not retain a persistent func-

tional advantage after exposure to liraglutide has been

removed. This observation supports the concept that

liraglutide therapy is most effective when in vitro treat-

ment is combined with a post-transplant in vivo admin-

istration. Our data suggests that the use of liraglutide

post-transplant has the potential to increase insulin

release in vivo, as liraglutide-treated human islets exhib-

ited functional improvement in a static incubation assay

(Fig. 3). In addition, an in vivo liraglutide treatment

improved the rate of engraftment of human islets in

immune-deficient mice (Fig. 4b). This is consistent with

previous animal data, which reported that the post-

transplant administration of liraglutide leads to a better

engraftment and function of mouse and swine islets

[17,18].In these studies, the effect was maximal when

liraglutide was started at the time of transplant and con-

tinued without interruption in the post-transplant period

[17].

Overall, these data support the beneficial effect of lira-

glutide, a long-acting GLP-1 agonist on cultured human

islets, with preservation of transplantable islet mass. This

in vitro use should be best combined with a post-trans-

plant administration, as the metabolic effect of liraglutide

is not sustained after discontinuation. These data support

further clinical studies to characterize the effect of a
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continuous treatment of liraglutide both prior to and

after islet transplantation.

Authorship

Designed research: CT, JE, SM, LBK, AMJS; performed

research: CT, MMC, JD, RE, RP, TK; analysed data: CT,

JE, SM, TK; wrote: CT, MMC, JE, SM, TK, AMJS.

Funding

C.T. is the recipient of fellowships from the Swiss

National Science Foundation and the Alberta Heritage

Foundation for Medical Research (AHFMR) fellowship.

M.M.C. is the recipient of an Alberta Diabetes/Wirtanen

scholarship and AHFMR clinical fellowship. S.M. is sup-

ported by studentship awards from the AHFMR and the

Canadian Institutes for Health Research. AMJS is a scho-

lar supported through the AHFMR. LBKN is currently

employed by and has equity interests in Novo Nordisk.

References

1. Shapiro AM, Lakey Jr, Ryan EA, et al. Islet transplantation

in seven patients with type 1 diabetes mellitus using a glu-

cocorticoid-free immunosuppressive regimen. N Engl J

Med 2000; 343: 230.

2. Shapiro A, Ricordi C, Hering B, et al. International trial of

the Edmonton protocol for islet transplantation. N Engl J

Med 2006; 355: 1318.

3. Toso C, Baertschiger R, Morel P, et al. Sequential kidney/

islet transplantation: efficacy and safety assessment of a

steroid-free immunosuppression protocol. Am J Transplant

2006; 6: 1049.

4. Kempf M, Andres A, Morel P, et al. Logistics and trans-

plant coordination activity in the GRAGIL Swiss-French

multicenter network of islet transplantation. Transplanta-

tion 2005; 79: 1200.

5. Kin T, Senior P, O’gorman D, Richer B, Salam A, Shapiro

AM. Risk factors for islet loss during culture prior to

transplantation. Transpl Int 2008; 21: 1029.

6. Drucker DJ, Nauck MA. The incretin system: glucagon-like

peptide-1 receptor agonists and dipeptidyl peptidase-4

inhibitors in type 2 diabetes. Lancet 2006; 368: 1696.

7. Knudsen LB, Nielsen PF, Huusfeldt PO, et al. Potent

derivatives of glucagon-like peptide-1 with pharmacoki-

netic properties suitable for once daily administration.

J Med Chem 2000; 43: 1664.

8. King A, Lock J, Xu G, Bonner-Weir S, Weir GC. Islet

transplantation outcomes in mice are better with fresh

islets and exendin-4 treatment. Diabetologia 2005; 48:

2074.

9. Sharma A, Sorenby A, Wernerson A, Efendic S,

Kumagai-Braesch M, Tibell A. Exendin-4 treatment

improves metabolic control after rat islet transplantation

to athymic mice with streptozotocin-induced diabetes.

Diabetologia 2006; 49: 1247.

10. Bohman S, Waern I, Andersson A, King A. Transient

beneficial effects of exendin-4 treatment on the function of

microencapsulated mouse pancreatic islets. Cell Transplant

2007; 16: 15.

11. Ghofaili KA, Fung M, Ao Z, et al. Effect of exenatide

on beta cell function after islet transplantation in type 1

diabetes. Transplantation 2007; 83: 24.

12. Froud T, Faradji RN, Pileggi A, et al. The use of exenatide

in islet transplant recipients with chronic allograft dysfunc-

tion: safety, efficacy, and metabolic effects. Transplantation

2008; 86: 36.

13. Faradji RN, Tharavanij T, Messinger S, et al. Long-term

insulin independence and improvement in insulin secre-

tion after supplemental islet infusion under exenatide and

etanercept. Transplantation 2008; 86: 1658.

14. Gangemi A, Salehi P, Hatipoglu B, et al. Islet transplanta-

tion for brittle type 1 diabetes: the UIC protocol. Am J

Transplant 2008; 8: 1250.

15. Degn KB, Juhl CB, Sturis J, et al. One week’s treatment

with the long-acting glucagon-like peptide 1 derivative

liraglutide (NN2211) markedly improves 24-h glycemia

and alpha- and beta-cell function and reduces endogenous

glucose release in patients with type 2 diabetes. Diabetes

2004; 53: 1187.

16. Vilsboll T, Zdravkovic M, Le-Thi T, et al. Liraglutide, a

long-acting human glucagon-like peptide-1 analog, given

as monotherapy significantly improves glycemic control

and lowers body weight without risk of hypoglycemia in

patients with type 2 diabetes. Diabetes Care 2007; 30:

1608.

17. Merani S, Truong W, Emamaullee JA, Toso C, Knudsen

LB, Shapiro AM. Liraglutide, a long-acting human gluca-

gon-like peptide 1 analogue, improves glucose homeostasis

in marginal mass islet transplantation in mice. Endocrinol-

ogy 2008; 149: 4322.

18. Emamaullee JA, Merani S, Toso C, et al. Porcine marginal

mass islet autografts resist metabolic failure over time and

are enhanced by early treatment with liraglutide. Endocri-

nology 2009; 150: 2145.

19. Ricordi C, Lacy PE, Scharp DW. Automated islet isolation

from human pancreas. Diabetes 1989; 38: 140.

20. Barbaro B, Salehi P, Wang Y, et al. Improved human

pancreatic islet purification with the refined UIC-UB

density gradient. Transplantation 2007; 84: 1200.

21. Brandhorst H, Brandhorst D, Hesse F, et al. Successful

human islet isolation utilizing recombinant collagenase.

Diabetes 2003; 52: 1143.

22. Barnett MJ, Ghee-Wilson D, Shapiro AM, Lakey Jr. Varia-

tion in human islet viability based on different membrane

integrity stains. Cell Transplant 2004; 13: 481.

23. Truong W, Emamaullee JA, Merani S, Anderson CC,

James Shapiro AM. Human islet function is not impaired

Culture of human islets with liraglutide Toso et al.

ª 2009 The Authors

264 Journal compilation ª 2009 European Society for Organ Transplantation 23 (2010) 259–265



by the sphingosine-1-phosphate receptor modulator

FTY720. Am J Transplant 2007; 7: 2031.

24. Toso C, Serre-Beinier V, Emamaullee J, et al. The role of

macrophage migration inhibitory factor in mouse islet

transplantation. Transplantation 2008; 86: 1361.

25. Toso C, Vallee JP, Morel P, et al. Clinical magnetic

resonance imaging of pancreatic islet grafts after iron

nanoparticle labeling. Am J Transplant 2008; 8: 701.

26. Kaufman DB, Gores PF, Field MJ, et al. Effect of 15-

deoxyspergualin on immediate function and long-term

survival of transplanted islets in murine recipients of a

marginal islet mass. Diabetes 1994; 43: 778.

27. Bregenholt S, Moldrup A, Blume N, et al. The long-acting

glucagon-like peptide-1 analogue, liraglutide, inhibits beta-

cell apoptosis in vitro. Biochem Biophys Res Commun 2005;

330: 577.

28. Farilla L, Bulotta A, Hirshberg B, et al. Glucagon-like

peptide 1 inhibits cell apoptosis and improves glucose

responsiveness of freshly isolated human islets.

Endocrinology 2003; 144: 5149.

29. Li L, El-Kholy W, Rhodes CJ, Brubaker PL. Glucagon-like

peptide-1 protects beta cells from cytokine-induced

apoptosis and necrosis: role of protein kinase B.

Diabetologia 2005; 48: 1339.

30. Ferdaoussi M, Abdelli S, Yang JY, et al. Exendin-4 protects

beta-cells from interleukin-1 beta-induced apoptosis by

interfering with the c-Jun NH2-terminal kinase pathway.

Diabetes 2008; 57: 1205.

31. Friedrichsen BN, Neubauer N, Lee YC, et al. Stimulation

of pancreatic beta-cell replication by incretins involves

transcriptional induction of cyclin D1 via multiple

signalling pathways. J Endocrinol 2006; 188: 481.

Toso et al. Culture of human islets with liraglutide

ª 2009 The Authors

Journal compilation ª 2009 European Society for Organ Transplantation 23 (2010) 259–265 265


