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Regenerative therapy in diabetes 
with the capacity to reconstitute 

a functional β-cell mass sufficient for 
glycemic control holds the promise to 
effectively prevent the development of 
devastating late complications due to the 
unique ability of the β-cell to sense and 
regulate blood-glucose levels. An abil-
ity that cannot be mimicked by insulin 
replacement therapy or any other means 
of current treatment regiments for very 
large patient populations. Recently, 
Douglas A. Melton’s group from Har-
vard University reported the identifi-
cation of a circulating protein secreted 
from the liver under insulin resistant 
states which is sufficient to dramatically 
and specifically increase the replication 
rate of β-cells in the mouse resulting in 
an increased functional β-cell mass over 
time. They re-named the factor betatro-
phin and described a number of exciting 
features of this molecule which sug-
gested that it could be a potential can-
didate for development as a regenerative 
medicine in diabetes.1 The official name 
of the gene encoding mouse betatrophin 
is Gm6484, but it has been annotated a 
number of times under different names: 
EG6242192,3, RIFL4, Lipasin5 and ANG-
PTL8.6 The official human gene name is 
C19orf80, but it has also been annotated 
as TD267, LOC559088, as well as RIFL, 
Lipasin, ANGPTL8 and betatrophin.

Diabetes mellitus is a metabolic syn-
drome characterized by hyperglycemia 
caused by an insufficient functional β-cell 
mass resulting in inadequate levels of 
the hormone insulin. Current treatment 
aims to restore normoglycemia by insulin 

replacement, by enhancing β-cell func-
tion, by sensitizing tissues to insulin or by 
modulation of the glucose output from the 
liver. However, sufficient control over gly-
cemia is difficult to achieve and the long-
term consequence of hyperglycemia are 
devastating so called late complications 
including blindness, renal failure, neu-
ropathy, amputations and increased risk of 
heart disease and stroke.

The 6th edition of The International 
Diabetes Federation’s diabetes atlas states 
that 382 million people are living with dia-
betes today and this is expected to increase 
to 592 million people by 2035. Diabetes is 
causing 5.1 million deaths and costs USD 
548 billion in healthcare spending glob-
ally in 2013 (http://www.idf.org/diabetes-
atlas). It should thus be clear that diabetes 
poses a phenomenal burden on patients 
and on the health care budgets where the 
great majority of expenses are used to treat 
the late complications. Therapies prevent-
ing the development of late complica-
tions are therefore critically important 
to develop. It is hoped that regenerative 
therapies aimed at the reconstitution of 
the functional β-cell mass may be a novel 
avenue by which patients will regain much 
better control of glycemia, one of the most 
critical parameters in the prevention of 
late complications.

The most common form of diabetes, 
type 2 diabetes mellitus (T2DM), is char-
acterized by peripheral insulin resistance 
and a failure of the endocrine pancreas 
to increase the functional β-cell mass to 
adequate levels for glycemic control. In 
rodent models of insulin resistance and 
type T2DM, it is well established that the 
β-cells compensate for increased demand 
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by increasing their numbers, and evidence 
for a circulating factor promoting β-cell 
replication in insulin resistant, normo-
glycemic states was provided more than 10 
years ago by the group of Ronald Kahn.9 
The evidence was based on the observa-
tion that islets transplanted into the kid-
ney capsule of insulin resistant (IRS1/
INSR double heterozygous mice) or leptin 
signaling deficient obese (ob/ob mice) 
mice increased their proliferation rate 
markedly, resulting in increased islet mass 
in the grafts over the course of 8 weeks 
relative to islets grafted in the kidney of 
wild type mice. This observation—com-
bined with studies from the same group 
demonstrating that a liver specific INSR 
knockout displays a large increase in the 
pancreatic β-cell mass10 whereas muscle 
specific INSR knockout has normal glu-
cose metabolism11—led the authors to 
suggest the liver as a possible source of the 
circulating factor.9

Recently, a number of papers have fur-
ther advanced the thought that the liver 
and the endocrine pancreas is tightly con-
nected through complex inter organ sig-
naling mechanisms: in an elegant study by 
Junta Imai et al. it was shown that ERK 
signaling in the liver transmits a signal to 
the central nervous system which is relayed 
to the pancreas through the efferent vagus 
nerve resulting in β-cell proliferation.12

The observation that a liver-specific 
INSR knockout (the LIRKO mouse) 
results in increased β-cell mass was fur-
ther studied by the group of Rohit N. 
Kulkarni: they used a parabiotic model 
where the circulation of mice is coupled 
by surgery thus allowing the study of 
the effect of circulating factors between 
mice of different genotypes. It was 
demonstrated that β-cells in wild-type 
mice joined to LIRKO mice increase 
their proliferation rate by approximately 
3-fold, suggesting the existence of a cir-
culating factor promoting this effect.13 It 
was further shown that wild-type islets 
transplanted into the kidney capsule of 
LIRKO mice also increased their prolif-
eration rate demonstrating that the effect 
on proliferation is uncoupled from the 
vagus innervation of the pancreas in this 
model.13 Importantly, it was also shown 
that serum from LIRKO mice was able 
to induce specific β-cell replication in 

wild-type mice by interperitoneal serum 
injection and that LIRKO serum could 
increase mouse and human β-cell repli-
cation rates in vitro. Lastly it was shown 
that cell culture media conditioned with 
liver explants from LIRKO mice could 
increase the replication of mouse and 
human β-cells in vitro and it was sug-
gested that hepatocytes were the origin 
of the signal based on media conditioned 
with primary LIRKO hepatocytes.13 
Together, these data provide compelling 
evidence for a circulating liver-derived 
factor in insulin resistant mice that is 
able to induce proliferation of mouse and 
human β-cells.

Interestingly, it was recently reported 
that a liver specific glucagon receptor 
knockout displays increased α-cell pro-
liferation and hyperplasia similar to what 
has been previously reported for the global 
glucagon receptor knockout,14 and that 
wild-type islets transplanted under the 
kidney capsule of glucagon receptor defi-
cient mice or the liver specific knockout 
likewise increase their α-cell prolifera-
tion.14,15 These data suggest the existence 
of a circulating factor induced in glucagon 
resistant states which can induce α-cell 
proliferation independent of a vagus nerve 
signal to the pancreas.

Together, these findings provide very 
strong evidence that the liver and the endo-
crine pancreas are coupled and that liver 
derived, circulating factors influences the 
pancreatic endocrine mass in the mouse. 
However, none of these studies have iden-
tified a candidate molecule exerting the 
effect on the endocrine pancreas.

Some evidence exists that hepatocyte 
growth factor (HGF) is a secreted liver 
factor and that serum HGF levels are 
increased under insulin resistant condi-
tions. Interestingly, recombinant HGF is 
able to stimulate β-cell proliferation and 
mass expansion in mice whereas small 
molecule pharmacological blockade of 
HGF signaling prevents the effect on the 
β-cell.16 However, although these find-
ings are interesting, the receptor for HGF 
is the protooncogene C-Met, which may 
pose a problem from a drugability safety 
point of view.

Recently, Douglas A. Melton’s group at 
Harvard University identified a novel gene 
which they named betatrophin which 

could be the missing factor driving β-cell 
replication in insulin resistant states in the 
mouse.1 They developed an elegant phar-
macological model of insulin resistance 
utilizing a peptide insulin receptor antag-
onist, S961, invented by Lauge Schäffer at 
Novo Nordisk A/S17 which induces severe 
insulin resistance when infused in mice. 
They discovered that S961 continuously 
dosed by miniosmotic pumps induces a 
dramatic, immediate and dose dependent 
increase in the β-cell replication rate even 
at low doses not affecting blood glucose 
levels. At the highest dose, S961 induced 
a spectacular 12-fold increase in the pro-
liferation rate and it was shown that the 
increased proliferation was associated with 
regulation of relevant cell cycle markers 
by quantitative RT-PCR on isolated islets. 
The β-cell area fraction increased 3-fold 
after 1 weekas a result of the increased 
proliferation and, importantly, the effect 
was shown to be specific as other tissues 
investigated including other pancreatic 
cell types were unaffected.

S961 did not promote β-cell replica-
tion in vitro, and it was thus hypothesized 
that it acts indirectly on the β-cell. The 
authors therefore conducted gene expres-
sion profiling on a number of tissues 
involved in metabolic regulation and 
identified betatrophin specifically upregu-
lated in the liver and white adipose tissue 
after S961 infusion. Betatrophin contains 
a predicted N-terminal secretion signal 
and, indeed, it was demonstrated that 
cells transfected with expression plasmids 
encoding betatrophin secreted the protein 
to the culture media. Furthermore, it was 
shown that ectopic expression of betatro-
phin in the mouse liver led to detectable 
levels of serum betatrophin, and endog-
enous betatrophin could be detected in 
human serum samples confirming that 
betatrophin is a naturally circulating mol-
ecule. It was further shown that betatro-
phin was upregulated in leptin signaling 
deficient mice and in pregnancy, models 
of insulin resistance where β-cell replica-
tion is increased. In contrast, partial abla-
tion of β-cells which also results in a β-cell 
proliferative response showed unchanged 
levels of betatrophin expression suggest-
ing that betatrophin may be driving a 
specific physiological response but is not 
involved in regeneration following acute 
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β-cell injury. However, it is noteworthy 
that betatrophin serum levels are doubled 
in patients with long-standing type 1 
diabetes.18

To investigate the effect of betatro-
phin in vivo, expression in the liver was 
achieved by hydrodynamic tail injection 
of expression plasmids encoding mouse 
and human betatrophin. This resulted 
in a specific 17-fold increase in the β-cell 
replication rate relative to control injected 
animals followed by a 3-fold increase in 
the β-cell mass and a 2-fold increase in 
the pancreatic insulin content after 8 days. 
The betatrophin injected mice displayed 
improved glucose tolerance and isolated 
islets after betatrophin  plasmid injection-
had normal glucose stimulated insulin 
secretion suggesting that the β-cells are 
normally functional.

Further data has been published 
by Melton and Yi in a patent applica-
tion (WO 2012/1790997 A1) where it is 
reported that multiple daily doses of sub-
cutaneous administered insulin receptor 
antagonist is sufficient to elicit a β-cell 
replication response in a dose-dependent 
manner. This response is also reported 
for diet-induced obese mice where insu-
lin receptor antagonist treatment results 
in increased β-cell replication and mass. 
Interestingly, it is suggested that frag-
ments of betatrophin can induce β-cell 
replication in mice following hydrody-
namic delivery to the liver. However, the 
response appears to be in the order of 
2-fold, much lower than that reported for 
full-length betatrophin in the study by Yi 
et al. The reported fragments appear to be 
non-overlapping and it would be interest-
ing to investigate whether the non-over-
lapping fragments in combination has a 
synergistic effect on β-cell replication suf-
ficiently to drive a response similar to that 
of native betatrophin

Betatrophin annotated as EG624219 
was first knocked out in the mouse by 
homolog recombination in 2010 in a 
large phenotype screen of the effect of 
loss of secreted and transmembrane pro-
teins.3 The deposited phenotypical data 
(http://www.kompphenotype.org) was 
subsequently used to identify the gene 
(named RIFL) with some similarity to 
angiopoietin-like 3 (ANGPTL3) and with 
reported effects on lipid storage.4 At the 

same time, it was reported that the same 
gene, named lipasin, was nutritionally 
regulated in white adipose tissue and that 
adenoviral gene transfer of lipasin resulted 
in increased serum triglycerides.5 This 
was the opposite effect of that observed 
in the knockout where serum triglycer-
ides drops (http://www.kompphenotype.
org)4 suggesting that the action of lipasin 
is required and is sufficient to regulate 
serum triglyceride levels. It was subse-
quently demonstrated that adenoviral gene 
transfer of ANGPTL8/betatrophin to the 
liver of mice resulted in increased serum 
triglycerides in an ANGPTL3-dependent 
manner. This was shown in parallel stud-
ies in wild-type and ANGPTL3-deficient 
mice. It was further demonstrated that 
ANGPTL8/betatrophin directly interacts 
with ANGPTL3 in the mouse facilitating 
the cleavage of ANGPTL3 in vivo and 
in vitro to generate an active N-terminal 
fragment which mediates the effect on the 
serum triglyceride levels.6

The study by Peng Yi et al.1 did not 
investigate the effect of betatrophin on 
triglycerides, the consequence of loss-
of-function of betatrophin on β-cell 
mass and glucose homeostasis, or the 
dependence of the effect on ANGPTL3. 
Furthermore, it was not reported whether 
recombinant betatrophin or serum from 
betatrophin overexpressing mice have 
effects on the proliferation rate of β-cells 
in vitro or in vivo. The importance of the 
pancreatic context was also not clarified, 
e.g., in kidney graft experiments. So while 
betatrophin certainly has very promising 
features as a potential regenerative drug 
candidate, further studies are required to 
elucidate the biology.

Some interesting follow-up studies 
have been published very recently address-
ing some of these points: Yan Wang et al. 
recently reported that mice deficient in 
betatrophin (ANGPTL8) display nor-
mal glucose metabolism suggesting that 
betatrophin is not required to maintain a 
functional β-cell mass in mice with nor-
mal insulin sensitivity. It remains to be 
investigated if betatrophin is required for 
the expansion of the β-cell mass in insu-
lin resistant states. Furthermore, Yang Jiao 
et al. have just published a study with kid-
ney transplanted mouse and human islets 
in the same S961 induced insulin resistance 

model used by Peng Yi et al.1,19 They con-
firm, albeit in a NOD-Scid immunode-
ficient background, that S961 induced 
insulin resistance results in a marked 
increase in hepatic betatrophin expres-
sion and an increase in the proliferation of 
the pancreatic β-cells. Furthermore, they 
show that mouse islets transplanted under 
the kidney capsule in S961 mice also dra-
matically increase their proliferation rate 
demonstrating independence of the pan-
creatic context. However, when human 
islets are transplanted in the same mouse 
no induced β-cell proliferation is observed 
regardless of donor age ranging from 4 to 
53years. This is an important finding chal-
lenging the idea of betatrophin as a human 
therapeutic protein and further studies 
are warranted. It should be noted that the 
mechanism of the induced β-cell prolif-
eration remains unknown and it cannot be 
excluded, for example, that human betatro-
phin in humans may exert a positive effect 
although it is known that human betatro-
phin has similar effects on triglyceride 
levels in the mouse as mouse betatrophin 
suggesting evolutionary conservation of 
action. The study was restricted to 1 week 
and it was not investigated if human islets 
may show a different temporal response 
in the model compared with mouse islets. 
Furthemore, it is well documented that 
isolated human islets generally are very 
resistant to induced proliferation and the 
lack of a positive control in the study by 
Yang Jiao does not exclude the possibil-
ity that the specific protocol used for islet 
isolation and grafting produces an arti-
factual betatrophin resistance. Recently, 
a longitudinal study of the adaptation of 
human islets to a high-fat diet using kid-
ney grafting in another immunodeficient 
background (nondiabetic Rag2−/−) was 
reported.20 In this model, healthy human 
islets responded to a high-fat diet by a ten-
dency to an increased proliferation rate 
and a doubling of the β-cell volume after 
12 wk. However, both a 12 wk endpoint 
analysis of proliferation by a BrdU pulse or 
Ki67 and 7 d cumulative BrdU incorpora-
tion studies failed to detect a statistically 
significant increase in the β-cell prolifera-
tion index and, generally, the proliferation 
index was found to be exceedingly low, 
suggesting that the mechanism underlying 
the observed increased β-cell mass of the 
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graft may be more likely due to β-cell sur-
vival or perhaps neogenesis. Nevertheless, 
it would be interesting to investigate the 
effect of S961 and betatrophin in this 
model.

Finally, since the liver/islet α- and β-cell 
interplay is uniquely involved in sensing 
and regulating levels of circulating nutri-
ents an alternative to the mode of action of 
betatrophin could be indirect and related 
to S961/betatrophin-induced changes 
in circulating nutrients or metabolites. 
Although S961/betatrophin-effects are 
seen even before insulin-resistance leads to 
increased blood-glucose levels—this latter 
phenomenon could be speculated to be 
explained by a relative increased glucose-
uptake in less resistant organs (e.g the 
β-cell). Dor et al. recently demonstrated 
that even subtle increases in glycolytic 
flux through the β-cells are coupled to an 
increased β-cell replication in the mouse. 
Here, the observed increase in rodent 
β-cell replication and regeneration follow-
ing partial β-cell mass ablation is linked 
to an increased glucokinase activity, glu-
colytic-flux and active secretion.21 Earlier 
studies by the Kulharni lab also links 
insulin-receptor signaling in the β-cell 
as essential for compensatory β-cell mass 
upregulation, e.g., in the LIRKO mouse, 
where β cell mass expansion is completely 
inhibited in the cross between LIRKO 
and bIRKO mice.22 Thus β-cell-IR sig-
naling activated by local insulin (or pos-
sibly IGF223) coupled to increased β-cell 
glycolytic flux could possibly constitute a 
permissive signal to allow additional fac-
tors to induce proliferation. It is therefore 
tempting to speculate that the betatropin 
mediated effect is indirect—and possibly 
linked to the increased lipid/triglyceride 
circulation or other metabolites sensed 
by the β-cell. It would be informative to 
know the effect on β-cell mass of S961-
treatment in the βIRKO mouse.

In summary, a number of important 
studies are required in order to further 
assess the potential of betatrophin for 
regenerative therapy in diabetes. However, 
it is encouraging that a single factor in 
circulation has been identified with such 
a potent effect on the mouse β-cell mass. 
It will be very interesting indeed how well 
these early studies may translate into other 
diabetes models and to human biology and 

it is also likely that other factors from the 
liver and elsewhere can be isolated which 
hopefully meet important drugability cri-
teria in terms of efficacy and safety.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were 
disclosed.

References
1. Yi P, Park JS, Melton DA. Betatrophin: a hormone 

that controls pancreatic β cell proliferation. Cell 
2013; 153:747-58; PMID:23623304; http://dx.doi.
org/10.1016/j.cell.2013.04.008

2. Strausberg RL, Feingold EA, Grouse LH, Derge JG, 
Klausner RD, Collins FS, Wagner L, Shenmen CM, 
Schuler GD, Altschul SF, et al.; Mammalian Gene 
Collection Program Team. Generation and initial 
analysis of more than 15,000 full-length human 
and mouse cDNA sequences. Proc Natl Acad Sci U 
S A 2002; 99:16899-903; PMID:12477932; http://
dx.doi.org/10.1073/pnas.242603899

3. Tang T, Li L, Tang J, Li Y, Lin WY, Martin F, Grant 
D, Solloway M, Parker L, Ye W, et al. A mouse knock-
out library for secreted and transmembrane proteins. 
Nat Biotechnol 2010; 28:749-55; PMID:20562862; 
http://dx.doi.org/10.1038/nbt.1644

4. Ren G, Kim JY, Smas CM. Identification of RIFL, 
a novel adipocyte-enriched insulin target gene with 
a role in lipid metabolism. Am J Physiol Endocrinol 
Metab 2012; 303:E334-51; PMID:22569073; http://
dx.doi.org/10.1152/ajpendo.00084.2012

5. Zhang R. Lipasin, a novel nutritionally-regulated 
liver-enriched factor that regulates serum triglyc-
eride levels. Biochem Biophys Res Commun 2012; 
424:786-92; PMID:22809513; http://dx.doi.
org/10.1016/j.bbrc.2012.07.038

6. Quagliarini F, Wang Y, Kozlitina J, Grishin NV, 
Hyde R, Boerwinkle E, Valenzuela DM, Murphy AJ, 
Cohen JC, Hobbs HH. Atypical angiopoietin-like 
protein that regulates ANGPTL3. Proc Natl Acad Sci 
U S A 2012; 109:19751-6; PMID:23150577; http://
dx.doi.org/10.1073/pnas.1217552109

7. Dong XY, Pang XW, Yu ST, Su YR, Wang HC, Yin 
YH, Wang YD, Chen WF. Identification of genes 
differentially expressed in human hepatocellular 
carcinoma by a modified suppression subtractive 
hybridization method. Int J Cancer 2004; 112:239-
48; PMID:15352036; http://dx.doi.org/10.1002/
ijc.20363

8. Teslovich TM, Musunuru K, Smith AV, Edmondson 
AC, Stylianou IM, Koseki M, Pirruccello JP, Ripatti 
S, Chasman DI, Willer CJ, et al. Biological, clinical 
and population relevance of 95 loci for blood lipids. 
Nature 2010; 466:707-13; PMID:20686565; http://
dx.doi.org/10.1038/nature09270

9. Flier SN, Kulkarni RN, Kahn CR. Evidence for a 
circulating islet cell growth factor in insulin-resistant 
states. Proc Natl Acad Sci U S A 2001; 98:7475-
80; PMID:11404474; http://dx.doi.org/10.1073/
pnas.131192998

10. Michael MD, Kulkarni RN, Postic C, Previs SF, 
Shulman GI, Magnuson MA, Kahn CR. Loss of 
insulin signaling in hepatocytes leads to severe insulin 
resistance and progressive hepatic dysfunction. Mol 
Cell 2000; 6:87-97; PMID:10949030; http://dx.doi.
org/10.1016/S1097-2765(00)00010-1

11. Brüning JC, Michael MD, Winnay JN, Hayashi 
T, Hörsch D, Accili D, Goodyear LJ, Kahn CR. A 
muscle-specific insulin receptor knockout exhibits 
features of the metabolic syndrome of NIDDM with-
out altering glucose tolerance. Mol Cell 1998; 2:559-
69; PMID:9844629; http://dx.doi.org/10.1016/
S1097-2765(00)80155-0

12. Imai J, Katagiri H, Yamada T, Ishigaki Y, Suzuki 
T, Kudo H, Uno K, Hasegawa Y, Gao J, Kaneko K, 
et al. Regulation of pancreatic beta cell mass by neu-
ronal signals from the liver. Science 2008; 322:1250-
4; PMID:19023081; http://dx.doi.org/10.1126/
science.1163971

13. El Ouaamari A, Kawamori D, Dirice E, Liew CW, 
Shadrach JL, Hu J, Katsuta H, Hollister-Lock J, Qian 
WJ, Wagers AJ, et al. Liver-derived systemic factors 
drive β cell hyperplasia in insulin-resistant states. 
Cell Rep 2013; 3:401-10; PMID:23375376; http://
dx.doi.org/10.1016/j.celrep.2013.01.007

14. Gelling RW, Du XQ, Dichmann DS, Romer J, 
Huang H, Cui L, Obici S, Tang B, Holst JJ, Fledelius 
C, et al. Lower blood glucose, hyperglucagonemia, 
and pancreatic alpha cell hyperplasia in glucagon 
receptor knockout mice. Proc Natl Acad Sci U S A 
2003; 100:1438-43; PMID:12552113; http://dx.doi.
org/10.1073/pnas.0237106100

15. Longuet C, Robledo AM, Dean ED, Dai C, Ali S, 
McGuinness I, de Chavez V, Vuguin PM, Charron 
MJ, Powers AC, et al. Liver-specific disruption of 
the murine glucagon receptor produces α-cell hyper-
plasia: evidence for a circulating α-cell growth fac-
tor. Diabetes 2013; 62:1196-205; PMID:23160527; 
http://dx.doi.org/10.2337/db11-1605

16. Araújo TG, Oliveira AG, Carvalho BM, Guadagnini 
D, Protzek AO, Carvalheira JB, Boschero AC, Saad 
MJ. Hepatocyte growth factor plays a key role in insu-
lin resistance-associated compensatory mechanisms. 
Endocrinology 2012; 153:5760-9; PMID:23024263; 
http://dx.doi.org/10.1210/en.2012-1496

17. Schäffer L, Brand CL, Hansen BF, Ribel U, Shaw 
AC, Slaaby R, Sturis J. A novel high-affinity peptide 
antagonist to the insulin receptor. Biochem Biophys 
Res Commun 2008; 376:380-3; PMID:18782558; 
http://dx.doi.org/10.1016/j.bbrc.2008.08.151

18. Espes D, Lau J, Carlsson PO. Increased circulating 
levels of betatrophin in individuals with long-standing 
type 1 diabetes. Diabetologia 2013; PMID:24078058

19. Jiao Y, Le LJ, Yu M, Naji A, Kaestner KH. Elevated 
mouse hepatic betatrophin expression does not 
increase human beta-cell replication in the transplant 
setting. Diabetes 2013; PMID:24353178

20. Gargani S, Thévenet J, Yuan JE, Lefebvre B, Delalleau 
N, Gmyr V, Hubert T, Duhamel A, Pattou F, Kerr-
Conte J. Adaptive changes of human islets to an 
obesogenic environment in the mouse. Diabetologia 
2013; 56:350-8; PMID:23192693; http://dx.doi.
org/10.1007/s00125-012-2775-y

21. Porat S, Weinberg-Corem N, Tornovsky-Babaey 
S, Schyr-Ben-Haroush R, Hija A, Stolovich-Rain 
M, Dadon D, Granot Z, Ben-Hur V, White P, 
et al. Control of pancreatic β cell regeneration by 
glucose metabolism. Cell Metab 2011; 13:440-
9; PMID:21459328; http://dx.doi.org/10.1016/j.
cmet.2011.02.012

22. Okada T, Liew CW, Hu J, Hinault C, Michael MD, 
Krtzfeldt J, Yin C, Holzenberger M, Stoffel M, 
Kulkarni RN. Insulin receptors in beta-cells are criti-
cal for islet compensatory growth response to insulin 
resistance. Proc Natl Acad Sci U S A 2007; 104:8977-
82; PMID:17416680; http://dx.doi.org/10.1073/
pnas.0608703104

23. Nica AC, Ongen H, Irminger JC, Bosco D, Berney T, 
Antonarakis SE, Halban PA, Dermitzakis ET. Cell-
type, allelic, and genetic signatures in the human 
pancreatic beta cell transcriptome. Genome Res 
2013; 23:1554-62; PMID:23716500; http://dx.doi.
org/10.1101/gr.150706.112


