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Abstract

Increased oxidative stress may play a key role in the progressive deterioration of pancreatic b-cells and the development of
diabetes. However, the underlying mechanism is not well understood. Exposure of pancreatic b-cell line, MIN6 cells, to elevated
glucose level for 2 h induced an increase in reactive oxygen species (ROS) production, as evaluated by the staining of 2 0,7 0-dichlo-
rofluorescein diacetate. This effect was completely blocked by NAD(P)H oxidase inhibitor (diphenylene iodonium) and protein
kinase C (PKC) inhibitor (calphostin C), but not affected by other flavoprotein inhibitors (rotenone, oxypurinol, or LL-N-monom-
ethyl arginine). Glibenclamide also stimulated ROS production in a dose-dependent manner. This effect was again blocked by
diphenylene iodonium and calphostin C. In conclusion, insulin secretagogues, both glibenclamide and elevated glucose level, stim-
ulated ROS production in b-cells through a PKC-dependent activation of NAD(P)H oxidase. This mechanism may be a novel ther-
apeutic target for preventing the progression of b-cell deterioration.
� 2004 Elsevier Inc. All rights reserved.
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Chronic exposure of pancreatic b-cells to elevated
glucose levels results in b-cell dysfunction and ultimately
b-cell death, a phenomenon termed b-cell glucose toxic-
ity. Glucose toxicity is likely an important contributor
of progressive b-cell deterioration and the development
of overt diabetes. The mechanisms whereby chronic ele-
vated glucose levels might damage b-cells are the subject
of clinical and laboratory investigation. Among various
elevated glucose level-induced adverse consequences,
oxidative stress is considered to be a candidate for the
0006-291X/$ - see front matter � 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2004.10.201

* Corresponding author. Fax: +81 92 642 5287.
E-mail address: toyoshi@intmed3.med.kyushu-u.ac.jp (T.

Inoguchi).
mechanism underlying tissue damage that accompanies
chronic elevated glucose levels. Recently, accumulating
evidence suggests that oxidative stress is increased in
pancreatic b-cells in diabetic animal models and diabetic
patients [1–3]. Since the islet has the lowest intrinsic anti-
oxidant capacity compared with other tissues, oxidative
stress may contribute to b-cell glucose toxicity [4]. How-
ever, the mechanism responsible for increased oxidative
stress in pancreatic b-cells is not well understood.

Oxidative stress is also believed to contribute to the
development of microangiopathy and atherosclerosis
associated with diabetes. In vascular cells, various mech-
anisms have been postulated, such as increased forma-
tion of advanced glycosylation end products [5], an
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enhanced polyol pathway [6], increased xanthine oxidase
activity [7], increased release of superoxide from mito-
chondria [8], and activation of NAD(P)H oxidase [9].
Previously, we reported that high glucose levels stimu-
lated reactive oxygen species (ROS) production through
protein-kinase C (PKC)-dependent activation of
NAD(P)H oxidase in cultured vascular cells [9]. Fur-
thermore, using the in vivo electron spin resonance
method, we showed in vivo evidence that increased oxi-
dative stress in diabetes was attributed, at least in part,
to a PKC-dependent activation of NAD(P)H oxidase
[10]. Interestingly, Oliveira et al. [11] recently reported
that pancreatic b-cells expressed phagocyte-like
NAD(P)H oxidase. We therefore speculated that
NAD(P)H oxidase might be an important source of oxi-
dative stress in pancreatic b-cells as well as in vascular
cells. In this report, we show that PKC-dependent acti-
vation of NAD(P)H oxidase may be a major source of
oxidative stress induced by elevated glucose levels in
the pancreatic b-cell line, MIN6. Furthermore, we show
for the first time that not only elevated glucose levels but
also the insulin secretagogue, glibenclamide, stimulates
ROS production in MIN6 through the same mechanism.
These findings may in part account for the mechanism
for glucose toxicity and secondary sulfonylurea failure
in b-cells.
Materials and methods

Materials and chemicals. 2 0,7 0-Dichlorofluorescein diacetate
(DCF-DA) was purchased from Molecular Probes (Eugene, OR).
Pancreatic b-cell line MIN6 cells were kindly provided by Dr. S.
Seino (Division of Cell Biology and Neurophysiology, Department of
Neuroscience, Faculty of Medicine, Kobe University) and Dr. E.
Araki (Department of Metabolic Medicine, School of Medicine,
Kumamoto University). Rotenone, oxypurinol, LL-N-monomethyl
arginine, diphenylene iodonium, and calphostin C were purchased
from Sigma (St. Louis, MO). Glibenclamide was kindly provided by
Aventis Pharma.

Cell culture. Pancreatic b-cell line MIN6 cells were maintained in
Dulbecco�s modified Eagle�s medium (DMEM) containing 15% fetal
calf serum (FCS), 100 mU/ml penicillin, 100 mg/ml streptomycin, and
450 mg/dl glucose at 37 �C in an atmosphere of 95% O2/5% CO2.

Evaluation of ROS production in MIN6. DCF-DA was used to
evaluate intracellular oxidant formation. For experiments, the cells
were placed into glass-bottomed dishes (MatTek, Ashland, MA) and
cultured in DMEM containing 15% FCS and 450 mg/dl glucose. When
the cells reached the loose confluent layer, the medium was replaced
with DMEM containing 1% FBS and 100 mg/dl glucose for 24 h. The
cells were then replaced with test media for the indicated intervals,
washed with phenol-red free Hank, and loaded with 2 lmol/L DCF-
DA; a nonfluorescent compound that freely permeates cells and
interacts with intracellular oxidants to form fluorescence compound
DCF. After 20 min, digital images of DCF fluorescence were obtained
with a fluorescence microscope system (Olympus, Tokyo, Japan) at an
excitation wavelength of 488 nm (argon laser) using a 515 nm long-
pass emission filter. The obtained fluorescence images were converted
to gray scale images using Photoshop software (Adobe Systems, San
Jose, CA), and the fluorescence intensities were quantitatively analyzed
using NIH image software.
Statistical analysis. All data are expressed as means ± SE. Statis-
tical analysis was performed by ANOVA followed by post hoc com-
parison test.
Results

Exposure of the MIN6 cells to increasing concentra-
tions of glucose (100–450 mg/dl) for 2 h increased ROS
production in a concentration-dependent manner (Figs.
1A and B). This effect was completely blocked by treat-
ment of NAD(P)H oxidase inhibitor, diphenylene iodo-
nium (10�6 M) or the PKC inhibitor, calphostin C
(5 · 10�7 M), for 2 h (Figs. 1A and B). In contrast, other
flavoprotein inhibitors such as rotenone (10�4 M), oxy-
purinol (10�4 M), or LL-N-monomethyl arginine
(10�5 M) did not significantly affect ROS production
(Figs. 1A and B).

Exposure of the cells to increasing concentrations of
glibenclamide (10�7–10�5 M) stimulated ROS produc-
tion in a concentration-dependent manner (Figs. 2A
and B). This effect was also completely blocked by treat-
ment of diphenylene iodonium or calphostin C (Figs. 2A
and B). Glibenclamide at submaximal concentration
(10�6 M) and elevated glucose levels (200 mg/dl) addi-
tively stimulated ROS production, while there was no
additive effect between glibenclamide (10�5 M) and ele-
vated glucose levels (450 mg/dl) at the maximal concen-
tration (Fig. 3).
Discussion

Increased oxidative stress has been implicated as a
potential mechanism of action for glucose toxicity on
pancreatic b-cells [1–3,12,13]. Indeed, several reports
have shown that exposure of isolated islets to elevated
glucose levels induces an increase in ROS production
[12,13]. Increased oxidative stress was also shown in
pancreatic b-cells in animal models of type 2 diabetes
[1,2,12,13], and in patients with type 2 diabetes [3] as
evaluated by various oxidative stress markers such as
8-hydroxy-deoxyguanosine and 4-hydroxy-2-nonenal-
modified proteins. In addition, the islet is supposed to
be one of the most vulnerable tissues to oxidative stress
since the islet contains relatively small activities for the
major antioxidant enzymes Cu/Zn superoxide dismu-
tase, Mn superoxide dismutase, catalase, and glutathi-
one peroxidase compared with other tissues such as
liver, kidney, skeletal muscle, and fat [4]. Taken to-
gether, these data suggest that elevated glucose level-in-
duced oxidative stress may play a key role in the
progression of b-cell deterioration and the development
of overt diabetes.

The mechanism underlying elevated glucose level-in-
duced oxidative stress in b-cells is not well understood.



Fig. 1. Effect of high glucose levels on reactive oxygen species production in the cultured pancreatic cell line, MIN6. The MIN6 cells were cultured in
test media containing 100, 150, 200, 250, and 450 mg/dl glucose, 450 mg/dl glucose plus rotenone, oxypurinol, LL-N-monomethyl arginine (LL-NAME)
diphenylene iodonium (DPI), or calphostin C. After 2 h incubation, 2 0,7 0-dichlorofluorescein diacetate (DCF-DA) at the concentration of 2 lmol/L
was added. After 20 min, digital images of DCF fluorescence were obtained with a fluorescence microscope system. (A) Representative fluorescent
images. (B) Quantitative analysis of the fluorescence intensities on the images. *p < 0.05 vs 100 mg/dl glucose, **p < 0.01 vs 100 mg/dl glucose,
##p < 0.01 vs 450 mg/dl glucose, and §not significant vs 450 mg/dl glucose. Data are expressed as means ± SE.
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It has been suggested that one of the important sources
of ROS production may be the mitochondria [8,14]. It is
generally established that the mitochondrial respiratory
chain is an important site of ROS production within the
cells. Superoxide is produced continually as a byproduct
of normal respiration through the one-electron reduc-
tion of molecular oxygen. A recent report showed that
elevated glucose levels induced an increase in mitochon-
drial ROS production in cultured endothelial cells [8]. It
seems probable that mitochondria may be a major
source of ROS production in pancreatic b-cells. In con-
trast, in vascular cells NAD(P)H oxidase has received
increasing attention as the most important source of
ROS production. Previously, we reported that high glu-
cose levels stimulate ROS production in cultured vascu-
lar cells through a PKC-dependent activation of
NAD(P)H oxidase [9]. We and other investigators have
also shown that the activity and/or expression of vascu-
lar NAD(P)H oxidase are increased in the vascular tis-
sues of animal models of diabetes and diabetic patients
[10,15]. Recently, Oliveira et al. [11] showed the presence
of NAD(P)H oxidase components in rat pancreatic islet
cells by RT-PCR (gp91phox, p22phox, and p47phox)
and Western blotting (p47phox and p67phox). The pres-
ent study confirmed that elevated glucose levels stimu-
lated ROS production in MIN6 as evaluated by the
DCF-DA staining. This stimulatory effect was com-
pletely blocked by treatment with an NAD(P)H oxidase
inhibitor (diphenylene iodonium) or PKC inhibitor (cal-
phostin C). Treatment with inhibitors of other flavopro-
teins such as xanthine oxidase (oxypurinol), nitric oxide
synthase (LL-N-monomethyl arginine), or the mitochon-
dria electron transport chain (rotenone), did not affect
ROS production induced by elevated glucose levels.



Fig. 2. Effect of glibenclamide on reactive oxygen species production in the cultured pancreatic cell line, MIN6. The MIN6 cells were cultured in test
media containing 100 mg/dl glucose with or without (control) various concentrations of glibenclamide (10�7, 10�6 or 10�5 M). After 2 h incubation,
2 0,7 0-dichlorofluorescein diacetate (DCF-DA) at the concentration of 2 lmol/L was added. After 20 min, digital images of DCF fluorescence were
obtained with a fluorescence microscope system. (A) Representative fluorescent images. (B) Quantitative analysis of the fluorescence intensities on the
images. **p < 0.01 vs control. Data are expressed as means ± SE.
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These results suggest that a PKC-dependent activation
of NAD(P)H oxidase may be the major source of ele-
vated glucose level-induced increased ROS production
in MIN6. Although the role of PKC in glucose-stimu-
lated insulin secretion is controversial, it is widely ac-
cepted that elevated glucose levels activate PKC in
pancreatic b-cells probably through two different mech-
anisms; a rise in intracellular Ca2+ concentration and an
increase in diacylglycerol (DAG) levels synthesized by
the de novo pathway [16].

The present study revealed that the insulin secreta-
gogue, glibenclamide, stimulated ROS production in
MIN6 in a dose-dependent manner. This effect was also
completely blocked by treatment with an NAD(P)H oxi-
dase inhibitor or PKC inhibitor, suggesting the role of
PKC-dependent activation of NAD(P)H oxidase. There
has been no report with regard to the effect of sulfonyl-
urea on ROS production. This is the first report to show
the stimulatory effect of sulfonylurea on ROS produc-
tion. It is known that sulfonylurea activates PKC in
pancreatic b-cells. Sulfonylurea binds to a regulatory
subunit of membrane ATP-sensitive K+ (K-ATP) chan-
nels. The consequent closure of the K-ATP channels
leads to depolarization, opening of voltage-dependent
Ca2+ channels, Ca2+ influx, and a rise in intracellular
Ca2+ concentration. A rise in intracellular Ca2+ concen-
tration could lead to PKC activation. However, another
mechanism is also speculated. Recently, Lehtihet et al.



Fig. 3. Additive effects of high glucose levels and glibenclamide on reactive oxygen species production in the cultured pancreatic cell line, MIN6. The
MIN6 cells were cultured in test media containing 100, 250 or 450 mg/dl glucose with or without glibenclamide at concentrations of 10�6 or 10�5 M.
After 2 h incubation, 2 0,7 0-dichlorofluorescein diacetate (DCF-DA) at the concentration of 2 lmol/L was added. After 20 min, digital images of DCF
fluorescence were obtained with a fluorescence microscope system. *p < 0.05, **p < 0.01 vs 100 mg/dl glucose without glibenclamide. n.s, not
significant. Data are expressed as means ± SE.
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[17] reported that glibenclamide inhibited carnitine pal-
mitoyltransferase 1 (CPT-1) activity, consequently sup-
pressing free fatty acid oxidation. This is associated
with enhanced formation of DAG, PKC activation,
and K-ATP-independent insulin exocytosis. In the pres-
ent study, we showed that glibenclamide at submaximal
concentration (10�6 M), which is a physiological con-
centration, stimulated ROS production additively in
combination with elevated glucose levels, but did not
stimulate ROS production at maximal concentration
(10�5 M). This suggests that the mechanism for gliben-
clamide�s effect on ROS production may be the same
as that of elevated glucose levels. In any case, the finding
of the additive effect found at the physiological concen-
tration provides an important clinical insight into the
use of sulfonylurea. Chronic use of high doses of sulfo-
nylurea under poor glucose control may induce an in-
crease in ROS production in pancreatic b-cells. This
may in part contribute to secondary sulfonylurea failure.

In conclusion, the insulin secretagogues, both ele-
vated glucose levels and sulfonylurea, may stimulate
ROS production through a PKC-dependent activation
of NAD(P)H oxidase in the pancreatic b-cell line,
MIN6. This mechanism may be a novel therapeutic tar-
get for preventing the progression of b-cell deterioration
and the development of diabetes.
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