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ABSTRACT 

Introduction: Under normal healthy conditions, organisms maintain a dynamic 

endocrine cell mass throughout life. Pancreatic beta cell mass are able to maintain 

plasma glucose levels increasing insulin secretion in conditions as obesity. Beta cell 

inability to compensate in insulin demand provokes hyperglycemia and Type 2 Diabetes. 

Clinically, most obese individuals do not develop diabetes because islets compensate for 

insulin resistance. Direct evidence that human islet mass adapts longitudinally to obesity 

in vivo was lacking and, moreover, little information was available on the mechanisms and 

cell type(s) involved. Current evidence for increased beta cell mass in obese humans (vs 

lean) is based entirely on postmortem histology. 

Aim: In this thesis, firstly, we explored the longitudinal adaptation of human islets to 

an obesogenic environment and showed direct evidence that non-diabetic human islets 

adapt both endocrine and beta cell mass, function and gene expression to obesity in vivo. 

Secondly, we investigated the mechanisms of human islet regeneration and we 

performed lineage tracing to determine which cell type alpha or beta give rise to the 

increase islet mass in obesity. Thirty, in this diet induced obesity model we developed, we 

looked at the differential gene expression with Affymetrix gene chips in a kinetic study on 

human islets which were laser capture microdissected at 6, 8 and 10 weeks on control or 

high fat diet. 

Methods: Archived human pancreatic sections were immunostained for endocrine, 

beta, alpha, fat. In the obese/immunodeficient mouse model, non-diabetic Rag2ï/ï mice 

were transplanted under kidney capsule with human islets from human brain-deceased 

donors (non-diabetics donors and donors with overt metabolic dysfunction). Animals were 

fed for 12 weeks with a control or high-fat diet (HFD), and followed for weight, serum 

triacylglycerol, fasting blood glucose and human C-peptide. After the mice were killed, 

human grafts and the endogenous pancreas were analyzed for endocrine volume, 

distribution of beta and alpha cells, and mechanisms of regeneration. 

Results: In the longitudinal study, concomitant with the increased weight gain, 

doubling of abdominal fat, increased serum triacylglycerol and reduced insulin sensitivity 

in 12 week HFD animals we reported that human islet grafts showed functional 

compensation, measured as a more than doubling of fasting human C-peptide in mouse 

serum, and histological adaptation of islet endocrine mass including increased beta cells. 
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Further analysis of the human grafts revealed proliferation and neogenesis as the 

responsible mechanisms for the doubling of the human endocrine mass. 

Discussion: This novel model allows, for the first time, longitudinal studies of 

human islet adaptation to an obese murine environment and may be instrumental in 

deciphering pathways involved in human beta cell expansion, as well as in helping to 

identify factors predisposing human beta cells to undergo decompensation. 
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RESUME 

Introduction: Dans les conditions normales, les organismes maintiennent une 

masse cellulaire endocrine stable tout au long de leur vie. En cas dôob®sit®, la masse de 

cellules b pancr®atiques est capable de maintenir des taux de glucose plasmatique en 

augmentant la s®cr®tion en insuline. Lôincapacit® de ces cellules ¨ fournir de lôinsuline 

entra´ne alors lôapparition dôune hyperglyc®mie et dôun diab¯te de type II. Cliniquement, la 

majorit® des individus ob¯ses ne d®veloppent pas de diab¯te car les ´lots pallient ¨ cette 

r®sistance ¨ lôinsuline. La preuve de lôadaptation de la  masse dô´lots humains  ¨ lôob®sit®, 

in vivo, nôa pas ®t® clairement d®crite et, de plus, peu dôinformations existent sur les 

m®canismes et les types cellulaires impliqu®s. Actuellement, la mise en ®vidence de 

lôaugmentation de la masse des cellules b chez les humains ob¯ses repose uniquement 

sur des ®tudes histologiques. 

But : Au cours de cette th¯se, nous avons ®tudi® lôadaptation au cours du temps 

des ´lots humains ¨ un environnement ob®sog¯ne. Nous avons montr® ainsi que les ´lots 

humains non diab®tiques sôadaptent in vivo ¨ lôob®sit® en modifiant la masse de cellules 

b, leur fonction et leur expression g®nique.  En suite, on a cherch® les m®canismes de 

r®g®n®ration des ilots humaines (prolif®ration et n®og¯neses) et  on a identifi® le 

m®canisme de transdiff®renciation des cellules alpha et beta en utilisant la m®thode de 

lineage tracing. Finalement, on a d®termin® la diff®rence sur lôexpression de g¯ne des 

ilots humains greff® chez les souris sous r®gime control ou r®gime riche en graisse en 

utilisant les puces dôARN (Illumina). 

Methodes et Resultats: Au cours de lô®tude longitudinale, des souris Rag2-/- non 

diab®tiques ont ®t® greff®es sous la capsule r®nale avec des ´lots humains issus de 

donneurs en ®tat de mort c®r®brale (donneurs non diab®tiques ou donneurs avec un 

dysfonctionnement m®tabolique d®clar®). Les animaux ont ®t® nourris pendant 2 

semaines avec soit un r®gime contr¹le soit un r®gime riche en graisse (high fat diet HFD). 

Un suivi du poids, du taux des triglyc®rides, de la glyc®mie et du C-peptide a ®t® mis en 

place. Apr¯s sacrifice des souris, les greffons et les pancr®as endog¯nes ont ®t® 

analys®s pour le volume endocrine, la distribution des cellules b et a et les m®canismes 

de r®g®n®ration des cellules pancr®atiques. Apr¯s 12 semaines sous r®gime gras, les 

souris montraient toutes les caract®ristiques typiques de lôob®sit®, ¨ savoir, une 

augmentation du poids, un doublement de la graisse abdominale, des triglyc®rides, de la 

glyc®mie et une sensibilit® ¨ lôinsuline r®duite. De plus, lôapparition sur ces animaux dôun  
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doublement rapide de la quantit® de C-peptide humain dans le s®rum murin nous indique 

la mise en place dôune compensation fonctionnelle. Une analyse histologique des 

greffons a permis de mettre en ®vidence une adaptation de la masse endocrine des ´lots 

avec une augmentation des cellules b. Dôautres analyses ont identifi® la prolif®ration et la 

n®og®n¯se comme les m®canismes responsables de ce doublement de la masse 

endocrine humaine. 

Discussion: Ce nouveau mod¯le animal permet dô®tudier, in vivo sur une longue 

p®riode, lôadaptation des ´lots humains ¨ un environnement ob®sog¯ne murin. Il peut °tre 

utilis® comme un outil dans le d®cryptage des voies de signalisation impliqu®es dans 

lôexpansion des cellules b humaines et permettre ®galement lôidentification des facteurs 

pr®disposant ces cellules ¨ subir une d®compensation. 
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ɄŮɟɑɚɖɣɖ 

ȺɘůŬɔɤɔɐ: Ɉˊɧ űɡůɘɞɚɞɔɘəɏɠ ůɡɜɗɐəŮɠ, ɞɘ ɞɟɔŬɜɘůɛɞɑ ŭɘŬŰɖɟɞɨɜ ɛɘŬ ŭɡɜŬɛɘəɐ 

ˊŬɔəɟŮŬŰɘəɐ Ůɜŭɞəɟɘɜɘəɐ ɛɎɕŬ. ɇŬ ɓ ˊŬɔəɟŮŬŰɘəɎ əɨŰŰŬɟŬ ŮɑɜŬɘ ɡˊŮɨɗɡɜŬ ɔɘŬ Űɖɜ 

ŭɘŬŰɐɟɖůɖ Űɤɜ Ůˊɘˊɏŭɤɜ ɔɚɡəɧɕɖɠ ůŰɞ ŬɑɛŬ ŬɡɝɎɜɞɜŰŬɠ Űɖɜ ɏəəɟɘůɖ Űɖɠ ɘɜůɞɡɚɑɜɖɠ ůŮ 

ůɡɜɗɐəŮɠ ɧˊɤɠ ůŰɖɜ ˊŬɢɡůŬɟəɑŬ. ȷɜɘəŬɜɧŰɖŰŬ Űɤɜ ɓ əɡŰŰɎɟɤɜ ɜŬ ŬˊŬɜŰɞɨɜ ůŰɖ ɕɐŰɖůɖ 

ɔɘŬ ɘɜůɞɡɚɑɜɖ ˊɟɞəŬɚŮɑ ɡˊŮɟɔɚɡəŬɘɛɑŬ əŬɘ ȹɘŬɓɐŰɖ ɇɨˊɞɡ 2. ɆŰɘɠ ˊŮɟɘůůɧŰŮɟŮɠ, ɤůŰɧůɞ, 

əɚɘɜɘəɏɠ ˊŮɟɘˊŰɩůŮɘɠ ŰŬ ˊŬɢɨůŬɟəŬ ɎŰɞɛŬ ŭŮɜ ŬɜŬˊŰɨůůɞɡɜ ŭɘŬɓɐŰɖ əŬɗɩɠ ŰŬ ɜɖůɑŭɘŬ 

Űɞɡ Langerhans ŬˊŬɜŰɞɨɜ ůŰɖɜ ŬɜŰɑůŰŬůɖ ůŰɖɜ ɘɜůɞɡɚɑɜɖ. ȯɛŮůŬ ŭŮŭɞɛɏɜŬ ɔɘŬ Űɖɜ 

ˊɟɞůŬɟɛɞɔɐ Űɖɠ Ŭɜɗɟɩˊɘɜɖɠ ˊŬɔəɟŮŬŰɘəɐɠ ɛɎɕŬɠ ɛŬəɟɞˊɟɧɗŮůɛŬ ůŰɖɜ ˊŬɢɡůŬɟəɑŬ in 

vivo ŮɑɜŬɘ ŬɜŮˊŬɟəɐ əŬɘ Ůˊɑůɖɠ, ˊɞɚɨ ɚɑɔɖ ŮɑɜŬɘ ˊɚɖɟɞűɞɟɑŬ ɔɘŬ Űɞɡɠ ɛɖɢŬɜɘůɛɞɨɠ ˊɞɡ 

ůɡɛɛŮŰɏɢɞɡɜ ůŮ ŬɡŰɐ Űɖɜ ˊɟɞůŬɟɛɞɔɐ. ȽůɢɨɞɜŰŬ ŭŮŭɞɛɏɜŬ ɔɘŬ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɛɎɕŬɠ Űɤɜ 

Ŭɜɗɟɩˊɘɜɤɜ ɓ əɡŰŰɎɟɤɜ ůŰɖɜ ˊŬɢɡůŬɟəɑŬ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ ɘůŰɞɚɞɔɘəɏɠ ɛŮɚɏŰŮɠ ŬŰɧɛɤɜ 

ˊɞɡ ŬˊŮɓɑɤůŬɜ.  

ɈɚɘəɎ əŬɘ ɀɏɗɞŭɞɘ: ɄɟɩŰɞɜ, ɘůŰɞɚɞɔɘəɏɠ Űɞɛɏɠ Ŭˊɧ ŬɜɗɟɩˊɘɜŬ ˊŬɔəɟɏŬŰŬ 

ŬɜŬɚɨɗɖəŬɜ ɔɘŬ Űɖɜ Ůɜŭɞəɟɘɜɘəɐ ɛɎɕŬ, ɛɎɕŬ Ŭ əŬɘ ɓ əɡŰŰɎɟɤɜ əŬɘ ŮˊɑˊŮŭŬ ɚɑˊɞɡɠ. 

ȹŮɨŰŮɟɞɜ, ŬɜɗɟɩˊɘɜŬ ˊŬɔəɟŮŬŰɘəɎ ɜɖůɑŭɘŬ Ŭˊɧ ɛɖ ŭɘŬɓɖŰɘəɞɨɠ əŬɘ ŭɘŬɓɖŰɘəɞɨɠ ŭɧŰŮɠ 

ɞɟɔɎɜɤɜ ɛŮŰŬɛɞůɢŮɨŰɖəŬɜ ůŰɖɜ ɜŮűɟɘəɐ əɎɣɞɡɚŬ ŬɜɞůɞŬɜŮˊŬɟəɩɜ ˊɞɜŰɑəɤɜ Rag2ï/ï 

mice. ɇŬ ˊŮɘɟŬɛŬŰɧɕɤŬ ŰɟɏűɞɜŰŬɜ ɔɘŬ 12 ŮɓŭɞɛɎŭŮɠ ɛŮ Űɟɞűɐ ɢŬɛɖɚɐ ɐ ɡɣɖɚɐ ůŮ 

ɚɘˊŬɟɎ.  ɆŰɖɜ ŭɘɎɟəŮɘŬ Űɤɜ 12 ŮɓŭɞɛɎŭɤɜ, əŬŰŬɔɟɎűɖəŮ Űɞ ɓɎɟɞɠ Űɤɜ ˊɞɜŰɘəɩɜ, ŰŬ 

ŮˊɑˊŮŭŬ ŰɟɘɔɚɡəŮɟɘŭɑɤɜ, ɔɚɡəɧɕɖɠ əŬɘ c ˊŮˊŰɘŭɑɞɡ. ɀŮŰɎ Űɘɠ ɗɡůɑŮɠ Űɤɜ ˊŮɘɟŬɛŬŰɧɕɤɤɜ, 

Űɞ ŮɜŭɞɔŮɜɏɠ ˊɎɔəɟŮŬɠ əŬɘ Űɞ ɛɧůɢŮɡɛŬ ŬɜŬɚɨɗɖəŬɜ ɔɘŬ Űɖɜ Ůɜŭɞəɟɘɜɘəɐ ɛɎɕŬ, Űɖɜ 

ŬɜŬɚɞɔɑŬ Ŭ əŬɘ ɓ əɡŰŰɎɟɤɜ əŬɘ Űɞɡɠ ɛɖɢŬɜɘůɛɞɨɠ ŬɜŬɔɏɜɜɖůɖɠ. 

ȷˊɞŰŮɚɏůɛŬŰŬ : ɆŰɖɜ in vivo ɛŮɚɏŰɖ, Ŭɨɝɖůɖ Űɞɡ ɓɎɟɞɡɠ Űɤɜ ˊɞɜŰɘəɩɜ, 

ŭɘˊɚŬůɘŬůɛɧɠ Űɤɜ Ůˊɘˊɏŭɤɜ ɚɑˊɞɡɠ əŬɘ ŰɟɘɔɚɡəŮɟɘŭɑɤɜ əŬɘ Ŭɨɝɖůɖ Űɖɠ ŬɜŰɑůŰŬůɖɠ ůŮ 

ɘɜůɞɡɚɑɜɖ Űɖɜ 12 ŮɓŭɞɛɎŭŬ ˊŬɟŬŰɖɟɐɗɖəŮ ůŰŬ ˊɞɜŰɑəɘŬ ˊɞɡ ŰɟɏűɞɜŰŬɜ ɛŮ Űɟɞűɐ ɡɣɖɚɐɠ 

ˊŮɟɘŮəŰɘəɧŰɖŰŬɠ ůŮ ɚɘˊŬɟɎ. ɆŰŬ ɑŭɘŬ ˊŮɘɟŬɛŬŰɧɕɤŬ, ɖ ɛŬəɟɞˊɟɧɗŮůɛɖ ˊɟɞůŬɟɛɞɔɐ Űɤɜ 

Ŭɜɗɟɩˊɘɜɤɜ ɜɖůɘŭɑɤɜ Űɞɡ Langerhans ůŮ ˊŮɟɘɓɎɚɚɞɜ ˊŬɢɡůŬɟəɑŬɠ ŮɝŮɟŮɡɜɐɗɖəŮ. 

ȷɟɢɘəɎ, ůŰɞɘɢŮɑŬ ɔɘŬ Űɖɜ ˊɟɞůŬɟɛɞɔɐ, Űɖɜ ɚŮɘŰɞɡɟɔɑŬ əŬɘ Űɖɜ ɏəűɟŬůɖ Űɤɜ ɔɞɜɘŭɑɤɜ Űɖɠ 

Ůɜŭɞəɟɘɜɐɠ ɛɎɕŬɠ in vivo ůŰɖɜ ˊŬɢɡůŬɟəɑŬ ŬɜŬəŬɚɨűɗɖəŬɜ. ȷɜɎɚɡůɖ Űɤɜ Ŭɜɗɟɩˊɘɜɤɜ 

ɛɞůɢŮɡɛɎŰɤɜ ɏŭŮɘɝŮ ɚŮɘŰɞɡɟɔɘəɐ ˊɟɞůŬɟɛɞɔɐ ɛŮ Ŭɨɝɖůɖ Űɖɠ ɏəəɟɘůɖɠ Űɞɡ  c-ˊŮˊŰɘŭɑɞɡ 

ůŰɞ ɞɟɧ Űɞɡ ŬɑɛŬŰɞɠ, ŭɘˊɚŬůɘŬůɛɧ Űɖɠ Ŭɜɗɟɩˊɘɜɖɠ Ůɜŭɞəɟɘɜɘəɐɠ ɛɎɕŬɠ əŬɘ Ŭɨɝɖůɖ Űɖɠ 

ɛɎɕŬɠ Űɤɜ ɓ əɡŰŰɎɟɤɜ. ȰˊŮɘŰŬ,  ŮɟŮɡɜɐɗɖəŬɜ ɞɘ ɛɖɢŬɜɘůɛɞɑ ŬɜŬɔɏɜɜɖůɖɠ Űɖɠ 

Ůɜŭɞəɟɘɜɘəɐɠ ɛɎɕŬɠ əŬɘ ŰŮɢɜɘəɏɠ lineage tracing ŮűŬɟɛɧůŰɖəŬɜ ɔɘŬ ɜŬ ˊɟɞůŭɘɞɟɑůɞɡɜ Űɞ 
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Űɨˊɞ Űɤɜ əɡŰŰɎɟɤɜ (Ŭ ɐ ɓ əɨŰŰŬɟŬ) ˊɞɡ ůɡɛɛŮŰɏɢɞɡɜ ůŰɖɜ Ŭɨɝɖůɖ Űɖɠ ɛɎɕŬ ůŰɖɜ 

ˊŬɢɡůŬɟəɑŬ. ȷɜɎɚɡůɖ Űɤɜ ɛɖɢŬɜɘůɛɩɜ ŬɜŬɔɏɜɜɖůɖɠ, ŬˊɞəɎɚɡɣŮ Űɞɜ ˊɞɚɚŬˊɚŬůɘŬůɛɧ, 

Űɖɜ ɜŮɞɔɏɜɜɖůɖ əŬɘ Űɖɜ ŬˊɞŭɘŬűɞɟɞˊɞɑɖůɖ ɤɠ ˊɘɗŬɜɞɨɠ ɛɖɢŬɜɘůɛɞɨɠ Ŭɨɝɖůɖɠ Űɖɠ 

Ůɜŭɞəɟɘɜɘəɐɠ ɛɎɕŬɠ. ɇɏɚɞɠ, ŬɚɚŬɔɏɠ ůŰɖɜ ɏəűɟŬůɖ Űɤɜ ɔɞɜɘŭɑɤɜ ˊɞɡ ůɡɛɛŮŰɏɢɞɡɜ ůŰɞ 

əɡŰŰŬɟɘəɧ əɨəɚɞ əŬɘ ůŰɞ ůŰɟŮɠ Űɞɡ ŮɜŭɞˊɚŬůɛŬŰɘəɞɨ ŭɘəŰɨɞɡ  ɛŮ Űɖ ɢɟɐůɖ 

ɛɘəɟɞůɡůŰɞɘɢɘɩɜ ˊɟɞůŭɘɞɟɑůŰɖəŮ ɔɘŬ Űɖɜ 6ɖ, 8ɖ əŬɘ 10ɖ ŮɓŭɞɛɎŭŬ ˊŬɢɡůŬɟəɑŬɠ. 

ɆɡɕɐŰɖůɖ: ɇɞ ůɡɔəŮəɟɘɛɏɜɞ ˊɟɤŰɧŰɡˊɞ ɛɞɜŰɏɚɞ, ɛŬɠ ŮˊɘŰɟɏˊŮɘ ɔɘŬ ˊɟɩŰɖ űɞɟɎ, 

Űɖɜ ɛŬəɟɞˊɟɧɗŮůɛɖ ɛŮɚɏŰɖ Űɖɠ ˊɟɞůŬɟɛɞɔɐɠ Űɤɜ Ŭɜɗɟɩˊɘɜɤɜ ˊŬɔəɟŮŬŰɘəɩɜ ɜɖůɘŭɑɤɜ 

ůŮ ˊŮɟɘɓɎɚɚɞɜ ˊŬɢɡůŬɟəɑŬɠ in vivo. ɀˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ Űɖɜ ŭɘŮɟŮɨɜɖůɖ 

ɛɞɜɞˊŬŰɘɩɜ ˊɞɡ ůɡɛɛŮŰɏɢɞɡɜ ůŰɖɜ Ŭɨɝɖůɖ Űɖɠ ɛɎɕŬɠ Űɤɜ Ŭɜɗɟɩˊɘɜɤɜ ɓ ˊŬɔəɟŮŬŰɘəɩɜ 

əɡŰŰɎɟɤɜ əŬɘ ůŰɖɜ ŰŬɡŰɞˊɞɑɖůɖ ˊɟɞŭɘŬɗŮůɘəɩɜ ˊŬɟŬɔɧɜŰɤɜ ɔɘŬ Űɖɜ 

ŭɡůˊɟɞůŬɟɛɞůŰɘəɧŰɖŰŬ Űɤɜ ˊŬɔəɟŮŬŰɘəɩɜ ɜɖůɘŭɑɤɜ Űɞɡ Langerhans. 
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RESUME DETAILLE  

Le pancr®as est un organe situ® au niveau de lôabdomen, derri¯re lôestomac. Il est 

constitu® de 3 parties distinctes : la t°te, partie la plus large du pancr®as qui sôins¯re au 

niveau du duod®num, le corps et la queue qui se prolonge jusquô¨ la rate. Le pancr®as est 

compos® de 2 types de tissus : exocrine et endocrine. La partie exocrine renferme le 

syst¯me canalaire ou ductal et les cellules ®pith®liales acineuses. Ces derni¯res s®cr¯tent 

des enzymes digestives (trypsine, chymotrypsine, lipase et amylase) qui se d®versent 

dans le petit intestin via lôarbre canalaire. La partie endocrine est form®e de 4 types 

cellulaires qui sont, historiquement, d®finis par lôhormone quôils expriment: 1) les cellules Ŭ 

(le glucagon), 2) les cellules ɓ (lôinsuline), 3) les cellules ŭ (la somatostatine) et 4) les 

cellules PP (le polypeptide pancr®atique). Ces cellules sont regroup®es sous forme de 

grappe et ne repr®sentent que 1-2% de la masse pancr®atique. Edouard Laguesse, 

professeur dôhistologie ¨ Lille, a ®t® le premier ¨ proposer dôappeler ces petites 

ç grappes è pancr®atiques óilots de Langerhansô dôapr¯s la description originelle de 

lô®tudiant allemand Paul Langerhans en 1869. R®cemment, un cinqui¯me type cellulaire a 

®t® d®crit : les cellules epsilon qui produisent la ghr®line.   

Il est g®n®ralement admis que lôorganisation des cellules endocrines dans les ilots 

humains est diff®rente de celle des ilots de rongeurs. Chez les rongeurs, les cellules ɓ  

constituent le centre de lôilot et les cellules non- ɓ (cellules Ŭ, ŭ, PP) le manteau. Chez 

lôhomme, une ®tude r®cente a d®crit que les cellules des ilots de Langerhans sont 

agenc®es sous forme de plaque trilaminaire : une couche de cellules ɓ intercal®e entre 

deux couches de cellules Ŭ. Cette structure se pr®sente sous forme dôun mod¯le repli® 

permettant ainsi aux vaisseaux de se propager sur lôensemble de ses cot®s. Ils peuvent, 

®galement, sôamalgamer gr©ce ¨  leurs contacts intracellulaires. N®anmoins, il nôy a 

aucun doute sur le fait que les ilots humains contiennent proportionnellement moins de 

cellules ɓ et plus de cellules Ŭ que ceux des rongeurs. 

Dans les conditions normales, les organismes maintiennent une masse de cellule 

endocrine dynamique tout au long de leur vie. Des ®tudes chez lôhomme ont montr® 

quôune h®mi-pancr®atectomie provoque une intol®rance au glucose peu de temps apr¯s 

la chirurgie, sugg®rant ainsi lôexistence dôune relation entre le volume de cellules 

endocrines et les concentrations de glucose ¨ jeun. Dôanciennes ®tudes transversales 

r®alis®es chez lôhomme et les primates ont montr® une relation curviligne entre les deux. 

Les m®canismes de maintien du taux de cellules pancr®atiques restent toujours inconnus 
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chez lôhomme. Mais, des ®tudes sur le mod¯le animal ont mis en ®vidence trois 

m®canismes potentiels : (i) la r®plication des cellules endocrines matures existantes, (ii) 

la diff®rentiation (ou la n®ogen¯se) des cellules ductales ou des cellules pr®curseurs 

pancr®atiques acineuses et (iii) la mort programm®e des cellules existantes. R®cemment, 

des exp®riences induisant  la suppression totale des cellules ɓ (PDL avec alloxane et la 

toxine dipht®rique) ont montr® la transdiff®rentiation des cellules Ŭ en cellules ɓ. Ceci 

apparait comme un nouveau m®canisme potentiel de la r®g®n®ration des cellules ɓ.  La 

cellule endocrine pr®sente une excellente plasticit® ¨ se r®g®n®rer. Le mode de 

r®g®n®ration d®pend du stimulus, qui peut °tre physiologique (grossesse, ob®sit®), 

compensateur, ou apr¯s un dommage (ligature du canal, suppression des cellules ɓ, 

pancr®atectomie partielle).  

Le glucose est la seule source dô®nergie qui peut °tre utilis®e par le cerveau et les 

globules rouges. Le glucose est stock® au niveau du foie sous forme de glycog¯ne et ses 

taux circulants sont contr¹l®s  par deux hormones pancr®atiques : lôinsuline (secr®t®e par 

les cellules ɓ) et le glucagon (secr®t® par les cellules Ŭ). Banting et al ont d®peint pour la 

premi¯re fois des actions oppos®es de lôinsuline et du glucagon.  En effet, en r®ponse ¨ 

des taux ®lev®s de glucose, la pro-insuline est lib®r®e par les cellules ɓ. Lôinsuline stimule 

la capture du glucose et son stockage au niveau des tissus sous forme de glycog¯ne 

(glycogen¯se). Au contraire, des taux bas de glucose provoquent la s®cr®tion du 

glucagon par les cellules ɓ et du PP par les cellules ŭ. Le glucagon permet la conversion 

du glycog¯ne stock® dans le foie en glucose (glycog®nolyse) et sa lib®ration dans le 

sang. Au cours du je¾ne ou dôun exercice intense, le glucose peut aussi °tre produit ¨ 

partir  des pr®curseurs des non-carbohydrates (pyruvate, acides amin®s et glyc®rol), un 

processus appel® glucon®ogen¯se. 

La perturbation du m®tabolisme glucidique peut causer un diab¯te, maladie endocrine, 

qui peut °tre divis®e en 4 types. 

Dans les conditions normales, la masse de cellules ɓ est capable de maintenir des 

taux de glucose plasmatique en augmentant la s®cr®tion dôinsuline. Lôincapacit® de la 

cellule  ¨ compenser la demande en insuline provoque lôhyperglyc®mie. La concentration 

en insuline requise pour une r®ponse semi-maximale est d®finie comme  la ósensibilit® ¨ 

lôinsulineô. Lôincapacit® des cellules ¨ utiliser lôinsuline produite, entrainant la diminution de 

la sensibilit® ¨ lôinsuline, est   d®finie comme la ór®sistance ¨ lôinsulineô. La relation entre la 

sensibilit® ¨ lôinsuline et la lib®ration dôinsuline est non-lin®aire. Pour atteindre une 
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condition physiologique, les changements de sensibilit® ¨ lôinsuline (grossesse, prise de 

poids) doivent °tre accompagn®s par des changements proportionnellement croissants ¨ 

lôinsuline lib®r®e. La masse et la fonction des ilots jouent un r¹le majeur au niveau de 

lôadaptation et du d®veloppement du diab¯te, caus® par le manque dôacclimatation ¨ ce 

changement. La fonction des ilots humains dans  lôob®sit® est bas®e uniquement sur des 

®tudes transversales dôhistologie post-mortem. 

Lôactivit® s®cr®trice des ilots pancr®atiques est r®gul®e par des hormones gastro-

intestinales, des hormones tissulaires (adipocytes, ost®oblastes) et du syst¯me nerveux 

autonome (sympathique, parasympathique). Les principaux  facteurs impliqu®s dans la  

r®gulation de la fonction des ilots ainsi que leurs taux plasmatiques dans lôob®sit® sont 

repris dans le tableau 2. 

 

Objectif 

Lôobjectif principal de cette ®tude a ®t® dôexplorer lôadaptation des ilots humains 

dans un environnement ob®sog¯ne.  

Les diff®rentes ®tapes : 

ü Cr®ation dôun mod¯le de souris in vivo qui associe lôob®sit® et lôimmunod®ficience 

et qui soit compatible avec la transplantation dôilots humains. 

ü V®rification de la capacit® des ilots humains ¨ sôadapter fonctionnellement ¨ un 

environnement ob®sog¯ne murin. 

ü Mise en ®vidence de la r®g®n®ration in vivo des ilots humains (prolif®ration, 

n®ogen¯se, transdiff®rentiation).  

ü Cin®tique dôexpression des g¯nes des ilots humains au cours de leur adaptation ¨ 

lôob®sit®. 
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Mat®riels et M®thodes 

 Les pancr®as ont ®t® obtenus ¨ partir de donneurs en ®tat de mort c®r®brale, en 

accord avec les r¯glements fran­ais et avec notre comit® dô®thique institutionnel. Les ilots 

ont ®t® isol®s en utilisant une version modifi®e de la m®thode automatis®e de Ricordi, 

comme d®j¨ d®crite. Au cours de ce projet de th¯se, six pancr®as de donneurs non-

diab®tiques et deux de donneurs poss®dant un dysfonctionnement du m®tabolisme 

d®clar® (plus ©g®, HbA1c ®lev® ou histoire de diab¯te) ont ®t® utilis®s. Des ®tudes chez 

les souris ont ®t® r®alis®es selon lôaccord du comit® local dôexp®rimentation animale. 93 

souris males C57BL6 RAG 2-/- immunod®ficiences (A Bouloumi®, INSERM U858 

Toulouse France et Taconic USA RAGN12-M), ©g®es de 8 ¨ 9 semaines ont ®t® utilis®es 

dans ce projet.  Les animaux ont ®t® nourris 4, 6, 8, 10 ou 12 semaines sous un r®gime 

contr¹le ou HFD (Research Diets, New Brunswick, NJ ï Ref D12450B). Toutes les souris 

ont ®t® suivies au niveau du poids, du triacyglycerol s®rique et du glucose sanguin ¨ jeun 

¨ 6 heures. 

 Pour ®valuer la prolif®ration, le Bromodeoxyuridine (BrdU) a ®t® inject® 18 heures 

avant le sacrifice ou a ®t® ajout® 7 jours avant dans lôeau potable. Le pancr®as endog¯ne 

de souris et les greffons humains ont ®t® analys®s. 

 Le lineage tracing est une technique qui permet lôidentification de toute la 

prog®niture dôune seule cellule. Elle a ®t® utilis®e pour d®terminer la transdiff®rentiation 

des ilots greff®s aux souris contr¹les ou HFD. 

 La capture par microdissection laser, ¨ partir de cryocoupes, a ®t® r®alis®e pour 

isoler des ilots humains greff®s chez les souris sous le r®gime contr¹le ou HFD. Les 

souris sous r®gime contr¹le ou HFD ont ®t® sacrifi®es ¨ 6, 8 et 10 semaines (n=18). 

Lôextraction dôARN a ®t® r®alis®e avec lôArcturus Pico Pure RNA isolation kit (Applied 

Biosystems) et sa qualit® a ®t® d®termin®e par Bioanalyser et agilent 2100 

expert_Eukaryote Total RNA Pico kit. Lôexpression des g¯nes a ®t® estim®e en utilisant le 

Affymetrix Human Gene 2.0 ST array (Affymetrix, Santa Clara, California) ¨ lôinstitut 

Cochin (INSERM U1016, Paris). 
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R®sultats 

Manuscrit 1 

Dans la premi¯re partie du m®moire, un nouveau mod¯le in vivo de souris ob¯se 

immunod®ficiente a ®t® mis au point. La compatibilit® avec la transplantation des ilots 

humains a permis dô®tudier lôadaptation des ilots et leur fonction dans un environnement 

ob¯sog¯ne. Lôanalyse des pancr®as endog¯nes a confirm® que ce mod¯le offre un 

environnement appropri®  ¨ lôexpansion des greffons humains et ¨ lôam®lioration de leur 

fonction. Les m®canismes de r®g®n®ration des ilots humains (prolif®ration, n®ogen¯se) 

ont ®t® d®couverts gr©ce aux ®tudes de la voie par laquelle la masse des ilots est 

augment®e dans lôob®sit®. Dans la deuxi¯me partie, des ilots humains dysfonctionnels, 

provenant de patients diab®tiques de type 2, ont ®t® greff®s, mettant ainsi en ®vidence 

leur incapacit® ¨ sôadapter ¨ un environnement ob®sog¯ne.    

Dans ce manuscrit, nous avons montr® que : 

1) Les souris immunod®ficientes Rag2 ont d®velopp® des traits li®s ¨ lôob®sit® apr¯s 

un r®gime HFD de 2 ¨ 4 semaines. 

2) Les ilots humains greff®s chez les souris ont montr® une adaptation  fonctionnelle 

¨ un environnement ob®sog¯ne : augmentation de la s®cr®tion dôinsuline et 

maintient de la normoglyc®mie (le 2¯me mois). 

3) Les ilots humains ont sembl® perdre totalement leur fonction au 3¯me mois de 

r®gime HFD.  

4) Les ilots humains dysfonctionnels ne peuvent pas sôadapter ¨ un environnement 

ob®sog¯ne et les souris deviennent hyperglyc®miques au d®but du deuxi¯me 

mois. 

5) Lôanalyse histologique a montr® une augmentation progressive de la masse des 

cellules ɓ sous r®gime HFD, caus®e par la r®g®n®ration des ilots (prolif®ration et 

n®ogen¯se).  
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Manuscrit 2  

Tr¯s r®cemment, lô®tude transversale de Saisho et Co a montr® lôeffet de lôob®sit® 

humaine sur la masse de cellules. Des ®chantillons dôautopsie dôindividus non-

diab®tiques (53 minces et 61 ob¯ses+surpoids) ont ®t® utilis®s pour quantifier la masse 

de cellules ɓ pancr®atiques. Il a ®t® observ® que : 1) chez les ob¯ses, la masse de 

cellules ɓ est  50% plus ®lev®e ¨ cause de lôaugmentation du nombre de cellules ɓ, 

aucune diff®rence au niveau de la surface des cellule ɓ nôa ®t® trouv®e, 2) lôaccumulation 

de la graisse est plus ®lev®e chez les ob¯ses, 3) une corr®lation positive entre la masse 

de cellules ɓ et le BMI (r=0.5) a ®t® mise en ®vidence, 4) le taux de prolif®ration reste 

inchang® et peu fr®quent chez les ob¯ses par rapport au groupe dôindividus minces, et 5) 

lôapoptose est tr¯s rare (9 sur 236.711 cellules), aucune diff®rence entre les 2 groupes. 

De plus, les sujets en surpoids ont ®t® examin®s dans le groupe des ob¯ses  pour 

d®terminer le taux de r®plication au d®but de lôob®sit®. 

Les auteurs reconnaissent la n®cessit® dô®tudes longitudinales pour comprendre 

comment  la cellule beta sôadapte ¨ un environnement ob®sog¯ne. Les ®tudes 

transversales, comme soulign® dans cet article, nous donnent peu dôinformation sur le 

m®canisme par lequel lôob®sit® conduit en m°me temps ¨ une augmentation (50%) de la 

masse et du diam¯tre nucl®aire moyen de la cellule beta ainsi quô¨ lôexpansion des 

cellules acineuses. Par cons®quent, il apparait urgent de r®aliser des ®tudes 

longitudinales chez lôhomme afin de caract®riser les m®canismes par lesquels lôob®sit® 

provoque des alt®rations de la masse et de la fonction des ilots. Mais, le manque dôun 

acc¯s non-invasif direct ¨ la glande pancr®atique exclut lô®tude de ce ph®nom¯ne chez 

lôhomme. 

Notre lettre de commentaire sôest focalis®e sur notre mod¯le publi® de souris 

immunod®ficiente-ob¯se transplant®e avec des ilots humains, et son int®r°t pour des 

®tudes longitudinales futures. 
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Discussion  

 Ma recherche ¨ Lille a d®but® par la caract®risation de lôinfluence de lôob®sit® sur 

les ilots humains au niveau  morphologique et fonctionnel (Master 2, 2009-2010). La 

question pos®e a ®t® : est-ce que les ilots des personnes ob¯ses sont les meilleurs ilots 

pour le traitement cellulaire du diab¯te ? Une ®tude r®trospective portant sur 283 

donneurs de pancr®as ¨ lôuniversit® hospitali¯re de Lille a montr® que le nombre total et 

la taille moyenne des ilots ainsi que le taux dôinsuline intracellulaire moyen sont plus 

®lev®s chez les donneurs ob¯ses que chez les donneurs normaux et en surpoids. 

Lôanalyse histologique de 37 donneurs a montr®: une augmentation de la taille des ilots, 

du nombre total de cellules endocrines (cellules Ŭ, ɓ, ŭ, pp) et de la graisse intra-

pancr®atique chez les donneurs ob¯ses. De plus, les ilots des individus ob¯ses 

-ob¯ses. Par cons®quent, 

au niveau morphologique, les ilots humains des ob¯ses apparaissent sensiblement tr¯s 

diff®rents de ceux des personnes normales et en surpoids. Cela ®tant dit, lôob®sit® nôest 

pas un crit¯re dôexclusion pour le pr®l¯vement de pancr®as ¨ but de transplantation. 

Certains centres dôisolement pr®f¯rent isoler des  pancr®as provenant de personnes avec 

un BMI ®lev® car le rendement est meilleur.  

Le but principal de ce programme de recherche a ®t® de concevoir des mod¯les in vivo 

pour ®tudier la fonction et lôadaptation des ilots humains ¨ leur environnement. Mon projet 

sôest premi¯rement concentr® sur le d®veloppement dôun mod¯le murin : la 

caract®risation de lôadaptation fonctionnelle et morphologique des ilots humains 

transplant®s chez des souris immunod®ficientes soumises ¨ un r®gime conduisant ¨ 

lôob®sit® (r®gime HFD). Lôadaptation des ilots humains ¨ un environnement ob®sog¯ne 

murin a ®t® confirm®e par une augmentation significative du C-peptide humain chez les 

souris HFD par rapport aux souris contr¹les. Au cours de cette th¯se, une adaptation 

fonctionnelle des ilots humains ¨ lôenvironnement ob¯se a ®t® d®montr®e et les 

m®canismes de r®g®n®ration des ilots ont ®t® ®tudi®s. Des ilots pancr®atiques de 

Langerhans provenant de 8 donneurs dôorganes (non-diab®tiques et diab®tiques) ont ®t® 

greff®s chez des souris immunod®ficientes Rag2 sous la capsule r®nale comme d®j¨ 

d®crit. 

Toutes les lign®es de souris ne d®veloppent pas la m°me sensibilit® ¨ induire une ob®sit® 

sous r®gime HFD. Des ®tudes ant®rieures men®es au laboratoire ont permis dôexplorer 

lôalimentation HFD chez des souris nude m©les C57BI6. Ces souris ont gagn® moins de 
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2% de leur poids (<8% prise de poids) 8 semaines apr¯s un r®gime HFD. Dôautres ®tudes 

ont confirm® que les souris RAG1ko et RAG2ko sont sensibles au r®gime HFD ou au 

r®gime HFD + r®gime de sucre ®lev®. Dans notre ®tude, nous avons d®cid® dôutiliser les 

souris C57BL/6 Rag2-/-, car lôalimentation sous r®gime HFD (60% des calories 

proviennent de la graisse) pendant 12 semaines a provoqu® une prise de poids 

sup®rieure ¨ 60%. Au cours du premier mois sous r®gime HFD, les souris peuvent  

d®velopper plusieurs caract®ristiques associ®es ¨ lôob®sit®. Des taux ®lev®s de 

triglyc®rides s®riques et des quantit®s importantes  de graisse abdominale chez nos 

souris HFD ont confirm® le ph®notype ob¯se. Le m°me degr® de prise de poids, sur une 

courte dur®e, ne peut pas °tre observ® chez lôhomme. 

Lôanalyse des pancr®as endog¯nes des souris contr¹les a montr® une diminution 

progressive de la surface des cellules endocrines contrairement aux souris sous r®gime 

HFD, pour lesquelles une augmentation progressive a ®t® observ®e, (diff®rence 

significative ¨ la douzi¯me semaine (versus Contr¹le)). Cependant, lorsque compar® aux 

souris HFD non greff®es, la surface des cellules ɓ apparait plus petite chez les souris 

HFD greff®s. Ce r®sultat sugg¯re un effet des ilots greff®s sur le pancr®as endog¯ne des 

souris contr¹les et HFD. De plus, un nombre plus faible dôilots a ®t® trouv® chez les souris 

contr¹les ¨ la douzi¯me semaine. La quantification morphom®trique a permis de mettre 

en ®vidence une augmentation progressive de la taille des ilots chez les souris HFD par 

rapport aux contr¹les.  Ajout® ¨ ce r®sultat, lorsque la glyc®mie a ®t® test®e, la glyc®mie ¨ 

jeun a ®t® trouv®e l®g¯rement plus ®lev®e apr¯s 6 semaines et significativement plus 

®lev®e apr¯s 10 et 12 semaines  chez les souris HFD. N®anmoins, les taux de glucose 

sanguin nôont jamais exc®d® 10mM aux semaines 6, 8, et 10 comme r®guli¯rement 

observ®s chez les souris HFD non greff®es de type C57BL/6 Rag2-/-  ou chez les souris 

m©les C57BI6 WT. La prolif®ration des cellules ɓ du pancr®as endog¯ne a ®t® trouv®e 

plus ®lev®e chez les souris HFD ¨ 6 et 12 semaines du, peut-°tre, ¨ lôaugmentation du 

glucose. En cons®quence, une faible augmentation des quantit®s de glucose pourrait °tre 

¨ lôorigine de la r®plication des cellules ɓ. 

Le taux de C-peptide humain s®cr®t® a ®t® mesur® chez les souris greff®es ¨ jeun afin 

dô®tudier la fonction des greffons humains. Celui-ci a progressivement augment® chez les 

souris HFD par rapport aux souris contr¹les. Au cours des premi¯res semaines, les taux 

de C-peptide humain semblaient °tre ind®pendants du type de r®gime. Mais, au cours du 

temps, il a ®t® affect® par la dur®e du r®gime et la prise de poids des souris. Tr¯s 

r®cemment, une ®tude a montr® lôeffet de la prise de poids sur la s®cr®tion dôinsuline chez 
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les souris C57BL/6 sous r®gime HFD, les r®pondeurs-haut (prise de poids importante) ont 

3 fois plus dôinsuline que les r®pondeurs-bas ( prise de poids faible). Dôun autre c¹t®, les 

taux ®lev®s de C-peptide humain dans notre mod¯le dôob®sit® pourraient °tre expliqu®s 

par lôhyperglyc®mie. En effet, un jour apr¯s lôinfusion de glucose aux souris, des ®tudes 

ant®rieures ont d®montr® une augmentation de 3 fois de la s®cr®tion dôinsuline des ilots 

humains transplant®s. Est-ce que les ilots des souris HFD sont des ç supers ilots è ? 

Pour r®pondre ¨ cette question, le mod¯le dô®valuation de lôhom®ostasie (HOMA) a ®t® 

utilis® pour quantifier la r®sistance ¨ lôinsuline (HOMA%IR), la fonction des cellules ɓ 

(HOMA%B) des greffons humains et le HOMA2%BS qui tient compte de la fonction beta 

¨ une sensibilit® ou ¨ une r®sistance ¨ lôinsuline donn®e. Les HOMA B, IR et S sont 

calcul®s par rapport aux taux de base de lôinsuline humaine, du C-peptide et de la 

glyc®mie ¨ jeun. A cause de la prise de poids, une  chute vertigineuse de la sensibilit® ¨ 

lôinsuline (HOMA%S) a ®t® observ®e (jusquô¨ 70% tout au long des semaines) chez les 

souris HFD par rapport aux contr¹les, comme d®crit dans le manuscrit 1 (analyse 

longitudinale ; mod¯le mixte). Ce ph®nom¯ne a ®t® accompagn® par une augmentation 

significative de la fonction ɓ d®termin®e par le HOMA2%B, qui a ®t® am®lior® chez 

lôensemble des souris HFD et contr¹les. Cependant, ¨ 12 semaines, la fonction totale 

(HOMA2%BS) des greffons humains chez les souris HFD a progressivement diminu® par 

rapport aux contr¹les. En particulier, le HOMA2%BS ®tait 4-fois plus bas chez les souris 

HFD que chez les souris contr¹les. Ce r®sultat sugg¯re  que les ilots humains ont vu  leur 

fonction diminu®e apr¯s 12 semaines de r®gime HFD. Dans cette ®tude, lôutilisation du 

HOMA pour le C-peptide est int®ressante et sp®cifique, mais il peut faire lôobjet dôun 

d®bat puisque la glyc®mie ¨ jeun dans ce mod¯le peut °tre r®gul®e ¨ la fois par le greffon 

et le pancr®as endog¯ne encore en place.    

Est-ce que notre mod¯le dôob®sit® provoqu® par un r®gime HFD est capable de 

reproduire lôalt®ration morphologique de la composition des cellules Ŭ et ɓ comme 

observ®e au cours de mon Master dans les sections pancr®atiques des ob¯ses versus 

minces (8% de cellules Ŭ en moins chez les ob¯ses versus les minces,  exprim® par 

rapport au nombre total de cellules Ŭ+ɓ). De ce fait, observerait-on ce ph®nom¯ne si on 

greffait des ilots humains provenant dôun donneur mince chez des souris contr¹les ou 

HFD ? Le ratio du volume Ŭ/Ŭ+ɓ du greffon a ®t® calcul® pour pouvoir comparer la m°me 

valeur. Il a ®t® observ® que les ilots greff®s aux souris HFD avaient  6% de cellules Ŭ en 

moins (18.08Ñ1.49 chez les contr¹les versus 12.45Ñ1.69% chez les souris HFD). Si nous 

voulions aller encore plus loin, la question serait : si nous implantons des ilots provenant 
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de donneurs ob¯ses, observerions nous ces alt®rations chez les souris contr¹les ? Ce 

processus est-il r®versible ? Pour le moment, nous nôavons pas la r®ponse ¨ cette 

question.  

Au cours dôune ®tude de cin®tique, lôanalyse du volume de cellules endocrines humaines 

a r®v®l® une corr®lation entre le volume de cellules Ŭ et ɓ avec le glucose sanguin et la 

s®cr®tion de C-peptide humain. Des taux semblables de glucose sanguin et de C-peptide 

ont ®t® mesur®s chez les souris contr¹les tout au long de lô®tude. En parall¯le, aucun 

changement important nôa ®t® observ® au niveau du volume endocrine et de cellules ɓ. 

Une faible diminution de la s®cr®tion du C-peptide humain et du volume de cellules Ŭ a 

®t® trouv®e au niveau des  greffons contr¹les ¨ 12 semaines. Un r®sultat qui pourrait °tre 

expliqu® par une intra-r®gulation des greffons humains. Par contre, des modifications du 

volume de cellules Ŭ et ɓ ont ®t® observ®es chez les souris HFD durant les 12 semaines. 

Pendant la p®riode normo glyc®mique (4 semaines), le volume de cellules ɓ a ®t® 

augment® en r®ponse aux besoins en insuline pour contrecarrer lôaugmentation de la 

r®sistance ¨ lôinsuline au  niveau des tissus p®riph®riques, car les souris avaient d®j¨ pris 

28% de poids. Le volume de cellules Ŭ a ®t® diminu® (4 semaines). Rahier et co ont 

montr® que le ration de cellules Ŭ: ɓ ne diminuait pas avec lôaugmentation du BMI chez 

lôhomme. Ce r®sultat confirme notre observation sur 45 pancr®as humains (r=0.14, 

p=0,12). Au cours dôune courte hyperglyc®mie (6 semaines), le volume de celluleɠ ɓ est 

faiblement diminu® et le volume de cellules Ŭ est ®lev® (aucune diff®rence compar® aux 

souris contr¹les).  Au cours dôune longue p®riode dôhyperglyc®mie (>10 semaines), le 

seulement ¨ 12 semaines. 

Dans nos 3 premi¯res s®ries de pr®parations dôilots humains, le BrdU a ®t® ajout® 1 jour 

avant le sacrifice. Dans ces s®ries, une prolif®ration endocrine ®lev®e avait tendance ¨ 

appara´tre, mais nous ®tions incapables dôidentifier les cellules ɓ en prolif®ration. Par 

cons®quent, dans toutes les ®tudes suivantes, nous avons mis le BrdU dans lôeau potable 

7 jours avant le sacrifice. Lô®tude cin®tique nous a permis dôexaminer la prolif®ration des 

cellules endocrines humaines, de mani¯re longitudinale, chez les souris sous un r®gime 

contr¹le ou HFD pendant 12 semaines. Durant la p®riode normoglyc®mique (4 

semaines), une prolif®ration ®lev®e des cellules ɓ a ®t® observ®e chez les greffons HFD 

en comparaison aux greffons contr¹les. Ce r®sultat est du ¨ la demande en insuline 

caus®e par lôob®sit® (d®termin® par lôanalyse de la quantit® de  BrdU mis dans lôeau 

potable 7 jours avant le sacrifice). Des ®tudes transversales sur des pancr®as humains 
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provenant de donneurs normoglyc®miques ont mis en ®vidence des taux de prolif®ration 

de cellules ɓ tr¯s bas. Cette  prolif®ration a ®t® l®g¯rement augment®e chez les ob¯ses. 

Aucun  changement au niveau de la prolif®ration des cellules ɓ chez les greffons HFD nôa 

®t® observ® en comparaison aux contr¹les.  

Un r®sultat qui peut °tre partiellement expliqu® par la diminution du volume de cellules Ŭ 

¨ ce moment l¨. Un pic ¨ 6 semaines de la prolif®ration des cellules ɓ humaines a ®t® 

observ®, tandis que lôhyperglyc®mie moyenne nôa pas entrain® de changements au 

niveau de la prolif®ration des cellules Ŭ. De mani¯re inattendue, ¨ la fin de cette p®riode, 

lorsque les taux de glucose sanguin ont commenc® ¨ augmenter (8 semaines), une 

diminution de la prolif®ration de lôensemble des cellules Ŭ et ɓ est apparue. Finalement, la 

prolif®ration des cellules Ŭ et ɓ sôest reproduite lorsque lôhyperglyc®mie a ®t® ®tablie. Une 

®tude des ilots humains a montr® que lôinfusion de haut glucose a augment® de 2-fois la 

r®plication des cellules ɓ chez les ilots greff®s aux souris nudes. En particulier, la 

r®plication croissante des cellules Ŭ  a ®t® attribu®e ¨ un taux ®lev® dôIL-6, une cytokine 

associ®e ¨ la r®sistance ¨ lôinsuline dans lôob®sit®. Une rare r®plication des cellules ŭ a 

®t® observ®e, mais de mani¯re int®ressante toutes les cellules ont ®t® trouv®es au niveau 

du greffon chez les souris HFD. 

Le double marquage  CK-19/chromogranine A, insuline ou glucagon a ®t® effectu® pour 

mettre en ®vidence la n®ogen¯se chez les greffons humains. La n®ogen¯se d®termin®e ¨ 

12 semaines chez 3 premiers donneurs avait des niveaux plut¹t bas. Lô®tude cin®tique a 

montr® des taux de n®ogen¯se plus ®lev® ¨ 8 semaines comme d®crit dans le manuscrit 

1.  Ce r®sultat doit °tre confirm® par des exp®riences ult®rieures. A ce moment, 

lôhyperglyc®mie a commenc® ¨ augmenter et la prolif®ration des cellules endocrines ¨ 

diminuer. Une analyse compl®mentaire  a montr® que 80% des cellules 

CK19+/ChromoA+  ®taient des cellules Ŭ. Ce r®sultat confirme ceux dôautres ®tudes qui 

proposent que la n®ogen¯se des cellules Ŭ survient en premier.     

Dans notre mod¯le, la technique du test TUNEL nôa pas mis en ®vidence dôapoptose au 

niveau des cellules endocrines dans les greffons humains chez les souris contr¹les et 

HFD comme attendu. Levitt et Co ont montr® que la r®activit® TUNEL des cellules ɓ 

nô®tait  pas mesurablement augment®e chez les greffons humains expos®s au glucose 

sanguin ®lev®. De plus, dans dôautres ®tudes, le r®gime HFD et la prise de poids des 

souris nôavaient pas modifi® le pourcentage de cellules caspase 3 positives dans le 

pancr®as endog¯ne des souris.  
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Lô®tude du lineage tracing a ®t® r®alis®e pour expliquer lôalt®ration du volume des cellules 

Ŭ et ɓ, car aucune diff®rence au niveau de lôapoptose nôavait ®t® d®tect®e chez les 

greffons HFD. Tout dôabord, une conversion des cellules ɓ en cellules Ŭ a ®t® observ®e. 

Lôanalyse des cellules GFP+ avant la transplantation des ilots a confirm® la sp®cificit® du 

vecteur Rip-CRE comme d®crit dans dôautres ®tudes utilisant les m°mes vecteurs (Pr 

Philippe Ravassard, BCBC/UMR-7225). Apr¯s le marquage des cellules ɓ des ilots avec 

les vecteurs RIP-CRE et CMV-LOXP, lôanalyse des cellules GFP-Ins+ et GFP+Gcg+ 12 

semaines apr¯s la transplantation a montr® que 24.71% et 35.62% de cellules GFP+ (ils 

expriment le promoteur ¨ lôinsuline) ®taient des cellules Ŭ (gcg+) chez les souris contr¹les 

et HFD1 respectivement. Cependant, le nombre de souris ®tait trop petit, par exemple 

seulement 13.04% de conversion a ®t® trouv® chez la souris HFD2. Ce r®sultat, pour la 

souris HFD2, a montr® une tr¯s faible expression du C-peptide humain (~20pmol/l ¨ 8 et 

10 semaines sous HFD). Tr¯s r®cemment, la transition des cellules Ŭ matures en cellules 

ɓ  a ®t® d®crite dans les ilots humains greff®s chez des souris NOD/SCID ¨ 2 semaines. 

Des changements au niveau de lôexpression des hormones endocrines ont ®t® expliqu®s 

par la  conversion  de 10% des cellules ɓ et non ¨ cause de lôapoptose ou de la 

prolif®ration. Par ailleurs, la conversion des cellules Ŭ en cellules ɓ a ®t® test®e en 

utilisant le vecteur Glu-CRE pour les ilots provenant dôun m°me donneur. Lôanalyse 

quantitative a montr® que 41.53% des cellules GFP+ dans le contr¹le 1 et 42.4% chez les 

souris HFD ®taient des cellules ɓ. De plus, 43.14% de conversion a ®t® trouv® chez le 

contr¹le 2. Une observation plus pr®cise de ces souris a montr® une s®cr®tion 

anormalement ®lev®e du C-peptide, associ® ¨ une prise de poids de 15%. Dans des 

®tudes ant®rieures, deux mod¯les ont ®t® utilis®s pour d®crire la capacit® de conversion 

des cellules Ŭ en cellules ɓ ; lôexpression transg®nique de la toxine dipht®rique chez la 

souris et le mod¯le de cellule ɓ induit par alloxan plus PDL. Une approche plus 

consciencieuse de la transition des cellules humaines Ŭ en cellules ɓ devra °tre r®alis®e.  

Pour valider notre mod¯le, des ilots dysfonctionnels de deux donneurs diab®tiques ont 

®t® greff®s chez des souris sous r®gime contr¹le et HFD (DD1 a ®t® trait® pendant 10 ans 

pour diab¯te de type 2). Aucune adaptation fonctionnelle associ®e ¨ une s®cr®tion de C-

peptide et ¨ lô®valuation de HOMA2 nôa  ®t® observ®e dans ces greffes (donn®es d®crites 

dans le manuscrit 1). Le C-peptide humain ¨ jeun a ®t® moins ®lev® chez le DD2 au cours 

des 12 semaines par rapport aux donneurs contr¹les. Il faut souligner que les ilots de 

DD1 s®cr®taient moins de C-peptide que ceux de DD2. En plus, les taux de glucose 

sanguin ont augment® au cours des 12 semaines chez ces souris (¨ partir de 2 
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semaines). Il a ®t® observ® que les souris greff®es avec des ilots de DD1 avaient des 

taux de glucose sanguin plus ®lev®s (>10mmol/l), mettant ainsi en ®vidence une 

mauvaise fonction et une mauvaise adaptation de ces ilots ¨ lôob®sit®. Finalement, 

aucune adaptation au niveau histologique  nôa ®t® observ®e pour ces greffons. Le d®ficit 

de la masse de cellule ɓ a ®t® d®j¨ d®crit chez des patients de typeT2D. Il est connu que 

le vieillissement est corr®l® ¨ une diminution de la capacit® de prolif®ration et ¨ une 

masse de cellules ɓ dysfonctionnelles chez les patients T2D. Le double marquage 

BrdU/Chromogranine A nôa pas d®tect® de prolif®ration des cellules endocrines comme 

attendu. 
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ABBREVIATION LIST 

 

BMI Body Mass Index  

BrdU Bromodeoxyuridine 

cAMP  Cyclic adenosine Monophosphate 

CAMs Cell Qdhesion Molecules  

CDKs Cyclin-Dependent Kinases 

CKK Cholecystokinin 

CMV Cytomegalovirus  

DAB Diaminobenzidine  

DNA Deoxyribonucleic acid 

EGF Epidermal Growth Factor  

Eph Ephrin 

ER Estrogen Receptors  

GABA Gamma-Aminobutyric Acid 

GFP Green Fluorescent Protein 

GIP Glucose-dependent Insulinotropic Polypeptide  

GLP-1 Glucagon-like Peptide-1 

GPR30 G Protein-Coupled Receptor 30  

HbA1c Hemoglobin A1c 

HFD High Fat Diet 

HOMA Homeostatic model assessment (HOMA) 

IEQ Islet Equivalents 

IGT Impaired Glucose Tolerance 

IL-1ɓ Interleukin-1ɓ  

IL-6 Interleukin 6  

IPGTT Intraperitoneal Glucose Tolerance Test  

IST Insulin Suppression Test  

IVGTT Intravenous Glucose Tolerance Test  

LADA Latest Autoimmune Diabetes in Adults 

LIF Leukaemia Inhibitory Factor 

MODY Maturity-Onset Diabetes of the Young 

MRI Magnetic Resonance Imaging 

NCAM Neural Cell Adhesion Molecule  

http://en.wikipedia.org/wiki/Ephrin_receptor
https://en.wikipedia.org/wiki/Magnetic_resonance_imaging
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NF-kB Nuclear Factor kappa-light-chain-enhancer of activated B cells 

OGTT Oral Glucose Tolerance Test  

PCD Programmed Cell Death  

PDL Pancreatic Duct Digation 

PTH Parathyroid Hormone 

PYY Peptide YY  

RIN RNA Integrity Number 

RNA Ribonucleic acid 

STZ Streptozotocin 

T1/2D Type İ Diabetes 

T1D Type 1 Diabetes 

T2D Type 2 Diabetes 

TNF-a Tumor Necrosis Factor-a  

WHO  World Health Organization 

Wnt Drosophila melanogaster wingless 

YFP Yellow Fluorescent Protein 
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Fig. 1 Pancreas structure.a) Anatomy of the human pancreas 

b) The exocrine pancreas c) A single acinus d) An islet of 

Langerhans embedded in exocrine tissue (Bardeesy, 2002) 

1. Structure of human and mouse pancreas 

The pancreas, an elongated organ located across the back of the abdomen, 

behind the stomach, is constituted of three distinct parts: the head, the widest part which 

lies in the curve of the duodenum, the body, and the tail that is located near the spleen 

(Fig 1a). The pancreas is composed of exocrine and endocrine tissue. The exocrine part 

contains the ductal system and the epithelial acinar cells which secrete digestive enzymes 

(trypsin, chymotrypsin, lipase and amylase) into the small intestine (Fig 1b, c) via the 

ductal tree. Edouard Laguesse a histology professor in Lille was the first to suggest that 

the small clusters in the pancreas should be called ñislets of Langerhansò based on the 

original description by the German medical student Paul Langerhans in 1869; they 

comprise only 1-2% of the pancreatic mass. Islets are comprised of four endocrine cell 

types that have historically been defined by their hormone expression: 1) Ŭ cells secrete 

glucagon, 2) ɓ cells secrete insulin, 3) ŭ cells secrete somatostatin and 4) PP cells 

secrete pancreatic polypeptide (Fig 1d). A few years ago, a fifth islet cell type, grhelin-

producing epsilon cells, 

was described [1, 2].  

It is generally 

admitted that the 

endocrine cell 

organization in human 

islets is different from that 

of rodent islets, where ɓ-

cells compose the core 

and non ɓ cells (Ŭ, ŭ, PP-

cells) the mantle of the 

islets. A recent study 

describes that human 

islet cells are arranged in 

a trilaminar plate 

comprised of one layer of 

beta cells sandwiched between two layers of alpha cells. This structure has a folded 

pattern and vessels circulate along both of its sides. Moreover, they can be considered 

intermingled because of their intracellular contacts [3]. Thus, there is no doubt that the 
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human islets contain proportionally fewer ɓ-cells and more Ŭ-cells than the mouse islets 

[4]. 

 

2. Overview of transcription factors in pancreatic development 

Most of our knowledge of pancreatic development is based on studies in mouse, 

chicken, zebrafish and Xenopus models. Knowledge about human pancreas development 

is more limited and some differences exist between the mouse and the human pancreas. 

The development of the three primary layers called gastrulation (ectoderm, endoderm, 

mesoderm) starts at embryonic day 6.5 (2wks in humans). Canonical Wnt pathway 

contributes to the differentiation of the mesendoderm cells [5, 6]. Cells within the 

endoderm (E7.5-9.5/3 wks) are specified for several transcription factors and give genesis 

to gut tube. FGF2 and activin are also crucial for the gut tube development via inactivation 

of Shh gene [7]. 

First evidence for pancreas formation appears at 9 embryonic days (4wks) after the 

development of two pancreatic buds, dorsal endoderm and ventral endoderm. A network 

of transcription factors interact at this stage such as Pdx1, Hb9, Sox9, Sox17, Cpa1. Pdx1 

is activated by retinoic acid-mediated pathway and has an important role for the pancreas 

development and the beta cell identity later. At stage of E9, immature glucagon producing 

cells are observed when immature insulin producing cells can be detected later at E10.5 

(end of 4wks) [8]. Endocrine lineage is specified by the expression of transcription factor 

of Neurogenin 3 (Ngn3). Ngn3 inactivation by inhibitory factor Hes1 (Notch-Delta 

pathway) leads to exocrine precursors development (E10.5-12.5/5 wks [9]. Then, 

transcription activity of Hnf6 gives genesis to duct cells or expression of Ptf1a, Rpbj leads 

to acinar cell differentiation. On the other hand, active ngn3 promotes the expression of 

Arx, Pax4, NeuroD1, Nkx2.2, Nkx6.1, which allows endocrine precursors to express one 

of the endocrine hormones. Arx and Pax4 were found to be specific for Ŭ-/PP cells and ɓ-

/ŭ cells differentiation respectively [10, 11]. Nk2.2 and Nkx6.1 appears only in beta cells, 

when Pax6 and Isl1 are responsible to delta cell formation [8]. Additionally, expression of 

MafA and MafB, is crucial for ɓ and Ŭ cells maturation respectively [12]. 

Studies in rodents revealed that epsilon cells can be detected in the mouse 

pancreas as early as embryonic day 10.5 and that they are the major source of ghrelin 

during fetal life [13]. Recent study demonstrated that epsilon cells represent a multi-potent 
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progenitor cell population that delineates a major subgrouping of the islet endocrine cell 

populations [14]. Contrarily, there is little information on epsilon cells during fetal 

development of the human pancreas. A study of Andralojc et al, showed that during fetal 

development epsilon cells show an ontogenetic and morphogenetic pattern that is distinct 

from that of alpha and beta cells [15]. The transcriptions factors which characterize the 

different type of endocrine cells are given in Fig 2. 

 

 

Fig 2: Transcriptions factors involved in endocrine cells development. Schematic 
overview of (Ben-Othman, 2013) 
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Fig 3: Approaches of insulin secreting cells regeneration. Replication of preexisting 
beta cells and (trans)differentiation of ductal or acinar precursor cells (Bonner-Weir S, 2005) 

3. Mechanisms of pancreatic cell maintenance 

Under normal healthy conditions, organisms maintain a dynamic endocrine cell mass 

throughout life. Studies in humans revealed that hemi-pancreatectomy causes glucose 

intolerance in short term after surgery proposing the relationship between endocrine cell 

volume and fasting blood glucose concentrations [16]. Further cross-sectional studies in 

humans and primates showed a curvilinear relationship between beta cell volume and 

fasting blood glucose concentrations [17, 18]. The mechanisms of pancreatic cell 

maintenance are still unknown in humans, but studies in animal model reveal three 

potential mechanisms: (i) replication of existing mature endocrine cells (ii) differentiation 

(or neogenesis) by ductal or acinar pancreatic precursor cells and (iii) programmed cell 

death of existing cells. Recently, experiments induced extreme ɓ cell ablation (PDL with 

alloxan and diphtheria toxin) showed Ŭ to ɓ cell transdifferentiation as novel potential 

mechanism of beta cell regeneration [19, 20]. The endocrine cell has great plasticity to 

regenerate [21, 22] (Fig 3). The mode of regeneration depends on the stimulus which can 

be physiological (pregnancy, obesity) or compensatory, following damage (duct ligation, 

beta cell ablation, partial pancreatectomy). 
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3.1 Pancreatic endocrine cell replication in vivo 

The strongest evidence of in vivo beta cell proliferation was provided by animal 

studies. Dor et al demonstrated for the first time that preexisting beta cells were the major 

source of new beta cells during adult life in mice and following damage [23]. Studies in 

embryonic and neonatal rodent pancreases revealed the role of the cell cycle regulator, 

cyclin D2, in the massive proliferation of beta cells [24]. Rodent islet function and 

proliferation decreases with aging [25, 26]. Furthermore, endogenous beta cells replicates 

in response to insulin demand in physiological models of pregnancy and obesity [27-32]. 

Likewise, proliferation of surviving beta cell plays the major role in regeneration in rodents 

after duct ligation, partial pancreatectomy and extreme ɓ cell ablation in transgenic mice 

by diphtheria toxin or after alloxan perfusion [33-40]. 

While significant progress has been made towards the understanding of b-cell 

regeneration in adults, very little is known about the regeneration of the non-ɓ endocrine 

cells such as glucagon producing Ŭ-cells and somatostatin producing ŭ-cells. Studies in 

obese mice revealed the association between interleukin 6 (IL-6) and alpha cell 

proliferation [41]. Recently, it has been shown that alpha and delta cells can proliferate 

following STZ-induced beta cell destruction [42]. Previous studies showed endogenous 

alpha cell proliferation in PDL plus alloxan before their conversion in beta cells [19]. 

In humans, pancreatic beta cell mass may expand several fold from birth to 

adulthood, but human islet proliferation is very low in adults [43] as proliferation already 

decreases 3% six months after birth [44]. Human islet function and proliferation also 

decrease with aging [26, 45]. The cell cycle protein cyclin D1, D2 and D3 with the 

absence of p16 and p27 expression appears to promote beta cell replication in prenatal 

beta cells [46]. Very recently, the repertoire of G1/S regulatory proteins was delineated for 

the adult human beta pancreatic cells. The human beta cell G1/S atlas revealed that the 

only nuclear molecules are the cell cycle inhibitors pRb, p57, p21 and none of the cyclins 

or cdks are present in the nuclear compartment [47]. This may explain the refractoriness 

of human beta cell proliferation. Although the knowledge about cell cycle regulation is 

abundant, the mechanisms beyond human beta cell proliferation in physiological 

conditions are still unknown but are a subject of intense research in particular in vitro [48, 

49]. 

The majority of studies on human islet proliferation and neogenesis in physiological 

conditions (pregnancy, obesity) are based on histological findings of autopsied pancreatic 
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tissue following accidental or pathology-induced death. Cross- sectional studies showed 

low levels of human beta cell replication with no change in pregnant individuals and no 

significant increase in obese subjects (0.06%) [50, 51]. Table 1 shows further details for 

the in vivo studies providing evidence for beta cell proliferation in animals and humans. 
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Table 1: Studies providing evidence of in vivo beta cell proliferation 

Species Condition Observation References 

Rodent 
 

Neonates -B cell replication is the primary mechanism for 
maintaining postnatal b cell mass  

Georgia,S. and 
BhushanA. et al[24] 

Adult -Pre-existing beta-cells, are the major source of 
new beta-cells during adult life in mice 
-Decrease of beta cell proliferation rates in aged 
adult mice 

Dor, Y. et al[23] 
Teta, M. et al[25] 

Pregnancy -Lactogenic hormones, growth hormones and 
prolactine promote beta cell proliferation during 
pregnancy 

Karnik, S.K. et al[27] 
Brelje, T.C. et al[28] 

Obese rodent 
model  

-Long-term fat feeding is associated with an 
increase in the beta cell population but an 
inadequate functional adaptation. 
-Islet volume and beta cell proliferation increase 
in adult ob/ob mice 
-Beta cell proliferation increases with 4 days 
glucose infusion 

Hull, R.L. et al[29] 
Davis, D.B. et al[30] 
Bock, T. et al[31] 
Alonso, L.C. et al[32] 
 

Partial Duct 
Ligation (PDL) 

-10 fold higher proliferation (BrdU+Ins+) after PDL 
via Ngn3 gene activation  

Xu, X. et al[34] 
Van de Casteele, M. 
et al[35] 

Partial 
Pancreatectomy 

-FoxM1 is required for increased beta cell 
proliferation after 60% partial pancreatectomy 
-High level of beta cell replication 14 days after 
70% partial pancreatectomy 
-90% partial pancreatectomy enhance beta cell 
replication 

Ackermann Misfeldt, 
A. et al[36] 
Lee, S.H. et al[37] 
Liu, T. et al[38] 
Bonner-Weir, S. et 
al[40] 

Transgenic beta 
cells expressing 
diphtheria toxin 
upon treatment 
of mice with  
doxycycline 

-Proliferation of surviving ɓ cells played the major 
role in regeneration, after 80-90% of beta cell 
ablation 

Nir, T. et al[33] 

Alloxan -Beta cell replication was observed in 
nonperfused part of pancreas 

Waguri, M. et al[39] 

Pig 
Islet graft in STZ 
mice 

-Increase in beta cell mass due to proliferation of 
differentiated ɓ-cells in porcine islet graft 

Trivedi, N. et al[52] 

Human/ 
Cross- 
sectional 
studies 
 
 
 
 

Neonates -High rate of beta cell proliferation is coincident 
with the major postnatal expansion of beta cell 
mass 
-3% decrease of beta cell proliferation after 6 
months of age 

Meier, J.J. et al[43] 
Kassem, S. A. et al 
[44] 

Adult -The frequency of beta cell replication is very low 
in normal, obese, diabetic subjects (0.03-0.06%) 
-Islet function and replication decrease with aging 

Butler, A.E. et al[50] 
Maedler, K. et al[26] 

Pregnancy -Increase beta cell mass with no change in 
replication 

Butler, A.E. et al[51] 

Obesity -Very low beta cell proliferation level (0.06%) with 
no significant difference compared to normal 
individuals (0.04%)  

Butler, A.E. et al[50] 

Gastric Bypass -No evidence for beta cell replication after 
hyperinsulinemic hypoglycemia 

Meier, J.J. et al[53] 

Intra-pancreatic 
gastrinomas 

-Increase islet beta cell replication Meier, J.J. et al[54] 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=Van%20de%20Casteele%20M%5BAuthor%5D&cauthor=true&cauthor_uid=23470530


 

 
45 

3.2  Neogenesis of beta cells by ductal pancreatic precursor cells  

The role of ductal tissue as a source for the formation of new islets remains a 

controversial hypothesis. Neogenesis of islets occurs during normal development and in 

response to physiological stress. Mathematical models proposing two phases of 

neogenesis (in birth and 3 weeks after birth) were confirmed by studies in newborn rats 

[55-57]. On the contrary, Solar et al proposed the lack of ɓ cell neogenesis after birth [58]. 

Studies in classic rodent models of partial duct ligation also provided evidence for in vivo 

differentiation of exocrine duct cells. Islet neogenesis is characterized by increase of small 

islets and islet cell clusters after PDL [59]. Very recently, Van de casteele et al confirmed 

in situ their previous study that Ngn3+ cell contributes not only to beta cell proliferation but 

also to its neogenesis after PDL [34, 35]. However, islet neogenesis after partial 

pancreatectomy seems to be controversial. Some reports showed both neogenesis and 

replication [36, 40], while others reported only increased proliferation [23, 37]. Finally, 

extreme ɓ-cell ablation with alloxan seems to increase insulin positive duct cells in 

perfused part of pancreas [39]. 

Two independent cross-sectional studies in human pancreases showed a low 

range of 0-2.2% insulin positive duct cells before 7 years old and a range of 0-1.2% after 

7 years old proposing decline of neogenesis level with aging [43, 60]. Furthermore, study 

in pregnancy in the age of 18-42 years old showed three fold higher level of insulin 

positive duct cells in pregnant individuals (0.4% in control group vs 1.2% in pregnant 

group). In parallel, two fold higher insulin positive duct cells was observed in obese 

individuals in the age of 64-81 years old (0.4% in control group and 0.8%in obese group) 

[50, 51, 53]. 
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3.3  (Trans or de)-differentiation of endocrine cells 

Recent findings revealed new ideas for the potential mechanisms of endocrine cell 

regeneration. It has been demonstrated the possibility to directly or indirectly convert 

differentiated cells into other cell subtypes. 

Acinar cell conversion into beta cells: Evidence for acinar cell transdifferentiation was 

showed in rat exocrine pancreatic cells treated in vitro with two growth factors, epidermal 

growth factor (EGF) and leukaemia inhibitory factor (LIF) [61]. Later, Zhou et al provided 

evidence that differentiated exocrine cells can be directly reprogrammed into single beta 

cells or small clusters within 3 days. Transfection of a combination of the transcription 

factors Ngn3, Pdx1 and MafA induced 20% direct conversion of exocrine cells into insulin 

positive cells. In this study, dedifferentiation via progenitors was excluded, because rapid 

division or expression of Sox9 and Hnf6 was not detected [62].  

Alpha to beta cell transdifferentiation: Due to the fact that mature Ŭ-and ɓ-cells share 

several transcription factors and a common ancestor and are functionally very close, the 

Ŭ-cell represents an appropriate candidate for reprogramming to ɓ-cell phenotype. Firstly, 

Collombat et al showed that Pax4 regulates the balance between Ŭ-cells and ɓ-cells by 

antagonizing Arx in endocrine progenitors [10]. Additionally, it was reported that Pax4 

expression in embryonic Ŭ-cells provokes their conversion into ɓ-cells [63]. In vivo lineage 

reprogramming was shown by Thorel et al using a transgenic model of diphtheria-toxin-

induced ɓ cell ablation [64]. In this study, it was reported that cells co-expressing 

glucagon and insulin are increased the days after ɓ cell destruction. 90% of these cells 

were YFP-labeled under Cre-Lox proposing that pre-existing Ŭ-cells started expressing 

insulin. One month later, 65% of these cells expressed only insulin and YFP. Another 

model following pancreatic duct ligation and elimination of pre-existing ɓ cell with alloxan, 

was used to examine the conversion of mature Ŭ-cells [19]. Expression of the 

transcription factors MafA (expressed only in rodent ɓ-cells) and MafB (expressed only in 

rodent Ŭ-cells) was examined to determine the nature of b cells that appeared 2 weeks 

after PDL with alloxan. One week following 99% of ɓ cell ablation, 64% of insulin positive 

cells expressed MafB when only 22% insulin+MafB+ were found after two weeks 

proposing a novel mechanism of beta cell regeneration.  

Beta to alpha cell transdifferentiation:  Study in Dnmt1 (an enzyme that participates in 

DNA methylation during cell division)- deýcient beta cells, revealed the beta cell 

conversion into alpha cells [65]. Arx repression in beta cells was required via its 
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methylation and so, deletion of methylation in beta cells provokes activation of Arx and 

conversion into alpha cells. Recently, the role of Pax4 and MafA was examined in normal 

and dysfunctional human islets. Lower expression of MafA in dysfunctional human beta 

cells was observed in two independent studies. Interestingly, expression of Pax4 and 

MafA was found in 50% of human alpha cells which did not confirmed in rodent islets 

studies [66] (Bonnavion et al, accepted in Plos one).  

 

Beta cell dedifferentiation: In in vitro experiments with mouse beta cells, increased  

vimentin expression and loss of the markers Pdx1, insulin, Glut2, and PC1/3 (80% in 21 

days) proposing their dedifferentiation into mesenchymal cells [67]. This was confirmed 

with human beta cells in culture [68]. In addition, experiments in diabetic mice proposed 

that a decrease of beta cell mass associates with loosening of FoxO1 expression. Further 

studies in FoxO1 KO mice showed that beta cell didnôt die but dedifferentiated decreasing 

the expression of beta cell specific markers (MafA, Pdx1). Moreover, FoxO1-deficient 

beta cells often gained expression of other islet hormone such as glucagon. This was a 

provocative explanation for beta cell failure and alpha cell hyperfunction in type 2 diabetes 

[69]. 

 

3.4 Programmed cell death in endocrine cells 

Programmed cell death (PCD) is death of a cell mediated by an intracellular 

program. In physiological process, apoptosis and autophagy are both forms of PCD. 

During the neonatal period, the increasing level of ɓ cell mass is followed by increases in 

ɓ cell death [44]. In adults, massive ɓ cell apoptosis and reduction of ɓ cell mass were 

shown in type 2 diabetic patients [50, 70].The apoptotic caspases were found as the main 

participants in apoptosis. They are classified as initiators (caspase-2, 8, 9, 10) or 

executioners (caspase-3, 6, 7); the first activates the second [71]. There have been only a 

few studies investigating the role of caspases in the mechanism of ɓ cell apoptosis in 

vivo. Studies of mice with ɓcell caspase-8 deficiency showed protection against multiple 

low doses of streptozotocin and high fat diet-inducedɓ cell death and diabetes 

development. However, under basal conditions, loss of caspase-8 leads to an age-

dependent decrease in ɓ cell mass and glucose intolerance [72], providing evidence for a 

critical role in maintaining endocrine cell mass. Furthermore, deletion of caspase-3 in the 
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ɓ cells was also shown to be protective against multiplelow doses of streptozotocin model 

without islet tumor promotion [73]. 

Autophagy is a process of removal of damaged organelles/proteins for recycling 

providing signals for removal of apoptotic cells and genome stability. Data proposed the 

protective role of autophagy during ɓ cell stress when in other conditions autophagy had a 

detrimental role to cell survival. Autophagy deficient mice (Atg7) showed increased 

apoptosis and decreased proliferation of ɓ cells promoting hypoinsulinemia and 

hyperglycemia [74]. Additionally, experiments in obesity-induced diabetic mice (db/db) 

revealed increasing numbersof autophagosomes in ɓ cells [75]. Autophagy is necessary 

to maintain the structure, mass and function of pancreatic cells. Direct inter relationship 

between autophagy and endoplasmic reticulum stress-induced obesity suggests that 

autophagy deficiency may contribute to the progression from obesity to diabetes [76]. 

 

 

4. Role of pancreas in glucose homeostasis 

Glucose is the only energy source that brain and red blood cells can use. Glucose is 

stored in the liver as glycogen and its circulating levels are controlled by two pancreatic 

hormones, insulin (secreted by beta pancreatic cells) and glucagon (secreted by alpha 

pancreatic cells). Banting et al showed for the first time the opposing actions of insulin 

and glucagon [77]. In response to high glucose levels, pro-insulin is released from 

pancreatic beta cells. Insulin stimulates the uptake of glucose and storage in the tissues 

as glycogen (glycogenesis). In contrast, low glucose levels cause secretion of pancreatic 

peptide hormone glucagon from alpha cells. Glucagon promotes the conversion of liver 

glycogen to glucose (glycogenolysis) and release of glucose back into the blood [78-80]. 

During starvation and intense exercise, glucose can also be generated from non-

carbohydrate precursors (i.e. pyruvate, amino acids and glycerol), in a process called 

gluconeogenesis (Fig 4).  

Disturbance of glucose metabolism may cause Diabetes Mellitus, one of the most 

common endocrine diseases, which can be divided into four types. Type 1 Diabetes (T1D) 

is an autoimmune disorder characterized by absolute loss of insulin-producing beta cells 

and Type 2 Diabetes (T2D) provoked by a progressive decline in beta cell function and 
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insulin secretion. Additionally, 10% of phenotypic type 2 diabetic patients are positive for 

at least one of islet autoantibodies and they are referred as latest autoimmune diabetes in 

adults (LADA) or Type İ Diabetes (T1/2D) [81]. Finally, MODY (Maturity-

Onset Diabetes of the Young) is a group of monogenic disorders characterized by 

autosomally dominantly inherited diabetes or hyperglycemia typically detected during 

adolescence or young adulthood [82]. Historically, three different concepts for the etiology 

of diabetes have been supported. For thirty years, after the discovery of insulin (1922), 

lack of insulin was considered as the unique cause of all diabetes abnormalities 

(insulinocentric trend). Although glucagon had been identified much earlier, its role on 

diabetes abnormalities was taken into account from 1975 (bihormonal trend). Nowadays, 

part of scientific community declaims that decline of insulin secretion provokes some 

diabetes abnormalities and excess glucagon causes all the others (glucagocentric trend) 

[83]. 

 

 

 

Fig 4: Mechanisms of glucose homeostasis regulation. The action of insulin and 
glucagon of pancreas regulates glucose homeostasis by the mechanisms of glycogenesis, 
glycogenolysis and glyconeogenesis in liver. 
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Fig 5: Relationship between obesity and diabetes 
prevalence rates worldwide in adults. Data from 
WHO 2012 and International Diabetes Federation, Atlas 
2011 (Basu S, 2013) 

 

5. Pancreas in obesity 

Overweight and obesity are defined as abnormal or excessive fat accumulation 

that presents a risk to health. Body mass index (BMI) is a simple index of weight-for-

height that is commonly used to classify overweight and obesity in adults. BMI higher than 

30Kg/mĮ characterizes obesity status, while overweight condition refers to BMI levels 

equal or more than 25Kg/mĮ. According to WHO (World Health Organization) more than 

1.4 billion adults were 

overweight in 2008. Among 

these, over 200 million men 

and nearly 300 million women 

were obese. Moreover, in 

2011, more than 40 million 

children under the age of five 

were overweight (data of 

WHO). Overweight and 

obesity are major risk factors 

for a number of chronic 

diseases, including diabetes, 

cardiovascular diseases and 

cancer. The most devastating 

of these diseases seems to be Type 2 diabetes. Relationship between obesity and 

diabetes prevalence rates worldwide for 2012 is shown in Figure 5 [84]. However, as 

shown in the same figure, obesity does not fully explain diabetes prevalence rates, 

because some countries with high diabetes prevalence rates have low obesity rates. Both 

obesity and T2D are associated with insulin resistance but most obese, insulin-resistant 

peoples do not develop hyperglycemia.  
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Fig 6: Hyperbolic 
relationship between 
insulin sensitivity and 
insulin release. If 
changes in insulin 
sensitivity cannot be 
followed by a 
proportionate opposite 
changes of insulin 
release, individuals go 
out the physiological 
range (green) and 
become pre-diabetics 
(yellow) or diabetics 
(red) (Kahn, 2006) 

 

5.1 Adaptation of islets in obesity 

Under normal conditions, pancreatic beta cell mass is able to maintain plasma 

glucose levels increasing insulin secretion. Beta cell inability to compensate in insulin 

demand provokes hyperglycemia. Insulin concentration required for a half-maximal 

response defines as ñinsulin sensitivityñ. Inability of cells to use insulin-produced by beta 

cells decreases the insulin sensitivity and is defined as ñinsulin resistanceò. The 

relationship between insulin sensitivity and insulin release is nonlinear [85]. In order to 

reach a physiological condition, changes in insulin sensitivity for example in pregnancy or 

weight gain must be followed by a proportionate incremental changes of insulin release 

(Fig 6). Islet mass and function play a major role in adaptation and development of 

diabetes based on failure to adapt to this change. Evidence for human islet function in 

obesity is provided only by cross-sectional studies based on postmortem histology. 
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5.2 Distribution and communication of islet cells in obesity 

Human islets tend to contain fewer ɓ-cells and more Ŭ-cells compared to rodent 

islets. Cabrera et al reported little difference in the proportion of endocrine cells in islets 

from different regions of the pancreas where beta cells intermingled with alpha and delta 

cells throughout the human islet [4]. Islets seem to have three layers and all endocrine 

cells touch the blood vessels, the middle layer is enriched with beta cells and the two 

others are enriched with alpha cells [3]. In obese humans, ɓ-cells increase in number to 

compensate for increased insulin demand. In obese patients with type 2 diabetes, there 

are reduced numbers of ɓ-cells due to increased apoptosis. Study in type 2 diabetic 

individuals also showed the presence of amyloid deposits in the dysfunctional islets [86]. 

The interaction of endocrine cells plays an important role in islet function and insulin 

secretion. High heterologous intracellular contacts of beta cells has an effect on insulin 

secretion [87]. Cell adhesion molecules (CAMs), cadherins, gap junction, protein 

connexin-36, Eph receptors, ephrin ligands and insulin are some of the regulators of ɓ 

cell-ɓ cell interactions [88]. Neural cell adhesion molecule (NCAM) is essential for Ŭ cell-Ŭ 

cell interaction and glucagon secretion as alpha cell intermingled with ɓ cells in NCAM 

deficient mice [89]. Somatostatin inhibits insulin and glucagon secretion and ghrelin 

inhibits only insulin secretion where its effect on glucagon secretion remains controversial 

[90, 91]. Little is known about the physiological alteration of cell-cell communication in 

obesity. Recently, studies on mice fed with high fat diet for 2 months showed changes in 

connexin-36 made GAP channels decreasing ɓ cell-ɓ cell coupling [92]. 
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6. Regulation of islet function in obesity 

The secretory activity of pancreatic islets is regulated by gastrointestinal hormones, 

hormones of tissues (adipocytes, osteoblasts) and autonomic nervous system 

(sympathetic, parasympathetic). Brief report of the most common factors that regulate 

islet function and their plasma levels in obesity is given in Table 2. 

6.1 Gastrointestinal hormones 

The gastrointestinal hormones (or gut hormones) constitute a group 

of hormones secreted by enteroendocrine cells in the stomach, pancreas, and small 

intestine. Hormones like Glucagon-like peptide-1 (GLP-1), Glucose-dependent 

insulinotropic polypeptide (GIP), Peptide YY (PYY), Cholecystokinin (CKK), gastrin and 

ghrelin have an important role on insulin secretion. Hormone level depend on glucose 

load and insulin demand in different situations such as pregnancy, obesity and type 2 

diabetes. 70% of the secreted insulin after a meal in healthy individuals is induced by the 

GLP-1 and GIP, called incretin effect. They are released from the gut in response to food 

intake. GLP-1 has a dual action, as a satiety signal and as incretin hormone stimulating 

insulin release. Findings regarding GLP-1 levels in obesity have been inconsistent. 

Increased levels of GLP-1 are observed in metabolically healthy obese individuals [93]. In 

these cases, inhibition of glucagon secretion and decrease of hepatic gluconeogenesis 

via GLP-1 response in insulin demand increase insulin sensitivity. Some studies have 

reported reduced postprandial GLP-1 levels in obese compared with lean subjects, while 

others showed a correlation of GLP-1 to BMI [94]. In all cases, it is well established that 

individuals with T2D display an impaired incretin effect. Study in mouse and human islets 

revealed the interaction between TCF7L2 and GLP-1R/GIP-R expression in T2D while 

low levels of TCF7L2 protein was associated with downregulation of GLP-1 and GIP-

receptors [95].  On the other hand, HFD mice seem to have higher levels of GIP and 

GIPKO mice are protected from obesity and insulin resistance [96, 97]. Furthermore, 

overexpression of GIP in transgenic mice increases beta cell function and improves 

insulin sensitivity, but mice were resistant to HF diet-induced glucose intolerance [98]. 

Finally, it has been shown that GIP has glucagonotropic effects in human subjects and 

the increased GIP levels in at-risk obese might contribute to the increased glucagon basal 

levels and to glucagonôs inappropriate suppression after glucose load [99]. 

http://en.wikipedia.org/wiki/Hormone
http://en.wikipedia.org/wiki/Enteroendocrine_cell
http://en.wikipedia.org/wiki/Stomach
http://en.wikipedia.org/wiki/Pancreas
http://en.wikipedia.org/wiki/Small_intestine
http://en.wikipedia.org/wiki/Small_intestine
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Peptide YY (PYY) is a gut hormone whichis also expressed in the pancreas. Obese 

subjects seem to have signiýcantly reduced circulating levels of PYY [100]. Selective 

ablation of PYY in pancreas provokes severe hyperglycemia decreasing insulin secretion 

by disruption of islet morphology in mice [101]. Cholecystokinin (CKK) is also an important 

regulator of insulin sensitivity. Microarray analysis revealed that CKK was the most 

upregulated gene in islets of ob/ob mouse model. Another study showed that CKK 

contributes to islets expansion by increasing beta cell survival [102]. On the other hand, 

cholecystokinin-deýcient mice seem to have impaired insulin secretion [103].  

Ghrelin is expressed in pancreatic islets and released into pancreatic microcirculations 

and its role is the inhibition of insulin release in mice, rats, and humans [91]. When the 

systemic demand for insulin exceeds the physiological range, including insulin resistance 

and obesity, antagonism of ghrelin function can promote insulin secretion and thereby 

prevent from glucose intolerance [104]. Epidemiological studies showed low ghrelin 

concentration in obese individuals, however there was no relevant data for diabetes state 

[105, 106]. 

Finally, gastrin is also released by the pancreas, but no changes in serum concentrations 

were detected in obese individuals. However, gastrin has an important role on human and 

mouse islet function. It stimulates beta cell neogenesis and increases islet mass in ligated 

part after PDL [107]. Furthermore, expansion of transplanted human islets was confirmed 

in mice treated by gastrin and GLP-1 [108].  

 

6.1 Adipocyte-secreted factors 

The interaction between adipocytes and pancreatic islets is not fully known, but it seems 

that some adipocyte-secreted factors such as leptin, adiponectin, resistin, interleukin-6, 

tumor necrosis factor-a and interleukin-1ɓ have an important roleon islet cell survival and 

function. The change in cytokine profiles in islets and plasma is associated with 

pancreatic ɓ-cell dysfunction and apoptosis. Cytokines have important roles in regulation 

of pancreatic ɓ-cell function[109].  

Leptin and adiponectin are two important peptide hormones secreted by 

adipocytes that are involved in the regulation of metabolism and energy homeostasis. 

Both of them have a crucial role in islet function. Leptin-to-adiponectin ratio is also 

proposed to be a better index of ɓ-cell dysfunction than leptin or adiponectin alone.Leptin 
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receptors are expressed in pancreatic beta-cells.The direct effect of leptin on pancreatic 

insulin secretion has been examined in several studies with various leptin concentrations. 

In physiological concentrations, leptin significantly downregulates insulin secretion from ɓ-

cells in the presence of high glucose concentrations, increases beta cell proliferation and 

blocks lipid accumulation by reducing beta cell apoptosis [110, 111]. It has been reported 

that plasma levels of leptin are positively correlated with BMI and obese subjects have 

higher leptin levels than their lean counterparts. The observation that obese subjects have 

greater leptin but also high insulin concentrations indicates that there is a state of leptin 

resistance in obese subjects [112]. Contrary to the leptin concentration, adiponectin is the 

only cytokine downregulated in obesity and type 2 diabetes. In healthy adults, adiponectin 

circulates in serum at a high concentrations and stimulates insulin secretion by enhancing 

exocytosis of insulin granules [109].Studies on adiponectin knockout mice revealed the 

development of severe insulin resistance in response to high fat diet [113]. Adiponectin 

has been also shown to positively correlate with insulin sensitivity and inversely correlate 

with fasting proinsulin concentration and the proinsulin-to-insulin ratio, a marker of ɓ-cell 

failure [114].  

Resistin is another factor; its role on obesity remains controversial. Although, 

clinical studies showed a positive correlation of resistin with BMI, its controversial 

correlation to insulin sensitivity in some studies or insulin resistance in others proposes an 

important role of resistin  in the link between obesity and type 2 diabetes [115-117]. In 

physiological concentrations, resistin increases beta cell viability while high concentration 

reduces insulin receptor activity and provokes beta cell apoptosis in in vitro experiments 

[118]. 

Interleukin-6 (IL-6), Interleukin-1ɓ (IL-1ɓ) and Tumor Necrosis Factor-a (TNF- ) 

are also elevated in obesity.IL-6 is considered as a predictive factor for T2D development 

in obese subjects with systematically increased levels.Interleukin-6 has a protective effect 

on beta cells. The elevation of IL-6 production in obese and type 2 diabetic individuals 

may be involved in the beta-cell compensation for insulin resistance in these conditions. It 

has been showed that IL-6 regulates beta cell function by increasing insulin secretion and 

viability and alpha cell expansion in obesity [41, 119]. On the other hand, increased 

circulating IL-1ɓ concentrations are associated with a greater risk of developing T2D while 

that leads to beta cell death and dysfunction. Studies in high fat diet mice showed that 

decreased levels of IL-1ɓ using IL-1R antagonist protects from hyperglycemia. 

Additionally, elevated secretion of IL-1ɓ in human beta cell after high glucose exposure 
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provokes beta cell dysfunction and apoptosis via NF-kB activation [120, 121]. Finally, 

TNF-ais a cytokine implied in systemic inflammation. Overexpression of TNF-a was 

observed in ob/ob and db/db mouse models. In humans, it is associated with obesity, 

adipocyte cell volume, and inhibition of glucose uptake in adipocytes [109, 122].In the 

insulin resistant state, TNF-a has been reported to inhibit insulin secretion through 

activation of several serine kinases in insulin signaling pathway and induce cell 

apoptosisvia caspase activation[123]. 

 

6.2 Osteoblast-associated factors 

The observation of vitamin D accumulation in mature beta cells urged the investigation on 

the role of vitamin D on insulin biosynthesis and secretion. Interestingly, global gene 

analysis of murine islets revealed huge effects of vitamin D on intercellular junction 

formation, cytoskeletal organization, exocytosis of insulin [124]. Several studies showed 

that low plasma vitamin D levels are positively associated with both ɓ-cell function and 

insulin sensitivity in healthy obese and obese with impaired glucose tolerance [125, 126]. 

However, no correlation of vitamin D levels with insulin sensitivity and beta cell function 

was revealed in young healthy obese, prediabetic and diabetic obese subjects[127]. 

Parathyroid hormone (PTH) is another factor that participates in islets compensation in 

obesity. Increased levels of PTH may contribute oncompensatory mechanism in response 

to low circulating levels of vitamin D [126]. Parathyroid hormone-related protein 

overexpression in mouse islets leads to islet hyperplasia and increase insulin 

secretion[128]. 

 

 

6.3 Sex hormones 

Estrogen and testosterone are two steroid hormones. The principal binding receptors for 

estrogen are the nuclear estrogen receptors (ER)-Ŭ and ïɓ and G protein-coupled 

receptor 30 (GPR30). Human and animal islet studies suggest that 17-estradiol (E2), one 

of the most common types of estrogens, might promote insulin production in diabetic 

individuals and prolong cell survival. Additionally, the antiapoptotic effects of estrogen in 

female islets was confirmed via activation of GPR30[129]. More recently, it has been 



 

 
57 

found that estradiol improves the function of human islets transplanted in nude mice[130]. 

Finally, human cross-sectional studies showed the protective effect of testosterone and 

estradiol on the development of metabolic syndrome. High testosterone levels is 

associated with high insulin sensitivity and better beta cell function [131].  

6.4 Autonomic nervous system 

Neurotransmitters are endogenous chemicals that transmit signals froma neuron to a 

target cell across a synapse. Many neurotransmitters were identified as regulators of islet 

function in obesity such as glutamate, GABA, dopamine, epinephrine, norepinephrine, 

serotonin, somatostatin and acetylcholine.  

High levels of glutamate and ɔ-aminobutyric acid (GABA), two amino acids classified as 

neurotransmitters, have been observed in obesity. Recently, two independent studies 

showed that the flux of glutamate modulated insulin release from insulin granules.  

Decrease of glutamate transport enhanced insulin secretion, but did not change glucagon 

secretion [132, 133]. Furthermore, GABA seems also to modulate insulin secretion and 

have an important role on islet mass maintenance [134].  

High or low levels of the amines like dopamine, epinephrine, norepinephrine and 

serotonin modulate islet function in obesity. Obese individuals seem to have less 

dopamine receptors proposing low levels of dopamine [135, 136]. In vivo studies and 

studies in isolated human islets showed that dopamine inhibits insulin secretion and this 

inhibition correlates with a reduction in frequency of the intracellular [Ca2] 

oscillations[137]. Opposite levels have been identified for epinephrineand 

norepinephrineonobesity. A positive association has been shown between plasma 

epinephrine levels and insulin sensitivity in healthy obese individuals [138]. Additionally, it 

is known that epinephrine induces glucagon secretion through the activation of b-

adrenoceptors and the generation of cAMP [133]. On the other hand,norepinephrine 

levels tended to decrease in obesity. It was showed that norepinephrine increases 

glucose uptake in brown adipose tissue in mouse [139]. Physiologically,it inhibits insulin 

secretion by three actions a) increasingCa+2concentrations by activation of K+ channels b) 

inactivating of adenylylcyclases and inhibiting exocytosis and c) reducing the activity of 

the L-type Ca+2 channels [140]. Finally, human obesity was associated with chronic 

elevation of brain serotonin. Overweight individuals seem to have high levels of serotonin 

metabolites in one study, without data documenting their diabetes state [141]. 

Additionally, high levels of plasma serotonin were observed in T2D patients. Recently, a 

http://en.wikipedia.org/wiki/Endogenous
http://en.wikipedia.org/wiki/Chemistry
http://en.wikipedia.org/wiki/Neuron
http://en.wikipedia.org/wiki/Cell_(biology)
http://en.wikipedia.org/wiki/Synapse
http://en.wikipedia.org/wiki/%CE%93-aminobutyric_acid


 

 
58 

study in db/db mice confirmed the elevated expression of serotonin in islets and revealed 

that inhibition of serotonin using antagonist improves insulin secretion [142]. 

Somatostatin and acetylcholine are two neurotransmitters for which plasma levels do not 

change in obese or obese patients with impaired glucose tolerance (IGT), and type 2 

diabetes. Exogenous somatostatin infusion in mouse models (ob/ob, db/db) and in vitro 

experiments with human islets showed that somatostatin inhibits insulin and glucagon 

secretion [143]. Acetylcholine is crucial for pancreatic beta cell function as it stimulates 

insulin secretion by increasing the cytoplasmic free Ca2+ concentration and enhancing 

insulin exocytosis. Rodriguez-Diaz et al recently showed that acetylcholine secreted by 

human alpha cells sensitizes beta cells to secrete insulin [144]. 
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Table2: Studies providing evidence of regulation on pancreatic cell function  

 Type Obesity Regulation References 

Gastrointestinal 
Hormones 

GLP-1 Controversial results but 
attenuated in obese with 
insulin resistance 

-physiologicaly, it has insulinotropic effect, inhibits pancreatic 
glucagon secretion, decreases hepatic gluconeogenesis, and 
decreases insulin resistance 
-low level in obese type 2 diabetic patients 

Muscelli, S. et al[93] 
Madsbad, S. et al[94] 
 

PYY Low concentration 
predispose the 
development of obesity 

-regulate beta cell function and survival via the receptor Y(1/2) Batterham et al[100] 
Sam, A.H et al[101] 

Ghrelin Decreased in human 
obesity 

-inhibit insulin release in rodents and humans 
-obestatin (ghrelin gene-derived peptide) increase insulin secretion 
in high fat diet mice 

Dezaki, K. et al[91], Granata, 
R. et al[104], Tschop, M. et 
al[105]Rosicka, J. et al[106] 

GIP Unaffected levels in 
healthy obese but 
increased at risk obese 
subjects 

-Gluganotropic effect in healthy individuals  
-Overexpression of GIP in trangenic mice increase beta cell function 
and improve insulin sensitivity but they were resistant to HF diet-
induced glucose intolerance 
-GIPR ko mice do not develop obesity 

Meier, J.J. et al[99] 
Calanna, S. et al[96] 
Kim, S.J. et al[98] 
Miyawaki, K. et al[97] 

Gastrin No significant difference 
in obese subjects 
(serum concentration) 

-stimulation of beta cell neogenesis in duct-ligated rats 
-expansion of human islets transplanted in NOD-SCID mice treated 
by gastrin+GLP-1 

Rooman, I. et al[107] 
Sadry, S.A.et al[108] 

CCK +++ - increase beta cell survival in ob/ob mice 
-impaired insulin secretion and increasing insulin sensitivity in 
CKKko mice 

Lavine, J.A. et al[102] 
Lo,  C.M et al[103] 

Adipose tissue 

Leptin +++  -Inhibit insulin secretion in rodents and human islets by acting 
directly in beta cells and reduce glucose transport into beta cells 
-Regulator of beta cell mass and survival, antiapoptotic affect 

Kulkarni, R.N. et al[111] 
Lee, Y.N. et al[110] 

Adiponectin Downregulated -Adiponectin knockout mice develop severe insulin 
resistance in response to a high-fat diet 
-is associated to insulin resistance in humans 
-antiapoptotic affect 

Maeda, N. et al[113] 
Kern, P.A. et al[114] 
Lee, Y.N. et al[110] 

Resistin +++ (positive correlation 
to BMI) 

-controversial correlation to insulin sensitivity in humans 
-associated to insulin resistance in rodents and humans 
-increase beta cell viability in physiological concentration but high 
level provoke beta cell dysfunction (resistance state) 

Silha, J.V. et al[115] 
Lee, J.H. et al[116] 
Wang, C. et al[117] 
 

IL-6 +++ -regulate pancreatic alpha cell expansion 
-stimulate insulin secretion via direct cell-based mechanisms 

Ellingsgaard, H. et al[41] 
da Silva Krause, M. et al[119] 

http://www.ncbi.nlm.nih.gov/pubmed?term=da%20Silva%20Krause%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22761278
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IL-1ɓ +++ -beta cell itself produce IL-1ɓ after high glucose exposure  
-IL-1ɓ antagonists improve beta cell survival and function in HFD 
animals 

Sauter. N.S. et al[120] 
Ardestani, A. et al[121] 

TNF-a +++ -inhibitinsuilin secretion and induce beta cell apoptosis Zhao, Y.F. et al[109] 

Osteoid tissue 

Vitamin D Low level in obese 
adults and no changes 
in youth obese 
individuals 

-Positive association with ɓ-cell function and insulin sensitivity in 
humans 
-Effect on intercellular junction formation, cytoskeletal organization, 
exocytosis (murine islets) 

de Las Heras, J. et al 
Wolden-Kirk, H. et al 
Karnchanasorn, R. et al[124, 
125, 127] 

Parathyroid 
Hormone 

+++ (serum 
concentration) 

-PTHrP over expression increase islet mass and insulin secretion Guasch, A. et al 
Porter, S.E. et al[126, 128] 

Sex hormones 

Estrogen +++ -improve human islet survival, revascularization and function grafted 
in nude mice 
-antiapoptotic effect in human islets through activation of GPR30 
when GPR30 expression in islets is related to BMI 

Liu, S. et al ; Kumar, R. et 
al[129, 130] 

Testosterone +++ -higher levels are associated with a higher insulin sensitivity and 
reduced the risk of the metabolic syndrome 

Muller, M. et al[131] 

Neuro- 
transmitters 

Glutamate 
 

+++ -Insulin secretion is modulated by the flux of glutamate through the 
secretory granule 
-The intra-cellular glutamate pool is likely of lesser importance in Ŭ-
cells 

Gammelsaeter, R. et al 
Feldmann, N. et al[132, 133] 

GABA +++ -role in maintain beta cell mass Taneera, J. [134] 

Dopamine Lower D2 receptors 
availability 

- Exhibits insulin secretion in isolated islets and in vivo Wang, G.J. et al; Rubi, B. et 
al ; Ustione, A. et al[135-137] 

Norepinephrin
e 

tended to decrease -Increases glucose uptake in brown adipose tissue 
-Three effects on beta cell that exhibits insulin secretion 

Dallner, O.S. et al 
Straub, S.G. et al[139, 140] 

Epinephrine Increased in healthy 
obese individuals 

-Epinephrine induces glucagon secretion through the activation of 
ɓ-adrenoceptors and the generation of cAMP 
- positive association between plasma epinephrine level and insulin 
sensitivity in obese individuals 

Feldmann, N. et al 
Dai, X.P. et al[133, 138] 

Serotonin High plasma levels in 
obese T2D patients 

-Inhibition of serotonin receptor improve insulin secretion  Zhang, Q.[142]; Markianos, 
M. [141] 

Somatostatin No significant changes -exogenous SST inhibit insulin and glucagon secretion in rodents 
and humans 

Hauge-Evans, A.C. et al[143] 

Acetylcholine No significant changes  -Secreted by alpha cells and sensitize beta cell to response in 
increased glucose concentration 

Rodriguez-Diaz, R.et al[144] 

 

 



 

 
61 

7. Regulation of gene expression by microRNAs in obesity 

MicroRNAs (miRNAs) are single-stranded non-protein coding gene products (20-22 

nucleotides) that regulate negatively the expression of target genes at the post-transcription 

level through interactions with specific mRNAs. The first miRNAs were characterized in the 

early 1990s [145]. However, miRNAs were not recognized as a distinct class of biological 

regulators with conserved functions until the early 2000s. Different sets of expressed 

miRNAs are found in different cell types and tissues. The human genome may encode over 

1000 miRNAs, which may target about 60% of mammalian genes and are abundant in 

many human cell types. 

It have been shown that miRNAs regulate multiple diverse biological processes 

inhibiting translation or degrading the target mRNA such as development, insulin secretion 

and cell differentiation [146]. The role of many microRNAs was identified in regulation of 

insulin expression (miR-30d, miR-375, miR-124a2), insulin secretion (miR-9, miR-375, miR-

124a2), glucose-stimulated insulin secretion (miR-369-5p, miR-130a, miR-27a miR-410, 

miR-200a, miR-337, miR-532, miR-320, miR-192, miR-379, miR-375, miR-124a2) and 

insulin sensitivity (miR-103, miR-107, miR-29, miR-320). 

MiRNAs have been also found to be important for the proper development of the 

pancreas and beta cells physiology. Recently, different miRNAs were identified to express 

in human pancreatic alpha and beta cells, 134 were expressed more in beta cells and 7 in 

alpha cells [147]. Jacovetti et al, revealed the miRNAs contribution to beta cel expansion 

during pregnancy and obesity [148]. Decreased level of miR-338-3p activated the GPR30 

(G protein-coupled estrogen receptor) and GLP1R (glucagon-like peptide 1) in obese mice.  

Thus, blockage of mi-338-3p increased proliferation and improved survival of beta cell in 

vitro and in vivo. Moreover, inhibition of miRNA-7a has been also showed to regulate 

proliferation in adult pancreatic beta cells via mTOR pathway [149]. Finally, very recently 

Nesca et al, proposed that the maintenance of blood glucose homeostasis or progression 

toward glucose intolerance and type 2 diabetes may be determined by the balance between 

expression changes of particular microRNAs [150]. Modifications in the levels of miR-34a, 

miR-146a, miR-199a-3p, miR-203, miR-210 and miR-383 primarily occur in diabetic mice 

and result in increased beta cell apoptosis.  

 

 

http://en.wikipedia.org/wiki/Tissue_(biology)
http://en.wikipedia.org/wiki/Human_genome
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Fig 7: Nonlinear correlation of basal plasma 
insulin and glucose concentrations in the 
updated HOMA model. Higher insulin secretion 
in response to low glucose concentration leads to 
highest insulin sensitivity (S=200%) and highest 
beta cell function (B=200%) (Wallace, 2004) 

8. Methods of quantification of insulin sensitivity/resistance 

Different methods for the quantification of insulin sensitivity and insulin resistance are 

used in humans and animal models. The Hyperinsulinemic Euglycemic Glucose Clamp and 

Insulin Suppression Test (IST) are the two direct methods to measure insulin sensitivity. In 

the glucose clamp technique, after an overnight fast, insulin is infused intravenously at a 

constant state (hyperinsulynemic state). Under this condition, blood glucose is measured, 

while 20% dextrose is given intravenously at an appropriate rate to conserve glycemia in the 

normal range (euglycemic). In spite of technical difficulties, time and money consuming, it is 

considered one of the best methods to measure insulin sensitivity, because glycemia 

remains in the same levels, as the infusion rate of glucose and the glucose consuming 

depends only on serum insulin [151, 152]. IST is based on suppression of endogenous 

insulin and glucagon secretion following somatostatin oroctreotide infusion. The ability of 

exogenous insulin to mediate disposal of the glucose is provided directly by IST [152, 153]. 

Dynamics or indirect tests were also developed to quantify insulin sensitivity such as 

Intravenous Glucose Tolerance Test (Minimal Model/IVGTT), Intraperitoneal Glucose 

Tolerance Test (IPGTT) and Oral Glucose /Meal Tolerance Test (OGTT). In these cases, 

glucose is administered intravenously, intraperitoneally and orally then, blood glucose and 

endogenous insulin is measured to 

determine the indexes of insulin 

sensitivity [152, 154].  

Finally, simple surrogate 

indexes for insulin 

sensitivity/resistance are available.  

Homeostatic model assessment 

(HOMA), first described in 1985, is a 

method for assessing beta cell 

function and insulin resistance from 

basal (fasting) glucose and insulin or 

C-peptide concentrations.  

Decreases in beta cell function were 

modeled by changing the beta cell 

response to plasma glucose 

concentrations. Insulin sensitivity was modeled by proportionally decreasing the effect of 
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plasma insulin concentrations at both the liver and the periphery. Figure 7 shows the 

nonlinear correlation of basal plasma insulin and glucose concentrations in the updated 

HOMA model (Homa2: computer model) [155]. Insulin secretion curve is modified by 

increasing insulin secretion in response to plasma glucose concentrations. Higher insulin 

secretion in response to low glucose concentrations leads to highest insulin sensitivity 

(S=200%) and highest beta cell function (B=200%). A computer model can calculate the %S 

and %B using insulin or C-peptide concentrations and gives a value of Homa %S and Homa 

%B, where 100% is considered as normal. In addition, Homa %BxS index is calculated from 

insulin secretion (Homa %B) and insulin sensitivity (Homa %S) to describe the overall 

function of beta cells [156, 157].  

 

9. Non invasive imaging of islet mass 

The improvement of non invasive imaging technologies of pancreatic islet mass is a 

crucial field for investigation. Progress has been hindered by many problems. The small 

size of beta cells dispersed throughout of pancreas put obstacles in development of clinical 

beta cell imaging. In addition, some of these techniques necessitate the in vitro 

manipulation of islets and are limited by the short half-life of available labeling molecules. 

Nuclear imaging, Mn+2 MRI, Zn+2 MRI, optical imaging and functional imaging into 

eye anterior are some of these methods. Nuclear imaging technologies are based on 

labeled molecules that enter into beta cell modulating insulin secretion as fluorine 19 

labeled mannoheptulose and glibenlamide. Mannoheptulose inhibits insulin secretion via 

inhibition of glucose phosphorylation acting on glucose transporters (GLUT2) [158]. 

Glibenlamide promotes insulin secretion via activation of Ca2+ channels in beta pancreatic 

cells [159]. Mn+2 MRI methods are accompanied with glucose injection as manganese 

enters into beta cells through Ca2+ channels in a glucose dependent manner. Additionally, 

zinc ions are released with insulin in response to glucose and Zn+2 MRI is used in beta cell 

mass quantification [160, 161]. Optical imaging technologies investigate endocrine pancreas 

using optical coherence, confocal or 2-photon microscopy [162, 163]. Functional clinical 

imaging modalities with very high sensitivity, such as PET or single photon emission 

computed tomography (SPECT) are hampered by the partial volume effect, leading to an 

underestimation of the signals derived from objects smaller than the spatial resolution of the 
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scanner [164]. Nowadays, none of these techniques has been associated with the overall 

beta cell function and none is used in clinical practice.  

On the other hand, non invasive approaches, allowing transplanted-islet functional 

imaging, were developed. Speier et al proposed the anterior chamber of the eye as a novel 

non invasive imaging method to investigate pancreatic cell function and survival [165]. After 

transplantation, the morphology and cellular composition of the islets engrafting in the 

anterior chamber of the eye are preserved and are able to recover hyperglycemia. Recently, 

radioligand of exendin-4 (GLP-1 analog) was used to evaluate the function and survival of 

transplanted islets into human brachioradialis muscle [166].  

 

10. Islet transplantation 

The first successful use of exogenous insulin in the treatment of diabetes was at 

1922. Patients with T1D depend on external insulin for their survival. Whole pancreas 

transplantation is associated with complications such as bleeding, infection and 

inflammation of the pancreas and it is performed in specific cases. Nowadays, islet 

transplantation is a more physiological method to recover hyperglycemia than exogenous 

insulin therapy and pancreas transplantation. Shapiro et al reported for the first time islet 

transplantation and insulin independence in all patients in Edmonton Center at 2000 [167]. 

In clinical practice, naked islets are transplanted into the liver via the portal vein. This allows 

delivery of insulin to the portal circulation as occurs with normal physiology. The main 

disadvantages of islet transplantation method are the graft rejection, poor vascularization, 

hypoxia and the large number of islets as at least two donors pancreases are needed for 

one recipient [168]. Historically, all age and BMI donors were frequently used. High donor 

BMI and large pancreas size are important for successful human islet isolation (250 000 

islets) [169]. Obese donors tend to be avoided for pancreas transplantation because of fat 

content within their pancreas [170] but these donors often are accepted for islet cell isolation 

and subsequent transplantation because of the high yields [171]. Some islet isolation 

laboratories only accept high BMI pancreatic donors for islet isolation/transplant trials [172]. 

The capacity of obese islets for clinical islet transplantation should be investigated. 

  

Immunoisolation devices are proposed to facilitate islets transplantation providing 

sufficient oxygen and separating islets from blood. Some materials used to encapsulate 
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Fig 8: Different islet transplantation sites. A) Intraportal vein B) muscle C) 
Peritoneal cavity D) Under kindey capsule E) Anterior chamber of eye, and F) 
Subcutaneous tissue/ epididymal fat pad. 

islets are natural (arginate, agarose and collagen) or synthetic (PLL/poly-L-ornithine coating 

and polyethylene glycol) [173-176]. Animal models are used for technical improvement of 

islet transplantation and further investigation on human islets using these encapsulated 

methods is needed. Figure 8 shows different sites of islet transplantation. Islet 

transplantation into intraportal vein offers physiologically delivery of insulin to the portal 

circulation, but has limited space and increases the risk of complications including vein 

thrombosis and hemorrhage (Fig 8A) [177, 178]. In addition, transplantation into muscle is 

recently proposed as an alternative site which offers vascular network and unlimited space 

(Fig8B) [166]. Furthermore, animal studies use sites as kindey capsule and subcutaneous 

tissue offering quick revascularization of islets (Fig 8D, 8F) [179-181]. On the other hand, 

peritoneal cavity and omentum are two sites with unlimited space, but no vascular network 

and invasive procedure is required (Fig 8C) [182, 183]. Finally, islet transplantation in 

anterior chamber of the eye is proposed as the method with the easiest access for islet 

structure and function investigation but with no practical application in clinical procedure 

(large number of islets in humans transplantation) (Fig 8E) [165]. 
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1. Background 

 

Human islets were isolated in Lille University Hospital since 1994. Routinely 

performed in our laboratory, human islet function is quantified after transplantation in 

immunodeficient mice by dosing human C-peptide in mouse blood [184]. In the context 

of organ donation for pancreas transplantation, obesity is an exclusion criteria [170]. 

This was initially the case for pancreases harvested for islet isolation and 

transplantation. However, lean (BMI<21Kg/mĮ) pancreatic donors are characterized by 

significantly lower islet yields as compared with normal (BMI<21-24 Kg/mĮ) and obese 

(BMI>24 Kg/mĮ) donors [185]. In Lille laboratory, likewise 62% of organ donors, that 

were clinically suitable for islet transplantation, were overweight or obese 

(BMI>25Kg/mĮ). 

Cross-sectional study during my master project, exploiting archived paraffin 

sections of pancreases (U859 collection), confirmed morphological differences in 

human islets between obese and lean donors: pancreases of obese donors had four 

basic characteristics: 1) increased total endocrine mass (a,ɓ,ŭ,pp cells), 2) individual 

islets were bigger in size 3) increased of intrapancreatic fat tissue and 4) increased beta 

cell mass and decreased alpha cell mass in islets expressed in addition of alpha and 

beta cells. Yet, direct evidence that human islet mass adapts longitudinally to obesity in 

vivo is lacking and, moreover, little information is available on the mechanisms and cell 

type(s) involved. Current evidence for increased beta cell mass in obese humans (vs. 

lean) is based entirely on postmortem histology. 
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2. Aim 

Generally, the aim of this study was to explore the longitudinal adaptation of 

human islets to an obesogenic environment. The following steps were followed: 

ü Creation of a novel in vivo mouse model that associates obesity and 

immunodeficiency and is compatible with human islet transplantation. 

ü Verification of human islets capacity to functionally adapt to the murine obesity 

environment. 

ü Providing evidence for in vivo regeneration of human islets (proliferation, 

neogenesis, transdifferentiation). 

ü Kinetic Gene expression profiling of human islets during islet adaptation to 

obesity. 
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1. Human islets 

Pancreases were harvested from human brain deceased donors in agreement 

with French regulations and with our institutional ethics committee. Islets are isolated 

from the pancreases using a modified version of the automated Ricordiôs method as 

previously described [186, 187]. During the thesis project, six pancreases from non-

diabetic donors and two from donors with overt metabolic dysfunction (older, high 

HbA1c or a history of diabetes) were used. The characteristics of non diabetic and 

diabetic human donors were given in Tables 3 and 4 respectively. 

Table 3: Characteristics of non diabetic human donors 

Donors 
Sex 

M/F 

Age  

years 

BMI  

Kg/m
2

 

Hba1c  

%(mmol/mol) 

Viability 

 % 

D1 M 16 19.5 5,5(34.1) 90.7 

D2 F 41 31.6 6(37.2) 98 

D3 M 22 20.5 5,3(32.9) 96.4 

D4 M 16 21.2 5,3(32.9) 94.8 

D5(H723) M 41 26.2  95 

D6(H742) M 34 24.2 5,4(33.5) 98 

Mean+SEM  28.33Ñ4.82 23.87Ñ1.85 5.5Ñ0.16(34.2Ñ1.02) 94.9Ñ1.56 

 

Table 4: Characteristics of dysfunctional human donors 

Donors 
Sex 

M/F 

Age 

years 

BMI 

Kg/m2 

Hba1c 

%(mmol/mol) 

Viability 

% 

DD1* M 60 24.1 6.5 98 

DD2  M 59 37.7 7 99.1 

* treated for 10 years for type 2 diabetes 

 

Human islets were cultured in CMRL medium (Sigma C0422), Stem Ease (Abc0103), 

10% human serum AB (Sigma H4522), 5ml Penicillin-Streptomycin. Viability of islet 

cells was performed with dithizon-trypan blue method (Annex 1). All islets showed more 

than 90% viability after culture, but were quantitatively insufficient for clinical islet 

transplantation.  

http://www.google.gr/url?sa=t&rct=j&q=pen%2Fstrep&source=web&cd=1&cad=rja&sqi=2&ved=0CCoQFjAA&url=http%3A%2F%2Fwww.invitrogen.com%2Fsite%2Fus%2Fen%2Fhome%2FProducts-and-Services%2FApplications%2FCell-Culture%2FMammalian-Cell-Culture%2Fantibiotics%2Fpenicillin-streptomycin-mixtures.html&ei=nCq4Uc-KHcGjhgfi9oHYAg&usg=AFQjCNGFLEtDb6hDyzNPlSsiFkSGSs87xQ&bvm=bv.47810305,d.Yms
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2. Animals and induction of obesity 

Mouse studies were performed in accordance with the local Animal 

Experimentation Committee. Ninety-three male C57BL6 RAG 2-/-immunodeficient mice 

(A Bouloumi®, INSERM U858 Toulouse France [188] and Taconic USA RAGN12-M) 8-

9 week-old were used for this project. Animals were fed 4, 6, 8, 10 or 12 weeks with 

Control or HFD (Research Diets, New Brunswick, NJ ref D12450B is given in Table 5). 

All mice were followed for weight, serum triacylglycerol and 6 hour fasting blood 

glucose. Fat content was quantified by Magnetic Resonance Imaging (MRI) using 10 

images/mouse before sacrifice as described [189].  

 

Table 5: Composition of Research Diets (New Brunswick, NJ ref D12450B) 

 Control  HFD  

Protein (%)  20  20  

Carbohydrate (%)  70  20  

Fat (%)  10  60  

 

 

3. Human islet transplantation 

Four hundred human islet equivalents (IEQ) were transplanted under the kidney 

capsule as described [184]. To control for potential differences in islet quality between 

the donors, islets from each human donor were distributed symmetrically across 

experimental groups [190].  More than ten mice were transplanted per donor per 

condition. 

3.1 Human C-peptide Measurements on mice 

Human islet function is quantified after transplantation by dosing human C-peptide in 

mouse serum. Within the pancreatic beta cells, proinsulin is cleaved into one molecule 

of C-peptide and one molecule of insulin. C-peptide is subsequently released into 

circulation at concentrations equimolar to those of insulin. Specific C-peptide ELISA kit 

(Ultrasensitive human C-peptide kit, Mercodia, Uppsala, Sweden) allows the distinction 
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between human C-peptide and murineC- peptide allowing follow up of human graft 

function. It is based on the direct sandwich technique in which two monoclonal 

antibodies are directed against separate antigenic determinants on the human C-

peptide molecule. Blood was harvested from tail vein in heparinized tubes. After 

centrifugation, plasma was collected and frozen for human C-peptide dosage. Control 

mouse serum is negative for human C-peptide. The procedure of C-peptide 

measurement is given in Annex 2. 

3.2 Quantification of insulin resistance/sensitivity with OGTT and Homeostatic model 

assessment 

At the end of the study, mice were fasted for 6 hours before receiving an oral bolus of 

glucose (2g per Kg body weight) diluted in saline buffer (0.9% Sodium Chloride). Tail 

Blood was collected at 0, 30, 60 minutes after administration to evaluate human C-

peptide levels. Blood glucose was measured (GlucometerAccu-chekÑ Go, Roche 

France) up to 180 minutes. Homeostatic model assessment, calculated using fasting 

human C-peptide and blood glucose in mice 

(http://www.dtu.ox.ac.uk/homacalculator/index.php) was used as an index of insulin 

sensitivity (HOMA2%S), beta cell function (HOMA2%B) and the hyperbolic product 

(HOMA2%S x HOMA2%B /100). Results of 12 clinical grade islet preparations 

(glycemia, human C-peptide) transplanted in 20 immunodeficient mice, as described 

were used to calculate theoretical HOMA2%B and S. 

 

 

 

 

 

 

 

 

http://www.dtu.ox.ac.uk/homacalculator/index.php
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4. Histological analysis in endogenous mouse pancreas and 

human islet graft in mice 

To assess proliferation, Bromodeoxyuridine (BrdU) was injected 18h before sacrifice or 

administered 7 days in the drinking water. Both the endogenous mouse pancreas and 

human grafts were analyzed. 

4.1 Fixation of mouse and human tissues 

Different types of tissue fixation were used adjusted to the needs of the analysis. 

Endogenous mouse pancreas and human grafts were fixed overnight in 4% PFA or 

formalin and embedded in paraffin (Annex 3a). Sections of 5Õm thick were cut using 

microtome and were used for immunohistochemistry.  For the study of lineage tracing, 

human grafts were fixed overnight in 4% PFA and embedded in gelatin. Isopentane (2-

methylbutane) cooled by dry ice were used to freezing gelatin blocks containing the 

kidney with transplanted human islets (Annex 3b). Cryo-sections of 10Õm thick were 

used for these analyses. Directly immersion of fresh human grafts into liquid nitrogen 

was performed for the microdissection process. Isopentane (2-methylbutane) cooled by 

liquid nitrogen were used to freezing OCT blocks. Cryo-sections of 10-12 thick were 

used for microdissection following RNA extraction. Finally inclusion in thrombin and 

fibrinogen was performed for single islets or cells (Annex 3c).  

4.2 Immuno-histochemistry and fluorescence 

Specific antibodies for islet cell, duct cell, cell nucleus and markers for proliferation were 

used to determine the distribution of islet cell and mechanisms of regeneration for 

mouse and human islets. Endocrine mass of the endogenous pancreas was determined 

with Papanicolaou staining of sections. Two, three or four color fluorescence or DAB 

staining was performed to reveal the reaction of these antibodies. The basic excitation 

wavelengths of fluorochromes are green, red, infrared and blue. Table 6 shows the 

primary and secondary antibodies used in this project. Immunostaining protocols are 

given in Annex 4. 

 

 

 



 

 
74 

Table 6: List of primary and secondary antibodies 

Type Species Specificity Provider Reference Dilution 
Primary Antibody 

Insulin/Proinsulin mouse beta cells AbDserotec 5330-3339 1/300 

Insulin guinea pig beta cells Dako A0564 1/300 

C-peptide mouse human Beta cells MONOSAN C-pep-01 1/300 

Glucagon mouse alpha cells Sigma G2654 1/300 

Glucagon rabbit alpha cells Gentaur 20076 1/300 

Chromogranin A rabbit endocrine cells Dako A0430 1/300 

Somatostatin rabbit delta cells Dako A0566 1/100 

CK-19 mouse duct cells Dako RCK108 1/200 

BrdU rat S phase of cell cycle AbDserotec 013T0030 1/200 

Ki67 mouse Active phases of cell cycle Dako MIB-1 1/100 

GFP chicken green fluorescent protein GeneTex GTX13970 1/1000 

c-Myc mouse c-Mycepitope Tag Abcam Ab32 1/200 

Secondary antibody 
Alexa 488 goat chicken Invitrogen A11039 1/500 

Alexa 488 donkey rabbit Invitrogen A21206 1/500 

Alexa 488 goat mouse Invitrogen A11001 1/500 

Alexa 594 donkey mouse Invitrogen A21203 1/400 

Alexa 594 goat rabbit Invitrogen A11012 1/400 

Alexa 594 goat rat Invitrogen A11007 1/300 

Alexa 647 donkey rabbit Invitrogen A31573 1/400 

Dylight 405 goat guinea pig Interchim 106-475-003 1/400 

 

 

5. Microscopy and morphometric analysis 

Three types of optical microscope (bright field, fluorescence and confocal) were used 

for sections analysis. To quantify graft size, volume of islet, volume of alpha and beta 

cell in human grafts, the sections were scanned with Nikon Eclipse Ti microscope 

(motorized stage). The fractional area of the pancreas was digitally quantified using a 

color based threshold using the Nikon software (Nis Elements AR 3.0). Both Leica DM-

R and Nikon Eclipse Ti fluorescence microscope were used toquantify endogenous 

pancreas and islets, distribution of endocrine cells, endocrine cell proliferation and 

endocrine cell neogenesis.Co-localisation of cytoplasmic proteins was determined 

usingconfocal microscope Zeiss 710.The quantification of total number of nuclei and 

individual cells, cytoplasm and nuclei surface were identified by the ImageJ (NIH, USA) 

software using a color based threshold. 
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Fig 9: Method of determination of cell volume 
in islets transplanted under kidney capsule. 
One in every ten paraffin sections were stained 
and measured. Volume was determined as the 
addition of surface (Õm2) x distance in microns 
between two paraffin sections (s1-s2).  

Planimetry, used for clinical tumour volume appreciation (surface in microns2Ĭdistance 

in microns between paraffin 

sections), was used to determine 

endocrine, beta and alpha volumes 

(mm3) of entire human islet 

grafts.Mouse kidneys were 

completely cut in 5Õm sections. 

One in every ten section was 

stained by chromogranin A, C-

peptide and glucagon and were 

used for volume determination (red 

arrows in Figure 9). Stained 

surface was measured and volume 

was determined as the addition 

ofsurface (Õm2) x distance in 

microns between two paraffin 

sections (s1-s2). Specifically, V(Õm3)=s1(Õm2)x50(Õm) + s2(Õm2)x50(Õm) + 

s3(Õm2)x50(Õm)  é + sn(Õm2)x50(Õm) (Fig 9). 
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Fig 10: Pair of vectors of 
pancreatic cells infection.A) 
Specific for beta cells infection and 
B) specific for alpha cell infection. 

6. Lineage Tracing 

Lineage tracing is the identification of all progeny of a single cell. This technique was 

used to determine the transdifferentiation of islet cell transplanted in control and HFD 

mice. The principal vector, pTRIP-CMV-eGFP-ȹU3 [191], expresses the eGFP gene 

under the control of an internal cytomegalovirus (CMV) promoter. Two new lentiviral 

vectors, pTRIP-RIP-eGFP-ȹU3 and pTRIP-Gcg-eGFP-ȹU3, were constructedwith the 

Rat insulin II gene promoter (RIP) and glucagon promoter in order torestrict the 

expression of eGFP to insulin and glucagon-producing cells respectively. Two other 

vectors were constructed based on the two first excluding the expression of eGFP, 

pTRIP-RIP-nlsCRE-ȹU3 and pTRIP-Gcg-

nlsCRE-ȹU3 as previously described [192]. 

The nlsCRE gene translates CRE 

recombinase, an enzyme derived from P1 

bacterophage. Finally, one reporter vector 

pTRIP-CMV-loxP-cmycdsred2-loxP-eGFP-ȹU3 

was constructed by insertion of loxP-

cmycdsred2-loxP cassette into the principal 

vector. Cre-lox system is a site-specific 

recombinase technology which used to carry 

out deletions, insertions, translocations and 

inversions at specific sites in the DNA of cells. 

For our project, two types of vectors were used 

to tag beta and alpha cells; pTRIP-RIP-nlsCRE-

ȹU3, pTRIP-Gcg-nlsCRE-ȹU3 and one reporter vector; pTRIP-CMV-loxP-cmycdsred2-

loxP-eGFP-ȹU3 (provided by Professor Philippe Ravassard, BCBC/UMR-7225). Two 

independent experiments were performed, one for beta cell and the other for alpha cell 

differentiation. The pair of vectors used for beta and alpha cells was given in Figure 10. 

In the first case, beta cells which received the two vectors express eGFP and all the 

others express dsred2. On the other hand, alpha cells which received the two vectors 

express eGFP and all the others express dsred2. 

 

 

https://en.wikipedia.org/wiki/Site-specific_recombinase_technology
https://en.wikipedia.org/wiki/Site-specific_recombinase_technology
https://en.wikipedia.org/wiki/Deletion_(genetics)
https://en.wikipedia.org/wiki/Insertion_(genetics)
https://en.wikipedia.org/wiki/Chromosomal_translocation
https://en.wikipedia.org/wiki/Chromosomal_inversion
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6.1 Cell culture and infection 

Human islets from normal donor (D5, see Table 3) were cultured in CMRL medium with 

0.5% steam ease (Abc0103), 10% human serum AB (Sigma H4522), 5ml Penicillin-

Streptomycin. After 2 days in culture, islets were washed with PBS and infected with a 

1:1mixture of the two viruses at multiplicity of infection (MOI) 3:1 in same medium 

containing 1/1000 diethylaminoethyl-dextran (Sigma-Aldrich, Saint-Quentin Fallavier, 

France) for 1,5 hour. To validate the efficacy of vectors, a part of islets was infected 

only with reporter vector (pTRIP-CMV-loxP-cmycdsred2-loxP-eGFP-ȹU3). Viability of 

islet cells was performed with dithizon-trypan blue method (Annex 1). Five hundred 

islets from the same donor were transplanted in mice (n=14) fed with control or HFD for 

10 weeks. Cryo-sections of human grafts were analyzed for several antibodies (Table 

6). 

 

7. Cryosections and Laser microdissection 

Laser capture microdissection was performed to specifically isolate human islet 

grafts transplanted under kidney capsule of control and HFD mice. Human islets grafted 

under kidney capsule and mice, fed with control or HFD, were sacrificed at 6, 8 and 10 

weeks (n=18). Cryo-sections of mouse kidney with transplanted human islets were 

collected withspecific Arctrurus PEN membrane slides (Applied Biosystem). Slides were 

incubated for 2 minutes in 100% ethanol and 2 minutes in xylene. ArcturusXT laser 

microdissection system (Applied Biosystems) was used to cut the selected region which 

was provided by the laboratory of Professor Bart Staels in institute Pasteur of Lille, 

technical responsible is Jonathan Vanhoutte (Fig 11A). Selected region of the tissue 

(islet graft) was collected in specific cap capsure (macro LSM caps of Applied 

Biosystem) whichinserted onto microcentrifuge tube with RNA extraction buffer (Fig 

11B). RNA isolation was performed with Arcturus Pico Pure RNA isolation kit (Applied 

Biosystems) (Annex 5). RNA quality was determined with Bioanalyser and agilent 2100 

expert_Eukaryote Total RNA Pico kit. 

http://www.google.gr/url?sa=t&rct=j&q=pen%2Fstrep&source=web&cd=1&cad=rja&sqi=2&ved=0CCoQFjAA&url=http%3A%2F%2Fwww.invitrogen.com%2Fsite%2Fus%2Fen%2Fhome%2FProducts-and-Services%2FApplications%2FCell-Culture%2FMammalian-Cell-Culture%2Fantibiotics%2Fpenicillin-streptomycin-mixtures.html&ei=nCq4Uc-KHcGjhgfi9oHYAg&usg=AFQjCNGFLEtDb6hDyzNPlSsiFkSGSs87xQ&bvm=bv.47810305,d.Yms
http://www.google.gr/url?sa=t&rct=j&q=pen%2Fstrep&source=web&cd=1&cad=rja&sqi=2&ved=0CCoQFjAA&url=http%3A%2F%2Fwww.invitrogen.com%2Fsite%2Fus%2Fen%2Fhome%2FProducts-and-Services%2FApplications%2FCell-Culture%2FMammalian-Cell-Culture%2Fantibiotics%2Fpenicillin-streptomycin-mixtures.html&ei=nCq4Uc-KHcGjhgfi9oHYAg&usg=AFQjCNGFLEtDb6hDyzNPlSsiFkSGSs87xQ&bvm=bv.47810305,d.Yms
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Fig 12: Gene expression microarray procedure. A) 
RNA isolation from human islets after laser 
microdissection B) Reverse transcription of RNA to 
cDNA, C) Probes labeling with fluorescence, D) 
Hybridization to array and E) Imaging 

 

Fig 11: Laser Microdissection equipment.A) ArcturusXT laser microdissection of applied 
biosystems and Nikon microscopy system and B) Selection of tissue with macro LSM caps 
(white arrow). 

 

 

8. Gene expression profile 

Gene expression was measured using the Affymetrix Human Gene 2.0 ST array 

(Affymetrix, Santa Clara, California) at Cochin Institut (INSERM U1016, Paris). RNA 

was labeled using NuGEN Ovation Version 1. Labeled cDNA was hybridized to 

Affymetrix Human Gene 2.0 arrays 

and scanned with an Agilent 

G2500A GeneArray Scanner. In 

brief, RNA was reverse 

transcribed into cDNA and biotin-

labelled cRNA was prepared by in 

vitro transcription (Enzo 

Diagnostics Inc, Farmingdale, NY). 

After hybridization, the arrays were 

scanned using the Affymetrix 

GeneArray GCS3000 scanner and 

visualized using GeneChip 

Operating Software (GCOS, 

Affymetrix). Gene expression 
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levels were normalized using the Robust Multiarray Average (RMA)(Fig 12). 

Microarrays analysis was performed with Ingenuity System provided by Institute Cochin 

in Paris. 

 

 

9. Statistical analysis 

Two different statistical approaches were applied. Differences between the two 

groups (control and HFD) in each time point were determined by non parametric Mann-

Whitney test. More interestingly, changes of continuous traits overtime (period of 12 

weeks) in the two groups were determined by a mixed model analysis. Diet was 

considered as a fixed effect, donors or mice (in the case of one donor) as a random 

effect and time as covariable.  

Statistical analyses were performed using StatView (SAS Institute, Cary, NC, 

USA) and SAS (SAS Institute Inc., Cary, NC, USA). P values<0.05 were considered as 

statistically significant. Data are meanÑ SEM (standard error of mean). 
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1. Preview of manuscript 1: Adaptive changes of human islets to 

an obesogenic environment in the mouse. 

 

In the first part of the manuscript, a novel in vivo immunodeficient obese mouse model 

was created. The compatibility with human islet transplantation permitted the study of 

human islets adaptation and function in obese environment. In parallel, analysis of 

endogenous pancreas confirmed that this model offers an appropriate environment for 

human graft expansion and increased function. Mechanisms of human islet 

regeneration (proliferation, neogenesis) were revealed explaining the way with which 

islet mass is increased in obesity. In the second part, dysfunctional human islets from 

type 2 diabetic patients were transplanted providing evidence for inability to adapt in 

obese environment.  

 

In this manuscript, generally, we showed that: 

6) Rag2 Immunodeficient mice developed obesity associated traits after 2-4 weeks  

on high fat diet. 

7) Human islets transplanted to mice showed functional adaptation in obese 

environment, insulin secretion was increased and normoglycemia was 

maintained (2nd month). 

8) Human islets seemed to lose their overall function in the third month on high fat 

diet. 

9) Dysfunctional human islets cannot adapt in obese environment and mice 

became hyperglycemic early in the second month. 

10) Histological analysis showed progressive increase of beta cell mass during high 

fat diet due to islet regeneration (proliferation and neogenesis). 
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2. Manuscript 1 
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3. Unpublished data related to manuscript 1 

As statistical analyses showed, there was no effect of donor in our results. In the article, 

the data of the four donors (D1, D2, D3, D4) were analyzed together. The following 

supplementary unpublished data will be presented with the same way. Data for the two 

diabetic donors will be given separately as in the article. 

     3.1 Human islet graft function during 12 weeks on high fat diet  

For the mice grafted with normal human islets from non diabetic donors, fasting blood 

glucose was higher in HFD mice from 6 weeks with a statistical significant difference at 

6 and 12 weeks, p=0.003 and p=0.002 respectively (Fig 13A) (2 wks: 5.5Ñ0.2 control 

vs. 6.09Ñ0.34 mmol/l HFD; 4 wks: 6.2Ñ0.3 control vs. 6.8Ñ0.75 mmol/l HFD; 6 wks: 

5.9Ñ0.3 control vs. 8.6Ñ0.5 mmol/l HFD; 8 wks: 7.7Ñ0.5 control vs. 9.1Ñ0.5 mmol/l HFD; 

12 wks: 4.6Ñ0.48 control vs. 8.2Ñ0.8 mmol/l HFD). Compared to mice grafted with 

dysfunctional islets (diabetic donors), fasting blood glucose was significantly higher over 

the entire time; p<0.05 (Fig 13B) (DD2/2 wks: 5.41Ñ0.4 control vs. 9.7Ñ0.47 mmol/l 

HFD; 4 wks: 7.3Ñ0.75 control vs. 10.04Ñ1.15 mmol/l HFD; 6 wks: 4.7Ñ0.44 control vs. 

8.67Ñ0.63 mmol/l HFD; 8 wks: 3.39Ñ0.08 control vs. 8.06Ñ1.12 mmol/l HFD; 12 wks: 

6.3Ñ0.28 control vs. 8.89Ñ0.56 mmol/l HFD). Values for blood glucose were higher for 

the mice grafted with islets provided by D1 donor treated 10 years for type 2 diabetes 

(Fig 13C) (DD1/2 wks: 5,951Ñ0.16 control vs. 10.38Ñ0.71 mmol/l HFD; 4 wks: 9.3Ñ0.46 

control vs. 13.42Ñ0.72 mmol/l HFD; 6 wks: 7.8Ñ0.85 control vs. 12.19Ñ0.37 mmol/l 

HFD; 8 wks: 5.9Ñ1.8 control vs. 11.24Ñ0.46 mmol/l HFD; 12 wks: 7.5Ñ0.67 control vs. 

9.2Ñ0.12 mmol/l HFD).  

Fasting C-peptide was slightly higher from 8 weeks on high fat diet with p=0.04 (2 wks: 

172.42Ñ28.75 control vs. 479.54Ñ148.84 pmol/l HFD; 4 wks: 388Ñ113.4 control vs 

523.546Ñ136.96 pmol/l HFD; 6 wks: 386.17Ñ147.445 control vs. 507.05Ñ0.5 pmol/l 

HFD; 8 wks: 237.156Ñ130.278 control vs. 956.83Ñ130.27 pmol/l HFD; 12 wks: 

370.89Ñ97.91 control vs. 1081.41Ñ216.32 pmol/l HFD) (Fig 13D). On the other hand, 

no difference in fasting c-peptide was observed between the two groups in mice grafted 

with dysfunctional islets with lower secretion for DD1 (Fig 13E, F).  (DD2/2 wks: 

332.5Ñ12.31 control vs. 369.36Ñ32.51 pmol/l HFD; 4 wks: 282.87Ñ36.83 control vs. 

372.01Ñ22.65 pmol/l HFD; 6 wks: 312.35Ñ83.98 control vs. 554.23Ñ47.97 pmol/l HFD; 8 

wks: 237.11Ñ120.8 control vs. 425.87Ñ21.33 pmol/l HFD; 12 wks: 362.65Ñ58.58 control 
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vs. 412.23Ñ19.19 pmol/l HFD) and (DD1/2 wks: 111.92Ñ16.18 control vs. 79Ñ4.7 pmol/l 

HFD; 4 wks: 120.94Ñ24.69 control vs. 50.36Ñ17.76 pmol/l HFD; 6 wks: 37.51Ñ1.5 

control vs. 29.5Ñ12.52 pmol/l HFD; 8 wks: 461.74Ñ47.43 control vs. 392.34Ñ31.82 

pmol/l HFD; 12 wks: 387.54Ñ24.62 control vs. 256.01Ñ15.45 pmol/l HFD). 
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Fig 13: Fasting blood glucose and human C-peptide for mice grafted with islets (normal 
or diabetic donors). A) normal donors (D1, D2, D3, D4) B) Diabetic donor 2 (DD2) C) diabetic 
donor 1 treated for 10 years (DD1) and fasting C-peptide for the same groups D) normal donors 
(D1, D2, D3, D4) E) diabetic donor 2 (DD2) F) diabetic donor 1 (DD1). 

 

Human C-peptide expressed as a function of glycemia was also higher at 8 and 12 

weeks on high fat diet mice transplanted with islets from normal donors; no statistically 

significant difference was observed (Figure 14) (2 wks: 30.09Ñ4.69 control vs. 

55.5Ñ10.25 pmol/mmol HFD; 4 wks: 61.57Ñ19.05 control vs. 79.27Ñ15.94 pmol/mmol 

HFD; 6 wks: 65.19Ñ28.6 control vs. 59.14Ñ12.74 pmol/mmol HFD; 8 wks: 32.77Ñ5.09 
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control vs. 114.24Ñ35.46 pmol/mmol HFD; 12 wks: 107.92Ñ38.35 control vs. 

193.24Ñ48.3 pmol/mmol HFD). 
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Fig 14: Fasting C-peptide expressed as a function of blood glucose for mice grafted with 
islets from normal donors (D1, D2, D3, D4) at 2, 4, 6, 8 and 12 weeks on high fat diet. 

 

3.2 Kinetic study of normal human islet adaptation (results of n=1 donor) 

Kinetic study was performed to evaluate normal human islet adaptation. BrdU was 

administrated in the drinking water for 7 days prior to killing at 4, 6, 8 and 12 weeks. 

Mice of this study group had higher blood glucose at 10-12 weeks (2 wks: 5.3Ñ0.13 

control vs. 6 Ñ0.25 mmol/l HFD; 4 wks: 5.9Ñ0.49 control vs. 4.9Ñ1.08 mmol/l HFD; 6 

wks: 6.6Ñ0.27 control vs. 8.37Ñ0.7 mmol/l HFD; 8 wks: 8.62Ñ0.41 control vs. 8.08Ñ0.34 

mmol/l HFD; 10 wks: 6.7Ñ0.11 control vs. 12.51Ñ0.52 mmol/l HFD; 12 wks: 6.57Ñ0.3 

control vs. 10.28Ñ0.55 mmol/l HFD) (Fig 15A). However, mixed model analysis showed 

that neither diet nor diet duration had significantly effect on blood glucose levels 

(p>0.05). Moreover, fasting C-peptide was significantly higher from 6 to 12 weeks (2 

wks: 186.78Ñ19.57 control vs. 215.95Ñ18.97 pmol/l HFD; 4 wks: 236Ñ11.4 (control vs. 

252.26Ñ63.54 pmol/l HFD; 6 wks: 166.17Ñ13.84 control vs. 291.96Ñ42.35 pmol/l HFD; 8 

wks: 282.195Ñ47.71 control vs. 491.64Ñ68.78 pmol/l HFD; 10 wks: 261.75Ñ14.59 

control vs. 479.32Ñ107 pmol/l HFD; 12 wks: 120.47Ñ1.17 control vs. 297.95Ñ68.16 

pmol/l HFD) (Fig 15B). In this case, C-peptide seemed to be unaffected by the type of 

diet (control or HFD), but it was significantly influenced by diet duration in HFD mice 

(p=0.01). 
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Fig 15: Fasting blood glucose and human C-peptide for mice grafted with normal islets 
(Kinetic study). A) Fasting blood glucose of mice transplanted with normal islets and B) fasting C-
peptide of human islets 

 

Human C-peptide expressed as a function of glycemia was also higher at 6, 8 and 12 

weeks on high fat diet mice of kinetic study with significant difference at 8 weeks 

(p=0.02) (Fig 16) (2 wks: 35.15Ñ3.66 control vs. 36.1Ñ3.17 pmol/mmol HFD; 4 wks: 

44.25Ñ6.49 control vs. 48.48Ñ6.24 pmol/mmol HFD; 6 wks: 25.12Ñ2.12 control vs. 

32.14Ñ4.74 pmol/mmol HFD; 8 wks: 32.77Ñ5.09 control vs. 60.33Ñ7.21 pmol/mmol 

HFD; 10 wks: 39.05Ñ2.81 control vs. 38.73Ñ10.16 pmol/mmol HFD; 12 wks: 18.36Ñ0.66 

control vs. 28.69Ñ5.09 pmol/mmol HFD).  Longitudinal analysis (mixed model) did not 

reveal significant difference for C-peptide/glycemia ratio due to higher levels of blood 

glucose in HFD mice at 10 and 12 weeks. 
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Fig 16: Fasting c-peptide expressed as a function of blood glucose for mice (kinetic 

study). 
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3.3 Morphometric analysis of endogenous mouse pancreas in kinetic study 

Morphometric analysis in 633 (325 control/308 HFD) islets showed that total endocrine 

area increased progressively in HFD mice and was five times higher at 12 weeks 

(p<0.05) (Fig 17A).  Lower endocrine cell area was observed at 4 weeks (p>0.05) (4 

wks: 0.404Ñ0.06 control vs. 0.26Ñ0.04 % HFD; 6 wks: 0.29Ñ0.07 control vs. 0.52Ñ0.11 

% HFD; 8 wks: 0.26Ñ0.05 control vs. 0.4Ñ0.12 % HFD; 12 wks: 0.1Ñ0.01 control vs. 

0.64Ñ0.07 % HFD). Difference in islet number was observed only at 12 weeks (p=0.01; 

12 wks: 3.56Ñ0.54 control vs. 8.3Ñ1.69 x 10-4 % HFD) (Fig 17B).  
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Fig 17: Morphometric analysis of endogenous mouse pancreas. A) Endocrine cell area 

expressed in total pancreatic area (%) and B) number of islets in pancreatic area (%)  

Further analysis was performed for the islet size. Islets seemed to become larger in 

HFD mice as significantly more small islets (0-5000Õm2) were observed at 4 weeks 

(p=0.024) and significantly more big islets (>10000Õm2) were observed at 12 weeks in 

HFD mice (p=0.01). There was difference in islet with size 5000-10000Õm2 between two 

groups (Fig 18). 
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Fig 18: Classification of mouse islets according to their size. (0-5000Õm2; 5000-10000Õm2; 

>10000Õm2) in mice at 4, 6, 8 and 12 weeks on control and HFD  

 

Finally, BrdU-insulin staining revealed the proliferation levels in endogenous pancreas 

(Fig 19A). Quantification of BrdU+ Ins+ cells in total islet cells showed that proliferation 

peaked at 6 and 12 weeks with significant difference at 12 weeks (p=0.02) (4 wks: 

3.5Ñ1.11 control vs. 2.66Ñ1.9 % HFD; 6 wks: 9.72Ñ1 control vs. 26.1Ñ19.9 % HFD; 8 

wks: 6.9Ñ2.34 control vs. 9.38Ñ2.9 % HFD; 12 wks: 30.01Ñ1.64 control vs. 39.8Ñ4.94 % 

HFD) (Fig 19B). 
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Fig 19: Proliferation of mouse beta cells. A) Representative sections of paraffin-embedded 

endogenous pancreas stained by Insulin (green), BrdU (red) and DAPI (blue) B) Quantification 

of BrdU+Ins+ expressed in total beta cells (Ins+) in mice at 4, 6, 8 and 12 weeks on control diet 

and HFD  

 

3.4 Morphometric analysis of human grafts of kinetic study 

Human graft volume, beta and alpha cell volume were measured for all mice of kinetic 

study as described in the article. Human endocrine volume increased progressively in 

mice after 8 weeks on high fat diet. Triple endocrine volume was observed at 12 weeks 

on HFD (0.021Ñ0.02 control vs. 0.057Ñ0.02 mm3 HFD) (Fig 20A). Interestingly, human 

beta and alpha cell volume maintained in control mice over time with small increase of 

alpha cell volume at 12 weeks. Contrary, beta cell volume was higher at 4 weeks, 

decrease at 6 weeks and increase at 8 and 12 weeks on HFD mice compared to control 

group (4 wks: 0.013Ñ0.0004 control vs. 0.02Ñ0.001 mm3 HFD; 6 wks: 0.0084Ñ0.002 

control vs. 0.008Ñ0.0009 mm3 HFD; 8 wks: 0.009Ñ0.0005 control vs. 0.018Ñ0.007 mm3 

HFD; 12 wks: 0.014Ñ0.0007 control vs. 0.04Ñ0.0008 mm3 HFD)(Fig 20B). Alpha cell 
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volume was lower at 4 weeks (0.008Ñ0.0004 control vs. 0.005Ñ0.0017 mm3 HFD) but 

remained higher after 6 weeks on HFD mice (vs. control) (Fig 20C). 

 

Fig 20: Morphometric analysis of human endocrine cell volume (grafts). A) total human 

endocrine volume (stained by chromogranin A) B) human beta cell volume (stained by c-

peptide) and C) human cell volume (stained by glucagon) in mice fed with control and high fat 

diet 4, 6, 8 and 12 weeks 

 

 

3.5 Evidence for human endocrine cell proliferation  (n=1) 

In our initial study design, BrdU was injected one day prior to sacrifice, however 

proliferation levels measured with BrdU or Ki67 were low. Therefore in subsequent 

studies after validation, BrdU was administered 7 days prior to sacrifice in drinking 

water. The following  kinetic proliferation results were performed on one series of 

animals, in which BrdU was injected 7 days before sacrifice at 4, 6, 8 and 12 weeks. 

Double staining with anti BrdU- chromogranin A, C-peptide, glucagon or somatostatin 

was performed to determine proliferation level of total endocrine, beta, alpha or delta 

cells respectively (Fig 21A, C, E, G). More than 40000 cells were measured to 

determine the proliferation levels of the different types of human endocrine cells. 
























































































































