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Exposure to glibenclamide increases rat beta cells sensitivity to

glucose
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1 An increased sensitivity to glucose was observed in islets pre-exposed for 1 h to glibenclamide
(0.1 umol 17", but not to tolbutamide (100 umol 17'), as indicated by a shift to the left of the dose-
response curve (ECsy at 5.8+0.3 mmol 17" glucose vs 10.6+0.8 in control islets; n=11, P<0.005).
2 According to this secretory pattern also glucose utilization at 2.5 and 5.0 mmol 17! glucose was
higher in islets exposed to glibenclamide.

3 Since binding to mitochondria results in an increased enzyme activity, we measured hexokinase
(HK) and glucokinase (GK) activity both in a cytosolic and in a mitochondrion-enriched fractions.
Cytosolic hexokinase activity was similar in islets exposed to glibenclamide and in control islets but
mitochondrial hexokinase activity was significantly increased after exposure to glibenclamide
(12447 vs 5149 nmol pug prot~' 90 min~!, P<0.01), with no change in the enzyme protein
content. In contrast, glucokinase activity in the two groups of islets was similar.

4 When in islets < exposed to glibenclamide hexokinase binding to mitochondria was inhibited by
the addition of 20 nmol 1-! dicyclohexylcarbodiimide (DCC), no increase of glucose sensitivity was
observed (ECsy 10.94 1.3 mmol 17! glucose, n=3, similar to that of control islets).

5 These data indicate that a 1 h exposure to glibenclamide causes the beta cell to become more
sensitive to glucose. This increased sensitivity is associated with (and may be due to) an increased
hexokinase activity, in particular the mitochondrial-bound, more active, form. This mechanism may

contribute to the hypoglycemic action of this drug.
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Introduction

Sulphonylureas are widely used for the treatment of type 2
Diabetes Mellitus. Their hypoglycemic action is due to the
stimulation of insulin release, after binding to a receptor
located on the beta cell plasma membrane. Following this
binding, closure of ATP-dependent potassium channels leads
to opening of voltage-gated Ca’?* channels, an increase in
cytoplasmic calcium concentration, and the subsequent
stimulation of insulin containing granules exocytosis (Boyd,
1988; Groop, 1992).

This sequence of events is more evident after an acute
administration of the drug. A more prolonged exposure to
sulphonylureas elicits, both in vivo and in vitro, a series of less
studied and understood events that deserve further investiga-
tions. In vitro studies showed that, after binding to its receptor,
glibenclamide (and probably other sulphonylureas such as
gliclazide or glipizide) is internalized inside the beta cell
(Carpentier et al., 1986), and direct or indirect interactions
may occur with intracellular targets. As a consequence, the
biologic activity of glibenclamide in vivo lasts several hours,
although at that time the plasma insulin concentrations are not
as greatly increased as after an acute stimulation. Therefore,
different effects distinct from its action on the ATP-dependent
K™ channels may occur.
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The present study investigates the beta cell function in
cells pre-exposed to glibenclamide and the mechanisms
involved.

Methods
Materials

Crude collagenase was obtained from Boehringer Mannheim
(Mannheim, Germany). Culture medium CMRL-1066, heat
inactivated foetal calf serum (FCS), L-glutamine and gentamy-
cin were obtained from Gibco (Glasgow, U.K.). All other
chemicals were of analytical grade. Polyclonal antibody against
hexokinase I was kindly provided by Dr John E. Wilson
(Michigan State University, Michigan, U.S.A.).

Drugs

Glibenclamide and Tolbutamide were purchased from Sigma-
Aldrich (St. Louis, Missouri, U.S.A.).

Islet preparation and culture conditions
Pancreatic islets were isolated by the collagenase method

from 200 to 250 g fed male Wistar rats injected i.p. with
0.2 ml of a 0.2% pilocarpine solution 2 h before killing by
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decapitation. With this technique, 300-400 islets were
isolated from each pancreas (Purrello et al., 1989). The
whole procedure was completed within 120 min. Purified
islets were cultured overnight at glucose 5.5 mmol 17" in
CMRL-1066 medium containing 10% FCS, 2 mmol 17! L-
glutamine and 10 ug ml~' gentamycin at 37°C in a 95% air/
5% CO, atmosphere and, the following day, for 1 h in the
presence or the absence of 0.1 umol 17! glibenclamide or
100 umol 17! tolbutamide.

Insulin secretion

Islets cultured in the presence or in the absence of
glibenclamide or tolbutamide were washed twice in Krebs
Ringer HEPES buffer (KRHB, containing (in mmol 17'):
NaCl 134, KC 4.7, CaCl, 1, MgSO, 1.2, KH,PO, 1.2,
HEPES 10, 0.5% BSA, pH 7.40. Groups of five purified
islets were then incubated for 30 min at 37°C with glucose
0-16.7 mmol 17! or, in some experiments, with KIC 0—
40 mmol 17'; then insulin was measured by radioimmu-
noassay in the medium (Purrello er al., 1989). Results are
expressed as insulin released in the medium (pg islet™!
30 min—").

Glucose phosphorylating activity

Glucose phosphorylation rate was measured by measuring
the rate of glucose-6-phosphate formation in a fluorimetric
assay (Trus er al., 1981), in cytosolic and mitochondria-
enriched fractions prepared as described by Giroix et al.
(1990). Pancreatic islets (~600) were washed twice in
glucose-free KRHB and then homogenized (30 strokes) in
300 ul of ice cold HEPES (10 mmol I=') buffer containing
(mmol 171): sucrose 250, EDTA 2, DTT 5 and MgCl, 5.
Islet homogenates were centrifuged (5 min at 1000 x g), the
supernatants collected and centrifuged for 60 min at
100,000 x g (Trus et al., 1981). The pellets from this
second centrifugation were sonicated (3x105s). All the
procedure was carried out at 4°C. The assay volume
contained 4 ul of supernatant in 100 ul of (mmol 17'):
HEPES hydrochloride (pH 7.7) 50, potassium chloride
(KCl) 100, magnesium chloride (MgCl) 7.4, fS-mercap-
toethanol 15, B-nicotinamide adenine dinucleotide (NAD™)
0.5, 0.05% BSA, 2.5 ugml™' glucose-6-phosphate dehy-
drogenase (G6PDH), 5 mmol ' adenosine triphosphate
(ATP), and glucose concentrations ranging from 0.03 to
100 mmol 17", In a typical experiment, glucose was added
at 0.03, 0.06, 0.12, 0.25, and 0.5 mmol1~' to measure
hexokinase activity, and at 5, 7.5, 10, 15, 20, 25, 50, 65,
80, and 100 mmol 1=' to measure glucokinase activity. The
reaction was stopped after 1 h at 30°C by adding 1 ml
500 mmol 17! sodium bicarbonate buffer, pH 9.4. Fluores-
cence was then measured at 460 nm (excitation at 340 nm).
A standard curve was obtained by incubating with assay
reagents 0.3 to 1.0 nmol glucose-6-phosphate and 1 nmol
NADH. In each assay, tissue blanks were also performed
by incubating 0.5 or 100 mmol 1=' glucose in absence of
adenosine triphosphate; in addition, at each glucose
concentration, controls in the presence of 5 mmol 1!
ATP, but in absence of islet homogenate, were performed.
The V... and K, of hexokinase and glucokinase activity
were calculated in each experiment by the Eadie-Hofstee
plot. To calculate the glucokinase activity, the V.. for
hexokinase was subtracted from the activities measured at
concentrations higher than 5.0 mmol 1=' glucose. Protein
was measured by the method of Bradford (1976).

Glucose utilization

The utilization of glucose was determined by measuring the
formation of *H,O from [5-*H]-glucose as previously described
(Purrello et al., 1993). In brief, groups of 15 islets were
incubated in 40 ul of Krebs Ringer Bicarbonate buffer
containing 2 uCi D-[5-*H]-glucose, and glucose concentrations
ranging from 2.5 to 20 mmol 1=, The incubation was carried
out in 1 ml glass vials inside an airtight sealed 20 ml glass
scintillation vial that contained 500 ul distilled water. After 2 h
at 37°C the reaction was stopped by adding 0.5 mol 1! HCl
(100 pl injected through the rubber seal). Scintillation vials
were then incubated overnight at 37°C, and the water
radioactivity was measured.

Hexokinase protein levels

Hexokinase I proteins levels were measured by Western blot
analysis in the cytosolic and mitochondrial fractions. Islets
(~1800) were homogenized in (mmol 17'): Tris-HCI (pH 6.8)
80, sucrose 250, MgCl, 5, EDTA 5, phenylmethylsulphonyl-
fluoride 1, N-ethylmaleimide 0.2. To prepare the subcellular
fractions the homogenates were centrifuged (5 min at 1000 g),
the supernatants collected and centrifuged for 60 min at
100,000 x g. The supernatant and the pellet of this second
centrifugation were sonicated (3x10s) in 100 ul of lysing
solution containing 5% sodium dodecyl sulphate (SDS). All
the procedure was carried out at 4°C. Protein content was
measured by the BCA protein assay kit (Pierce, Rockford, IL,
U.S.A.) using bovine serum albumin as standard. Before
performing the Western blot protein content was measured, to
be sure to use equivalent amount of proteins in the two
experimental groups (islets exposed or not to glibenclamide).
Proteins were separated by electrophoresis on a 12%
polyacrilamide gels containing SDS, and transferred to
nitrocellulose filters. Filters were washed at room temperature
in PBS containing 0.2% Tween 20, 1% dried milk and then
blocked with the same buffer containing 10% dried milk at
room temperature for 1 h. Filters were then washed twice with
PBS for 10 min, and incubated with polyclonal (rabbit)
antibody against hexokinase I (1:4 000) for 1 h at room
temperature. After the incubation, filters were washed and
incubated with sheep anti-rabbit peroxidase-linked whole
antibody (Amersham, Buckinghamshire, U.K.) at room
temperature for 1 h. The filters were washed in PBS and
incubated with ECL detection reagents (Amersham, U.K.) for
1 min at room temperature. They were wrapped with Saran
Wrap and exposed to X-OMAT AR films (Kodak).

Statistical analysis

Statistical significance was assessed by Student’s z-test for
unpaired comparison.

Results

Insulin release

In pancreatic islets exposed to 0.1 umol glibenclamide we
observed an increased basal insulin secretion (196+16 vs
6348 pg-islet"-30 min~' mean+s.e.mean, n=11, P<0.005)
and an increased sensitivity for glucose-stimulated insulin
release, as indicated by a shift to the left of the glucose dose-
response curve in respect to control islets (ECsy at 5.8 +0.3 and
10.6 +0.8 mmol/l glucose, respectively; n=11, P<0.005). No
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Figure 1 Glucose-induced insulin release in control pancreatic islets

and in islets exposed for 1 h to 0.1 umol glibenclamide (pg islet '
30 min—"). Data are presented as absolute values in the upper panel,
and as per cent of maximal release in the lower panel. Results
represent the mean+s.e.mean of 11 separate experiments.
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Figure 2 Insulin release in response to o-KIC in control pancreatic
islets and in islets exposed for 1 h to 0.1 umol 17" glibenclamide (pg
islet 7' 30 min~"). Results represent the mean+s.e.mean of three
separate experiments.
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Figure 3 Glucose-induced insulin release in control pancreatic islets
and in islets exposed for 1 h to 100 ymol 17! tolbutamide (pg islet !
30 min~"). Results represent the mean-+s.c.mean of three separate
experiments.

significant difference in the maximal response was observed
(Figure 1). Identical kinetics were obtained in control islets and
in islets exposed for 1 h to glibenclamide. Insulin content was
similar in control islets or in islets exposed for 1 h to
glibenclamide (5244 vs 49+6 ng islet ™', respectively, n=S8).
A more prolonged exposure to glibenclamide (12—24 h), in
addition to these alterations, showed also a decrease in
glucose-induced insulin release (glucose desensitization), as
previously observed by several investigators (Zawalich, 1989;
Henquin, 1980; Rabuazzo et al., 1992). The effect of
glibenclamide on the glucose dose-response curve was not
affected by the simultaneous presence of cycloheximide
(5 pg 17Y), an inhibitor of protein synthesis (data not shown).

In islets exposed to 0.1 umoll~! glibenclamide, in
contrast to what was observed with glucose, the sensitivity
to alfa-ketoisocaproate (KIC) was unchanged (Figure 2).
Moreover, in islets exposed for 1h to a different
sulphonylurea, tolbutamide (100 umol 17'), the glucose
dose-response curve was similar to control islets (Figure 3).

Glucose utilization

According to the insulin secretion data we found that glucose
utilization at 2.5 and 5.0 mmol 17" glucose was significantly
higher in islets exposed to glibenclamide (Table 1).

Glucose phosphorylating activity

Hexokinase and glucokinase activity was measured in both the
cytosolic fraction and in a mitochondrion enriched-fraction of
pancreatic islets. In islets exposed to 0.1 umol 1=' glibencla-
mide, the hexokinase activity in the cytosol was similar to
control islets, but it was significantly increased in the
mitochondrial fraction (Table 2). As a consequence, in islets
cultured in the presence of glibenclamide the ratio between
mitochondrial and cytosolic hexokinase was increased
approximately 3 fold in comparison to control islets (Figure 4).

Glucokinase activity was similar in the two groups of
islets in the cytosolic fraction (83+8 and 8549 pmol ug -
prot~! 90 min~'), and it was always undetectable in the
mitochondrial fraction.

British Journal of Pharmacology, vol 129 (5)
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Effect of dicyclohexylcarbodiimide (DCC)

Dicyclohexylcarbodiimide (DCC) is a known inhibitor of
hexokinase binding to the outer mitochondrial membrane
(Nakashima et al., 1986). To further investigate in pancreatic
islets the relationship between the hexokinase transfer to
mitochondria and the lower secretory threshold to glucose, we
measured insulin release in islets exposed for 1h to
glibenclamide in the presence of 20 nmol 1-! DCC. Incubation
with DCC prevented the increased sensitivity of insulin release
in response to glucose (Figure 5): in islets cultured with
glibenclamide in the presence of DCC the ECs, of insulin
release in response to glucose was 10.940.4 mmol 17! (n=4),

Table 1 Glucose utilization in islets cultured in the absence
or in the presence of 0.1 umol 1~ glibenclamide and/or 20
nmol 1~ DCC

Glucose utilization
(pmol islet ™' 2h™1)

Control+  Glibencla-
Control DCC mide Glib+DCC
Glucose concentrations (mmol 171
2.5 68+7 5819 109+ 7* 64+4
5.0 87+9 90+5 141+9* 82+7
10.0 151+11 142+12 179+15 150+12
20.0 159+12 161+13 183+12 168+ 16

Data are means+s.e.mean of four separate experiments.
*P<0.01 vs islets cultured in the absence of glibenclamide

significantly higher than in islets incubated only with
glibenclamide (5.8+0.3, P<0.05), and not different from
control islets, incubated either in the presence or absence of
DCC (ECs, 10.9+ 1.3 and 10.6+0.8, respectively). Incubation
with DCC also prevented the increased glucose utilization at
2.5 and 5.0 mmol 1=' glucose (Table 1), and the increase of
hexokinase activity in the mitochondrial fraction (Table 2).

Hexokinase protein levels

To investigate whether the difference observed in islet
hexokinase activity was due to an increased enzyme content
or to a different kinetic, we measured the enzyme protein
content by Western blot analysis. Protein recovery was similar
in control islets or in islets exposed for 1 h to glibenclamide.
We found that both in the cytosolic and in the mitochondrial
fraction enzyme content was similar in the two groups (Figure
6).

Discussion

These data show that a 1 h pre-exposure to glibenclamide
makes pancreatic islets more sensitive to glucose. The
dose-response to increasing glucose concentrations is
shifted to the left, making islets responsive to glucose
concentrations that normally are not stimulatory or Iess
stimulatory. The increase in glucose sensitivity is accom-
panied by (and might be due to) an increase in hexokinase

Table 2 Glucose phosphorylating activity in islets cultured with or without 0.1 pmol 1~! glibenclamide and/or 20 nmol 1~! DCC

Control Control+ DCC Glibenclamide Glib.+DCC
Hexokinase activity (pmol pg prot ' 90min~")
Cytosol 127+6 122+8 140+9 131+8
Mitochondria 72411 70+8 193+10* 83+5
Glucokinase activity (pmol pg prot~' 90 min~')
Cytosol 83+8 79+6 85+9 7849
Mitochondria Undetectable Undetectable Undetectable Undetectable
Numbers represent mean +s.e.mean of eight separate experiments. *P <0.005
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Figure 4 Subcellular distribution of hexokinase activity in cytosolic
and mitochondrial fractions of control rat islets and of islets exposed
for 1 h to 0.1 umol 1™" glibenclamide. Results represent the mean +
s.e.mean of eight separate experiments.

Figure 5 Glucose-induced insulin release in control pancreatic islets
and in islets exposed for 1 h to 0.1 umol I=' glibenclamide in the
presence of 20 nmol I~ dicyclohexylcarbodiimide (DCC), an
inhibitor of hexokinase binding to the outer mitochondrial membrane
(pg islet ™' 30 min~'). Results represent the mean+s.e.mean of four
separate experiments.
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Figure 6 Hexokinase protein levels measured by Western blot
analysis in cytosolic and mitochondrial fractions of control rat islets
and of islets exposed for 1h to 0.1 umol1~" glibenclamide. A
representative of three separate experiments is shown. In this
experiment, protein aliquots of 20 ug of cytosol and of the
mitochondria-enriched fraction were resolved by electrophoresis on
a 12% polyacrylamide gel.

activity: in particular the activity of the fraction of the
enzyme that is bound to mitochondria is increased, with
no change in the enzyme protein content. Therefore, an
increase in the enzyme specific activity is conceivable, that
might be due to a direct interaction of glibenclamide with
its mitochondrial receptors (Szewczyk et al., 1997). In
contrast to the effects observed in islets pre-exposed to
glibenclamide, pre-exposure to tolbutamide did not induce
the same secretory alterations, indicating that the closure
of ATP-sensitive potassium channels is not sufficient to
elicit these changes. Glibenclamide effects were prevented
by Dicyclohexylcarbodiimide (DCC), a known, although
non-specific, inhibitor of hexokinase binding to the outer
mitochondrial membrane (Nakashima et al., 1986). DCC
at the same time prevented the increased sensitivity of
insulin release in response to glucose and the changes in
glucose utilization and hexokinase activity, making, there-
fore, likely the association between all these effects. This
hypothesis is further supported by the observation that, in
contrast to what was observed with glucose, the sensitivity
to KIC (a secretagogue which enters glycolysis downstream
of glucose phosphorylation) was unchanged in islets pre-
exposed to glibenclamide.

Hexokinase binding to the outer mitochondrial mem-
brane forms a receptor complex that includes the pore
protein called VDAC (Nakashima et al., 1986). In this
complex the enzyme forms a tetramer in contrast to the
free cytosolic enzyme that maintains a monomeric form
(Xie & Wilson, 1990). The enzyme may be found both
free in the cytosol or bound to mitochondria (Flek er al.,
1984; Linden et al., 1982). Reversible association to
mitochondria represents an important mechanism for the
hexokinase enzyme activity regulation. In the bound form
the hexokinase sensitivity to glucose 6-phosphate inhibition
is reduced compared to the soluble form (Rasschaert et
al., 1990; Sener et al., 1986). In addition, a preferred
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