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Abstract

Functional effects of prolonged exposure to the sulphonylurea glibenclamide were examined in a popular clonal pancreatic b-cell line,
denoted as BRIN-BD11. In acute 20-min incubations, 200 mM of tolbutamide or glibenclamide stimulated insulin release from
non-depolarized and depolarized cells, which was dramatically reduced following 18-h culture with 100 mM glibenclamide. Sulphony-
lurea desensitization in non-depolarized cells was reversed following 6–36-h subsequent culture in the absence of glibenclamide.
However, desensitization of insulinotropic effects of sulphonylureas in depolarized cells following glibenclamide culture and associated
decline in cellular insulin content was not fully reversible. Culture with 100 mM glibenclamide also markedly reduced the acute

Ž .insulinotropic actions of glucose, L-alanine, L-arginine, 2-ketoisocaproic acid KIC and KCl. These effects were almost completely
reversed following 18-h culture in the absence of the sulphonylurea. q 2000 Elsevier Science B.V. All rights reserved.

Keywords: Glibenclamide; Tolbutamide; Desensitization; Clonal pancreatic b-cell; Insulin release; K channelATP

1. Introduction

The insulinotropic sulphonylurea glibenclamide is well
established as a therapeutic tool for the treatment of type

Ž2 diabetes non-insulin-dependent diabetes mellitus,
. Ž .NIDDM Groop, 1997 . Like other sulphonylureas, gli-

benclamide increases insulin secretion by directly closing
q Ž .ATP-sensitive K K channels in pancreatic b-cellsATP

Ž .Cook et al., 1998 , causing membrane depolarization,
opening of voltage-dependent Ca2q channels, leading to
influx and elevation of intracellular Ca2q, triggering exo-

Ž .cytosis of insulin Hellman et al., 1994 . The primary
actions of glibenclamide on K channels are exertedATP

through binding to a high affinity site, localized on the
ŽSUR1 K channel subunit Aguilar-Bryan and Bryan,ATP

.1999; Ashfield et al., 1999 . A recent study has also
demonstrated that the Kir6.2 K channel subunit pos-ATP

Žsesses a low affinity binding site for glibenclamide Gros
.et al., 1999 ; however, the clinical relevance remains

unknown.

) Corresponding author. Tel.: q44-28-7032-3011; fax: q44-28-7032-
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Unlike most other sulphonylureas, glibenclamide is
known to be internalized within the pancreatic b-cell
ŽHellman et al., 1984; Carpentier et al., 1986; Marynissen

.et al., 1992 , thus suggesting that the insulinotropic action
of glibenclamide may not be solely ascribed to events at

Ž .the cell surface Carpentier et al., 1986 . Subsequent stud-
ies indicate that sulphonylureas have a direct effect on

Ž .exocytosis Flatt et al., 1994 , and that glibenclamide and
tolbutamide influence insulin secretion independently of

ŽK channel closure Eliasson et al., 1996; Fuhlendorff etATP
.al., 1998; Efanov et al., 1998 . Indeed, the majority of

Ž .sulphonylurea receptors SUR1 are bound to intracellular
Ž .membranes Ozanne et al., 1995 , and it is therefore

perhaps not surprising that glibenclamide may influence
insulin exocytosis by exerting intracellular b-cell actions.

Although the sulphonylurea drugs are widely adopted in
Ž .long-term type 2 diabetes therapy DeFronzo, 1998 , rela-

tively little attention has been paid to the reported progres-
sive b-cell sulphonylurea insensitivity associated with
long-term exposure. A growing body of evidence has
accumulated over the past 30 years, suggesting that the
decline in glucose-lowering ability during long-term expo-
sure to sulphonylureas both in vitro and in vivo may be
attributable to a desensitization of the b-cell to the actions

Žof these drugs Sodoyez et al., 1970; Dunbar and Foa,
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1974; Borg and Andersson, 1980; Filiponni et al., 1983;
Karam et al., 1986; Rabuazzo et al., 1992; Grunberger,

.1993 .
Long-term in vitro studies using isolated pancreatic

islets are invariably hindered by a number of inherent
functional inadequacies, particularly the decline in insulin
production and islet cell integrity with time in tissue

Ž .culture Halban and Wollheim, 1980 . The pancreatic
BRIN-BD11 cell line, derived from rat b-cell-RINm5F

Ž .cell electrofusion hence the name BRIN , is both pheno-
typically and functionally stable in culture, and responsive
to a wide range of modulators of insulin secretion, includ-

Žing sulphonylureas McClenaghan et al., 1996a; McCle-
.naghan and Flatt, 1999a,b; Salgado et al., 1999 . BRIN-

BD11 cells have been successfully adopted in studies
examining the effects of prolonged exposure to tolbu-
tamide, efaroxan and the novel insulinotropic drug 1,1-di-

Ž .methyl-2- 2-morpholinophenyl guanidine fumarate, BTS
Ž67 582 Ball et al., 1999; Chapman et al., 1999; McCle-

.naghan et al., 1999 . The present study utilizes the BRIN-
BD11 cell line to provide an assessment of the effects of
prolonged treatment with the popular antidiabetic agent,
glibenclamide, on the functions and responsiveness of
insulin secreting cells.

2. Materials and methods

2.1. Chemicals

ŽReagents of analytical grade and deionised water Purite,
.Oxon, UK were used. RPMI-1640 tissue culture medium,

foetal bovine serum, antibiotics, Hanks’ balanced saline
Ž .solution HBSS and trypsinrEDTA were from Life Tech-
Ž .nologies Paisley, UK . Rat insulin standard was from

Ž . w125 xNovo-Nordisk Bagsvaerd, Denmark and I -bovine in-
Žsulin for radioimmunoassay was from Lifescreen Watford,

.UK . All other chemicals including glibenclamide and
Žtolbutamide were from Sigma or BDH Chemicals both of

.Poole, Dorset, UK .

2.2. Cell culture and measurement of insulin release and
cellular insulin content

ŽClonal pancreatic BRIN-BD11 cells passage numbers
. Ž20–30 were used for this study McClenaghan et al.,
.1996a . BRIN-BD11 cells were grown in RPMI-1640 tis-

sue culture medium containing 11.1 mmolrl glucose and
Ž .0.3 grl L-glutamine, and supplemented with 10% vrv

fetal calf serum, 100 IUrml penicillin and 0.1 grl strepto-
mycin at 378C with 5% CO and 95% air. Cells were2

washed with HBSS prior to detachment from tissue culture
flasks with the aid of 0.025% trypsin containing 1 mM
EDTA, and seeded at 1.5=105 cellsrwell into 24-multi-
well plates. Monolayers of cells were then cultured for 18

h at 378C. Culture medium was then replaced with 1 ml of
Ž . Ž .a Krebs Ringer Bicarbonate KRB buffer pH 7.4 supple-

mented with 0.1% bovine serum albumin and 1.1 mmolrl
Ž .glucose McClenaghan et al., 1996a . After 40 min prein-

cubation at 378C, the buffer was replaced with 1 ml of
KRB test buffer containing glucose and test agents as
detailed in the legends to figures. After 20 min incubation
at 378C, aliquots of test buffer were removed and stored at

Žy208C for insulin radioimmunoassay Flatt and Bailey,
.1981 . Cellular insulin content was similarly measured

following overnight extraction with acid–ethanol solution
Ž Ž . Ž . Ž . .1.5% vrv HCl, 75% vrv ethanol, 23.5% vrv H O2

Ž .added McClenaghan et al., 1996a .

2.3. Statistical analysis

Results are presented as mean"S.E.M. for a given
number of observations. Groups of data were compared
using unpaired Student’s t-test and two-way ANOVA in
conjunction with Scheffe’s and Bonferroni’s modified t-
statistics. Differences were considered significant if P-

0.05.

Fig. 1. Effects of prolonged exposure to glibenclamide or tolbutamide
Ž .upon sulphonylurea-induced insulin secretion from non-depolarized A

Ž .and depolarized B cells. BRIN-BD11 cells were cultured for 18 h in
Ž .either standard tissue culture medium standard culture conditions or in

tissue culture medium supplemented with 100 mM glibenclamide. Fol-
lowing 40 min preincubation at 1.1 mM glucose, effects of 200 mM
tolbutamide or 200 mM glibenclamide were tested during 20 min incuba-

Ž .tion in the presence of 1.1 mM glucose A , or 16.7 mM glucose plus 30
Ž .mM KCl B . Each column represents the mean"S.E.M. of six separate

observations. ) P -0.05, ) ) P - 0.01, ) ) ) P -0.001 compared with
effect in absence of 200 mM tolbutamide or glibenclamide. n n n P -

0.001 compared with respective effects after standard culture conditions.
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3. Results

3.1. Desensitization of K channel-dependent and -inde-AT P

pendent sulphonylurea-induced insulin secretion following
prolonged glibenclamide treatment

Following 18-h exposure to standard culture conditions,
Ž .200 mM tolbutamide 1.8-fold increase; P-0.001 or 200

Ž .mM of glibenclamide 2.5-fold increase; P - 0.001
elicited characteristic insulinotropic responses at 1.1 mM

Ž .glucose Fig. 1A . However, 18-h culture with 100 mM
glibenclamide caused a dramatic reduction the subsequent
insulin releasing action of both sulphonylurea drugs. While
the acute insulinotropic effect of tolbutamide was de-

Ž .creased by 64% P-0.001 , the stimulatory action of
glibenclamide at 1.1 mM glucose was reduced by 92%
Ž .P-0.001 corresponding to 33% and 58% decreases in

Ž .insulin output, respectively Fig. 1A .
In cells exposed to conditions of marked membrane

Ž .depolarization 16.7 mM glucose plus 30 mM KCl , both
Žtolbutamide and glibenclamide significantly augmented P

. Ž .-0.05–P-0.01 insulin-secretory output Fig. 1B . Cul-
ture for 18 h in the presence of 100 mM glibenclamide
exerted a profound inhibitory effect upon subsequent in-

Žsulin release from depolarized cells 60–67% decrease;
.P-0.001 abolishing the acute stimulatory effects of

tolbutamide and glibenclamide.
The nature of induced desensitization of sulphonylurea-

induced insulin secretion was further assessed by examin-

ing cells cultured for 18 h at different glibenclamide
Ž . Žconcentrations Fig. 2 . Both tolbutamide 1.4-fold in-
. Žcrease; P-0.01 and glibenclamide 2.1-fold increase;

.P-0.001 stimulated insulin secretion in the presence of
Ž .1.1 mM glucose following 18-h standard culture Fig. 2 .

Culture for 18 h at 1–25 mM glibenclamide did not affect
subsequent insulin-secretory responses to either sulphony-

Ž .lurea Fig. 2 . However, exposure to 50–200 mM gliben-
clamide resulted in a significant concentration-dependent

Ždecrease in insulin output in the absence 17–75% de-
.crease; P-0.05–P-0.001 or presence of 200 mM of

Ž .tolbutamide 23–82% decrease; P-0.01–P-0.001 or
Ž . Ž .glibenclamide 38–87%; P-0.001 Fig. 2 . Cell viability

assessed by trypan blue exclusion, the neutral red assay
Žand MTT assay Hunt et al., 1987; Janjic and Wollheim,

.1992; McClenaghan et al., 1996a was not changed by any
Ž .of the experimental manipulations data not shown .

3.2. ReÕersibility of desensitization of sulphonylurea-in-
duced insulin secretion

Reversibility of the desensitizing effects of 100 mM
glibenclamide culture on insulin release was assessed fol-
lowing subsequent return to standard culture conditions for
0–36 h. Since 18-h culture with 100 mM glibenclamide

Ž .caused an irreversible 34% P-0.001 decrease in cellu-
lar insulin content compared with standard culture condi-

Ž 6 .tions 71.2"2.4 ngr10 cells; mean"S.E.M., ns18 ,
all subsequent data were expressed as a percentage of

Fig. 2. Effects of 18 h culture with a range of glibenclamide concentrations on subsequent acute responsiveness to tolbutamide or glibenclamide.
BRIN-BD11 cells were cultured for 18 h in either standard tissue culture medium, or in tissue culture medium supplemented with 1–200 mM
glibenclamide. Following 40 min preincubation at 1.1 mM glucose, effects of 200 mM tolbutamide or 200 mM glibenclamide were tested during a 20-min
incubation. Each column represents the mean"S.E.M. of six separate observations. ) P-0.05, ) ) P-0.01, ) ) ) P-0.001 compared with effect in
absence of 200 mM tolbutamide or glibenclamide. n P-0.05, n n P-0.01, n n n P-0.001 compared with effect in absence of glibenclamide during 18 h
culture.
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Fig. 3. Effects of recovery time on responsiveness to tolbutamide and glibenclamide in cells previously exposed to glibenclamide in culture. BRIN-BD11
Ž . Ž .cells were initially cultured for 18 h under standard culture conditions A , or in medium supplemented with 100 mM glibenclamide B . Media were

Ž .removed after 18 h and cells were cultured for a further 6, 18, or 36 h recovery time in standard culture medium. Following 40 min preincubation at 1.1
mM glucose, effects of 200 mM tolbutamide or 200 mM glibenclamide were tested during a 20-min incubation period. Each column represents the
mean"S.E.M. of six separate observations. ) P-0.05, ) ) ) P-0.001 compared with effect in absence of 200 mM tolbutamide or glibenclamide.
n P-0.05, n n P-0.01, n n n P-0.001 compared with respective effects after standard culture conditions. †P-0.05, †††P-0.001 compared with 0 h
recovery.

cellular insulin content, thus allowing direct comparison
between conditions.

Consistent with the good functional stability, insulin
secretion from BRIN-BD11 cells was unaffected by further

Ž .6, 18 or 36 h exposure to standard culture Fig. 3A .
However, in cells previously exposed to 100 mM gliben-

Ž .clamide for 18 h, basal insulin secretion 1.1 mM glucose
Ž .was progressively increased by 57–59% P-0.001 after

Fig. 4. Effects of 18 h recovery time on responsiveness to tolbutamide and glibenclamide in depolarized cells previously exposed to glibenclamide in
Ž .culture. BRIN-BD11 cells were initially cultured for 18 h under standard culture conditions A , or in medium supplemented with 100 mM glibenclamide

Ž . Ž .B . Media were removed after 18 h and cells were cultured for a further 18 h recovery time in standard culture medium. Following 40 min preincubation
at 1.1 mM glucose, effects of 200 mM tolbutamide or 200 mM glibenclamide were tested during 20 min incubation in the presence of 16.7 mM glucose
plus 30 mM KCl. Each column represents the mean"S.E.M. of six separate observations. ) P-0.05, ) ) P-0.01 compared with effect in absence of 200
mM tolbutamide or glibenclamide. n n n P-0.001 compared with respective effects after standard culture conditions. †††P-0.001 compared with 0 h
recovery.
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Fig. 5. Effects of 18 h recovery time on responsiveness to glucose, L-alanine, L-arginine, 2-ketoisocaproate and KCl in cells previously exposed to
Ž .glibenclamide in culture. BRIN-BD11 cells were initially cultured for 18 h under standard culture conditions A , or in medium supplemented with 100

Ž . Ž .mM glibenclamide B . Media were then removed after 18 h and cells were cultured for a further 18 h recovery time in standard culture medium.
Ž . Ž .Following 40 min preincubation at 1.1 mM glucose, effects of 16.7 mM glucose, 15 mM L-alanine Ala , 15 mM L-arginine Arg , 15 mM

Ž .2-ketoisocaproate KIC or 30 mM KCl were tested during 20 min incubation. Each column represents the mean"S.E.M. of six separate observations.
) ) P-0.01, ) ) ) P-0.001 compared with effect in absence of addition. n P-0.05, n n P-0.01, n n n P-0.001 compared with respective effects after
standard culture conditions. †††P-0.001 compared with 0 h recovery.

Ž .18–36 h recovery in standard culture Fig. 3B . A similar
pattern emerged for acute insulin secretory responses to

Ž200 mM tolbutamide 31%, 138% and 164% responses,
. ŽP-0.05–P-0.001 and 200 mM glibenclamide 108%,

.156% and 278%, P-0.001 after 6, 18 and 36 h recovery,
Ž .respectively Fig. 3B . Indeed, full secretory responsive-

ness to both sulphonylureas was re-established by 18–36 h
after glibenclamide culture.

To assess the effects of glibenclamide culture on the
K channel-independent actions of sulphonylureas, acuteATP

insulin secretory responses to tolbutamide and gliben-
clamide were examined in the presence of 16.7 mM glu-
cose plus 30 mM KCl. As shown in Fig. 4A, the KATP

channel-independent insulinotropic actions of tolbutamide
and glibenclamide were not altered by a further 18-h
culture under standard conditions. Consistent with Fig. 3B,
the reduction in basal insulin output following culture with
glibenclamide was largely reversed by 18-h subsequent

Ž .exposure to standard culture conditions Fig. 4B . Simi-
larly, as shown in Fig. 4B, the K channel-independentATP

effects of glibenclamide and tolbutamide were almost com-
pletely restored by 18-h post-glibenclamide culture.

3.3. Effects of glibenclamide culture on the actions of
other insulin secretagogues

Characteristic of BRIN-BD11 cells cultured under stan-
Ždard conditions McClenaghan et al., 1996a,b; McCle-

.naghan and Flatt, 1999c, 2000 , glucose, L-alanine, L-

Ž .arginine, 2-ketoisocaproic acid KIC and KCl induced
Žrespective 1.2-, 4.6-, 2.9-, 1.7- and 5.8-fold P-0.01–P

. Ž .-0.001 insulin secretory responses Fig. 5A . None of
these responses were affected by a further 18-h culture
under standard conditions. In contrast, 18-h culture with
100 mM glibenclamide significantly reduced insulin output
Ž .P-0.01–P-0.001 in response to each secretagogue
tested. Whereas insulin output in response to L-alanine,
L-arginine and KCl was dramatically decreased by 68%,

Ž .66% and 60% P-0.001 , the effects of glucose and KIC
Ž .were only modestly reduced 22% and 23%, P-0.01

Ž .Fig. 5B . Interestingly, an 18-h period of recovery in
standard culture conditions was sufficient to restore the
insulinotropic responses to glucose, L-alanine, KIC and
KCl, while arginine despite showing significantly en-

Ž .hanced P-0.001 insulinotropic activity, did not achieve
the secretory potency observed under normal culture con-

Ž .ditions Fig. 5B .

4. Discussion

The present study demonstrates that prolonged exposure
of insulin-secreting cells to glibenclamide results in desen-
sitization of the insulinotropic actions of a variety of
secretagogues. In this study, particular emphasis was di-
rected to examining the functional consequences of pro-
longed glibenclamide exposure on responsiveness to
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sulphonylureas and other important regulators of KATP

channel activity and membrane depolarization.
Consistent with previous observations, both gliben-

clamide and tolbutamide initiated insulin secretory re-
Ž . Žsponses at non-stimulatory 1.1 mM glucose Mc-

.Clenaghan et al., 1999 , which were desensitized after 18-h
culture with glibenclamide. Notably, the K channel-in-ATP

Ždependent effects of these drugs Flatt et al., 1994; Elias-
son et al., 1996; Efanov et al., 1998; Tian et al., 1998;

.McClenaghan et al., 1999 were also removed after gliben-
clamide culture, supporting the hypothesis that prolonged
exposure to sulphonylureas desensitizes pancreatic b-cells

Žin type 2 diabetes Dunbar and Foa, 1974; Filiponni et al.,
1983; Karam et al., 1986; Rabuazzo et al., 1992; Grun-

.berger, 1993 . In addition to extending the desensitization
phenomenon previously reported for tolbutamide, BTS 67

Ž582 and efaroxan Ball et al., 1999; Chapman et al., 1999;
.McClenaghan et al., 1999; 2000 , the present data indicate

that glibenclamide-induced desensitization reflects a change
in both K channel-dependent and K channel-inde-ATP ATP

Žpendent insulinotropic pathways Nelson et al., 1992; Flatt
et al., 1994; Eliasson et al., 1996; McClenaghan et al.,

.1999 .
The glibenclamide-induced desensitization followed a

progressive concentration-dependent pattern, with maximal
effects at 100–200 mM and the decline in basal and
sulphonylurea-induced insulin release was associated with
a 34% decrease in cellular insulin content. This corre-
sponds with the known inability of glibenclamide to pro-

Žmote insulin biosynthesis Grodsky et al., 1977; Schatz et
.al., 1977, 1978 . Interestingly, this negative effect on

insulin content was not induced by prolonged culture with
Žtolbutamide, or indeed BTS 67 582 or efaroxan Ball et al.,

1999; Chapman et al., 1999; McClenaghan et al., 1999,
.2000 , reflecting differences in the modes of action of

these insulinotropic drugs. Further studies are required to
assess whether this is related to the unique ability of
glibenclamide to be internalized and bind to secretory

Žgranules within the b-cells Hellman et al., 1984; Carpen-
tier et al., 1986; Marynissen et al., 1992; Flatt et al., 1994;

.Ozanne et al., 1995 .
Further studies examined the reversibility of the gliben-

clamide-induced desensitization, and to distinguish insulin
secretory from biosynthetic steps, insulin release data was
expressed as a percentage of total insulin content. Interest-
ingly, the detrimental effects induced by 18-h exposure to
glibenclamide showed a time-dependent recovery with a
complete restoration of sulphonylurea-induced insulin re-
lease by 18–36 h. However, reversal of K channel-in-ATP

dependent actions of sulphonylureas were less readily re-
stored after 18-h exposure to glibenclamide, compared

Ž .with tolbutamide culture McClenaghan et al., 1999 , per-
haps reflecting slower wash-out of glibenclamide from
intracellular binding sites.

Additional experiments examined the effects of gliben-
clamide culture on the actions of agents primarily exerting

their secretory effect through modulation of membrane
Želectrical activity and K channel function Mc-ATP

Clenaghan et al., 1996a,b; McClenaghan and Flatt, 1999c,
.2000 . Glibenclamide culture effectively impaired the ac-

tions of glucose, L-alanine, L-arginine, KIC and a depolar-
izing concentration of KCl. Only the effect of L-arginine
could not be fully restored after an 18-h recovery period.
Extension of glibenclamide desensitization to alteration of
the actions of these agents contrasts with effects of pro-
longed exposure to tolbutamide and efaroxan, which pri-

Žmarily impair drug-induced insulin release Chapman et
.al., 1999; McClenaghan et al., 1999 . These differences

may reflect an underlying toxic action related to internal-
Žization and intracellular activity of glibenclamide Carpen-

tier et al., 1986; Flatt et al., 1994; Ozanne et al., 1995;
.Eliasson et al., 1996; McClenaghan et al., 1999 , which

may include chronic elevation of intracellular Ca2q con-
Ž .centrations Efanova et al., 1998 .

In conclusion, this study has demonstrated that pro-
longed exposure of insulin secreting cells to glibenclamide
has a broad spectrum of inhibitory effects on important
physiological and pharmacological insulinotropic path-
ways. These inhibitory effects are more profound than
equimolar efaroxan, BTS 67 582 and tolbutamide, but
reversibility of these actions argues against a purely toxic
effect of glibenclamide.
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