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Abstract

Aim: To characterise changes in pancreatic beta cell mass during the development of diabetes in untreated male
C57BLKS/J db/db mice.

Methods: Blood samples were collected from a total of 72 untreated male db/db mice aged 5, 6, 8, 10, 12, 14, 18, 24
and 34 weeks, for measurement of terminal blood glucose, HbA,,, plasma insulin, and C-peptide. Pancreata were
removed for quantification of beta cell mass, islet numbers as well as proliferation and apoptosis by
immunohistochemistry and stereology.

Results: Total pancreatic beta cell mass increased significantly from 2.1 + 0.3 mg in mice aged 5 weeks to a peak
value of 4.84 + 0.26 mg (P < 0.05) in 12-week-old mice, then gradually decreased to 3.27 + 0.44 mg in mice aged 34
weeks. Analysis of islets in the 5-, 10-, and 24-week age groups showed increased beta cell proliferation in the 10-
week-old animals whereas a low proliferation is seen in older animals. The expansion in beta cell mass was driven by
an increase in mean islet mass as the total number of islets was unchanged in the three groups.

Conclusions/Interpretation: The age-dependent beta cell dynamics in male db/db mice has been described from
5-34 weeks of age and at the same time alterations in insulin/glucose homeostasis were assessed. High beta cell
proliferation and increased beta cell mass occur in young animals followed by a gradual decline characterised by a
low beta cell proliferation in older animals. The expansion of beta cell mass was caused by an increase in mean islet
mass and not islet number.
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Introduction

In recent decades obesity and type 2 diabetes (T2D) have
raised increasing concern worldwide due to their alarming rise
in prevalence [1,2]. Today about 347 million people globally are
diabetic [2]. This number is estimated to increase to about 439
million by 2030 with the highest rise occurring in developing
countries [1,2]. Clinical manifestation of T2D is characterised
by insulin resistance, impaired insulin secretion and pancreatic
beta cell dysfunction [3-6]. Human studies have consistently
indicated that beta cell mass in patients with T2D is decreased
compared with healthy individuals [6-8]. Studies in rodents
suggest that pancreatic beta cells have the capacity to
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compensate for an increased metabolic load and insulin
demand by increasing the beta cell mass and function in order
to maintain normal blood glucose [9-11]. However, when the
metabolic demands exceed the compensatory capacity of the
increased beta cell mass and insulin secretion, hyperglycaemia
and T2D will develop [5,12,13].

The homozygous db/db mouse carrying a deleterious point
mutation in the leptin receptor gene [14-16] has been
extensively used as an experimental model of T2D. Db/db mice
are obese, hyperphagic, hypometabolic and develop diabetes
at a relatively young age of around 8 weeks. The blood glucose
values increase until death at about 8 month of age [17].
Diabetes development in db/db mice strongly resembles that in
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human T2D as insulin resistance and hyper-insulinemia
precede hyperglycemia [17-19]. In db/db mice, plasma insulin
concentrations have been reported to peak at about 2-3
months of age followed by a gradual decline [17,20]. The
increase in plasma insulin concentrations is believed to be
coupled with an increased beta cell mass followed by a gradual
decrease in beta cell mass [17,19,21-23]. Despite being
broadly used in studies of pancreatic beta cell modulation, the
age-related beta cell dynamics in untreated db/db mice have
not been investigated in detail [23-26]. However, without a
sufficient knowledge of the age-dependent beta cell dynamics
in the untreated db/db mouse conclusive interpretation of
pharmaceutical compound-induced changes in beta cell mass
is difficult.

The present study was designed to fully characterise and
investigate changes in pancreatic beta cell mass during the
development of glucose intolerance in male C57BLKS/J db/db
mice aged from 5 weeks (when they are considered pre-
diabetic) to 10 weeks (early diabetic) to 24 weeks (late-stage
diabetic) and even to 34 weeks. The combined use of
stereological methods for estimation of beta cell mass along
with a full characterisation of changes in glucose and insulin
levels were considered as key endpoints for characterisation of
this type 2 diabetes model which is widely used in
interventional studies focusing on beta cell effects. To
additionally investigate dynamics in the pancreatic endocrine
cell pool we further assessed islet number and proliferation and
apoptosis of beta cells in the 5-, 10-, and 24-week cohorts of
animals.

Materials and Methods

In vivo

Db/db mice. All animal experiments were conducted in
accordance with internationally accepted principles for the care
and use of laboratory animals. The study was approved by the
Danish Committee for Animal Research and covered by an
institutional licence issued to Zealand Pharma A/S (permit
number: 2009/561-1633). The study included 72 male db/db
(BKS.Cg-m +/+ Leprdb/J) mice, 5-6 weeks old at arrival,
obtained from Charles River, Calco, Italy. Upon arrival, the
mice were housed in groups of 4 in a light-, temperature-, and
humidity-controlled room (12-hour light: 12-hour dark cycle,
lights On/Off at 0600/1800 hour; 22+1°C; 50+10% relative
humidity). All animals had free access to standard chow
(Altromin 1324, Brogaarden A/S, Lynge, Denmark) and
domestic quality tap water with added citric acid to achieve a
pH ~ 3.6. Animals were randomised on arrival according to
HbA,, and fasted blood glucose levels in groups of 8 and
terminated at 5, 6, 8, 10, 12, 14, 18, 24 and 34 weeks of age.

Termination. Body weight was recorded the day before
termination. Animals were fasted for 4 hours prior to
termination with CO, anaesthesia and subsequent cervical
dislocation. Samples were collected for determination of
terminal fasted blood glucose, HbA,, insulin and C-peptide
levels. Blood samplings and measurements were performed as
previously described [25]. Subsequently, pancreata were
removed en bloc, immersion-fixed in 4% formaldehyde (4%
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formaldehyde in 0.1M phosphate buffer; PBS pH 7.4) and
stored at 4°C degrees until further processing.

Pancreas immunohistochemistry

Embedding and sectioning. Dissected pancreata were
processed as previously described [27]. Briefly, the pancreas
was rolled into a cylinder, infiltrated with paraffin overnight and
cut into four or five systematic uniform random tissue slabs with
a razor blade fractionator. The slabs were embedded on their
cut surface in one paraffin block. Subsequently, the blocks
were trimmed before two 5 pm sections (300 um apart) were
cut from each block on a Microm HM340E (ThermoScientific,
Walldorf, Germany) and arranged on one object slide
representing in total a systematic uniform random sample of
the whole pancreas. Two series were sampled from each
animal: one for beta and non-beta cell immunohistochemistry
and one for apoptosis. Two subsequent 4 um sections (as
reference and look-up sections) were cut and arranged on one
object slide for quantification of islet number and cell
proliferation. These sections were sampled at two levels (300
um apart). For islet number estimation, the distance between
the two neighbouring sections was increased to 12 ym. Based
on a manual assessment of serial sections it was estimated
that islets were not smaller than 15 ym and therefore islet
numbers were estimated using non-serial sections to increase
efficiency.

Immunohistochemistry. The paraffin-embedded sections
were processed for double immunohistochemistry against
insulin and an antibody cocktail against pancreatic polypeptide,
somatostatin and glucagon as a measurement of beta and non-
beta cells. The sections were immunostained manually using
optimized staining protocols with diaminobenzidine (DAB) and
DAB-nickel as chromogens as previously described [25]. The
double labelling against Ki-67 and insulin as a measure of beta
cell proliferation was performed using a similar approach.
However, a rat anti-mouse Ki-67 antibody (DAKO M7249,
Glostrup, Denmark) diluted 1:200 was used instead as a
substitute for the non-beta cell antibody cocktail. This was
followed by a secondary non-biotinylated rabbit anti-rat
antibody (Vector Laboratories #AIl-4001) diluted 1:200. The
reaction was amplified for 30 min using a MACH2 goat anti-
rabbit HRP polymer (BioCare Medical, Concord, CA 94520,
USA, #RHRP 520H 040307). Islet apoptosis was visualized
using a rabbit-anti-mouse caspase-3 antibody detecting the
cleaved (activated) form of caspase-3 (1:50, Cell Signalling
Technology, Danvers, MA #9661).

Stereological estimation of pancreatic beta cell mass,
number of islets, proliferation and apoptosis. Stereological
estimations were performed using the newCAST system
(Visiopharm, Hgrsholm, Denmark) on virtual images obtained
using an Aperio ScanScope® scanner with a 20x objective.
Beta and non-beta cell mass estimations were performed by
point-counting using a grid system with 12x12 =144 points at
20x magnification. All points hitting the structure of interest
were counted. Pancreas volume was estimated using a 1-point
grid per frame and, similarly, a 9-point grid system was used to
correct for the presence of non-pancreatic elements in the
dissected sample. The number of points hitting the structure of
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Figure 1. Development of T2D in the db/db mice. The progression of diabetes over time is shown as an increase in body weight
(A), fasted blood glucose (B), and HbA,, (C). Values were measured at termination in male db/db mice aged from 5 to 34 weeks.
Statistically significant differences (P < 0.05) between time points are shown as numbers (corresponding to age in weeks) above the
relevant bar graphs: Data are mean values with SEM and n = 8 in each group.

doi: 10.1371/journal.pone.0082813.g001

interest was converted into mass by taking the grid ratio into
consideration [28]. Caspase 3 mass was estimated using a
similar approach.

To investigate the dynamics of beta cells, we examined
proliferation by quantifying Ki-67 positive cells, and apoptosis
by assessing caspase 3 positive cells in 5-, 10-, and 24-week-
old animals. Quantitative estimates of the number of Ki-67
positive beta cells were performed by manual assessment of
double labelled cells using the physical disector principle for
pairing the reference and look-up section. A cell was counted
only if it appeared on the reference and not the look-up section.
The numerical density was estimated by counting cells within a
reference volume defined by the area of an unbiased counting
frame and the distance between the two neighbouring sections
[29]. Lastly, the total number of Ki-67 positive cells was
obtained by multiplying the numerical density with the total
reference (beta cell) volume.

Islet numbers were likewise estimated using the dissector
principle where an islet was defined as a cluster of at least
three endocrine cells as described by Bock et al [28]. The
mean islet mass was calculated as the total volume of islets
(beta + non-beta cell mass) divided by the total islet number.

Statistics. Graphical presentations, calculations and
statistical analyses were carried out using GraphPad software
(GraphPad Prism version 5.04 for Windows, San Diego,
California, USA). Statistical analysis was performed using a
one-way analysis of variance (ANOVA) followed by Tukey's
Multiple Comparison Test (P < 0.05 was considered
significant). Linear correlations of beta cell mass to blood
glucose were performed on young animals (5, 6, 8, 10, and 12
weeks of age) and in the older animals (14, 18, 24 and 34
weeks of age) to describe dynamics of beta cell mass in young
versus older mice. Correlations were performed using the
Spearman correlation. Results are presented as mean + SEM.
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Results

Development of type 2 diabetes in the db/db mice

Body weight data from all groups are shown in Figure 1A. An
increase in body weight was observed between the 5 and 12-
week-old groups, after which a plateau was reached. The
fasting blood glucose development is shown in Figure 1B.
Starting at a mean fasted blood glucose value of 7.7 + 0.8 mM
in the 5-week-old group, blood glucose levels increased
gradually to 269 £+ 1.4 mM in the 34-week-old group.
Hyperglycaemia was reached in mice at 8 weeks of age with a
mean fasted blood glucose value of 10.8 + 1.2 mM. HbA,,
levels (Figure 1C) gradually increased from 3.9 £ 0.1% in 5-
week-old mice to 7.8 £ 0.2 % in the 34-week-olds.

Plasma insulin and C-peptide levels are shown in Figure 2.
The plasma insulin concentrations (2A) increased significantly
(P < 0.05) from 1.43 £ 0.09 nM at 5 weeks of age to a peak
value of 3.92 + 0.50 nM at 10 weeks, whereafter insulin levels
declined to the lowest level of 1.44 + 0.32 nM at 34 weeks of
age. A similar pattern was observed for plasma C-peptide
concentrations with a peak value at 10 weeks of age (1.33 +
0.17 nM) followed by a subsequent decline leading to
significantly lower values at 18 (0.63 + 0.0.07 nM, P < 0.05), 24
(0.52 + 0.09 nM, P < 0.01), and 34 (0.42 + 0.10 ng/ml P <
0.001) weeks of age.

Age-dependent pancreatic islet morphology

Representative images of age-dependent islet morphology at
5, 12, 24 and 34 weeks of age are shown in Figure 3. At 5
weeks of age the islets had a regular shape with beta cells
located in the centre of the islet and the non-beta cells in the
periphery. At 12 weeks of age the islets appeared to have
increased in size, while their architecture was still intact.

In contrast, a marked deterioration in normal islet structure
was observed in older animals aged 24 and 34 weeks. The
immunohistochemical staining pattern for beta and non-beta
cells was irregular with non-beta cells scattered within the
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Figure 2. Fasted plasma insulin and C-peptide. Insulin (A) and C-peptide (B) values were measured at termination. Statistically
significant differences (P < 0.05) between time points are shown as numbers (corresponding to age in weeks) above the relevant
bar graphs. Data are mean values with SEM and n = 8 in each age group.

doi: 10.1371/journal.pone.0082813.g002

interior of the islets. The islets appeared smaller than in
animals at 12 weeks of age and infiltrating acinar cells were
observed within the islets.

Stereological estimation of beta cell, non-beta cell and
islet mass

The stereological analysis of beta cell mass is shown in
Figure 4A. Starting at an initial mass of 2.1 £ 0.3 mg at 5 weeks
of age a significant increase was observed across the groups
up to mice aged 12 weeks with a peak value of 4.84 + 0.26 mg
(P < 0.05). From 14 weeks of age and onwards the mean
pancreatic beta cell mass declined slightly to a mean of 3.3
0.4 mg in the 34-week-old group. A similar pattern was
observed for islet mass (Figure 4C). The non-beta cell mass is
depicted in Figure 4B. Following an initial significant increase
from 0.5 + 0.1 mg at week 6 to 1.2 + 0.1 at 10 weeks of age, a
plateau was reached with no apparent changes in non-beta cell
mass from week 12 to week 34.

Relationship between pancreatic beta cell mass and
fasted plasma glucoses levels

The beta cell mass as a function of terminal fasted blood
glucose values from the 5-12 week groups and the 14-34 week
groups are depicted in Figure 5A and 5B, respectively. In the
young animals (5-12 weeks), the age-dependent increase in
plasma blood glucose levels was significantly correlated with
an increase in beta cell mass (r = 0.473, P = 0.002).
Conversely, a decrease in beta cell mass in the older animals
(aged 14-34 weeks) was significantly correlated with an
increase in blood glucose levels (r = -0.704, P < 0.0001).
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Islet number and mean islet mass

The stereological estimation of the total number of islets and
mean islet mass in 5-, 10- and 24-week-old db/db mice is
shown in Figure 6A and 6B, respectively. The number of islets
was similar between the 5-, 10- and 24-week-old mice (5859 +
648, 5820 + 266 and 5816 + 393, respectively). In contrast, a
significant increase in mean islet mass was evident in the 10
(1.0 £ 0.1 pg) and 24- week-old (0.8 + 0.1 ug) mice compared
with 5-week-old (0.5 + 0.1 pg) animals, demonstrating that the
increase in beta cell mass was driven by an increase in islet
mass and not islet number.

Beta cell proliferation and apoptosis

The number of proliferating Ki-67 immunoreactive beta cells
was significantly higher in the 10- week-old mice than in the 24-
week-old mice (Figure 7). No apparent differences were
observed between the 5-, 10- and 24-week-old mice in the
mass of caspase 3 immunoreactive apoptotic islet cells.

Discussion

The present study investigated changes in beta cell
dynamics and blood glucose levels in groups of young to old
male C57BLKS/J db/db mice in order to characterise changes
in pancreatic beta cell mass during the development of glucose
intolerance in this widely used type 2 diabetes animal model.
The study relates to beta cell dynamics in male db/db mice
only. In this respect it is important to note that progression of
diabetes can vary between sexes [30,31]. Thus, the current
results may not readily be used to describe beta cell dynamics
in female db/db mice. Our data suggest that an increase in
beta cell mass was accompanied by increasing insulin and
blood glucose levels in younger mice up to 12 weeks of age.
After reaching a peak value in 12-week-old mice, the beta cell
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Figure 3.

Age-dependent pancreatic islet morphology in db/db mice.

Representative images of age-dependent islet

morphology at 5 (A), 12 (B), 24 (C), and 34 (D) weeks of age. Sections were immunohistochemically stained for insulin and an
antibody cocktail against pancreatic polypeptide, somatostatin and glucagon as a measurement of beta (brown) and non-beta cells

(black).
doi: 10.1371/journal.pone.0082813.g003

mass started to decline while blood glucose levels increased
and insulin levels decreased. Although the db/db mouse has
been widely used in studies addressing compound-induced
changes in beta cell mass [23-26] the age-related beta cell
dynamics in untreated male db/db mice during diabetes
development and progression have not been investigated in
detail.

The physiological characteristics of the development of
diabetes in the db/db mice have been investigated in a number
of studies [17,18,32]. In alignment with these reports we
demonstrated that the db/db mice become obese and develop
diabetes from approximately 8 weeks of age as shown by clear
differences in their plasma glucose levels. In the present study
we coupled changes in plasma parameters of glucose and
insulin with a thorough examination of beta cell mass.
Previously, changes in beta cell mass in 7-, 8-, 10- and 12-
week-old C57BLKS/J db/db mice were investigated by Puff et
al. [22]. In contrast to our study, Puff et al observed a slight
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decrease in beta cell mass between 7 and 12 weeks coupled
with a decrease in blood glucose values at week 12. The
reason for this discrepancy between studies is not known, but it
might be related to the different sampling technique used and
the fact that Puff et al. only analysed one section per animal in
3-6 subjects, which might result in a biased beta cell mass
estimation. Unfortunately, Puff et al. did not include mice older
than 12 weeks, thereby preventing an investigation of the beta
cell mass during late progression of diabetes. Kanda et al. [33]
and Kawasaki et al. [23] quantified beta cell mass in 8 and 12,
and 12 and 18-week-old animals, respectively. In agreement
with our study Kanda et al. described an increase in beta cell
mass from 8 to 12 weeks of age [33]. Kawasaki et al. [23]
reported a decrease in beta cell mass from week 12 to week
18, further supporting our results of age-dependent changes in
the pancreatic endocrine cell pool.

It has previously been suggested that, at least in rodents,
beta cells to some degree can compensate for an increased

December 2013 | Volume 8 | Issue 12 | 82813
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Figure 4. Stereological estimation of beta cell, non-beta cell and islet mass in male db/db mice at different ages. Total
pancreatic beta cell mass (A) and islet mass (C) increased in the young animals and then gradually decreased in the older animals.
Following an initial increase no apparent changes were observed in non-beta cell mass (B). Statistically significant differences (P <
0.05) between time points are shown as numbers (corresponding to age in weeks) above the relevant bar graphs. Data are mean

values with SEM and n = 8 in each age group.
doi: 10.1371/journal.pone.0082813.g004
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Figure 5. Relationship between pancreatic beta cell mass and fasted terminal blood glucose values. A correlation between
increasing beta cell mass and increasing blood glucose values is seen in animals of 5-12 weeks of age (A). A decrease in beta cell
mass was correlated with an increase in blood glucose values in animals of 14-34 weeks of age (B).

doi: 10.1371/journal.pone.0082813.g005

metabolic load and insulin demand by increasing their beta cell
mass and function in an attempt to maintain euglycaemia
[9,10,34,35]. Our findings are in agreement with this, as we
found that beta cell expansion was correlated with increasing
blood glucose levels in the young animals. The increase in beta
cell mass in the young animals occurred concurrently with an
increase in insulin and C-peptide levels. Thus supporting the
hypothesis that the young animals could increase pancreatic
beta cell mass and insulin secretion to overcome
hyperglycaemia and insulin resistance as previously described
[9,10,34,35]. However, the ability to expand beta cell mass was
not unlimited. At 12 weeks of age the maximum capacity was
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reached and was followed by an inversely correlated decline in
beta cell mass and increase in blood glucose values,
accompanied by  decreasing insulin concentrations
[17,19,21,23,33].

In order to investigate the dynamics of beta cells, we
examined proliferation by quantifying Ki-67 positive cells and
apoptosis by assessing cleaved caspase 3 positive cells at
three different time points. The investigation included the pre-
diabetic (aged 5 weeks), early diabetic (10 weeks) and late
stage diabetic mice (24 weeks old). In line with others, we
reported an increased proliferation of beta cells in the 10-week-
old animals [21,36], and decreased proliferation in the older
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animals [21,37], indicating that changes in beta cell mass are
related to the fine balance between apoptosis and proliferation
[9]. The exact molecular mechanism leading to functional
adaptation of beta cells is unknown. However, studies suggest
that increased sensitivity to free fatty acids and glucose may
cause beta cell mass to expand [9,34,35,38,39]. Although
increased glucose and lipid levels might trigger an initial beta
cell mass expansion, extremely high levels have also been
shown to be toxic, and several lines of evidence suggest that
glucolipotoxicity plays a crucial role in beta cell apoptosis
[40-44]. Prolonged exposure to high glucose levels has been
shown to be toxic to beta cells in vitro [43,44] and prolonged
exposure to fatty acids has been reported to increase beta cell
apoptosis [44,45]. Moreover, high levels of glucose and free
fatty acids in combination appear to induce apoptosis to an
even greater extent than glucose and free fatty acids alone
[40]. In contrast to the above reports, we did not observe a
statistically significant increase in apoptosis. This discrepancy
may be methodology (i.e. in vitro vs. in vivo settings) or
biologically driven. In contrast to our study, Puff et al observed
an increase in apoptosis related to increasing age in the db/db
mouse [22]. However the inherent difficulties in apoptosis
quantification in vivo, due to the rapid clearance of dying cells,
as found in this report and in the Puff et al. study, might
account for this variation [46]. Additionally, we cannot exclude
the possibility that apoptosis might have occurred at an earlier
stage not detected by our analysis. The molecular mechanism
leading to the decrease in beta cell mass was not further
pursued in this study. However, accumulating evidence
indicates that changes in islet associated transcription factors,
which are important for the beta cell differentiation, such as
pancreatic duodenal homebox-1 (PDX-1), Nkx6.1, beta-cell E-
box trans-activator 2 (B2/NeuroD) and paired box gene 6
(Pax6), have been shown to be reduced with age in islets of
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db/db mouse [33,47]. Increase in inflammatory cytokines like
interleukin-1 beta (IL-18) have also been suggested to
contribute to beta cell apoptosis [43,48]. Additionally,
dysregulation of the mammalian target of rapamycin (nTOR)
pathway has shown to play an important role in the regulation
of beta cell mass [49]. Furthermore, mitochondrial dysfunction
caused by reactive oxygen species (ROS) as a consequence
of increased metabolism of glucose and free fatty acids is a
central contributor to beta-cell apoptosis [41,50,51]. Therefore,
collectively, it appears that the hyperglycemic and
hypertriglyceridemic features could likely contribute to the beta
cell mass decline in old db/db mice [17-19].

To obtain a better understanding of the changes in beta cell
dynamics we have finally aimed to elucidate whether the beta
cell mass expansion was caused by increased islet numbers
(hyperplasia) or increased islet mass (hypertrophy). Using a
stereological approach we demonstrated that age-dependent
expansion of beta cell mass is driven by an increase in mean
islet mass rather than formation of new islets. This is in line
with previous reports from the ob/ob mice [28], reporting that
islet neogenesis does not occur spontaneously and that cells
within the existing islets are the most important source of
expansion of beta cell mass. Similarly, Dor et al. [52] reported
that the primary source of new beta cells was proliferation
rather than stem cell formation.

Potential anti-diabetic treatments preventing beta cell decline
and possibly targeting beta cell regeneration are currently
gaining increased interest [53,54]. However, to evaluate and
predict a proliferative effect of pharmacological treatment on
beta cells, a reliable animal model is needed. In this study, we
suggest but do not demonstrate that beta cell mass in the
db/db mice responds in a dynamic way to compensate for
increased insulin demand. The relationship between beta cell
mass, blood glucose and insulin levels was previously
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investigated by our group in the male ZDF rat [27]. However,
beta cell dynamics in the ZDF rat model seemed to be more
dramatic, with a rapid expansion and subsequent marked
decline in beta cell mass within a short 10-week period. No
correlation between beta cell mass and beta cell functionality
was observed in the ZDF rat. In contrast, in the db/db mouse a
relationship between beta cell mass and beta cell function was
observed, highlighting the db/db mouse as a good model to
evaluate potential proliferative effects of various interventions
(pharmacological or non-pharmacological) on beta cell mass
and function.

Based on the analysis of the 5-, 10-, and 24-week age
groups we hypothesized that in the db/db mouse, beta cell
mass expansion in younger animals was a consequence of
increased proliferation of the cells, and the decrease in beta
cell mass in older mice was related to a decrease in the beta
cell proliferation. Several studies have reported an increase in
beta cell mass in obese non-diabetic human subjects
[6,7,55,56]. However, those studies did not show any increase
in beta cell replication, suggesting that the adaptive increase in
beta cell mass in humans and rodents may be the result of
different mechanisms. The inherent limitation of human studies
lies in their attempt to capture dynamic changes with static
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criteria. Beta cell proliferation measurements are taken at
single time points and thus dynamic changes cannot be
recorded and accounted for [57]. Rahier et al. indicated that
beta cell mass in T2D patients declines over time, starting from
the time of diagnosis [8], as we found in older db/db mice.
Several studies based on human autopsies have also shown
decreased beta cell mass in T2D patients with increased
apoptosis [6,7,55,58], suggesting a selective beta cell loss in
the pathogenesis of T2D. Although we do not claim a direct link
between the db/db mouse model and humans, we believe that
such data may give a useful insight into the dynamics of
decreased beta cell mass in T2D patients [57].

In conclusion, we provide a detailed characterisation of the
age-dependent beta cell dynamics during the development of
glucose intolerance in the male C57BLKS/J db/db mice. Our
findings suggest that age-dependent beta cell dynamics in
male db/db mice can be coupled to alterations in insulin/
glucose homeostasis. In young db/db mice, high beta cell
proliferation is seen, resulting in an increase in beta cell mass,
which is believed to compensate for an increased insulin
demand. The subsequent decrease in beta cell mass in older
animals is characterised by a low beta cell proliferation. We
further demonstrated that beta cell expansion is caused by an
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increase in the mean islet mass and not islet number.
Utilisation of a non-biased stereology approach increases the
value of our findings as a reference for future beta cell studies
in this T2D animal model.

Study limitations

The pancreatic beta and non-beta cells were identified from
their insulin, glucagon, somatostatin, and pancreatic
polypeptide immunoreactivity, and thus the functional state of
the beta and non-beta cells might affect the reactivity of the
antibodies. In addition, quantification of apoptosis was difficult
due to the rapid clearance of dying cells [6,46]. Therefore, we
were not able to perform a reliable double stain with insulin and
caspase 3 immunoreactivity. Thus, apoptosis was quantified in
the whole islet whereas Ki-67 was quantified in beta cells only.

References

1. Shaw JE, Sicree RA, Zimmet PZ (2010) Global estimates of the
prevalence of diabetes for 2010 and 2030. Diabetes Res Clin Pract 87:
4-14. doi:10.1016/j.diabres.2009.10.007. PubMed: 19896746.

2. Danaei G, Finucane MM, Lu Y, Singh GM, Cowan MJ et al. (2011)
National, regional, and global trends in fasting plasma glucose and
diabetes prevalence since 1980: systematic analysis of health
examination surveys and epidemiological studies with 370 country-
years and 2.7 million participants. Lancet 378: 31-40. doi:10.1016/
S0140-6736(11)60679-X. PubMed: 21705069.

3. Alberti KG, Zimmet PZ (1998) Definition, diagnosis and classification of
diabetes mellitus and its complications. Part 1: diagnosis and
classification of diabetes mellitus provisional report of a WHO
consultation. Diabet Med 15: 539-553. doi:10.1002/
(SIC1)1096-9136(199807)15:7. PubMed: 9686693.

4. Weir GC, Bonner-Weir S (2004) Five stages of evolving beta-cell
dysfunction during progression to diabetes. Diabetes 53 Suppl 3: S16-
S21. doi:10.2337/diabetes.53.suppl_3.S16. PubMed: 15561905.

5. Kahn SE, Hull RL, Utzschneider KM (2006) Mechanisms linking obesity
to insulin resistance and type 2 diabetes. Nature 444: 840-846. doi:
10.1038/nature05482. PubMed: 17167471.

6. Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA et al. (2003)
Beta-cell deficit and increased beta-cell apoptosis in humans with type
2 diabetes. Diabetes 52: 102-110. doi:10.2337/diabetes.52.1.102.
PubMed: 12502499.

7. Hanley SC, Austin E, Assouline-Thomas B, Kapeluto J, Blaichman J et
al. (2010) {beta}-Cell mass dynamics and islet cell plasticity in human
type 2 diabetes. Endocrinology 151: 1462-1472. doi:10.1210/en.
2009-1277. PubMed: 20176718.

8. Rahier J, Guiot Y, Goebbels RM, Sempoux C, Henquin JC (2008)
Pancreatic beta-cell mass in European subjects with type 2 diabetes.
Diabetes Obes Metab 10 Suppl 4: 32-42. doi:10.1111/.
1463-1326.2008.00969.x. PubMed: 18834431.

9. Bernard-Kargar C, Ktorza A (2001) Endocrine pancreas plasticity under
physiological and pathological conditions. Diabetes 50 Suppl 1: S30-
S35. doi:10.2337/diabetes.50.2007.S30. PubMed: 11272194.

10. Sone H, Kagawa Y (2005) Pancreatic beta cell senescence contributes
to the pathogenesis of type 2 diabetes in high-fat diet-induced diabetic
mice. Diabetologia 48: 58-67. doi:10.1007/s00125-004-1605-2.
PubMed: 15624098.

11. Bonner-Weir S, Deery D, Leahy JL, Weir GC (1989) Compensatory
growth of pancreatic beta-cells in adult rats after short-term glucose
infusion. Diabetes 38: 49-53. doi:10.2337/diabetes.38.1.49. PubMed:
2642434.

12. Kargar C, Ktorza A (2008) Anatomical versus functional beta-cell mass
in experimental diabetes. Diabetes Obes Metab 10 Suppl 4: 43-53. doi:
10.1111/j.1463-1326.2008.00886.x. PubMed: 18834432.

13. Poitout V, Robertson RP (2008) Glucolipotoxicity: fuel excess and beta-
cell dysfunction. Endocr Rev 29: 351-366. PubMed: 18048763.

14. Halaas JL, Gajiwala KS, Maffei M, Cohen SL, Chait BT et al. (1995)
Weight-reducing effects of the plasma protein encoded by the obese
gene. Science 269: 543-546. doi:10.1126/science.7624777. PubMed:
7624777.

PLOS ONE | www.plosone.org

Age Dependent Beta Cell Dynamics in db/db Mice

Acknowledgements

The authors would like to acknowledge Sarah Kampfeldt, Lotte
H. Jegrgensen and Charlotte Holtoft for skillful technical
assistance.

Author Contributions

Conceived and designed the experiments: LSD JJ NV LP
DLCA TSRN KF. Performed the experiments: LSD DLCA.
Analyzed the data: LSD DLCA JJ. Contributed reagents/
materials/analysis tools: JJ NV KF TRSN LP DLCA. Wrote the
manuscript: LSD EV.

15. Lee GH, Proenca R, Montez JM, Carroll KM, Darvishzadeh JG et al.
(1996) Abnormal splicing of the leptin receptor in diabetic mice. Nature
379: 632-635. doi:10.1038/379632a0. PubMed: 8628397.

16. Chen H, Charlat O, Tartaglia LA, Woolf EA, Weng X et al. (1996)
Evidence that the diabetes gene encodes the leptin receptor:
identification of a mutation in the leptin receptor gene in db/db mice.
Cell 84: 491-495. doi:10.1016/S0092-8674(00)81294-5. PubMed:
8608603.

17. Coleman DL (1978) Obese and diabetes: two mutant genes causing
diabetes-obesity syndromes in mice. Diabetologia 14: 141-148. doi:
10.1007/BF00429772. PubMed: 350680.

18. Hummel KP, Dickie MM, Coleman DL (1966) Diabetes, a new mutation
in the mouse. Science 153: 1127-1128. doi:10.1126/science.
153.3740.1127. PubMed: 5918576.

19. Coleman DL, Hummel KP (1967) Studies with the mutation, diabetes,
in the mouse. Diabetologia 3: 238-248. doi:10.1007/BF01222201.
PubMed: 4907142.

20. Wyse BM, Dulin WE (1970) The influence of age and dietary conditions
on diabetes in the db mouse. Diabetologia 6: 268-273. doi:10.1007/
BF01212237. PubMed: 4914664.

21. Like AA, Chick WL (1970) Studies in the diabetic mutant mouse. I. Light
microscopy and radioautography of pancreatic islets. Diabetologia 6:
207-215. doi:10.1007/BF01212231. PubMed: 4914661.

22. Puff R, Dames P, Weise M, Goke B, Seissler J et al. (2011) Reduced
proliferation and a high apoptotic frequency of pancreatic beta cells
contribute to genetically-determined diabetes susceptibility of db/db
BKS mice. Horm Metab Res 43: 306-311. doi:10.1055/
s-0031-1271817. PubMed: 21412687.

23. Kawasaki F, Matsuda M, Kanda Y, Inoue H, Kaku K (2005) Structural
and functional analysis of pancreatic islets preserved by pioglitazone in
db/db mice. Am J Physiol Endocrinol Metab 288: E510-E518. PubMed:
15522998.

24. Shimoda M, Kanda Y, Hamamoto S, Tawaramoto K, Hashiramoto M et
al. (2011) The human glucagon-like peptide-1 analogue liraglutide
preserves pancreatic beta cells via regulation of cell kinetics and
suppression of oxidative and endoplasmic reticulum stress in a mouse
model of diabetes. Diabetologia 54: 1098-1108. doi:10.1007/
s00125-011-2069-9. PubMed: 21340625.

25. Fosgerau K, Jessen L, Lind Tolborg J, @sterlund T, Schaeffer Larsen K
et al. (2013) The novel GLP-1-gastrin dual agonist, ZP3022, increases
beta-cell mass and prevents diabetes in db/db mice. Diabetes Obes
Metab 15: 62-71. doi:10.1111/j.1463-1326.2012.01676.x. PubMed:
22862961.

26. Zhao Z, Choi J, Zhao C, Ma ZA (2012) FTY720 normalizes
hyperglycemia by stimulating beta-cell in vivo regeneration in db/db
mice through regulation of cyclin D3 and p57(KIP2). J Biol Chem 287:
5562-5573. doi:10.1074/jbc.M111.305359. PubMed: 22194608.

27. Paulsen SJ, Vrang N, Larsen LK, Larsen PJ, Jelsing J (2010)
Stereological assessment of pancreatic beta-cell mass development in
male Zucker Diabetic Fatty (ZDF) rats: correlation with pancreatic beta-
cell function. J Anat 217: 624-630. doi:10.1111/j.
1469-7580.2010.01285.x. PubMed: 20807269.

December 2013 | Volume 8 | Issue 12 | e82813


http://dx.doi.org/10.1016/j.diabres.2009.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19896746
http://dx.doi.org/10.1016/S0140-6736(11)60679-X
http://dx.doi.org/10.1016/S0140-6736(11)60679-X
http://www.ncbi.nlm.nih.gov/pubmed/21705069
http://dx.doi.org/10.1002/(SICI)1096-9136(199807)15:7
http://dx.doi.org/10.1002/(SICI)1096-9136(199807)15:7
http://www.ncbi.nlm.nih.gov/pubmed/9686693
http://dx.doi.org/10.2337/diabetes.53.suppl_3.S16
http://www.ncbi.nlm.nih.gov/pubmed/15561905
http://dx.doi.org/10.1038/nature05482
http://www.ncbi.nlm.nih.gov/pubmed/17167471
http://dx.doi.org/10.2337/diabetes.52.1.102
http://www.ncbi.nlm.nih.gov/pubmed/12502499
http://dx.doi.org/10.1210/en.2009-1277
http://dx.doi.org/10.1210/en.2009-1277
http://www.ncbi.nlm.nih.gov/pubmed/20176718
http://dx.doi.org/10.1111/j.1463-1326.2008.00969.x
http://dx.doi.org/10.1111/j.1463-1326.2008.00969.x
http://www.ncbi.nlm.nih.gov/pubmed/18834431
http://dx.doi.org/10.2337/diabetes.50.2007.S30
http://www.ncbi.nlm.nih.gov/pubmed/11272194
http://dx.doi.org/10.1007/s00125-004-1605-2
http://www.ncbi.nlm.nih.gov/pubmed/15624098
http://dx.doi.org/10.2337/diabetes.38.1.49
http://www.ncbi.nlm.nih.gov/pubmed/2642434
http://dx.doi.org/10.1111/j.1463-1326.2008.00886.x
http://www.ncbi.nlm.nih.gov/pubmed/18834432
http://www.ncbi.nlm.nih.gov/pubmed/18048763
http://dx.doi.org/10.1126/science.7624777
http://www.ncbi.nlm.nih.gov/pubmed/7624777
http://dx.doi.org/10.1038/379632a0
http://www.ncbi.nlm.nih.gov/pubmed/8628397
http://dx.doi.org/10.1016/S0092-8674(00)81294-5
http://www.ncbi.nlm.nih.gov/pubmed/8608603
http://dx.doi.org/10.1007/BF00429772
http://www.ncbi.nlm.nih.gov/pubmed/350680
http://dx.doi.org/10.1126/science.153.3740.1127
http://dx.doi.org/10.1126/science.153.3740.1127
http://www.ncbi.nlm.nih.gov/pubmed/5918576
http://dx.doi.org/10.1007/BF01222201
http://www.ncbi.nlm.nih.gov/pubmed/4907142
http://dx.doi.org/10.1007/BF01212237
http://dx.doi.org/10.1007/BF01212237
http://www.ncbi.nlm.nih.gov/pubmed/4914664
http://dx.doi.org/10.1007/BF01212231
http://www.ncbi.nlm.nih.gov/pubmed/4914661
http://dx.doi.org/10.1055/s-0031-1271817
http://dx.doi.org/10.1055/s-0031-1271817
http://www.ncbi.nlm.nih.gov/pubmed/21412687
http://www.ncbi.nlm.nih.gov/pubmed/15522998
http://dx.doi.org/10.1007/s00125-011-2069-9
http://dx.doi.org/10.1007/s00125-011-2069-9
http://www.ncbi.nlm.nih.gov/pubmed/21340625
http://dx.doi.org/10.1111/j.1463-1326.2012.01676.x
http://www.ncbi.nlm.nih.gov/pubmed/22862961
http://dx.doi.org/10.1074/jbc.M111.305359
http://www.ncbi.nlm.nih.gov/pubmed/22194608
http://dx.doi.org/10.1111/j.1469-7580.2010.01285.x
http://dx.doi.org/10.1111/j.1469-7580.2010.01285.x
http://www.ncbi.nlm.nih.gov/pubmed/20807269

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Bock T, Pakkenberg B, Buschard K (2003) Increased islet volume but
unchanged islet number in ob/ob mice. Diabetes 52: 1716-1722. doi:
10.2337/diabetes.52.7.1716. PubMed: 12829638.

Boyce RW, Dorph-Petersen KA, Lyck L, Gundersen HJ (2010) Design-
based stereology: introduction to basic concepts and practical
approaches for estimation of cell number. Toxicol Pathol 38:
1011-1025. doi:10.1177/0192623310385140. PubMed: 21030683.
Teague J, Gyte A, Peel JE, Young KC, Loxham SJ et al. (2011)
Reversibility of hyperglycaemia and islet abnormalities in the high fat-
fed female ZDF rat model of type 2 diabetes. J Pharmacol Toxicol
Methods 63: 15-23. doi:10.1016/j.vascn.2010.04.001. PubMed:
20398780.

Leiter EH, Coleman DL, Hummel KP (1981) The influence of genetic
background on the expression of mutations at the diabetes locus in the
mouse. lll. Effect of H-2 haplotype and sex. Diabetes 30: 1029-1034.
doi:10.2337/diab.30.12.1029. PubMed: 7030828.

Hummel KP, Coleman DL, Lane PW (1972) The influence of genetic
background on expression of mutations at the diabetes locus in the
mouse. |. C57BL-KsJ and C57BL-6J strains. Biochem Genet 7: 1-13.
doi:10.1007/BF00487005. PubMed: 4557514.

Kanda Y, Shimoda M, Tawaramoto K, Hamamoto S, Tatsumi F et al.
(2009) Molecular analysis of db gene-related pancreatic beta cell
dysfunction; evidence for a compensatory mechanism inhibiting
development of diabetes in the db gene heterozygote. Endocr J 56:
997-1008. doi:10.1507/endocrj.KO9E-028. PubMed: 19706988.

Bernard C, Berthault MF, Saulnier C, Ktorza A (1999) Neogenesis vs.
apoptosis As main components of pancreatic beta cell ass changes in
glucose-infused normal and mildly diabetic adult rats. FASEB J 13:
1195-1205. PubMed: 10385610.

Topp BG, McArthur MD, Finegood DT (2004) Metabolic adaptations to
chronic glucose infusion in rats. Diabetologia 47: 1602-1610. doi:
10.1007/s00125-004-1493-5. PubMed: 15349726.

Chick WL, Like AA (1970) Studies in the diabetic mutant mouse. 3.
Physiological factors associated with alterations in beta cell
proliferation. Diabetologia 6: 243-251. doi:10.1007/BF01212233.
PubMed: 5432353.

Rankin MM, Kushner JA (2009) Adaptive beta-cell proliferation is
severely restricted with advanced age. Diabetes 58: 1365-1372. doi:
10.2337/db08-1198. PubMed: 19265026.

Steil GM, Trivedi N, Jonas JC, Hasenkamp WM, Sharma A et al. (2001)
Adaptation of beta-cell mass to substrate oversupply: enhanced
function with normal gene expression. Am J Physiol Endocrinol Metab
280: E788-E796. PubMed: 11287362.

Milburn JL Jr., Hirose H, Lee YH, Nagasawa Y, Ogawa A et al. (1995)
Pancreatic beta-cells in obesity. Evidence for induction of functional,
morphologic, and metabolic abnormalities by increased long chain fatty
acids. J Biol Chem 270: 1295-1299. doi:10.1074/jbc.270.3.1295.
PubMed: 7836394.

El-Assaad W, Buteau J, Peyot ML, Nolan C, Roduit R et al. (2003)
Saturated fatty acids synergize with elevated glucose to cause
pancreatic beta-cell death. Endocrinology 144: 4154-4163. doi:
10.1210/en.2003-0410. PubMed: 12933690.

Prentki M, Nolan CJ (2006) Islet beta cell failure in type 2 diabetes. J
Clin Invest 116: 1802-1812. doi:10.1172/JCI29103. PubMed:
16823478.

Poitout V, Amyot J, Semache M, Zarrouki B, Hagman D et al. (2010)
Glucolipotoxicity of the pancreatic beta cell. Biochim Biophys Acta
1801: 289-298. doi:10.1016/j.bbalip.2009.08.006. PubMed: 19715772.

PLOS ONE | www.plosone.org

10

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Age Dependent Beta Cell Dynamics in db/db Mice

Maedler K, Spinas GA, Lehmann R, Sergeev P, Weber M et al. (2001)
Glucose induces beta-cell apoptosis via upregulation of the Fas
receptor in human islets. Diabetes 50: 1683-1690. doi:10.2337/
diabetes.50.8.1683. PubMed: 11473025.

Piro S, Anello M, Di Pietro C, Lizzio MN, Patane G et al. (2002) Chronic
exposure to free fatty acids or high glucose induces apoptosis in rat
pancreatic islets: possible role of oxidative stress. Metabolism 51:
1340-1347. doi:10.1053/meta.2002.35200. PubMed: 12370856.
Shimabukuro M, Zhou YT, Levi M, Unger RH (1998) Fatty acid-induced
beta cell apoptosis: a link between obesity and diabetes. Proc Natl
Acad Sci U S A 95: 2498-2502. doi:10.1073/pnas.95.5.2498. PubMed:
9482914.

Medarova Z, Bonner-Weir S, Lipes M, Moore A (2005) Imaging beta-
cell death with a near-infrared probe. Diabetes 54: 1780-1788. doi:
10.2337/diabetes.54.6.1780. PubMed: 15919800.

Kjorholt C, Akerfeldt MC, Biden TJ, Laybutt DR (2005) Chronic
hyperglycemia, independent of plasma lipid levels, is sufficient for the
loss of beta-cell differentiation and secretory function in the db/db
mouse model of diabetes. Diabetes 54: 2755-2763. doi:10.2337/
diabetes.54.9.2755. PubMed: 16123366.

Maedler K, Sergeev P, Ris F, Oberholzer J, Joller-Jemelka HI et al.
(2002) Glucose-induced beta cell production of IL-1beta contributes to
glucotoxicity in human pancreatic islets. J Clin Invest 110: 851-860. doi:
10.1172/JCI115318. PubMed: 12235117.

Xie J, Herbert TP (2012) The role of mammalian target of rapamycin
(mTOR) in the regulation of pancreatic beta-cell mass: implications in
the development of type-2 diabetes. Cell Mol Life Sci 69: 1289-1304.
doi:10.1007/s00018-011-0874-4. PubMed: 22068611.

Maestre |, Jordan J, Calvo S, Reig JA, Cefia V et al. (2003)
Mitochondrial dysfunction is involved in apoptosis induced by serum
withdrawal and fatty acids in the beta-cell line INS-1. Endocrinology
144: 335-345. doi:10.1210/en.2001-211282. PubMed: 12488362.

Ma ZA, Zhao Z, Turk J (2012) Mitochondrial dysfunction and beta-cell
failure in type 2 diabetes mellitus. Exp Diabetes Res 2012: 703538

Dor Y, Brown J, Martinez OI, Melton DA (2004) Adult pancreatic beta-
cells are formed by self-duplication rather than stem-cell differentiation.
Nature 429: 41-46. doi:10.1038/nature02520. PubMed: 15129273.
Meier JJ (2008) Beta cell mass in diabetes: a realistic therapeutic
target? Diabetologia 51: 703-713. doi:10.1007/s00125-008-0936-9.
PubMed: 18317728.

de Koning EJ, Bonner-Weir S, Rabelink TJ (2008) Preservation of beta-
cell function by targeting beta-cell mass. Trends Pharmacol Sci 29:
218-227. doi:10.1016/).tips.2008.02.001. PubMed: 18359095.

Yoon KH, Ko SH, Cho JH, Lee JM, Ahn YB et al. (2003) Selective beta-
cell loss and alpha-cell expansion in patients with type 2 diabetes
mellitus in Korea. J Clin Endocrinol Metab 88: 2300-2308. doi:
10.1210/jc.2002-020735. PubMed: 12727989.

Saisho Y, Butler AE, Manesso E, Elashoff D, Rizza RA et al. (2013)
beta-cell mass and turnover in humans: effects of obesity and aging.
Diabetes Care 36: 111-117. doi:10.2337/dcS13-2046. PubMed:
22875233.

Kahn SE (2013) Quantifying beta-cells in health and disease: the past,
the present, and the need. Diabetes Care 36: 4-5. doi:10.2337/
dc12-1251. PubMed: 23264284.

Jurgens CA, Toukatly MN, Fligner CL, Udayasankar J, Subramanian
SL et al. (2011) beta-cell loss and beta-cell apoptosis in human type 2
diabetes are related to islet amyloid deposition. Am J Pathol 178:
2632-2640. doi:10.1016/j.ajpath.2011.02.036. PubMed: 2164 1386.

December 2013 | Volume 8 | Issue 12 | e82813


http://dx.doi.org/10.2337/diabetes.52.7.1716
http://www.ncbi.nlm.nih.gov/pubmed/12829638
http://dx.doi.org/10.1177/0192623310385140
http://www.ncbi.nlm.nih.gov/pubmed/21030683
http://dx.doi.org/10.1016/j.vascn.2010.04.001
http://www.ncbi.nlm.nih.gov/pubmed/20398780
http://dx.doi.org/10.2337/diab.30.12.1029
http://www.ncbi.nlm.nih.gov/pubmed/7030828
http://dx.doi.org/10.1007/BF00487005
http://www.ncbi.nlm.nih.gov/pubmed/4557514
http://dx.doi.org/10.1507/endocrj.K09E-028
http://www.ncbi.nlm.nih.gov/pubmed/19706988
http://www.ncbi.nlm.nih.gov/pubmed/10385610
http://dx.doi.org/10.1007/s00125-004-1493-5
http://www.ncbi.nlm.nih.gov/pubmed/15349726
http://dx.doi.org/10.1007/BF01212233
http://www.ncbi.nlm.nih.gov/pubmed/5432353
http://dx.doi.org/10.2337/db08-1198
http://www.ncbi.nlm.nih.gov/pubmed/19265026
http://www.ncbi.nlm.nih.gov/pubmed/11287362
http://dx.doi.org/10.1074/jbc.270.3.1295
http://www.ncbi.nlm.nih.gov/pubmed/7836394
http://dx.doi.org/10.1210/en.2003-0410
http://www.ncbi.nlm.nih.gov/pubmed/12933690
http://dx.doi.org/10.1172/JCI29103
http://www.ncbi.nlm.nih.gov/pubmed/16823478
http://dx.doi.org/10.1016/j.bbalip.2009.08.006
http://www.ncbi.nlm.nih.gov/pubmed/19715772
http://dx.doi.org/10.2337/diabetes.50.8.1683
http://dx.doi.org/10.2337/diabetes.50.8.1683
http://www.ncbi.nlm.nih.gov/pubmed/11473025
http://dx.doi.org/10.1053/meta.2002.35200
http://www.ncbi.nlm.nih.gov/pubmed/12370856
http://dx.doi.org/10.1073/pnas.95.5.2498
http://www.ncbi.nlm.nih.gov/pubmed/9482914
http://dx.doi.org/10.2337/diabetes.54.6.1780
http://www.ncbi.nlm.nih.gov/pubmed/15919800
http://dx.doi.org/10.2337/diabetes.54.9.2755
http://dx.doi.org/10.2337/diabetes.54.9.2755
http://www.ncbi.nlm.nih.gov/pubmed/16123366
http://dx.doi.org/10.1172/JCI15318
http://www.ncbi.nlm.nih.gov/pubmed/12235117
http://dx.doi.org/10.1007/s00018-011-0874-4
http://www.ncbi.nlm.nih.gov/pubmed/22068611
http://dx.doi.org/10.1210/en.2001-211282
http://www.ncbi.nlm.nih.gov/pubmed/12488362
http://dx.doi.org/10.1038/nature02520
http://www.ncbi.nlm.nih.gov/pubmed/15129273
http://dx.doi.org/10.1007/s00125-008-0936-9
http://www.ncbi.nlm.nih.gov/pubmed/18317728
http://dx.doi.org/10.1016/j.tips.2008.02.001
http://www.ncbi.nlm.nih.gov/pubmed/18359095
http://dx.doi.org/10.1210/jc.2002-020735
http://www.ncbi.nlm.nih.gov/pubmed/12727989
http://dx.doi.org/10.2337/dcS13-2046
http://www.ncbi.nlm.nih.gov/pubmed/22875233
http://dx.doi.org/10.2337/dc12-1251
http://dx.doi.org/10.2337/dc12-1251
http://www.ncbi.nlm.nih.gov/pubmed/23264284
http://dx.doi.org/10.1016/j.ajpath.2011.02.036
http://www.ncbi.nlm.nih.gov/pubmed/21641386

	Characterisation of Age-Dependent Beta Cell Dynamics in the Male db/db Mice
	Introduction
	Materials and Methods
	In vivo
	Pancreas immunohistochemistry

	Results
	Development of type 2 diabetes in the db/db mice
	Age-dependent pancreatic islet morphology
	Stereological estimation of beta cell, non-beta cell and islet mass
	Relationship between pancreatic beta cell mass and fasted plasma glucoses levels
	Islet number and mean islet mass
	Beta cell proliferation and apoptosis

	Discussion
	Study limitations

	Acknowledgements
	Author Contributions
	References


