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Abstract

The influence of different sulfonylureas on the rate of acid and pepsinogen secretion was studied in isolated rabbit gastric glands.
Neither tolbutamide (10-500 uM), chlorpropamide (10-500 wM), glibenclamide (1-50 wM) nor glipizide (1-50 uM) exerted a
secretory effect. In contrast, gliquidone caused a marked and dose-dependent stimulation of acid production in gastric glands incubated
under basal conditions and potentiated the stimulatory effect of both histamine and carbachol. Gliquidone also increased the rate of
pepsinogen release in gastric glands incubated either under basal conditions or in the presence of cholecystokinin-octapeptide or
isoproterenol. The secretory effects of gliquidone were associated with a significant increase in the glandular content of cyclic AMP,
caused by a competitive inhibition of low-K,, cyclic AMP phosphodiesterase. Our results indicate that, among the assayed sulfonyluresas,
only gliquidone, in the micromolar range, stimulates acid and pepsinogen secretion through a cyclic AMP-dependent mechanism. © 1998
Elsevier Science B.V.
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1. Introduction

Sulfonylureas are ora hypoglycemic agents widely used
in the treatment of type Il diabetes mellitus (Melander et
al., 1990). Both pancreatic and extrapancreatic actions
have been reported for these agents (Feldman and L ebovitz,
1969; Beck-Nielsen et al., 1988; Henquin, 1992). The most
relevant pancreatic action is the direct and immediate
stimulation of insulin release. In the B-cell, sulfonylureas
bind to high-affinity specific receptors that are closely
related to ATP-dependent K* channels, resulting in a
blockade of K* efflux. This leads to the depolarization of
the plasma membrane and to the subsequent influx of
extracellular Ca2* through voltage-dependent Ca®* chan-
nels. An increase in the cytosolic Ca2* concentration
([Ca?*]) isthe signal that triggers insulin release (Boyd et

* Corresponding author. Tel.: +34-1-3975345; fax: + 34-1-3975353;
e-mail: jefeliu@mvax.fmed.uam.es

0014-2999 /98 /$19 00 © 1998 Elsevier Science BV All riahts reserved

al., 1990; Malaisse and Lebrun, 1990). ATP-dependent K*
channels, whose activity can be modulated by sulfony-
lureas, have also been identified in different excitable
tissues such as heart, brain or smooth muscle (Ashcroft
and Ashcroft, 1992; Panten et al., 1992). Moreover, sul-
fonylureas have aso been reported to increase [Ca?* ], in
non-excitable cells like hepatocytes or adipocytes. In these
cells, the increase in [Ca?* ], is related to the acceleration
of extracellular Ca?* influx, seemingly without participa-
tion of ATP-sensitive K* channels (Draznim et al., 1987;
Lopez-Alarcon et al., 1993).

Several reasons led us to carry out a systematic study of
the influence of different sulfonylureas on acid and
pepsinogen secretion in isolated rabbit gastric glands. First,
as mentioned above, sulfonylureas may modulate [Ca®" ],
in different types of excitable and non-excitable cells.
Second, it is well established that secretagogues like carba-
chol, which raises [Ca2*]; in parietal cells, or cholecys
tokinin, which modulates [Ca®" ], in chief cells, stimulate
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acid and pepsinogen secretion, respectively, in isolated
rabbit gastric glands (Hersey, 1987; Soll and Berglindh,
1987). Findly, gastrointestina complaints, such as nausea
and vomiting, have been reported among the untoward
responses to sulfonylureas (Lebovitz and Feinglos, 1978;
Martindale, 1996).

We found that among the assayed sulfonylureas
(tolbutamide, chlorpropamide, glipizide, gliquidone and
glibenclamide), only gliquidone, in the micromolar range,
caused a significant stimulation of the rate of both acid and
pepsinogen secretion in isolated rabbit gastric glands. The
secretory effect of gliquidone appeared to be related to an
increase in the glandular concentration of cyclic AMP, as a
result of competitive inhibition of low-K,, cyclic AMP
phosphodiesterase activity.

2. Materials and methods
2.1. Animals

Male rabbits (New Zealand, 1.5-2.5 kg body weight)
were obtained from our inbred colony. The animals were
fed on standard chow (N-25 Moragon, Toledo, Spain) and
water ad libitum.

2.2. Reagents

Collagenase A from Clostridium histolyticum (type 1),
histamine dihydrochloride, carbamylcholine chloride, iso-
proterenol hydrochloride, forskolin, 3-isobutyl-1-methyl-
xanthine (IBMX) and snake (Ophiophagus hannah) venom
were obtained from Sigma Chemica Co. (St. Louis, MO).
Nonsulfated cholecystokinin octapeptide (CCK-OCT) was
purchased from Bachem Feinchemikalien (Bubendorf,
Switzerland). Gliquidone (lot 228878), glipizide (ot MP-
605,/7143) and chlorpropamide (lot 0014) were kindly
supplied by Boehringer Ingelheim Espaha (Barcelona,
Spain), Farmitalia-Carlo Erba (Barcelona, Spain) and Pfizer
(Madrid, Spain), respectively. Glibenclamide (lot 15931)
and tolbutamide (lot M-86-0044) were gifts from
Boehringer Mannheim (Germany). Anion-exchange resin
(AG 1-X8, 200—400 mesh, chloride form) was from Bio-
Rad Laboratories (Madrid, Spain). [Dimethyl-amine-
¥Claminopyrine (100120 mCi/mmol), [2,8->HlcAMP
(30-50 Ci/mmol), “®*CaCl, and the cyclic AMP *®|-ra-
dioimmunoassay kit were purchased from Amersham In-
ternational (Buckinghamshire, England). The remaining
reagents, al of analytical grade, were from Boehringer,
Sigma or Merck (Darmstadt, Germany).

2.3. Gastric gland isolation
Gastric glands were obtained according to the method

reported by Berglindh and Obrink (1976), as previously
described (Rossi et al., 1992). Briefly, after anesthesiawith

sodium pentobarbital (30 mg/kg body weight, intra-
venously), the stomach was perfused in situ with phos-
phate-buffered saline (149.6 mM NaCl, 3 mM K,HPO,
and 0.64 mM NaH,PO,, pH 7.4) a 37°C. The mucosa
from the gastric corpus of the stomach was then freed from
the muscular layers, minced and incubated with collage-
nase (1 mg/ml) at 37°C for 30—45 min. The isolated
gastric glands were filtered through nylon mesh, rinsed
three times and suspended, at a final concentration of 2 to
5 mg dry weight /ml, in medium A (132.4 mM NaCl, 5.4
mM KCI, 5 mM Na,HPO,, 1 mM NaH,PO,, 1.2 mM
MgSO,, 1 mM CaCl,, 0.5 mM dithiothreitol, 15 mM
N-2-hydroxyethylpiperazine-N’-2-ethane-sulfonic acid
(HEPES), 10 mg/| phenol red, 10 mM glucose and 1
mg,/ml bovine serum albumin, at pH 7.3). The incubations
were performed with agitation (100 strokes/min), at 37°C,
inan O,/CO, atmosphere (95% /5%). Sulfonylureas were
dissolved in 5 mM NaOH. Control incubations of gastric
glands were carried out in the presence of NaOH at similar
final concentrations. No significant differences were ob-
served between control and saline (0.9% NaCl) incubations
with respect to any assayed metabolic parameter.

Isolated rabbit gastric glands had a typica rod-like
appearance (0.3—-0.7 mm in length). More than 95% of the
different cells present in the glands excluded the Trypan
blue dye (1%). The dry weight of the gastric gland suspen-
sions was calculated for 1 ml aliquots; after centrifugation
(10000 x g for 3 min), the pellets were dried overnight at
60°C and then weighed.

2.4. Measurement of acid production and pepsinogen re-
lease

Acid production was determined by the accumulation of
[**Claminopyrine in the canalicular compartment, accord-
ing to the method described by Berglindh et al. (1976),
with minor modifications. Briefly, 1.5 ml samples of gland
suspensions were incubated in medium A, as indicated
above, in the presence of 0.88 uM [**Claminopyrine (0.1
uCi/ml) and different agents. After a 30 min incubation,
1 ml aiquots of gland suspensions were taken and immedi-
ately centrifuged (10000 X g for 20 s). The supernatants
were quickly removed and the pellets were rinsed twice
with medium A, dried and dissolved in 250 wl of 60%
HNO;, at 50°C for 15 min. The radioactivity of the
supernatants and of acid extracts was counted in a liquid
scintillation spectrometer. Results are expressed as the
[**Claminopyrine concentration ratio between intraglandu-
lar and extraglandular water, which was caculated as
described elsewhere (Berglindh et a., 1976; Ross et 4.,
1992).

The secretion of pepsinogen was estimated as previ-
ously described (Rossi et al., 1992). Briefly, gland suspen-
sions were incubated, at 37°C, in a shaking water bath for
30 min in the presence of different agents. At zero time
and at the end of the incubation, 1 ml samples of gland
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suspensions were taken and centrifuged (10000 X g for 15
s). Pepsinogen was measured in aliquots of the super-
natants by the method reported by Hersey et a. (1983).
Total pepsinogen was determined in samples of the incuba-
tions treated with 0.25% Triton X-100. Pepsinogen re-
leased into the medium is expressed as a percentage of
total pepsinogen present in the incubations.

2.5. ®°Ca?* uptake by the gastric glands

Ca?t uptake studies were carried out following the
method described by Kimmich (1975), with minor modifi-
cations. Gland suspensions were preincubated in medium
A at 37°C for 5 min. At zero time, *CaCl, (1 uCi/ml)
was added together with tolbutamide, chlorpropamide,
glibenclamide, dlipizide, gliquidone or saline. At selected
times (15, 30, 60 and 120 s of incubation), samples of
gland incubations were pipetted into ice-cooled tubes con-
taining 8 ml of solution B (10 mM HEPES, 150 mM NaCl,
5 mM CaCl, and 0.1 mM LaCl,, a pH 7.4) and were
immediately filtered under vacuum (25 cmHg) through
cellulose filters (Millipore 0.65 um pore). Gastric glands
retained by the filters were washed with 15 ml of medium
B, in order to eliminate the unincorporated radioactivity.
The filters were dried a 60°C for 30 min and their
radioactivity was measured in a liquid scintillation spec-
trometer.

2.6. Assays of cyclic AMP phosphodiesterase activity and
cyclic AMP

Low-K,, cyclic AMP phosphodiesterase activity of gas-
tric glands was determined according to the two-step iso-
topic procedure described by Thompson et al. (1979). The
method consists of the hydrolysis of [*H]cyclic AMP to
[*H]5-AMP by phosphodiesterase activity. The resulting
[*HI5-AMP is then further hydrolyzed to [*H]adenosine by

Table 1
Effect of sulfonylureas on acid and pepsinogen secretion in isolated rabbit
gastric glands

Acid secretion  Pepsinogen secretion

Control 1.00+0.0 1.00+0.0

Glibenclamide, 1 uM 1.03+0.15NS  1.04+0.06NS
Glibenclamide, 50 uM 0.88+0.10NS  1.07+0.06NS
Tolbutamide, 10 uM 1.05+0.16N  1.14+0.07NS
Tolbutamide, 500 uM 0.93+0.16N°  1.01+0.14\S
Chlorpropamide, 10 uM 0.76+0.23"S  1.27+0.19NS
Chlorpropamide, 500 uM  0.82+0.05NS  0.83+0.19NS
Glipizide, 1 uM 0.69+0.38N°  0.95+0.17NS
Glipizide, 50 uM 1.13+0.16N  0.97+0.09NS

Isolated gastric glands were incubated for 30 min with different concen-
trations of sulfonylureas, as indicated in Section 2. Results are expressed
as stimulation (n-fold) versus the corresponding control value. Control
acid secretion was 1.41+0.09 uM and 6.54+1.10 uM. Data are the
means+ S.E.M. of four different experiments.

NS: No significant difference versus the corresponding control incubation.
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Fig. 1. Effect of different concentrations of gliquidone on the rates of acid
(A) and pepsinogen (B) secretion in isolated rabbit gastric glands. Gastric
glands were incubated for 30 min with different concentrations of glig-
uidone, asindicated in Section 2. Control values were 1.41 +0.09 for acid
secretion and 6.5441.10 for pepsinogen secretion. Values represent the
mean+ SEE.M. of seven different experiments, with incubations carried
out in duplicate. Paired Student’s t-test versus the corresponding control
vaue: " "P<0.01; * " "P < 0.00L

addition of 5'-nucleotidase from snake venom. Samples are
then filtered through an anion-exchange resin (Dowex
1-X8, 200-400 mesh) to bind all charged nucleotides,
leaving [*H]adenosine as the only labelled compound to be
counted. To assay gastric gland cyclic AMP phosphodi-
esterase, isolated gastric glands (about 0.6 g wet weight)
were gently homogenized in three volumes of a medium
containing 10 mM Tris—HCI pH 7.4 and 0.25 M sucrose,
with the use of a motor-driven glass—Teflon homogenizer.
The homogenate was centrifuged at 12000 X g for 20 min,
at 4°C. The resulting supernatant was subsequently cen-
trifuged at 105000 X g for 60 min. Aliquots of the latter
supernatant were used to assay phosphodiesterase activity.
The reaction mixture contained 40 mM Tris—HCI pH 8.0,
10 mM MgCl,, 3.75 mM B-mercaptoethanol, 125 ug,/ml
bovine serum abumin, 0.35 wM cyclic AMP (0.32
uCi /nmol) and 0.03 mg of cytosolic protein from gastric
gland extracts. The reaction was carried out at 30°C for 10
min and then the samples were processed as indicated by
Thompson et al. (1979).

The glandular content of cyclic AMP was determined in
trichloroacetic acid extracts of gastric gland suspensions
by using a radioimmunological method, as previously de-
scribed (Feliu et al., 1983). Gastric glands were incubated,
at 37°C, for 5 min with different concentrations of sulfony-
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lureas, in the absence or in the presence of either IBMX
(0.5 mM) or forskalin (10 wM). After deproteination with
5% trichloroacetic acid and subseguent centrifugation
(3000 x g for 15 min), cyclic AMP was determined in the
supernatants.

2.7. Satistical analysis

Statistical significance of differences was calculated by
the paired Student’s t-test. The differences were consid-
ered statigtically significant when P was less than 0.05.
The K; value was calculated by the FIG.P figure proces-
Sor.

3. Reaults

In a systematic study of the influence of different
sulfonylureas on the rate of acid formation and pepsinogen
secretion in isolated rabbit gastric glands, we observed that
the presence of glibenclamide, tolbutamide, chlor-
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Fig. 2. Influence of gliquidone on the rate of acid production in isolated
rabbit gastric glands stimulated by either histamine or carbachol. Gastric
glands were incubated for 30 min, at 37°C, either under basal conditions
(O, m) or with different concentrations of histamine (A) or carbachol
(B), in the absence (open symbols) or in the presence of 50 uM
gliquidone (full symbols). The [**Claminopyrine concentration ratio un-
der basal conditions was 1.21+0.1 for (A) and 1.52+0.13 for (B).
Values represent the mean+ S.E.M. of four different experiments, with
incubations carried out in duplicate. Paired Student’s t-test: * “ P < 0.01
and * * *P < 0.001, versus the corresponding control value; **P < 0.01
and ***P < 0.001, versus the corresponding histamine or carbachol
incubations.
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Fig. 3. Influence of gliquidone on the rate of pepsinogen release from
isolated rabbit gastric glands stimulated by either isoproterenol or CCK-
OCT. Gastric glands were incubated for 30 min at 37°C, either under
basal conditions (O, m) or with different concentrations of isoproterenol
(A) or CCK-OCT (B), in the absence (open symbols) or in the presence
of 50 uM gliquidone (full symbols). Pepsinogen release under basal
conditions was 10.8+1.75 for (A) and 6.76+1.28 for (B). Vaues
represent the mean+ S.E.M. of four to seven different experiments, with
incubations carried out in duplicate. Paired Student's t-test: * P < 0.05;
**P <001 “**P <0.001 versus the corresponding control valueg; *P
<0.05 and **P < 0.01, versus the corresponding isoproterenol or CCK-
OCT incubations.

propamide or glipizide in the incubation medium did not
significantly modify the basal rate of either acid produc-
tion or pepsinogen release (Table 1). Among the sulfony-
lureas assayed, only gliquidone clearly stimulated acid
production in a dose-dependent manner, in isolated gastric
glands (Fig. 1A). The maxima stimulation (9.10 + 1.69-
fold versus basal incubation) was already observed at 50
uM, the calculated concentration corresponding to the
half-maximal effect (ECs,) being 30 M. Gliquidone also
stimulated the release of pepsinogen in isolated gastric
glands. In fact, a 2.38 4+ 0.08-fold greater release of
pepsinogen was observed with 100 uM gliquidone than
under basal conditions (Fig. 1B).

The influence of gliquidone on acid production in either
histamine- or carbachol-stimulated gastric glands was also
studied. As expected, histamine increased the rate of acid
production in a dose-dependent manner (Fig. 2A); the
maximal stimulatory effect (8.57 + 1.50-fold versus the
basal value) was observed at 100 uM histamine. The
additional presence of gliquidone in the incubation medium
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Fig. 4. Time course of the effect of gliquidone on **Ca* uptake in
isolated rabbit gastric glands. Gastric glands were incubated, at 37°C, in
the absence (O) or in the presence of 50 uM gliquidone (@) for the
selected times. Samples of the gastric gland incubations were processed
as indicated in Section 2. Values are the means+ S.E.M. of four different
experiments, with incubations being carried out in duplicate.

clearly potentiated the stimulation of acid secretion caused
by this agent. In fact, the simultaneous presence of glig-
uidone (50 wM) and histamine (100 wM) in the incuba
tion medium resulted in a41.91 + 6.30-fold increase in the
rate of acid production, as compared to that observed
under basal conditions (Fig. 2A). Carbachol aso signifi-
cantly raised the rate of acid production (2.03 + 0.16-fold
at 100 uM). The additional presence of gliquidone clearly
potentiated the effect of this secretagogue; thus, the simul-
taneous presence in the incubation medium of both glig-
uidone and carbachol (50 and 100 uM, respectively)
raised the basal rate of acid production 17.61 + 1.47-fold
(Fig. 2B).

We also studied the influence of gliquidone on the rate
of pepsinogen release stimulated by either isoproterenol or
CCK-OCT. As shown in Fig. 3, these two agents caused a
dose-dependent stimulation of the rate of pepsinogen re-
lease. The presence of 100 uM isoproterenol or 10 nM
CCK-OCT in the incubation medium caused a significant
increase in the rate of pepsinogen release by isolated
gastric glands (2.59 + 0.29- and 3.17 + 0.86-fold greater
versus the basal value, respectively). Again, the additional
presence of gliquidone (50 wM) significantly reinforced
the actions of both isoproterenol and that of CCK-OCT,
resulting in a 3.68 + 0.51- and 4.53 + 1.06-fold greater
stimulation, respectively, as compared to the correspond-
ing basal values.

To gain more insight into the mechanism by which
gliquidone stimulates acid secretion and pepsinogen re-
lease, we studied the influence of this sulfonylurea on the
rate of Ca?* uptake by isolated gastric glands, as well as
on the glandular levels of cyclic AMP. As shown in Fig. 4,
gliquidone (50 uM) did not significantly affect the basal
rate of *Ca?* uptake during the entire incubation time.
Moreover, no significant changes in Ca®" uptake were
obtained in the presence of other sulfonylureas
(glibenclamide, tolbutamide, chlorpropamide and glip-

izide) (data not shown). Neither glibenclamide, tolbu-
tamide, chlorpropamide nor glipizide significantly modi-
fied the glandular concentration of cyclic AMP (control:
2.88+ 0.26; 50 uM glibenclamide: 2.84 + 0.34"°; 100
uM tolbutamide: 2.70 + 0.31NS; 100 wM chlorpropamide:
2.88+ 0.09"S; 50 uM glipizide: 2.64 + 0.32NS, These
values represent the mean + S.E.M. of 4 different experi-
ments and correspond to pmol of cyclic AMP/mg dry
weight of gastric glands). In contrast, gliquidone (50 wM)
significantly raised the glandular content of cyclic AMP by
about 25% over the control value (Table 2). The stimula-
tory effect of gliquidone on cyclic AMP levels was aso
observed in gastric glands incubated with histamine, iso-
proterenol, carbachol or CCK-OCT (Table 2). As previ-
ously reported (Hersey, 1987; Soll and Berglindh, 1987),
these last two secretagogues did not significantly affect the
glandular concentration of cyclic AMP, when assayed
Separately.

The rise in the glandular content of cyclic AMP caused
by gliquidone could be explained by either stimulation of
cyclic AMP production or inhibition of cyclic AMP degra-
dation. To determine which of these two possible mecha-
nisms was implicated, the influence of gliquidone (0-100
wM) on cyclic AMP levels was studied in isolated gastric
glands incubated either in the presence of 10 uM forskolin
(a known activator of adenylate cyclase) or in the presence
of 0.5 mM IBMX (an inhibitor of cyclic AMP phosphodi-
esterase activity). As shown in Fig. 5, under basal condi-
tions the increase in cyclic AMP levels was dependent on
the assayed concentration of sulfonylurea; the maximal
effect (35% over basal value) was observed at the highest
gliquidone concentration (100 wM) (basal: 2.17 + 0.19;
100 uM gliquidone: 2.93 4+ 0.15 (P < 0.01)). It is note-
worthy that the effect of the sulfonylurea persisted in the

Table 2
Effect of gliquidone on cyclic AMP levels in isolated rabbit gastric
glands incubated with different secretagogues

Saline 50 uM gliquidone
Control 2.88+0.26 357+0.30%
Histamine 100 uM 4.06+0.39° 5.80+0.4652
Carbachol 100 M 2.91+0.27NS 4.13+0.24*
CCK-OCT 0.1 uM 3.06+0.51NS 4.45+0.474
Isoproterenol 10 uM 5.35+0.892 11.37+1.9872

Isolated gastric glands were incubated with the indicated agents for 5 min
at 37°C. Cyclic AMP was determined in acid extracts by a radioimmuno-
logical method. Results are expressed as pmol of cyclic AMP per mg of
dry weight. Values are the means+ S.E.M. of four different experiments.
APaired Student's t-test versus the corresponding saline incubation:
P < 0.05.

Bpaired Student's t-test versus the corresponding saline incubation: P <
0.01.

NS: No significant difference.

®Paired Student's t-test versus the corresponding control incubation:
P < 0.05.

PPaired Student's t-test versus the corresponding control incubation:
P <0.01.



230 J.C. Déel Valleet al. / European Journal of Pharmacology 343 (1998) 225-232

40F

= 32} x
S *
a o 24r1
27 e}
OS5 8¢f
-

o
s E * 1
°e 3'W
£ 2

010 25 50 100
[GLIQUIDONE] (uM)

Fig. 5. Effect of different concentrations of gliquidone on cyclic AMP
levels in isolated rabbit gastric glands. Gastric glands were incubated, at
37°C for 5 min, in the absence (O) or in the presence of either 0.5 mM
IBMX (@) or 10 uM forskolin (m). Values represent the mean+ S.E.M.
of four different experiments, with incubations being carried out in
duplicate. Paired Student’s t-test versus the corresponding control value:
“P <005 “"P <001

presence of forskolin (10 uM forskolin: 15.28 + 4.6; 10
uM forskolin+ 100 uM gliquidone: 26.21 + 7.48 (P <
0.05)), while it was suppressed in gastric glands treated
with IBMX (0.5 mM IBMX: 9.59 + 2.06; 0.5 mM IBMX
+ 100 uM gliquidone: 8.71 + 1.59 (no significant differ-
ence)). These results suggest that gliquidone may raise the
glandular levels of this cyclic nucleotide by inhibition of
cyclic AMP phosphodiesterase activity. In fact, gliquidone
caused a dose-dependent inhibition of the activity of this
enzyme in cytosolic extracts of isolated rabbit gastric
glands. The maximal inhibitory effect (about 85%) was
observed at 100 uM gliquidone (basal: 126.28 + 5.66; 100
uM gliguidone: 15.17 + 0.63 (P < 0.001)), the calculated
EC,, value corresponding to 7 wM (Fig. 6). The inhibition
of cyclic AMP phosphodiesterase activity caused by 0.5
mM IBMX (about 92%) is also shown in Fig. 6.

In order to elucidate the type of inhibition of cyclic
AMP phosphodiesterase activity exerted by gliquidone, we
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Fig. 6. Effect of different concentrations of gliquidone on cyclic AMP
phosphodiesterase activity in isolated rabbit gastric glands. Enzyme activ-
ity was assayed in gastric gland extracts, as indicated in Section 2. Values
represent the means+ S.EE.M. of four different experiments. The in-
hibitory effect of IBMX (0.5 mM) was aso tested (). Paired Student’s
t-test versus the basal value: “P < 0.05; * " “P < 0.001.
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Fig. 7. Double-reciprocal plot of the inhibition of cyclic AMP phosphodi-
esterase by gliquidone. Concentrations of gliquidone: none (O), 10 uM
(@), 25 uM (m) and 100 uM (a). Data are from a representative
experiment carried out in triplicate.

carried out a kinetic analysis in the presence of different
concentrations of this sulfonylurea. As shown in Fig. 7,
gliquidone caused a competitive inhibition of low-K,,
cyclic AMP phosphodiesterase activity, the calculated K;
being 7.1 + 1.3 M. In contrast, neither chlorpropamide,
glipizide, nor glibenclamide significantly modified the ac-
tivity of this enzyme. Only tolbutamide caused a small but
statistically significant stimulation of cyclic AMP phos-
phodiesterase activity (control: 126.28 + 5.66; 100 uM
chlorpropamide: 161.71 + 17.80N°; 50 uM glibenclamide:
110.0 + 1.40MS; 100 uM tolbutamide: 173.80 + 17.91 (P
< 0.05); values are the means+ S.E.M. from 6 experi-
ments and are expressed in pmol /mg of protein X min).

4, Discussion

In addition to the stimulation of insulin release, sulfony-
lureas also exert metabolic effects, related and not related
to its hypoglycemic action, in extrapancreatic tissues
(Feldman and Lebovitz, 1969; Beck-Nielsen et al., 1988;
Melander et al., 1990). Thus, increase in cardiac contractil-
ity (Tan et a., 1984), inhibition of platelet aggregation
(Levey, 1977), stimulation of gastric secretion (Roth et al.,
1971) and dteration of water balance (Skillman and Feld-
man, 1981) are some of the extrapancreatic effects of
sulfonylureas not related to the control of glycemia

The mechanism by which sulfonylureas exert their ef-
fects in extrapancreatic tissues is controversial. In excitable
tissues such as heart, brain or smooth muscle (Ashcroft
and Ashcroft, 1992; Panten et al., 1992), sulfonylureas
have been reported to block ATP-dependent K* channels,
causing the depolarization of the cell membrane and the
subsequent influx of extracellular Ca?* through voltage-
operated Ca?* channels. In contrast, in isolated rat hepato-
cytes and adipocytes, sulfonylureas have been shown to
increase [Ca?* ], and to accelerate the uptake of extracellu-
lar ®Ca2* by a till to be definitively established mecha-
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nism, which appears to be independent of the modulation
of ATP-dependent K* channels (Draznim et al., 1987;
Lopez-Alarcon et al., 1993). Contradictory results have
been published concerning the modulation by sulfony-
lureas of cyclic AMP levels, adenylate cyclase and cyclic
AMP phosphodiesterase activities in different mammalian
tissues. Thus, tolbutamide has been shown to activate
adenylate cyclase and increase cyclic AMP levels in pan-
creas (Kuo et al., 1973). In addition, tolbutamide and other
first-generation sulfonylureas are reported to cause a
marked activation of adenylate cyclase in particulate
preparations from both rabbit and human heart (Levey et
al., 1971; Lasseter et al., 1972). Other studies have shown
that sulfonylureas inhibit cyclic AMP-specific phosphodi-
esterase activity in a wide variety of tissues including
adipose tissue, pancreas, brain, heart, kidney, liver and
platelets (Brooker and Fichman, 1971; Goldfine et al.,
1971; Roth et a., 1971). In contrast, severa reports indi-
cate that these drugs can reduce the tissue content of cyclic
AMP through the activation of low-K,, cyclic AMP phos-
phodiesterase (Osegawa et al., 1982; Milller et al., 1994).
Differences in the sulfonylureas, concentrations and mam-
malian tissues used may explain such discordant findings.

In this work, we studied the influence of different ora
hypoglycemic agents (tolbutamide, chlorpropamide,
glibenclamide, gliquidone and glipizide) on the rate of acid
production and pepsinogen release in isolated rabbit gastric
glands. Among the sulfonylureas tested, only gliquidone in
the micromolar range was able to stimulate significantly
the basal rate of acid production. In fact, in gastric glands
incubated under basal conditions, the maximal stimulatory
effect eicited by gliquidone was aready observed at a
concentration of sulfonylurea of 50 wM. This maximal
effect was quantitatively similar to the stimulation caused
by a saturating concentration of histamine and much higher
than the maximal stimulation elicited by carbachol. Glig-
uidone also markedly potentiated the rate of acid produc-
tion in gastric glands incubated in the presence of either
histamine or carbachol, even at saturating concentrations
of these two secretagogues. This does not support a possi-
ble indirect secretory action of gliquidone on acid forma-
tion through the release of histamine by mast cells present
in the gastric gland preparations. Furthermore, the evi-
dence for a direct effect of the sulfonylurea on gastric
glands is reinforced by the observation that gliquidone also
significantly stimulated the rate of pepsinogen release un-
der basal conditions and in the presence of isoproterenol or
CCK-OCT.

In an attempt to investigate the mechanism by which
gliquidone stimulates the rates of acid and pepsinogen
secretion, we studied the influence of these agents on both
the rate of *Ca?* uptake and on cyclic AMP levels in
isolated gastric glands. Thus, it was observed that neither
gliquidone or any of the other assayed sulfonylureas signif-
icantly modified the rate of “Ca?* uptake by the glands.
This indicates that the specific secretory effect of glig-

uidone appears not to be related to the modulation of Ca2*
influx into the gastric glands. When the influence of
sulfonylureas on the glandular content of cyclic AMP was
studied, it was observed that only gliquidone was able to
increase the basal content of cyclic AMP in isolated gastric
glands, an effect that was dose dependent. In gastric glands
incubated under basal conditions, the increase caused by
gliquidone in cyclic AMP levels was small, but statistically
significant, and quite similar to that elicited by a saturating
concentration of histamine, a known gastric acid secreta-
gogue which operates through a cyclic AMP-dependent
mechanism (Soll and Berglindh, 1987). Furthermore, the
effect of gliquidone on the glandular levels of cyclic AMP
was more clearly observed when the formation of the
cyclic nucleotide was stimulated by the presence of either
isoproterenol or histamine in the incubation medium. These
findings, together with the fact that the effect of gliquidone
persisted in the presence of 10 wM forskolin and disap-
peared in gastric glands treated with 0.5 mM IBMX,
suggested that gliquidone could interfere with the degrada-
tion of cyclic AMP. Confirming this hypothesis, glig-
uidone, but none of the other sulfonylureas assayed, caused
a marked and competitive inhibition of low-K,, cyclic
AMP phosphodiesterase activity present in the soluble
fraction of isolated rabbit gastric glands. The maximal
inhibition (about 85%) was observed at 100 uM, the
calculated K; value being 7.1 + 1.3 uM. Although, as
previously mentioned, the subject is controversia, these
findings agree with other reports showing the ability of
sulfonylureas to cause competitive inhibition of cyclic
AMP phosphodiesterase activity in different animal tissue
extracts (Brooker and Fichman, 1971; Goldfine et al.,
1971; Roth et a., 1971).

The pharmacological implications of our findings de-
serve a final comment. As shown above, gliquidone at
concentrations ranging from 10 to 100 uM was able to
significantly stimulate both acid and pepsinogen secretion
and to potentiate the effect of well established secreta-
gogues in an in vitro preparation of rabbit gastric glands.
In humans, the maximal plasma concentration of glig-
uidone after a single ord dose (30 mg) is about 1 uM
(Ferner and Chaplin, 1987), a concentration that is appar-
ently without effect on acid and pepsinogen secretion.
Nevertheless, it should be taken into account that much
higher concentrations (theoretically near 0.3 mM) could be
attained in the gastric lumen after oral administration of
the drug. Our work stresses the importance of specific
collateral biochemical effects, even within a given family
of drugs.

Acknowledgements

We thank Martha Messman for her expert editoria
assistance.



232 J.C. Déel Valleet al. / European Journal of Pharmacology 343 (1998) 225-232

References

Ashcroft, SJH., Ashcroft, F.M., 1992. The sulfonylurea receptor.
Biochim. Biophys. Acta 1175, 45-59.

Beck-Nielsen, H., Hother-Nielsen, O., Pedersen, O., 1988. Mechanism of
action of sulfonylureas with specia reference to the extrapancreatic
effect: An overview. Diabetic Med. 5, 613—620.

Berglindh, T., Obrink, K.J., 1976. A method for preparing isolated glands
from the rabbit gastric mucosa. Acta Physiol. Scand. 96, 150—159.
Berglindh, T., Helander, H.F., Obrink, K.J., 1976. Effects of secreta-
gogues on oxygen consumption, aminopyrine accumulation and mor-
phology in isolated gastric glands. Acta Physiol. Scand. 97, 401-414.

Boyd, A.E. IIl, Aguilar-Bryan, L., Nelson, D.A., 1990. Molecular mecha
nisms of action of glyburide on the beta cell. Am. J. Med. 89, 35-9S.

Brooker, G., Fichman, M., 1971. Chlorpropamide and tolbutamide inhibi-
tion of adenosine 35 cyclic monophosphate phosphodiesterase.
Biochem. Biophys. Res. Commun. 42, 824—828.

Draznim, B., Kao, M., Sussman, K.E., 1987. Insulin and glyburide
increase cytosolic free-Ca?* concentration in isolated rat adipocytes.
Diabetes 36, 174-178.

Feldman, JM., Lebovitz, H.E., 1969. Appraisal of the extrapancreatic
actions of sulfonylureas. Arch. Int. Med. 123, 314-322.

Feliu, JE., Mojena, M., Silvestre, RA., Monje, L., Marco, J., 1983.
Stimulatory effect of vasoactive intestinal peptide on glycogenolysis
and gluconeogenesis in isolated rat hepatocytes: Antagonism by in-
sulin. Endocrinology 112, 2120-2127.

Ferner, R.E., Chaplin, S., 1987. The relationship between the pharma
cokinetics and pharmacodynamic effect of oral hypoglycaemic drugs.
Clin. Pharmacokinet. 12, 379-401.

Goldfine, I.D., Perlaman, R., Roth, J., 1971. Inhibition of cyclic 3 ,5-AMP
phosphodiesterase in islets cells and other tissues by tolbutamide.
Nature 234, 295-296.

Henquin, J.C., 1992. The fiftieth anniversary of hypoglycaemic
sulphonamide. How did the mother compound work?. Diabetologia
35, 907-912.

Hersey, S.J., 1987. Pepsinogen secretion. In: Johnson, L.R. (Ed). Physiol-
ogy of the Gastrointestinal Tract, 2nd ed. Raven Press, New Y ork, ch.
32, pp. 947-957.

Hersey, SJ.,, May, D., Schyberg, D., 1983. Stimulation of pepsinogen
release from isolated gastric glands by cholecystokinin-like peptides.
Am. J. Physiol. 244, G192—-G197.

Kimmich, G.A., 1975. Preparation and characterization of isolated intesti-
nal epithelia cells and their use in studying intestinal transport. In:
Methods in Membrane Biology, vol. 5. Plenum Press, New Y ork, pp.
51-115.

Kuo, W., Hodgins, D.S., Kuo, JF., 1973. Adenylate cyclase in idets of
Langerhans. Isolation of islets and regulation of adenylate cyclase
activity by various hormones and agonists. J. Biol. Chem. 284,
2705-2711.

Lasseter, K.C., Levey, G.S.,, Pamer, R.F., McCarthy, J.S., 1972. The
effect of sulfonylurea drugs on rabbit myocardial contractility, canine

purkinje fiber automaticity and adenyl cyclase activity from rabbit
and human hearts. J. Clin. Invest. 51, 2429-2434.

Lebovitz, H.E., Feinglos, M.N., 1978. Sulfonylurea drugs: Mechanism of
antidiabetic action and therapeutic usefulness. Diabetes Care 1, 189—
198.

Levey, G.S, 1977. The effects of sulfonylureas on peripheral metabolic
processes. Fed. Proc. 36, 2720—-2723.

Levey, G.S.,, Pamer, R.F., Lasseter, K.C., McCarthy, J., 1971. Effect of
tolbutamide on adenyl cyclase in rabbit and human heart and contrac-
tility of isolated rabbit atria. J. Clin. Endocrinol. Metab. 33, 371-374.

Lopez-Alarcon, L., Mélian, E., Muhoz-Alonso, M.J., Guijarro, C., Bosca,
L., Feliu, JE., 1993. Sulfonylureas activate glycogen phosphorylase
and increase cytosolic free-Ca2* levels in isolated rat hepatocytes.
Metabolism 42, 624—630.

Malaisse, W.J.,, Lebrun, P., 1990. Mechanisms of sulfonylurea-induced
insulin release. Diabetes Care 13 (3), 9-17.

Martindale, 1996. In: Reynolds, J.E.F. (Ed.), The Extra Pharmacopoeia,
31st ed. Royal Pharmaceutic Society, London.

Melander, H.E., Lebovitz, H.E., Faber, O.K., 1990. Sulfonylureas: Why,
which and how. Diabetes Care 13 (3), 18-25.

Miller, G.U., Wied, S., Wetekam, E.M., Crecelius, A., Unkelbach, A.,
Punter, J., 1994. Stimulation of glucose utilization in 3T3 adypocites
and rat diaphragm in vitro by the sulphonylureas, glimepiride and
glibenclamide, is correlated with modulations of the cAMP regulatory
cascade. Biochem. Pharmacol. 48, 985—996.

Osegawa, M., Makino, H., Kanatsuka, A., Kumagai, A., 1982. Effects of
sulfonylureas on membrane-bound low K, cyclic AMP phosphodi-
esterase in rat fat cells. Biochim. Biophys. Acta 721, 289-296.

Panten, U., Schwanstecher, M., Schwanstecher, C., 1992. Pancreatic and
extrapancreatic sulfonylurea receptor. Horm. Metab. Res. 24, 549—
554,

Ross, I., Olea, J., Herias, M., Pereda, C., Feliu, JE., 1992. Fructose
2,6-bisphosphate levels and modulation of glycolysis by histamine,
cholecystokinin and forskolin in isolated rabbit gastric glands.
Metabolism 41, 339-344.

Roth, J.,, Prout, T.E., Goldfine, I.D., Wolfe, S.M., Muenzer, J., Grauer,
L.E., Marcus, M.L., 1971. Sulfonylureas. Effectsin vivo and in vitro.
Ann. Int. Med. 75, 607—621.

Skillman, T.G., Feldman, JM., 1981. The pharmacology of sulfony-
lureas. Am. J. Med. 70, 361-372.

Soll, A.H., Berglindh, T., 1987. Physiology of isolated gastric gland and
parietal cells: receptors and effectors regulating function. In: Johnson,
L.R. (Ed.), Physiology of the Gastrointestina Tract, 2nd ed. Raven
Press, New York, ch. 29, pp. 883-909.

Tan, B.H., Wilson, G.L., Schaffer, SW., 1984. Effect of tolbutamide on
myocardial metabolism and mechanical performance of the diabetic
rat. Diabetes 33, 1138-1143.

Thompson, W.J., Terasaki, W.L., Epstein, P.M., Strada, S.J., 1979. Assay
of cyclic nucleotide phosphodiesterase and resolution of multiple
molecular forms of the enzyme. Adv. Cycl. Nucleotide Res. 10,
69-92.



