
Diazoxide, a drug chemically related to the thiazide
diuretics but devoid of diuretic activity, was first mar-
keted more than 25 years ago for parenteral therapy
of hypertensive emergencies [1]. The compound,
which inhibits insulin secretion, is also used to treat

various forms of hypoglycaemia [2]. More recently,
treatment with diazoxide has been shown to prevent
Type I (insulin-dependent) diabetes mellitus in young
diabetes-susceptible BB rats [3]. Diazoxide has also
been shown to improve insulin sensitivity, glucose tol-
erance and to decrease weight gain in obese Zucker
rats [4]. Moreover, the drug was reported to prevent
the development of obesity and insulin resistance in
a rat model of naturally occurring obese diabetes [5].
Clinical studies further showed that short-term diaz-
oxide treatment improved insulin secretion in diabet-
ic subjects [6], preserved endogenous insulin produc-
tion in patients with newly manifested autoimmune
diabetes [7] and reduced body fat in hyperinsulin-
aemic obese adults [8]. Thus, all these investigations
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Abstract

Aims/hypothesis. To characterise the effects of BPDZ
73 (7-chloro-3-isopropylamino-4H-1,2,4-benzothiadi-
azine 1,1-dioxide), a newly synthesised diazoxide an-
alogue, on insulin secretory cells.
Methods. Measurements of 86Rb, 45Ca outflow, mem-
brane potential, [Ca2+]i, insulin release in secretory
cells as well as measurements of smooth muscle con-
tractile activity and glycaemia were carried out.
Results. The analogue BPDZ 73 induced a dose-de-
pendent decrease in insulin output. The IC50 value
averaged 0.73 � 0.05 mmol/l. The drug increased the
rate of 86Rb (42K substitute) outflow from perifused
rat pancreatic islets. This effect was inhibited by glib-
enclamide, a KATP channel blocker. Measurements of
DiBAC4(3) fluorescence further indicated that
BPDZ 73 hyperpolarised the insulin secreting cells.
It also decreased 45Ca outflow from pancreatic islets
perifused throughout in the presence of 16.7 mmol/l

glucose and extracellular Ca2+. By contrast, the drug
did not affect the increase in 45Ca outflow mediated
by K+ depolarisation. In single beta cells, BPDZ 73
inhibited the glucose-induced but not the K+-induced
rise in [Ca2+]i. Moreover, in Wistar rats, i.p. injection
of BPDZ 73 provoked a considerable increase in
blood glucose concentration whereas diazoxide in-
duced a modest rise in glycaemia. Lastly, the vasore-
laxant properties of BPDZ 73 were slightly less pro-
nounced than those of diazoxide.
Conclusion/interpretation. The inhibitory effect of
BPDZ 73 on the insulin-releasing process results
from the activation of KATP channels with subsequent
decrease in Ca2+ inflow and [Ca2+]i. The drug seems
to be a KATP channel opener, more potent and more
selective than diazoxide for insulin secreting cells.
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Keywords Diazoxide, ATP sensitive K+ channel, rat
pancreatic islets, insulin release.

Received: 25 November 1999 and in revised form: 21 February
2000

Corresponding author: P. Lebrun, Laboratory of Pharmacolo-
gy, Faculty of Medicine (CP 617), UniversitØ Libre de Bruxel-
les, Route de Lennik 808, B-1070 Brussels, Belgium
Abbreviations: FOR, Fractional outflow rate; KATP channels,
ATP-sensitive K+ channels; BPDZ 73, 7-chloro-3-isopropyla-
mino-4H-1,2,4-benzothiadiazine 1,1-dioxide; ED50, efficacy
dose 50 %.



suggest that modifications in endogenous insulin se-
cretion rate, as induced by diazoxide, can alleviate
or prevent several diseased states involving altered
endocrine pancreatic function.

A pharmacological route to interfere with the in-
sulin secretory process is to develop compounds act-
ing at the level of the ATP-sensitive K+ (KATP) chan-
nel. These channels, heteromultimers composed of
sulphonylurea receptor (SUR1) and Kir6.2 subunits
[9], equip the beta-cell plasma membrane and couple
the cellular metabolism to electrical activity. The
closing of beta-cell KATP channels initiates membrane
depolarisation and thereby eventually leads to exocy-
tosis of secretory granules whereas the activation of
KATP channels promotes membrane hyperpolarisa-
tion and decreases insulin release [10, 11].

According to their tissue localisation and their
SUR subunit type, the sensitivity of KATP channels to
pharmacological agents vary widely [9, 11, 12]. In the
search for new KATP channel modulators with fewer
side effects than diazoxide [1, 7], we recently synthe-
sised 7-chloro-3-isopropylamino-4H-1,2,4-benzothia-
diazine 1,1-dioxide (BPDZ 73). This compound cor-
responds to a diazoxide analogue having the methyl
side chain in the 3-position of the heterocycle re-
placed by an isopropylamino group (Fig.1). The pre-
sent study aims at evaluating the in vivo and in vitro
effect of BPDZ 73. Because the drug was found to
be much more potent than diazoxide at increasing
the blood glucose concentration and at reducing the
glucose-induced insulin release from rat pancreatic
islets, additional experiments were conducted to
characterise the selectivity and the mechanism of ac-
tion of BPDZ 73.

Materials and methods

Measurements of insulin release from incubated pancreatic is-
lets. Experiments were done with pancreatic islets isolated by
the collagenase method from fed albino rats. The laboratory
animal care was approved by the ethics committee of the
FREE University of Brussels.

Groups of ten islets, each derived from the same batch of is-
lets, were preincubated for 30 min at 37 °C in 1 ml of a bicar-
bonate-buffered solution (in mmol/l: 115 NaCl, 5 KCl, 2.56
CaCl2, 1 MgCl2, 24 NaHCO3) supplemented with 2.8 mmol/l

glucose, 0.5 % (w/v) dialysed albumin (fraction V) and equili-
brated with a mixture of O2 (95 %) and CO2 (5 %). The islets
were then incubated at 37 °C for a further 90 min in 1 ml of the
same bicarbonate-buffered medium containing 16.7 mmol/l
glucose and, in addition, increasing concentrations of BPDZ
73. Individual experiments were carried out as quadriplicate
measurements with the values corresponding to the number of
samples pooled. Due to the islet-related variations, insulin re-
lease was expressed as a percentage of the value recorded in
control experiments (100 %), i. e. in the absence of drug and
presence of 16.7 mmol/l glucose. The release of insulin was
measured radioimmunologically as reported previously [13].

Measurements of 86Rb, 45Ca outflow and insulin release from
perifused pancreatic islets. Experiments were done with pan-
creatic islets isolated by the collagenase method from fed albi-
no rats.

The methods used to measure 86Rb (42K substitute) out-
flow, 45Ca outflow and insulin release from perifused islets
have been described previously [14±17]. Groups of 100 islets
were incubated for 60 min in a bicarbonate-buffered medium
(in mmol/l: NaCl 115, KCl 5, CaCl2 2.56, MgCl2 1, NaHCO3
24) containing 16.7 mmol/l glucose and either 86Rb ion
(0.15±0.25 mmol/l; 1.85 106 Bq/ml) or 45Ca ion (0.02±
0.04 mmol/l; 3.70 106 Bq/ml). After incubation, the islets were
washed four times with a non-radioactive medium and then
placed in a perifusion chamber. The perifusate was delivered
at a constant rate (1.0 ml/min). From the 31st to the 90th min
of perifusion, the effluent was continuously collected over suc-
cessive periods of 1 min each. An aliquot of the effluent
(0.5 ml) was used for scintillation counting (last tube never be-
low 250 cpm) and the remainder was stored at ±20 °C for insu-
lin radioimmunoassay [13]. At the end of the perifusion, the ra-
dioactive content of the islets was also determined. The out-
flow of 86Rb or 45Ca ion (cpm/min) was expressed as a fraction-
al outflow rate (% of instantaneous islet content/min; FOR).
The validity of 86Rb as a tracer for the study of K+ handling in
pancreatic islets has been assessed previously [18].

Measurements of DiBAC4(3) fluorescence from b-TC3 cells.
Insulin-producing b-TC3 cells, a glucose-responsive beta-cell
line [19], were cultured to about 80 % confluency in black-wal-
led microtitre plates [96-well format, tissue treated, View-Plate
(Packard, Meriden, Conn., USA)]. The b-TC3 cells were main-
tained in DMEM containing, in addition, glutamax-1 (l-ala-
nyl-l-glutamine 0.862 mg/ml), sodium pyruvate (110 mg/ml),
pyridoxine (4 mg/ml), glucose (25 mmol/l), non-essential ami-
no acids, fetal calf serum (15 %), penicillin (100 U/ml) and
streptomycin (100 mg/ml) (Life Technologies, Merelbeke, Bel-
gium) [19]. After washing and pre-incubation at 37 °C in a
modified Krebs-Ringer-HEPES buffer (in mmol/l: NaCl 140,
KCl 3.6, NaH2PO4 0.5, MgSO4 0.5, NaHCO3 2.0, CaCl2 1.5, d-
glucose 10 and HEPES 10; pH 7.4), the cells were incubated
in the same buffer with the addition of 4 mmol/l of the mem-
brane-potential sensitive dye bis-(1,3-dibutylbarbituric acid)
trimethine oxonol (DiBAC4(3)) [20] (Molecular Probes, Eu-
gene, Ore., USA). The plates were then placed on a program-
mable stage fitted to a Nikon TMD microscope equipped
with a 20 ´ NA 0.5 Fluar objective. The cells in the microtitre
plate were first allowed to equilibrate with the added probe.
Thereafter, the cells in the field of view from one well in the
plate were excited at 470 � 6 nm at 1 Hz for 20 s. During this
time, a sample of BPDZ 73 or diazoxide was added to the
well as a 2 ´ concentrated solution in buffer with DiBAC4(3).
Emitted fluorescence from the cells in the well was measured
and averaged for the time 3 to 5 s immediately after addition.
By an automated procedure, the fluorescence from the same
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Fig. 1. Chemical structure of diazoxide and BPDZ 73



field of cells in the well was again measured 45 min later. At
this time, no addition was made but the average signal during
3 s of the total 20 s recording time was extracted. This proce-
dure was repeated for each of the 96 wells of the microtitre
plate in succession. For each compound and concentration, a
total of six to eight individual wells were used to construct the
data sets (Fig. 4). Total time for the measurement of one plate
was 90 min but each well was incubated with compound for
45 min. We used Microsoft Excel and MacCurveFit 1.4 (Micro-
soft, Redmond, Wash., USA) to process the data which are ex-
pressed as the change in DiBAC4(3) fluorescence during the
45 min of incubation. Because the number of cells in the field
of view in the microscope varied from well to well by a factor
of 2±3, the changes in fluorescence were normalised individu-
ally to the initial reading for each well.

Measurements of fura-2 fluorescence from single rat pancreatic
islet cells. Pancreatic islets were disrupted in a Ca2+-deprived
medium and then centrifuged through an albumin solution to
remove debris and dead cells. Cells were seeded onto glass cov-
erslips and maintained in tissue culture for 72 h before use. Islet
cells were cultured in RPMI 1640 culture medium (Life Tech-
nologies) supplemented with 10 % (v/v) newborn calf serum
and containing glutamine (2.3 mmol/l), glucose (16.7 mmol/l),
penicillin G (100 U/ml) and streptomycin (100 mg/ml). The
cells were then incubated with fura-2 AM (2 mmol/l) (Molecu-
lar Probes) for 1 h and, after washing, the coverslips with the
cells were mounted as the bottom of an open chamber (1 ml)
placed on the stage of the microscope. The medium used to
perifuse the cells contained (in mmol/l) NaCl 115, KCl 5,
CaCl2 2.56, MgCl2 1, NaHCO3 24, glucose 2.8 and was gassed
with O2 (95 %):CO2 (5%). Fura-2 fluorescence of single-load-
ed cells was measured by use of dual-excitation microfluorime-
try with a Spex photometric system (Optilas, Alphen aan den
Rijn, Holland). The excitation wavelenghts (340 nm and 380
nm) were alternated at the frequency of 1 Hz. The emission
wavelength was set at 510 nm. We calculated [Ca2+]i as de-
scribed previously [17]. Individual experiments were repeated
at least four times, on different cell populations.

Measurements of mechanical activity of rat aortic rings. Experi-
ments were conducted as described previously [21]. Aortas
were removed from fed albino rats and cut into transverse
rings (3±4 mmol/l long). The endothelium was removed by
rubbing the intimal surface with forceps. The segments were
suspended under 1-g tension by means of steel hooks in an or-
gan bath containing a bicarbonate-buffered solution of the fol-
lowing composition (in mmol/l): NaCl 118, KCl 4.7, CaCl2 2.5,
NaHCO3 25, KH2PO4 1.2, MgSO4 1.2, glucose 5. The solutions
were maintained at 37 °C and bubbled continuously with a
mixture of O2 (95 %) and CO2 (5 %). The isometric contrac-
tions were measured with a grass-force displacement transduc-
er. After 60 min of equilibration, the rings were exposed to
30 mmol/l KCl. When the tension had stabilised, increasing
concentrations of either diazoxide or BPDZ 73 were added to
the organ bath until maximum relaxation.

Measurements of glycaemia. Adult albino rats weighing
300±350 g were allowed to settle in for at least 3 days in the lab-
oratory before use. They had free access to water and received
a standard pellet diet. Conscious rats were placed for 60 min
before blood sampling and throughout the duration of the
study in a small cabinet. Drugs were dissolved in a sterile phys-
iological sodium salt solution (NaCl 0.9 %) supplemented with
NaOH. At zero time, 20 mg/kg of diazoxide or BPDZ 73 were
injected intraperitoneally (i. p.). Control animals received an
equivalent volume of NaCl 0.9 % supplemented with NaOH;

5 ml × kg±1 body weight. Blood was taken from the tail at time
±5 min, 30 min, 60 min, 90 min, 120 min and 180 min. Blood
glucose concentration was measured, in duplicate, using a re-
agent strip in combination with a glucometer (Accutrend,
Boehringer-Mannheim, Mannheim, Germany).

Drugs. In some experiments, extracellular Ca2+ was eliminated
by the omission of CaCl2 from the physiological medium and
the addition of 0.5 mmol/l ethylene glycol-bis (b-aminoethyl
ether)N,N¢-tetra-acetic acid (EGTA; Sigma-Aldrich, Bornem,
Belgium). According to the experiments, the media were en-
riched with glucose (Merck, Darmstadt, Germany), glibencla-
mide (Hoechst Roussel, Brussels, Belgium), diazoxide (Sig-
ma-Aldrich), verapamil hydrochloride (Knoll, Ludwigshafen,
Germany) or BPDZ 73.

The BPDZ 73 was synthesised at the Department of Medic-
inal Chemistry, University of Li�ge, Belgium. The IR spectrum
was recorded as a KBr pellet on a Perkin-Elmer 1750FT-spec-
trophotometer (Perkin Elmer, Beaconfield, UK). The proton
NMR spectrum was taken on a Bruker AW-80 (80 MHz) instru-
ment (Bruker, Karlsruhe, Germany). The compound was ob-
tained as described previously for structural analogues [22, 23]
using 7-chloro-3-methylsulphanyl-4H-1,2,4-benzothiadiazine
1,1-dioxide [24] and isopropylamine as starting materials; m. p.
267±269 °C (litt.: 264±267 °C [25]); IR (KBr): 3292 (N-H), 3173,
3076 (C-H arom.), 2990, 2975 (C-H aliph.), 1634, 1569, 1481
(C = C, N-H), 1241, 1177, 1151, 1120 (S = O); NMR (DMSO-
d6, HMDS, d ppm): 1.10 (d, 6H, CH(CH3)2), 3.85 (m, 1H,
CH(CH3)2), 6.95 (b, 1H, N-H exocyclic), 7.10 (d, 1H, 5-H), 7.50
(d, 1H, 6-H), 7.55 (s, 1H, 8-H), 10.35 (bs, 1H, N-H intracyclic).

For the in vitro experiments, glibenclamide, diazoxide and
BPDZ 73 were dissolved in dimethylsulphoxide which was
added to both control and test media. At the final concentra-
tions used, dimethylsulphoxide fails to affect islet function
and smooth muscle contractility [17, 21, 26]. When high con-
centrations of extracellular K+ were used, the concentration
of extracellular NaCl was lowered to keep osmolarity constant.

Calculations. Results are expressed as the means ( � SEM).
The magnitude of the increase in 86Rb and 45Ca outflow was es-
timated in each individual experiment from the integrated out-
flow of 86Rb or 45Ca observed during stimulation (45th-68th
min) after correction for basal value (40th-44th min). The in-
hibitory effect of BPDZ 73 on 45Ca outflow and insulin release
was taken as the difference between the mean value for 45Ca
outflow or insulin output recorded in each individual experi-
ment between the 40±44th and 60±68th min of perifusion. The
IC50 value for insulin release (concentration giving a 50 % re-
duction of the secretory response to 16.7 mmol/l glucose) was
assessed graphically. For the rat aortic rings, the relaxation re-
sponses were expressed as the percentage of the contractile re-
sponses to KCl. The efficacy dose 50 % (ED50) values were
graphically assessed for each dose response curve as the con-
centration evoking 50 % inhibition of the sustained contrac-
tion induced by KCl. The statistical significance of differences
between mean data was assessed by use of Student's t test or
by analysis of variance followed for multiple comparisons by
a Scheffe is test procedure. A p value less than 0.05 was consid-
ered significant.

Results

Chemical synthesis of BPDZ 73. The BPDZ 73
(Fig.1) was obtained from the reaction of an excess
of isopropylamine with 7-chloro-3-methylsulphanyl-
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4H-1,2,4-benzothiadiazine 1,1-dioxide, a useful syn-
thetic intermediate in the access way to 3-alkylami-
no-substituted benzothiadiazine 1,1-dioxides [22,
23]. The synthesis of the 3-methylsulphanyl-substitut-

ed intermediate was done in three steps starting from
4-chloroaniline and following methods described pre-
viously [24, 27].

Effects of BPDZ 73 and diazoxide on insulin release
from glucose-stimulated rat pancreatic islets. The ad-
dition of increasing concentrations of BPDZ 73 pro-
voked a dose-dependent decrease in insulin output
from rat pancreatic islets incubated in the presence
of 16.7 mmol/l glucose (Fig.2). After the addition of
0.1 mmol/l, 1 mmol/l and 10 mmol/l BPDZ 73 to the in-
cubation medium, the insulin release represented
90.4 � 3.5% (NS); 36.2 � 2.4% (p < 0.05) and 4.9 �
0.4% (p < 0.05) of the control value, respectively.
The IC50 value averaged 0.73 � 0.05 mmol/l.

Previous investigations indicated that, under the
same experimental conditions, the IC50 value for the
inhibitory effect of diazoxide on insulin release
amounted to 24.8 � 3.4 mmol/l [17].

Effects of BPDZ 73 on 86Rb outflow from perifused
rat pancreatic islets. In the presence of 5.6 mmol/l glu-
cose in the basal medium, the addition of BPDZ 73

P. Lebrun et al.: Diazoxide analogue and KATP channels726

Fig. 2. Effect of increasing concentrations of BPDZ 73 on insu-
lin secretion from pancreatic islets incubated in the presence of
16.7 mmol/l glucose. Insulin release (mean values � SEM) was
expressed as a per cent of the value recorded in control experi-
ments (100 %; no added drug and presence of 16.7 mmol/l glu-
cose). The upper edges of the open bars represent the means
and the cross-hatching at top of bars corresponds to the SE.
Figures in parentheses refer to number of samples

Fig. 3. A Effect of 1 mmol/l (k) and 10 mmol/l (U) BPDZ 73
on 86Rb outflow from perifused pancreatic islets. B Effect of
50 mmol/l BPDZ 73 on 86Rb outflow from pancreatic islets
perifused throughout in the absence (U) or presence (k) of
10 mmol/l glibenclamide. Basal media contained 5.6 mmol/l
glucose and extracellular Ca2+. Mean values ( � SEM) refer to
4±5 individual experiments

A B



provoked a concentration-dependent increase in
86Rb outflow from pre-labelled and perifused rat pan-
creatic islets (Fig.3). The integrated outflow of 86Rb
measured during exposure to the drug averaged
0.10 � 0.05%/min after addition of 1 mmol/l;
1.42 � 0.13%/min after addition of 10 mmol/l and
2.43 � 0.23%/min after the addition of 50 mmol/l
BPDZ 73, respectively (p < 0.05 in each case). The
withdrawal of the drug from the perifusate was ac-
companied by a decrease in 86Rb FOR.

When the physiological medium was enriched with
the hypoglycaemic sulphonylurea glibenclamide
(10 mmol/l); the stimulatory effect of 1 mmol/l (data
not shown), 10 mmol/l (data not shown) and 50 mmol/l
BPDZ 73 (Fig.3) was completely abolished.

In islets exposed throughout to 16.7 mmol/l in-
stead of 5.6 mmol/l glucose, 10 mmol/l BPDZ 73 again
elicited a rapid, sustained and reversible increase in

the rate of 86Rb outflow (data not shown). Under
these experimental conditions the stimulatory effect
of BPDZ 73 (10 mmol/l) only represented, however,
44.8 � 9.5% of that recorded in the presence of
5.6 mmol/l glucose in the perifusate (p < 0.05).

Effects of BPDZ 73 and diazoxide on b-TC3 mem-
brane potential. Qualitative changes in membrane po-
tential were assessed in the insulin-producing cell
line, b-TC3, by measuring DiBAC4(3) fluorescence
(Fig.4). The addition of BPDZ 73 was found to pro-
voke a concentration-dependent hyperpolarisation
of the cells incubated in the presence of 10 mmol/l
glucose.

Under the same experimental conditions, diazox-
ide also hyperpolarised the cells. Diazoxide was,
however, clearly less potent than BPDZ 73 at increas-
ing membrane potential. Thus, diazoxide had an EC50
value of 77.4 � 4.3 mmol/l and BPDZ 73 an EC50 val-
ue of 2.2 � 0.6 mmol/l.

Additional experiments conducted on discrete
mouse beta cells in the context of a whole pancreatic
islet produced ED50 values for the two compounds in
the same range as those found in b-TC3 cells. The
ED50 value for BPDZ 73 was found to be about
1 mmol/l in four experiments and the value for diazox-
ide was about 90 mmol/l in two experiments (data not
shown).

Effects of BPDZ 73 on 45Ca outflow and insulin re-
lease from perifused rat pancreatic islets. When the
physiological medium contained 16.7 mmol/l glucose
and extracellular Ca2+, the addition of BPDZ 73 pro-
voked an immediate and pronounced inhibition of
45Ca outflow (Fig.5). The inhibitory effect of the
drug was reversible and concentration-dependent.
Thus, the paired difference in 45Ca FOR before
(min 40±44) and during (min 60±68) exposure to
1 mmol/l and 10 mmol/l BPDZ 73 averaged
0.68 � 0.07%/min and 0.87 � 0.04%/min, respective-
ly (p < 0.05). The withdrawal of the drug from the
perifusing medium was accompanied by an increase
in 45Ca outflow. The latter increase was more rapid
after the removal of the lower drug concentration
(Fig.5).

To further investigate the effects of BPDZ 73 on
45Ca movements, similar experiments were done in
the presence of 16.7 mmol/l glucose but absence of
extracellular Ca2+. In islets exposed to Ca2+-depleted
media, the basal rate of 45Ca outflow (min 40±44)
was lower (0.69 � 0.02%/min, n = 8, p < 0.05) and
the addition of either 1 mmol/l or 10 mmol/l BPDZ 73
did not affect 45Ca FOR (data not shown). The addi-
tion of 1 mmol/l BPDZ 73 also failed to modify the
rate of 45Ca outflow from islets perifused in the pres-
ence of a Ca2+-free solution containing 5.6 or
8.3 mmol/l glucose throughout (n = 4 in each case;
data not shown).
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Fig. 4. Changes in DiBAC4(3) fluorescence from b-TC3 cells,
in the presence of 10 mmol/l d-glucose, during 45 min incuba-
tion with different concentrations of BPDZ 73 (U) and diazox-
ide (k). Each point is the average of measurements from six
(BPDZ 73) or eight (diazoxide) individual wells. Because the
number of cells contributing to the basal signal was different
from well to well, the responses, seen as changes (reductions)
in fluorescence, were normalised to the initial reading for
each well and given as mean � SEM. The smooth curves were
computed using a four-parameter non-linear curve-fitting al-
gorithm reduced to three parameters by fixing the Hill slope
to ±1.5 for both curves. During the fitting procedure, the data
points were weighted inversely to their respective SEM values.
The predicted bottom level for the diazoxide curve was ±0.42
using this approach and seems to be reasonable when com-
pared with the maximum effect of BPDZ 73. Measurements
above 300 mmol/l diazoxide were avoided due to solubility
problems with the compound



Increasing concentrations of BPDZ 73 provoked
an immediate, sustained and concentration-depen-
dent inhibition of insulin output from islets exposed
to 16.7 mmol/l glucose and extracellular Ca2+

(Fig.5). During exposure to 1 mmol/l and 10 mmol/l
BPDZ 73 (min 60±68), the release of insulin repre-
sented, respectively, 40.43 � 1.19% and 10.63 �
1.63% of that recorded before treatment with the
drug (min 40±44) (p < 0.05). The removal of 1 mmol/l
BPDZ 73 was followed by a rapid increase and the
omission of 10 mmol/l BPDZ 73 resulted in a delayed
increase in insulin output (Fig.5).

In another series of experiments, we characterised
the effects of BPDZ 73 on the secretory response in-
duced by a sudden increase in the extracellular glu-
cose concentration. A rise in the glucose concentra-
tion from 5.6 to 16.7 mmol/l provoked a rapid and
sustained insulin output (Fig.6). When the same ex-
periment was repeated in the presence of 1 mmol/l
BPDZ 73 throughout, the basal rate of insulin release
(min 40±44) was unaffected (p > 0.05) but the secret-
agogue action of 16.7 mmol/l glucose was almost
completely abolished (Fig.6). The integrated output
of insulin measured during exposure to 16.7 mmol/l

glucose and corrected for basal values (min 40±44),
averaged 0.82 � 0.11 mU × min±1 × islet±1 in the ab-
sence and 0.13 � 0.02 mU × min±1 × islet±1 in the pres-
ence of 1 mmol/l BPDZ 73, respectively (p < 0.05).

Effects of BPDZ 73 and verapamil on KCl-induced
changes in 45Ca outflow from perifused rat pancreatic
islets. In the absence of glucose and presence of Ca2+

in the medium, a sudden rise in the extracellular con-
centration of K+ provoked an immediate and pro-
nounced increase in 45Ca outflow from perifused is-
lets (Fig.7). When the same experiment was repeated
in the presence of BPDZ 73 (10 mmol/l and 50 mmol/l)
in the perifusate, the basal rate of 45Ca outflow was
unaffected (p > 0.05) (Fig.7). Moreover, BPDZ 73
did not affect the cationic response to 50 mmol/l K+

(Fig.7). Indeed, the integrated outflow of 45Ca ob-
served during exposure to 50 mmol/l K+ averaged
0.96 � 0.05%/min in the absence, 0.98 � 0.08%/min
in the presence of 10 mmol/l BPDZ 73 and
0.85 � 0.09%/min in the presence of 50 mmol/l
BPDZ 73, respectively (p > 0.05 in each case).

For comparison, we characterised the effect of the
Ca2+ channel blocker verapamil [28] on the cationic
response to high extracellular K+ (Fig.7). The pres-
ence of verapamil (10 or 50 mmol/l) in the perifusing
medium provoked a concentration-dependent de-
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Fig. 5 A, B. Effect of 1 mmol/l (k) and 10 mmol/l (U) BPDZ 73
on 45Ca outflow (A) and insulin release (B) from pancreatic is-
lets perifused throughout in the presence of 16.7 mmol/l glu-
cose. Basal media contained extracellular Ca2+. Mean values
( � SEM) refer to six individual experiments

A

B

Fig. 6. Effect of a rise in the extracellular glucose concentra-
tion from 5.6 to 16.7 mmol/l on insulin release from pancreatic
islets perifused throughout in the absence (k) or presence (U)
of 1 mmol/l BPDZ 73. Basal media contained extracellular
Ca2+. Mean values ( � SEM) refer to four individual experi-
ments



crease in both the basal 45Ca outflow (min 10±14) and
the K+ response. Thus, 45Ca outflow before the rise
in extracellular K+ concentration averaged
0.89 � 0.04%/min in the absence, 0.81 � 0.04%/min
in the presence of 10 mmol/l (NS) and 0.69 � 0.06%/
min in the presence of 50 mmol/l verapamil
(p < 0.05), respectively. The magnitude of the incre-
ment in 45Ca outflow evoked by K+ averaged
1.11 � 0.07%/min in the absence and 0.60 � 0.06%/
min in the presence of 10 mmol/l verapamil
(p < 0.05). In islets exposed throughout to 50 mmol/l
verapamil, the stimulatory effect of K+ was short-last-
ing and greatly reduced.

Effects of BPDZ 73 on the cytosolic free Ca2+ concen-
tration of single rat pancreatic islet cells. Raising the
extracellular glucose concentration from 2.8 to
16.7 mmol/l provoked an initial decrease followed
rapidly by a pronounced and sustained rise in [Ca2+]i
(Fig.8). The addition of BPDZ 73 (1 mmol/l) during
the 16.7 mmol/l glucose stimulation reduced the cyto-
solic free Ca2+ concentration (Fig.8). The inhibitory
effect of BPDZ 73 was rapid, pronounced and revers-
ible. Similar results were recorded with 10 mmol/l
BPDZ 73, except that the inhibitory effect of the
compound was less rapidly reversible (data not
shown).

By contrast, BPDZ 73 (1 mmol/l) did not affect the
rise in [Ca2+]i induced by 50 mmol/l K+ (Fig.8).

Effects of diazoxide and BPDZ 73 on the contractile
activity of rat aortic rings. In rat aortic rings, a rise in
the extracellular concentration of K+ provoked an in-
crease in muscle tension which, after a few minutes,
reached a plateau phase.

When a sustained contraction was obtained, the
cumulative application of diazoxide or BPDZ 73 to
the bathing medium induced concentration-depen-
dent relaxations (Fig.9). The relaxant potency of dia-
zoxide, as calculated from the EC50 value, was, how-
ever, higher than that of BPDZ 73 (p < 0.05). Thus,
the EC50 value for diazoxide amounted to
22.0 � 2.6 mmol/l whereas the EC50 value for BPDZ
73 amounted to 36.3 � 2.2 mmol/l.

Effects of BPDZ 73 and diazoxide on blood glucose
concentration. In control rats receiving the vehicle,
there was a continuous and small decrease in blood
glucose concentration (Fig.10). The glycaemia aver-
aged 145.0 � 4.5 mg/100 ml at time ±5 min and
126.3 � 6.3 mg/100 ml at the 180th min.

Treatment with the solution of diazoxide provoked
a modest increase in blood glucose concentration
peaking at the 60th min at 206.1 � 7.60 mg/100 ml
(p < 0.05) (Fig.10). At the 180th min, the blood glu-
cose concentration was no more significantly differ-
ent from its initial value (±5 min) (p > 0.05).

The changes in blood glucose resulting from treat-
ment with BPDZ 73 were much more pronounced
than those induced by diazoxide (Fig.10). The rise in
blood glucose concentration was more rapid, pro-
nounced and sustained. The peak value was recorded
at the 120th min and amounted to 348.5 � 35.0 mg/
100 ml (p < 0.05). Thereafter, a slow decrease was no-
ticed, eventually reaching at the 180th min a value of
245.0 � 21.3 mg/100 ml. This concentration was high-
er than that recorded at time ±5 min and at the 180th
min in control experiments or after diazoxide injec-
tion (p < 0.05 in each case).
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Fig. 7. A Effect of 10 mmol/l (U) and 50 mmol/l (X) BPDZ 73
on KCl (50 mmol/l; k)-induced increase in 45Ca outflow. B Ef-
fect of 10 mmol/l (U) and 50 mmol/l (X) verapamil on KCl
(50 mmol/l; k)-induced increase in 45Ca outflow. Basal media
contained extracellular Ca2+. Mean values ( � SEM) refer to
4±12 individual experiments

A B



Discussion

In an attempt to develop original KATP channel mod-
ulators interfering with the insulin secretory process,
we recently synthesised numerous diazoxide deriva-
tives. Among the different compounds, BPDZ 73
proved to be an effective inhibitor of insulin secre-
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Fig. 8. A Effect of 16.7 mmol/l glucose on [Ca2+]i. B Effect of
1 mmol/l BPDZ 73 on glucose (16.7 mmol/l)-induced increase
in [Ca2+]i. C Effect of 1 mmol/l BPDZ 73 on KCl (50 mmol/l)-
induced increase in [Ca2+]i. Basal media contained 2.8 mmol/l
glucose and extracellular Ca2+. Each graph is a representative
experiment conducted on a single cell

A

B

C

Fig. 9. Concentration-response curves for the inhibitory effect
of diazoxide (k) and BPDZ 73 (U) on precontracted rat aor-
tic rings. Mean values ( � SEM) refer to six individual experi-
ments

Fig. 10. Time course for the changes in blood glucose concen-
tration in fed rats injected intraperitoneally at time zero with
BPDZ 73 (U), diazoxide (D) or the vehicle (k). Mean values
( � SEM) refer to eight to ten individual experiments



tion. The present data clearly show that in vitro
BPDZ 73 provoked a concentration-dependent inhi-
bition of insulin release from rat pancreatic islets in-
cubated in the presence of insulinotropic glucose con-
centrations. Moreover, and according to the IC50 val-
ues, BPDZ 73 seemed to be about 35 times more po-
tent than diazoxide at reducing the glucose-induced
insulin release. This higher capacity of BPDZ 73 to
inhibit insulin output was confirmed by our in vivo in-
vestigations indicating that the drug provoked a pro-
nounced increase in blood glucose concentration
whereas diazoxide induced a modest, less-sustained
rise in glycaemia.

Different experimental approaches showed that
the inhibitory effect of BPDZ 73 on the insulin-re-
leasing process resulted from a decrease in Ca2+ entry
following KATP channel activation.

Radioisotopic experiments conducted on pre-
labelled and perifused rat pancreatic islets, an experi-
mental procedure which has the potential advantage
of preserving the complex intercellular interactions
[11], showed that BPDZ 73 elicited a concentration-
dependent increase in 86Rb outflow. This finding indi-
rectly indicates that the drug provokes an increase in
membrane K+ permeability [11, 17, 29].

The 86Rb efflux techniques also provide informa-
tion about the type of K+ channel affected by BPDZ
73. Thus, the BPDZ 73-induced rise in 86Rb outflow
was abolished by glibenclamide, a hypoglycaemic sul-
phonylurea known to close the KATP channel [10, 30].
The increase in 86Rb FOR was, however, more pro-
nounced in the presence of 5.6 mmol/l than in the
presence of 16.7 mmol/l glucose in the physiological
medium, a feature reminiscent of the effects of differ-
ent KATP channel openers on 86Rb outflow from pan-
creatic islets [11, 17, 29]. These data, as well as the
close similarities between the effects of BPDZ 73
and diazoxide on 86Rb-loaded pancreatic islets [16,
29] suggest that BPDZ 73 activates KATP channels in
islet cells.

The opening of KATP channels, which regulate
membrane potential and control-cell excitability,
might be expected to hyperpolarise the beta-cell
membrane. In agreement with such a view, measure-
ments of DiBAC4(3) fluorescence showed that
BPDZ 73 induced a concentration-dependent hyper-
polarisation of the membrane potential.

It must be emphasised that, whatever the experi-
mental protocol used, BPDZ 73 was about 35 times
more potent than diazoxide at hyperpolarising the
plasma membrane from b-TC3 cells and at reducing
insulin output from whole pancreatic islets.

An activation of KATP channels responsible for
membrane repolarisation might restrict the opening
of the voltage-sensitive Ca2+ channels equipping the
beta-cell membrane. This should lead to a decrease
in Ca2+ entry, reduction in [Ca2+]i and, ultimately, to
an inhibition of insulin secretion. This scheme is sup-

ported by three lines of evidence. Firstly, BPDZ 73
was shown to provoke a concentration-dependent re-
duction in 45Ca outflow from pancreatic islets peri-
fused in the presence of 16.7 mmol/l glucose and ex-
tracellular Ca2+. Under such experimental conditions,
namely in islets exposed continuously to insulino-
tropic concentrations of glucose and Ca2+, a decrease
in 45Ca FOR is known to reflect a reduction in 40Ca2+

entry through voltage-sensitive Ca2+ channels [14,
31]. The lack of effect of BPDZ 73 on 45Ca outfow
from islets exposed to Ca2+-free media strengthens
this interpretation and further indicates that the
drug does not provoke an intracellular Ca2+ redistri-
bution [15, 32]. Secondly, measurements of fura-2 flu-
orescence clearly showed the capacity of BPDZ 73 to
counteract the glucose-induced increase in [Ca2+]i.
Thirdly, the simultaneous measurement of insulin re-
lease from pancreatic islets perifused in the presence
of 16.7 mmol/l glucose and extracellular Ca2+ had a
time course parallel to that of the 45Ca FOR re-
sponse.

All these findings provide direct support for the
view that, following KATP channel activation, the re-
duction in Ca2+ entry mediates the inhibitory effect
of BPDZ 73 on the insulin releasing process.

To further the understanding of the cascade of
events leading to inhibition of insulin release, we
compared the effects of BPDZ 73 and verapamil on
the cationic responses to high K+ concentrations. A
rise in the extracellular K+ concentration depolarises
the beta-cell membrane, opens the voltage-sensitive
Ca2+ channels and increases Ca2+ inflow. In 45Ca-load-
ed pancreatic islets, the increment in 45Ca FOR
evoked by high K+ reflects a sustained stimulation of
isotopic exchange between influent 40Ca2+ and efflu-
ent 45Ca [14]. This increase in 45Ca outflow was clear-
ly sensitive, in a concentration-related manner, to the
Ca2+ channel blocker verapamil [28] but was resistant
to BPDZ 73. Moreover, BPDZ 73 also failed to affect
the increase in [Ca2+]i elicited by a high K+ concentra-
tion. These results indicate that BPDZ 73 does not di-
rectly interact at the level of the voltage-sensitive
Ca2+ channels and confirm our hypothesis that the
primary action of the compound is to raise the K+ per-
meability of the beta-cell plasma membrane.

Note that, under the different in vitro experimen-
tal conditions, the effects of BPDZ 73 were always
clearly reversible. Such a feature implies that the re-
sponses to the drug were not caused by any damage
to insulin-secreting cells.

Lastly, measurements of smooth muscle contrac-
tile activity in rat aortic rings showed that BPDZ 73
was slightly less potent than diazoxide at inhibiting
the mechanical responses evoked by K+ depolarisa-
tion. According to the EC50 (contractile activity in
aortic rings):IC50 (insulin release from pancreatic is-
lets) ratio, BPDZ 73 seemed to be more selective for
the insulin-secreting cells than diazoxide.
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The data presented here indicate that in insulin-se-
creting cells the compound BPDZ 73 activates KATP
channels and hyperpolarises the plasma membrane.
The activation of KATP channels responsible for repo-
larisation restricts the opening of voltage-sensitive
Ca2+ channels, decreases Ca2+ inflow, reduces the cy-
tosolic Ca2+ concentration and, ultimately, inhibits
the insulin secretory rate. We describe a new KATP
channel opener that is 35 times more potent than dia-
zoxide on insulin-secreting cells. Moreover, and by
contrast to diazoxide, this new compound seemed to
have some selectivity for the pancreatic endocrine tis-
sue compared with the vascular smooth muscle tissue.
The in vitro and in vivo effectiveness of BPDZ 73
calls for further pharmacomodulation of 7-halogeno-
substituted benzothiadiazine dioxides to identify
new chemical entities with a powerful, and hopefully
selective, biological activity on pancreatic beta cells.
Such compounds could be expected to be valuable
drugs in different therapeutical applications includ-
ing the treatment of hyperinsulinaemia-induced hy-
poglycaemia in adults and children and the preserva-
tion of beta-cell function in autoimmune diabetes.
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