INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 33: 491-498, 2014

Paracrine control of glucagon release by
somatostatin (Review)

WILLY J. MALAISSE

Department of Biochemistry, Université Libre de Bruxelles, B-1070 Brussels, Belgium

Received November 25, 2013; Accepted December 17, 2013

DOI: 10.3892/ijmm.2013.1605

Abstract. Emphasis was recently placed on the modulation of
glucagon secretion attributable to a paracrine effect of soma-
tostatin. This review draws attention to prior findings related
to such a view. The effects of nutrient secretagogues upon
insulin, somatostatin and glucagon release by the perfused
pancreas are first considered. Three examples of paradoxical
secretory responses of insulin- and glucagon-producing
cells are then given. Further experiments dealing with the
possible role of somatostatin upon glucagon release and the
relevance of pancreatic compartmentation are also presented.
It is concluded that these prior findings provide, within limits,
support to the postulated paracrine role of somatostatin in the
control of glucagon secretion.
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1. Introduction

In two articles recently published in Diabetes, emphasis was
placed on the modulation of glucagon secretion attributable to
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a paracrine effect of somatostatin under selected experimental
conditions (1,2). In the present review, attention is drawn to
prior publications compatible with such a view, but not cited in
the two recent articles.

2. Hormonal response of the perfused pancreas to nutrient
secretagogues

A rise in D-glucose concentration (e.g., from 3.3 to 8.3 mM)
stimulates both insulin and somatostatin release, but inhibits
glucagon secretion (3). It should be stressed that, in response to
such a rise in D-glucose concentration, an oscillatory pattern
of insulin release was documented, the duration of each secre-
tory cycle averaging 5.0+0.3 min (3). As a matter of fact,
after the rise in D-glucose concentration, up to 8 successive
secretory peaks were identified in both insulin and glucagon
output, with a virtually identical time course for each of these
two hormones (4). Under the same experimental conditions,
the stimulation of somatostatin output in response to the rise
in D-glucose concentration again displayed an oscillatory
pattern, the time course of which was closely similar to that of
insulin release (5).

In considering the opposite response of insulin- and
glucagon-producing cells to the rise in D-glucose concentration,
differences in the metabolic behaviour of these two cell types
should not be ignored, as documented by the few following
examples. First, whereas in purified pancreatic islet single
B-cells (>95% B-cells) first preincubated in a glucose-free
medium the exposure to D-glucose or its non-metabolizable
analog 3-O-methyl-D-glucose (0.6 mM) results within 2 min
in the equilibration of their concentration across the plasma
membrane, >30 min are required to reach a comparable situ-
ation in non-B-cells (>85% A-cells and <3% B-cells) (6). This
coincides with the fact that D-mannoheptulose (10.0 mM)
decreases by 50% or more the conversion of D-[5-*H]glucose
to *HOH and that of D-[U-"]glucose to *CO, and '“C-labelled
amino acids in purified B-cells, whilst the heptose fails to affect
significantly D-glucose metabolism in non-B islet cells (7).
Second, the relationship between D-[U-"*Clglucose oxidation
and extracellular D-glucose concentration displays a typical
sigmoidal pattern in B-cells, as distinct from a hyperbolic
pattern in non-B islet cells (6). A closely comparable situation
prevails in terms of the increase in NAD(P)H fluorescence at
increasing concentrations of D-glucose in B and non-B islet
cells (8,9). Moreover, a rise in D-glucose concentration from
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2.8 to 16.7 mM results in a preferential stimulation of D-glucose
oxidation relative to glycolysis in islet B-cells, but not so in puri-
fied non-B islet cells (10), the difference if any between these two
cell types in terms of the concerned enzymatic activities (hexo-
kinase isoenzymes, cytosolic NAD-linked glycerophosphate
dehydrogenase, mitochondrial FAD-linked glycerophosphate
dehydrogenase and lactate dehydrogenase) remaining a matter
of debate (11). Last, the possible relevance of changes in redox
state to the control of glucagon release, as distinct from insulin
secretion, in response to a rise or fall in extracellular D-glucose
concentration was questioned in the light of a study dealing
inter alia with the effect of menadione upon insulin and
glucagon output from the perfused rat pancreas (12). Indeed,
whilst menadione (25 yM) severely impaired the stimulation of
insulin release in response to a rise in D-glucose concentration
from 3.3 to 11.1 mM, the same rise in D-glucose concentration
inhibited to the same extent glucagon output whether in the
absence or presence of menadione. At the most, in the latter
case, the inhibition of glucagon output appeared less abrupt that
in the absence of menadione and persisted even after restora-
tion of a low D-glucose concentration. Nevertheless, when the
same experiments were conducted in the presence of 10.0 mM
arginine throughout the perfusion period, menadione (10 or
25 yM) administered from the 40th min onwards increased in
a rapid and sustained manner glucagon output, whilst failing
to prevent the rapid and sustained later decrease in glucagon
output recorded in response to a rise in D-glucose concentra-
tion initiated 15 min after the introduction of menadione (12).
In addition to the already mentioned occurrence of synchro-
nized secretory cycles in insulin, somatostatin and glucagon
responses to a rise in D-glucose concentration, the anomeric
specificity of such a secretory response is also identical in these
three islet cell types, as first documented in a report published
in 1987 (13). The relevant experiments were performed in the
perfused pancreas of 6 lean (192+9 g body wt.) and 6 obese
(284+£19 g) Zucker rats. The perfusate contained L-leucine
(10.0 mM) throughout the experiment. In each type of rat,
3 animals received the D-glucose anomers (3.3 mM for 15 min)
in an al-p1-a2-P2 sequence (al referring to the first adminis-
tration of a-D-glucose, and a2 to its second administration)
and the 3 other rats in the opposite order (f1-al-f2-a2). No
significant difference between lean and obese rats was found
for the pancreas wet weight, its somatostatin content, the basal
somatostatin output and the integrated somatostatin release
during the entire experiment. The interpretation of secretory
data took into account the priming action of D-glucose upon
hormonal output as resulting from the repeated administration
of the hexose. For such a purpose, the al/f1 and a2/p2 ratios
in hormonal secretion recorded in the al-f1-a2-p2 series were
compared, respectively, to the f1/al and 2/a2 ratios found in
the Bl-al-p2-a2 series. The ratios recorded in the latter series
were eventually expressed relative to the mean values found at
the same time and in the same type of animals (lean or obese)
in the former series. The biphasic stimulation of insulin and
somatostatin release yielding for the f1/al and 2/02 ratios in
the Pl-al-p2-a2 series mean values of 38.6+4.3% (n=12) for
insulin and 56.9+9.4% (n=10) for somatostatin, both signifi-
cantly lower (p<0.02 or less) than the corresponding reference
values for the al/B1 and a2/B2 ratios in the al-p1-02-B2 series,
i.e., 100.0+£6.0% (n=12) and 100.0+11.5% (n=12) for insulin
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and somatostatin, respectively. Likewise, in the case of the
inhibitory action of D-glucose upon glucagon release, the /o
ratios averaged in the pl-al-f2-a2 series 48.9+5.6% (n=10) as
distinct (p<0.001) from 100.0+10.7% (n=12) for the o/p ratios
in the al-B1-a2-p2 series. The identical anomeric specificity
of this triple secretory response was considered compatible, in
terms of the metabolic regulation of hormonal release, with a
coordinated behaviour of all islet cells (13).

Like D-glucose, 2-ketoisocaproate (10.0 mM), when
administered for 25 min to pancreases exposed throughout the
experiments to 3.3 mM D-glucose, provoked both a biphasic
and rapidly reversible stimulation of insulin release and
sustained inhibition of glucagon output (14). Such was also
the case when the pancreases were exposed to both D-glucose
(3.3 mM) and arginine (10.0 mM) (14). Yet, L-leucine, which
is a major metabolite generated from 2-ketoisocaproate in
rat isolated pancreatic islets (15), stimulates both insulin and
glucagon secretion, as well as somatostatin output, whether at
low (3.3 mM) or normal (8.3 mM) D-glucose concentration
and, at each of these two hexose concentrations, whether in
the absence or presence of arginine (5.0 mM) (16). Whether
at low or normal D-glucose concentration and whether in the
absence or presence of arginine, the magnitude of the secre-
tory responses of both insulin- and glucagon-producing cells
to the branched chain amino acid is concentrated-related
in the range between 0.2 and 15.0 mM L-leucine (16). In
these experiments, an inhibitory component of the secretory
response of glucagon-producing cells to L-leucine was only
observed after an initial secretory peak in pancreases exposed
to 3.3 mM D-glucose in the presence of 5.0 mM arginine, the
magnitude of the latter inhibitory effect being also progres-
sively increased as the concentration of L-leucine was raised
from 0.2 to 5.0 and 15.0 mM (16).

Several other amino acids also stimulate both insulin and
glucagon secretion, as well as somatostatin output whenever
measured. For instance, the administration of arginine
(5.0 mM) to perfused rat pancreases evokes a biphasic and
sustained increase in the output of all these three pancreatic
hormones (16). The secretory response of both insulin- and
somatostatin-producing cells to arginine is much greater
at 8.3 than at 3.3 mM D-glucose, whilst a mirror image
prevails for the stimulation of glucagon output by arginine.
The positive secretory response to L-arginine (5.0 mM) by
rat pancreases exposed throughout the experiment to 8.3 mM
D-glucose displays an oscillatory pattern, with a time course
for the 5 to 9 first cycles undistinguishable for insulin and
somatostatin, respectively (17). Moreover, within the same
series of experiments, the stimulation of glucagon output by
L-arginine (5.0 mM) in pancreases exposed throughout to
3.3 mM D-glucose was again characterized in 5 individual
experiments by an oscillatory pattern, the first 5 to 8 glucagon
secretory cycles yielding a mean duration of 5.6+0.4 min
m=37) (17).

L-glutamine (10.0 mM) also provokes a biphasic stimulation
of glucagon output, at least in the absence of D-glucose (16). In
the same experiments, the biphasic increase in insulin output
provoked by L-leucine (15.0 mM) was approximately 4-5-fold
higher in the presence of L-glutamine (10.0 mM) and absence
of D-glucose than in the presence of both 3.3 mM D-glucose
and 5.0 mM arginine. Under these two experimental condi-
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tions, a severe inhibition of glucagon output prevailed a
few minutes after initiating the administration of 15.0 mM
L-leucine (16).

In the presence of 5.6 mM D-glucose, L-ornithine
(10.0 mM) duplicates the effect of L-arginine (also 10.0 mM)
in causing a biphasic and rapidly reversible stimulation of
insulin, somatostatin and glucagon release from rat perfused
pancreases (18). These and complementary findings suggested
that the secretory response to L-arginine and L-ornithine
involved mainly a biophysical component, such as the depolar-
ization of the plasma membrane by these cationic amino acids.

The dimethyl ester of glutamic acid (10.0 mM) also
provokes a rapid and sustained increase in both insulin and
glucagon output from rat pancreases exposed to 6.0 mM
D-glucose, followed in both cases by a transient ‘off” response
when the administration of the ester is halted (19).

Last, a mixture of fumarate, glutamine and pyruvate
(5.0 mM each), currently used to supply energy in isolated
tissues, was found to provoke a biphasic stimulation of both
insulin and glucagon release by perfused rat pancreases (20).
The magnitude of the insulin secretory response to this FGP
mixture was much greater at 16.6 mM D-glucose than at
3.3 mM D-glucose, with a mirror image for the response of
glucagon-producing cells to the same mixture. The secretory
response to the FGP mixture resembled that evoked, within
the same series of experiments, by arginine (10.0 mM) with,
however, three obvious differences. First, whilst arginine
provoked an obvious biphasic and rapidly reversible increase
in insulin output in the presence of 3.3 mM D-glucose, only
a sluggish and quite modest increase in insulin output was
observed in response to the administration of FGP mixture at
the same low concentration of D-glucose. Second, in contrast
to the rapid reversibility of the glucagon secretory response to
arginine, at the same low D-glucose concentration (3.3 mM),
the heightened glucagon output caused by the FGP mixture
persisted for some 3 min after the arrest of the FGP infusion.
Third, in the experiments conducted at 16.6 mM D-glucose,
the insulin output slowly lowered down towards the control
values over the 5 min following the arrest of the FGP infu-
sion, whilst a profound inhibition of insulin release occurred
upon arrest of the arginine infusion. In the latter case,>20 min
were required for the output of insulin to reach close to control
values (20).

3. Paradoxical secretory and
glucagon-producing cells

responses of insulin-

In some of the investigations either so far or later reviewed
in this article, it may not be easy to distinguish between the
respective roles of insulin and somatostatin in the postulated
paracrine control of glucagon release. It seems worthwhile,
therefore, to consider three instances in which a possible
cause-to-effect link between changes in insulin and glucagon
secretion was not obvious.

A first obvious dissociation between the response of
insulin- and glucagon-producing cells to a rise in D-glucose
concentration was observed in the perfused rat pancreas first
perfused for 85 min at 5.6 mM D-glucose and then exposed
up to min 100 to 16.7 mM D-glucose (21). Thus, in the control
experiments, such a late rise in D-glucose concentration
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provoked the expected biphasic stimulation of insulin release
and concomitant decrease in glucagon output. However,
when either glibenclamide or glimepiride (0.1 M each)
was administered from the 41st to 60th min, resulting in a
biphasic stimulation of insulin release which persisted up to
the 85thmin, the later rise in D-glucose concentration from 5.6
to 16.7 mM (86 to 100 min) again provoked a biphasic increase
of insulin secretion displaying a comparable time course and
magnitude as in the control experiments. Yet, under the same
experimental conditions, the modest inhibition of glucagon
output caused by the administration of the hypoglycemic
sulfonylurea (41 to 60 min) coincided with the fact that the
late rise in D-glucose concentration did no more result in any
inhibition of glucagon output, in sharp contrast to the results
recorded in the control experiments. It was speculatively
proposed that the sulfonuylurea-induced changes in glucagon
output might result from some paracrine effect (21).

In a further study, another example of paradoxical secretory
responses of insulin- and glucagon-producing cells to selected
secretagogues was observed in experiments conducted in the
perfused pancreas of rats rendered hyperglycemic by a prior
48-h infusion of D-glucose (1.67 M) at a rate close to 4.6 mmol
D-glucose per hour (22). In these rats, in mirror image of find-
ings made in control euglycemic rats, a decrease in D-glucose
concentration from 16.7 to 2.8 mM provoked a paradoxical
stimulation of insulin output, which was rapidly suppressed
when a high concentration of the hexose (16.7 mM) was later
restored. This coincided with the absence of any sizeable change
in glucagon output whether in response to the initial decrease
in D-glucose concentration from 16.7 to 2.8 mM or the later
rise in such a concentration from 2.8 o 16.7 mM, at variance
with the expected stimulation of glucagon secretion recorded
in response to the initial fall in D-glucose concentration and its
suppression in response to the later rise in hexose concentra-
tion indeed observed in the perfused pancreas prepared from
control euglycemic rats. In sharp contrast to these findings, the
administration of 2-ketoisocaproate (10.0 mM) 10 min after the
initial fall in D-glucose concentration caused a rapid, sustained
and rapidly reversible increase of both insulin and glucagon
secretion in the pancreas of glucose-infused rats comparable
to that observed, under the same experimental conditions
in the pancreas of control euglycemic rats (22). It should be
underlined that, when the pancreases from the glucose-infused
rats were first exposed for 55 min to 2.8 mM D-glucose, a
rise in the concentration of the hexose to 16.7 mM caused
both a biphasic stimulation of insulin release and a significant
decrease in glucagon output (23). The paradoxical increase in
insulin output recorded in the pancreas from glucose-infused
rats in response to a fall in D-glucose concentration, which
is also observed in perifused islets prepared from glucose-
infused rats (24), was eventually found attributable to an
interference of glycogenolysis with glycolysis in the pancreatic
islets from glucose-infused rats (24,25).

A third dissociation between the secretory response of
insulin- and glucagon-producing cells emerged from the
control experiments conducted in the pancreas of euglycemic
rats in the same study (22). Thus, as just mentioned, in the
pancreas of control euglycemic rats the administration of
2-ketoisocaproate (10.0 mM) initiated 10 min after the decrease
in D-glucose concentration from 16.7 to 2.8 mM provoked a
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biphasic stimulation of both insulin and glucagon output.
These results sharply contrast with those otherwise recorded
in the pancreas of euglycemic rats when 2-ketoisocaproate
(10.0 mM) is administered from the 41st to 65th min of the
experiment to pancreases exposed throughout the perfusion
period to 3.3 mM D-glucose (14). In such a case, the biphasic
stimulation of insulin release by 2-ketoisocaproate coincides
with a dramatic and sustained inhibition of glucagon output.
In considering these contrasting changes in the secretory
response to 2-ketoisocaproate of glucagon-producing cells, the
following remarks should not be ignored. First, prior to the
administration of 2-ketoisocaproate (i.e., from 26 to 35 min),
the output of glucagon averaged 119+18 pg/min (n=9) in the
control experiments conducted in euglycemic rats, i.e., after
the fall in D-glucose concentration from 16.7 to 2.5 mM at the
25th min of the experiments, as distinct from 890+90 pg/min
(n=4) in the experiments conducted throughout at 3.3 mM
D-glucose in the pancreas of euglycemic rats. These two sets
of experiments differed from one another by the extremely
high D-glucose concentration (16.7 mM) used during the first
25 min of perfusion in the control experiments conducted in
euglycemic rats and the extremely low D-glucose concentra-
tion (3.3 mM) used during the first 40 min of perfusion in
the second set of experiments. Second, the glucagon secretory
rate recorded during exposure of the pancreas to 2-ketoisocap-
roate was comparable in the control experiments conducted in
euglycemic rats (349+62 pg/min; n=3) and in the experiments
conducted throughout in the presence of 3.3 mM D-glucose
(210+60 pg/min; n=4). Last, it is conceivable that the low cyto-
solic Ca** concentration presumably associated with the low
output of glucagon in the pancreases first exposed for 25 min
to a high concentration of D-glucose somehow adversely
affected the normal inhibitory effect of 2-ketoisocaproate
upon glucagon release. Indeed, a lowering of extracellular Ca**
concentration is known to also provoke a dramatic increase in
glucagon output from pancreases perfused in the presence of
2-ketoisocaproate (26).

4. Modulatory role of somatostatin upon glucagon release:
further experiments

A further observation consistent with a modulatory role of
somatostatin upon glucagon output emerged from experi-
ments dealing with the secretory response of the perfused rat
pancreas to L-leucine examined at different D-glucose levels
and in the absence or presence of L-arginine (16).

First, whilst at 3.3 mM D-glucose, the administration of
arginine (5.0 mM) only provoked a minor increase in soma-
tostatin output, the response to arginine at 8.3 mM D-glucose
consisted in a dramatic and sustained increase in somatostatin
output. This coincided with the fact that, at 3.3 mM D-glucose,
arginine provoked an ample and biphasic stimulation of
glucagon output, whilst at 8.3 mM D-glucose only a minor and
transient increase of glucagon output was observed in response
to arginine. Incidentally, in these experiments, the relative
magnitude of changes provoked by arginine in insulin output
was closely comparable to those recorded for somatostatin
output (16).

Likewise, in response to the administration of L-leucine
(15.0 mM), the release of somatostatin was barely increased
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at 3.3 mM D-glucose, whilst an ample, rapid and sustained
increase of somatostatin secretion was provoked by L-leucine
at 8.3 mM D-glucose. This again coincided with the fact that,
at 3.3 mM D-glucose, L-leucine (15.0 mM) increased glucagon
output to 734+86% (early period of exposure to L-leucine,
3 to 6 min) and 244+45% (late period, ensuing 9 min) of
paired reference values recorded 1 min before administration
of the branched chain amino acid, whilst at 8.3 mM D-glucose
the corresponding percentages did not exceed 173+36% (early
period) and 124+32% (late period), the latter two percentages
failing to differ significantly from the 100% reference value
(paired comparison). Once again, in these experiments the
pattern of changes provoked by L-leucine in insulin output were
comparable to those recorded for somatostatin output (16).

Moreover, when L-leucine (15.0 mM) was administered for
15 min during exposure to L-arginine (5.0 mM), the release of
somatostatin reached mean values 6 to 7-fold higher at 8.3 mM
D-glucose than at 3.3 mM D-glucose. This again coincided
with the fact that, under the same experimental conditions, the
positive response of glucagon-producing cells to the branched-
chain amino acid was close to the limit of detection at 8.3 mM
D-glucose, whilst being virtually identical to that evoked,
within the same experiments, by L-leucine in the absence of
arginine and sole presence of 3.3 mM D-glucose. As expected,
the secretory response of insulin-producing cells to L-leucine,
as recorded in the presence of 5.0 mM arginine, was about
10-fold higher at 8.3 mM D-glucose than at 3.3 mM D-glucose.
It should not be ignored that in the experiments conducted in the
presence of both 3.3 mM D-glucose and 5.0 mM L-arginine,
the return of somatostatin output to basal value recorded after
removal of L-leucine from the perfusate coincided with an
obvious increase of glucagon output, the latter two processes
displaying a superimposable time course (16).

In the same series of experiments, further relevant infor-
mation was gathered on the modulation by D-glucose and
arginine of the secretory response of glucagon-producing
cells to L-leucine. First, at 3.3 mM D-glucose, the early peak
response of glucagon-producing cells progressively increased
as the concentration of L-leucine was raised from 0.2 to
2.0 and 15.0 mM. Such was also the case in the concomi-
tant presence of 3.3 mM D-glucose and 5.0 mM arginine.
However, in the latter case, i.e., in the presence of arginine,
the output of glucagon after the early peak returned to the
same level as that found before administration of 2.0 mM
L-leucine and was obviously much lower than that recorded
before administration of 15.0 mM L-leucine. This coincided
with a progressive increase in the relative magnitude of the
increment in insulin output provoked by L-leucine (0.2, 2.0
and 15.0 mM) in the presence of both 3.3 mM D-glucose and
5.0 mM arginine. An inhibitory component of the secretory
response of glucagon-producing cells to L-leucine was even
more pronounced when the pancreas was eventually perfused
in the absence of D-glucose but presence of L-glutamine
(10.0 mM). Under these experimental conditions, L-glutamine
provoked a biphasic stimulation of glucagon output. However,
when L-leucine (15.0 mM) was administered in the presence
of L-glutamine, an immediate, sustained and reversible virtu-
ally total suppression of glucagon output was observed. This
coincided with the fact that, after a short-lived peak response
of insulin-producing cells to the introduction of L-glutamine,
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the later administration of L-leucine provoked a dramatic
biphasic and reversible stimulation of insulin secretion. Thus,
despite the absence of D-glucose, the magnitude of the changes
in insulin output caused by L-leucine (15.0 mM) in the pres-
ence of L-glutamine (10.0 mM) was about twice higher than
those recorded within the same experiment in response to a
rise in D-glucose concentration from 3.3 to 8.3 mM (16).

In another study, D-mannoheptulose (1.7 mM), thought to
be transported into cells at the intervention of GLUT2, was
found to inhibit insulin release and, in most cases, somatostatin
output, whereas it augmented glucagon secretion by pancreases
exposed to D-glucose (3.3 mM) in the presence of the dimethyl
ester of succinic acid (SAD, 10.0 mM). The heptose failed,
however, to affect hormonal secretion in the sole presence
of SAD. These findings are consistent with the postulated
paracrine effect of somatostatin upon glucagon output (27).

In the concomitant presence of 3.3 mM D-glucose and
10.0 mM SAD, the hexacetate ester of D-mannoheptulose
(1.7 mM) first provoked a transient decrease in somatostatin
output. Thereafter, however, the somatostatin secretory rate
reached a mean value about twice higher and, as such, no
more significantly different from basal value. Likewise, in the
case of insulin release, a partial relief of the early inhibitory
action of D-mannoheptulose hexaacetate upon insulin output
was observed, it being maximal 5 min after the introduction of
the ester. The latter finding could suggest the occurrence of a
modest stimulatory component in the action of the heptose ester
upon insulin release. Nevertheless, when halting the adminis-
tration of D-mannoheptulose hexaacetate, a rebound of insulin
secretory rate was observed, comparable to that otherwise
recorded after removal of unesterified D-mannoheptulose
from the perifusate. The response of glucagon-producing cells
to D-mannoheptulose hexaacetate administered to pancre-
ases exposed to both 3.3 mM D-glucose and 10.0 mM SAD
was essentially comparable to that observed in response to
unesterified D-mannoheptulose (27).

In pancreases exposed to SAD in the absence of D-glucose,
the effects of D-mannoheptulose hexaacetate upon the secre-
tion of all three pancreatic hormones differed from that
otherwise recorded in the concomitant presence of SAD and
D-glucose. First, a transient increase in insulin output was first
observed, it corresponding in its time course to the relief from
the inhibition of insulin release caused by D-mannoheptulose
hexaacetate in the presence of both SAD and D-glucose. A
rebound in insulin output was observed after removal of
D-mannoheptulose hexaacetate from the perfusate in the
experiments conducted in the sole presence of SAD, it being
comparable to that found in the presence of both D-glucose and
SAD. The release of somatostatin underwent a pronounced and
progressive stimulation by D-mannoheptulose hexaacetate in
the experiments conducted in the sole presence of SAD. Such
a stimulation was reversible, the somatostatin secretory rate
returning progressively to basal value when the administration
of the esterified heptose was halted. Last, at variance with the
failure of unesterified D-mannoheptulose to affect glucagon
release from pancreases exposed to SAD in the absence of
D-glucose, the results recorded in response to the administra-
tion of the esterified heptose were compatible with a modest but
significant rapid, sustained and rapidly reversible stimulation
of glucagon output comparable to that otherwise observed in
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response to the administration of D-mannoheptulose hexaace-
tate in pancreases exposed to both SAD and D-glucose. Taken
as a whole, the findings made with D-mannoheptulose hexaac-
etate support the view that monosaccharide esters may affect
the secretion of pancreatic hormones in a dual manner with, on
occasion, e.g. in the sole presence of SAD, prevalent stimula-
tion of both somatostatin and glucagon output (27). In all these
experiments, the functional integrity of the endocrine pancreas
was assessed by administration of L-arginine (5.0 mM) at the
end of the perfusion period. A biphasic stimulation of both
insulin and somatostatin release and a monophasic stimulation
of glucagon release by arginine were observed in all cases.

A mirror image in terms of the changes in somatostatin
and glucagon output was also observed when considering the
effect of 2-deoxy-D-glucose (1.7 and 8.5 mM) in pancreases
perfused in the presence of 8.3 mM D-glucose. Thus, 2-deoxy-
D-glucose provoked a concentration-related inhibition of
both insulin and somatostatin release. At 8.5 mM 2-deoxy-
D-glucose, somatostatin secretion was totally suppressed and
this coincided with a sizeable increase in glucagon output (28).
Both the inhibition of somatostatin release and enhancement
of glucagon secretion were rapidly reversed upon removal
of 2-deoxy-D-glucose from the perfusate. The same study
also provided further evidence that the same secretagogue
may simultaneously stimulate the release of all three pancre-
atic hormones. It was indeed observed that both the a- and
B-anomer of 2-deoxy-D-glucose tetracetate, tested at 1.7 and
8.5 mM concentration, caused a concentration-related stimula-
tion of insulin, somatostatin and glucagon output (28).

In another study conducted in the isolated perfused rat
pancreas exposed to 3.3 mM D-glucose throughout the
experiment, the eventual stimulation of somatostatin release
by arginine (5 mM) between the 73rd and 90th min of the
experiment was more markedly increased in response to a
prior exposure (37 min to 50 min) to D-fructose (17 or 40 mM)
than in response to a prior exposure (also 37 to 50 min) to
D-glucose (5.0 or 7.3 mM), despite the fact that during the
first stimulatory period (37 to 50 min) the insulin output was
comparable at either 5.0 mM D-glucose or 17.0 mM D-fructose
and at either 7.3 mM D-glucose or 40 mM D-fructose. This
coincided with the fact that the prior exposure to D-fructose
significantly decreased the arginine-induced stimulation of
glucagon release (73 to 90 min), when comparing the results
recorded after a prior exposure (37 to 50 min) to either
5.0 mM D-glucose versus 17.0 mM D-fructose or 7.3 mM
D-glucose versus 40.0 mM D-fructose. Incidentally, in these
experiments, the stimulation of insulin output during the first
stimulation period (37 to 50 min) failed to achieve statistical
significance at either 5.0 mM D-glucose or 17 mM D-fructose,
whilst displaying a typical biphasic pattern at either 7.3 mM
D-glucose or 40.0 mM D-fructose. Likewise, the mean absolute
values for glucagon output during the first period of stimula-
tion, which were invariably lower than those recorded during
the initial basal period, were comparable at 5.0 mM D-glucose
versus 17.0 mM D-fructose and at 7.3 mM D-glucose versus
40.0 mM D-fructose (29).

A more sophisticated view concerning the possible link
between somatostatin and glucagon secretion emerged from
a study dealing with the effects of a-D-glucose pentaacetate
and B-L-glucose pentaacetate (1.7 mM each) administered to
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pancreases perfused throughout the experiment in the pres-
ence of L-leucine 10 mM (30).

The insulin secretory response (2 to 53 min) differed vastly
with the three secretagogues under consideration. Thus the
administration of a-D-glucose pentaacetate (1.7 mM) resulted
in a rapid and biphasic increase in insulin output, with an
oscillatory pattern after the initial secretory peak and a rapid
reversion when a-D-glucose pentaacetate was removed from
the perfusate. The administration of 3-L-glucose pentaacetate
(also 1.7 mM) only provoked a delayed and quite modest
increase in insulin release. Thus the mean output of insulin
during exposure to B-L-glucose pentaacetate (29 to 53 min
inclusive) averaged no more than 0.43+0.05 ng/min, as distinct
from 6.98+1.54 ng/min in the case of a-D-glucose penta-
acetate. Last, the administration of unesterified D-glucose
(1.7 mM) did not affect significantly insulin output (30).

The somatostatin secretory response also differed vastly
with the three secretagogues under consideration. Both
a-D-glucose pentaacetate and P-L-glucose pentaacetate
provoked a progressive increase in somatostatin output, without
any obvious early secretory peak, the output of somatostatin
rapidly resuming basal values after removal of the pentaacetate
esters from the perfusate. The magnitude of the somatostatin
positive secretory response was significantly lower (p<0.005)
in the case of B-L-glucose pentaacetate as distinct from
a-D-glucose pentaacetate. Once again, unesterified D-glucose
(1.7 mM) failed to augment somatostatin output (30).

Last in the case of glucagon output, only unesterified
D-glucose provoked an immediate decrease in glucagon secre-
tion. Inversely, the pentaacetate esters provoked an immediate
peak-shaped stimulation of glucagon output. After this early
positive glucagon response, no obvious effect of B-L-glucose
pentaacetate upon glucagon secretion was anymore observed.
However, in the pancreases exposed to a-D-glucose pentaace-
tate, the early glucagon secretory peak was rapidly followed by
a pronounced and sustained inhibition of glucagon output, the
latter inhibition being reversed after removal of the a-anomer
from the perfusate (30).

In all these experiments, the functional integrity of the
perfused pancreases was assessed at the end of the experiments
by monitoring the secretory response to 5.5 mM unesteri-
fied D-glucose. In all cases, the hexose evoked a biphasic
increase in insulin output, with typical oscillations during the
early phase of stimulation. No significant difference in such
an insulin secretory response to unesterified D-glucose was
observed when comparing the results recorded after a prior
exposure to either a-D-glucose pentaacetate, B-L-glucose
pentaacetate or unesterified D-glucose. Likewise, the admin-
istration of unesterified D-glucose (5.5 mM) at the end of the
experiments always provoked a biphasic increase in soma-
tostatin output, with again an oscillatory pattern following the
early secretory peak. In absolute terms (pg/min), the soma-
tostatin secretory response to unesterified D-glucose (5.5 mM)
was higher in the pancreases first exposed to a-D-glucose
pentaacetate or -L-glucose pentaacetate as compared to
unesterified D-glucose. Last, the administration of unesteri-
fied D-glucose (5.5 mM) at the end of the experiments always
resulted in a rapid and significant decrease in glucagon output,
demonstrating the metabolic and functional integrity of the
glucagon-producing cells. The relative extent of the inhibitory
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action of unesterified D-glucose (5.5 mM) on glucagon release
was somewhat more pronounced (p<0.05) after prior exposure
to a-D-glucose pentaacetate than after prior exposure to either
B-L-glucose pentaacetate or unesterified D-glucose (30).

Although these findings confirm that some secretagogues
may exert a dual, both stimulatory and inhibitory effect on
glucagon release, they provide further support for the imme-
diate and delayed (memory phenomenon) paracrine modulation
of glucagon output by somatostatin. Indeed, the pronounced
inhibition of glucagon output observed during the late period of
exposure of the pancreas to a-D-glucose pentaacetate and the
subsequent reascension of glucagon secretion after removal of
the latter ester from the perfusate represented two phenomena
not observed in response to the administration of $-L-glucose
pentaacetate and coinciding with a significantly lower output
of somatostatin (and insulin) during the late period of exposure
of the pancreas to B-L-glucose pentaacetate as distinct from
a-D-glucose pentaacetate.

Before concluding this review, a further example of an
apparent dissociation between the secretory response of
somatostatin and glucagon-producing cells merits to be
mentioned. It refers to the effects of two meglitinide analogs,
i.e., repaglinide (0.01 xM) and A-4166 (1.0 uM) in perfused
rat pancreases exposed to 5.6 mM D-glucose (31). These two
meglitinide analogs stimulated both insulin and somatostatin
output (40 to 60 min). The time course for such a secretory
response was identical for the latter two hormones, but differed
when comparing the results recorded upon the administration
of either repaglinide or A-4166, with a more sluggish onset and
less rapid reversibility with repaglinide than with A-4166. In
these experiments, the concentration of D-glucose was even-
tually raised from 5.6 to 16.7 mM from 86 to 100 min. This
resulted again in increases of both insulin and somatostatin
output. Such increases were considerably higher than those
evoked at 40 to 60 min by the meglitinide analogs. The paired
ratio for insulin output during these two periods was not signifi-
cantly different in the repaglinide and A-411 experiments, with
an overall mean value of 4.6+0.6% (n=8). Likewise, the paired
ratio for somatostatin output during the 44 to 63 min period
and 89 to 100 min period was not significantly different in the
repaglinide and A-4166 experiments, with an overall mean
value of 17.7+3.8% (n=8). Incidentally, the time course of the
secretory response to the late rise in D-glucose concentration
differed in insulin-producing versus somatostatin-producing
cells. The glucose-induced increase in insulin release indeed
displayed a typical biphasic pattern, whilst the hexose-induced
stimulation of somatostatin output became only detectable one
min later and progressively increased without any evidence of
a biphasic pattern. No obvious effect of either repaglinide or
A-4166 upon glucagon output was observed in these experi-
ments, whilst the later rise in D-glucose concentration inhibited
significantly glucagon output, the paired ratio between the
mean glucagon output at the 99th and 100th min averaging
72.1£2.2% (n=_8; p<0.001) of the paired value (100%) recorded
over the preceding 5 min period (84-88 min inclusive). These
findings emphasize the occasional sophistication of the
regulation of hormonal secretion by the endocrine pancreas.
They indeed document two examples of dissociated responses
of distinct islet cells to a given secretagogue. First, the prior
administration of meglitinide analogs disrupted the otherwise
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parallelism between the time course of the secretory response
to a rise in D-glucose concentration in insulin-producing cells
and somatostatin-producing cells. Second, the present findings
once again illustrate that stimulation of somatostatin release, in
this case by meglitinide analogs, does not always coincide with
inhibition of glucagon output (31).

5. Pancreas compartmentation

In all the studies conducted in the perfused rat pancreas and
so far reviewed in this article, no attention was paid to the
compartmentation of the pancreas. Yet, in the rat, as in other
species (e.g., canines and humans), the pancreas is composed of
two parts, i.e., the dorsal (or splenic) and ventral (or duodenal)
parts. These parts differ from one another inter alia by their
embryology, vasculature, exocrine and endocrine cell types.

In a study conducted in rat pancreases (32), the insulin
content of the dorsal pancreas (130+£12 ug/g wet weight) and
ventral pancreas (159+16 ug/g) were not significantly different
from one another, whilst the glucagon content was significantly
lower (p<0.01) in the ventral pancreas (3.3+0.6 yg/g) than in
the dorsal pancreas (8.4+1.2 ug/g). In a first series of experi-
ments, a rise in D-glucose concentration from 3.3 to 8.3 mM
was achieved from 41 to 56 min. Arginine (5.0 mM) was then
administered from 76 to 130 min. A second rise in D-glucose
concentration took place from 91 to 106 min. In response to
the two rises in D-glucose concentration, the insulin output
was significantly higher in the dorsal than ventral pancreas,
whether expressed as ng/min, ng/ml or relative to the insulin
content. Such was also the case in a second series of experi-
ments in which stimulation of insulin release was achieved
by the administration of either carbamylcholine (1.0 M)
or arginine (5.0 mM) in the presence of 7.0 mM D-glucose.
These results indicate that B-cells in the ventral pancreas
respond poorly to several stimuli. In the first series of experi-
ments, the rise in D-glucose concentration inhibited glucagon
release whether in the absence or presence of arginine, whilst
the latter amino acid provoked a pronounced and biphasic
increase in glucagon output. In the second series of experi-
ments conducted in the presence of 7.0 mM D-glucose, the
administration of carbamylcholine (1.0 M) evoked a biphasic
increase in glucagon output, the later administration of arginine
(5.0 mM) also stimulating glucagon secretion predominantly
during an initial secretory peak. In absolute terms (ng/min)
the output of glucagon recorded in the first or second series of
experiments was much higher in the dorsal than ventral part of
the pancreas. Expressed relative to glucagon content, however,
a significantly higher output of glucagon in the dorsal than
ventral part of the pancreas was only observed in response
to stimulation by arginine at low D-glucose concentration, no
significant difference being anymore observed under the other
6 experimental conditions. In other words, the lesser respon-
siveness of insulin-producing cells in the ventral than dorsal
pancreas, failed to coincide with a comparable difference in
glucagon-producing cells (32).

6. Concluding remarks

The present illustrative but far from exhaustive review provides,
within limits, further support to the postulated paracrine role
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of somatostatin in the modulation of glucagon release under
selected experimental conditions.
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