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Type 2 diabetes is characterized by impaired insulin
secretion. Some but not all studies suggest that a
decrease in ␤-cell mass contributes to this. We examined pancreatic tissue from 124 autopsies: 91 obese
cases (BMI >27 kg/m2; 41 with type 2 diabetes, 15 with
impaired fasting glucose [IFG], and 35 nondiabetic subjects) and 33 lean cases (BMI <25 kg/m2; 16 type 2
diabetic and 17 nondiabetic subjects). We measured
relative ␤-cell volume, frequency of ␤-cell apoptosis and
replication, and new islet formation from exocrine
ducts (neogenesis). Relative ␤-cell volume was increased in obese versus lean nondiabetic cases (P ⴝ
0.05) through the mechanism of increased neogenesis
(P < 0.05). Obese humans with IFG and type 2 diabetes
had a 40% (P < 0.05) and 63% (P < 0.01) deficit and
lean cases of type 2 diabetes had a 41% deficit (P <
0.05) in relative ␤-cell volume compared with nondiabetic obese and lean cases, respectively. The frequency
of ␤-cell replication was very low in all cases and no
different among groups. Neogenesis, while increased
with obesity, was comparable in obese type 2 diabetic,
IFG, or nondiabetic subjects and in lean type 2 diabetic
or nondiabetic subjects. However, the frequency of
␤-cell apoptosis was increased 10-fold in lean and 3-fold
in obese cases of type 2 diabetes compared with their
respective nondiabetic control group (P < 0.05). We
conclude that ␤-cell mass is decreased in type 2 diabetes
and that the mechanism underlying this is increased
␤-cell apoptosis. Since the major defect leading to a
decrease in ␤-cell mass in type 2 diabetes is increased
apoptosis, while new islet formation and ␤-cell replication are normal, therapeutic approaches designed to
arrest apoptosis could be a significant new development
in the management of type 2 diabetes, because this
approach might actually reverse the disease to a degree
rather than just palliate glycemia. Diabetes 52:102–110,
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T

ype 2 diabetes is characterized by a progressive
decline in ␤-cell function and chronic insulin
resistance (1,2). Obesity is a major risk factor for
the development of type 2 diabetes (3,4) and is
thought to confer increased risk for type 2 diabetes
through the mechanism of associated insulin resistance
(5). However, most people who are obese (and relatively
insulin resistant) do not develop diabetes but compensate
by increasing insulin secretion (6). In rodent models of
obesity without diabetes there is an adaptive increase in
␤-cell mass (7). Although not much data are available,
prior studies suggest that ␤-cell mass is also adaptively
increased in nondiabetic obese humans (8,9). Regulation
of the ␤-cell mass appears to involve a balance of ␤-cell
replication and apoptosis, as well as development of new
islets from exocrine pancreatic ducts (10,11). Disruption
of any of these pathways of ␤-cell formation or increased
rates of ␤-cell death could cause a decrease in ␤-cell mass.
The islet in type 2 diabetes is characterized by deposits of
amyloid (12) derived from the peptide islet amyloid
polypeptide (IAPP), also known as amylin (13). This
peptide has been shown to cause apoptosis of ␤-cells
(14,15), particularly when it is in the form of small IAPP
oligomers (16). However, it is unknown whether ␤-cell
apoptosis is increased in type 2 diabetes.
Also, there is controversy whether ␤-cell mass is decreased in type 2 diabetes (9,17–24). These discrepancies
are in part due to the paucity of available data in humans.
It is difficult to obtain pancreatic tissue from humans,
since this usually only becomes available at autopsy, when
the pancreas may have undergone extensive autolysis.
Also, reliable clinical information about autopsy cases is
often unavailable. It is therefore not surprising that there
are few studies of islet morphology in humans with
diabetes, and in most of these, only small numbers of
cases were included. Also, clinical data before death is
minimal in many of these studies. Given the small number
of cases, matching the cases for degree of obesity and age
of death has not always been possible. At the Mayo Clinic
some of these difficulties are overcome. Autopsies are
performed within 12 h of death (usually ⬍6 h), including
weekends. The Mayo Clinic integrated medical record
system allows easy access to the prior clinical records of
the cases. As the Mayo Clinic tends to be the primary
health care provider for people hospitalized at the medical
center for their final illness, most of the autopsy cases
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TABLE 1
Characteristics of patients
Obese

n
Sex (F/M)
Age (years)

Lean

Type 2 diabetic
subjects

IFG

Nondiabetic
subjects

Type 2 diabetic
subjects

Nondiabetic
subjects

41
17/24
63.3 ⫾ 1.8

19
9/10
63.1 ⫾ 2.3

31
15/16
66.9 ⫾ 2.7

16
7/9
80.2 ⫾ 1.9

17
7/10
78.1 ⫾ 2.9

Data are means ⫾ SE.

have had a general medical examination (including a
fasting blood glucose) during the year before death.
In the present study, we took advantage of the unique
autopsy material available at the Mayo Clinic to study 124
human pancreata from cases with and without diabetes
and matched for obesity. All cases had a well-preserved
pancreatic specimen and documented general medical
exam, including a fasting blood glucose obtained during
the 12 months before death. With this unique resource, we
sought to address the following questions: 1) In humans
with obesity, is ␤-cell mass increased compared with lean
nondiabetic humans? 2) In humans with type 2 diabetes, is
␤-cell mass decreased compared with age-, sex-, and
weight-matched nondiabetic humans? 3) Are there measurable changes in the frequency of ␤-cell apoptosis or
replication or new islet (ductal) formation among these
groups in human pancreatic tissue obtained at autopsy
that might provide insight into the mechanism subserving
any deficit in ␤-cell mass in type 2 diabetes?
RESEARCH DESIGN AND METHODS
Design. We obtained human pancreatic tissue at autopsy from nondiabetic
subjects, patients with type 2 diabetes, and patients with impaired fasting
glucose (IFG); pancreatic samples from both obese and lean patients were
obtained in the nondiabetic and diabetic groups. The current study reflects the
population in Minnesota during the time these patients died, which was ⬃98%
Caucasian of Northern European origin.
Subjects. Potential cases were first identified by retrospective analysis of the
Mayo Clinic autopsy database. To be included, cases were required to have 1)
had a full autopsy within 12 h of death, 2) had a general medical examination,
including at least one fasting blood glucose documented within the year
before death, and 3) pancreatic tissue stored that was of adequate size and
quality. Cases were excluded if 1) potential secondary causes of type 1 or type
2 diabetes were present, 2) patients had been exposed to chronic glucocorticoid treatment, or 3) pancreatic tissue had undergone autolysis or showed
evidence of pancreatitis. Inclusion in the lean subgroup required a BMI ⬍25
kg/m2, while inclusion in the obese subgroup required a BMI ⬎27 kg/m2. Cases
were further classified as nondiabetic (fasting plasma glucose [FPG] ⬍110
mg/dl), IFG (FPG 110 –125 mg/dl), or diabetic subjects (FPG ⬎126 mg/dl). As
a consequence of this process, we ultimately included 124 cases (Table 1).
Pancreatic tissue processing. At autopsy in all cases, pancreas was
resected from the tail and, with a sample of spleen, fixed in formaldehyde and
embedded in paraffin for subsequent analysis. The autopsy process does not
include full dissection and removal of the retroperitoneal pancreas to determine pancreas weight (as is routinely possible in rodent studies with a more

accessible pancreas). Sections were cut from these paraffin blocks and stained
by Congo Red for hematoxylin/eosin and by immunohistochemistry for
insulin, as previously described (25). In addition, sections were analyzed for
replication by immunohistochemistry for Ki67 (anti-Human Ki-67 monoclonal
antibody MIB-1, 1/25; Dako, Carpinteria, CA) (26) and for apoptosis using the
TdT-FragEL Kit (cat. no. QIA 33) from Oncogene Research Products (Cambridge, MA).
Analysis of endocrine pancreatic morphology. The hematoxylin/eosin
slides were examined in all cases to exclude cases with pancreatitis, autolysis,
etc., as per case selection above. Slides stained for insulin (J.J. and A.E.B.),
Congo Red, TUNEL, and Ki67 (A.E.B.) were then examined blinded for
subgroup as detailed below. The blind was broken by P.C.B. and R.R., who
performed the statistical analysis. S.B.-W. provided guidance with measurement of new islet formation and all aspects of ␤-cell sterology. R.A.R.
coordinated availability of samples from Mayo Clinic and clinical information
and overall guidance in study analysis.
Relative ␤-cell volume to exocrine pancreas. As the pancreas weight was
not available, it was not possible to calculate the ␤-cell mass. The pancreas
tends to be slightly larger in nondiabetic than in diabetic humans (27).
Therefore, the ratio of the ␤-cell area/exocrine area (by convention called the
relative ␤-cell volume) should provide a conservative estimate of any decline
in ␤-cell mass in patients with diabetes. To measure this ratio, slides from
each case were examined using an Olympus IX70 inverted system microscope
(Olympus America, Melville, NY) connected to a Hewlett Packard computer
with Image-Pro Plus software (Media Cybernetics, Silver Springs, MD). Slides
immunostained for insulin were analyzed using the Image-Pro Plus system.
The slide was scanned using ⫻4 objective magnification. A representative area
of pancreas section was chosen for analysis and the coordinates entered into
the program. The image analysis quantified total tissue area within this region,
followed by the insulin-positive area to generate the ratio of insulin staining to
total pancreas area. The sensitivity for the insulin-positive areas was high, so
that all insulin-positive areas were included irrespective of the intensity of
staining.
To ensure that any changes in the relative ␤-cell volume were not due to
changes in the size of individual ␤-cells (for example due to degranulation),
we also measured the density of nuclei per insulin-positive area in the obese
and lean type 2 diabetic and nondiabetic groups. Five islets from each case
stained for insulin were imaged to provide the insulin-positive area (m2) and
digitally photographed at high power (⫻40). The resulting images were
examined by A.E.B. to manually count the number of nuclei present within the
insulin-stained area in order to compute the ratio of nuclei per insulin-positive
area (m2).
Quantification of islet size and islet relative ␤-cell volume. To establish
islet size and the islet relative ␤-cell volume, 20 islets larger than four cells
were studied in detail from each case. First, a field at objective magnification
⫻20 was chosen at random, and then the islets in this field and those in the
immediately adjacent fields were examined until 20 islets had been evaluated.
Each of these 20 islets was evaluated to obtain the total islet cross-sectional
area and the area within this islet positive for insulin. For each case, a mean

TABLE 2
Obese and lean cases of type 2 diabetes, subdivided according to treatment (insulin, oral, or diet) to show sex, age, and BMI
Insulin
n
Sex (F/M)
Age (years)
BMI (kg/m2)

Obese type 2 diabetic subjects*
Oral
Diet

17
10/7
65.9 ⫾ 1.7
38.3 ⫾ 1.5

16
5/11
61.9 ⫾ 3.7
38.5 ⫾ 2.1

7
1/6
59.7 ⫾ 4.7
36.5 ⫾ 2.0

Insulin

Lean type 2 diabetic subjects
Oral

Diet

3
1/2
82.0 ⫾ 3.5
23.6 ⫾ 0.5

6
4/2
78.2 ⫾ 3.4
23.3 ⫾ 0.8

7
2/5
81.1 ⫾ 3.0
21.2 ⫾ 0.7

Data are means ⫾ SE. *In one obese type 2 diabetic subject, the treatment was unknown.
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value ⬍0.05 was considered statistically significant. Linear correlation was
performed by regression analysis with a best-fit line and 95% CIs shown
graphically.

RESULTS

FIG. 1. The mean BMI in obese (nondiabetic [ND], IFG, and diabetic
subjects [TTDM]) and lean cases (nondiabetic and type 2 diabetic
subjects).
cross-sectional islet area, a mean cross-sectional insulin area within the islet,
and a mean percentage area positive for insulin within the islet were therefore
determined to provide the islet relative ␤-cell volume.
Quantification of exocrine duct cells positive for insulin for islet
neogenesis estimate. To assess the relative rate of islet neogenesis from
exocrine duct cells, we quantified the percentage of exocrine duct cells that
were immunoreactive for insulin. A mean (⫾SE) of 281 ⫾ 11 duct cells were
evaluated as positive or negative for insulin from each pancreas. The resulting
data were expressed as the percentage of duct cells positive for insulin in each
pancreas, and the mean was calculated for each group.
Apoptosis and replication. Slides stained by the TUNEL and Ki67 techniques were each evaluated in direct comparison with those immunostained
for insulin in each case. In most cases, samples of spleen were fixed and
paraffin embedded with the pancreas, providing positive controls for apoptosis and replication in the splenic follicles. The number of positive cells that
corresponded to an insulin-positive area in the adjacent section were counted
per islet. An average of 75 islets were examined per case, and the mean
number of positive cells per islet calculated for each case. TUNEL staining
was occasionally present in debris that was no longer present in a distinct cell;
these were not counted. Only discernible cells with TUNEL-positive nuclei
were included. As the relative ␤-cell volume differed among groups (see
RESULTS), we also computed the frequency of ␤-cell apoptosis and ␤-cell
replication events divided by the relative ␤-cell volume to provide a comparison of these events relative to ␤-cell volume per case.
Islet amyloid. To quantify islet amyloid, slides from each case were stained
by Congo Red and examined under polarized light for birefringence. Cases
were scored for 1) presence or absence, 2) frequency of islet amyloid (using
a scale from 0 to 3, where 0 indicated that no islets showed apple green
birefringence, 1 indicated that a few islets in the sample were birefringent, 2
indicated that numerous islets in the sample were birefringent, and 3 indicated
that most islets were birefringent), and 3) extent of islet amyloid (again using
a scale from 0 to 3, where 0 indicated that no islets were birefringent, 1
indicated minimal extent and weak intensity of birefringence in affected islets,
2 indicated moderate extent and intensity of birefringence in affected islets,
and 3 indicated marked extent and intensity of birefringence within affected
islets).
Statistics. The specific hypotheses posed were tested by use of a Student’s t
test. When all five groups of cases were compared, ANOVA was used. A P

Cases (Tables 1 and 2 and Fig. 1). BMI and age of death
did not differ among the type 2 diabetic, nondiabetic, or
IFG subgroups within the obese group. Similarly, there
was no difference in age of death or BMI between lean type
2 diabetic and nondiabetic patients. As expected, the
obese cases had a higher BMI than the lean cases. Also,
lean cases died at a greater age than obese cases (P ⬍
0.0001). The treatments used by patients with type 2
diabetes were diet, sulfonylurea pills, or insulin. No other
classes of oral medications for glycemic control were
available at the time these patients were living. In Table 2,
we show the number of cases treated by each of these
medication types before death.
Relative ␤-cell area to exocrine pancreas (Table 3
and Fig. 2). We report that obesity in nondiabetic humans
is characterized by an ⬃50% increase in relative ␤-cell
volume (2.6 ⫾ 0.39 vs. 1.71 ⫾ 0.28%, P ⫽ 0.05, obese
nondiabetic vs. lean nondiabetic subjects). Since the nondiabetic obese humans died younger than the nondiabetic
lean humans, the comparison in the relative ␤-cell volume
between these groups may have been confounded by this
age difference. Obese humans with IFG (1.56 ⫾ 0.25%) and
type 2 diabetes (0.96 ⫹ 0.1%) had a 40% (P ⬍ 0.05) and 63%
(P ⬍ 0.01) deficit in relative ␤-cell volume compared with
nondiabetic obese subjects. The decreased ␤-cell volume
in patients with type 2 diabetes was due to a decreased
number of ␤-cells rather than a decreased volume of
individual cells, since the ratio of nuclei per m2 of
insulin-positive area was no different between the nondiabetic and type 2 diabetic groups (obese 6 ⫾ 1 ⫻ 10⫺3 vs.
6 ⫾ 1 ⫻ 10⫺3 nuclei/m2, lean 5 ⫾ 1 ⫻ 10⫺3 vs. 7 ⫾ 1 ⫻
10⫺3 nuclei/m2; P ⫽ NS). Compared with obese nondiabetic cases, obese patients with type 2 diabetes had a
decreased relative ␤-cell volume (Fig. 3) irrespective of
whether they were treated by diet alone (0.78 ⫾ 0.13, 70%
decreased; P ⬍ 0.01) or on oral medications (0.86 ⫾ 0.25,
67% decreased; P ⬍ 0.05) or insulin (1.3 ⫾ 0.2, 50%
decreased; P ⬍ 0.05). There was no difference in the mean
FPG values among these three treatment groups during
the last 2 years of life (Fig. 3). Lean subjects with type 2
diabetes had 41% deficit in relative ␤-cell volume (1.0 ⫾ 0.2
vs. 1.7 ⫾ 0.3%, P ⬍ 0.05) compared with lean nondiabetic
subjects. The lean diabetic subjects showed a decrease in

TABLE 3
The five patient groups (lean nondiabetic, lean type 2 diabetic, obese nondiabetic, obese IFG, and obese type 2 diabetic subjects)
demonstrating ␤-cell and islet characteristics
Lean

Relative ␤-cell volume/islet (% of islet)
Islet density (islets/mm2)
Mean islet size (m2)
Apoptosis/islet (cells/islet)
Ki67/islet (cells/islet)

Obese

Nondiabetic
subjects

Type 2
diabetic subjects

Nondiabetic
subjects

IFG

Type 2
diabetic subjects

52.0 ⫾ 4.1
3.1 ⫾ 0.2
7,140 ⫾ 795
0.07 ⫾ 0.03
0.04 ⫾ 0.02

38.0 ⫾ 3.9*
3.0 ⫾ 0.3
6,807 ⫾ 526
0.47 ⫾ 0.19§
0.033 ⫾ 0.01

45.4 ⫾ 2.7
3.5 ⫾ 0.3
7,187 ⫾ 571
0.20 ⫾ 0.7
0.06 ⫾ 0.02

43.7 ⫾ 3.4
2.8 ⫾ 0.2‡
7,131 ⫾ 695
—
—

37.0 ⫾ 2.3†
2.6 ⫾ 0.2†
7,846 ⫾ 648
0.31 ⫾ 0.15
0.03 ⫾ 0.01

Data are means ⫾ SE. *P ⬍ 0.01 for lean nondiabetic vs. type 2 diabetic subjects; †P ⬍ 0.05 for obese nondiabetic vs. type 2 diabetic subjects;
‡P ⬍ 0.05 for obese nondiabetic vs. IFG subjects; §P ⬍ 0.05 for lean nondiabetic vs. type 2 diabetic subjects.
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FIG. 2. The mean FPG concentration (A) and the mean relative ␤-cell
volume (B) in obese (nondiabetic [ND], IFG, and diabetic subjects
[TTDM]) and lean cases (nondiabetic and type 2 diabetic subjects).

relative ␤-cell volume irrespective of whether they were
treated with diet only (1.24 ⫾ 0.34, P ⫽ NS), oral medications (0.86 ⫾ 0.2, P ⬍ 0.05), or insulin (0.82 ⫾ 0.17, P ⬍
0.05 using Welch’s correction) (Fig. 4). These findings
were consistent with the observations in individual islets
examined from each group. The mean islet size was
similar in all groups studied (Table 3). In contrast, the
relative ␤-cell islet volume was decreased in obese cases
with type 2 diabetes compared with nondiabetic obese
cases (P ⬍ 0.05) and in lean cases with type 2 diabetes
compared with nondiabetic lean cases (P ⬍ 0.01).
Quantification of exocrine duct cells positive for
insulin (Figs. 5 and Fig. 6). The presence of islets
budding from exocrine ducts were present in all pancreata
irrespective of obesity or diabetic status. To quantify this
process, we quantified duct cells immunoreactive for
insulin. There was an increased percentage of ␤-cell–
positive duct cells in obese versus lean cases (P ⬍ 0.05),
but no difference between the obese nondiabetic and type
2 diabetic cases (P ⫽ 0.60) or lean type 2 diabetic and
nondiabetic cases (P ⫽ 0.83).
Replication and cell death (Fig. 7 and Table 3). To
further attempt to elucidate the mechanism for the deficit
in ␤-cell mass present in type 2 diabetes, we examined the
frequency of ␤-cell apoptosis and replication. The frequency of replication was very low in all cases examined.
There was no significant difference in the frequency of
replication between obese nondiabetic and type 2 diabetic
DIABETES, VOL. 52, JANUARY 2003

FIG. 3. The mean FPG concentration (A) and the relative ␤-cell volume
(B) in the obese group of nondiabetic (ND) subjects or diabetic
patients who were treated with insulin, sulfonylurea pills (Oral), or
diet only.

subjects or lean nondiabetic and type 2 diabetic subjects
(Fig. 7). There was a trend for decreased ␤-cell replication
and new islet formation with aging (Fig. 8). Although there
was a suggestion of an increased frequency of apoptotic
events per islet (Table 3) in obese type 2 diabetic versus
nondiabetic cases, this did not reach significance. However there was an increased frequency of apoptotic events
per islet in lean type 2 diabetic versus nondiabetic cases
(P ⬍ 0.05). Since the relative ␤-cell volume was decreased
in type 2 diabetes, we also examined the frequency of
␤-cell apoptosis per islet divided by the relative ␤-cell
volume so that a comparison could be made of the
frequency of ␤-cell apoptosis normalized to ␤-cell mass.
When the frequency of apoptotic events was expressed as
the frequency of ␤-cell apoptosis divided by the relative
␤-cell volume, then the frequency of apoptosis was ⬃3fold increased in obese cases of type 2 diabetes (P ⬍ 0.05)
and ⬃10-fold increased in lean cases of type 2 diabetes
(P ⬍ 0.05) versus their respective control groups.
Islet amyloid (Fig. 9). As expected, islet amyloid was
present in the majority of obese cases with type 2 diabetes
when compared with obese nondiabetic cases (81 vs. 10%,
P ⬍ 0.01). Of interest, islet amyloid was not increased in
obese cases of IFG compared with obese nondiabetic
cases. In the lean cases, islet amyloid was present in 88%
of type 2 diabetic subjects versus 13% of nondiabetic
105
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FIG. 4. The mean FPG concentration (A) and the relative ␤-cell volume
(B) in the lean group of nondiabetic (ND) subjects or diabetic patients
who were treated with insulin, sulfonylurea pills (Oral), or diet only.

subjects (P ⬍ 0.01). The frequency with which islets in a
given sample showed positive birefringence, and the extent of birefringence in affected islets was higher in type 2
diabetic cases, both lean and obese, when compared with
their nondiabetic counterparts.
DISCUSSION

We report that the relative ␤-cell volume in humans with
both IFG and type 2 diabetes is decreased.
A limitation of the present studies is use of the relative
␤-cell volume as a surrogate of ␤-cell mass. This approach
will be in error to the extent that there were differences in
the overall mean pancreatic weight among groups. However, available data suggest that the pancreatic weight is
similar (21,22) or decreased in patients with diabetes
(9,27). If pancreatic weight is decreased in type 2 diabetes,
then use of the insulin-positive area as a percentage of
total exocrine area should introduce, if anything, a conservative error and underestimate any decrease in ␤-cell
mass in type 2 diabetes. Earlier reports that the ␤-cell mass
is decreased in type 2 diabetes may have included cases of
type 1 diabetes (17,18). However, more recent reports in
which clinical information was better characterized conclude that ␤-cell mass is decreased in type 2 diabetes
(9,22,24), whereas others report no decrease in ␤-cell mass
(19,21). Another study presented in the proceedings of a
recent meeting (23) reported a decreased ␤-cell mass in
106

lean or obese patients with type 2 diabetes who required
insulin. However, in contrast to our findings, they reported
that obese type 2 diabetic cases treated by diet only or oral
medications did not have a decreased ␤-cell mass. The
reason for the discrepancy with the latter study is not
known, although it is clear that type 2 diabetes is a
heterogeneous disease with a polygenic basis and that
there may well be differences in the islet in this disease
depending on the region from which the population was
sampled. A question that arises from the present study is:
what is the significance of an ⬃60% decrease in ␤-cell mass
in humans? Although rodents tolerate a partial pancreatectomy in which up to 80% of the ␤-cell mass is removed
(28), primates (29) and pigs (30) develop diabetes with a
decrease of ␤-cell mass of ⬃50% or greater. Furthermore,
humans who have had ⬃50% of their pancreas removed
have abnormal glucose tolerance (some developing diabetes by more recent classification) and diminished insulin
secretion in response to a hyperglycemic clamp (31–33).
Taken together, these findings imply that the ⬃60% deficit
in ␤-cell mass observed in the present study, particularly
in the context of insulin resistance encountered in type 2
diabetes, is sufficient to play an important role in causing
hyperglycemia. In the current study, we report that the
group with IFG, a group at high risk of developing type 2
diabetes, had a 40% deficit in relative ␤-cell volume compared with comparably obese control subjects with normal fasting glucose concentrations. This observation
implies that the deficit in the ␤-cell volume (and presumptive mass) is an early process in the development of type
2 diabetes and is likely of primary importance rather than
simply secondary to hyperglycemia.
␤-Cell mass in rodents is dynamic and regulated with
input of ␤-cells from new islet formation and ␤-cell replication within islets and output from ␤-cell senescence
(apoptosis) (10,11). Our data support this concept and
extend it to humans. Also, we support prior data reporting
that obese nondiabetic humans increase ␤-cell mass, presumably in response to insulin resistance (8,9). However,
the extent of this increase (⬃50%) in the markedly obese
humans studied here is much lower than the increase
observed in obese mice (5- to 10-fold) (34). The reported
increase here may, however, be an underestimate, since
the pancreatic weight in obese nondiabetic humans tends
to be larger than lean nondiabetic humans (9). Again, this
would introduce a conservative error in the stated conclusion that ␤-cell mass is increased in obese nondiabetic
versus lean nondiabetic humans. We report that the mechanism of this increased ␤-cell mass in humans appears to
be through increased new islet formation, assuming that
the percentage of insulin-positive cells in exocrine ducts is
related to this process. However, in contrast to rodents, it
has been reported that there is almost no ␤-cell replication
within existing islets in humans (35), as confirmed in the
present work, and therefore (not surprisingly) this does
not appear to be an important mechanism for regulation of
␤-cell mass in humans. The relatively less importance of
this pathway for regulation of ␤-cell mass in humans
compared with rodents is consistent with the observation
that obese mice develop very large islets (34,36), whereas
in humans, islet size is minimally altered by obesity (Table
3). The frequency of apoptosis was not different in the
DIABETES, VOL. 52, JANUARY 2003
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FIG. 5. Section of pancreas (ⴛ20 magnification) stained for insulin. Numerous pancreatic ducts are shown, with insulin-positive cells present in
the duct walls demonstrating new islet formation from exocrine ducts.

obese nondiabetic versus lean nondiabetic humans (Table
3). In conclusion, ␤-cell mass is regulated in humans, with
the rate of new islet formation apparently the predominant
pathway for increased ␤-cell mass in response to obesity.
To elucidate the underlying mechanism of the relative
loss of ␤-cell mass in type 2 diabetes, we also examined
the frequency of new islet formation as well as ␤-cell
replication and apoptosis in islets from each group. Rodent studies have shown that increased rates of ␤-cell
replication can contribute to compensatory increases in
␤-cell mass, for example in response to partial pancreatectomy (28) or short-term glucose infusions (37,38). We did
not observe a decreased frequency of ␤-cell replication in

FIG. 6. The relative rate of new islet formation, estimated by fraction
of duct cells positive for insulin, in the obese and lean groups. ND,
nondiabetic; TTDM, type 2 diabetes.
DIABETES, VOL. 52, JANUARY 2003

islets of type 2 diabetic versus nondiabetic cases, although
it might be argued that in the presence of hyperglycemia,
there should have been an increased frequency of replication if human islets respond in the same manner as rodent
islets. The capacity for increased rates of ␤-cell replication
is diminished in the Otsuka-Long-Evans-Tokushima fatty
rat model of diabetes (39). It has also been reported that
genetic background influences the capacity for increased
rates of ␤-cell replication in other animal studies (40).
However, given the extremely low frequency of ␤-cell
replication present in human islets compared with rodent
islets, it appears that this important mechanism for regulation of ␤-cell mass in rodents is unimportant in humans.
There is increasing interest in the process of new islet
formation from exocrine ducts as a mechanism to replenish or increase ␤-cell mass (10,11,41,42). We observed new
islet formation from exocrine ducts and scattered single
␤-cells in all cases in the present study consistent with
recent (42) and some much older studies in humans (43).
There was no difference in the percentage of exocrine duct
cells positive for insulin in type 2 diabetic versus nondiabetic subjects, in either the lean or obese groups. This
implies that the mechanism that enhances new islet formation in response to obesity is intact in humans with type
2 diabetes. In animal models, both an acute decrease in
␤-cell mass (partial pancreatectomy [41]) and hyperglycemia (38) induce an increase in new islet formation. As
patients with type 2 diabetes had both a decreased ␤-cell
mass and hyperglycemia, it could be argued that there is a
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FIG. 7. The frequency of ␤-cell replication (A) and ␤-cell apoptosis (B)
normalized to relative ␤-cell volume in each case. ND, nondiabetic;
TTDM, type 2 diabetes.

failure of compensatory increased new islet formation in
type 2 diabetes. However, the mechanisms that induce an
increased rate of new islet formation in response to a
partial decrease in ␤-cell mass and hyperglycemia in
rodents are not known, nor is it known whether such
adaptive changes occur in humans. Also, it is unknown
whether these adaptive increased rates of new islet formation are sustained over years (as in humans with
diabetes) as opposed to weeks (as in rodent studies of
hyperglycemia). One very positive implication from the
present studies is that the rate of new islet formation is
sustained in patients with longstanding diabetes. In fact,
there was no difference in the rate of new islet formation
versus age in patients with or without type 2 diabetes.
These data imply that if the increased rate of apoptosis
present in type 2 diabetes (vida infra) could be inhibited, it
should be possible to restore ␤-cell mass in these patients.
Since new islet formation, the predominant input into
the ␤-cell mass in humans, appears to be intact in type 2
diabetes, one might predict that the mechanism for the
decreased ␤-cell mass in type 2 diabetes is an increase in
␤-cell apoptosis. Consistent with this, we report a 3-fold
increased frequency of ␤-cell apoptosis in obese cases of
type 2 diabetes and a 10-fold increased frequency in lean
cases of type 2 diabetes compared with the nondiabetic
control cases. The increased frequency of apoptotic events
per islet in type 2 diabetes is relatively low (⬃0.3 cells per
cross section), raising the question: is this sufficient to
account for the decreased ␤-cell mass in type 2 diabetes?
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FIG. 8. Correlations of age versus ␤-cell replication (A) and insulinpositive duct cells (B). Solid lines are best fit, with broken lines
showing 95% CIs.

The difficulty presented by both the frequency measurements of apoptosis by the TUNEL technique as well as the
replication by Ki67 is that they do not easily translate into
rates. From time-lapse video microscopy studies using
␤-cell lines (R.R., P.C.B., unpublished observations), we
have observed that apoptosis takes ⬃120 min from initiation to completion (disintegration of the cell). The nuclear
debris might still stain positively by the TUNEL method
after this period, but in the present studies, we only included TUNEL-positive events when the staining was
present in an identifiable cell (see RESEARCH DESIGN AND
METHODS) and did not include the staining of debris that
was occasionally present. If we make the crude assumption that the ⬃60% loss of ␤-cell mass observed in type 2
diabetes in the current study takes ⬃5 years to evolve, the
net loss of ␤-cells per islet per day would be ⬃0.8 cells per
islet per day (assuming ⬃3,000 ␤-cells/islet). Given the fact
that each islet cross section only observes a portion of a
given islet, the frequency of an excess of ⬃0.3 apoptotic
cells per islet seen here is potentially sufficient to account
for the degree of ␤-cell loss.
If the cause of the decreased ␤-cell mass in type 2
diabetes is increased ␤-cell apoptosis, what is the mechanism of this? One of the features present in islets of most
humans with type 2 diabetes is amyloid deposits
(22,25,44 – 48) derived from IAPP, also known as amylin
(13). The role of islet amyloid in the pathogenesis of type
2 diabetes remains controversial. Several lines of evidence
support a potential role of IAPP in the pathophysiology of
␤-cell loss in type 2 diabetes. First, spontaneous type 2
DIABETES, VOL. 52, JANUARY 2003
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FIG. 9. The presence (A), frequency (B), and extent (C) of birefringence under polarized light when stained by Congo Red.

diabetes occurs in humans, monkeys, and cats, all of
which share close homology in IAPP sequence and have
IAPP that spontaneously forms amyloid fibrils in an aqueous environment (45– 48). Species such as rats and mice
that have an IAPP sequence that does not form fibrils in an
aqueous solution (49) do not spontaneously develop type 2
diabetes, but instead require selective genetic manipulation (e.g., leptin-deficient mice) to develop diabetes (50).
Furthermore, it has been shown that IAPP oligomers
cause ␤-cell apoptosis (14,15), possibly by causing nonselective ion-channel leaks in cell membranes (16). Although
it is not plausible to collect pancreatic tissue prospectively
from humans, transgenic mice (for human IAPP) are now
available which, when obese, spontaneously develop diabetes characterized by islet amyloid and decreased ␤-cell
mass (51). Prospective studies in these mice support the
hypothesis that the mechanism of the decreased ␤-cell
mass is increased apoptosis (34).
One argument that has been made against the pathogenic importance of both islet amyloid in type 2 diabetes
DIABETES, VOL. 52, JANUARY 2003

and cerebral amyloid in Alzheimer’s disease is that not all
affected cases have amyloid present. In the current study,
⬃10% of type 2 diabetes had no islet amyloid present in the
examined sample. Furthermore, only a minority (⬃10%) of
the cases with IFG had islet amyloid present, while they
already had a deficit in presumptive ␤-cell mass of ⬃40%.
These data are consistent with the previously stated
hypothesis that small IAPP oligomers (not detectable by
light microscopy) are the cause of ␤-cell loss, whereas the
large extracellular amyloid deposits visible by light microscopy are inert (16,25). Alternatively, it is possible that
the formation of islet amyloid is secondary to hyperglycemia and not of primary importance in the pathophysiology
of type 2 diabetes.
Another factor that might contribute to the increased
rate of apoptosis observed in type 2 diabetes might be
hyperglycemia. Recently, it has been shown that islets
exposed to high glucose concentrations have an increased
rate of apoptosis (52). This mechanism could certainly
compound the effects of IAPP oligomers once hyperglycemia supervenes. Since hyperglycemia and insulin resistance increase the expression rate of IAPP to a greater
extent than insulin (53,54), hyperglycemia might also
further enhance apoptosis due to IAPP oligomers.
In summary, we report that relative ␤-cell volume, and
therefore the presumptive ␤-cell mass, is decreased in
both obese and lean humans with type 2 diabetes compared with their nondiabetic age- and weight-matched
counterparts. In the current study, this decrease is present
whether the cases were treated by insulin, sulfonylureas,
or diet. Furthermore, humans with IFG have a decreased
relative ␤-cell volume, suggesting that this is an early
process and mechanistically important in the development
of type 2 diabetes. Finally, we ascribe the mechanism for
the decrease in ␤-cell mass to an increase in the frequency
of ␤-cell apoptosis with the rate of new islet formation
being unaffected. The implication for prevention of type 2
diabetes is that strategies that avoid the increased frequency of ␤-cell apoptosis are most rational. Also, in
people with established type 2 diabetes, inhibition of this
3- to 10-fold increased rate of apoptosis may lead to
restoration of ␤-cell mass since islet neogenesis appears
intact. To realize these goals, further studies to appreciate
the mechanism of increased ␤-cell apoptosis are warranted.
ACKNOWLEDGMENTS

This study was funded by grants from the National Institutes of Health (DK59579 to P.C.B., DK29953 to R.A.R., and
DK44523 to S.B.W.).
We gratefully acknowledge the technical assistance of
Jane Kahl (Mayo Clinic) and Chand Sultana (University of
Southern California). We appreciate help from John Miles
(Mayo Clinic) with chart reviews.
REFERENCES
1. Kudva YC, Butler PC: Insulin secretion in type-2 diabetes mellitus. In
Clinical Research in Diabetes and Obesity. Volume 2: Diabetes and
Obesity. Draznin B, Rizza R, Eds. Totowa, NJ, Humana Press, 1997, p.
119 –136
2. DeFronzo RA: Lilly Lecture 1987: the triumvirate: cell, muscle, liver: a
collusion responsible for NIDDM. Diabetes 37:667– 687, 1988
3. Burke JP, Williams K, Gaskill SP, Hazuda HP, Haffner SM, Stern MP: Rapid
109

␤-CELL DEFICIT IN TYPE 2 DIABETES

rise in the incidence of type 2 diabetes from 1987 to 1996: results from the
San Antonio Heart Study. Arch Int Med 159:1450 –1456, 1999
4. Center for Disease Control and Prevention: Trends in the prevalence and
incidence of self reported diabetes mellitus: United States, 1980 –1994.
MMWR 46:1014 –1018, 1997
5. Ludvik B, Nolan JJ, Baloga J, Sacks D, Olefsky J: Effect of obesity on
insulin resistance in normal subjects and patients with NIDDM. Diabetes
44:1121–1125, 1995
6. Polonsky KS: Dynamics of insulin secretion in obesity and diabetes. Int J
Obes Relat Metab Disord 24 (Suppl. 2):S29 –S31, 2000
7. Flier SN, Kulkarni RN, Kahn CR: Evidence for a circulating islet growth
factor in insulin resistant states. Proc Natl Acad Sci U S A 98:7475–7480,
2001
8. Ogilvie RF: The islands of Langerhans in 19 cases of obesity. J Pathol
37:473– 481, 1933
9. Kloppel G, Mattias L, Habich K, Oberholzer M, Heitz PU: Islet pathology
and the pathogenesis of type 1 and type 2 diabetes mellitus revisited. Surv
Synth Pathol Res 4:110 –125, 1985
10. Finegood DT, Scaglia L, Bonner-Weir S: Dynamics of ␤-cell mass in the
growing rat pancreas: estimation with a simple mathematical model.
Diabetes 44:249 –256, 1995
11. Bonner-Weir S: Islet growth and development in the adult. J Mol Endocrinol 24:297–302, 2000
12. Kahn SE, Andrikopoulos S, Verchere CB: Islet amyloid: a long recognized
but under appreciated pathological feature of type 2 diabetes. Diabetes
48:241–253, 1999
13. Cooper GJS, Willis AC, Clark A, Turner RC, Sim RB, Reid KBM: Purification and characterization of a peptide from amyloid-rich pancreases of
type 2 diabetic patients. Proc Natl Acad Sci U S A 84:8628 – 8632, 1987
14. Lorenzo A, Razzaboni B, Weir GC, Yankner BA: Pancreatic islet cell
toxicity of amylin associated with type 2 diabetes mellitus. Nature
368:756 –760, 1994
15. Schubert D, Behl C, Lesley R, Brack A, Dargusch R, Sagara Y, Kimura H:
Amyloid peptides are toxic via a common oxidative mechanism. Proc Natl
Acad Sci U S A 92:1989 –1993, 1995
16. Janson J, Ashley RH, Harrison D, McIntyre S, Butler PC: The mechanism of
islet amyloid polypeptide toxicity is membrane disruption by intermediatesized toxic amyloid particles. Diabetes 48:491– 498, 1999
17. Gepts W: Contribution a l’etude morphologique des ilots de Langerhans au
cours du diabete. Ann Soc Roy Sci Med Nat 10:1, 1957
18. Maclean N, Ogilvie R: Quantitative estimation of the pancreatic islet tissue
in diabetic subjects. Diabetes 4:367–376, 1955
19. Stefan Y, Orci L, Malaisse-Lagae F, Perrelet A, Patel Y, Unger RH:
Quantitation of endocrine cell content in the pancreas of nondiabetic and
diabetic humans. Diabetes 31:694 –700, 1982
20. Saito K, Yaginuma N, Takahashi T: Differential volumetry of A, B and D
cells in the pancreatic islets of diabetic and nondiabetic subjects. Tohoku
J Exp Med 129:273–283, 1979
21. Rahier J, Goebbels RM, Henquin JC: Cellular composition of the human
diabetic pancreas. Diabetologia 24:366 –371, 1983
22. Clark A, Wells CA, Buley ID, Cruickshank JK, Vanhegan RI, Matthews DR,
Cooper GJ, Holman RR, Turner RC: Islet amyloid, increased alpha cells,
reduced beta cells and exocrine fibrosis; quantative changes in pancreas in
type-2 diabetes. Diabetes Res 9:151–160, 1988
23. Guiot Y, Sempoux C, Moulin P, Rahier J: No decrease of the ␤-cell mass in
type 2 diabetic patients. Diabetes 50 (Suppl. 1):S188, 2001
24. Sakuraba H, Mizukami H, Yagihashi N, Wada R, Hanyu C, Yagihashi S:
Reduced beta-cell mass and expression of oxidative stress-related DNA
damage in the islet of Japanese type II diabetic patients. Diabetologia
45:85–96, 2002
25. O’Brien TD, Butler AE, Roche PC, Johnson KH, Butler PC: Islet amyloid
polypeptide in human insulinomas: evidence for intracellular amyloidogenesis. Diabetes 43:329 –336, 1994
26. Clarke MR, Baker EE, Weyant RJ, Hill L, Carty SE: Proliferative activity in
pancreatic endocrine tumors: association with function, metastases, and
survival. Endocr Pathol 8:181–187, 1997
27. Fonseca V, Berger LA, Beckett AG, Dandona P: Size of pancreas in
diabetes mellitus: a study based on ultrasound. Br Med J (Clin Res Ed)
291:1240 –1241, 1985
28. Bonner-Weir S, Trent DF, Weir GC: Partial pancreatectomy in the rat and
subsequent defect in glucose-induced insulin release. J Clin Invest 71:
1544 –1554, 1983
29. McCulloch DK, Koerker DJ, Kahn SE, Bonner-Weir S, Palmer JP: Correlations of in vivo ␤-cell function tests with ␤-cell mass and pancreatic insulin
content in streptozotocin-administered baboons. Diabetes 40:673– 679,
1991

110

30. Kjems LL, Kirby BM, Welsh EM, Veldhuis JD, Straume M, McIntyre SS,
Yang D, Lefebvre P, Butler PC: Decrease in ␤-cell mass leads to impaired
pulsatile insulin secretion, reduced postprandial heptic insulin clearance,
and relative hyperglucagonemia in the minipig. Diabetes 50:2001–2012,
2001
31. Kendall DM, Sutherland DER, Najarian JS, Goetz FC, Robertson RP:
Effects of hemipanreatectomy on insulin secretion and glucose tolerance
in healthy humans. N Engl J Med 322:898 –930, 1990
32. Seaquist ER, Robertson RP: Effects of hemipancreatectomy on pancreatic
alpha and beta cell function in healthy human donors. J Clin Invest
89:1761–1766, 1992
33. Robertson RP, Lanz KJ, Sutherland DER, Seaquist ER: Relationship
between diabetes and obesity 9 –18 years after hemipancreatectomy and
transplantation in donors and recipients. Transplantation 73:736 –741,
2002
34. Butler AE, Janson J, Ritzel R, Sultana C, Soeller WC, Butler PC: Accelerated apoptosis overcomes increased replication to cause ␤-cell loss in
diabetes in mice transgenic for h-IAPP (Abstract). Diabetes 51 (Suppl.
2):A7, 2002
35. Tyrberg B, Ustinov J, Otonkoski T, Andersson A: Stimulated endocrine cell
proliferation and differentiation in transplanted human pancreatic islets:
effects of the ob gene and compensatory growth of the implanted organ.
Diabetes 50:301–307, 2001
36. Tse EO, Gregoire FM, Reusens B, Remacle C, Hoet JJ, Johnson PR, Stern
JS: Changes of islet size and islet size distribution resulting from proteinmalnutrition in lean (Fa/Fa) and obese (fa/fa) Zucker rats. Obes Res
5:563–571, 1997
37. Swenne I: The role of glucose in the vitro regulation of cell cycle kinetics
and proliferation of fetal pancreatic ␤-cells. Diabetes 31:754 –760, 1982
38. Bonner-Weir S, Deery D, Leahy JL, Weir GC: Compensatory growth of
pancreatic ␤-cells in adult rats after short-term glucose infusion. Diabetes
38:49 –53, 1989
39. Zhu M, Noma Y, Mizuno A, Sano T, Shima K: Poor capacity for proliferation
of pancreatic ␤-cells in Otsuka-Long-Evans-Tokushima fatty rat, a model of
spontaneous NIDDM. Diabetes 45:941–946, 1996
40. Swenne I, Andersson A: Effect of genetic background on the capacity for
islet cell replication in mice. Diabetologia 25:269 –272, 1983
41. Bonner-Weir S, Baxter LA, Schuppin GT, Smith FE: A second pathway for
regeneration of adult exocrine and endocrine pancreas, a possible recapitulation of embryonic development. Diabetes 42:1715–1720, 1993
42. Bouwens L, Pipeleers DG: Extra-insular beta cells associated with ductules
are frequent in adult human pancreas. Diabetologia 41:629 – 633, 1998
43. Boyd GL, Robinson WL: Evidence of regeneration of pancreas in an insulin
treated case of diabetes. Am J Path 1:135–147, 1925
44. Westermark P, Wilander E: The influence of amyloid deposits on the islet
volume in maturity onset diabetes mellitus. Diabetologia 15:417– 421, 1978
45. Howard CF: Longitudinal studies on the development of diabetes in
individual Macaca nigra. Diabetologia 29:301–306, 1986
46. Howard CF, Van Bueren A: Changes in islet cell composition during
development of diabetes in Macaca nigra. Diabetes 35:165–171, 1986
47. De Koning EJP, Bodkin NL, Hansen BC, Clark A: Diabetes mellitus in
Macaca mulatta monkeys is characterised by islet amyloidosis and reduction in ␤-cell population. Diabetologia 36:378 –384, 1993
48. O’Brien TD, Hayden DW, Johnson KH, Fletcher TF: Immunohistochemical
morphometry of pancreatic endocrine cells in diabetic, normoglycaemic
glucose-intolerant and normal cats. J Comp Pathol 96:357–369, 1986
49. Westermark P, Engstrom U, Johnson KH, Westermark GT, Betsholtz C:
Islet amyloid polypeptide; pinpointing amino acid residues linked to
amyloid fibril formation. Proc Natl Acad Sci U S A 87:5036 –5040, 1990
50. Lee GH, Proenca R, Montez JM, Carroll KM, Darvishzadeh JG, Lee JI,
Friedman JM: Abnormal splicing of the leptin receptor in diabetic mice.
Nature 379:632– 635, 1996
51. Soeller WC, Janson J, Emeigh Hart S, Parker JC, Carty MD, Stevenson RW,
Kreutter DK, Butler PC: Islet amyloid-assocaited diabetes in obese Avy/a
mice expressing human islet amyloid polypeptide. Diabetes 47:743–750,
1998
52. Biarnés M, Montolio M, Nacher V, Raurell M, Soler J, Montanya E: ␤-Cell
death and mass in syngeneically transplanted islets exposed to short- and
long-term hyperglycemia. Diabetes 51:66 –72, 2002
53. Bretherton-Watt D, Ghatei MA, Bloom SR, Jamal H, Ferrier FJM, Girgis SI,
Legon S: Altered islet amyloid polypeptide (amylin) gene expression in rat
models of diabetes. Diabetelogia 32:881– 883, 1989
54. Mulder H, Ahrén B, Stridsberg M, Sundler F: Non-parallelism of islet
amyloid polypeptide (amylin) and insulin gene expression in rats islets
following dexamethasone treatment. Diabetelogia 38:395– 402, 1995

DIABETES, VOL. 52, JANUARY 2003

