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1. ABSTRACT 
 
 Beta-cell deficiency is a pathophysiologic 
component of diabetes mellitus and a primary cause of islet 
dysfunction. Islet dysfunction is a prerequisite for the 
development of diabetes mellitus since individuals with 
insulin resistance (e.g. obesity, pregnancy) do not develop 
hyperglycemia unless beta-cell compensation fails. 
Therefore, understanding of the biology and mechanisms 
involved in normal beta-cell adaptation may provide novel 
therapeutic targets for preservation and/or regeneration of 
beta-cell mass in diabetes mellitus. Normal adaptation of 
beta-cell mass occurs by beta-cell replication and/or 
neogenesis from precursor cells inside the pancreas. 
However, the relative importance of both processes for 
successful adaptation is unknown. In type-2 diabetes, the 
primary defect is increased beta-cell apoptosis. Since 
replicating beta-cells are more vulnerable to apoptosis, the 
proapoptotic diabetic milieu limits the regenerative 
capacity of the islet and directly causes accelerated islet 
loss. Therapeutic approaches need to address both 
processes of islet turnover (regeneration and cell loss) in 
order to be successful. It may be anticipated that such an 
intervention is also effective early in the course of diabetes 
or in prediabetic conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

Beta-cell function is tightly regulated to meet 
short- (food intake, physical activity) and long-term 
(insulin resistance) demands for insulin secretion and to 
maintain glucose homeostasis. Acute functional adaptation 
is primarily achieved by regulation of insulin secretion on 
the cellular level (insulin vesicle dynamics, translational 
and transcriptional activity) (1-3), while chronically 
increased insulin requirements induce expansion of beta-
cell mass (4-6) in order to prevent the development of 
diabetes mellitus. Since there is no direct longitudinal 
evidence about the time course and the relative importance 
of various mechanisms contributing to beta-cell expansion 
in humans the quantitative potential for plasticity of islet 
tissue in humans is unknown. Indirect evidence from 
autopsy studies in diabetic and non-diabetic individuals 
indicates that tissue renewal and consequently adaptation to 
insulin resistant states probably requires longer (months to 
years) (4, 7) than in rodents (days to weeks) (8, 9). In 
diabetic states, the mechanisms of islet regeneration are 
functionally intact (4, 10) and may be further enhanced by 
appropriate interventions. Therefore, detailed insights into 
the regulatory pathways of islet regeneration may provide 
the attractive perspective to develop therapeutic strategies
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Figure 1. Beta-cell turnover. Replenishment of the beta-
cell pool (beta-cell mass) occurs by beta-cell replication, 
differentiation from stem or progenitor cells or 
hypertrophy. Cell loss occurs primarily by apoptosis. 

 
in order to induce adequate adaptation of beta-cell mass for 
stabilization or even improvement of glucose metabolism. 
 
3. NORMAL ADAPTATION OF BETA-CELL MASS 
 

Like other tissues, the islets of Langerhans 
undergo a permanent turnover of cells with cell renewal 
from replication of already existing beta-cells, 
differentiation of stem or progenitor cells and hypertrophy. 
Cell loss, on the other hand, primarily occurs by apoptosis 
(Figure 1). It is more than 80 years ago that it was generally 
hypothesized that the endocrine pancreas may be a self-
renewing tissue (11), yet it required studies of islet 
morphology in animal models to provide evidence that the 
endocrine pancreas retains the capacity to adapt to 
changing demands of insulin secretion. Studies with non-
diabetic rats directly showed that e.g. glucose infusions 
over a period of 4 days induce beta-cell replication, 
hypertrophy and a ~50% expansion of beta-cell mass (12). 
Other reports confirmed that, in rodents, the endocrine 
pancreas has a tremendous capacity for regeneration, e.g. 
after only 6 days of hyperglycemia (i.v. glucose) there was 
a doubling of beta-cell mass in male Sprague Dawley rats 
(13), 4 days of glucose infusion (i.v.) induced a 4-fold 
increase of beta-cell replication in C57Bl/6 mice (14). In 
the first of these three studies, the main mechanism of 
expansion was islet neogenesis from stem or progenitor 
cells inside islets or the epithelium of exocrine pancreatic 
ducts. For quantification of islet neogenesis, the percentage 
of insulin positive cells in the ductal epithelium is 
determined because it is believed that these cells may bud 
off from the ducts and then independently continue to grow 
into mature islets (15). Conceptually, humans are also 
capable of beta-cell regeneration. Evidence for adaptation 
of beta-cell mass to changing metabolic demands in 
humans has been reported for pregnancy (16) and with 
some more detail for obesity (4). In obese versus lean non-
diabetic humans (BMI 36.4. ± 1.2. versus 22.5. ± 0.5. 
kg/m2), there is a compensatory increase of beta-cell mass 
of ~50%. Less is known about the underlying mechanisms 
of expansion. In that cross-sectional study, there were no 
differences of beta-cell replication between obese and lean 
subjects. In contrast, islet neogenesis (percentage of insulin 
positive cells of the exocrine duct epithelium) was 
increased in obesity. However, due to the difficulties 
associated with obtaining pancreatic tissue (difficult access, 
local complications after biopsy) there are no mechanistic 
studies examining islet morphology before and after a 
certain stimulus or pancreatic injury in humans. Therefore, 
to date there is no direct evidence for active islet 

regeneration e.g. that insulin positive duct cells proceed to 
develop into mature islets or that mature islets adapt their 
size by regulation of beta-cell replication and/or apoptosis. 
A recent report showed that real-time imaging of the 
developing pancreas, cell movement and tissue 
morphogenesis is feasible (17) and may provide important 
insights into islet turnover if applied to models of endocrine 
pancreas regeneration. In that study, it was shown that 
during pancreatic development, scattered beta-cells migrate 
to cluster into islet like structures. However, for most 
studies with pancreatic tissue, one important limitation is 
the cross-sectional nature of the data because measurement 
of cell replication or beta-cell differentiation technically 
requires tissue specimens or fixed tissue and thus usually 
precludes longitudinal analyses of an individual organism. 
Hence, it is an ongoing debate whether beta-cell 
regeneration, which is clearly present in humans, occurs 
primarily by neogenesis, replication or both processes (18) 
and whether the available techniques are adequate to detect 
changes of these parameters. Recently, the elegant 
technique of lineage-tracing (genetic marking) in rodents 
provided additional insights. In one study, a tamoxifen 
inducible beta-cell specific label (human alkaline 
phosphatase) was introduced into mice (19). If the mice are 
injected over a short period with tamoxifen, differentiated 
beta-cells will start to stably express the label even after 
discontinuation of tamoxifen treatment and pass it on to 
their progeny. Beta-cell turnover was then examined after 
this pulse period during aging or after pancreatectomy 
(chase period). In this experimental setting, labeling of 
differentiated beta-cells during the pulse period occurs with 
an efficiency of ~30%. These cells subsequently continue 
to stably express the label during the chase period and one 
would expect that a) entirely stem cell derived new islets 
would contain no label, b) within pre-existing islets 
maintenance by stem cells would result in a gradual time-
dependent decrease in the fraction of labeled beta-cells or 
c) maintenance of islet tissue by beta-cell replication alone 
would result in a constant fraction of labeled beta-cells 
inside islets. The experiments showed that the fraction of 
labeled beta-cells remained constant and the authors 
therefore concluded that beta-cells are primarily formed by 
replication rather then stem cell differentiation. The same 
group also studied another regeneration model with 
inducible beta-cell specific expression of diphtheria toxin, 
which leads to apoptosis of 70-80% of beta-cells and 
diabetes mellitus (20).  
 

Lineage-tracing was again performed with the 
tamoxifen inducible beta-cell specific label (human alkaline 
phosphatase). After discontinuation of diphtheria toxin 
expression there was a full recovery from diabetes mellitus 
with beta-cell regeneration primarily from replication. 
Further evidence for the notion that beta-cell replication 
may be the primary mechanism for maintaining beta-cell 
mass comes from studies manipulating the cell cycle 
machinery. A cyclin D2 knockout does inhibit postnatal 
beta-cell replication and results in a ~75% beta-cell deficit 
in 14d-old mice (21). Neogenesis counted as the percentage 
of insulin positive duct cells was not altered in comparison 
to wild type mice. One would anticipate that beta-cell 
differentiation from progenitor cells could at least partially 
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compensate for this deficit if it were an active mechanism 
of beta-cell formation under these conditions. However, all 
these results have to be interpreted with caution, because 
there is also evidence to support the hypothesis that 
pancreatic duct cells do, in fact, serve as progenitors for 
new islets (islet neogenesis). First, there are numerous 
reports in rodents and humans demonstrating the presence 
of insulin positive cells in the pancreatic ductal epithelium 
and the induction of these cells under conditions that are 
believed to activate beta-cell regeneration (4, 8, 22-26). 
Second, lineage-tracing experiments with genetically 
marked exocrine duct cells instead of beta-cells using the 
carbonic anhydrase promoter II showed that at birth and at 
4 weeks of age ~15% of beta-cells express this ductal 
marker (27). Therefore this study suggests that early in life 
ductal cells serve as progenitors for beta-cells. But, the data 
from all studies using lineage-tracing was obtained in 
rodents and it is unclear whether from the outcome 
extrapolation to islet turnover in humans is reasonable. 
Also, in most studies no measurement of islet neogenesis 
using the conventional parameter of insulin positive duct 
cells was performed to examine whether prior reports on 
the induction of islet neogenesis and beta-cell replication 
after e.g. pancreatectomy could be reproduced in the 
different experimental settings. Moreover, there might also 
be experimental limitations with these techniques regarding 
the efficiency and specificity of the labels. Recently, a 
model was proposed that provides an approach to integrate 
the controversial data reported for islet turnover in different 
studies. It hypothesizes that beta-cell replication and 
differentiation from progenitor or stem cells might be 
differentially regulated dependent on the intensity of the 
stimulus for regeneration (18). If the stimulus is low or 
moderate new beta-cells are primarily formed by 
replication, while a stronger stimulus (e.g. >50-60% 
pancreatectomy) also activates differentiation of progenitor 
or stem cells. This model emphasizes the shortage of 
experimental data in this field of research and that the 
experimental techniques may have a strong influence on 
results. 
 

Another shortcoming of the available data is that 
it remains unknown how quickly humans can adapt their 
beta-cell mass in response to insulin resistance. Based on 
our estimate of islet turnover in human autopsy pancreata, 
it would require several years (7) until a clinically relevant 
number of new beta-cells are formed. Also, the overall 
frequency with one replicating beta-cell (replication marker 
Ki-67) in ~20 islets was generally low compared to rodents, 
in which one replicating beta-cell in ~2 islets can be found 
(8). Indirect evidence from transplantation surgery with 
living pancreatic organ donors (28) further suggests that the 
overall regenerative capacity in humans may be rather low. 
If the distal half of the pancreas is resected for donation to a 
relative with type-1 diabetes there is a ~50% risk for the 
development of diabetes mellitus for the donors within the 
next 9 to 18 years. One conclusion from this data is that in 
humans there may be no adequate beta-cell compensation 
after pancreatectomy even over longer periods. On the 
other hand, the donors were first-degree relatives of a 
subject with type-1 diabetes, so there is an up to 15% 
chance that the manifestation of diabetes mellitus was 

favored by a predisposition for autoimmune diabetes 
mellitus, although this was carefully excluded prior to 
organ donation. A recent study analyzed islet turnover in 
humans after ~50% pancreatectomy when the same 
individuals subsequently underwent pancreatic surgery 
again (29). This experimental design, although it is 
retrospective and included patients with malignant 
pancreatic disease, provides the unique opportunity to 
analyze human pancreatic tissue from the same individual 
at two time points. Interestingly, partial pancreatectomy in 
humans did neither induce beta-cell proliferation (Ki-67), 
nor the percentage of insulin positive duct cells 
(neogenesis). Taken together these studies indicate that the 
regenerative capacity in humans may be much lower than 
in rodents, because under conditions that induce 
deterioration of glucose metabolism there is little evidence 
for the induction of islet regeneration. There is also 
evidence for a negative correlation between neogenesis and 
beta-cell replication with aging (4, 25), which would 
additionally impair beta-cell regeneration in humans. This 
association was reproduced in isolated human islets and 
might be caused by an age-dependent decline of PDX-1 
expression in human pancreatic tissue (30). 
 

In order to understand the regulation of islet 
turnover and develop therapeutic targets, it is also 
important to understand the origin and the identity of 
progenitor cells and/or stem cells, whether they reside 
inside islets, in the pancreatic duct epithelium and/or the 
bone marrow. Pancreatic islet and ductal cells have 
successfully been transformed into beta-cells in vitro (31-
34) and may therefore serve as a source for new beta-cells. 
For bone marrow cells, the situation is less clear. In 
rodents, the available data is controversial (35, 36), while 
there are almost no studies in humans. Recently, it was 
reported that in recipients of a hematopoietic stem cell 
transplant there is no evidence of beta-cells in the 
endocrine pancreas which differentiated from cells of the 
transplant, whereas in the exocrine pancreas some cells 
clearly derived from the graft (37). Thus it is unlikely that 
hematopoietic stem cells are a major source for new beta-
cells. Nevertheless, bone-marrow derived cells in islets 
may be indirectly involved in islet regeneration by the 
release of locally acting factors which initiate endogenous 
regeneration (38). Mature pancreatic acinar cells have also 
been proposed to serve as progenitors for pancreatic islets 
(39, 40), although it was recently reported that in mice with 
an inducible genetic marker of acinar cells (lineage-tracing) 
and induction of islet regeneration by partial 
pancreatectomy or duct ligation, there is no evidence for 
labeled (=transdifferentiated) cells in the endocrine cell 
pool (41). At present, it has to be concluded that 
progenitors for pancreatic islets do reside in pancreatic 
islets themselves and in the ductal epithelium. 
 
4. IN VIVO REGULATORS OF ISLET 
REGENERATION  
 

Adaptation of the endocrine pancreas to long-
term insulin resistance in humans is characterized by 
increased insulin secretion and the expansion of beta-cell 
mass to prevent the development of diabetes mellitus. Little 
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is known about the factors providing feedback to the 
endocrine pancreas, about the requirements of whole body 
metabolism for adaptation. In principle, extrapancreatic 
factors could directly or indirectly (via regulation of 
intrapancreatic signaling molecules) regulate beta-cell 
turnover. There is some evidence to suggest that glucose 
may be an ideal candidate: insulin secretion is tightly 
coupled to glycemia and beta-cells possess an exquisite 
sensitivity for metabolic changes. Based on data obtained 
in rodents, it has been hypothesized for some time now that 
glucose is a differential regulator of beta-cell plasticity (42-
44). Undoubtedly, this has been shown for hyperglycemia, 
which induces beta-cell toxicity, oxidative stress and 
programmed cell death (45, 46). Much less data is available 
for the effects of normoglycemia or mild elevation of 
glucose concentrations, partly because of the dynamic 
nature of glucose concentrations throughout the day and the 
subtle changes that occur in non-diabetic individuals. Some 
explanation with a broader perspective may be inferred 
from a model that integrates the variables beta-cell mass, 
plasma insulin concentrations and plasma glucose 
concentrations into a regulatory feedback loop in order to 
clarify the relationship between them (43). This model 
suggests that during prolonged hypoglycemia, beta-cell 
mass is decreasing due to beta-cell death exceeding beta-
cell replication. At normoglycemia or mild hyperglycemia, 
beta-cell replication exceeds death and leads to the 
expansion of beta-cell mass and an increase of insulin 
concentrations, whereas hyperglycemia induces net cell 
loss due to increasing beta-cell death. An important issue 
for this complex regulation of beta-cell turnover is the 
question how beta-cells could sense small glucose 
excursions during normoglycemia and translate these 
signals into tissue plasticity. Recently, it has been reported 
that glucokinase and insulin receptor substrate-2 (IRS-2) 
may play a central role in this context (47). Glucokinase 
has long been recognized as a key component of the 
glucose sensing apparatus of the beta-cell for glucose 
stimulated insulin secretion (48). In mice haploinsufficient 
(glucokinase +/-) of beta-cell specific glucokinase, the 
adaptation to insulin resistance induced by high fat feeding 
is impaired (47). In wild type mice, prolonged insulin 
resistance over a period of 20-weeks induced beta-cell 
replication and a >2-fold increase of beta-cell mass, while 
in glucokinase deficient mice the induction of beta-cell 
replication and expansion of beta-cell mass was absent. 
IRS-2 expression, which is known to play an important role 
for beta-cell growth and survival, followed the same pattern 
with increased expression in wild type mice fed with a high 
fat diet and reduced expression in glucokinase deficient 
mice fed with the same high fat diet. Beta-cell specific 
overexpression of IRS-2 in glucokinase +/- mice reversed 
the defects of beta-cell replication and allowed expansion 
of beta-cell mass. These data imply that both glucokinase 
and IRS-2 are important factors for beta-cell expansion in 
response to dietary fat induced insulin resistance. It is also 
evidence that glucose might indeed be an important direct 
signal not only for the regulation of beta-cell function but 
also for the regulation of beta-cell turnover via glucokinase 
and IRS-2. Interestingly, high fat feeding also induced the 
expression of the IGF-1 receptor in wild type mice but not 
in glucokinase +/- mice, although the functional relevance 

of this observation remained unclear. It emphasizes 
however that glucose metabolism is just one component of 
the complex regulation of beta-cell expansion. In the 
context of the afore mentioned study, it has been concluded 
that glucose may be a dominant factor which is directly 
regulating beta-cell adaptation to insulin resistance. An 
indirect regulatory mechanism, e.g. via stimulation of 
insulin release and activation of insulin signaling, seems 
unlikely, since in mice double heterozygous for null alleles 
in the insulin receptor and insulin receptor substrate-1 
genes, a ~50% reduction in expression of these two 
proteins does not impair beta-cell expansion in the response 
to insulin resistance (49).  
 

Adaptation of beta-cell mass to insulin resistance 
in humans probably is a slow process that requires months 
to years. During pregnancy, expansion of beta-cell mass for 
the maintenance of glucose homeostasis needs to occur 
more quickly within weeks to a few months. Therefore, 
understanding of the mechanisms regulating beta-cell 
adaptation during pregnancy might identify valuable 
therapeutic targets which might be effective within short 
periods of time and therefore particularly attractive for 
diabetes therapy. Data from animal experiments document 
the rapid changes occurring in the endocrine pancreas, e.g. 
in rats expansion of beta-cell mass during pregnancy is 
realized by a 3-fold increase of beta-cell proliferation 
probably mediated by placental lactogens and prolactin, 
while after delivery, involution of the endocrine pancreas 
occurs within several days by reduced beta-cell replication 
and increased beta-cell apoptosis (50). However, the 
molecular mechanisms underlying these changes have not 
been completely understood. Recently, a more detailed 
analysis of the mechanisms underlying beta-cell adaptation 
to pregnancy has been performed with special attention to 
menin (51). Menin is the protein product of the Men1 gene 
and known to be an endocrine tumor suppressor and 
transcriptional regulator (52). In multiple endocrine 
neoplasia, type-1 mutations of Men1 cause synchronous 
tumors of the endocrine pancreas, pituitary and parathyroid 
glands. In mice and humans, it has been shown that reduced 
expression of Men1 promotes neuroendocrine cell 
proliferation (53) and hence, it was hypothesized that beta-
cell adaptation to pregnancy might be regulated by changes 
of Men1 expression. In C57Bl/6 mice, it was shown that 
during pregnancy reduced Men1 expression (mRNA and 
protein) corresponded to increased beta-cell proliferation in 
maternal islets (51). The protein levels of the menin 
responsive factors p27 and p18, which encode for cyclin-
dependent kinase inhibitors, were concomitantly reduced, 
thus providing a potential mechanism via cell-cycle 
regulation for the induction of beta-cell proliferation. 
Consistent with these findings transgenic expression of 
menin in maternal beta-cells inhibited beta-cell 
proliferation and expansion of beta-cell mass during 
pregnancy resulting in defective glucose metabolism with 
hyperglycemia and impaired glucose tolerance. 
Interestingly, lactogen signaling leads to decreased Men1 
expression, e.g. prolactin treatment with osmotic pumps 
over 6 days reduced Men1, p27 and p18 mRNA by ~50% 
and induced beta-cell proliferation (2-3-fold). Although the 
complete signaling cascade for beta-cell turnover is likely
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Figure 2. Beta-cell mass (A) is reduced in subjects with 
impaired fasting glucose (IFG), type-2 diabetes and type-1 
diabetes in comparison to non-diabetic individuals. Beta-
cell replication (B) and neogenesis (C) are not defective in 
prediabetic (IFG) and type-2 diabetic subjects. ND: 
Nondiabetic; IFG: Impaired Fasting Glucose; T2DM: 
Type-2 Diabetes Mellitus; T1DM: Type-1 Diabetes 
Mellitus. Modified from (4, 10). 

 
more complex than described here, these studies provide 
potentially important insights about the hormonal-
molecular factors central to beta-cell growth during 
pregnancy. 

 
Other hormones that are considered to be 

potentially relevant for beta-cell turnover under 
physiological conditions are incretin hormones, e.g. 
glucagon-like peptide 1 (GLP-1) and glucose-dependent 
insulinotropic peptide (GIP) (54, 55). GLP-1 and GIP are 
the predominant hormones mediating the incretin effect, 
which describes the phenomenon that oral glucose elicits a 
greater insulin response compared to an intravenous 
isoglycemic infusion (56). Besides acute effects on insulin 
and glucagon secretion and extrapancreatic effects 
(deceleration of gastric emptying, promotion of satiety), 
GLP-1 also promotes beta-cell growth by inducing beta-
cell differentiation and replication, as well as inhibiting 
beta-cell apoptosis (57-60). Experimentally, these effects 
are also well established for GIP (61), but it remains 
unknown whether physiological levels of GLP-1 or GIP 
receptor signaling are essential for the regulation of beta-
cell mass. A good model to address this question are GLP-1 
or GIP receptor knockout (GLP-1R -/-, GIPR -/-) mice. 
GLP-1R -/- mice exhibit only mild abnormalities of glucose 
homeostasis and are characterized by normal beta-cell mass 

and beta-cell size but defective islet architecture with fewer 
large islets and smaller islets than in wild type mice (62). 
Interestingly, the typical distribution of beta-cells in the 
core of the islets and alpha-cells in the mantle is disturbed 
and more (2-3-fold) alpha-cells are located centrally. This 
defect of islet morphology in GLP-1R -/- mice indicates 
that GLP-1R signaling is one important component of 
normal islet development. Additional studies analyzed 
beta-cell regeneration in GLP-1R -/- mice after induction of 
beta-cell death by streptozotocin injection (60) or reduction 
of beta-cell mass by partial pancreatectomy (63). 
Disruption of GLP-1 receptor signaling leads to an 
increased vulnerability of beta-cells to streptozotocin with 
increased rates of beta-cell apoptosis and impairs beta-cell 
regeneration. Whereas wild type mice are capable of 
complete restoration of beta-cell mass within five weeks 
after a ~70% pancreatectomy, regeneration in GLP-1R -/- 
mice is severely impaired with a prolonged deficit of beta-
cell mass after five weeks of ~60%. In the postreceptor 
signaling pathways, expression of the transcription factor 
PDX1 (pancreatic duodenal homeobox-1) is essential for 
integration of GLP-1R dependent signals for islet turnover 
in beta-cells (64). These studies provide evidence that 
endogenous GLP-1 signaling is necessary for successful 
adaptation of islet turnover to pancreatic injuries with beta-
cell deficit. Qualitatively similar results have been reported 
from experiments with GIPR -/- mice (61). Although there 
are no major defects of GLP-1 or GIP secretion in type 2 
diabetes, the lack of GIP responsiveness in subjects with 
type 2 diabetes (65) indicates that this defect may also 
apply to the induction of beta-cell growth in the face of 
insulin resistance specifically in subjects with a 
predisposition for the development of diabetes mellitus. 
However, at present this remains unknown, since there is 
no good experimental model of beta-cell regeneration in 
primary human tissue to address this question in subject 
groups with different diabetes risks or metabolic status. 
Recent discussions on the importance of GLP-1 signaling 
for mechanisms of beta-cell turnover in humans with 
polymorphisms in the gene coding for transcription factor 
7-like-2 (TCF7L2) (66) underscore the need for 
experimental models of beta-cell regeneration in human 
tissue.  
 
5. FAILED ADAPTATION OF BETA-CELL MASS IN 
DIABETES MELLITUS 
 

In diabetes mellitus, the self-renewing capacity 
of the endocrine pancreas fails and leads to a progressive 
beta-cell deficit (4, 5, 67). Although in type-2 diabetes 
mellitus important mechanisms of regeneration (replication 
and neogenesis) are intact, beta-cell deficiency cannot be 
overcome (Figure 2). The activities of regenerative 
mechanisms in the islet in type-1 diabetes are not well 
characterized, however indirect evidence suggests that even 
after long-standing type-1 diabetes there still is 
regeneration occurring (10). The reason for failed 
adaptation and beta-cell deficiency in diabetes mellitus is 
increased beta-cell apoptosis (4, 10, 68). Furthermore, 
replicating beta-cells are more vulnerable to apoptosis than 
non-replicating cells in a proapoptotic environment, leading 
to preferential demise of the regenerating cells (69, 70).
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Figure 3. Relationship between beta-cell mass and fasting 
glycemia in weight-matched, obese humans without 
antidiabetic therapy. Depicted are mean values. If a critical 
beta-cell deficit of ~50% is exceeded there is 
decompensation of glucose metabolism. The shaded area 
indicates the region with tight coupling between beta-cell 
mass and fasting glycemia, in which therapeutic 
interventions to block beta-cell loss and/or expand beta-cell 
mass would be most effective with respect to glycemia. 
Modified from (86). 

 
The mechanism leading to the induction of beta-

cell apoptosis particularly in the prediabetic individual 
before decompensation of glucose metabolism remains 
unknown. Potential factors are adipocytokines (e.g. TNF-α, 
IL-6), which directly or indirectly influence beta-cell 
function and survival (71-73). Also, they have been 
implicated to inhibit the signaling cascade of the insulin 
receptor leading to insulin resistance (74). Other 
proinflammatory cytokines (e.g. interleukin-1β) have also 
been suspected to induce beta-cell destruction in type-1 and 
type-2 diabetes (75, 76). There is some evidence that islet 
production of interleukin-1β may be regulated by glucose 
(77). This scenario would implicate that interleukin-1β is a 
proapoptotic factor which becomes relevant with the 
manifestation of hyperglycemia. Another potential cause 
for increased beta-cell apoptosis is the cytotoxic action of 
the beta-cell hormone human islet amyloid polypeptide 
(IAPP), which aggregates into mature amyloid fibrils (69, 
78). Oligomeric molecules of this aggregation process 
interact with and destabilize membranes, induce 
endoplasmic reticulum stress and apoptosis (69, 78-81). 
Recent publications describing genetic risk loci for type-2 
diabetes provide evidence that a genetic defect of the beta-
cell is a prerequisite for the development of diabetes 
mellitus, since the majority of loci described are 
functionally associated with beta-cell metabolism, survival 
and regeneration (82, 83). Therefore, it has to be 
hypothesized that beta-cell deficiency develops in 
genetically predisposed individuals due to failed beta-cell 
regeneration and increased beta-cell apoptosis in the face of 
insulin resistance, which is most commonly induced by 
obesity. 

In diabetes mellitus with overt hyperglycemia 
beta-cell apoptosis and loss of beta-cell function is 
accelerated by chronic hyperglycemia (glucose toxicity), 
elevated free fatty acids (lipotoxicity) and cytokines. 
Gluco-lipotoxicity involves decreased expression of the 
insulin gene, the regulation of transcription factors and 
leads to chronic oxidative stress, e.g. interaction of 
advanced glycation end products (AGE) with its receptor 
RAGE and activation of NFkappa-B. Beta-cells are 
particularly vulnerable to oxidative stress since their 
intrinsic antioxidative capacity is low (84). Hyperglycemia 
also increases the expression of the FAS-receptor and 
signaling of the extrinsic pathway for induction of 
apoptosis (45). 

 
Human and animal studies show that there is a 

causal relationship between beta-cell deficiency and the 
development of hyperglycemia (Figure 3) (85, 86). In 
experiments with Sprague-Dawley rats (pancreatectomy or 
injection of alloxan or streptozotocin), the limit before 
decompensation of glucose metabolism occurs is a beta-cell 
deficit of ~80% (87), while in larger animal models 
(primates, pigs) decompensation occurs earlier when the 
beta-cell deficit exceeds ~50% (85, 88). In humans, the 
relationship between beta-cell mass and fasting plasma 
glucose concentrations is similarly described by a 
curvilinear function with a steep increase of glycemia when 
beta-cell deficiency exceeds a critical limit of ~50% 
compared to non-diabetic individuals (Figure 3). In this 
zone of decompensation, beta-cell mass is tightly coupled 
to diabetic glucose concentrations and thus opens the 
perspective to effectively lower glycemia in diabetes 
mellitus by even small increases of beta-cell mass. Since 
the primary reason for beta-cell deficiency is increased 
apoptosis, therapeutic approaches for preservation or 
expansion of beta-cell mass have to include mechanisms to 
induce regeneration and concomitantly inhibit beta-cell 
apoptosis. 
 
6. THERAPY 
 

Current therapeutic principles for the 
management of diabetes mellitus possess some differential 
effects on the activity of progressive beta-cell failure, but 
do not provide sufficient protection from the chronic 
progressive course of the disease in order to prevent its 
severe complications (89, 90). Due to the causal 
relationship between beta-cell deficiency, islet dysfunction, 
insulin deficiency and loss of glucose control beta-cell 
regeneration is one goal for future diabetes therapy. The 
increasing understanding of the molecular mechanisms of 
beta-cell turnover provides potential targets for the 
development of new therapeutic techniques. However, the 
experimental evidence largely derives from animal studies 
and it is still uncertain whether extrapolation to humans is 
possible. Conceptually, beta-cell expansion may be 
achieved by the induction of endogenous regeneration 
and/or exogenous cell replacement therapy. In vitro 
production of fully differentiated and mature beta-cells for 
transplantation into patients with diabetes mellitus has not 
been accomplished yet and may be associated with 
immunological problems, if the expanded tissue is not 
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derived from the recipient, and accelerated cell senescence. 
This and other adverse effects (e.g. activation of 
coagulation, local inflammation, transient hypoxia) induce 
a rapid decline of islet function after transplantation 
limiting its application. The present report will focus on the 
approaches to induce endogenous beta-cell regeneration. 
This has the advantage that physiologically occurring 
expansion of beta-cell mass for adaptation to new states of 
insulin resistance like in obesity or pregnancy serves as a 
model to identify molecular mechanisms and potential 
therapeutic targets.  
 
6.1. INDUCTION OF BETA-CELL REGENERATION 
 

Expansion of beta-cell mass in obesity provides 
the basis to compensate for insulin resistance by increasing 
insulin secretion. As pointed out previously (see 3.1.), it is 
unlikely that insulin itself is the signal for the endocrine 
pancreas to expand. Exogenous subcutaneous insulin 
therapy in diabetes mellitus reproduces the glucose 
lowering effects of endogenous insulin and is able to 
acutely improve beta-cell function (91, 92) but most likely 
does not induce beta-cell regeneration in the clinical setting. 
Nevertheless, components of the insulin and IGF-I receptor 
signaling pathways (e.g. IRS-2) are potential targets to 
therapeutically exploit the effect of insulin and IGF-I receptor 
signaling for beta-cell growth and differentiation. A proof of 
principle was reported in experiments with IRS-2 knockout 
mice (IRS-2 -/-) (93). IRS-2 deficiency induced the 
development of type-2 diabetes due to insulin resistance and a 
beta-cell deficit of 83%. This defect is specific for IRS-2, 
since IRS-1 -/- mice compensate for insulin resistance by 
expanding beta-cell mass by 85%. Beta-cell specific 
overexpression of IRS-2 enhances beta-cell growth, survival 
and function and was able to prevent the development of 
diabetes mellitus in IRS-2 -/- mice and other rodent models of 
diabetes mellitus (94) by increasing beta-cell mass. 
Upregulation of IRS-2 was associated with enhanced 
expression of the transcription factor PDX1, which is 
important for glucose sensing of the beta-cell, insulin secretion 
and suppression of apoptosis (95-97). Expression of the 
gene for the beta-cell glucose transporter GLUT-2 was also 
upregulated (3-fold), providing a molecular link for 
enhanced glucose sensitivity of beta-cells (94). Similarly, 
transactivation of IRS-2 and other metabolic genes by 
TFE3, a basic helix-loop-helix protein, reduced glucose 
levels in diabetic and non-diabetic mice (98). These studies 
exemplify that therapeutic approaches based on molecular 
biological techniques to influence the expression of cell 
signalling molecules, transcription factors and/or cell cycle 
proteins have a great potential to develop specific and very 
effective therapeutic targets for the expansion of beta-cell 
mass. However, therapeutic principles based on molecular 
biology also bear the burden that they interfere with 
fundamental processes of cell metabolism and require 
extensive preclinical testing to identify the potential risks 
they are associated with. Given the fact that these risks for 
adverse events during diabetes therapy are sometimes not 
even completely understood for currently available 
therapies, which were supposed to be safe, and may be 
discovered after market approval, it has to be expected that 
therapeutic approaches against diabetes mellitus using 

molecular biological techniques will not be available for 
clinical application within the next 10 years. 

 
The regulation of beta-cell adaptation during 

pregnancy occurs, at least partially, by hormones (placental 
lactogen and prolactin; see 3.1.). A stimulatory effect of 
lactogens on beta-cell proliferation and function has been 
shown in vitro with primary and clonal beta-cells, as well 
as in vivo with continuous infusion (51) and in mice with 
expression of placental lactogen in the beta-cell (99). Beta-
cell selective expression of placental lactogen leads to 
lowering of blood glucose levels compared to control mice 
by elevation of plasma insulin concentrations. Beta-cell 
proliferation and beta-cell mass were increased (2-fold) in 
these animals. Interestingly, glucose-responsiveness of 
isolated perifused islets was normal, suggesting that the 
observed effects on glucose metabolism in vivo result 
predominantly from increased beta-cell mass and less 
importantly from increased function of individual beta-
cells. In this experimental approach with transgenic 
expression of murine placental lactogen selectively in beta-
cells, there is no elevation of circulating concentrations of 
placental lactogen despite its property of being a secretory 
protein. Studies on the functional role of placental 
lactogens or prolactin in humans are not available. 
Especially the effects of elevated prolactin concentrations 
on the endocrine pancreas could be analyzed in patients 
with prolactinomas before and after antisecretory therapy.  

 
Analogous to the construction of beta-cells 

expressing placental lactogens tissue engineering 
techniques might also be used to introduce other molecules 
into beta- and non-beta-cells. Other hormones or growth 
factors that might also be valuable for this purpose are e.g. 
hepatocyte growth factor (HGF), epidermal growth factor 
(EGF), gastrin and incretin hormones. Transgenic 
overexpression of HGF in mice induces beta-cell 
proliferation and activates signaling through protein kinase 
C in beta-cells (100). Delivery of HGF into diabetic mice 
(streptozotocin) by rapid injection of DNA from a 
recombinant human HGF expressing plasmid into the tail 
vein induced beta-cell proliferation, decreased beta-cell 
apoptosis and improved glucose levels (101). EGF and 
gastrin have also been studied without direct genetic 
manipulation but systemic delivery. Gastrin infusion (i.v.) 
over a period of three days in rats (duct-ligation model of 
pancreas regeneration) seems to selectively stimulate new 
islet formation, because there was a 2-fold increase of beta-
cell mass with an increased number of individual, extra-
islet beta-cells and small beta-cell clusters, while there was 
no induction of beta-cell proliferation (102). The 
expectations that gastrin may be an effective therapy to 
induce beta-cell regeneration were further encouraged by 
reports that combination therapy with gastrin and EGF 
induces expansion of beta-cells in isolated human islets 
(103) and restores normoglycemia in diabetic NOD mice 
by expansion of beta-cell mass (3-fold) (104). However, the 
clinical relevance for a systemic exogenous delivery of 
these molecules is controversial, since even in humans with 
a gastrin producing tumor islet hyperplasia can only be 
found in direct proximity of the tumor and not throughout 
the whole organ (105). 
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Agonistic signalling at the receptor for the 
incretin hormone GLP-1 also exerts trophic effects on the 
endocrine pancreas and induces beta-cell differentiation 
from progenitor cells and beta-cell proliferation. In islet-
like cell clusters from human fetal pancreata, the incretin 
mimetic exendin-4 induces differentiation into beta-cells 
and replication in vitro (58). This is functionally relevant 
and has a sustained effect since after transplantation of 
human islet-like cell clusters under the kidney capsule into 
athymic nude mice treatment with exendin-4 (i.p. over 10 
days) but not with saline improves graft function (glucose 
induced C-peptide release) even six weeks after 
discontinuation of exendin-4. The mechanism mediating 
proliferation and differentiation in these experiments is 
again the transcription factor PDX1. There is some 
evidence to suggest that the induction of beta-cell 
proliferation by agonism at the GLP-1 receptor involves 
transactivation of the EGF receptor in a PI 3-kinase and 
PKC dependant manner (59). Other important factors of the 
GLP-1 receptor signalling pathway are IRS-2, cAMP and 
the cell cycle regulator Cyclin D1 (106). Recently, it has 
been reported that elevation of endogenous incretin 
hormone concentrations by inhibition of their inactivating 
enzyme dipeptidyl peptidase-4 (DPP-4) restores beta-cell 
mass in streptozotocin-induced high-fat diet diabetic mice 
(107).  
 
6.2. INHIBITION OF BETA-CELL APOPTOSIS 
 

A physiological mechanism for cytoprotection 
probably is the auto- and paracrine effect of insulin. In a 
beta-cell line (108) and in isolated islets (109), it was 
demonstrated that exogenous but also directly secreted 
insulin protects from apoptosis and induces cell 
proliferation. These effects require PI3-kinase signaling 
and PDX-1. The concentrations of exogenous insulin 
necessary were clearly in the supraphysiological range (nM 
to µM). These concentrations might be achieved under 
physiological conditions if the insulin concentrations in 
close proximity to actively secreting beta-cells reach the 
concentrations inside secretory vesicles. However, it seems 
unlikely that exogenous insulin therapy is capable of 
reproducing the high local concentrations inside the islets 
in non-diabetic individuals if insulin is absorbed from a 
subcutaneous depot. Clinical studies have not been able to 
show that insulin therapy in type-2 diabetes mellitus does 
protect from progressive loss of beta-cell function (89, 90). 
Nevertheless, morphometric analysis of human autopsy 
pancreata shows that prolonged insulin therapy might be 
associated with a lower beta-cell deficit compared to diet 
alone without differences of fasting glycemia (4). The 
mechanism remains unclear because there is not sufficient 
data about islet turnover from these pancreata. 

 
Incretin hormones not only induce new beta-cell 

formation but also protect beta-cells from programmed cell 
death. This has been confirmed for both molecules already 
approved for the treatment of type-2 diabetes mellitus 
(exenatide, sitagliptin) and other molecules in development 
(e.g. vildagliptin, liraglutide) (110). The antiapoptotic 
effects of GLP-1 based therapies have been demonstrated 
in vitro for cytokine induced beta-cell apoptosis (IL 1β, 

TNFα, interferon γ) in primary cultured rat beta-cells (60). 
In the beta-cell line MIN6, GLP-1 reduces H2O2 induced 
beta-cell death by cAMP and PI3-kinase dependent 
mechanisms (111). The same signaling pathways are 
important for the inhibition of free fatty acid induced beta-
cell apoptosis by GLP-1 in RINm5f cells (112). The 
antiapoptotic effect of GLP-1 receptor agonism is not beta-
cell specific, because primary neurons are also protected by 
GLP-1 and exendin-4 from glutamine induced damage 
(113). In vivo studies have been primarily performed with 
mice and rat models. GLP-1, incretin mimetics and DPP-4 
inhibitors improve function of the endocrine pancreas and 
improve islet morphology. As mentioned above (see 6.1.), 
GLP-1 receptor signaling increases beta-cell mass by the 
induction of beta-cell regeneration (replication and 
differentiation) and concomitant inhibition of beta-cell 
apoptosis (60, 64, 114). The antiapoptotic effect of GLP-1 
can also be reproduced in isolated human islet tissue. In 
static incubation experiments with freshly isolated human 
islets, GLP-1 reduces spontaneous beta-cell apoptosis, 
improves glucose-stimulated insulin secretion and protects 
from gluco-lipotoxicity (115, 116). The transcription factor 
PDX1 is essential for the protective effects of GLP-1, since 
in mice with a beta-cell specific inactivation of PDX1, 
Exendin-4 is ineffective (64). On the molecular level, the 
antiapoptotic effect is also coupled to the reduction of 
proapoptotic factors like cleaved caspase-3 and the increase 
of antiapoptotic factors like Bcl-xL, Bcl-2 or IAP-2. In 
addition to these direct effects, there may also be indirect 
effects mediating beta-cell protection from the reduction of 
glucose and FFA levels. However, these indirect effects 
would also be present during the treatment with other 
antidiabetic strategies. Due to the low beta-cell turnover in 
humans, it probably requires several years until it will be 
clarified, whether incretin mimetics slow or reverse disease 
progression compared to established therapeutics. 
Tachyphylaxis does not seem to be a problem during 
prolonged GLP-1 treatment (117). GLP-1 concentrations 
used for in vitro experiments are higher (nM range) than 
pharmacological GLP-1 concentrations occurring during 
antidiabetic therapy (pM range). Since plasma 
concentrations of GLP-1 in vivo after DPP-4 inhibition are 
in the low pM range and beta-cell protection is still 
occurring, it seems unlikely that GLP-1 concentrations 
during diabetes therapy with incretin mimetics are below 
the threshold for induction of beta-cell regeneration. 
Clinical studies are underway to examine whether GLP-1 
based therapies might also be effective for the treatment or 
prevention of type 1 diabetes mellitus. 

 
Recently, antagonism at the interleukin-1 

receptor with a recombinant human interleukin-1 receptor 
antagonist has been reported to improve glycemia and 
markers of beta-cell function and reduce the level of 
inflammatory markers in subjects with type-2 diabetes 
treated daily over a period of 13 weeks (118). This 
treatment is based on the concept that, in the islet in type-2 
diabetes, there is a proinflammatory environment with 
imbalance between elevated interleukin-1β (76) and 
reduced expression of interleukin-1 receptor antagonist 
(119) leading to the induction of apoptosis. The beneficial 
effects of a short-term treatment with a human interleukin-1 
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receptor antagonist on beta-cell function parameters 
suggests that this principle might be effective to prevent 
beta-cell destruction and promote beta-cell regeneration in 
type-2 diabetes when administered over longer periods. 

 
Beta-cell death in type-1 diabetes mellitus is 

caused by a T-cell mediated autoimmune attack. 
Immunosuppression is able to prevent further beta-cell loss 
in type-1 diabetes but is associated with unacceptable side 
effects (120). Intervention with a human IgG1 antibody 
directed against CD3 in subjects with new-onset type-1 
diabetes over six consecutive days improved residual beta-
cell function during the follow-up period of 18 months 
(121). The CD3 molecule is expressed on the majority of 
T-cells and application of a CD3-specific antibody results 
in a persistent decrease of the CD4+/CD8+ ratio. The 
therapeutic response was most prominent among patients 
with high residual beta-cell function, suggesting that 
intervention would be most beneficial early in the disease 
process.  

 
Another factor that regulates beta-cell apoptosis 

in experimental models is estrogen. Estrogens might be the 
underlying reason for the observation that type-2 diabetes 
prevalence is lower in women than in men (122). Beta-cells 
in estrogen receptor knockout mice are vulnerable to 
oxidative stress and undergo apoptosis, which can be 
reversed by the treatment with estrogen (123). The effect of 
estrogens on glucose metabolism can also be reproduced in 
humans, since in women with postmenopausal hormonal 
therapy the incidence of diabetes mellitus is lower 
compared to women without estrogen therapy (124, 125). 
However, it is unlikely that estrogens have a relevant 
therapeutic benefit in the context of diabetes, since 
postmenopausal hormonal therapy might be associated with 
the induction of breast cancer (126) and selective estrogen 
receptor modulators (e.g. tamoxifen) have an antagonistic 
effect on beta-cells and reduce beta-cell survival (123). 

 
Antioxidants are another approach for beta-cell 

protection, because beta-cells have a low expression rate of 
intrinsic antioxidants and are exposed to chronic oxidative 
stress in the hyperglycemic diabetic environment (84, 127). 
In clonal beta-cells, Zucker diabetic fatty rats and GK rats 
antioxidants (e.g. N-acetylcysteine, vitamin E) are beta-cell 
protective and improve glucose metabolism (128, 129). 
Studies in humans documenting beneficial effects of 
antioxidants on clinically relevant endpoints are missing. 

 
Inhibition of human IAPP induced beta-cell 

apoptosis may be a target for future developments. It 
requires that the mechanism of apoptosis induction is fully 
understood, presently it has to be hypothesized that 
induction of endoplasmic reticulum (ER) stress is one 
important signaling component (79, 130). Therapeutic 
approaches for the stabilization of the ER (e.g. chemical 
chaperones) have not been tested in a model of IAPP-
toxicity with primary human beta-cells. Recent reports 
suggest that oligmeric species of the IAPP aggregation 
process might be targets to inhibit the induction of ER 
stress, because these soluble oligomers interact with and 
destabilize ER membranes and represent the primary toxic 

principle of many amyloid forming peptides (e.g. 
Alzheimers beta protein, α-synuclein, tau) (79, 131). They 
share a common conformation-dependent structure that 
induces antibody production when injected into other 
species. These antibodies have been used in in vitro 
experiments to block human IAPP toxicity (131). However, 
in mice transgenic for human IAPP, production of these 
antibodies by vaccination with protofibrillar oligomeric 
Alzheimers beta protein did not inhibit beta-cell apoptosis 
and the progressive loss of beta-cell mass (132). Additional 
studies need to address whether the specific inactivation of 
human IAPP oligomers by other techniques might be 
effective to protect beta-cells from apoptosis. However, the 
transient existence of these oligomers during aggregation is 
a challenge for the efforts to make them a therapeutic 
target. A different approach for cytoprotection from human 
IAPP toxicity was reported in a study with activation of 
PPARγ by rosiglitazone which protects human islets from 
human IAPP induced apoptosis by activation of PI3-kinase 
(133). Taken together, more data is required about the role 
and molecular mechanisms of human IAPP induced beta-
cell loss in diabetes mellitus until it may become a specific 
therapeutic target. 

 
Inhibition of beta-cell apoptosis has also been 

studied by directly targeting apoptotic signaling factors of 
the extrinsic (e.g. cFLIP, A20) or intrinsic (Bcl-2, Bcl-xL) 
activation pathways (134). However, these molecules have 
been found to be less effective than targeting of unspecific 
effector molecules of the execution pathway of 
programmed cell death (e.g. X-linked inhibitor of apoptosis 
protein, XIAP). XIAP binds to the active site of the effector 
caspases-3, -7 and -9 and inhibits apoptosis induced by 
various factors. This is an example that enhanced 
protection from apoptosis by an intervention directed at 
more downstream factors of the apoptotic signaling 
pathways may occur at the expense of specificity. Since 
caspases are an important component of the apoptotic 
machinery in all cell types it is likely that their inactivation 
is associated with significant side effects unless caspase 
inhibitors can be delivered and confined to specific cell 
types. 
 
7. CONCLUSIONS AND PERSPECTIVES 
 

Islet morphology in diabetes mellitus is 
characterized by beta-cell deficiency and dysregulation of 
islet turnover. Humans have a much lower capacity for 
beta-cell regeneration than rodents, which is even further 
declining with aging. Data from studies with human 
autopsy and human donor pancreata suggest that, after the 
age of 15-20 years, beta-cell growth by replication 
(probably the primary mechanism for regeneration) is 
minimal (25, 135). Since most humans requiring 
antidiabetic therapy are older than 20 years it will require 
long-term studies to identify which treatment option might 
induce beta-cell regeneration in the clinical setting. Due to 
the coupling of beta-cell proliferation and death for tissue 
plasticity therapeutic approaches regulating both processes 
will be more effective. Regeneration of beta-cell mass will 
presumably be more successful if the proapoptotic stimulus 
on the beta-cell is not as substantial as in overt diabetes 
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mellitus. This would be the case in prediabetic states before 
the development of hyperglycemia multiplies the toxic 
stimuli on beta-cells. To take advantage of this early 
therapeutic window, it will be necessary to clearly identify 
subjects at risk, e.g. by application of sensitive analysis 
techniques of residual beta-cell function. Although early 
intervention is plausible from a pathophysiological point of 
view, prediabetic conditions (impaired fasting glucose, 
impaired glucose tolerance) have not been classified as 
disease states yet that require drug treatment. Clinical 
studies need to clarify whether diabetes prevention by beta-
cell regeneration reduces relevant clinical endpoints and is 
cost-effective. Similarly, clinical trials have to analyze the 
benefit of preservation of beta-cell mass for disease 
progression. Incretin hormones, which enhance new beta-
cell formation and concomitantly reduce beta-cell 
apoptosis, are already available for therapy of type-2 
diabetes mellitus. In type-1 diabetes endogenous 
regeneration of beta-cell mass may be achieved if the 
autoimmune process is suppressed with drugs that do not 
inhibit beta-cell regeneration themselves. Since therapeutic 
targeting of autoimmune-mediated beta-cell death is 
associated with immune modulation and suppressive side 
effects decisions for interventions need to be based on the 
individual risk for disease, particularly in children. 
Combination therapies with agents that directly promote 
beta-cell regeneration and inhibit apoptosis (e.g. GLP-1) 
may enhance efficacy and lower risks. Due to the low beta-
cell turnover in humans, it will probably require years until 
direct effects on beta-cell mass might be expected. 
However, one fundamental problem is that there are no 
sensitive techniques to quantify beta-cell mass in vivo. 
With elegant imaging techniques (e.g. PET, MRI) some 
progress has been reported in animal models (136, 137) but 
not in clinical trials. Therefore the clinical evaluation of 
cytoprotective therapies for the islets of Langerhans will 
initially be realized by the application of metabolic tests 
(e.g. i.v. glucose or arginin stimulation) (138). In animal 
and clinical studies, these tests reproducibly correlate 
(coefficient of correlation ~0.8.) with beta-cell mass, which 
was manipulated by beta-cell toxins, partial or total 
pancreatectomy or islet transplantation. Safety issues also 
have to be considered, since the therapeutic manipulation 
of regeneration and apoptosis may interfere with 
physiological tissue remodeling in other organs. This may 
be of concern because experimental studies usually last 
weeks to months, while clinical application would require 
treatment over many years, particularly in the context of 
diabetes prevention. 
 
In conclusion, the development of therapeutic strategies for 
the preservation and/or regeneration of beta-cell mass 
requires detailed knowledge about the molecular 
mechanisms involved. Many signaling molecules, 
transcription factors, hormones and growth factors have 
been identified as potential targets. However, many of these 
factors have been examined in cell lines or animal models 
and await confirmation in humans. Strategies involving 
molecular biological techniques or gene therapy need to 
make significant progress before clinical application may 
be safe. Long-term clinical trials will be required to 
investigate whether therapeutic utilization of the 

regenerative capacity of the human pancreas provides the 
perspective for long-term stabilization or even cure of 
diabetes mellitus. 
 
7. ACKNOWLEDGEMENTS 
 

This work was supported by grants from the 
Deutsche Forschungsgemeinschaft (DFG Ri 1055/3-1), 
Deutsche Diabetesgesellschaft (DDG) and the Dietmar 
Hopp Stiftung. 
 
8. REFERENCES 
 
1. Permutt, M. A. & D. M. Kipnis: Insulin biosynthesis. I. 
On the mechanism of glucose stimulation. J Biol Chem 
247, 1194-9 (1972) 
 
2. Welsh, M., N. Scherberg, R. Gilmore & D. F. Steiner: 
Translational control of insulin biosynthesis. Evidence for 
regulation of elongation, initiation and signal-recognition-
particle-mediated translational arrest by glucose. Biochem J 
235, 459-67 (1986) 
 
3. Hammonds, P., P. N. Schofield, S. J. Ashcroft, R. Sutton 
& D. W. Gray: Regulation and specificity of glucose-
stimulated insulin gene expression in human islets of 
Langerhans. FEBS Lett 223, 131-7 (1987) 
 
4. Butler, A. E., J. Janson, S. Bonner-Weir, R. Ritzel, R. A. 
Rizza & P. C. Butler: Beta-cell deficit and increased beta-
cell apoptosis in humans with type 2 diabetes. Diabetes 52, 
102-10 (2003) 
 
5. Kloppel, G., M. Lohr, K. Habich, M. Oberholzer & P. U. 
Heitz: Islet pathology and the pathogenesis of type 1 and 
type 2 diabetes mellitus revisited. Surv Synth Pat Res 4, 
110-25 (1985) 
 
6. Kulkarni, R. N., U. S. Jhala, J. N. Winnay, S. Krajewski, 
M. Montminy & C. R. Kahn: PDX-1 haploinsufficiency 
limits the compensatory islet hyperplasia that occurs in 
response to insulin resistance. J Clin Invest 114, 828-36 
(2004) 
 
7. Butler, P. C., R. A. Ritzel, A. E. Butler & R. A. Rizza: 
Islet Turnover in Lean and Obese Humans (Abstract). 
Diabetes 53, P1479 (2004) 
 
8. Butler, A. E., J. Janson, W. C. Soeller & P. C. Butler: 
Increased beta-cell apoptosis prevents adaptive increase in 
beta-cell mass in mouse model of type 2 diabetes: evidence 
for role of islet amyloid formation rather than direct action 
of amyloid. Diabetes 52, 2304-14 (2003) 
 
9. Finegood, D. T., L. Scaglia & S. Bonner-Weir: 
Dynamics of beta-cell mass in the growing rat pancreas. 
Estimation with a simple mathematical model. Diabetes 44, 
249-56 (1995) 
 
10. Meier, J. J., A. Bhushan, A. E. Butler, R. A. Rizza & P. 
C. Butler: Sustained beta cell apoptosis in patients with 



Regeneration of beta-cell mass 

1845 

long-standing type 1 diabetes: indirect evidence for islet 
regeneration? Diabetologia 48, 2221-8 (2005) 
 
11. Warren, S. & H. F. Root: The Pathology of Diabetes, 
with Special Reference to Pancreatic Regeneration. Am J 
Pathol 1, 415-430 (1925) 
 
12. Bonner-Weir, S., D. Deery, J. L. Leahy & G. C. Weir: 
Compensatory growth of pancreatic beta-cells in adult rats 
after short-term glucose infusion. Diabetes 38, 49-53 
(1989) 
 
13. Lipsett, M. & D. T. Finegood: beta-cell neogenesis 
during prolonged hyperglycemia in rats. Diabetes 51, 1834-
41 (2002) 
 
14. Alonso, L. C., T. Yokoe, P. Zhang, D. K. Scott, S. K. 
Kim, C. P. O'Donnell & A. Garcia-Ocana: Glucose 
infusion in mice: a new model to induce beta-cell 
replication. Diabetes 56, 1792-801 (2007) 
 
15. Bonner-Weir, S., E. Toschi, A. Inada, P. Reitz, S. Y. 
Fonseca, T. Aye & A. Sharma: The pancreatic ductal 
epithelium serves as a potential pool of progenitor cells. 
Pediatr Diabetes 5, 16-22 (2004) 
 
16. Van Assche, F. A., L. Aerts & F. De Prins: A 
morphological study of the endocrine pancreas in human 
pregnancy. Br J Obstet Gynaecol 85, 818-20 (1978) 
 
17. Puri, S. & M. Hebrok: Dynamics of embryonic 
pancreas development using real-time imaging. Dev Biol 
306, 82-93 (2007) 
 
18. Levine, F. & P. Itkin-Ansari: beta-cell regeneration: 
Neogenesis, replication or both? J Mol Med 6, 6 (2007) 
 
19. Dor, Y., J. Brown, O. I. Martinez & D. A. Melton: 
Adult pancreatic beta-cells are formed by self-duplication 
rather than stem-cell differentiation. Nature 429, 41-6 
(2004) 
 
20. Nir, T., D. A. Melton & Y. Dor: Recovery from 
diabetes in mice by beta cell regeneration. J Clin Invest 
117, 2553-61 (2007) 
 
21. Georgia, S. & A. Bhushan: Beta cell replication is the 
primary mechanism for maintaining postnatal beta cell 
mass. J Clin Invest 114, 963-8 (2004) 
 
22. Xu, G., D. A. Stoffers, J. F. Habener & S. Bonner-
Weir: Exendin-4 stimulates both beta-cell replication and 
neogenesis, resulting in increased beta-cell mass and 
improved glucose tolerance in diabetic rats. Diabetes 48, 
2270-6 (1999) 
 
23. Bonner-Weir, S.: Islet growth and development in the 
adult. J Mol Endocrinol 24, 297-302 (2000) 
 
24. Bonner-Weir, S. & G. C. Weir: New sources of 
pancreatic beta-cells. Nat Biotechnol 23, 857-61 (2005) 
 

25. Reers, C., S. Erbel, I. Esposito, B. Schmied, M. W. 
Büchler, P. P. Nawroth & R. A. Ritzel: Characterization of 
islet morphology in pancreatic tissue from non-diabetic 
organ donors. Diabetologia 50 (Suppl1), S227 (2007) 
 
26. Peshavaria, M., B. L. Larmie, J. Lausier, B. Satish, A. 
Habibovic, V. Roskens, K. Larock, B. Everill, J. L. Leahy 
& T. L. Jetton: Regulation of pancreatic beta-cell 
regeneration in the normoglycemic 60% partial-
pancreatectomy mouse. Diabetes 55, 3289-98 (2006) 
 
27. Inada, A., C. Nienaber, A. Sharma & S. Bonner-Weir: 
Lineage Tracing Shows Pancreatic Ductal Cells as Islet 
Progenitors in Postnatal Mice. Diabetes 55 (Suppl 1), 131-
OR (2006) 
 
28. Robertson, R. P., K. J. Lanz, D. E. Sutherland & E. R. 
Seaquist: Relationship between diabetes and obesity 9 to 18 
years after hemipancreatectomy and transplantation in 
donors and recipients. Transplantation 73, 736-41 (2002) 
 
29. Menge, B. A., A. Tannapfel, O. Belyaev, R. Drescher, 
C. Muller, W. Uhl, W. E. Schmidt & J. J. Meier: Partial 
Pancreatectomy In Adult Humans Does Not Provoke Beta 
Cell Regeneration. Diabetes 24, 24 (2007) 
 
30. Maedler, K., D. M. Schumann, F. Schulthess, J. 
Oberholzer, D. Bosco, T. Berney & M. Y. Donath: Aging 
correlates with decreased beta-cell proliferative capacity 
and enhanced sensitivity to apoptosis: a potential role for 
Fas and pancreatic duodenal homeobox-1. Diabetes 55, 
2455-62 (2006) 
 
31. Bonner-Weir, S., M. Taneja, G. C. Weir, K. 
Tatarkiewicz, K. H. Song, A. Sharma & J. J. O'Neil: In 
vitro cultivation of human islets from expanded ductal 
tissue. Proc Natl Acad Sci U S A 97, 7999-8004 (2000) 
 
32. Zulewski, H., E. J. Abraham, M. J. Gerlach, P. B. 
Daniel, W. Moritz, B. Muller, M. Vallejo, M. K. Thomas & 
J. F. Habener: Multipotential nestin-positive stem cells 
isolated from adult pancreatic islets differentiate ex vivo 
into pancreatic endocrine, exocrine, and hepatic 
phenotypes. Diabetes 50, 521-33 (2001) 
 
33. Seaberg, R. M., S. R. Smukler, T. J. Kieffer, G. 
Enikolopov, Z. Asghar, M. B. Wheeler, G. Korbutt & D. 
van der Kooy: Clonal identification of multipotent 
precursors from adult mouse pancreas that generate neural 
and pancreatic lineages. Nat Biotechnol 22, 1115-24 (2004) 
 
34. Bulotta, A., H. Hui, E. Anastasi, C. Bertolotto, L. G. 
Boros, U. Di Mario & R. Perfetti: Cultured pancreatic 
ductal cells undergo cell cycle re-distribution and beta-cell-
like differentiation in response to glucagon-like peptide-1. J 
Mol Endocrinol 29, 347-60 (2002) 
 
35. Ianus, A., G. G. Holz, N. D. Theise & M. A. Hussain: 
In vivo derivation of glucose-competent pancreatic 
endocrine cells from bone marrow without evidence of cell 
fusion. J Clin Invest 111, 843-50 (2003) 
 



Regeneration of beta-cell mass 

1846 

36. Lechner, A., Y. G. Yang, R. A. Blacken, L. Wang, A. 
L. Nolan & J. F. Habener: No evidence for significant 
transdifferentiation of bone marrow into pancreatic beta-
cells in vivo. Diabetes 53, 616-23 (2004) 
 
37. Butler, A. E., A. Huang, P. N. Rao, A. Bhushan, W. J. 
Hogan, R. A. Rizza & P. C. Butler: Hematopoietic stem 
cells derived from adult donors are not a source of 
pancreatic beta-cells in adult nondiabetic humans. Diabetes 
56, 1810-6 Epub 2007 Apr 24 (2007) 
 
38. Hess, D., L. Li, M. Martin, S. Sakano, D. Hill, B. Strutt, 
S. Thyssen, D. A. Gray & M. Bhatia: Bone marrow-derived 
stem cells initiate pancreatic regeneration. Nat Biotechnol 
21, 763-70 (2003) 
 
39. Lardon, J., N. Huyens, I. Rooman & L. Bouwens: 
Exocrine cell transdifferentiation in dexamethasone-treated 
rat pancreas. Virchows Arch 444, 61-5 (2004) 
 
40. Bertelli, E. & M. Bendayan: Intermediate endocrine-
acinar pancreatic cells in duct ligation conditions. Am J 
Physiol 273, C1641-9 (1997) 
 
41. Desai, B. M., J. Oliver-Krasinski, D. D. De Leon, C. 
Farzad, N. Hong, S. D. Leach & D. A. Stoffers: Preexisting 
pancreatic acinar cells contribute to acinar cell, but not islet 
beta cell, regeneration. J Clin Invest 117, 971-7 (2007) 
 
42. Bernard, C., M. F. Berthault, C. Saulnier & A. Ktorza: 
Neogenesis vs. apoptosis As main components of 
pancreatic beta cell ass changes in glucose-infused normal 
and mildly diabetic adult rats. FASEB J 13, 1195-205 
(1999) 
 
43. Topp, B., K. Promislow, G. deVries, R. M. Miura & D. 
T. Finegood: A model of beta-cell mass, insulin, and 
glucose kinetics: pathways to diabetes. J Theor Biol 206, 
605-19 (2000) 
 
44. Finegood, D. T. & B. G. Topp: beta-cell deterioration - 
prospects for reversal or prevention. Diabetes Obes Metab. 
3, 20-27. (2001) 
 
45. Maedler, K., G. A. Spinas, R. Lehmann, P. Sergeev, M. 
Weber, A. Fontana, N. Kaiser & M. Y. Donath: Glucose 
induces beta-cell apoptosis via upregulation of the Fas 
receptor in human islets. Diabetes 50, 1683-90 (2001) 
 
46. Poitout, V. & R. P. Robertson: Minireview: Secondary 
beta-cell failure in type 2 diabetes--a convergence of 
glucotoxicity and lipotoxicity. Endocrinology 143, 339-42 
(2002) 
 
47. Terauchi, Y., I. Takamoto, N. Kubota, J. Matsui, R. 
Suzuki, K. Komeda, A. Hara, Y. Toyoda, I. Miwa, S. 
Aizawa, S. Tsutsumi, Y. Tsubamoto, S. Hashimoto, K. Eto, 
A. Nakamura, M. Noda, K. Tobe, H. Aburatani, R. Nagai 
& T. Kadowaki: Glucokinase and IRS-2 are required for 
compensatory beta cell hyperplasia in response to high-fat 
diet-induced insulin resistance. J Clin Invest 117, 246-57 
(2007) 

48. Chen, C., H. Hosokawa, L. M. Bumbalo & J. L. Leahy: 
Regulatory effects of glucose on the catalytic activity and 
cellular content of glucokinase in the pancreatic beta cell. 
Study using cultured rat islets. J Clin Invest 94, 1616-20 
(1994) 
 
49. Bruning, J. C., J. Winnay, S. Bonner-Weir, S. I. Taylor, 
D. Accili & C. R. Kahn: Development of a novel polygenic 
model of NIDDM in mice heterozygous for IR and IRS-1 
null alleles. Cell 88, 561-72 (1997) 
 
50. Scaglia, L., F. E. Smith & S. Bonner-Weir: Apoptosis 
contributes to the involution of beta cell mass in the post 
partum rat pancreas. Endocrinology 136, 5461-8 (1995) 
 
51. Karnik, S. K., H. Chen, G. W. McLean, J. J. Heit, X. 
Gu, A. Y. Zhang, M. Fontaine, M. H. Yen & S. K. Kim: 
Menin controls growth of pancreatic beta-cells in pregnant 
mice and promotes gestational diabetes mellitus. Science 
318, 806-9 (2007) 
 
52. Larsson, C., B. Skogseid, K. Oberg, Y. Nakamura & M. 
Nordenskjold: Multiple endocrine neoplasia type 1 gene 
maps to chromosome 11 and is lost in insulinoma. Nature 
332, 85-7 (1988) 
 
53. Agarwal, S. K., A. Lee Burns, K. E. Sukhodolets, P. A. 
Kennedy, V. H. Obungu, A. B. Hickman, M. E. 
Mullendore, I. Whitten, M. C. Skarulis, W. F. Simonds, C. 
Mateo, J. S. Crabtree, P. C. Scacheri, Y. Ji, E. A. Novotny, 
L. Garrett-Beal, J. M. Ward, S. K. Libutti, H. Richard 
Alexander, A. Cerrato, M. J. Parisi, A. S. Santa Anna, B. 
Oliver, S. C. Chandrasekharappa, F. S. Collins, A. M. 
Spiegel & S. J. Marx: Molecular pathology of the MEN1 
gene. Ann N Y Acad Sci 1014, 189-98 (2004) 
 
54. Nauck, M. A.: Glucagon-like peptide 1 (GLP-1) in the 
treatment of diabetes. Horm Metab Res 36, 852-8 (2004) 
 
55. Meier, J. J., M. A. Nauck, W. E. Schmidt & B. 
Gallwitz: Gastric inhibitory polypeptide: the neglected 
incretin revisited. Regul Pept. 107, 1-13 (2002) 
 
56. Perley, M. J. & D. M. Kipnis: Plasma insulin responses 
to oral and intravenous glucose: studies in normal and 
diabetic sujbjects. J Clin Invest 46, 1954-62 (1967) 
 
57. Zhou, J., X. Wang, M. A. Pineyro & J. M. Egan: 
Glucagon-like peptide 1 and exendin-4 convert pancreatic 
AR42J cells into glucagon- and insulin-producing cells. 
Diabetes 48, 2358-66 (1999) 
 
58. Movassat, J., G. M. Beattie, A. D. Lopez & A. Hayek: 
Exendin-4 up-regulates expression of PDX 1 and hastens 
differentiation and maturation of human fetal pancreatic 
cells. J Clin Endocrinol Metab 87, 4775-81 (2002) 
 
59. Buteau, J., S. Foisy, E. Joly & M. Prentki: Glucagon-
like peptide 1 induces pancreatic beta-cell proliferation via 
transactivation of the epidermal growth factor receptor. 
Diabetes 52, 124-32 (2003) 
 



Regeneration of beta-cell mass 

1847 

60. Li, Y., T. Hansotia, B. Yusta, F. Ris, P. A. Halban & D. 
J. Drucker: Glucagon-like peptide-1 receptor signaling 
modulates beta cell apoptosis. J Biol Chem 278, 471-8 
(2003) 
 
61. Kim, S. J., K. Winter, C. Nian, M. Tsuneoka, Y. Koda 
& C. H. McIntosh: Glucose-dependent insulinotropic 
polypeptide (GIP) stimulation of pancreatic beta-cell 
survival is dependent upon phosphatidylinositol 3-kinase 
(PI3K)/protein kinase B (PKB) signaling, inactivation of 
the forkhead transcription factor Foxo1, and down-
regulation of bax expression. J Biol Chem 280, 22297-307 
(2005) 
 
62. Ling, Z., D. Wu, Y. Zambre, D. Flamez, D. J. Drucker, 
D. G. Pipeleers & F. C. Schuit: Glucagon-like peptide 1 
receptor signaling influences topography of islet cells in 
mice. Virchows Arch 438, 382-7 (2001) 
 
63. De Leon, D. D., S. Deng, R. Madani, R. S. Ahima, D. J. 
Drucker & D. A. Stoffers: Role of endogenous glucagon-
like peptide-1 in islet regeneration after partial 
pancreatectomy. Diabetes 52, 365-71 (2003) 
 
64. Li, Y., X. Cao, L. X. Li, P. L. Brubaker, H. Edlund & 
D. J. Drucker: Beta-cell Pdx1 expression is essential for the 
glucoregulatory, proliferative, and cytoprotective actions of 
glucagon-like peptide-1. Diabetes 54, 482-91 (2005) 
 
65. Nauck, M. A., M. M. Heimesaat, C. Orskov, J. J. Holst, 
R. Ebert & W. Creutzfeldt: Preserved incretin activity of 
glucagon-like peptide 1 (7-36 amide) but not of synthetic 
human gastric inhibitory polypeptide in patients with type-
2 diabetes mellitus. J Clin Invest 91, 301-7 (1993) 
 
66. Nauck, M. A. & J. J. Meier: The enteroinsular axis may 
mediate the diabetogenic effects of TCF7L2 
polymorphisms. Diabetologia 50, 2413-6 (2007) 
 
67. Yoon, K. H., S. H. Ko, J. H. Cho, J. M. Lee, Y. B. Ahn, 
K. H. Song, S. J. Yoo, M. I. Kang, B. Y. Cha, K. W. Lee, 
H. Y. Son, S. K. Kang, H. S. Kim, I. K. Lee & S. Bonner-
Weir: Selective beta-cell loss and alpha-cell expansion in 
patients with type 2 diabetes mellitus in Korea. J Clin 
Endocrinol Metab 88, 2300-8 (2003) 
 
68. Verchere, C. B., D. A. D'Alessio, R. D. Palmiter, G. C. 
Weir, S. Bonner-Weir, D. G. Baskin & S. E. Kahn: Islet 
amyloid formation associated with hyperglycemia in 
transgenic mice with pancreatic beta cell expression of 
human islet amyloid polypeptide. Proc Natl Acad Sci U S A 
93, 3492-6 (1996) 
 
69. Ritzel, R. A. & P. C. Butler: Replication increases beta-
cell vulnerability to human islet amyloid polypeptide-
induced apoptosis. Diabetes 52, 1701-8 (2003) 
 
70. Meier, J. J., R. A. Ritzel, K. Maedler, T. Gurlo & P. C. 
Butler: Increased vulnerability of newly forming beta cells 
to cytokine-induced cell death. Diabetologia 49, 83-9 Epub 
2005 Dec 2. (2006) 
 

71. Sandler, S., K. Bendtzen, D. L. Eizirik & M. Welsh: 
Interleukin-6 affects insulin secretion and glucose 
metabolism of rat pancreatic islets in vitro. Endocrinology 
126, 1288-94 (1990) 
 
72. Eizirik, D. L., S. Sandler, N. Welsh, M. Cetkovic-
Cvrlje, A. Nieman, D. A. Geller, D. G. Pipeleers, K. 
Bendtzen & C. Hellerstrom: Cytokines suppress human 
islet function irrespective of their effects on nitric oxide 
generation. J Clin Invest 93, 1968-74 (1994) 
 
73. Zhang, S. & K. H. Kim: TNF-alpha inhibits glucose-
induced insulin secretion in a pancreatic beta-cell line 
(INS-1). FEBS Lett 377, 237-9 (1995) 
 
74. Hotamisligil, G. S., P. Peraldi, A. Budavari, R. Ellis, M. 
F. White & B. M. Spiegelman: IRS-1-mediated inhibition 
of insulin receptor tyrosine kinase activity in TNF-alpha- 
and obesity-induced insulin resistance. Science 271, 665-8 
(1996) 
 
75. Mandrup-Poulsen, T.: The role of interleukin-1 in the 
pathogenesis of IDDM. Diabetologia 39, 1005-29 (1996) 
 
76. Maedler, K., P. Sergeev, F. Ris, J. Oberholzer, H. I. 
Joller-Jemelka, G. A. Spinas, N. Kaiser, P. A. Halban & M. 
Y. Donath: Glucose-induced beta cell production of IL-
1beta contributes to glucotoxicity in human pancreatic 
islets. J Clin Invest 110, 851-60 (2002) 
 
77. Maedler, K., J. Storling, J. Sturis, R. A. Zuellig, G. A. 
Spinas, P. O. Arkhammar, T. Mandrup-Poulsen & M. Y. 
Donath: Glucose- and interleukin-1beta-induced beta-cell 
apoptosis requires Ca2+ influx and extracellular signal-
regulated kinase (ERK) 1/2 activation and is prevented by a 
sulfonylurea receptor 1/inwardly rectifying K+ channel 6.2. 
(SUR/Kir6.2.) selective potassium channel opener in human 
islets. Diabetes 53, 1706-13 (2004) 
 
78. Janson, J., R. H. Ashley, D. Harrison, S. McIntyre & P. C. 
Butler: The mechanism of islet amyloid polypeptide toxicity is 
membrane disruption by intermediate-sized toxic amyloid 
particles. Diabetes 48, 491-8 (1999) 
 
79. Huang, C. J., C. Y. Lin, L. Haataja, T. Gurlo, A. E. Butler, 
R. A. Rizza & P. C. Butler: High expression rates of human 
islet amyloid polypeptide induce endoplasmic reticulum stress 
mediated beta-cell apoptosis, a characteristic of humans with 
type 2 but not type 1 diabetes. Diabetes 56, 2016-27 (2007) 
 
80. Jayasinghe, S. A. & R. Langen: Membrane interaction of 
islet amyloid polypeptide. Biochim Biophys Acta 6, 6 (2007) 
 
81. Ritzel, R. A., J. J. Meier, C. Y. Lin, J. D. Veldhuis & P. C. 
Butler: Human islet amyloid polypeptide oligomers disrupt cell 
coupling, induce apoptosis, and impair insulin secretion in 
isolated human islets. Diabetes 56, 65-71 (2007) 
 
82. Sladek, R., G. Rocheleau, J. Rung, C. Dina, L. Shen, D. 
Serre, P. Boutin, D. Vincent, A. Belisle, S. Hadjadj, B. 
Balkau, B. Heude, G. Charpentier, T. J. Hudson, A. 
Montpetit, A. V. Pshezhetsky, M. Prentki, B. I. Posner, D. 



Regeneration of beta-cell mass 

1848 

J. Balding, D. Meyre, C. Polychronakos & P. Froguel: A 
genome-wide association study identifies novel risk loci for 
type 2 diabetes. Nature 445, 881-5 (2007) 
 
83. Zeggini, E., M. N. Weedon, C. M. Lindgren, T. M. 
Frayling, K. S. Elliott, H. Lango, N. J. Timpson, J. R. 
Perry, N. W. Rayner, R. M. Freathy, J. C. Barrett, B. 
Shields, A. P. Morris, S. Ellard, C. J. Groves, L. W. 
Harries, J. L. Marchini, K. R. Owen, B. Knight, L. R. 
Cardon, M. Walker, G. A. Hitman, A. D. Morris, A. S. 
Doney, M. I. McCarthy & A. T. Hattersley: Replication of 
genome-wide association signals in UK samples reveals 
risk loci for type 2 diabetes. Science 316, 1336-41 (2007) 
 
84. Tiedge, M., S. Lortz, R. Munday & S. Lenzen: 
Complementary action of antioxidant enzymes in the 
protection of bioengineered insulin-producing RINm5F 
cells against the toxicity of reactive oxygen species. 
Diabetes 47, 1578-85 (1998) 
 
85. Kjems, L. L., B. M. Kirby, E. M. Welsh, J. D. Veldhuis, 
M. Straume, S. S. McIntyre, D. Yang, P. Lefebvre & P. C. 
Butler: Decrease in beta-cell mass leads to impaired 
pulsatile insulin secretion, reduced postprandial hepatic 
insulin clearance, and relative hyperglucagonemia in the 
minipig. Diabetes 50, 2001-12 (2001) 
 
86. Ritzel, R. A., A. E. Butler, R. A. Rizza, J. D. Veldhuis 
& P. C. Butler: Relationship between beta-cell mass and 
fasting blood glucose concentration in humans. Diabetes 
Care 29, 717-718 (2006) 
 
87. Bonner-Weir, S., D. F. Trent & G. C. Weir: Partial 
pancreatectomy in the rat and subsequent defect in glucose-
induced insulin release. J Clin Invest 71, 1544-53 (1983) 
 
88. McCulloch, D. K., D. J. Koerker, S. E. Kahn, S. 
Bonner-Weir & J. P. Palmer: Correlations of in vivo beta-
cell function tests with beta-cell mass and pancreatic 
insulin content in streptozocin-administered baboons. 
Diabetes 40, 673-9 (1991) 
 
89. U.K. prospective diabetes study 16. Overview of 6 
years' therapy of type II diabetes: a progressive disease. 
U.K. Prospective Diabetes Study Group. Diabetes 44, 
1249-58 (1995) 
 
90. Kahn, S. E., S. M. Haffner, M. A. Heise, W. H. 
Herman, R. R. Holman, N. P. Jones, B. G. Kravitz, J. M. 
Lachin, M. C. O'Neill, B. Zinman & G. Viberti: Glycemic 
durability of rosiglitazone, metformin, or glyburide 
monotherapy. N Engl J Med 355, 2427-43 (2006) 
 
91. Turner, R. C., S. T. McCarthy, R. R. Holman & E. 
Harris: Beta-cell function improved by supplementing basal 
insulin secretion in mild diabetes. Br Med J 1, 1252-4 
(1976) 
 
92. Ilkova, H., B. Glaser, A. Tunckale, N. Bagriacik & E. 
Cerasi: Induction of long-term glycemic control in newly 
diagnosed type 2 diabetic patients by transient intensive 
insulin treatment. Diabetes Care 20, 1353-6 (1997) 

93. Kubota, N., K. Tobe, Y. Terauchi, K. Eto, T. 
Yamauchi, R. Suzuki, Y. Tsubamoto, K. Komeda, R. 
Nakano, H. Miki, S. Satoh, H. Sekihara, S. Sciacchitano, 
M. Lesniak, S. Aizawa, R. Nagai, S. Kimura, Y. Akanuma, 
S. I. Taylor & T. Kadowaki: Disruption of insulin receptor 
substrate 2 causes type 2 diabetes because of liver insulin 
resistance and lack of compensatory beta-cell hyperplasia. 
Diabetes 49, 1880-9 (2000) 
 
94. Hennige, A. M., D. J. Burks, U. Ozcan, R. N. Kulkarni, 
J. Ye, S. Park, M. Schubert, T. L. Fisher, M. A. Dow, R. 
Leshan, M. Zakaria, M. Mossa-Basha & M. F. White: 
Upregulation of insulin receptor substrate-2 in pancreatic 
beta cells prevents diabetes. J Clin Invest 112, 1521-32 
(2003) 
 
95. Kushner, J. A., J. Ye, M. Schubert, D. J. Burks, M. A. 
Dow, C. L. Flint, S. Dutta, C. V. Wright, M. R. Montminy 
& M. F. White: Pdx1 restores beta cell function in Irs2 
knockout mice. J Clin Invest 109, 1193-201 (2002) 
 
96. Jonsson, J., L. Carlsson, T. Edlund & H. Edlund: 
Insulin-promoter-factor 1 is required for pancreas 
development in mice. Nature 371, 606-9 (1994) 
 
97. Johnson, J. D., N. T. Ahmed, D. S. Luciani, Z. Han, H. 
Tran, J. Fujita, S. Misler, H. Edlund & K. S. Polonsky: 
Increased islet apoptosis in Pdx1+/- mice. J Clin Invest 
111, 1147-60 (2003) 
 
98. Nakagawa, Y., H. Shimano, T. Yoshikawa, T. Ide, M. 
Tamura, M. Furusawa, T. Yamamoto, N. Inoue, T. 
Matsuzaka, A. Takahashi, A. H. Hasty, H. Suzuki, H. Sone, 
H. Toyoshima, N. Yahagi & N. Yamada: TFE3 
transcriptionally activates hepatic IRS-2, participates in 
insulin signaling and ameliorates diabetes. Nat Med. 12, 
107-13 (2006) 
 
99. Vasavada, R. C., A. Garcia-Ocana, W. S. Zawalich, R. 
L. Sorenson, P. Dann, M. Syed, L. Ogren, F. Talamantes & 
A. F. Stewart: Targeted expression of placental lactogen in 
the beta cells of transgenic mice results in beta cell 
proliferation, islet mass augmentation, and hypoglycemia. J 
Biol Chem 275, 15399-406 (2000) 
 
100. Vasavada, R. C., L. Wang, Y. Fujinaka, K. K. Takane, 
T. C. Rosa, J. M. Mellado-Gil, P. A. Friedman & A. 
Garcia-Ocana: Protein kinase C-zeta activation markedly 
enhances beta-cell proliferation: an essential role in growth 
factor mediated beta-cell mitogenesis. Diabetes 56, 2732-
43 (2007) 
 
101. Dai, C., Y. Li, J. Yang & Y. Liu: Hepatocyte growth 
factor preserves beta cell mass and mitigates 
hyperglycemia in streptozotocin-induced diabetic mice. J 
Biol Chem 278, 27080-7 (2003) 
 
102. Rooman, I., J. Lardon & L. Bouwens: Gastrin 
stimulates beta-cell neogenesis and increases islet mass 
from transdifferentiated but not from normal exocrine 
pancreas tissue. Diabetes 51, 686-90 (2002) 



Regeneration of beta-cell mass 

1849 

103. Suarez-Pinzon, W. L., J. R. Lakey, S. J. Brand & A. 
Rabinovitch: Combination therapy with epidermal growth 
factor and gastrin induces neogenesis of human islet 
{beta}-cells from pancreatic duct cells and an increase in 
functional {beta}-cell mass. J Clin Endocrinol Metab 90, 
3401-9 (2005) 
 
104. Suarez-Pinzon, W. L., Y. Yan, R. Power, S. J. Brand 
& A. Rabinovitch: Combination therapy with epidermal 
growth factor and gastrin increases beta-cell mass and 
reverses hyperglycemia in diabetic NOD mice. Diabetes 
54, 2596-601 (2005) 
 
105. Meier, J. J., A. E. Butler, R. Galasso, R. A. Rizza & P. 
C. Butler: Increased islet beta cell replication adjacent to 
intrapancreatic gastrinomas in humans. Diabetologia 49, 
2689-96 (2006) 
 
106. Park, S., X. Dong, T. L. Fisher, S. Dunn, A. K. Omer, 
G. Weir & M. F. White: Exendin-4 uses Irs2 signaling to 
mediate pancreatic Beta cell growth and function. J Biol 
Chem 281, 1159-68 (2006) 
 
107. Mu, J., J. Woods, Y. P. Zhou, R. S. Roy, Z. Li, E. 
Zycband, Y. Feng, L. Zhu, C. Li, A. D. Howard, D. E. 
Moller, N. A. Thornberry & B. B. Zhang: Chronic 
inhibition of dipeptidyl peptidase-4 with a sitagliptin 
analog preserves pancreatic beta-cell mass and function in a 
rodent model of type 2 diabetes. Diabetes 55, 1695-704 
(2006) 
 
108. Muller, D., P. M. Jones & S. J. Persaud: Autocrine 
anti-apoptotic and proliferative effects of insulin in 
pancreatic beta-cells. FEBS Lett. 580, 6977-80 (2006) 
 
109. Johnson, J. D., E. Bernal-Mizrachi, E. U. Alejandro, 
Z. Han, T. B. Kalynyak, H. Li, J. L. Beith, J. Gross, G. L. 
Warnock, R. R. Townsend, M. A. Permutt & K. S. 
Polonsky: Insulin protects islets from apoptosis via Pdx1 
and specific changes in the human islet proteome. Proc 
Natl Acad Sci U S A. 103, 19575-80 (2006) 
 
110. Ritzel, R.: Einfluss von GLP-1 auf Betazellneogenese 
und -apoptose. In: GLP-1 als Therapieprinzip bei Typ-2-
Diabetes: Inkretin-Mimetika und DPP-4-Inhibitoren. Ed: B. 
Gallwitz. Uni-Med, Bremen (2006) 
 
111. Hui, H., A. Nourparvar, X. Zhao & R. Perfetti: 
Glucagon-like peptide-1 inhibits apoptosis of insulin-
secreting cells via a cyclic 5'-adenosine monophosphate-
dependent protein kinase A- and a phosphatidylinositol 3-
kinase-dependent pathway. Endocrinology 144, 1444-55 
(2003) 
 
112. Kwon, G., K. L. Pappan, C. A. Marshall, J. E. 
Schaffer & M. L. McDaniel: Cyclic AMP dose-
dependently prevents palmitate-induced apoptosis by both 
PKA- and cAMP-GEF-dependent pathways in beta -cells. J 
Biol Chem 19, 19 (2003) 
 
113. Perry, T., N. J. Haughey, M. P. Mattson, J. M. Egan & 
N. H. Greig: Protection and reversal of excitotoxic neuronal 

damage by glucagon-like peptide-1 and exendin-4. J 
Pharmacol Exp Ther 302, 881-8 (2002) 
 
114. Farilla, L., H. Hui, C. Bertolotto, E. Kang, A. Bulotta, 
U. Di Mario & R. Perfetti: Glucagon-like peptide-1 
promotes islet cell growth and inhibits apoptosis in Zucker 
diabetic rats. Endocrinology 143, 4397-408 (2002) 
 
115. Farilla, L., A. Bulotta, B. Hirshberg, S. Li Calzi, N. 
Khoury, H. Noushmehr, C. Bertolotto, U. Di Mario, D. M. 
Harlan & R. Perfetti: Glucagon-like peptide 1 inhibits cell 
apoptosis and improves glucose responsiveness of freshly 
isolated human islets. Endocrinology 144, 5149-58 (2003) 
 
116. Buteau, J., W. El-Assaad, C. J. Rhodes, L. Rosenberg, 
E. Joly & M. Prentki: Glucagon-like peptide-1 prevents 
beta-cell glucolipotoxicity. Diabetologia 47, 806-15 (2004) 
 
117. Zander, M., S. Madsbad, J. L. Madsen & J. J. Holst: 
Effect of 6-week course of glucagon-like peptide 1 on 
glycaemic control, insulin sensitivity, and beta-cell function 
in type 2 diabetes: a parallel-group study. Lancet 359, 824-
30 (2002) 
 
118. Larsen, C. M., M. Faulenbach, A. Vaag, A. Volund, J. A. 
Ehses, B. Seifert, T. Mandrup-Poulsen & M. Y. Donath: 
Interleukin-1-receptor antagonist in type 2 diabetes mellitus. N 
Engl J Med 356, 1517-26 (2007) 
 
119. Maedler, K., P. Sergeev, J. A. Ehses, Z. Mathe, D. Bosco, 
T. Berney, J. M. Dayer, M. Reinecke, P. A. Halban & M. Y. 
Donath: Leptin modulates beta cell expression of IL-1 receptor 
antagonist and release of IL-1beta in human islets. Proc Natl 
Acad Sci U S A 101, 8138-43 (2004) 
 
120. Cyclosporin-induced remission of IDDM after early 
intervention. Association of 1 yr of cyclosporin treatment with 
enhanced insulin secretion. The Canadian-European 
Randomized Control Trial Group. Diabetes 37, 1574-82 
(1988) 
 
121. Keymeulen, B., E. Vandemeulebroucke, A. G. Ziegler, C. 
Mathieu, L. Kaufman, G. Hale, F. Gorus, M. Goldman, M. 
Walter, S. Candon, L. Schandene, L. Crenier, C. De Block, J. 
M. Seigneurin, P. De Pauw, D. Pierard, I. Weets, P. Rebello, P. 
Bird, E. Berrie, M. Frewin, H. Waldmann, J. F. Bach, D. 
Pipeleers & L. Chatenoud: Insulin needs after CD3-antibody 
therapy in new-onset type 1 diabetes. N Engl J Med 352, 2598-
608 (2005) 
 
122. Wild, S., G. Roglic, A. Green, R. Sicree & H. King: 
Global prevalence of diabetes: estimates for the year 2000 and 
projections for 2030. Diabetes Care 27, 1047-53 (2004) 
 
123. Le May, C., K. Chu, M. Hu, C. S. Ortega, E. R. Simpson, 
K. S. Korach, M. J. Tsai & F. Mauvais-Jarvis: Estrogens 
protect pancreatic beta-cells from apoptosis and prevent 
insulin-deficient diabetes mellitus in mice. Proc Natl Acad Sci 
U S A 103, 9232-7 (2006) 
 
124. Margolis, K. L., D. E. Bonds, R. J. Rodabough, L. 
Tinker, L. S. Phillips, C. Allen, T. Bassford, G. Burke, J. 



Regeneration of beta-cell mass 

1850 

Torrens & B. V. Howard: Effect of oestrogen plus 
progestin on the incidence of diabetes in postmenopausal 
women: results from the Women's Health Initiative 
Hormone Trial. Diabetologia 47, 1175-87 (2004) 
 
125. Kanaya, A. M., D. Herrington, E. Vittinghoff, F. Lin, 
D. Grady, V. Bittner, J. A. Cauley & E. Barrett-Connor: 
Glycemic effects of postmenopausal hormone therapy: the 
Heart and Estrogen/progestin Replacement Study. A 
randomized, double-blind, placebo-controlled trial. Ann 
Intern Med 138, 1-9 (2003) 
 
126. Ravdin, P. M., K. A. Cronin, N. Howlader, C. D. 
Berg, R. T. Chlebowski, E. J. Feuer, B. K. Edwards & D. 
A. Berry: The decrease in breast-cancer incidence in 2003 
in the United States. N Engl J Med 356, 1670-4 (2007) 
 
127. Grankvist, K., S. L. Marklund & I. B. Taljedal: CuZn-
superoxide dismutase, Mn-superoxide dismutase, catalase 
and glutathione peroxidase in pancreatic islets and other 
tissues in the mouse. Biochem J 199, 393-8 (1981) 
 
128. Tanaka, Y., C. E. Gleason, P. O. Tran, J. S. Harmon & 
R. P. Robertson: Prevention of glucose toxicity in HIT-T15 
cells and Zucker diabetic fatty rats by antioxidants. Proc 
Natl Acad Sci U S A 96, 10857-62 (1999) 
 
129. Ihara, Y., Y. Yamada, S. Toyokuni, K. Miyawaki, N. 
Ban, T. Adachi, A. Kuroe, T. Iwakura, A. Kubota, H. Hiai 
& Y. Seino: Antioxidant alpha-tocopherol ameliorates 
glycemic control of GK rats, a model of type 2 diabetes. 
FEBS Lett 473, 24-6 (2000) 
 
130. Huang, C. J., L. Haataja, T. Gurlo, A. E. Butler, X. 
Wu, W. C. Soeller & P. C. Butler: Induction of 
endoplasmic reticulum stress-induced -cell apoptosis and 
accumulation of polyubiquitinated proteins by human islet 
amyloid polypeptide. Am J Physiol Endocrinol Metab 293, 
E1656-62 (2007) 
 
131. Kayed, R., E. Head, J. L. Thompson, T. M. McIntire, 
S. C. Milton, C. W. Cotman & C. G. Glabe: Common 
structure of soluble amyloid oligomers implies common 
mechanism of pathogenesis. Science 300, 486-9 (2003) 
 
132. Lin, C. Y., T. Gurlo, R. Kayed, A. E. Butler, L. 
Haataja, C. G. Glabe & P. C. Butler: Toxic human islet 
amyloid polypeptide (h-IAPP) oligomers are intracellular, 
and vaccination to induce anti-toxic oligomer antibodies 
does not prevent h-IAPP-induced beta-cell apoptosis in h-
IAPP transgenic mice. Diabetes 56, 1324-32 (2007) 
 
133. Lin, C. Y., T. Gurlo, L. Haataja, W. A. Hsueh & P. C. 
Butler: Activation of peroxisome proliferator-activated 
receptor-gamma by rosiglitazone protects human islet cells 
against human islet amyloid polypeptide toxicity by a 
phosphatidylinositol 3'-kinase-dependent pathway. J Clin 
Endocrinol Metab 90, 6678-86 (2005) 
 
134. Emamaullee, J. A. & A. M. Shapiro: Interventional 
strategies to prevent beta-cell apoptosis in islet 
transplantation. Diabetes 55, 1907-14 (2006) 

135. Meier, J. J., A. E. Butler, T. Monchamp, R. Galasso, 
R. A. Rizza & P. C. Butler: Beta-cell Replication Is The 
Primary Mechanism For Postnatal Expansion Of Beta-cell 
Mass In Humans. Diabetes 56 (Suppl 1), 0179-OR (2007) 
 
136. Souza, F., N. Simpson, A. Raffo, C. Saxena, A. 
Maffei, M. Hardy, M. Kilbourn, R. Goland, R. Leibel, J. J. 
Mann, R. Van Heertum & P. E. Harris: Longitudinal 
noninvasive PET-based beta cell mass estimates in a 
spontaneous diabetes rat model. J Clin Invest 116, 1506-13 
(2006) 
 
137. Evgenov, N. V., Z. Medarova, G. Dai, S. Bonner-Weir 
& A. Moore: In vivo imaging of islet transplantation. Nat 
Med 12, 144-8 (2006) 
 
138. Robertson, R. P.: Estimation of beta-cell mass by 
metabolic tests: necessary, but how sufficient? Diabetes 56, 
2420-4. (2007) 
 
Key Words  Diabetes, Beta-Cell Mass, Replication, 
Neogenesis, Apoptosis, Insulin, Review 
 
Send correspondence to: Robert A. Ritzel, Department of 
Internal Medicine I, University of Heidelberg, Im 
Neuenheimer Feld 410, 69120 Heidelberg, Germany, Tel: 
49-6221-568601, Fax: 49-6221-564233, E-mail: 
Robert.Ritzel@med.uni-heidelberg.de 
 
http://www.bioscience.org/current/vol14.htm 
 
 
 
 
 
 


