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Interacting Effects of Sulfonylureas and Glucose

on Cyclic AMPMetabolism and

Insulin Release in Pancreatic Islets of the Rat

V. GRILL and E. CERASI, Department of Endocrinology, Karolinska Hospital,
S-104 01 Stockholm 60, Sweden

A B S T RA C T The effects of tolbutamide and gliben-
clamide on the metabolism of cyclic AMPwere in-
vestigated in pancreatic islets of the rat. Changes in
cyclic AMPwere assessed by measuring [3H]cyclic
AMPafter labeling of the islets with [2-3H]adenine.
In the presence of a nonstimulatory concentration of
glucose (3.3 mM), both sulfonylureas caused a rapid
increase in islet [3H]cyclic AMP, which declined
within 5 (tolbutamide) or 10 min (glibenclamide). In
the absence of glucose, the glibenclamide effect was
shortened, but the initial (1 min) response of [3H]-
cyclic AMPwas unaffected. Glucose could be sub-
stituted with D-glyceraldehyde but not pyruvate for
prolongation of the glibenclamide response. The effect
of glucose withdrawal on the glibenclamide response
was reproduced by the addition of D-mannoheptulose
to glucose containing media.

The [3H]cyclic AMPresponse to glibenclamide was
influenced by prior exposure of the islets to glucose,
a 30-min preincubation with 27.7 mMglucose, en-
hancing the response to the sulfonylurea over a subse-
quent 5-min stimulation period.

Sulfonylureas exerted their effects at low but not at
high glucose concentrations, i.e., shifted the glucose
dose-response curve to the left both for [3H]cyclic
AMP accumulation and insulin release. On the
other hand, increasing concentrations of the phos-
phodiesterase inhibitor, 3-isobutyl-l-methylxanthine,
progressively augmented the effects of the drugs.

Omission of Ca++ from the incubation media in-
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hibited both the glucose and the sulfonylurea [3H]-
cyclic AMPand insulin responses. Epinephrine (1 uM)
partially inhibited the [3H]cyclic AMP response to
both glucose and sulfonylurea, whereas insulin release
was completely abolished.

It is concluded that the sulfonylurea effects on islet
cyclic AMPare intimately related to those of glucose.
It is suggested that sulfonylureas exert a major part
of their action by facilitating the effect of glucose on
the beta-cell adenylate cyclase; the increased cyclic
AMPlevel, in its turn, enhances the secretion rate of
insulin.

INTRODUCTION

The mode of action of sulfonylureas, well-known
insulin secreting agents (1), is not well understood.
However, in recent years evidence has been ac-
cumulating suggesting that the adenylate cyclase-
cyclic AMP' system of the islets is involved in the
transmission of the drug effect. In islet homogenates,
tolbutamide stimulates adenylate cyclase to a moderate
extent (2) and inhibits phosphodiesterase enzyme ac-
tivity (3-5). Recently, Charles and co-workers have
reported that tolbutamide increases the cyclic AMP
level of perifused islets simultaneously with insulin
release (6).

Insulin secretion induced by sulfonylureas is de-
pendent upon the prevailing glucose concentration.
Thus sulfonylurea induces a shift to the left in the glu-
cose dose-response curve for insulin release (1, 7).
The nature of interaction between these drugs and glu-
cose is unknown.

Weand others have obtained evidence that glucose
increases cyclic AMP concomittantly with insulin
secretion, and that this action constitutes an important

1Abbreviations used in this paper: cyclic AMP, cyclic aden-
osine -3', 5'-monophosphate; IBMX, 3-isobutyl-1-methyl-
xanthine; KHB, Krebs-Henseleit bicarbonate buffer.
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factor in the regulation of insulin release (8). Against
this background it seemed important to investigate the
relationship, if any, between sulfonylurea- and glu-
cose-induced changes in beta-cell cyclic AMPmetab-
olism. To this end, different aspects of a glucose-
sulfonylurea interaction were investigated: (a), the
time-course of sulfonylurea effect in the presence or
absence of glucose, (b), the effects of preincubation
with glucose on the subsequent sulfonylurea response,
and (c), the effects of sulfonylurea over a range of
glucose concentrations. In addition, the effects of dif-
ferent conditions inhibiting insulin release on the glu-
cose- and sulfonylurea-induced responses were com-
pared. An indirect method for assessing changes in
cyclic AMPmetabolism was utilized, namely the con-
version of [3H]ATP to [3H]cyclic AMPin prelabeled
islets, a procedure whose validity has been confirmed
(9). Two sulfonylureas were chosen: a classical one
(tolbutamide), and one representative of the "second
generation" of these drugs (glibenclamide).

METHODS

Preparation of islets, labeling with [3H]adenine, and
incubation of islets. Male Sprague-Dawley rats weighing
100-150 g were fed ad libitum until decapitation. Pan-
creatic islets were isolated by the collagenase method of
Lacy and Kostianovsky (10). The collagenase employed was
from Worthington Biochemical Corp., Freehold, N. J. Krebs
Henseleit-bicarbonate buffer (KHB) with 0.2% bovine serum
albumin, 10 mMHepes, and, when not otherwise indicated,
3.3 mM glucose was used throughout the experiments.
Islets were pulse labeled with 100 ,uCi/ml of [2-3H]adenine
(25 Ci/mmol, New England Nuclear, Dreieichenhain, W.
Germany) during a 60-min preincubation period as previously
described (11). Islets were then transferred in batches of
15 either to small incubation tubes with a final incubation
volume of 1 ml or, in some experiments, to "baskets." These
were prepared by cutting small microcentrifugation plastic
tubes with an upper inner diameter of -4 mm(Beckman
Instruments, Munich, W. Germany). The hollow cylinders
thus obtained were capped with nylon gauze (70 threads/cm2
of gauze, 36% open space). The baskets with the islets were
placed in small incubation tubes in a final volume of 0.5
ml. In all experiments incubations were carried out at
37°C together with the agents to be tested, and 0.1 mMof 3-
isobutyl-l-methylxanthine (IBMX) unless otherwise indi-
cated. This substance, as well as D-glyceraldehyde, was from
Aldrich Chemical Co., Milwaukee, Wis. The sulfonylureas
(tolbutamide and glibenclamide) were generously supplied
by Farbwerke Hoechst A. G., Frankfurt, W. Germany.

Measurement of [3H]cyclic AMP. After removing an
aliquot of the incubation medium, 100 jig of cyclic AMP
was added and the samples kept in a boiling water bath for
5 min. [3H]cyclic AMP was extracted as previously de-
scribed (11, 12), and the radioactivity counted by liquid
scintillation. Except for the boiling step, [3H]cyclic AMP
in incubation media was identically processed. The islet
content of [3H]cyclic AMP was thus calculated by sub-
traction of [3H]cyclic AMP in the medium remaining with
the islets.

Insulin assay. Insulin was measured using a charcoal
separation method of radioimmunoassay (13). 131I-Labeled

pork insulin (obtained from the Radiochemical Centre,
Amersham, Buckinghamshire, England) was used. Purified rat
insulin (kindly supplied by Dr. J. Schlichtkrull, Novo Re-
search Institute, Bagsvaerd, Denmark) served as standard.

Presentation of results. In view of the considerable inter-
experimental variation, quantitative comparisons have been
restricted to variables measured within the same experi-
ments. Standard statistical procedures were used, all levels
of significance being calculated from paired differences. For
clarity, results are expressed, when deemed appropriate,
after the subtraction of control values.

RESULTS

Dose dependency of sulfonylurea-induced insulin
release. The effects of 50-400 ,ug/ml of tolbutamide,
and 0.5-8.0 ,ug/ml of glibenclamide were tested to-
gether with 3.3 mMglucose in incubations of 30 min
(Table I). A maximal response was obtained with 200
gg/ml tolbutamide and 2 ug/ml glibenclamide. These
concentrations were chosen for further study. Under
our experimental conditions, glibenclamide was a
somewhat more potent insulin secretagogue than tol-
butamide at their respective maximal doses.

Time course of the sulfonylurea effect on [3H]cyclic
AMP in the presence of a nonstimulatory glucose
concentration. In the presence of 3.3 mMglucose,
both tolbutamide and glibenclamide rapidly increased

TABLE I
Insulin and [3H ]Cyclic AMPResponses to Sulfonylurca

in 30-min Incubations

Immuno- No.
reactive of

Substance tested [3H]cAMP insulin expt.

±gIml dpm/islet dpm/islet M(U/islet
tissue medium

6.9+0.6 1.3±0.1 1.6+0.1 7
Tolbutamide

50 9.0±+1.8 3.8±+1.1 4.4+ 1.4*
200 6.2±1.0 3.8±0.8* 6.6± 1.8*
400 6.8± 1.5 3.6±0.8* 6.6+0.8*

6.6+0.7 1.9±0.6 1.1+0.4 4
Glibenclamide

0.5 8.4±1.3 6.2±1.7* 6.1±0.9*
2.0 8.0+0.7* 7.4± 1.6* 7.3±0.9*
8.0 7.5+0.8 5.8+ 1.5* 6.3±0.9*

6.5+0.4 1.9±0.4 1.5±0.2 7
Tolbutamide

200 8.1+0.6 4.3±0.8 5.6±0.6
Glibenclamide

2.0 6.7±0.9 8.1±0.94 8.4±1.14

3.3 mMglucose was present in all incubations.
* P < 0.05, or less, significance of' difference in comparison
with glucose, 3.3 mM.
I P < 0.01, significance of' difference in comparison with
tolbutamide, 200 ,ug/ml.
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FIGURE 1 Time course of effects of 200 gg/ml tolbutamide or 2 ,ug/ml glibenclamide on [3H]cy-
clic AMPaccumulation and insulin release in the presence of 3.3 mMglucose. Also the effect of
27.7 mMglucose was tested. Mean+SEMfrom three separate sets of experiments with tolbut-
amide, n = 4, with glibenclamide 0-5 min, n = 5, with glibenclamide 5-10 min, n = 6. The re-
lease of [3H]cyclic AMPinto the incubation medium after 10 min of incubation was 1.7+0.6,
2.1+0.7, and 1.1+0.5 dpm/islet in the experiments with 27.7 mMglucose, glibenclamide, and
3.3 mMglucose, respectively, and 0.7+0.2, 0.6±0.1, and 0.4+±0.3 dpm/islet for high glucose,
tolbutamide, and low glucose, respectively.

[3H]cyclic AMP accumulation in the islets (Fig. 1).
The stimulatory action of tolbutamide seemed to be
more short-lived than that of glibenclamide, [3H]-
cyclic AMP levels declining by about 50% from the
peak value after 5 min in the case of tolbutamide and
after 10 min with glibenclamide. In contrast, the glu-
cose effect did not decrease during the 10 min of in-
cubation. In the same experiments, insulin release
was augmented both by the drugs and by glucose as

measured after 5 and 10 min of incubation.
Efflux of [3H]cyclic AMP into the incubation

medium was barely detectable after 10 min of incuba-
tion (Fig. 1). After 30 min of incubation, the accumu-

lated efflux of radioactive nucleotide was markedly

elevated in the presence of sulfonylureas (Table I).
On the other hand, only small and usually insignificant
stimulatory effects on islet cyclic AMPremained at
this time.

Time course of the sulfonylurea effect in the absence
of glucose. When the effects of glibenclamide in the
absence or presence of 3.3 mMglucose were compared
(Fig. 2), it was apparent that the fall of radioactive
nucleotide concentration was much more rapid in the
absence than in the presence of glucose, whereas the
initial (1 min) rise in [3H]cyclic AMPwas not modi-
fied. In a parallel fashion, insulin release in response
to glibenclamide during 10 min of incubation was de-
creased in the absence of glucose.
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FIGURE -2 Eff'ect of'glibenclamide (2 ,tg/ml) on islet [3H]cy-
clic ANMPand insulin release in the absence or presence of
3.3 mMglucose. Islets were incubated in "baskets" (see Meth-
ods). Mean+SEMof one complete set of experiments, n = 4.
Release of' [3H]ecvclic AMPwas not measured in these ex-
periments.

Effects of D-mannoheptulose. To further test the
importance of glucose metabolism for sulfonylurea
action, the effects of mannoheptulose, an inhibitor of
the first step of glycolysis, were tested together with
glibenclamide. The concentration of mannoheptulose
used completely inhibits the cyclic AMPand insulin
responses to 27.7 mMglucose (14). In the absence of
glucose, mannoheptulose had no effect on the gli-
benclamide-induced 3H cyclic AMPresponse in 1- and
5-min incubations (Table II). In the presence of 3.3
mMglucose, however, although the response after 1
min of incubation was unaffected, the glibenclamide-
induced rises in [3H]cyclic AMPand insulin release
were inhibited by about 50% after 5 min of incubation.

Effect of substituting 3.3 mMglucose with D-
glyceraldehyde of pyruvate. In 5-min incubations, a
low concentration of the glucose metabolite D-glyC-
eraldehyde (1.5 mM) could at least partly substitute
for glucose in prolonging the glibenclamide response,
the drug effect on [3H]cyclic AMPbeing enhanced
from 5.1±+ 0.4 to 8.5±+ 1.3 dpm, and insulin release
from 0.2±0.1 to 0.4+±0.1 uU (n = 6, P < 0.05 for both
parameters, the appropriate control values having
been subtracted). Under the same conditions pyruvate
(10 mM) was ineffective as a substitute for glucose (re-
sults not shown).

TABLE II
Divergent Effects of Mannoheptulose on the Glibenclamide-Induced [3H]Cyclic

AMP, and Insulin Responses in the Absence or Presence of 3.3 mMGlucose

Time of Immunoreactive No. of
incubation Glucose Additions [3H]cAMP insulin expt.

min mm dpmlislet , Ulislet

1 0 Glibenclamide 2.6+0.6 Undetectable 5

0 Glibenclamide 2.7±0.8
+ Mannoheptulose

3.3 Glibenclamide 3.3±0.7

3.3 Glibenclamide 2.7±0.7
+ Mannoheptulose

5 0 Glibenclamide 2.1±0.7 0.4±0.1 8

0 Glibenclamide 2.7±0.6 0.6±0.5
+ Mannoheptulose

5 3.3 Glibenclamide 6.6±0.8 0.9±0.2 10

3.3 Glibenclamide 3.7+0.7* 0.5±0.1*
+ Mannoheptulose

The concentrations of glibenclamide and mannoheptulose were 2 ,ug/ml and
13.8 mM, respectively. Mean+SEM of three separate series of experiments
where the appropriate control values have been subtracted.
* P < 0.05 or less, significance of difference for the effect of glibenclamide in the
absence or presence of' mannoheptulose.
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Effect of preincubation with 27.7 mMglucose. Be-
cause the previous experiments had demonstrated that
the sulfonylurea effects are profoundly influenced by
the presence of even a small, nonstimulatory concen-
tration of glucose, it was investigated whether pre-
incubation with glucose could modify the subsequent
response to sulfonylurea. Islets were incubated for 30
min in 27.7 mM, then for 20 min in 3.3 mMglu-
cose, and then exposed to glibenclamide (together with
3.3 mMglucose). As seen in Fig. 3, the islets which
had been preincubated with high glucose responded
better to glibenclamide than those exposed to a low
glucose concentration, both at an early (1 min) and a
later (5 min) time point.

Effect of omission of Ca+'. Omission of Ca++ from
the incubation media profoundly depressed the gli-
benclamide as well as the glucose-induced [3H]-
cyclic AMPand insulin responses in 5-min incuba-
tions (Fig. 4).

Effect of epinephrine. In 5 min-incubations epi-
nephrine (1 uM) partially decreased the effect of gli-
benclamide on [3H]cyclic AMP(tested with 3.3 mM
glucose) whereas insulin release was completely in-

3.3 mM

20-

15-

E

X 10-

a

5-

0-

20-

27.7mM

Q51 5 Q51 {

min of incubation

FIGURE 3 Effect of a prior preincubation with 3.3 or 27.7 mM
glucose on the glibenclamide-induced [3H]cyclic AMPand
insulin responses. Islets were incubated in "baskets" (see
Methods) for 30 min either in 3.3 or 27.7 mMof glucose, then
for 20 min in 3.3 mMglucose before the final incubations,
where 3.3 mMglucose was again present in all incubations.
Mean+SEM of one complete set of experiments (n = 5).
-0- and rs denote incubations with 2 ug/ml of gliben-
clamide. - - -A- - - and = denote incubations without 2 ,Lg/ml
of glibenclamide.

A [3H] cyclic AMP
dpm/islet

L RI MU/isl.t
2.5-

o hin J- b

FIcuR 4 Effect of adrenaline (1 uM) on the islet [3H]cyclic
AMPaccumulation and insulin release induced by glibencla-
mide (2 ug/ml). 3.3 mMglucose was present in all incubations.
Incubation time was 5 min. Mean±SEMof three experiments
where the appropriate control values have been subtracted.
r- = glibenclamide, M = glibenclamide + mannoheptu-

lose (13.8 mM), = glibenclamide + adrenaline,
= glibenclamide + mannoheptulose + adrenaline.

hibited (Fig. 5). The [3H]cyclic AMP response to
glibenclamide was totally inhibited upon the further
addition of mannoheptulose. In the presence of 27.7
mMglucose, epinephrine reduced the effect of 27.7
mM glucose on [3HJcyclic AMP by 73% whereas
insulin release was totally abolished (mean of three
experiments, data not shown).

Effect of sulfonylureas together with different con-
centrations of glucose. The effect of tolbutamide was
tested together with a range of glucose concentra-

A L3H] cyclic AMPdpm/islet

FIGURE 5 Inhibitory effect of omission of Ca++ on the gli-
benclamide- or glucose-induced [3H]cyclic AMPand insulin
responses. Incubation time was 5 min. The effects of gliben-
clamide were tested in the presence of 3.3 mMglucose. In
media where CaCl2 was omitted, isoosmolarity was main-
tained by addition of NaCl. Mean+SEMof three complete
experiments where the appropriate control values have been
subtracted. E = 2 ,ug/ml glibenclamide with 2.56 mMCa++,
- = 27.7 mMglucose in the absence of Ca++, = = 27.7 mM
glucose with 2.56 mMCa+', - = glibenclamide in the ab-
sence of Ca++.
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FIGURE 6 Effect of tolbutamide (200 ,ug/ml) on islet [3H]cyclic AMPaccumulation in the pres-
ence of 0-27.7 mMglucose after 3 or 30 min of incubation. Mean+SEMof'two complete sets of
experiments comprising six or seven experiments, respectively. - S -, incubations with,
--- 0 ---, without tolbutamide. * = P < 0.05, significance of difference for incubations with and
without tolbutamide. Insulin release was undetectable in the 3-min experiments.

tions in incubations of 3 and 30 min' (Fig. 6). A stimu-
latory effect of tolbutamide on [3H]cyclic AMP,
whether on islet (3 min) or on medium (30 min) levels,
was seen at low glucose concentrations (0-6.6 mM).
Insulin release was stimulated by the tolbutamide in
the absence of glucose; this effect was enhanced by
the presence of 3.3 or 6.6 mMglucose (P = <0.05)
suggesting potentation by low glucose of the sulfonyl-

urea response. In the presence of a high concentration
of glucose (27.7 mM), islet [3H]cyclic AMPwas un-
changed by tolbutamide whereas the efflux of [3H]-
cyclic AMPwas actually depressed (Fig. 6 and Table
III). Insulin release was unaffected by tolbutamide
at 27.7 mMglucose (Table I and Fig. 6).

Glibenclamide interacted with glucose in a manner
similar to that of tolbutamide (Table III). Glibencla-

TABLE III
Lack of Stimulatory Effect by Sulfonylurea on Insulin and [3H]Cyclic AMP

in the Presetnce of a High Glucose Concentration

Immunoreactive No. of
Substance tested Glucose [3H]cAMP insulin expt.

jgIml mM dpm/islet dpm/islet p.U/islet
tissue medium

3.3 9.7±+1.5 3.0+0.5 1.4+0.1 16
Tolbutamide 200 3.3 10.8+1.7 6.6+0.8* 6.1+0.5*

27.7 16.7±+1.9 13.5±0.9 49.1±+4.8
Tolbutamide 200 27.7 18.3+2.3 10.5±0.84 52.2±6.1

3.3 6.4+0.3 1.9+0.3 1.5+0.2 9
Glibenclamide 2.0 3.3 6.4+0.8 8.4+0.8* 8.5+1.1*

27.7 13.3+0.7 13.2± 1.4 50.5+7.0
Glibenclamide 2.0 27.7 14.4±+1.4 12.4±+1.0 52.7+7.4

Incubation time was 30 min. Mean±SEM.
* P < 0.05, or less, significance of difference for the
sulfonylureas in comparison with glucose, 3.3 mM.
I P < 0.02, significance of difference for the inhibitory
in comparison with glucose, 27.7 mM.

stimulatory effect of

effect of' tolbutamide
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FIGURE 7 Effects of different concentrations of IBMX (0-1 mM)on tolbutamide-induced [3H]cy-
clic AMPaccumulation and insulin release in the presence of 3.3 or 27.7 mMglucose. Incubation
time was 15 min. --- 0 ---, control incubations, 0-, incubations with tolbutamide. Light and
dark shaded areas represent the tolbutamide effect in the presence of low or high glucose, respec-

tively. Mean+SEMof six experiments. * = P < 0.05 or less, significance of difference from the
appropriate control.

mide, however, did not inhibit the rise in medium
[3H]cyclic AMPevoked by 27.7 mMglucose.

Effects of phosphodiesterase inhibition. To in-
vestigate whether the sulfonylurea-induced increase in
[3H]cyclic AMP is due to phosphodiesterase inhibi-
tion, the effect of tolbutamide was tested together
with 0-1 mMof the potent phosphodiesterase inhibi-
tor IBMX (Fig. 7). This substance at 1 mMinhibits
the islet enzyme activity almost completely (by 98%);2
it was therefore assumed that if sulfonylurea and IBMX
act on the same sites at the phosphodiesterase en-

zymes, a sulfonylurea effect would diminish with in-
creasing concentrations of IBMX. As seen in Fig. 7, the
tolbutamide effect both on [3H]cyclic AMP and in-
sulin release was, on the contrary, enhanced by in-
creasing concentrations of the phosphodiesterase in-
hibitor. The effect of glucose (27.7 mM) was magni-
fied in a similar fashion.

DISCUSSION

The present results confirm and extend the observation
of Charles and co-workers (6) that sulfonylureas induce
a short lasting elevation of the islet cyclic AMPcontent.
Addition of a phosphodiesterase inhibitor in a low con-

centration in our experiments did not alter the evanes-

cent character of the sulfonylurea action.

2 Unpublished observations.

The effects of sulfonylureas on cyclic AMPformation
on one hand, and on insulin release on the other, seem

to follow each other closely. In the study of Charles
et al. (6), where islet perifusion permitted moment-to-
moment correlations, insulin release was parallel to
changes in islet cyclic AMP. Also in our batch-type
incubations, sulfonylureas induced changes on islet
[3H]cyclic AMPand on insulin secretion which were

qualitatively similar. Furthermore, the differences in
potency and duration between glibenclamide and tol-
butamide, that have been well documented regarding
insulin secretion (1), were also found in our system
regarding [3H]cyclic AMPformation. All these findings
are compatible with the hypothesis that at least part
of the secretory effect of sulfonylureas is mediated by
their action on the beta-cell adenylate cyclase-cyclic
AMPsytem.

To our mind, a most important aspect in the sulfonyl-
urea effect is the interaction that exists between glu-
cose and the drug. Perhaps most striking is the effect
of glucose on the timecourse of the sulfonylurea re-

sponse, where a small, nonstimulatory concentration of
glucose (3.3 mM) was sufficient to markedly prolong
the stimulating action of glibenclamide on islet [3H]cy-
clic AMP. Mannoheptulose blocked this time-depend-
ent effect of glucose. These findings are in line with the
data of Loubatieres-Mariani and co-workers (15), who
showed that the later but not the immediate insulin
response to tolbutamide was inhibited by mannohep-
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tulose. Another aspect of the glucose dependency for
the sulfonylurea effect was revealed in experiments
where preincubation with glucose augmented not only
the later but also the initial [3H]cyclic AMPresponse
to glibenclamide (Fig. 3).3 Finally the dosekinetics of
glucose-induced cyclic AMPaccumulation were sub-
ject to modification in the presence of the drug: sul-
fonylureas shifted the glucose dose-response curve to
the left. It should be noted that the inability of sul-
fonylurea to augment the response to high concentra-
tions of glucose is probably not due to limitations in
the maximal capacity of the experimental system since
both insulin release and [3H]cyclic AMPaccumulation
in the presence of 27.7 mMglucose could be further
augmented by increasing the concentration of IBMX
(Fig. 7).

What constitutes the basis for the interaction be-
tween glucose and sulfonylurea? No definite answers
are available, but several possibilities may be raised.
It seems probable that the drugs act at the cell mem-
brane because they do not readily penetrate into the
cell (16, 17). One obvious possibility is, then, that sul-
fonylureas and glucose compete allosterically for a cell
membrane receptor, which acts as the signal recogni-
tion site that initiates insulin release. The observation
that the sulfonylurea but not the glucose effect on cyclic
AMP was unaffected by mannoheptulose seems to
speak against this explanation. Alternatively, sulfonyl-
ureas could facilitate the glucose stimulus for release
in an indirect fashion, e.g., by changing ionic fluxes,
thus depolarizing the cell membrane (18), or by modi-
fying the membrane in other ways. Wehave no direct
evidence on this point. Finally, and perhaps addi-
tionally to the above-mentioned alternatives, glucose
may be necessary as a permissive fuel providing agent
for sulfonylurea action. Such a role for glucose is sug-
gested by our observation that preincubation with a
high glucose concentration augmented the subsequent
response to glibenclamide. It is of interest in this re-
spect that islet ATP (19) and glycogen (20) have been
shown to be rapidly depleted after stimulations with
sulfonylureas. Howevrer, this should not necessarily
indicate that cyclic AMPstimulation, in the absence of
glucose, always decreases rapidly because of lack of
substrate. Indeed, another adenylate cyclase stimulator,

3 It should be noted that our observations do not exclude
the possibility that preincubation with glucose corrects a "star-
vation" effect on the sensitivity to glibenclamide exerted by
the continuous exposure of the islets to a low glucose concen-
tration. The higher responses seen before and then after an
added 50-min incubation with 3.3 mMglucose (compare Fig. 2
and left part of Fig. 3) may be suggestive of such a time-de-
pendent effect by low glucose. However, the considerable
inter-experimental variation encountered with the present in
vitro system precludes a quantitative comparison between
different sets of experimenits.

cholera toxin, stimulates a pronounced and sustained
cyclic AMPresponse in the absence of glucose (21).

Glucose has been shown to stimulate acutely ade-
nylate cyclase from islet homogenates (22), whereas
sulfonylureas exert small effects both on the adenylate
cyclase (2) and phosphodiesterase enzymes (3-5). Our
results show that, in the intact islet, sulfonylureas do
not compete with methylxanthines for inhibition of the
phosphodiesterase enzymes (Fig. 7). Webelieve there-
fore that sulfonylureas and glucose increase cyclic
AMPby stimulating islet adenylate cyclase(s) rather
than by inhibiting the phosphodiesterase activity.

Tolbutamide (but not glibenclamide) inhibited [3H ]-
cyclic AMPefflux from the islet. The significance and
cause of this observation is unclear. Wehave recently
found that the efflux of cyclic nucleotide from the islet
can be modified by agents that affect membrane trans-
port functions (23). It is possible that tolbutamide, es-
pecially with prolonged incubation time, influences
cell membrane transport processes; data from erythro-
cytes appear compatible with this idea (24). Although
the efflux of nucleotide seems to be a sensitive reflec-
tion of the time-integrated cyclic AMPstimulation in
many experimental systems (25) including islets, (9,
14), it is obvious that this is not true under all experi-
mental circumstances.

To conclude, our studies suggest that sulfonylureas
stimulate insulin release at least partly by stimulating
the islet cyclic AMPformation. This effect is strongly
modified by the action of glucose. It may therefore be
suggested that in vivo the insulinotropic effect of sul-
fonylureas result from their synergistic action with glu-
cose on the beta-cell adenylate cyclase-cyclic AMPsys-
teni. The molecular basis for this interaction remains
to be clarified.
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