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Sulfonylurea-induced inhibition of glucagon secretion from the perfused
rat pancreas: evidence for a direct, non-paracrine effect
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Summary. The effects of sulfonylurea on glucagon secretion
were characterized in the perfused rat pancreas using gliben-
clamide (1 pg/mi) or tolazamide (10 pg/ml) in the presence
of 3.3 mmol/l glucose. Glucagon release, which was unaf-
fected by glibenclamide at 2.75 mmol/} calcium, was suppres-
sed at 1.19 and 0.64 mmol/l but transiently stimulated at
0.25 mmol/1 extracellular calcium. The insulinogenic effect of
glibenclamide at 0.64 and 0.25 mmol/1 calcium was enhanced
by 35% and 89%, respectively, compared to the response at
2.75 mmol/1 calcium. The stimulatory effect of the compound
on somatostatin secretion, however, was lost at the lower cal-
cium levels. The effects of tolazamide at 2.75 and 0.64 mmol/1
calcium mimicked those of glibenclamide, thus indicating that
our results with the latter compound may be representative for
all sulfonylureas. In pancreata from insulin-deficient alloxan-

diabetic rats, glibenclamide completely lost its inhibitory ef-
fect on glucagon release at 0.64 mmol/1 calcium. Inhibition
was not restored by adding insulin (25 U/1) to the perfusate.
However, when diabetic rats had been treated with insulin for
6-7 days, glibenclamide suppressed glucagon release at low
calcium levels in the absence of stimulated insulin and soma-
tostatin release. It is concluded that, at low calcium concentra-
tions, sulfonylureas suppress glucagon secretion by a direct
action on the A cell and not through paracrine interactions by
insulin and somatostatin. Prolonged insulin deficiency im-
pairs the sulfonylurea action on glucagon secretion.
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It is well established that sulfonylureas stimulate the
pancreatic secretion of insulin and somatostatin [1-3].
Glucagon release, on the other hand, is reportedly ei-
ther unaffected [4-6], stimulated [7, 8], inhibited [9-11},
or dually stimulated-inhibited [8, 12] by this group of
compounds. These conflicting results probably origi-
nate from the use of different experimental conditions.
The glucagon response thus appears to depend on the
species studied and the type and concentration of sul-
fonylureas [12, 13], as well as on the concentration of
ambient nutrients and electrolytes such as glucose, ami-
no acids, calcium and potassium [3, 8, 12-17]. Since
these factors also affect the interaction of sulfonylureas
with the secretion of insulin and somatostatin, it has
been repeatedly suggested that the effect of sulfonyl-
ureas on glucagon release is mainly determined by
paracrine interactions between B and D cells on one
hand and the glucagon-producing A cell on the other
hand {3, 12, 15].

Studies in the isolated perfused rat pancreas have
demonstrated that glucagon secretion, at physiological
levels of glucose and calcium, is unaffected by gliben-

clamide, a second generation sulfonylurea [3, 18]. In the
absence or near-absence of glucose [3] and in the pan-
creata isolated from fasted animals [18], however, the
compound evoked a significant suppression of gluca-
gon release. This effect was parallelled by enhanced
somatostatin responses. In contrast, when glibencla-
mide was introduced concomittant with a low calcium
level (0.25 mmol/1), the compound enhanced glucagon
release while somatostatin release was abolished [17].
Taken together, these findings support the idea that the
inhibitory effect of glibenclamide on the A cells is medi-
ated by a paracrine effect of somatostatin [3, 15].

The aim of the present investigation was to further
elucidate the nature of the effect by sulfonylurea on the
glucagon-producing A cell. For this purpose, we have
studied the glibenclamide-induced insulin-, glucagon-
and somatostatin-responses after imposing different
levels of calcium in the perfused medium. Our initial
results showed that, at moderately decreased calcium
levels, glibenclamide inhibited glucagon release while
somatostatin release was abolished. The effects of gli-
benclamide at 0.64 mmol/1 calcium in pancreata iso-
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lated from insulin-deficient alloxan-diabetic rats were
then investigated, since paracrine influences of B and
D cells on glucagon secretion seemed to be eliminated
by the destruction of B cells and the attenuation of D-
cell response. In order to clarify whether the observa-
tions obtained with glibenclamide may be extended to
other sulfonylureas, we also characterized the effects of
a first generation sulfonylurea tolazamide at normal
and reduced levels of calcium in the perfusate.

Materials and methods

Animals

Male Sprague-Dawley rats (Anticimex, Solna, Sweden), weighing
200-250 g and fed ad libitum, were used. Experimental diabetes was
induced in one series of rats by an intraperitoneal injection of alloxan
monohydrate (180 mg/kg body weight; Sigma, St. Louis, Mo, USA)
dissolved in 0.5 ml of ice-cold saline immediately before the injection.
All diabetic rats were used for perfusion experiments two weeks after
the alloxan treatment. One group of diabetic rats received one daily
subcutaneous injection of heat-treated [19] ultralente insulin (6-10 U/
d; Novo, Bagsvaerd, Denmark) to achieve normoglycaemia during
the last 6-7 days preceding perfusions. Blood glucose concentrations
and body weights were monitored daily in each of the alloxan-diabet-
ic rats.

Perfusion of isolated pancreas

All animals were anaesthetized by an intraperitoneal injection of pen-
tobarbital (100 mg/kg body weight). Each pancreas was dissected free
from adjacent tissues [20] and perfused by a cannula inserted into the
abdominal aorta. The perfusion medium was not allowed to recircu-
late. Except for variations in calcium, it consisted of a Krebs-Hense-
leit bicarbonate buffer solution [21] containing 20 g/1 bovine plasma
albumin (Sigma) and 3.3 mmol/1 D-glucose. Varying concentrations
of calcium in different protocols were achieved by the addition of dif-
ferent amounts of CaCl,, resulting in total calcium concentrations of
0.25, 0.64, 1.19 and 2.75mmol/l. Although calcium concentrations
differed between experimental protocols, they were in no instance
varied during the course of each experiment. All experiments in-
cluded an initial 20 min equilibration period (during which the de-
sired levels of calcium were already present), recorded in the Figures
as min - 20 to zero. The period of equilibration was followed by a test
period (recorded as min 0-20 in the Figures) during which glibencla-
mide (1 mg/1; Hoechst AG, Frankfurt, FRG) or tolazamide (10 mg/1;
Hoechst AG) was present in the perfusion medium. The sulfonylurea
drugs were dissolved at concentrations of 0.5 mg/ml and 5 mg/ml, re-
spectively, in distilled water with addition of a small amount of
5 mmol/1 NaOH. Each experiment was terminated with a 10 min peri-
od (recorded as min 20-30 in the Figures) of perfusion with drug-free
medium. In control experiments the pancreas was perfused through-
out the experiment with a medium containing the appropriate cal-
cium concentration but without the intermittent presence of drug dur-
ing min 0-20.

Some experiments were designed to test the effect of insulin in vit-
ro in alloxan-diabetic rats. In these experiments regular insulin at a
concentration of 24 U/l (Nordisk Insulin, Copenhagen, Denmark)
was present in the perfusion medium throughout the experiments, i.e.
from min —20 to +30.

The flow rate of perfusion medium was kept constant at 2.8 ml/
min. No visible edema of the pancreas developed. At the intervals in-
dicated in the Figures, samples of the perfusion medium were collect-
ed into ice-chilled tubes containing 1000 KIU of aprotinine (Trasylol;
Bayer, Leverkusen, FRG) and stored deep-frozen for subsequent ra-
dioimmunoassay of insulin [22], glucagon [23] and somatostatin [3].
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After perfusions, pancreata from non-diabetic and diabetic ani-
mals were homogenized and extracted overnight at +4°C in acid
ethanol (70% w(v) for determination of tota} pancreatic content of in-
sulin, glucagon and somatostatin,

Statistical analysis. Significance testing was performed using Stu-
dent’s t-test for unpaired data. A pvalue of 0.05 was considered statis-
tically significant.

Results

Effects of extracellular calcium concentrations on
glibenclamide-induced hormone release

Insulin. The insulin response to glibenclamide was simi-
lar at 2.75 and 1.19 mmol/! calcium in the perfusate
(Fig.1, Table1). At 0.64 and 0.25 mmol/1 calcium, the
first peak of insulin release (min 0-5) was increased
two-fold. Further, at the lowest calcium concentration
the second phase of glibenclamide-induced release was
enhanced by 75%. At all calcium concentrations, insulin
release was still elevated during the 10-min period fol-
lowing the presence of glibenclamide. In control perfu-
sions, where glibenclamide was absent throughout the
experiments, no significant insulin response was detect-
ed at 2.75, 0.64 or 0.25 mmol/1 calcium (Fig. 1).

Glucagon. The low basal release of glucagon was not
significantly affected by glibenclamide at 2.75 mmol/1
of calcium. When tested at 1.19mmol/1 and 0.64
mmol/1 of calcium, glibenclamide markedly and pro-
gressively suppressed glucagon release (Fig. 1, Table 1).
At these calcium concentrations the basal secretory
rates were increased three- to five-fold as compared to
basal secretion at 2.75 mmol/1 of calcium. At the lowest
calcium concentration (0.25 mmol/1) basal secretion
rate was further increased. Glibenclamide, however, eli-
cited a short-lived (5 min) peak of glucagon release, fol-
lowed by a modest decline in secretion rate. Control
perfusions at .25 mmol/1 calcium (without glibencla-
mide) revealed a similar decline in glucagon secretion
(Fig.1), indicating that the decrement following the
short-lived peak of glucagon is time- and not glibencla-
mide-dependent. In contrast, at 0.64 mmol/1 calcium
the decline in glucagon secretion as a function of perfu-
sion time was significantly smaller (— 11482 £2243 pg/
20 min) than the marked suppression induced by gli-
benclamide (—22177 1698 pg/20 min; n=6, p<0.01;
Fig.1).

Somatostatin. At 2.75mmol/1 of calcium, glibencla-
mide evoked a biphasic somatostatin response which
amounted to a five-fold enhancement above the basal
secretion (Fig.1, Table 1). The stimulated somatostatin
secretion persisted for a least 10 min after omission of
glibenclamide. When the calcium concentration was
1.19 mmol/1 rather than 2.75 mmol/I, glibenclamide-in-
duced somatostatin release was inhibited by 77%
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(32171 pg/20 min at 1.19 mmol/1 vs. 1.405+137 pg/
20 min at 2.75 mmol/1 calcium; p<0.001). In experi-
ments with 0.64 mmol/l and 0.25 mmol/1 of calcium,
glibenclamide failed to stimulate somatostatin release.
In control perfusions where glibenclamide was absent
throught the experiments, somatostatin release was not
significantly affected whether tested at 2.75, 0.64 or
0.25 mmol/1 calcium (Fig. 1).

Effects of insulin and somatostatin deficiency on
glibenclamide-inhibited glucagon release

The observation that at 0.64 mmol/! of calcium gliben-
clamide strongly inhibited glucagon release and simul-
taneously failed to stimulate somatostatin but elicited a
well preserved insulin response, suggested that the insu-
lin response could be responsible for the inhibition of
glucagon release through a paracrine mechanism. Ex-
periments were therefore performed to study the inhib-
itory effect on glucagon release under conditions where
enhanced B-cell secretion was eliminated. Thus, perfu-
sions were carried out at 0.64 mmol/1 of calcium in pan-
creata from insulin-deficient alloxan-treated rats. Insu-
lin deficiency was determined by constant hyperglyc-
aemia (> 20 mmol/I) and weight loss from the day after
injection. Diabetic rats injected with insulin gained
weight from 219 +12 gt0294+9 g (n=6, p<0.001) dur-
ing the week of treatment prior to perfusion experi-

-

Table 1. Effects of extracellular calcium on glibenclamide-induced
release of insulin, glucagon and somatostatin

Hormone Concentration of Ca?* in the perfusion medium
release

275 119 0.64 0.25

(n=6) (n=6) (n=6) (n=8)
Insulin (pU)
0-5min 1420+ 121 1575+ 240 2744+ 442*° 3039+ 31280
6-20 min 2114+188 2225+1017 2224+ 373 3891+ 308¢
Glucagon (pg)
0-5min — 282%151 — 2514+ 349° - 3327+ 301° 3295+ 782vbe
6-20 min —1448+581 —12752+23370  —18850£1439°  —7673 +1120%b¢
Somatostatin (pg)
0-5min 138+ 30 EYESR VA —6x 50 4+ 40
6-20 min 1267 109 2718+ 622 0+ 30%0 26+ 1320

Results (means = SEM) are derived from Figure 1. The release of hormones is expressed as
the integrated response (basal secretory rates subtracted) for the first phase, 0-5 min, and sec-
ond phase, 6-20 min, of the test period during which glibenclamide was present.

* p<0.05vs 2.75mmol/1 calcium; ® p<0.05 vs 1.19 mmol/l calcium; © p<0.05 vs
0.64 mmol/1 calcium

ments. The mean blood glucose concentration in these
animals was 5.4+£0.2mmol/l (n=6) during the last
5 days of insulin treatment, and 5.1+1.1 mmol/1 at the
time of killing.

The pancreatic content of glucagon was similar in
pancreata from non-diabetic, untreated and insulin-
treated diabetic rats (3.94+0.38, 3.88 0.36 and 3.39+
0.15 ug/pancreas; n=6). The somatostatin content was
slightly higher in glands from the untreated diabetic
animals (1.26 =0.09 pg/pancreas) than from nondia-
betic and insulin-treated diabetic rats (0.79 £0.05 and
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Table2. Glibenclamide-induced hormone responses in diabetic pan-
creata perfused at a low calcium level

Hormone Diabetic rats Diabetic rats + Diabetic rats +
release untreated insulin in vitro  insulin in vivo
Insulin (uWU)

0-5min 112+ 40 - 159+ 55
6-20 min 253+ 89 - 68+ 312
Glucagon (pg)

0-5min — 179+143 — 129+ 105 — 1828+ 685°
6-20 min — 1191509 —1326 £1039 — 14155 £ 25022
Somatostatin (pg)

0-5min —12+ 10 —-10x 7 -15+ 5
6-20 min —52+ 43 — 4+ 37 -29+ 24

Results (mean + SEM of 6-7 experiments in each group) are derived
from Figure 2 and expressed as in Table 1. Perfusions were performed
with 0.64 mmol/1 calcium present throughout the experiments.

2 p<0.05vs untreated diabetic rats

0.91+0.07 pg/pancreas; n=6, p<0.05). The total insu-
lin content was almost ten times higher after insulin
treatment than in the untreated condition (375.0 +86.1
vs. 39.6+7.7mU/pancreas; n=6, p<0.01). This in-
creased content was, however, only 15% of that of pan-
creata from non-diabetic rats (2.68+0.26 U/pancreas;
n=12).

Insulin. The insulin response to glibenclamide was
small and insignificant in pancreata from both untreat-
ed and insulin-treated diabetic rats (Fig.2 A, C, Table 2).

Glucagon. Glibenclamide failed to exert a suppressive
effect on glucagon release in pancreata from untreated

[
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diabetic rats (Fig.2 A, Table 2). Addition of a high con-
centration of porcine insulin (24 U/1) to the perfusate
did not restore a suppressive action (Fig.2 B). However,
when glibenclamide was perfused in pancreata from in-
sulin-treated rats (Fig.2C), the compound strongly in-
hibited giucagon release (— 18810+ 1577 pg/20 min) as
compared to control experiments where pancreata were
perfused with basal medium only (—9478 £1568 pg/
20 min; n=6, p<0.01).

Somatostatin. As expected from the results from non-
diabetic pancreata, glibenclamide-induced somato-
statin release was also totally abolished in diabetic pan-
creata at a calcium concentration of 0.64 mmol/1.
Insulin treatment in vitro or in vivo did not affect this
unresponsiveness (Fig. 2).

Effects of calcium levels on tolazamide-induced hormone
release

Insulin. Tolazamide induced a similar, biphasic insulin
response at 2.75 mmol/1 and 0.64 mmol/1 of calcium
(Fig.3). The second phase was, however, only 30% of
that elicited by glibenclamide (607 92 vs 2114188
wU/15 min; p<0.001). Furthermore, in contrast to gli-
benclamide-induced release, the secretion decreased to
pre-stimulatory rate after omission of tolazamide.

Glucagon. At both calcium concentrations, tolazamide
exerted effects on glucagon release (Fig.3) which were
quantitatively and qualitatively identical to the effects
by glibenclamide reported above. Thus, tolazamide in-
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Fig.3. Effects of different extracellular concentrations of calcium on
the pancreatic hormone responses to tolazamide. Tolazamide (10 ug/
ml) was added during min 0-20. Mean+ SEM of the respective num-
ber of experiments given in the Figure. SEM is indicated by the
shaded areas

hibited the secretion rate of glucagon at 0.64 mmol/1
calcium by approximately 60 percent.

Somatostatin. At 2.75 mmol/1 of calcium, tolazamide
stimulated somatostatin secretion three-fold (Fig. 3). Af-
ter omission of the drug the secretion returned to presti-
mulatory levels. At 0.64 mmol/] of calcium, tolazamide
did not significantly affect the release of somatostatin.

Discussion

Concerning B- and D-cell secretion, the present study
extends in more detail our recent report of a different
calcium dependency of glibenclamide-stimulated secre-
tion in the perfused rat pancreas [16]. Thus, a stepwise
reduction of the extracellular calcium concentration
promoted an enhanced B-cell response to the sulfonylu-
rea, whereas the D-cell response was gradually sup-
pressed and absent at 0.64 mmol/1 or lower calcium lev-
els. As to the glucagon-producing A cell, the interaction
between calcium and glibenclamide was more complex.
A decrease of the calcium concentration to 1.19 or
0.64 mmol/1 caused an enhanced basal glucagon secre-
tion, which was then markedly inhibited by glibencla-
mide. Needless to say, this suppression could not be
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mediated via a stimulation by the drug of endogenous
somatostatin release. Thus, the present data do not fa-
vour the idea that glibenclamide-mediated suppression
of glucagon release is due to a paracrine action by
somatostatin on the A cells [3, 15, 24].

Although glibenclamide inhibited glucagon secre-
tion at 0.64 mmol/1 calcium in the absence of a stimu-
lated somatostatin release, our first series of experi-
ments did not exclude a suppression of glucagon by a
paracrine interaction between B and A cells. Hence, we
repeated perfusions with glibenclamide at 0.64 mmol/1
calcium in insulin-deprived pancreata from alloxan-
diabetic rats. To avoid the short-term interference re-
ported between alloxan and the secretion of glucagon
[25, 26] and somatostatin {26, 27], the animals were used
for perfusions not earlier than 14 days after injection
with alloxan. In our animals, like in other studies using
alloxan- and streptozotocin-diabetic rats [28, 29], basal
glucagon release from the perfused pancreata was low-
er than from glands of non-diabetic rats. The loss of a
suppressive effect by glibenclamide on glucagon release
in pancreata from the alloxan-treated rats would at first
glance be compatible with a paracrine role for the en-
dogenous insulin secretion induced by sulfonylurea.
However, insulin treatment of the alloxan-diabetic rats
to achieve normoglycaemia during 1 week before perfu-
sion experiments restored the glibenclamide-induced
suppression of glucagon secretion. From these data it
can be concluded that glibenclamide exerts a direct in-
hibitory action on the A cell at a low calcium concentra-
tion. At 2.75mmol/1 calcium glibenclamide did not
significantly inhibit glucagon secretion. It cannot be
excluded that this lack of suppression could be due to
the low basal secretion rate of glucagon present during
the equilibration period preceding glibenclamide.

Normoglycaemia achieved by long-term insulin
treatment of diabetic animals appears to be a prerequi-
site for the direct suppressive effect by the sulfonylurea
on glucagon. It is not clear to which extent hyperglyc-
aemia, insulinopenia and other metabolic aberrations
associated with the diabetic state play a role in estab-
lishing insensitivity of the A cell. The present results do
not support a direct effect of insulin, since this hor-
mone, when added in vitro, did not restore suppressi-
bility. Previous results give some indications of a role
for hyperglycemia per se. It was demonstrated that am-
bient glucose profoundly influences glibenclamide-in-
duced effects on glucagon secretion. When tested in the
absence of glucose, and at normal calcium concentra-
tion, glibenclamide suppressed glucagon secretion,
whereas this effect was not seen after the addition of
glucose [3, 16]. Hence, at least in some experimental sit-
uations, glucose attenuates a suppressive effect of gli-
benclamide on glucagon secretion. In this context it is
also of interest that our findings are analogous to recent
observations that chronic hyperglycaemia leads to glu-
cose “blindness” of A cells, i.e. a failure of glucose to
inhibit glucagon secretion {30, 31}. However, the extent
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to which the present defect is related to that of glucose
“blind ness” has not been investigated here.

The mechanisms by which sulfonylureas interact
with islet hormone secretion have hitherto been studied
extensively only in normal pancreatic islets, which con-
sist of a majority of B cells [32]. Available data indicate
that the insulin-releasing action is initiated by the bind-
ing of sulfonylurea to the plasma membrane of the
B cells, [33]. Thus, most sulfonylureas bind rapidly and
selectively to membranes of B cells. Glibenclamide,
however, also accumulates in the cells [33]. The differ-
ences in uptake could explain the protracted effects of
glibenclamide, but not of tolazamide, after omission of
the respective drug from the perfusate. It should be
stressed that this does not indicate more than one mode
of action in common for all sulfonylureas [33], since the
nature of effects on pancreatic hormone secretion by
glibenclamide and tolazamide were similar.

The present study demonstrates that sulfonylureas
exert both stimulatory and inhibitory effects on gluca-
gon secretion. The precise mechanisms behind these
divergent actions are not known. However, available
evidence suggests that both a stimulatory and an inhib-
itory effect of sulfonylurea on glucagon release can be
secondary, at least in part, to sulfonylurea-induced al-
terations in calcium fluxes. Thus, the compounds in-
duce uptake of ¥Ca** in islets and depolarize islet
B cells, thereby allowing Ca** influx, at least in this
type of cell [33]. Furthermore, glucagon secretion is di-
phasically dependent on the extracellular concentration
of calcium. At very low concentrations of extracellular
calcium (such as those achieved by addition of EGTA),
addition of calcium stimulates glucagon secretion,
whereas further addition of this ion inhibits secretion
[34]. This dose-response pattern bears resemblance to
the influence of glibenclamide on glucagon secretion in
the present experiments. Glibenclamide-induced stimu-
lation was thus prompt and apparent at low calcium
(0.25 mmol/1), whereas the inhibitory effects on secre-
tion were seen at higher extracellular calcium. The
present control perfusions without glibenclamide at
0.25 mmol/1 calcium indicate that the decline in gluca-
gon release after the transient stimulation is time-de-
pendent and not due to glibenclamide.

In previous experiments we used another protocol
to study the interactions of calcium, sulfonylurea and
glucose on glucagon secretion. Glucagon secretion was
stimulated by a switch to calcium deficiency, and this
response was further enhanced by the concomittant ad-
dition of glibenclamide [17]. In these experiments, the
stimulatory effect of glibenclamide was more marked
and prolonged than in the present experiments at the
same concentration of calcium (0.25 mmol/1). The dif-
ferences with regard to conditions during pre-perfusion
may explain the partial difference in the effect of gli-
benclamide in the previous and the present series of ex-
periments. The length of pre-perfusion without calcium
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has indeed been shown to significantly influence A cell
responsiveness [35]. However, the mechanisms behind
this influence remain to be elucidated.
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