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Hyperglycemia-Induced -Cell Apoptosis in
Pancreatic Islets of Psammomys obesus D u r i n g
Development of Diabetes
Marc Y. Donath, David J. Gross, Erol Cerasi, and Nurit Kaiser

The gerbil Psammomys obesus develops nutrition-
dependent diabetes associated with moderate obesity.
The disease is characterized by initial hyperinsulinemia,
progressing to hypoinsulinemia associated with depleted
pancreatic insulin stores. The contribution of changes
in -cell turnover to insulin deficiency was investigated
in vivo during transition to overt diabetes. Normo
glycemic diabetes-prone P. obesus animals who were
given a high-calorie diet developed hyperglycemia
within 4 days, which was found to be associated with a
progressive decline in pancreatic insulin content. This
was accompanied by a transient increase in -cell pro-
liferative activity and by a prolonged increase in the
rate of -cell death, culminating in disruption of islet
architecture. The hypothesis that “glucotoxicity” was
responsible for these in vivo changes was investigated
in vitro in primary islet cultures. Exposure of islets
from diabetes-prone P. obesus to high glucose levels
resulted in a dose-dependent increase in -cell DNA
fragmentation. In contrast, high glucose levels did not
induce DNA fragmentation in rat islets, whereas islets
from a diabetes-resistant P. obesus line exhibited a
reduced and delayed response. Aminoguanidine did not
prevent glucose-induced -cell DNA fragmentation in
vitro, suggesting that formation of nitric oxide and/or
advanced glycation end products plays no major role.
Elevated glucose concentrations stimulated -cell pro-
liferation in both rat and P. obesus islets. However,
unlike the marked long-lasting effect in rat islets, only
a transient and reduced proliferative response was
observed in P. obesus islets; furthermore, -cell prolif-
eration was inhibited after prolonged exposure to ele-
vated glucose levels. These results suggest that hyper-
glycemia-induced -cell death coupled with reduced
proliferative capacity may contribute to the insulin
deficiency and deterioration of glucose homeostasis in
P. obesus. Similar adverse effects of hyperglycemia
could play a role in the evolution of type 2 diabetes
in genetically susceptible individuals. Diabetes 4 8 :
738–744, 1999

T
ype 2 diabetes is characterized by insulin resis-
tance and impaired insulin secretion. Although
the relative contribution of insulin resistance ver-
sus insulin deficiency remains a matter of contro-

v e r s y, there is considerable evidence that deficient - c e l l
function plays a dominating role in the establishment of overt
diabetes (1,2). No changes in islet cell morphology have been
documented in early type 2 diabetes, when -cells already
show the inability to secrete adequate amounts of insulin in
the face of insulin resistance; yet, in the advanced stages of
the disease, -cell mass decreases (3–5). This is in contrast
to islets of normal individuals that adapt to physiological
(e.g., pregnancy, obesity) or pathological (e.g., growth hor-
mone, cortisol excess) states of insulin resistance by increas-
ing both the -cell function and mass (6).

The etiology of the impaired -cell function in type 2 dia-
betes is not clear. In humans, chronic increase in secretory
demand, such as that induced by elevated glucose concen-
trations, may promote -cell dysfunction; this could be par-
tially corrected by strict glycemic control (7–12). For obvious
reasons, no longitudinal studies exist on changes of - c e l l
mass during the evolution of type 2 diabetes in humans.
M o r e o v e r, it is not known whether glucose per se, which has
been implicated in the generation of reduced secretory func-
tion in human islets (13–15), might also have adverse effects
on -cell turnover, thus contributing to the overall reduced 

-cell functional mass in advanced type 2 diabetes.
We have tested the hypothesis that hyperglycemia

adversely affects -cell turnover in an animal model of type
2 diabetes, Psammomys obesus. This desert gerbil does
not develop diabetes in its natural habitat where it feeds on
the low-calorie salt bush plant (Atriplex halimus); h o w e v e r,
in captivity when fed a high-energy (HE) diet, it shows
propensity to develop a type 2 diabetes-like syndrome asso-
ciated with moderate obesity (16–18). The observation that
not all animals develop hyperglycemia on an HE diet (19)
enabled the selection by assorted breeding of two lines of
P. obesus, one diabetes-prone (DP) and another partially dia-
betes-resistant (DR) (20,21). When P. obesus of the DP line
are changed from a low = energy (LE) diet to an HE diet,
they develop hyperglycemia, initially accompanied by
hyperinsulinemia and increased relative levels of insulin
precursors, later progressing to hypoinsulinemia with
reduced pancreatic insulin stores (19,22,23). The analogy to
the evolution of obesity-associated type 2 diabetes in
humans, coupled with the observation that insulin resis-
tance is an innate property of both the DP and DR lines of
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P. obesus (24), renders this animal an attractive model for
longitudinal studies of the pancreatic dysfunction.

RESEARCH DESIGN AND METHODS

A n i m a l s . Male Sprague-Dawley (SD) rats (age 1.5–2.0 months) and P. obesus o f
both sexes (age 2.0–3.5 months) from the DP and DR lines of the Hebrew
University colonies were obtained from Harlan (Jerusalem, Israel). After wean-
ing, DP P. obesus were maintained on an LE diet containing 2.38 kcal/g (Koffolk,
Petach Tikva, Israel) until the start of the experiments, whereas DR P. obesus w e r e
maintained on an HE diet containing 2.93 kcal/g (Weizmann Institute, Rehovot,
Israel) to identify animals that develop diabetes and exclude them from the study
(~30–40% of the animals in the DR colony). All nonfasted animals with random
blood glucose concentrations <7.8 mmol/l (Glucometer Elite, Bayer Diagnostics,
Elkart, IN) were considered nondiabetic. SD rats were maintained on a standard
laboratory diet. Food and water were given ad libitum. For longitudinal studies
of pancreatic histology, DP P. obesus were switched to an HE diet and killed on
days 4, 7, 11, 14, 20, and 30. Age-matched control animals were kept on an LE diet.
P. obesus were anesthetized with ketamine (Ketalar, Park-Davis, Gwent, U.K.) and
exsanguinated by cardiac puncture. The collected serum was stored at –20°C for
glucose, immunoreactive insulin (IRI) (25), and triglyceride (TG) (GPO-Tr i n d e r
kit, Sigma, St. Louis, MO) determinations. The animal studies were approved by
the Institutional Animal Care and Use Committee of the Hebrew University and
Hadassah Medical Organization.
Analysis of pancreases. The pancreas was rapidly removed, and a sample (32
± 4 mg) was frozen at –70°C for subsequent determination of IRI content, as
described (22). The remaining piece was immersion-fixed in 10% phosphate-
buffered formalin followed by paraffin embedding. Multiple sequential sections
(5 µm) were processed for evaluation of -cell apoptosis or proliferation, as out-
lined below.
Islet isolation. Islets were prepared by collagenase digestion (Collagenase P,
Boehringer Mannheim, Mannheim, Germany), as described (22,26). Islets free of
exocrine tissue were obtained by repeated hand-picking under a stereomicroscope.
Islet culture. Details of the procedure have been described (25,26). Islets
pooled from two or three animals were suspended (10–15 islets/ml) in RPMI-1640
medium (11.1 mmol/l glucose) containing 100 U/ml penicillin, 100 µg/ml strep-
tomycin, 250 ng/ml amphotericin B, 10% fetal calf serum (FCS) (Biological
Industries, Beit Haemek, Israel), and 40 µg/ml gentamicin. Of the islet suspen-
sion, 2 ml were plated onto 35-mm plates coated with extracellular matrix
derived from bovine corneal endothelial cells (26). Two days after plating, when
most islets were attached and had begun to flatten, the culture medium was
changed to RPMI-1640 containing 3.3, 5.5, 11.1, or 33.3 mmol/l glucose, 33.3
mmol/l glucose supplemented with aminoguanidine (0.5–1 mmol/l), or 5.5
mmol/l glucose together with 27.8 mmol/l L-glucose (to match osmolarity). The
medium was changed twice weekly.

-Cell replication. For in vivo replication studies, a monoclonal antibody to 
Ki-67 was used. Ki-67 is a nuclear antigen expressed by proliferating cells used as
a marker for late G1, S, G2, and M phases of the cell cycle (27–29). Paraffin sections
were deparaffinized and rehydrated, and endogenous peroxidase was blocked by
exposure to 0.3% H2O2 for 15 min. The slides were then rinsed in distilled water and
heated in 10 mmol/l citrate buffer (pH 6.0) at 92°C for 10 min in a microwave oven
for antigen retrieval. After cooling at room temperature for at least 20 min, the sec-
tions were rinsed in distilled water and washed three times with phosphate-
buffered saline (PBS) and incubated with monoclonal mouse anti-Ki-67 antibody
(Zymed, San Francisco, CA) for 1 h at room temperature, followed by detection using
a streptavidin-biotin-peroxidase complex developed with aminoethylcarbazole
(Zymed). Subsequently, sections were incubated for 30 min at 37°C with guinea pig
anti-insulin antibody diluted 1:50 (Dako, Glostrup, Denmark), followed by a 10-min
incubation with a 1:10 dilution of fluorescein-conjugated rabbit anti-guinea pig
antibody (Dako) and staining with hematoxylin. Control Ki-67 staining was per-
formed on sections from human intestine and different tumors.

For in vitro replication studies, 5-bromo-2 -deoxyuridine (BrdU, 10 µmol/l) was
added to the culture medium 16 h before the termination of the experiment.
Cultured islets were then fixed in 4% paraformaldehyde (30 min, room tempera-
ture) followed by permeabilization with 0.5% Triton X-100 (4 min, room temper-
ature). Cultures were double-labeled for BrdU and insulin by 10-min exposure to
0.5% guinea pig serum, followed by incubation (30 min) with mouse anti-BrdU anti-
body (1:50 dilution, Sigma) and 15-min incubation with Cy3-conjugated sheep anti-
mouse antibody (1:100 dilution, Sigma), all at 37°C. Subsequently, the cells were
stained for insulin as above. The cells and tissue sections were embedded in
K a i s e r ’s glycerol gelatin (Merck, Darmstadt, Germany).
DNA fragmentation. The free 3 OH strand breaks resulting from DNA degra-
dation were detected with the terminal deoxynucleotidyl transferase–mediated
dUTP-X 3 nick end-labeling (TUNEL) technique (30). Pancreas sections were
deparaffinized, rehydrated, and incubated with 20 µg/ml proteinase K
(Boehringer Mannheim) for 15 min at 37°C. Islet cultures were fixed and per-
meabilized as described above. Both tissue sections and cultured islets were
then labeled by the TUNEL reaction according to the manufacturer’s instruc-
tions (In Situ Cell Death Detection kit; Boehringer Mannheim). The prepara-
tions were then rinsed with Tris-buffered saline (pH 7.4) and incubated (10 min,
room temperature) with 5-bromo-4-chloro-indolyl phosphate/nitro blue tetra-
zolium liquid substrate system (Sigma), followed by staining for insulin and
detection as described above under “ -cell replication,” or detection using a
streptavidin-biotin-peroxidase complex developed with aminoethylcarbazole
(Zymed). The sections were counterstained with hematoxylin.

For positive controls of the TUNEL reaction, DNA fragmentation was induced
in cultured rat and P. obesus islets by 16-h incubation with 1 mmol/l strept o z o t o c i n

TABLE 1  
Characteristics of P. obesus during the evolution of nutrition-induced diabetes

HE diet (days)

0 4 7 1 1 1 4 2 0 3 0

Age (days) 90 ± 5 87 ± 6 88 ± 5 93 ± 3 91 ± 4 85 ± 2 96 ± 5
Body weight (g) 160 ± 11 163 ± 24 170 ± 10 182 ± 10 181 ± 7 181 ± 12 190 ± 12
Glucose (mmol/l) 5.3 ± 0.5 15.2 ± 4.0* 14.5 ± 4.5* 20.8 ± 1.6* 18.5 ± 1.6* 22.8 ± 4.1* 26.6 ± 2.1*
TG (mmol/l) 0.64 ± 0.08 1.22 ± 0.36 0.85 ± 0.13 1.15 ± 0.12* 1.04 ± 0.16* 19.3 ± 9.0* 24.6 ± 11.4*

Data are means ± SE of 4–7 animals in each group. *P < 0.05 relative to animals on LE diet (day 0).

F I G . 1. Longitudinal changes in metabolic parameters in DP P. obesus

in which diet was switched from LE (day 0) to HE diet. Characteristics

of these animals appear in Table 1. A: Blood glucose and serum IRI; 

B: Pancreatic IRI content per g tissue. Results are mean ± SE of 4–7 ani-

mals. *P < 0.05 and **P < 0.01 relative to animals on LE diet (day 0).
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(Sigma) (31), or by incubating the cells for 1 h at 42°C in RPMI supplemented with
10 mmol/l HEPES (pH 7.4). As an additional positive control, tissue sections and
cultured islets were exposed to 1 µg/ml DNase I (Sigma) for 10 min at room tem-
perature. As a negative control, the terminal deoxynucleotidyl transferase
enzyme was omitted from the reaction.

Because the TUNEL assay detects DNA fragmentation associated with both
apoptotic and nonapoptotic cell death (32), additional criteria were used to
assess -cell apoptosis in vivo and in vitro. In tissue sections, -cells were clas-
s i fied as apoptotic when cells labeled with anti-insulin antibody exhibited sharply
demarcated and condensed TUNEL-positive nuclei. In islets cultured on extra-
cellular matrix-coated plates, in parallel to the TUNEL reaction, we used the

DNA-binding dye propidium iodide (Sigma) to assess the effects of glucose on
necrosis. Unfixed cultured islets were incubated for 10 min on ice with 10 µg/ml
propidium iodide (PI) in PBS, washed with PBS, and embedded in glycerol. The
samples were immediately evaluated by fluorescent microscopy for positively
stained necrotic nuclei.
Data presentation and statistical analysis. Data are expressed as mean ± SE. 
Statistical differences between groups were determined using the nonparamet-
ric Mann-Whitney U test. When multiple comparisons were performed, the data
were analyzed by the nonparametric Kruskal-Wallis test. A P value <0.05 was con-
sidered significant. In studies involving tissue sections, all the islets from one ani-
mal were considered as a single observation. Cultures and tissue sections were

FIG. 2. Photomicrographs of pan-

creatic sections of prediabetic

and diabetic P. obesus i m m u n o s-

tained for the Ki-67 nuclear anti-

gen, TUNEL, and insulin. Ki-67

staining (peroxidase) of sections

from pancreases of prediabetic 

P. obesus on LE diet (A) and of

diabetic animals on an HE 

diet for 7 (B) and  20 (C) days.

Double immunostaining for the

TUNEL reaction (alkaline phos-

phatase) and insulin (peroxi-

dase) in sections from pan-

creases of prediabetic P. obesus

(D) and diabetic animals on HE

diet for 20 (E) and 30 (F) days.

The arrows mark the following:

an exocrine cell stained positive

for Ki-67 (A); -cell doublets

stained positive for Ki-67 (B); a -

cell stained positive for Ki-67(C) ;

TUNEL-positive -cell doublet

and a single TUNEL-positive cell,

all with condensed nuclei (E); and

T U N E L-positive -cells with

enlarged nuclei (F). Light

m i c r o s c o p y, 2 0 0 . The insert in

Fig. 2E is a magnification of the

TUNEL-positive -cell dublet

shown near the center of the islet.
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analyzed in a randomized manner by a single investigator (M.Y.D.) who was
blinded to the treatment conditions. In studies involving cultured islets, care
was taken to score islets of similar size. Because of technical limitations, only islets
attached in the center of the dish were analyzed.

R E S U LT S

Induction of diabetes. In the diabetes-prone P. obesus,

transition from the LE to HE diet resulted in a progressive
increase in body weight (Table 1). Blood glucose increased
from a mean 5.3 mmol/l in prediabetic animals to 15.2 mmol/l
by day 4 of an HE diet, reaching 26.6 mmol/l by day 30 (Ta b l e
1 and Fig. 1A). Serum immunoreactive insulin (IRI), already
elevated on the LE diet (2.5 ± 0.7 nmol/l), increased sharply
and remained elevated for the first 2 weeks on the HE diet,
then declined to initial levels despite continuing hypergly-
cemia (Fig. 1A). Pancreatic IRI content rapidly declined dur-
ing the first 4 days of an HE diet, reaching 10–20% of that in
prediabetic animals for the remaining period of the study
(Fig. 1B). Serum triglycerides augmented slightly from 0.64
± 0.08 mmol/l in prediabetic P. obesus to 1.15 ± 0.12 mmol/l
(P < 0.05) by the 2nd week of an HE diet; however, by the 3rd

week, levels increased markedly to 19.3 ± 9.0 mmol/l and
persisted at this level to the end of the study.

-Cell proliferation and apoptosis during development

of diabetes. During the prediabetic stage on an LE diet,
only few -cell nuclei stained for the cell proliferation
marker Ki-67 (0.9 ± 0.3 -cells/islet), whereas many Ki-67
positive nuclei were apparent in the exocrine pancreas (Fig.
2A). The switch to the HE diet was accompanied by a rapid
increase in proliferative activity, reaching a maximum by
days 4–7 (an approximate sevenfold increase as compared
with animals on an LE diet, Fig. 3). After this point, prolifer-
ative activity declined, reaching baseline values by 20 days.

Almost no TUNEL-positive -cells were observed in islets of
prediabetic P. obesus on an LE diet (Figs. 2 and 3). The 

-cell death rate was significantly increased as early as the 4th day
on an HE diet, reaching an initial peak by day 11 and a plateau
by day 20 (3-, 12-, and 14-fold increase in rate of apoptosis on days
4, 11, and 20, respectively). After 20–30 days of an HE diet, islets
of severely hyperglycemic P. obesusexhibited both apoptotic and
necrotic -cell death (Fig. 2F). -Cell death lead to destruction
of the islets with the appearance of vacuolization (Fig. 2); yet, no
signs of insulitis were observed.
Glucose-induced proliferation and DNA fragmentation

in cultured islets. Cultured islets from P. obesus and rats
exhibited variable degrees of DNA fragmentation when
exposed to a low-glucose concentration (3.3 mmol/l): 13.2- and
4.7-fold increase after 3 days and 3.3-, and 2.0-fold after 9–10
days in DP P. obesus and rat islets, respectively, relative to
islets at 5.5 mmol/l glucose (not shown).

Exposure of islets from DP P. obesus to elevated glucose
concentrations resulted in a dose-dependent increase in the
number of -cells with TUNEL-positive nuclei (Fig. 4). The
increase was 3.2- and 6.1-fold after 3 days (Fig. 5) and 2.2- and
3.8-fold after 9–10 days (Fig. 6) at 11.1 and 33.3 mmol/l glu-
cose, respectively, relative to islets at 5.5 mmol/l glucose. In
contrast, glucose did not induce DNA fragmentation in rat
islets at either 3 days (not shown) or 9–10 days (Fig. 6). Islets
from the partially resistant line of P. obesus exhibited a
delayed and reduced response to elevated glucose levels: no
s i g n i ficant increase after 3 days (not shown) and only 2.1- and
2.3-fold after 9–10 days at 11.1 and 33.3 mmol/l glucose,
respectively (Fig. 6). An interesting feature of the DNA frag-
mentation in -cells was the appearance of TUNEL-positive

FIG. 3. Time course of HE diet-induced -cell apoptosis and prolifera-

tive activity in the islets of animals described in Table 1. Adjacent sec-

tions from each pancreas were analyzed for DNA fragmentation by the

TUNEL assay, and for proliferative activity by anti-Ki-67 staining.

Results are mean ± SE for 4–7 animals at each time point. One section

per animal containing an average of 40 islets was analyzed in each assay.

*P < 0.05 and **P < 0.01 relative to animals on an LE diet (day 0).

FIG. 4. Photomicrographs of TUNEL-positive nuclei in cultured P. obesus islets following exposure to various glucose concentrations. Islets

derived from prediabetic P. obesus were plated on extracellular matrix-coated dishes and exposed to media containing 5.5 (A), 11.1 (B), or

33.3 mmol/l (C) glucose for 10 days. The arrow marks a nucleus doublet staining positive for the TUNEL-alkaline phosphatase reaction (light

m i c r o s c o p y, 2 0 0 ) .
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nucleus doublets suggestive of postmitotic DNA fragmenta-
tion (Fig. 4). To exclude a nonspecific effect of the high con-
centration of D-glucose (33.3 mmol/l), osmolarity was cor-
rected with L-glucose. A 10-day exposure to 27.8 mmol/l L- g l u-
cose together with 5.5 mmol/l D-glucose resulted in a - c e l l
DNA fragmentation rate similar to that induced by 5.5 mmol/l
glucose alone (not shown). To assess whether glucose-
induced -cell DNA fragmentation was mediated by nitric
oxide production and/or by nonenzymatic glycation, we used
aminoguanidine, an inhibitor of nitric oxide synthase (33) and
nonenzymatic glycation (34,35). Addition of this agent at con-
centrations of 0.5 or 1 mmol/l did not prevent the -cell DNA
fragmentation induced by 33.3 mmol/l glucose (not shown).

Exposure of cultured rat or P. obesus islets to increasing
glucose concentrations (from 5.5 to 33.3 mmol/l glucose) for
up to 10 days had no effect on propidium iodide uptake into
the cultured cells (not shown).

The 3-day exposure to increasing concentrations of glucose
induced an initial dose-dependent proliferation of -cells in
cultured islets of DP P. obesus (1.8- and 4.7-fold at 11.1 and
33.3 mmol/l glucose, respectively, relative to islets at 5.5
mmol/l glucose, Fig. 5); this was completely abolished by
9–10 day exposure to elevated glucose levels (Fig. 6), turning
into a 50 and 60% inhibition at glucose concentrations of 11.1
and 33.3 mmol/l, respectively. Cultured islets from DR P. obe -

s u s exhibited a higher threshold for the inhibitory effect of
chronically elevated glucose, showing no inhibition at 
11.1 mmol/l glucose, but nearly 70% inhibition at 33.3 mmol/l

glucose (Fig. 6). In striking contrast, 9- to 10-day exposure of
cultured rat islets to elevated glucose concentrations stimu-
lated -cell proliferation markedly (7.1- and 10.6-fold at 11.1
and 33.3 mmol/l glucose, respectively) (Fig. 6).

D I S C U S S I O N

This study shows that nutrition-induced diabetes in the DP line
of P. obesus is a very rapid event. The HE-diet–induced hyper-
glycemia was accompanied by initial elevation of serum IRI,
which progressed to severe hypoinsulinemia by the 3rd week
on HE diet, paralleled by marked elevation of serum triglyc-
erides (Table 1, Fig. 1). The inability of the -cells to cope with
the increased secretory demand was also evident from the
severe depletion of pancreatic IRI content, which accompanied
the establishment of hyperglycemia and preceded the
decrease in serum IRI (Fig. 1). Similar depletion of islet IRI con-
tent was previously described by us in nonfasted diabetic P. obe -

s u s and in islets from prediabetic P. obesus cultured in the
presence of high glucose levels (22,23,25); in both cases, it was
associated with increased relative concentrations of proinsulin
and its conversion intermediates, suggesting that the chronic glu-
cose-driven increase in secretory demand is detrimental to 

-cell function in DP P. obesus. H o w e v e r, the ability to secrete
adequate amounts of insulin also depends on the presence of an
appropriate -cell mass. -cell mass is determined by the balance
between -cell proliferation/neogenesis and -cell death (6).

FIG. 5. Glucose-induced -cell DNA fragmentation (A) and prolifera-

tive activity (B) in cultured islets of DP P. obesus. Islets were cultured

for 3 days in 5.5, 11.1, and 33.3 mmol/l glucose. Results are depicted

as mean ± SE of the number of TUNEL-positive or BrdU-positive 

-cells per islet. The mean number of islets scored for DNA fragmen-

tation and BrdU uptake was 31 and 33, respectively. Islets were iso-

lated from eight animals. *P < 0.005 and **P < 0.02 relative to islets

at 5.5 mmol/l glucose.

FIG. 6. Glucose-induced -cell DNA fragmentation and proliferative

activity in cultured islets of DP and DR P. obesus and in islets of SD

rats. Islets were cultured for 9–10 days in 5.5, 11.1, and 33.3 mmol/l glu-

cose. Results are mean ± SE of the number of TUNEL-positive (A) and

BrdU-positive -cells (B) per islet. The number of islets scored for the

TUNEL reaction and BrdU incorporation, respectively, was as follows

64–100 and 30–46 in DP P. obesus, 57–65 and 57–59 islets in DR P. obe -

s u s, and 30–51 and 27–51 in rats. Islets were islolated from 22 DP 

P. obesus, 8 DR P. obesus and 12 rats. *P < 0.001 and **P < 0.01 rela-

tive to islets at 5.5 mmol/l glucose derived from the same line of an i m a l s .
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Because reduction in -cell mass has been documented in
obese diabetic patients compared with obese nondiabetic con-
trol subjects (4), we studied -cell proliferation and death dur-
ing the evolution and progression of diabetes in the moderately
obese P. obesus. Whereas only a short lasting increase in - c e l l
proliferative activity accompanied nutrition-induced hypergly-
cemia, a progressive increase in the rate of -cell death by
probable apoptosis (up to 14-fold above the prediabetic base-
line) was evidenced throughout the 30 days of the HE diet, cul-
minating in large areas of vacuolization and severe destruction
of the islet architecture. During the final stages of the disease
when the animals exhibited hypertriglyceridemia in addition to
extreme hyperglycemia, swollen nuclei stained positive for the
TUNEL reaction were also evident, suggesting that necrotic - c e l l
death coexists with -cell apoptosis during the last stages of the
disease. Thus, reduced compensatory proliferative response
coupled with increased rate of -cell death contribute to the
reduced insulin content and secretory dysfunction in the dia-
betic syndrome of P. obesus.

Two recent studies suggested a similar failure of - c e l l
mass to compensate for insulin resistance in another model
of type 2 diabetes, the male Zucker diabetic fatty (ZDF) rat, in
which extreme obesity is due to mutations in leptin receptors
(36, 37). In one of these studies, -cell apoptosis could not be
detected in situ during the evolution of diabetes (38), whereas
in the other increased fragmentation of DNA extracted from
islets of ZDF rats upon the transition from prediabetes to dia-
betes suggested the presence of apoptosis (39). Fat deposition
in the islets of ZDF rats has been implicated in -cell dys-
function (40,41), and the increased whole islet DNA frag-
mentation in this model was suggested to result from lipo-
toxicity mediated by ceramide and nitric oxide production
(39). Unlike the ZDF rat in which diabetes was associated with
elevated serum free fatty acids and triglycerides with a
marked increase in islet content of triglycerides (40,41),
hyperlipidemia was not apparent in the initial stages of hyper-
glycemia in P. obesus: serum triglycerides increased only in the
advanced hypoinsulinemic stage of the disease (after 20 days
of an HE diet), whereas similar levels of triglycerides
(0.08–0.14 µg/islet) were detected in islets from rats, predia-
betic P. obesus, and diabetic P. obesus on an HE diet for 12 days
(not shown). Moreover, -cell dysfunction was evident on
day 4 of an HE diet, while the proliferation rate declined after
1 week of an HE diet, and the increased rate of 

-cell death was associated with the elevated blood glucose
levels throughout the study. These observations make it
unlikely that the initial surge of apoptosis and/or the
decreased rate of proliferation associated with diabetes in vivo
were due to “lipotoxicity”; we therefore tested whether the
hyperglycemia per se was responsible for the observed
changes in islet cell turnover in P. obesus.

When islets from prediabetic DP P. obesus were exposed to
elevated glucose concentrations in primary cultures, they
mimicked the changes observed in vivo during the evolution
of diabetes: a glucose-dependent increase in the rate of 

-cell proliferation, observed following a 3-day exposure to ele-
vated glucose concentrations, turning into inhibition of DNA
synthesis after 9–10 days of glucose exposure. In contrast, glu-
cose-induced DNA fragmentation was evident throughout the
entire period. Unlike the stimulatory effect of glucose on
DNA fragmentation, elevated glucose did not promote pro-
pidium iodide uptake into cultured P. obesus islets, exclud-

ing a direct effect of elevated glucose concentrations on
necrotic cell death in vitro. Taken together, these studies sug-
gest that the increased -cell DNA fragmentation observed
on prolonged exposure of cultured P. obesus islets to elevated
glucose levels is a result of glucose-induced -cell apoptosis.
Although DNA fragmentation seemed specific to D- g l u c o s e
and was not mimicked by elevated L-glucose levels, the fail-
ure of aminoguanidine, an inhibitor of nitric oxide synthase
and of advanced glycosylation end-product formation in
islets (33,34) to influence the increase in TUNEL-positive 

-cells does not support a major role for the formation of
nitric oxide and advanced glycation end products in glu-
cose-dependent -cell DNA fragmentation, at least in DP 
P. obesus. The molecular mechanisms of this effect remain
to be determined.

The in vitro glucose effect on -cell DNA fragmentation was
also tested in islets derived from P. obesus of the partially dia-
betes-resistant line: these exhibited delayed and reduced
DNA fragmentation in response to high glucose levels, par-
alleled by an inhibition of -cell proliferation upon prolonged
exposure to 33.3 mmol/l glucose, but not to 11.1 mmol/l glu-
cose. However, only few animals of the DR line were available
for our studies due to low fecundity, lower survival rate, and
the fact that only ~60% are resistant to diet-induced hyper-
glycemia (20,21); we have therefore used SD rats as an addi-
tional reference rodent. In contrast to islets of DP P. obesus,
and in accordance with other studies (42), -cell DNA frag-
mentation was insensitive to elevated ambient glucose in
cultured rat islets, whereas a pronounced effect on - c e l l
proliferation (~11-fold at 33.3 mmol/l glucose) was observed.
Thus, whether the net -cell mass increases or decreases in
response to high glucose (hyperglycemia) seems to be deter-
mined by both genetic and species-related factors.

Although various agents including several reducing sugars
have been shown to induce apoptosis in normal islets and in
transformed -cell lines (31,43,44), to our knowledge, this is
the first demonstration of glucose-induced -cell apoptosis.
The apparently low rate of apoptosis in vivo compared with
the in vitro observations may be due to the rapid kinetics of
the final stages of the apoptotic process (detected by the
TUNEL reaction) and the fast removal of apoptotic bodies by
macrophages (45). Despite these limitations, by using an ani-
mal model of type 2 diabetes in which the transition from nor-
moglycemia to hyperglycemia is controlled by the diet and
occurs over a matter of days, we were able to capture and ana-
lyze -cell death in situ and obtain data highly suggestive of

-cell death caused by apoptosis.
In previous studies, we demonstrated that prolonged expo-

sure to elevated glucose concentrations caused deterioration
of -cell secretory activity in islets from prediabetic P. obesus,
whereas in islets from the diabetes-resistant SD rats, glucose
induced an adequate output of fully processed insulin (25).
This supports the hypothesis that genetic susceptibility to
diabetes may confer sensitivity to the adverse effects of
hyperglycemia on -cell secretory function. In light of our
present observations, we suggest that genetic susceptibility to
type 2 diabetes may be associated with increased sensitivity
to yet another process of “glucotoxicity,” in which chronic
hyperglycemia leads to a progressive loss of -cell mass by
inducing -cell death, without sufficient compensatory
increase in the rate of -cell production. The identification of
this novel pathway of glucotoxicity should promote studies on
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the mechanisms involved and hopefully lead to means that pre-
vent the detrimental decrease in -cell mass in type 2 diabetes.
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