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Chronic exposure to tolbutamide and glibenclamide impairs insulin
secretion but not transcription of KATP channel components
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Abstract8

Clonal insulin-secreting BRIN-BD11 cells were used to examine effects of chronic 72–144 h exposure to the sulphonylureas tolbutamide
and glibenclamide on insulin release, cellular insulin content, and mRNA levels of the Kir6.2 and SUR1 subunits of the beta-cell KATP

channel.

9

10

11

Chronic exposure for 72–144 h to 5–100�M tolbutamide and glibenclamide resulted in a time- and concentration-dependent irreversible
decline in sulphonylurea-induced insulin secretion. In contrast, the decline in cellular insulin content induced by chronic exposure to high
concentrations of sulphonylureas was readily reversible. Chronic exposure to tolbutamide or glibenclamide had no effect upon transcription
of the Kir6.2 or SUR1 subunits of the pancreatic beta-cell KATP channel.
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15

Whilst further studies are required to understand the precise nature of the chronic interactions of sulphonylurea with the insulin exocytotic
mechanism, these observations may partially explain the well-known progressive failure of sulphonylurea therapy in type 2 diabetes.

16

17

© 2003 Published by Elsevier Ltd.18
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1. Introduction20

Insulinotropic sulphonylureas such as tolbutamide and21

glibenclamide have found widespread application in drug22

therapy of type 2 diabetes mellitus[1,2]. Following acute23

or short-term administration, they exert a hypoglycaemic24

action, mainly due to a direct stimulation of insulin se-25

cretion [3]. This stimulatory action is mediated via the26

pancreatic beta-cell KATP channel[4,5], which functions as27

a heterooctameric protein of four Kir6.2 and four SUR128

subunits[6,7]. Prevailing opinion holds that Kir6.2 acts as29

the pore of the KATP channel complex, while SUR1 en-30

dows Kir6.2 with sensitivity to sulphonylureas, as well as31

diazoxide and MgADP[4,5]. Binding of sulphonylurea to32

SUR1 leads to KATP channel closure, evoking a sequence33

of events including membrane depolarisation and elevation34

of cytoplasmic Ca2+ due to increased Ca2+ influx through35

voltage-dependent calcium channels, ultimately leading36

∗ Corresponding author. Present address: UCSD Cancer Center, 9500
Gilman Drive, La Jolla, CA 92093-0816, USA. Tel.:+1-858-822-4178;
fax: +1-858-822-4181.

E-mail address: ajball@ucsd.edu (A.J. Ball).

to exocytosis of insulin-containing secretory granules37

[5,6]. 38

Although sulphonylureas are known to exert acute stimu-39

latory effects upon insulin secretion[3], several studies have 40

suggested that chronic treatment with these drugs leads to41

a decline in their insulinotropic activity[8–11], an observa- 42

tion which has been attributed to a direct desensitisation of43

the pancreatic beta-cell to the actions of these drugs[12,13]. 44

This desensitisation effect has been suggested to be due to45

a decline in beta-cell KATP channel activity[14,15]. Such 46

observations may be of clinical significance given the ten-47

dency of sulphonylurea therapy for type 2 diabetes to pro-48

gressively fail[16]. 49

In vitro studies of the chronic effects of sulphonylureas50

on insulin secretion have been limited by the decline in51

insulin production by pancreatic islets during extended pe-52

riods in tissue culture[17]. This difficulty has been largely 53

surmounted by the development of insulin-secreting cell54

lines which are stable over time in tissue culture[18,19]. 55

One such cell line is BRIN-BD11, developed by electro-56

fusion of New England Deaconess Hospital (NEDH) rat57

pancreatic beta-cells with RINm5F cells[20], a cell line 58

originally derived from an NEDH rat insulinoma[21]. The 59

BRIN-BD11 cell line has been shown to possess key com-60

1 1043-6618/$ – see front matter © 2003 Published by Elsevier Ltd.
2 doi:10.1016/j.phrs.2003.12.001
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ponents of the insulin secretory mechanism[18,19,22–24],61

and has been utilised to examine the effects of prolonged62

administration of a range of insulinotropic drugs, includ-63

ing sulphonylureas, on insulin secretion[24–27]. These64

studies have indicated that prolonged (18 h) exposure of65

insulin-secreting cells to sulphonylurea induces a specific66

and readily reversible desensitisation of sulphonylurea ac-67

tion without causing an intrinsic defect in the KATP channel68

[25–27]. This study aims to examine the effects of longer69

periods of exposure of BRIN-BD11 cells to these drugs on70

insulin secretion and cellular insulin content. Additionally,71

molecular biology techniques have been used to examine72

the effects of chronic sulphonylurea treatment on mRNA73

transcript levels of components of the beta-cell KATP chan-74

nel, namely Kir6.2 and SUR1.75

2. Methods76

2.1. Chemicals77

Reagents of analytical grade and deionised water (Purite,78

Oxon, UK) were used. RPMI-1640 tissue culture medium,79

foetal bovine serum, antibiotics, TRIZOL® reagent andSu-80

perscript One-Step RT-PCR system were from GibcoBRL81

(Paisley, Strathclyde, UK), rat insulin standard was from82

Novo-Nordisk (Bagsvaerd, Denmark), and [125I]-bovine in-83

sulin was from Lifescreen (Watford, UK). All other chem-84

icals were from Sigma and BDH Chemicals Ltd. (both of85

Poole, Dorset, UK).86

2.2. Cell culture and measurement of insulin release87

Clonal pancreatic BRIN-BD11 cells (passage numbers88

20–30) were used for this study. BRIN-BD11 cells were89

grown in RPMI-1640 tissue culture medium containing90

11.1 mM glucose and 0.3 g l−1 l-glutamine, and supple-91

mented with 10% (v/v) foetal calf serum, 100 IU ml−1 peni-92

cillin and 0.1 g l−1 streptomycin at 37◦C with 5% CO2 and93

95% air. Tissue culture media were removed and replaced94

with fresh media every 24 h. Cells were washed with Hanks’95

balanced saline solution (HBSS) prior to detachment from96

tissue culture flasks with the aid of 0.025% trypsin contain-97

ing 1 mM EDTA, and seeded at 1.5×105 cells per well into98

24-multiwell plates. Monolayers of cells were then cultured99

for 18 h at 37◦C. Culture medium was then replaced with100

1 ml of a Krebs Ringer Bicarbonate (KRB) buffer, con-101

sisting of (in mM) 115 NaCl, 4.7 KCl, 1.2 MgSO4, 1.28102

CaCl2, 1.2 KH2PO4, 25 Hepes and 1 M NaHCO3 (pH 7.4)103

supplemented with 0.1% bovine serum albumin and 1.1 mM104

glucose[20]. After 40 min preincubation at 37◦C, the buffer105

was replaced with 1 ml of KRB test buffer containing glu-106

cose and test agents as detailed in the legends to figures.107

After 20 min incubation at 37◦C, aliquots of test buffer were108

removed and stored at−20◦C for insulin radioimmunoassay109

[28].110

2.3. Determination of cellular insulin content 111

After harvesting, BRIN-BD11 cells were resuspended in112

tissue culture medium, seeded at a density of 2.5×105 cells 113

per well, and allowed to attach overnight, forming mono-114

layers in 24 well multiplates. The culture medium was then115

completely removed and 500�l of acid-ethanol solution 116

(1.5%, v/v, HCl, 75%, v/v, ethanol, 23.5%, v/v, H2O) was 117

added. The cells were disrupted with the aid of a Pasteur118

pipette and incubated overnight at 4◦C prior to centrifuga- 119

tion (900 rpm) and storage at−20◦C for subsequent deter-120

mination of cellular insulin content by radioimmunoassay.121

2.4. RT-PCR analysis of Kir6.2 and SUR1 expression 122

Amplification of the Kir6.2 and SUR1 sub-units of123

BRIN-BD11 cell KATP channels was carried out using the124

Superscript One-Step RT-PCR system (GibcoBRL, UK).125

Using this method both cDNA synthesis and PCR are126

performed in a single tube. BRIN-BD11 cell mRNA was127

isolated using TRIZOL® reagent (GibcoBRL, UK). One128

hundred nanograms of RNA template was added to a ster-129

ile Eppendorf tube along with reaction mixture containing130

2.4 mM of each dNTP and 2.4 mM MgSO4, enzyme mix- 131

ture consisting of superscript II reverse transcriptase and132

Taq polymerase and 200 pmol of each sense and antisense133

primer. Kir6.2 primer sequences were aggtaattgggcaaaagcag134

(forward) and agtgtcccccagacaaagtg (reverse), resulting in135

a 500 bp fragment. SUR1 primer sequences were ctcttcat-136

caccttccccat (forward) and agaaaggtcctttgcagcag (reverse),137

resulting in a 1000 bp fragment. 138

RNA was first denatured at 45◦C for 30 min and 94◦C 139

for 2 min. cDNA was amplified over 2 h with 30 cycles of140

94◦C for 15 s, 55◦C for 30 s and 72◦C for 1 min, with a 141

final extension at 72◦C for 10 min. Ten microliters of the142

final amplification mixture was separated in a 2% agarose143

gel containing ethidium bromide. 144

2.5. Statistical analysis 145

Results are presented as mean±standard error of the mean146

(S.E.M.) for a given number of observations (n). Groups 147

of data were compared by two-way ANOVA in conjunc-148

tion with Bonferroni’s modifiedt-statistics. Differences were149

considered significant ifP < 0.05. 150

3. Results 151

3.1. Effects of chronic tolbutamide exposure on 152

sulphonylurea-stimulated insulin secretion 153

Both tolbutamide (1.9-fold increase;P < 0.001) and 154

glibenclamide (2.9-fold increase;P < 0.001) stimulated in- 155

sulin release from BRIN-BD11 cells cultured under stan-156

dard conditions (Fig. 1). Culture with 25–100�M tolbu- 157
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Fig. 1. BRIN-BD11 cells were cultured for 72 or 144 h in either stan-
dard RPMI-1640 tissue culture medium, or RPMI supplemented with 5,
25 or 100�M tolbutamide, media being changed every 24 h. Following
144 h culture with tolbutamide, culture media were replaced by standard
RPMI medium for a further 72 or 144 h, media being changed every 24 h.
Following 40 min preincubation, effects of 200�M tolbutamide or gliben-
clamide were tested during a 20 min acute exposure period in the pres-
ence of 1.1 mM glucose. Values are mean± S.E.M. (n = 6). ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001 when compared with control (1.1 mM glucose).
�P < 0.05, ���P < 0.001 when compared with culture in absence of
tolbutamide.

tamide for 72–144 h significantly reduced acute secretory158

responsiveness to tolbutamide and glibenclamide (Fig. 1A159

and B).160

The stimulatory effect of tolbutamide on insulin release161

was abolished following 144 h exposure to 25 or 100�M162

tolbutamide, whilst glibenclamide retained an insulinotropic163

action (1.3- and 1.5-fold increase; eachP < 0.05) (Fig. 1B).164

When these secretory data are expressed as a percentage of165

cellular insulin content (as reported inTable 1), the situation166

is exactly mirrored, with tolbutamide lacking a secretagogue167

effect and glibenclamide evoking an insulinotropic response168

(1.3- and 1.5-fold increase;P < 0.01 andP < 0.001).169

Exposure to standard culture conditions for 72–144 h170

(recovery time) following 144 h exposure to tolbutamide171

resulted in decreased tolbutamide-stimulated insulin se-172

cretion (Fig. 1C and D). Tolbutamide was without acute173

insulinotropic effect in cells which had been previously174

exposed to 25 or 100�M of the drug, whilst glibenclamide175

retained an insulinotropic action (1.4- and 1.5-fold increase,176

respectively; bothP < 0.001) (Fig. 1C and D). Cells which 177

had previously been cultured in the presence of 100�M 178

tolbutamide for 144 h exhibited no difference in secretory179

responsiveness between 72 and 144 h recovery periods180

(Fig. 1D). 181

Fig. 2. BRIN-BD11 cells were cultured for 72 or 144 h in either stan-
dard RPMI-1640 tissue culture medium, or RPMI supplemented with 5,
25 or 100�M glibenclamide, media being changed every 24 h. Following
144 h culture with glibenclamide, culture media were replaced by standard
RPMI medium for a further 72 or 144 h, media being changed every 24 h.
Following 40 min preincubation, effects of 200�M tolbutamide or gliben-
clamide were tested during a 20 min acute exposure period in the pres-
ence of 1.1 mM glucose. Values are mean± S.E.M. (n = 6). ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001 when compared with control (1.1 mM glucose).
�P < 0.05, ��P < 0.01, ���P < 0.001 when compared with culture in
absence of glibenclamide.
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Table 1
Effects of chronic sulphonylurea exposure upon cellular insulin content

Sulphonylurea concentration (�M) Exposure time (h) Recovery time (h) Cellular insulin content (ng/106 cells)

Tolbutamide Glibenclamide

0 72 0 60.1± 1.9 60.1± 1.9
5 72 0 58.9± 2.2 37.0± 2.2∗∗∗

25 72 0 27.3± 0.7∗∗∗ 29.5 ± 0.5∗∗∗
100 72 0 28.3± 0.8∗∗∗ 16.1 ± 0.5∗∗∗

0 144 0 58.7± 2.2 58.7± 2.2
5 144 0 59.6± 3.2 56.7± 2.8

25 144 0 58.0± 2.8 52.4± 2.7
100 144 0 22.0± 1.3∗∗∗ 19.0 ± 0.7∗∗∗

0 144 72 61.0± 2.7 61.0± 2.7
5 144 72 55.3± 1.8 55.3± 4.1

25 144 72 55.8± 3.4 62.9± 3.6�

100 144 72 53.9± 0.9∗,��� 23.2 ± 1.1∗∗∗,��

0 144 144 57.5± 3.0 57.5± 3.0
5 144 144 54.0± 3.4 56.7± 4.4

25 144 144 50.7± 1.2� 53.9 ± 2.2
100 144 144 60.0± 5.7��� 27.7 ± 1.0∗∗∗,���

BRIN-BD11 cells were cultured for 72 or 144 h in either standard RPMI-1640 tissue culture medium, or RPMI supplemented with 5, 25 or 100�M
tolbutamide or glibenclamide, media being changed every 24 h. Following 144 h culture with tolbutamide, culture media were replaced by standard RPMI
medium for a further 72 or 144 h, media being changed every 24 h. Cellular insulin content values are mean± S.E.M. (n = 6). ∗P < 0.05, ∗∗∗P < 0.001
when compared with culture in absence of sulphonylurea.�P < 0.05, ��P < 0.01, ���P < 0.001 when compared with 0 h recovery.

3.2. Effects of chronic glibenclamide exposure on182

sulphonylurea-stimulated insulin secretion183

Secretory responsiveness of BRIN-BD11 cells to 200�M184

tolbutamide or glibenclamide was unaffected by 72 h ex-185

posure to 5�M glibenclamide, whereas after 144 h at 5 or186

25�M glibenclamide there was enhanced stimulation of in-187

sulin release (Fig. 2A and B). However, secretory respon-188

siveness was progressively attenuated by increasing concen-189

trations and duration of exposure to glibenclamide. Indeed,190

culture for 72–144 h with 100�M glibenclamide abolished191

the insulinotropic actions of both tolbutamide and gliben-192

clamide (Fig. 2A and B). This abolition is also noted when193

secretory output data is expressed as a percentage of cellular194

insulin content (as reported inTable 1).195

Culture for 72–144 h exposure to standard culture con-196

ditions after exposure to glibenclamide reduced basal197

and sulphonylurea-induced insulin release (Fig. 2C and198

D). This effect was evident following culture with 5�M199

glibenclamide and increased in severity with increasing200

glibenclamide concentration and duration of the subsequent201

culture period.202

3.3. Effects of chronic exposure to sulphonylureas on203

glucose-induced insulin release204

72–144 h exposure to 100�M tolbutamide or 100�M205

glibenclamide resulted in a time-dependent maximal 30 or206

43% (P < 0.001 or P < 0.001, respectively) decrease in207

16.7 mM glucose-induced insulin release. A 72 h ‘recovery’208

period partially restored the secretory response to 16.7 mM209

glucose (1.4-fold increase;P < 0.01) after 144 h prior expo-210

sure to 100�M tolbutamide. The effects of 100�M gliben- 211

clamide were less readily reversed. There was no recovery212

by 72 h, but glucose-stimulated insulin release was increased213

1.4-fold increase (P < 0.01) after 144 h recovery. 214

3.4. Effects of chronic exposure to sulphonylureas on 215

cellular insulin content 216

Exposure of BRIN-BD11 cells to 25 or 100�M tolbu- 217

tamide during 72–144 h culture decreased cellular insulin218

content (Table 1). This effect was reversed by 72–144 h re-219

covery under standard culture conditions. Glibenclamide at220

5, 25 or 100�M similarly decreased cellular insulin content221

during 72–144 h cultures. The effect was more pronounced222

than equimolar tolbutamide, but reversible by 72–144 h223

subsequent culture following all but the highest (100�M) 224

glibenclamide concentration (Table 1). 225

3.5. Effects of chronic exposure to sulphonylureas on 226

expression of Kir6.2 and SUR1 227

RNA samples from BRIN-BD11 cells under each culture228

condition tested were analysed by RT-PCR for KATP channel 229

subunits Kir6.2 and SUR1. These studies revealed the pres-230

ence of both Kir6.2 and SUR1 transcripts in BRIN-BD11231

cells (Fig. 3). Kir6.2 and SUR1 mRNA remained detectable232

following 144 h culture in the presence of 5, 25 or 100�M 233

tolbutamide or glibenclamide (Fig. 3A and C). Following 234

144 h exposure to these sulphonylureas, cells were cultured235

for a further 144 h under standard conditions. No differences236
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Fig. 3. RT-PCR analysis of Kir6.2 (A, B) and SUR1 (C, D) mRNA in BRIN-BD11 cells following chronic sulphonylurea exposure. Cells were cultured
for a period of 144 h in the presence of tolbutamide or glibenclamide (A, C), following which media were removed and cells cultured for a further
144 h under standard (sulphonylurea-free) culture conditions (B, D). 144 h exposure to C—control (standard culture conditions); 5T—5�M tolbutamide;
25T—25�M tolbutamide; 100T—100�M tolbutamide; 5G—5�M glibenclamide; 25G—25�M glibenclamide and 100G—100�M glibenclamide.

in Kir6.2 or SUR1 transcription levels were noted following237

these conditions (Fig. 3B and D).238

4. Discussion239

Previous studies[25–27] have demonstrated a reversible240

inhibitory effect of 18 h sulphonylurea exposure on insulin241

secretion from BRIN-BD11 cells. Consistent with these ob-242

servations, 72 h exposure to 100�M tolbutamide was found243

to inhibit sulphonylurea-induced insulin release. Both basal244

and sulphonylurea-induced insulin secretion were inhib-245

ited following 144 h exposure but subsequent culture under246

drug-free conditions restored basal insulin secretion. How-247

ever, the acute secretory responses to tolbutamide or gliben-248

clamide of cells previously cultured for 144 h with 100�M249

tolbutamide were less readily reversed. This indicates that250

chronic exposure to tolbutamide caused lasting damage to251

component(s) of the insulin secretory mechanism required252

for sulphonylurea-induced insulin release.253

Culture with 100�M glibenclamide caused a greater in-254

hibition of insulin secretion than equimolar tolbutamide.255

Despite a partial restoration of insulin secretion follow-256

ing 144 h subsequent exposure to standard culture follow-257

ing previous exposure to 100�M glibenclamide, basal and258

sulphonylurea-induced insulin secretion remained markedly259

impaired. This is not surprising, given that glibenclamide is260

a more potent agent than tolbutamide[3], and by penetrating261

the beta-cell may have a slower wash-out from intracellular262

binding sites.263

Chronic exposure to lower concentrations of tolbutamide264

and glibenclamide had more complex effects upon in-265

sulin release. 144 h exposure to 5 or 25�M tolbutamide266

or glibenclamide increased basal insulin secretion, corre-267

sponding with previous observations using MIN-6 cells268

[15]. This was associated with increased acute secretory269

effects of tolbutamide and glibenclamide from cells cul-270

tured with glibenclamide. Acute effects of both tolbutamide271

and glibenclamide were reduced 72–144 h after drug-free272

culture following previous 144 h exposure to 5 or 25�M 273

tolbutamide. The apparent inhibition of insulin release274

seems to be triggered during the period of sulphonylurea275

exposure, as cells cultured in absence of sulphonylurea re-276

sponded normally. Collectively, these data indicate that the277

impairment of sulphonylurea-induced insulin secretion fol-278

lowing long-term sulphonylurea exposure is at best partially279

reversible. Consistent with this view, 72–144 h recovery280

after sulphonylurea exposure was associated with signifi-281

cant but not absolute restoration of acute glucose-induced282

insulin release. The extent of reversibility was less fol-283

lowing glibenclamide, possibly reflecting its intracellular284

accumulation by the beta-cells. 285

Unlike nutrient secretagogues, sulphonylureas do not286

stimulate insulin biosynthesis, but rather only stimulate287

release of preformed insulin, leading to beta-cell degran-288

ulation [1,29,30]. Accordingly, chronic 72 h exposure of289

BRIN-BD11 cells to tolbutamide (25 and 100�M) and 290

glibenclamide (5, 25 and 100�M) decreased cellular insulin291

content. The more marked depletion by glibenclamide was292

expected, given that it is a more potent insulin secretagogue293

than tolbutamide[3]. The effects of 100�M sulphonylurea 294

persisted but insulin content of cells cultured at 25�M 295

tolbutamide or 5 or 25�M glibenclamide were normalised296

after recovery for 144 h. Interestingly, restoration of cellu-297

lar insulin content corresponded with unexpected increases298

in sulphonylurea-stimulated insulin release, implying that299

these events may be linked. However, a clear dissociation300

between the chronic effects of sulphonylureas on insulin301

secretion and cellular insulin content existed under other302

experimental conditions. This is particularly interesting in303

light of the fact that sulphonylurea receptors have been304

reported to be localised upon insulin secretory granules305

[31], but further studies must be undertaken to determine if306

this is due to an effect of sulphonylureas on the exocytotic307

mechanism. 308

As sulphonylureas regulate insulin secretion by inter-309

acting with KATP channels[4,5], it was clearly valuable 310

to examine the effects of chronic drug exposure on the311
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transcription of components of these channels. RT-PCR312

analysis revealed expression of both Kir6.2 and SUR1313

mRNA in BRIN-BD11 cells, consistent with previous ob-314

servations[22]. Kir6.2 represents the ATP-sensitive pore315

of the beta-cell KATP channel, whereas the SUR1 subunit316

confers sensitivity to sulphonylureas[4,5]. No differences317

in transcript levels of either subunit was noted under any318

culture conditions tested. Thus, transcription of these KATP319

channel components escapes the detrimental effects of320

chronic sulphonylurea exposure, even at concentrations321

which markedly reduce insulin secretion and cellular insulin322

content. However, it remains a possibility that the func-323

tional integrity of KATP channels is altered during chronic324

exposure to insulinotropic drugs.325

In conclusion, this study has demonstrated that chronic326

exposure to tolbutamide and glibenclamide has detrimen-327

tal effects on insulin secretion and cellular insulin content328

without affecting transcription of KATP channel components.329

Some actions are irreversible, possibly contributing to the330

tendency of sulphonylurea therapy of type 2 diabetes to pro-331

gressively fail. This lends further weight to an earlier call332

[13] to consider intermittent, rather than continuous sulpho-333

nylurea therapy, in type 2 diabetes.334
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