
The maintenance of normal pancreatic beta-cell
function requires regulation of the rate of insulin bio-
synthesis and beta-cell number [1, 2]. Any defects in
these regulations can lead to Type II (non-insulin-de-

pendent) diabetes mellitus, as suggested by the asso-
ciation between the development of diabetes and the
substantial reduction of insulin content in pancreatic
islet cells of Zucker diabetic fatty (ZDF) rats [3].
Lines of evidence have shown that the toxic effect of
prolonged poor glycaemic control on beta cells,
called glucose toxicity, has a key role in the progres-
sion of beta-cell dysfunction [4, 5]. According to in
vitro studies using HIT-T15 and betaTC-6 derived
from beta cells [6±9], long-term exposure to a high
glucose concentration causes the cells to suppress in-
sulin gene transcription and reduces their capacity
for insulin secretion. Some transcription factors for
the insulin gene were found to be impaired under
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Abstract

Aims/hypothesis. Prolonged poor glycaemic control
in patients with Type II (non-insulin-dependent) dia-
betes mellitus often causes pancreatic beta-cell dys-
function accompanied by decreases in insulin biosyn-
thesis and beta-cell proliferation. This is well known
as a clinical concept called glucose toxicity. Whereas
oxidative stress is provoked under diabetic condi-
tions, we examined the possible implication of cy-
clin-dependent kinase (Cdk) inhibitor p21 (WAF1/
CIP1/Sdi1) in beta-cell dysfunction mediated by oxi-
dative stress.
Methods. Oxidative stress was induced in isolated rat
pancreatic islet cells by treatment with H2O2 and
mRNA expression of p21 and insulin was examined
by northern blot analyses. Also, the expression of
p21 and insulin mRNA was examined in Zucker dia-
betic fatty rat. In islet cells p21 was overexpressed us-
ing adenovirus and its effect on insulin gene tran-
scription was examined.

Results. When oxidative stress was charged on isolat-
ed rat pancreatic islet cells, p21 mRNA expression
was induced whereas insulin mRNA was decreased.
Also, when diabetes developed in Zucker diabetic
fatty rats, p21 expression was induced and the insulin
mRNA expression was reduced. As support for the
implication of p21 in impairment of beta-cell func-
tion, the p21 overexpression in the islet cells sup-
pressed the insulin gene transcription.
Conclusions/interpretation. The expression of cyclin-
dependent kinase inhibitor p21, which can be induced
by oxidative stress, increases in pancreatic islet cells
upon development of diabetes. By suppressing cell
proliferation and insulin biosynthesis, the p21 induc-
tion is likely to be implicated in the beta-cell glucose
toxicity. [Diabetologia (1999) 42: 1093±1097}
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high glucose conditions [5, 8±10], however, the over-
all mechanism underlying the reduction in insulin
biosynthesis is not known.

To obtain a clue to understanding the molecular
basis of beta-cell dysfunction in diabetes, this study
focused on the association between oxidative stress
and the induction of p21. With long-term high glucose
concentrations, the production of various reducing
sugars increases as a result of enhanced glycolysis
and the polyol pathway which leads to an increase in
reactive oxygen species (ROS) production through
induction of the glycation reaction [11, 12]. The beta
cells, in which advanced glycation end products for-
mation can be detected with high glucose concentra-
tions [13], cannot be excluded from this phenomenon.
Once oxidative stress is imposed on beta cells under
diabetic conditions, it is likely to cause profound
damage to these cells due to low antioxidant enzyme
expression [14]. As support for the possible implica-
tion of ROS in the glucose toxicity, we recently
showed that ROS production mediated by glycation
reduces insulin gene transcription [15] and also de-
creases the number of beta cells through apoptosis
[16].

p21 also known as WAF1 (wild-type p53-activated
fragment 1) [17], Cip1 (Cdk-interacting protein 1)
[18], or Sdi1 (senescent cell-derived inhibitor 1) [19],
is a key regulator of the cell cycle. It inhibits cyclin-
dependent kinase (Cdk) [20]; an increase in p21 level
relative to Cdk converts active Cdk complexes into
inactive ones and thus prevents the cells from enter-
ing the S phase of the cell cycle. Among the family
of Cdk inhibitors, p21 is known to be widely ex-
pressed in various tissues and cells and has a critical
role in maintaining morphological and functional ho-
meostasis [21, 22]. Because p21 expression is known
to be activated in some cells when they are exposed
to oxidative stress [23, 24], it could be similarly upreg-
ulated under diabetic conditions and play a part in
glucose toxicity. Here we show that oxidative stress
triggers p21 induction in pancreatic islet cells and
this leads to suppression of insulin gene expression
in the cells. As support for the possible pathophysiol-
ogical relevance of this phenomenon, we found that
p21 expression was induced in islet cells of Zucker di-
abetic fatty rats. Thus we propose that p21 is a mole-
cule which mediates in part the suppression of beta-
cell proliferation and insulin biosynthesis as seen in
diabetes.

Materials and methods

Animals. Sprague-Dawley (SD) male rats were purchased
from Clea Japan, Tokyo, Japan, and Zucker diabetic fatty
(ZDF) and Zucker lean control (ZLC) male rats were pur-
chased from Genetic Models, Indianapolis, Ind., USA. Blood
glucose concentration was measured by the glucose oxidase

method using a glucose analyser (MS-GR101; Terumo, Tokyo,
Japan). The animal studies were conducted in accordance with
the ªPrinciples of laboratory animal careº in NIH publication
no. 85±23.

Isolation of rat pancreatic islet cells. Islet cells were isolated
from SD, ZDF, and ZLC rats by collagenase digestion and Fi-
coll gradient. Under ether anaesthesia, the common bile duct
was clamped at its entrance to the duodenum and cannulated
with a 23-gauge needle. Approximately 15 ml of cold Hanks'
balanced salt solution (HBSS) containing 1 mg/ml collagenase
was injected into the common bile duct. The distended pancre-
as was removed and incubated for 20 min at 37 °C. Cold HBSS
was added to stop the digestion and the digested pancreas was
dispersed into small fragments by pipetting. The tube was
then centrifuged at 1000 rpm (120 g) for 1 min. The superna-
tant was discarded and the pellet was washed twice with cold
HBSS. The tissue suspension was passed through a mesh filter
to remove the large undigested tissues. The filtered tissue was
washed again and the pellet was resuspended in 25 % Ficoll so-
lution. The tissue suspension was layered under a discontinu-
ous Ficoll gradient (23, 20.5, and 11 %) followed by centrifuga-
tion at 800 rpm (70 g) for 3 min and at 2200 rpm (500 g) for
7 min. The tissue at the 20.5/11 interface was collected and
washed twice with cold HBSS. The islets were cultured over-
night in RPMI medium supplemented with 10 % fetal calf se-
rum, 100 units/ml penicillin, and 0.1 mg/ml streptomycin sul-
phate in a humidified atmosphere of 5 % CO2 at 37 °C and
used for experiments.

Preparation of recombinant adenovirus containing the cDNA
encoding p21. A recombinant adenovirus containing the
cDNA encoding p21 was prepared using an adenovirus expres-
sion vector kit (Takara Biochemicals, Osaka, Japan). Follow-
ing the manufacturer's directions, p21 cDNA sequences were
inserted into the cosmid vector pAxCAwt containing CAG
promoter and then the vector was transfected into 293 cells.
The resultant recombinant adenovirus (Ade-p21) was ampli-
fied in the same cells. Control adenovirus (Ade-bgal) was also
obtained using the cosmid vector containing the b-galactosi-
dase cDNA sequences. Infection of adenovirus was achieved
by culturing the cells with the virus for 60 min.

Northern blot analyses. Total RNA was isolated from rat pan-
creatic islet cells which had been cultured for various times in
the presence of appropriate reagents and northern blot analy-
ses were done. One microgram of total RNA was size-fraction-
ated and transferred onto a Hybond-N+ membrane (Amer-
sham Japan, Tokyo, Japan). After hybridization with a 32P-la-
belled p21 or insulin cDNA probe at 42 �C in the presence of
50 % formamide, the membrane was washed twice with
1 ´ SSPE (180 mmol NaCl, 10 mmol sodium phosphate,
1 mmol EDTA, pH 7.4) and 0.1 % sodium dodecyl sulphate at
50 °C for 15 min. For evaluation of b-actin mRNA amounts,
the same membranes were rehybridized with a 32P-labelled b-
actin probe following the same procedure as described above.
Kodak XAR film was exposed with an intensifying screen at
±80 °C.

Evaluation of glucose-induced insulin secretion. Insulin secre-
tion induced by glucose was determined using the static incu-
bation method [25]. Isolated rat pancreatic islet cells were
pre-incubated for 30 min with HEPES-balanced Krebs-Ringer
bicarbonate buffer and then incubated for 2 h in the same buf-
fer supplemented with 0.5 % BSA and the required concentra-
tion of glucose. The insulin secreted into the medium was de-
termined using a Lebis Radioimmunoassay kit (Shibayagi,
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Gunma, Japan) using rat insulin as the standard.Total protein
amounts in the extracts were measured using a protein assay
(Bio-rad Laboratories, Richmond, Calif., USA) with the BSA
standard. Data of insulin concentration were normalized for
protein concentration.

Results

Induction of Cdk inhibitor p21 expression in rat pan-
creatic islet cells treated with ROS. Oxidative stress is
known to be provoked by high glucose concentra-
tions [11, 12] and is suggested to play a part in beta-
cell dysfunction in diabetes [15, 16]. To evaluate the
possible involvement of p21 in beta-cell glucose tox-
icity, we first examined whether oxidative stress also
induces p21 expression in pancreatic islet cells as
seen in some other cell populations [23, 24]. Islet cells
were isolated from non-diabetic SD rats and the ef-
fect of H2O2 was evaluated.

The results of northern blot analyses showed that
the amount of p21 mRNA expressed in the islet cells
was increased by treatment with H2O2 in a dose-de-
pendent manner (Fig.1A). Thus, oxidative stress ap-
pears to be a potent inducer of p21 expression in islet
cells. On the other hand, treatment with H2O2 caused
a dose-dependent decrease in insulin mRNA
(Fig.1B), agreeing with a previous observation ob-
tained with the beta-cell-derived cell line HIT [15].

Induction of p21 expression in hyperglycaemic ZDF
rats. We next examined whether the p21 expression is
also induced in vivo in diabetes. The animal models
used were ZDF rats and control ZLC rats. The de-
velopment of diabetes in ZDF rats has many features
in common with human Type II diabetes, including
progressive insulin resistance and insufficiency of
beta-cell compensation leading to hyperglycaemia
[3]. Blood glucose concentrations were 9.5 ±
1.2 mmol/l at 6 weeks and 23.2 ± 2.6 mmol/l at 12
weeks for the ZDF rats and 7.6 ± 0.9 mmol/l at 6 weeks
and 7.8 ± 0.9 mmol/l at 12 weeks for the ZLC rats.

The results of northern blot analyses showed that
p21 mRNA increases as hyperglycaemia becomes ev-
ident in ZDF rats: the p21 mRNA amount was 2.6-
fold higher at 12 weeks than at 6 weeks (Fig.1C). No
such increase in p21 mRNA was observed in the
non-diabetic ZLC rats. Thus these observations indi-
cated that p21 expression is indeed induced in ZDF
rats and suggested that the increase was caused by
the presence of hyperglycaemia. In contrast to the in-
crease in p21 mRNA, insulin mRNA was decreased
in ZDF rats at 12 weeks (Fig.1C), as observed previ-
ously [3].

Insulin gene expression and glucose-induced insulin
secretion in p21-overexpressed pancreatic islet cells.
To evaluate the possible implication of p21 induction

in beta-cell dysfunction, we examined the effects of
p21 on insulin gene expression and secretion. Using
a recombinant adenovirus, p21 was exogenously
overexpressed in islet cells isolated from non-diabetic
SD rats.

Infection with the p21-expressing adenovirus
(Ade-p21) led to an increase in p21 expression in the
islet cells compared with uninfected cells or cells in-
fected with a control adenovirus, Ade-bgal (Fig.2A,
B). The amount of insulin mRNA was decreased by
60% in the p21-overexpressed islet cells whereas no
decrease was observed in the Ade-bgal-infected cells
(Fig.2A, B). Thus the increase of p21 mRNA ob-
served in islet cells from diabetic animals and in islet
cells charged with oxidative stress may, in part, be re-
sponsible for the decrease in insulin mRNA observed
in those cells. On the other hand, the p21 overexpres-

H.Kaneto et al.: p21 in pancreatic islet cells 1095

Fig. 1A±C. Evaluation of p21 mRNA and insulin mRNA in
pancreatic islets treated with ROS (A, p21; B, insulin) and in
islets of diabetic ZDF rats (C). Isolated rat pancreatic islet
cells were treated with 0 (vehicle only), 10, 25, or 50 mmol/l
H2O2 for 24 h (for p21) or 48 h (for insulin) before isolation of
total RNA used for northern blot analyses. Similar results
were obtained in three independent experiments. For evalua-
tion of p21 and insulin mRNA amount in ZDF and ZLC rats,
pancreatic islet cells were isolated at 6 and 12 weeks of age
and total RNA was obtained. Relative mRNA amounts of
p21 and insulin were determined by densitometry and are ex-
pressed as means ± SD in bar graphs with those of untreated is-
let cells (for A and B) and of 6-week-old ZDF rats (for C) be-
ing arbitrarily set at 1 (n = 3)



sion by adenovirus did not cause any appreciable
change in the glucose-induced insulin secretion
(Fig.2C).

Discussion

In Type II diabetic patients, prolonged poor glycae-
mic control often leads to a decline in insulin secre-
tion which is stimulated by glucose, accompanied by
decreases in the insulin biosynthesis and beta-cell
number [1, 2]. For effective prevention and treatment
of diabetes, it is essential to understand the molecular

mechanism of this phenomenon. In this study, we
have shown that oxidative stress, which is known to
be provoked under hyperglycaemia, induces p21 ex-
pression in isolated rat pancreatic islet cells (Fig.1A,
B). Also we found that p21 expression is induced in
islets of diabetic ZDF rats (Fig.1C). Considering the
function of p21 as a Cdk inhibitor [17±19], its induc-
tion is likely to cause the suppression of cell prolifera-
tion, although the limitation of islet cell preparation
prevented reliable quantification of the cell prolifera-
tion rate. Since we previously found that ROS induce
apoptosis in beta cells [16], ROS is possibly involved
in reducing the number of beta cells by both increas-
ing cell death and suppressing cell replication.

Apart from the possible effects on the cell cycle,
p21 may also function as a potential inhibitor of insu-
lin gene transcription; overexpression of p21 in isolat-
ed islet cells using a recombinant adenovirus sup-
pressed the insulin gene expression (Fig.2A, B).
There seems to have been a similar observation with
the beta-cell-derived cell line INS-1, although not dis-
cussed by those authors [10]. Thus the induction of
p21 and reduction of insulin gene transcription, which
are simultaneously observed in islet cells of diabetic
animals as well as in islet cells treated with H2O2, are
possibly not coincidental; instead, there could be
some intercausal relation between these two phe-
nomena. Despite the decrease in insulin mRNA in
p21-overexpressed islet cells, our study failed to
show a decrease in insulin secretion stimulated by
glucose; it was preserved at least until 72 h after the
adenovirus infection (Fig.2C). The pathophysiologi-
cal relevance of the decrease of insulin mRNA as a
cause of impaired insulin secretion has, however,
been suggested in the Type II diabetic model animals
showing degranulation of beta cells [3]. Therefore, al-
though limitations in experimental approach using
cultured islet cells prevented us showing direct evi-
dence, we assume that long-term suppression of insu-
lin gene transcription would lead to the degranula-
tion of beta cells and thereby suppress insulin secre-
tion stimulated by glucose.

It remains to be clarified how the insulin mRNA is
decreased by p21. Considering that suppression of
the cell cycle in beta cells usually leads to an increase
of insulin biosynthesis rather than a decrease [26], it is
likely that suppression of the insulin gene transcrip-
tion that is triggered by p21 is mediated through
some other effects of p21 not correlated with the cell
cycle. Not only does p21 bind and inhibit Cdks but it
is also known to inactivate DNA polymerase, sug-
gesting a broader function of p21 as a kinase inhibi-
tor. As various intracellular signalling molecules
such as protein kinase A seem to participate in insulin
gene regulation, p21 might affect the function of such
molecules and thereby negatively regulate insulin
gene transcription independent of the cell cycle regu-
lation.
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Fig. 2A±C. Effects of p21 overexpression on insulin mRNA
amount (A, B) and insulin secretion induced by glucose (C).
Pancreatic islet cells were isolated from SD rats and were in-
fected with a recombinant adenovirus, Ade-p21 or Ade-bgal.
At 48 h after the infection (72 h after the isolation of islet
cells), total RNA was isolated and used for northern blot anal-
yses followed by densitometric analyses. Relative mRNA
amounts of p21 and insulin are expressed as means ± SD in
bar graphs with those of uninfected islet cells being arbitrarily
set at 1 (n = 3). Insulin secretion induced by glucose was exam-
ined in the uninfected islet cells and the cells infected with
Ade-p21 72 hours after the infection (96 h after the isolation
of islet cells). The insulin secreted into the medium was exam-
ined as described in Materials and methods. Data are ex-
pressed as means ± SD in bar graphs (n = 3)



In conclusion, we propose p21 as a potential medi-
ator of beta-cell glucose toxicity. Our results indicate
that oxidative stress in beta cells induces p21 expres-
sion, which was shown to be induced in diabetic
ZDF rats. Thus, p21 could be involved in beta-cell
dysfunction in Type II diabetes by suppressing cell
proliferation and insulin biosynthesis.
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