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Unresponsiveness to Glibenclamide During Chronic
Treatment Induced by Reduction of AT P - S e n s i t i v e
K+ Channel Activity
Jun Kawaki, Kazuaki Nagashima, Jun Tanaka, Takashi Miki, Masaru Miyazaki, Tohru Gonoi, 

Noboru Mitsuhashi, Nobuyuki Nakajima, Toshihiko Iwanaga, Hideki Yano, and Susumu Seino

The insulin response to the sulfonylurea glibenclamide
was markedly impaired in pancreatic b-cell line MIN6
cells with chronic glibenclamide treatment (MIN6-
Glib). The intracellular calcium concentration increased
only slightly in response to glibenclamide in MIN6-Glib.
While the properties of the voltage-dependent calcium
channels were not altered, the conductance of the KAT P

channels, the primary target of glibenclamide, was
s i g n i ficantly reduced in MIN6-Glib. The ATP-sensitive K+

( KAT P) channels in MIN6 cells comprise inwardly recti-
fying K+ channel member Kir6.2 subunits and sulfonyl-
urea receptor (SUR) 1 subunits. MIN6 cells have both
high- and low-affinity binding sites for glibenclamide.
The binding affinities at these two sites were un-
changed, but the maximum binding capacities at both
sites were similarly increased by chronic glibenclamide
treatment. Both SUR1 and Kir6.2 mRNA levels were not
altered, but SUR1 protein was rather increased in
MIN6-Glib. In addition, electron microscopic examina-
tion revealed a majority of the SUR1 to be present in a
cluster near the plasma membrane in control MIN6,
while it tends to be distributed in the cytoplasm in
MIN6-Glib. These data suggest that chronic gliben-
clamide treatment causes the defect in acute gliben-
clamide-induced insulin secretion by reducing the num-
ber of functional KAT P channels on the plasma mem-
brane of the b-cells. D i a b e t e s 48:2001–2006, 1999

S
ulfonylureas such as tolbutamide and gliben-
clamide are widely used as oral hypoglycemic
drugs in the treatment of type 2 diabetes (1). Sul-
fonylureas are known to increase insulin secretion

by directly closing the ATP-sensitive K+ ( KAT P ) channels in

pancreatic b-cells (2–4) which are normally closed by high glu-
cose, causing membrane depolarization and opening of the
voltage-dependent Ca2 + channels (VDCCs), which allows
C a2 + i n flux and the resultant rise in intracellular Ca2 + c o n-
centration ([Ca2 +]i) that triggers insulin secretion (5–7). We
have shown recently that there is no insulin secretory
response to either glucose or tolbutamide stimulation in KAT P
c h a n n e l – d e ficient mice (8). Thus, the KAT P channels in pan-
creatic b-cells play a critical role in the regulation of both
sulfonylurea-induced and glucose-induced insulin secretion.

It has been shown that classical KAT P channels comprise
Kir6.2 subunits of the inwardly rectifying K+ channel Kir6.0
subfamily (9–11) and sulfonylurea receptor (SUR1 or SUR2)
subunits of the ATP binding cassette (ABC) protein super-
family (12–14). The pancreatic b-cell KAT P channel functions
as a heterooctameric protein of four Kir6.2 subunits and four
SUR1 subunits (15–17). It is thought that while the Kir6.2
subunits form a K+ ion–permeable pore and primarily confer
ATP inhibition, the SUR1 subunits confer sulfonylurea, dia-
zoxide, and MgADP sensitivities and enhance the sensitivity
of Kir6.2 to ATP (18–20).

Although sulfonylureas are known to acutely stimulate
insulin secretion, several studies in vivo and in vitro have
shown that chronic sulfonylurea treatment can cause
impaired sulfonylurea-induced insulin secretion. For exam-
ple, Karam et al. (21) have reported that exposure of pan-
creatic b-cells to sustained stimulation by therapeutic doses
of sulfonylureas can selectively abolish their responsiveness
to acute stimulation with tolbutamide in type 2 diabetes. In
addition, prolonged exposure of isolated pancreatic islets to
sulfonylurea generates unresponsiveness to the stimulus
(22–24). These studies suggest that after chronic exposure to
sulfonylurea, the pancreatic b-cells become desensitized to
the stimulus. Rabuazzo et al. (24) found that the defect in
glibenclamide-induced insulin secretion that occurs after
chronic exposure of pancreatic islets to glibenclamide is
accompanied by impaired suppression of 8 6R b+ efflux, sug-
gesting that the primary defect in pancreatic b-cells exposed
to glibenclamide may be in the KAT P channels. However, how
the KAT P channels in pancreatic b-cells might be affected by
chronic sulfonylurea treatment is not known.

The present study was designed to investigate the mecha-
nism of the defect in acute sulfonylurea-induced insulin
secretion in pancreatic b-cells that are exposed chronically
to the same stimuli. Our data suggest that chronic treatment
of pancreatic b-cells with sulfonylureas might impair acute
sulfonylurea-induced insulin secretion not by desensitizing
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SUR1 but by reducing the number of functional KAT P c h a n n e l s
on the plasma membrane.

RESEARCH DESIGN AND METHODS

Cell culture and transfection. MIN6 cells were plated at a density of 6 3 1 04

cells per 10-cm–diameter dish, and were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 25 mmol/l glucose and 10% fetal bovine serum
under a humidified condition of 95% air and 5% CO2. Two days after plating, 
10 µmol/l glibenclamide was added to the medium. The cells were cultured with
the medium containing glibenclamide for 14 days. The cells were trypsinized and
replated for the experiments on insulin secretion, glibenclamide binding, elec-
t r o p h y s i o l o g y, and the measurement of intracellular calcium concentrations
( [ C a2 +]i ). The cells were also harvested for RNA blot and immunoblot analyses
and for measurement of insulin content. For electrophysiological experiments,
MIN6 cells were replated at a density of 2 3 1 05 per 3.5-cm–diameter dish con-
taining coverslips and incubated in DMEM supplemented with 10% fetal bovine
serum with 10 µmol/l glibenclamide (for pancreatic b-cell line MIN6 cells with
chronic glibenclamide treatment [MIN6-Glib]) or without glibenclamide (for con-
trol MIN6 cells). Before the experiments, cells were perifused in the extracellu-
lar solution on the perifusion well of the patch clamp system for at least 30 min.
For glibenclamide binding experiments in transfected cells, COS-1 cells were cul-
tured in the conditions described above. COS-1 cells at 70% of confluency were
transfected with pCMVSUR1 (5 µg) (10) alone, pCMVSUR1-Kir6.2 (5 µg) containing
a DNA fragment encoding a fusion peptide consisting of an SUR1 subunit and a
Kir6.2 subunit (15), or pCMVKir6.2 (5 µg) (10) and pCMVSUR1 (5 µg) with L I P O-
F E C TA M I N E and OPTI-MEM I reagents (Life Technologies, Rockville, MD) as pre-
viously described (10).
Measurements of insulin secretion and insulin content. After MIN6 cells
were cultured in the medium containing glibenclamide for 14 days, they were
replated on a 48-well plate at a density of 5 3 1 04/well and were incubated with
the same medium for 46–50 h. MIN6 cells were preincubated for 30 min in the incu-
bation buffer (154 mmol/l NaCl, 6.2 mmol/l KCl, 3.3 mmol/l CaCl2, 1.5 mmol/l
K H2P O4, 1.6 mmol/l MgSO4, 12.4 mmol/l NaHCO3, and 20.0 mmol/l HEPES, pH 7.4)
containing 3 mmol/l glucose and 0.2% bovine serum albumin (25). The cells were
then stimulated in 500 µl of the same buffer containing 25 mmol/l glucose, 
100 nmol/l glibenclamide, or 60 mmol/l K+ and 0.2% bovine serum albumin for 30
min. When the concentration of KCl was increased to 60 mmol/l, that of NaCl was
decreased to keep the osmolarity of the buffer unchanged. The insulin released
into the medium was measured by radioimmunoassay (Eiken Chemical, To k y o )
with rat insulin as standard (26). For measurement of insulin content, MIN6 cells
were homogenized in 500 µl acid-ethanol (37% HCl to 75% ethanol, 15:1000
vol/vol) and extracted at 4°C overnight. A total of 400 µl of acidic extracts was dried
by vacuum, reconstituted, and measured by radioimmunoassay. Insulin content
in MIN6-Glib is expressed as percent of the values (nanograms per 105 c e l l s )
obtained from control MIN6.
Measurement of intracellular calcium concentrations. MIN6 cells were
loaded with 2 µmol/l fura-2 acetoxymethyl ester (Dojindo, Kumamoto, Japan) for
50 min in the incubation buffer described for insulin assay containing 3 mmol/l glu-
cose, and then were mounted on the stage of the microscope. The perifusion rate
was approximately 1.0 ml/min at 37°C. Intracellular calcium concentration [Ca2 +]i

was measured by a dual-excitation wavelength method (340/380 nm) as described
(8). When the concentration of KCl was increased to 60 mmol/l, that of NaCl was
decreased to keep the osmolarity of the medium unchanged. [Ca2 +]i was cali-
brated in droplets containing solutions of known Ca2 + concentration using the cal-
ibration kit (Molecular Probes, Eugene, OR). Fluorescence emission at 510 nm was
monitored and the ratio calculation was digitized every 10 s by a computerized
image processor (Argus-100/CA; Hamamatsu Photonics, Hamamatsu, Japan).
Measurement of membrane potentials. The membrane potentials of the MIN6
cells were measured by the perforated patch-clamp method in the current clamp
mode (25). The extracellular solution contained 125 mmol/l NaCl, 5 mmol/l KCl,
1.3 mmol/l KH2P O4, 2 mmol/l CaCl2, 1 mmol/l MgCl2, 10 mmol/l HEPES, and 
2.8 mmol/l glucose (pH 7.4). The pipette solution contained 130 mmol/l potassium
aspartate, 10 mmol/l KCl, 10 mmol/l EGTA, 10 mmol/l MOPS (pH 7.2), and 
100 µg/ml nystatin.
Electrophysiological analysis of VDCCs. The whole-cell Ba2 + c u r r e n t s
through the VDCCs were recorded as described (27). Briefly, Ba2 + was used as a
charged carrier for measurement of VDCC currents. The extracellular solution con-
tained 20 mmol/l Ba(OH)2, 20 mmol/l 4-aminopyridine, 110 mmol/l tetraethylam-
monium hydroxide, 10 mmol/l tetraethylammonium chloride, 140 mmol/l
methanesulfonate, and 10 mmol/l 3 - (N-morpholino) propanesulfonic acid (pH 7.4).
The pipette solution contained 10 mmol/l CsCl, 130 mmol/l cesium aspartate, 
10 mmol/l EGTA, 5 mmol/l Mg-AT P, and 10 mmol/l 3-(N-morpholino) propane-
sulfonic acid (pH 7.2). Cells were maintained at a holding potential of –70 mV.
For recording VDCC currents, square pulses of 400 ms duration at potentials
between –40 and +60 mV in steps of 10 mV were applied every 4 s. Recordings

were performed by using the EPC-7 patch clamp system (List Electronic, Darm-
stadt, Germany).
Electrophysiological analysis of KAT P c h a n n e l s . Single-channel recordings
were done in the excised inside-out membrane patch configuration, as described
( 2 8 ) . The intracellular solution contained 110 mmol/l potassium aspartate, 
30 mmol/l KCl, 2 mmol/l MgSO4, 1 mmol/l EGTA, 0.084 mmol/l CaCl2, and 
10 mmol/l MOPS (pH 7.2). The pipette solution contained 140 mmol/l KCl, 
2 mmol/l CaCl2, and 5 mmol/l MOPS (pH 7.4). For whole-cell recording, the
extracellular solution contained 135 mmol/l NaCl, 5 mmol/l KCl, 5 mmol/l CaCl2,
2 mmol/l MgSO4, 5 mmol/l HEPES, and 3 mmol/l glucose (pH 7.4). The pipette
solution contained 107 mmol/l KCl, 11 mmol/l EGTA, 2 mmol/l MgSO4, 1 mmol/l
C a C l2, and 11 mmol/l HEPES (pH 7.2, adjusted with KOH). Electrophysiological
experiments were carried out at 24–26°C.
Glibenclamide binding experiments. Binding experiments of MIN6 cells with
or without chronic glibenclamide treatment and COS-1 cells transfected with SUR1
alone, SUR1-Kir6.2 fusion peptide, or SUR1 and Kir6.2 were performed accord-
ing to the method of Ämmälä et al. (29). Assays were done in the buffer contain-
ing 119 mmol/l NaCl, 4.7 mmol/l KCl, 2.5 mmol/l CaCl2, 1.2 mmol/l KH2P O4, 
1.2 mmol/l MgSO4, 5.0 mmol/l NaHCO3, and 20.0 mmol/l HEPES (pH 7.4). For 
3H-labeled glibenclamide binding studies, the cells were washed twice with the
same buffer and resuspended in the same buffer. The cells were then incubated
for 1 h at room temperature with 1–30 nmol/l 3H-labeled glibenclamide (DuPont,
Boston, MA) at a density of 2.5–5.2 3 1 05 cells per tube in 0.4 ml of the same buffer
in the absence or presence of 100 µmol/l unlabeled glibenclamide. Bound radio-
ligand was separated from free 3H-labeled glibenclamide by rapid vacuum fil t r a-
tion through Whatman GF/C filters (Whatman International, Maidstone, Eng-
land, U.K.). The filters were washed three times with 4 ml ice-cold buffer and
radioacitivity was counted by a gamma counter.
RNA blot analyses of SUR1 and Kir6.2. Total RNA was isolated by guanidinium
isothiocyanate-CsCl procedure (30). Five micrograms of RNA preparations were
denatured, electrophoresed through formaldehyde/agarose gels, and transferred
to Duralon membranes (Stratagene, La Jolla, CA). The membranes were
hybridized with human insulin cDNA, SUR1 cDNA, or Kir6.2 cDNA probe prepared
by nick translation using [3 2P]dCTP (10).
Immunoblot analysis of SUR1. Anti-SUR1 antibody was raised in a rabbit
immunized with the synthetic peptide, which corresponded to 21 amino acid
residues (KPEKLLSQKDSVFASFVRADK) in the C-terminus of rat SUR1, and was
p u r i fied with MAbTrap GII (Amersham Pharmacia Biotech, Uppsala, Sweden).

MIN6 cells with or without glibenclamide treatment were lysed, homo-
genized, and sonicated in lysis buffer containing 10 mmol/l Tris, 2 mmol/l EDTA ,
100 mmol/l NaCl, 20% glycerol (pH 7.4), 1 mg/ml leupeptin, 1 mg/ml antipain, 
1 mmol/l pepstatin A, and 0.1 mmol/l phenylmethylsulfonyl fluoride. Aliquots of
the whole-cell preparations (10 µg protein/lane) were electrophoresed through 7%
SDS-polyacrylamide gel and electrotransferred at 15 V on polyvinylidene diflu o-
ride membranes for 1 h. The filters were blocked for 1 h with 5% nonfat dry milk
and 10% donkey serum in phosphate-buffered saline with Tween 20 (PBS-Tw e e n ;
pH 7.4) consisting of 136.9 mmol/l NaCl, 2.7 mmol/l KCl, 10 mmol/l Na2H P O4, 
1.8 mmol/l KH2P O4, and 0.1% Tween 20 at room temperature. After washing with
P B S - Tween containing 1% nonfat dry milk, the filters were incubated with anti-SUR1
antibody for 2 h. The primary antibody immunoreactions were then visualized with
horseradish peroxidase-conjugated donkey anti-rabbit immunogloblin using an
enhanced chemiluminescense sysytem (ECL; Amersham Pharmacia Biotech).
Electron microscopic analysis. MIN6 cells on culture dishes were fixed in 4%
paraformaldehyde in 0.1 mol phosphate buffer (pH 7.4) for 4 h. After treatment
with a 10% normal goat serum, the cells were incubated with a rabbit anti-SUR1
antiserum diluted in 1:4,000. They were further incubated with colloidal gold
(1.4 nm in diameter)-conjugated goat anti-rabbit IgG (Nanoprobes, New York). Fol-
lowing silver enhancement (HQ Silver; Nanoprobes), the samples were dehydrated
through a graded series of ethanol and directly embedded in Epon 812 resin. Ultra-
thin sections were prepared with an ultramicrotome (Leica Ultracut UCT; Nissei
Sangyo, Tokyo), stained with uranyl acetate and examined with a transmission
electron microscope (H-7100; Hitachi, To k y o ) .
Data presentation and statistical analyses. Data are expressed as means 
± SE. The columns and bars in each figure indicate the mean and SE, respectively.
Statistical significance was determined by unpaired t test. P values of <0.05 were
counted significantly different.

R E S U LT S

E ffects of chronic glibenclamide treatment on insulin

secretion and insulin content. Basal insulin secretion in
the presence of 3 mmol/l glucose (expressed as nanograms
per well per 30 min) in MIN6-Glib was significantly higher
than that in untreated control MIN6 cells (MIN6-Glib, 5.5 ± 0.4
ng · well– 1 · 30 min– 1, n = 35; control, 2.8 ± 0.2 ng · well– 1 · 
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30 min– 1, n = 37) (P < 0.0001) (Fig. 1). Glibenclamide-induced
insulin secretion in the presence of 3 mmol/l glucose in
MIN6-Glib was markedly lower than that in control (MIN6-
Glib, 6.2 ± 0.5 ng · well– 1 · 30 min– 1, n = 23; control, 12.2 ± 0.7
ng · well– 1 · 30 min– 1, n = 25) (P < 0.0001). Insulin response to
100 nmol/l glibenclamide plus 25 mmol/l glucose stimulation
in MIN6-Glib was also significantly lower than that in control
(MIN6-Glib, 8.8 ± 0.7 ng · well– 1 · 30 min– 1, n = 5; control, 13.9
± 1.5 ng · well– 1 · 30 min– 1, n = 5) (P < 0.02). To l b u t a m i d e -
induced insulin secretion in the presence of 3 mmol/l glucose
in MIN6-Glib also was markedly lower than that in control
(data not shown). With 60 mmol/l K+ stimulation in the pres-
ence of 3 mmol/l glucose, insulin secretion in MIN6-Glib was
s i g n i ficantly lower than that in control (MIN6-Glib, 15.8 ±
0.5 ng · well– 1 · 30 min– 1, n = 9; control, 21.6 ± 1.6 ng · well– 1 ·
30 min– 1, n = 9) (P < 0.002). Insulin content in MIN6-Glib
was reduced to 76.9 ± 4.4% of control (n = 5, P < 0.01). North-
ern blot analysis revealed that the insulin mRNA levels were
not different in MIN6-Glib and control (data not shown).
E ffect of chronic glibenclamide treatment on [Ca2 +]i.

Basal levels of [Ca2 +]i in MIN6-Glib were 185.1 ± 18.4 nmol/l
(n = 75), a value significantly higher than that for controls
(92.2 ± 7.5 nmol/l, n = 62) (P < 0.0001) (Fig. 2). In contrast to

controls, however, glibenclamide at 100 nmol/l only slightly
increased [Ca2 +]i in MIN6-Glib (Fig. 2).
E ffect of chronic glibenclamide treatment on m e m -

brane potential. The resting membrane potential in MIN6-Glib
was significantly higher than that in controls (MIN6-Glib, –43.3
± 3.4 mV, n = 16; control, –65.4 ± 2.6 mV, n = 14) (P < 0.0001).
E ffects of chronic glibenclamide treatment on VDCCs.

Typical L-type VDCC currents were detected in both MIN6-
Glib and controls (data not shown). There was no difference
in activation and inactivation time courses between MIN6-Glib
and controls (data not shown). The current-voltage relation-
ship of the VDCCs in MIN6-Glib was identical to that in con-
trols (Fig. 3).
E ffects of chronic glibenclamide treatment on KAT P

c h a n n e l s . Single-channel analysis showed unitary conduc-
tance, inward rectification (Fig. 4A), and ATP-sensitivity (Fig.
4B) of KATP channels in MIN6-Glib to be identical to those in
control. Glibenclamide at 100 nmol/l inhibited KAT P c h a n n e l
activity in both MIN6-Glib and control (data not shown).
Whole-cell recordings showed that in the absence of ATP in
the pipette solution, a progressive increase in K+ c o n d u c-
tance in response to ±10 mV amplitude pulses was detected
in control MIN6 cells and that the increased currents were
inhibited by addition of glibenclamide (100 nmol/l) (Fig. 4C) .
In contrast, the K+ conductance in MIN6-Glib was signifi-
cantly reduced. ATP-sensitive K+ conductance, normalized by
dividing by membrane capacitance, was significantly re-
duced in MIN6-Glib (MIN6-Glib, 0.15 ± 0.05 nS/pF, n = 11; con-
trol, 1.19 ± 0.29 nS/pF, n = 12) (P < 0.02) (Fig. 4D), indicating
impaired KAT P channel conductance in MIN6-Glib.
E ffects of chronic glibenclamide treatment on gliben-

clamide binding properties. Analysis of [3H ] g l i b e n c l a m i d e
binding to MIN6 cells revealed both high-affinity and relatively
low-affinity binding sites (“high-affinity” and “low-affinity”
sites in this paper). The Kd values of the high- and low-affin-
ity sites in MIN6-Glib were not different from those in control
(MIN6-Glib, Kd high = 2.5 ± 0.3 nmol/l, Kd low = 13.4 ± 2.3 nmol/l,
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FIG. 1. Insulin secretion. G3, basal insulin secretion in the presence

of 3 mmol/l glucose; G25, insulin secretion stimulated by 25 mmol/l 

glucose; G3 + Glib100, 100 nmol/l glibenclamide in the presence of 

3 mmol/l glucose; G25 + Glib100, 100 nmol/l glibenclamide in the pres-

ence of 25 mmol/l glucose; G3 + K60, 60 mmol/l K+ in the presence of 

3 mmol/l glucose. Control, untreated MIN6 cells; MIN6-Glib, MIN6 cells

treated with glibenclamide for 14 days. Numbers in parentheses indi-

cate the number of experiments.

FIG. 2. Intracellular calcium response to 100 nmol/l glibenclamide or 

60 mmol/l K+. Both stimuli were in the presence of 3 mmol/l glucose.

The basal [Ca2 +]i in MIN6-Glib is significantly higher than that in con-

trol. Intracellular calcium response to glibenclamide is significantly

impaired in MIN6-Glib, compared with control. The degree of the

impairment varied among the individual MIN6-Glib cells. Represen-

tative examples are shown. s, control; d, MIN6-Glib.

FIG. 3. The current-voltage relationships of VDCCs in MIN6-Glib and

control MIN6 cells. Because the membrane area of each cell varied,

VDCC currents were normalized by dividing by the membrane capac-

itance measured for each cell. Values are means ± SE (MIN6-Glib, 

n = 5; control, n = 6). s, control; d, MIN6-Glib.



n = 4; control, Kd high = 1.7 ± 0.2 nmol/l, Kd low = 11.6 ± 1.2 nmol/l,
n = 4). In contrast, the maximum binding capacities of both
the high- and low-affinity sites in MIN6-Glib were not
reduced, but were rather increased (MIN6-Glib, Bmax high =
279.9 ± 23.6 fmol/106 cells, Bmax low = 699.3 ± 64.2 fmol/106 c e l l s ,
n = 4; control, Bmax high = 171.4 ± 6.5 fmol/106 cells, Bmax low =
430.5 ± 34.9 fmol/106 cells, n = 4) (P < 0.02) (Fig. 5).

We also examined the binding affinities of glibenclamide to
COS-1 cells expressing SUR1 alone (COS-1-SUR1), SUR1-
Kir6.2 fusion peptide (COS-1-SUR1-Kir6.2), and SUR1 and
Kir6.2 (COS-1-SUR1/Kir6.2). COS-1-SUR1 has only the low-
affinity site (Kd low = 15.5 ± 3.0 nmol/l, n = 3), and COS-1-SUR1-
Kir6.2 has only the high-affinity site (Kd high = 5.2 ± 0.8 nmol/l,
n = 3). In contrast, COS-1-SUR1/Kir6.2 has both the high-
affinity site and the low-affinity site, with Kd values of the high-
affinity site (Kd high = 5.2 ± 0.3 nmol/l, n = 3) and the low-affin-
ity site (Kd low = 15.6 ± 2.8 nmol/l, n = 3) that are identical to
those in COS-1-SUR1-Kir6.2 and COS-1-SUR1, respectively
( Table 1).

E ffects of chronic glibenclamide treatment on SUR1

and Kir6.2 expression. RNA blot analysis showed no dif-
ference in SUR1 and Kir6.2 mRNA levels between MIN6-Glib
and control (Fig. 6A). In contrast, immunoblot analysis of
whole-cell preparations showed that the SUR1 protein level
in MIN6-Glib was higher than that in control (Fig. 6B) .
Subcellular localization of SUR1. Immunoreactivity for
SUR1 was visualized as an accumulation of gold particles
under an electron microscope. In control, the immunoreac-
tivity was localized in restricted regions of the cell surface,
showing a patch-like accumulation (Fig. 7A and B). In MIN6-
Glib, the immunoreactivity extended to the deeper region of
the cytoplasm (Fig. 7C). In some MIN6-Glib, gold particles
were distributed diffusely in the cytoplasm (Fig. 7D) .

D I S C U S S I O N

We found that chronic glibenclamide treatment of MIN6
cells induces a severe defect in acute glibenclamide-
induced insulin secretion, confirming previous studies
showing that prolonged exposure of isolated pancreatic
islets to sulfonylurea causes unresponsiveness to the same
stimulus (22–24). Tolbutamide-induced insulin secretion
also was severely impaired in MIN6-Glib (data not shown).
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FIG. 4. Electrophysiological analysis of KATP channels in control and

MIN6-Glib. A: Current-voltage (I-V) relationships recorded in control

(s) and MIN6-Glib (d). The number of experiments was three in each

case. B: Dose-dependent effect of ATP on KATP channels in control (s)

and MIN6-Glib (d) (n = 4–7). Channel activities are expressed as per-

cent of activity in the presence of 1 µmol/l AT P. C: Representative

traces of whole-cell recordings in control and MIN6-Glib. The holding

potential was –70 mV, and alternate voltage pulses of ±10 mV and 200

ms duration every 2 s were applied. Removal of intracellular AT P

beginning at the time indicated (breakthrough) caused a progressive

increase in K+ conductance in response to ±10 mV amplitude pulses, and

addition of 100 nmol/l glibenclamide promptly inhibited the conduc-

tance. The recordings were performed in the presence of 3 mmol/l glu-

cose in the extracellular solution. D: Normalized KATP channel conduc-

tances in control and MIN6-Glib. Because the membrane area of each

cell varied, the K+ conductance was normalized by dividing by the mem-

brane capacitance measured for each cell. Numbers in parentheses

indicate the number of experiments. Values are means ± SE. *P < 0.02.

FIG. 5. Analysis of the binding of [3H]glibenclamide to MIN6-Glib (d)

and control (s). I n s e t: Scatchard transformation of the data. The

representative plots of 4 experiments are shown.

TABLE 1
Kd values of high- and low-affinity binding sites in MIN6 cells with
or without chronic glibenclamide treatment and COS-1 cells 

Kd high Kd low 
( n m o l / l ) ( n m o l / l )

Control MIN6 1.7 ± 0.2 11.6 ± 1.2
M I N 6 - G l i b 2.5 ± 0.3 13.4 ± 2.3
C O S - 1 - S U R 1 A b s e n t 15.5 ± 3.0
C O S - 1 - S U R 1 - K i r 6 . 2 5.2 ± 0.8 A b s e n t
C O S - 1 - S U R 1 / K i r 6 . 2 5.2 ± 0.3 15.6 ± 2.8

Data are means ± SE. COS-1-SUR1, COS-1 cells expressing
SUR1 alone; COS-1-SUR1-Kir6.2, COS-1 cells expressing the
SUR1-Kir6.2 fusion protein; COS-1-SUR1/Kir6.2, COS-1 cells
expressing SUR1 and Kir6.2.



The insulin response (73.1% of control) to high K+ s t i m u l a-
tion, a most potent stimulus of insulin secretion, was almost
parallel to the decrease in insulin content (76.9% of control)
in MIN6-Glib. We also found no difference in insulin mRNA
levels between MIN6-Glib and control. Because the decrease
in insulin content cannot explain the marked reduction in
sulfonylurea-induced insulin secretion in MIN6-Glib, these
results suggest that the major defect in insulin secretion
due to chronic treatment of MIN6 cells with glibenclamide
is in steps specific for sulfonylureas.

[ C a2 +]i in pancreatic b-cells is the principal signal for
insulin secretion. We have found an elevation of basal [Ca2 +]i
and resting membrane potential, which could account for
the increase in the basal level of insulin secretion in MIN6-
Glib. However, since both the change in [Ca2 +]i in response to
high K+ stimulation and the current-voltage relationship of the
VDCCs are not different between MIN6-Glib and control, it is
likely that chronic glibenclamide treatment does not directly
impair calcium influx through the VDCCs, but that the cause
is in the proximal pathway.

Because sulfonylurea-induced insulin secretion depends
critically on closure of the KAT P channels in pancreatic b- c e l l s
(2–4), chronic glibenclamide treatment could well affect their
functional properties and expression. In inside-out patches, the
unitary conductance and ATP sensitivity of the KAT P c h a n n e l s
in MIN6-Glib were identical to those of control. Gliben-
clamide at 100 nmol/l, the concentration sufficient to inhibit
KAT P channel activity in controls, also inhibited channel activ-
ity in MIN6-Glib. In contrast, in whole-cell mode, KAT P c h a n n e l
conductance was markedly decreased in MIN6-Glib, sug-
gesting that the number of functional channels at the cell sur-
face is reduced. The pancreatic b-cell KAT P channel comprises
Kir6.2 subunits and SUR1 subunits with 4:4 stoichiometry
(15–17). Because the SUR1 subunits confer sensitivities to sul-
fonylureas, we next examined the binding properties and
expression of SUR1 in MIN6 cells treated with glibenclamide.
Analysis of the glibenclamide binding properties in MIN6 cells

revealed the presence of high-affinity (Kd high = 1.7 nmol/l)
and low-affinity (Kd low = 11.6 nmol/l) binding sites. Interest-
i n g l y, while chronic glibenclamide treatment did not change
the binding affinities of glibenclamide at the two sites, the treat-
ment increased the maximum binding capacities at both sites,
as determined by whole-cell binding experiments. In addi-
tion, the level of SUR1 protein, as assessed by western blot
analysis of whole cells, is increased in MIN6-Glib. Furthermore,
electron microscopic examination revealed that a majority of
SUR1 are present in a cluster near the cell surface in control
MIN6 cells, whereas they are distributed in the deeper region
of the cytoplasm or diffusely in the cytoplasm of MIN6-Glib.
These results suggest that the reduced KAT P channel activity
found in MIN6-Glib is not due to either lack of dissociation of
glibenclamide from SUR1 or decreased biosynthesis of SUR1
by glibenclamide, but to a decrease in expression of SUR1 at
the cell surface. There are several mechanisms possible for the
reduced expression of SUR1 at the cell surface by chronic
glibenclamide treatment: it might impair trafficking of SUR1
to the plasma membrane or accelerate internalization of
SUR1, and the degradation of SUR1 also might be decelerated.
Further studies are necessary to clarify the mechanism.

As described above, we found two glibenclamide binding
sites with different affinities in MIN6 cells. It has been
reported that the binding affinity of dihydropyridine (DHP) to
the a1 subunit is increased in skeletal muscle L-type calcium
channels when all the other subunits are coexpressed (31).
A c c o r d i n g l y, we thought that the SUR1 subunits might occur
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FIG. 6. SUR1 and Kir6.2 expressions. A: RNA blot analysis. To p, m i d -

d l e, and bottom panel indicate SUR1 transcript, Kir6.2 transcript,

and ethidium bromide–stained gel, respectively, before transfer. The

sizes of the hybridizing transcripts and 28S and 18S ribosomal RNAs

are indicated. B: Immunoblot analysis of SUR1. SUR1 protein is

detected as 140 kDa.

FIG. 7. Electron microscopy showing subcellular localization of SUR1

in control MIN6 cells and MIN6-Glib. The control cell shows a patch-

like accumulation of gold particles along the cell membrane (A, B) ,

while the particles shift to the deeper regions of the cytoplasm (C) 

or are distributed diffusely in the cytoplasm in MIN6-Glib (D). 

N, nucleus. Bar = 1 µm.



in two conditions in MIN6 cells, some being coupled to Kir6.2
subunits as KAT P channel regulators, while others, not coupled
to a Kir6.2 subunit, have an unknown role. Indeed, transfec-
tion experiments have confirmed this. While COS-1 cells
expressing SUR1 alone or SUR1-Kir6.2 fusion peptide (i.e.,
SUR1:Kir6.2 = 1:1 stoichiometry) have only one site of low-
affinity (Kd low = 15.5 nmol/l) or high-affinity binding (Kd high = 
5.2 nmol/l), respectively, COS-1 cells expressing SUR1 and
Kir6.2 have both the low- and high-affinity binding sites 
( Kd low = 15.6 nmol/l, Kd high = 5.2 nmol/l). The low-affinity site
for glibenclamide found in the present study is apparently dif-
ferent from that reported previously in various pancreatic 
b-cell preparations (32), inasmuch as there is a large differ-
ence in the Kd value between the present results and those in
previous reports (11.6 nmol/l vs. 0.1–16 µmol/l). However,
whether or not there is a site of considerably lower affinity
for glibenclamide in MIN6 cells is not known.

The present study may have important implications clini-
cally in regard to sulfonylurea treatment in type 2 diabetes.
Our data suggest that chronic sulfonylurea treatment could
cause a defect in sulfonylurea-induced insulin secretion by
reducing the number of functional KAT P channels on the cell
surface. Since the sulfonylureas used in clinical practice all
have different potencies in receptor binding, inhibition of
KAT P channel activity, and insulin secretion (32–34), it is
important in future studies to compare the outcomes of
chronic treatment among the various sulfonylureas in terms
of the clinical implications.
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