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Abstract
Background/Aims—Studies in animals
suggest a physiological role for glucagon-
like peptide-1-(7–36)-amide (GLP-1) in
regulating satiety. The role of GLP-1 in
regulating food intake in man has, how-
ever, not been investigated.
Subjects—Sixteen healthy male subjects
were examined in a double blind placebo
controlled fashion.
Methods—The eVect of graded intra-
venous doses (0, 0.375, 0.75, and 1.5 pmol/
kg/min) of synthetic human GLP-1 on
food intake and feelings of hunger and
satiety was tested in healthy volunteers.
Results—Graded GLP-1 infusions re-
sulted in a dose dependent reduction in
food intake (maximal inhibition 35%,
p<0.001 v control) and a similar reduction
in calorie intake (32%; p<0.001). Fluid
ingestion was also reduced by GLP-1 (18%
reduction, p<0.01). No overt side eVects
were produced by GLP-1, but subjects
experienced less hunger and early fullness
in the period before a meal during GLP-1
infusion at the highest dose (p<0.05).
Conclusions—Intravenous infusions of
GLP-1 decrease spontaneous food intake
even at physiological plasma concentra-
tions, implying an important role for
GLP-1 in the regulation of the early
satiety response in humans.
(Gut 1999;44:81–86)
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The physiological mechanisms that produce
satiety after food intake have not yet been
defined. Several peptides secreted from the
gastrointestinal tract during eating have been
shown to suppress food intake if given before
meals.1–3 During recent years, the role of the
preabsorptive release of gut peptides (espe-
cially cholecystokinin (CCK), bombesin-like
peptides, and glucagon-like peptides) in the
production of meal-ending satiety has been
extensively investigated in animals.3–11

CCK and bombesin-like peptides have also
been studied in humans.9 10 CCK, the first gut
peptide proposed to act as a satiety signal,4 has
received the major share of interest in human
studies to date, with a dozen reports in the lit-
erature.

Glucagon-like peptide-1 (GLP-1), a biologi-
cally active product of the post-translational
processing of the prohormone proglucagon, is
released from enteroendocrine L-cells from the

distal gut in response to food intake.12–14 Oral
glucose is a stimulus for GLP-1 release,
whereas intravenously applied glucose has no
eVect on endogenous GLP-1. Unexpectedly,
later experiments in rats showed that GLP-1
reduced food intake in rats if administered
intracerebroventricularly, but had no eVect
when given peripherally.8 Additional experi-
ments with a specific GLP-1 receptor antago-
nist that acts specifically to block endogenous
peptide and thus aVects only physiologically
active circuits showed that blockade of endog-
enous GLP-1 caused healthy already satieted
animals to eat more; in fact, the animals more
than doubled their food intake. The authors
suggested therefore that GLP-1 is a physiologi-
cal satiety factor.8 The eVects of GLP-1 on
food intake in humans are not known.
Therefore the present study was designed to
investigate the eVects of intravenous infusions
of synthetic human GLP-1 on food intake,
meal duration, satiety, and feelings of fullness
in healthy male subjects.

Materials and methods
SUBJECTS

A randomised double blind four period latin
square design was carried out in 16 healthy
men aged 23.6 (0.5) years. The weight of all
subjects was within the normal range consider-
ing their age, sex, and height.

Each subject gave written informed consent
for the study. The protocol was approved by the
human ethical research committees of the Uni-
versity Hospitals of Basel and Aarau. Before
being accepted, participants were required to
complete a medical interview, receive a full
physical examination, and participate in an ini-
tial laboratory screening. None were taking any
medication or had a history of food allergies,
disturbances of carbohydrate tolerance, or
dietary restrictions.

DOSE-RESPONSE CURVE TO GLP-1

Four treatments, separated by at least seven
days, were performed in 16 subjects. The treat-
ments were identical in design (fig 1) except for
the intravenous infusion (5% glucose as
placebo control or one dose of GLP-1); the
order of the experiments was randomised. An
identical standard meal was presented to the
subjects on each occasion. The meal consisted
of orange juice as an appetiser (480 kcal/l), ham
sandwiches (60 g bread, 10 g butter, 25 g ham;
266 kcal per sandwich), more orange juice and
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chocolate pudding (172 kcal/100 g), and coffee
with cream and sugar (coVee could be
sweetened if desired; therefore both cream and
sugar were optional: 12 g cream = 20 kcal, 4.5
g sugar = 18 kcal). No additional food or fluid
was allowed during the study. At the end of the
experiment, the amount of food eaten and the
amount of fluid ingested were measured from
which the total calorie intake (food and fluid
intake) was calculated.

Subjects were free to eat and drink as much
as they wished, but the order of food intake had
to follow the above schedule. To reduce the
participants’ awareness of the amount of food
being provided, food was served in excess.

On the day of the experiment, the subjects
ate breakfast if this was their normal custom,
but no snacks were allowed after 8 00 am. At 12
00 noon, an intravenous infusion of 5% glucose
or one dose of synthetic GLP-1 (0.375, 0.75, or
1.5 pmol/kg/min, dissolved in 5% glucose solu-
tion) was started and continued for the
duration of each experiment. Infusions were
delivered by ambulatory infusion pumps
through a Teflon catheter inserted into a fore-
arm vein. Participants were able to sit, eat,
stand, and walk comfortably while receiving
infusions. At 60 minutes after the start of the
respective infusion, the test meal was presented
and participants were invited to eat and drink
as much as they liked.

Beginning at 12 00 noon, the subjects scored
their subjective feelings of hunger and fullness
at 15 minute intervals throughout the experi-
ments using a visual analogue scale of 0–10 and
indicated the scores on a questionnaire. The
scales and scores were designed as previously
described.15–17 For example, a score of 0 for
hunger indicated the subject was not hungry at

all, 2 indicated slightly hungry, 5 indicated
moderately hungry, 8 indicated very hungry,
and 10 indicated absolutely ravenous.

The quantity of food eaten and volume of
fluid drunk were measured. The time taken to
complete the meal was also measured. From
these observations, the average rate of food and
fluid intake as well as the calorie intake could
be calculated. In the periods before and after
eating, blood was drawn at regular intervals in
ethylenediaminetetraacetic acid tubes contain-
ing aprotinin (1000 KIU/ml blood) for glucose
and hormone determinations. Adverse eVects
were assessed by the attending physician
through close observation of the participants;
in addition, after each experiment and after all
tests had been completed, participants were
asked whether they had experienced any
adverse eVects.

INFUSIONS

The GLP-1 infusions were prepared from a
freeze dried synthetic powder. GLP-1 was pur-
chased from Bachem (Bubendorf, Switzer-
land). The peptide was dissolved in 5% glucose
containing 0.5% human serum albumin and
prepared under aseptic conditions by the Uni-
versity of Basel Hospital Pharmacy. Aliquots of
50 µg/5 ml were stored at −20°C. Infusion
solutions were prepared by diluting appropri-
ate amounts of GLP-1 with 5% glucose
containing 0.1% human serum albumin. Con-
trol solutions contained albumin in 5% glucose
alone; they were indistinguishable in appear-
ance from GLP-1 infusions.

The person in charge of the experiments was
unaware of the respective treatment, thereby
making it possible to deliver treatments in a
double blind fashion.

PLASMA HORMONE AND GLUCOSE

DETERMINATIONS

Glucose concentrations were measured by the
hexokinase method. Plasma concentrations of
insulin, CCK, GLP-1, and leptin were
measured as depicted in fig 1. All hormone
concentrations were determined by specific
radioimmunoassay systems. For insulin and
leptin concentrations, commercially available
test kits were used.

Plasma immunoreactive CCK concentra-
tions were measured by a sensitive
radioimmunoassay17 based on the antiserum
OAL656 which recognises the sulphated tyro-
sine residue of CCK8, but has no relevant cross
reactivity with sulphated gastrin (<1%) and
does not cross react with unrelated gastro-
intestinal peptides.18 GLP-1 was measured as
previously described.1 19 20 The detection limit
of the GLP-1 assay was 2 fmol/tube. The assay
does not have any significant cross reactivity
with gastric inhibitory peptide, pancreatic glu-
cagon, glicentin, oxyntomodulin, or GLP-2.
Intra-assay and inter-assay coeYcients of vari-
ation were 3.4 and 10.4% respectively.

STATISTICAL ANALYSIS

The amount of food eaten and the amount of
fluid drunk, the corresponding energy intake,
and the duration of food consumption were

Figure 1 Daily time course of procedures.
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Table 1 EVect of graded doses (pmol/kg/min) of human glucagon-like peptide-1 (GLP-1)
or 5% glucose on eating behaviour in 16 healthy male subjects

GLP-1

Treatment Control 0.375 0.75 1.5

Food quantity (g) 587 (36) 531 (35)* 516 (40)* 384 (34)***
Calorie intake (kcal) 1627 (97) 1520 (95) 1451 (101)* 1107 (84)***
Meal duration (min) 38 (3) 35 (3) 34 (3)* 30 (3)*
Fluid intake (ml) 708 (57) 748 (52) 689 (48)* 584 (45)**

Values are expressed as mean (SEM).
*p<0.05, **p<0.01, ***p<0.001 v control.
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compared between the four treatments by one
way analysis of variance using the general linear
model procedure of the SAS software
package.21 In the event of significant diVer-
ences, analysis of variance was followed by the
Newman-Keuls multicomparison test for pair-
wise comparisons.22 The same statistical proce-
dure was used to analyse the results of GLP-1
induced changes in plasma hormone concen-
trations using area under the curve analysis.

Scores for hunger and fullness were com-
pared at the diVerent time points before and
after the meal between the diVerent treatments
using multiple paired t tests with Bonferroni
correction.22

Results
EFFECT OF GRADED INFUSION OF GLP-1 ON FOOD

INTAKE

Intravenous infusion of graded doses of
synthetic human GLP-1 dose-dependently
reduced the amount of food eaten and the
amount of fluid consumed (p<0.001 and
p<0.01 respectively; table 1). The maximal
reduction in food consumption with the

highest dose of GLP-1 (1.5 pmol/kg/min)
amounted to 35% resulting in a decrease in
calorie intake of 32% (p<0.001; table 1).

Meal duration during GLP-1 infusions was
also dose-dependently decreased compared
with that with placebo and reached statistical
significance at the highest dose (p<0.05). None
of the participants reported any abdominal
discomfort or side eVects during any infusion
of either dose. Furthermore, when questioned
at the end of each experiment, none reported
any adverse reaction.

EFFECT OF GLP-1 ON EATING BEHAVIOUR

Subjects experienced a reduced degree of hun-
ger and a concomitant feeling of fullness in the
period before the meal with increasing doses of
GLP-1 infusions. However, the diVerence
reached statistical significance only for the
highest dose of GLP-1 with respect to hunger
feelings (p<0.05–0.01; fig 2). No statistical dif-
ferences were observed thereafter in hunger or
fullness scores with any treatment after meal
intake.

EFFECT OF GLP-1 ON HORMONE LEVELS

Graded doses of exogenous GLP-1 produced
dose dependent increases in plasma GLP-1
concentrations (fig 3). The two lower doses
produced plasma levels of 3.7 (0.6) and 5.0
(0.6) pmol/l respectively, which can be consid-
ered physiological postprandial plasma levels,
whereas the highest dose of GLP-1 resulted in
supraphysiological plasma concentrations.19 20

In the control experiment, glucose levels and
insulin concentrations remained stable in the
preprandial period. GLP-1 induced a dose
dependent short lasting increase in blood
glucose and plasma insulin concentrations; the
results are depicted as an insulinogenic index
in fig 4. Because changes in plasma glucose are
invariably associated with changes in plasma
insulin, the insulinogenic index, calculated as
the quotient insulin/glucose, more appropri-
ately reflects insulin release.20 Plasma CCK
concentrations remained unaltered by any dose

Figure 2 Subjective sensations of hunger (A) and fullness (B) experienced by healthy
male subjects before and after food intake during intravenous infusion of 5% glucose
(placebo) or one dose (0.375, 0.75, or 1.5 pmol/kg/min) of human glucagon-like peptide-1.
Results are expressed as mean and SEM (n = 16). *p<0.05, **p<0.01 v control.
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Figure 3 Immunoreactive glucagon-like peptide-1
(IR-GLP-1) measured in the plasma (pmol/l) in response
to graded doses of intravenous GLP-1 or placebo in the
preprandial period. Data are expressed as mean and SEM.
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of GLP-1 in the preprandial period (fig 4).
Finally, leptin levels did not change either with
any dose of GLP-1 administered or after food
intake (fig 5).

Discussion
In animals, expression of GLP-1 receptors has
been found in the hypothalamus, brainstem,
and periventricular area, but not in the cortex.23

Furthermore, GLP-1 receptors have been
found in the endocrine pancreas,24 adipose
tissue,25 and stomach.26 27 Moreover, nerves
containing GLP-1 have been identified in the
brain.28 29 As GLP-1 receptors have been
shown to be present at sites at which adminis-
tration of exogenous GLP-1 appears to cause
satiety, experiments are now required to deter-
mine if the satiety eVect of GLP-1 is physi-
ological, and, if so, whether it is a major satiety
factor. Recent animal data have provided
experimental evidence that GLP-1 can func-
tion as a mediator of food induced satiety in
rats and mice provided that it is administered
directly into the brain. Injection of GLP-1 into
the cerebral ventricles of fasted rats inhibited
feeding, and this eVect was blocked by the
GLP-1 receptor antagonist exendin.9–39 Fur-

thermore, administration of exendin9–39 alone
doubled food intake in satiated rats.8 14 These
findings prompted the authors to suggest that
GLP-1 is a potent physiological regulator of
satiety. These initial observations were con-
firmed by Scrocchi and co-workers30 in normal
mice; along this line of investigation, the
authors postulated that GLP-1 is a physiologi-
cal regulator of blood glucose and satiety. To
ascertain the physiological importance of the
peptide as a regulator of feeding behaviour,
they generated mice with a targeted disruption
of the GLP-1 receptor gene (GLP-1R). These
GLP-1R−/− mice developed normally but
exhibited increased levels of blood glucose fol-
lowing an oral glucose challenge together with
attenuated levels of circulating insulin.30 How-
ever, no evidence for abnormal feeding behav-
iour was observed in GLP-1R−/− mice, so the
biological importance of GLP-1 as a neuropep-
tide remains controversial.

Based on this information, the purpose of
this study was to examine the eVect of
intravenous administration of graded doses of
synthetic human GLP-1 on eating behaviour
and satiety in healthy male subjects in order to
assess a possible physiological role for the pep-
tide in the regulation of food intake. We were
especially interested to test whether intra-
venous administration of the peptide was able
to induce satiety eVects. This idea was derived
from previous studies showing that several
peptides normally secreted from the gastro-
intestinal tract during eating are able to
suppress food intake if given before meals.1–3

The results of the present study clearly show
that a short term satiety eVect can be induced
by peripherally infused GLP-1; the results lend
further support to the hypothesis that GLP-1 is
an endogenous signal involved in the control of
food intake in man. The lack of specific GLP-1
receptor antagonists that could be given to
humans prevents us for the moment from
deciding whether the eVects produced by the
exogenous administration of GLP-1 (as used in
this study) are true physiological eVects. How-
ever, we have clearly shown that GLP-1

Figure 4 Insulinogenic index (insulin/glucose) and
plasma cholecystokinin (CCK) levels (pmol/l) in response
to graded doses of glucagon-like peptide-1 (GLP-1) or
placebo in the premeal period. Data are expressed as mean
and SEM.
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Figure 5 Leptin concentrations(ng/ml) measured in
plasma in response to graded doses of intravenous
glucagon-like peptide-1 (GLP-1) or placebo. Data are
expressed as mean and SEM.
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decreases food intake; some of the eVects were
seen at plasma GLP-1 concentrations observed
after a meal.19 20 31 Along these lines of investi-
gation, Flint and co-workers32 have recently
published a similar study. They examined the
eVect of a single dose of GLP-1 on subjective
appetite sensations after an energy fixed break-
fast and on spontaneous energy intake at an ad
libitum lunch. GLP-1 enhanced satiety and
induced early fullness compared with placebo.
Furthermore, GLP-1 reduced energy intake.
From these observations and our present
results, we infer that the eVects represent
physiological eVects of GLP-1.

The mechanism by which GLP-1 inhibits
food intake is not clear and could possibly be
the result of diVerent actions. Does it mediate
its eVect directly by binding to peripheral or
central receptors or does it act indirectly by
releasing other satiety peptides? The questions
cannot be answered at the present time as a
demonstration of a direct action of GLP-1
would require experiments with a selective
GLP-1 receptor antagonist specifically block-
ing endogenous GLP-1. Is the eVect peripheral
or mediated by central receptors? Does GLP-1
act as a hormone and does it cross the
blood-brain barrier? Turton et al8 showed a
potent eVect on food intake in rats when
GLP-1 was administered intracerebroventricu-
larly, whereas intraperitoneal application of the
peptide did not have any eVect. This observa-
tion suggests but does not prove that the action
of GLP-1 on food intake is mediated by central
rather than peripheral mechanisms. On the
other hand, there is experimental evidence to
show that intraperitoneal injections of supra-
physiological loads of GLP-1 into rats are
insuYcient to even lower blood glucose levels,
indicating rapid degradation of the peptide in
the abdominal cavity (P Berghöfer and B Göke,
unpublished data). Also, there are experimen-
tal data showing that the eVect of gut peptides
such as CCK in regulating food intake is medi-
ated through stimulation of aVerent fibres of
the vagus nerve.33 Along this line of argument,
Wettergren and co-workers34 have shown that
the inhibitory eVects of GLP-1 on gastric acid
secretion in humans depend on an intact vagal
innervation of the stomach as the eVect is lost
after vagotomy.

Does GLP-1 inhibit food intake by stimulat-
ing the release of other peptides known to be
involved in the regulation? In the present study,
we have measured the eVect of GLP-1 on CCK
secretion and on plasma leptin concentrations,
two peptides that have received a major share
of attention with respect to this particular
question. The results presented in this study
show that CCK is not released after adminis-
tration of graded doses of GLP-1 before the
meal making it unlikely that CCK is the
mediator of this response. Leptin, the product
of the adipose specific ob gene, regulates food
intake and energy expenditure in animals.35–37

No eVect of leptin on short term satiety has
been shown in humans as yet, but it has been
proposed that the postprandial increase in
GLP-1 stimulates adipose tissue to secrete lep-
tin and suppress food intake. In our study,

plasma leptin concentrations did not change
even during a pharmacological GLP-1 infusion
(fig 5), confirming the results of Shalev et al.38

The latter finding indicates that food intake
suppression induced by GLP-1 is not mediated
by leptin. Somatostatin, which has also been
proposed to act as a satiety signal, was not
measured here, but a previous study has evalu-
ated the eVect of intravenous GLP-1 infusion
on plasma somatostatin concentration in
healthy volunteers and did not show any
alteration.39 GLP-1 is associated with gastric
emptying in humans19 20; it is therefore possible
that intravenous administration of GLP-1 acti-
vates neural circuits that may cause sensations
of fullness by delaying gastric emptying. Addi-
tional experiments would be required to test
whether changes in gastric function play a role
in the suppression of food intake after GLP-1
infusion.

Finally, a non-specific action of GLP-1 can
be excluded because no overt side eVects were
observed in this study. It is noteworthy that
GLP-1 reduced food intake to a larger extent
than other gut peptides under similar experi-
mental conditions: the maximal reduction in
the amount of food eaten was 35% with the
highest dose of GLP-1 compared with a maxi-
mal eVect of gastrin releasing peptide at a high
pharmacological dose of 19%11 or a maximal
dose of CCK (causing side eVects in some vol-
unteers) of 13%.9 A recent study has shown
that therapeutic plasma levels of GLP-1 in
healthy volunteers were achieved after a single
buccal tablet.40 Although the bioavailability of
buccal GLP-1 was low, the study indicates a
potential therapeutic route of administration
for GLP-1. Further studies are required to
assess whether GLP-1 could provide a new
therapeutic approach to the reduction of food
intake in patients with non-insulin dependent
diabetes mellitus who are overweight and
patients with obesity.

In conclusion, we have shown that graded
doses of human GLP-1 that produce plasma
GLP-1 concentrations within the physiological
range reduce intake of food in non-obese
healthy male subjects. The mechanism of
action requires clarification. Further investiga-
tion is needed to define the physiological role of
GLP-1 in the control of human food intake and
also to assess its therapeutic potential in reduc-
ing food consumption.

This work was supported by a grant from the Swiss National
Science Foundation (grant No 3200–40604.94/1).

1 Smith GP, Gibbs J. Brain-gut peptides and the control of
food intake. In: Martin JB, Reichlin S, Bick KL, eds. Neuro-
secretion and brain peptides. New York: Raven, 1981:389–95.

2 Gibbs J, Smith GP. Satiety: the roles of peptides from the
stomach and the intestine. Fed Proc 1986;45:1391–5.

3 Gibbs J, Smith GP. The actions of bombesin-like peptides
on food intake. Ann N Y Acad Sci 1988;547:210–16.

4 Gibbs J, Young RC, Smith GP. Cholecystokinin decreases
food intake in rats. J Comp Physiol Psychol 1973;84:488–95.

5 Bado A, Rodriguez M, Lewin MJM, et al. Cholecystokinin
suppresses food intake in cats: structure-activity characeri-
zation. Pharmacol Biochem Behav 1988;31:297–303.

6 Weller A, Smith GP, Gibbs J. Endogenous cholecystokinin
reduces feeding in young rats. Science 1989;247:1589–91.

7 Silver AJ, Flood JF, Song AM, et al. Evidence for a
physiological role for CCK in the regulation of food intake
in mice. Am J Physiol 1989;256:R646–52.

8 Turton MD, O’Shea D, Gunn I, et al. A role for
glucagon-like peptide-1 in the central regulation of feeding.
Nature 1996;379:69–72.

Regulation of food intake 85

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.44.1.81 on 1 January 1999. D

ow
nloaded from

 

http://gut.bmj.com/


9 Lieverse RJ, Jansen JBMJ, Masclee AAM, et al. Satiety
eVects of cholecystokinin in humans. Gastroenterology
1994;106:1451–4.

10 KissileV HR, Pi-Sunyer X, Thornton J, et al. C-terminal
octapeptide of cholecystokinin decreases food intake in
man. Am J Clin Nutr 1981;34:154–60.

11 Gutzwiller JP, Drewe J, Hildebrand P, et al. EVect of
intravenous human gastrin-releasing peptide on food
intake in humans. Gastroenterology 1994;106:1168–73.

12 Herrmann C, Göke R, Richter G, et al. Glucagon-like
peptide-1 and glucose-dependent insulin-releasing
polypeptide plasma levels in response to nutrients. Digestion
1995;56:117–26.

13 Gutniak M, Ørskov C, Holst JJ, et al. Antidiabetogenic effect
of glucagon-like peptide-1 (7–36)amide in normal subjects
and patients with diabetes mellitus. N Engl J Med
1992;326:1316–22.

14 Nauck MA, Heimesaat MM, Ørskov C, et al. Preserved
incretin activity of glucagon-like peptide 1 [7–36 amide]
but not of synthetic human gastric inhibitory polypeptide
in patients with type-2 diabetes mellitus. J Clin Invest 1993;
91:301–7.

15 Welch IML, Sepple CP, Read NW. Comparisons of the
eVects on satiety and eating behaviour of infusion of lipid
into the diVerent regions of the small intestine. Gut
1988;29:306-11.

16 Welch I, Saunders K, Read NW. EVect of ileal and
intravenous infusions of fat emulsions on feeding and sati-
ety in human volunteers. Gastroenterology 1985;89:1293–7.

17 Drewe J, Gadient A, Rovati LC, et al. Role of circulating
cholecystokinin in control of fat-induced inhibition of food
intake in humans. Gastroenterology 1992;102:1654–9.

18 Hashimura E, Shimizu F, Nishino T, et al. Production of
rabbit antibody specific for aminoterminal residues of
cholecystokinin octapeptide (CCK-8) by selective suppres-
sion of cross-reactive antibody response. J Immunol
Methods 1982;55:375–87.

19 Schirra J, Katschinski M, Weidmann C, et al. Gastric emp-
tying and release of incretin hormones after glucose inges-
tion in humans. J Clin Invest 1996;97:92–103.

20 Schirra J, Kuwert P, Wank U, et al. DiVerential eVects of
subcutaneous GLP-1 on gastric emptying, antroduodenal
motility, and pancreatic function in men. Proc Assoc Am
Physicians 1997;109:84–97.

21 SAS, Release 6.03. Cary, NC: SAS Institute, 1988.
22 Sachs L. Angewandte statistik. Berlin: Springer, 1984.
23 Göke R, Larsen PJ, Mikkelsen JD, et al. Distribution of

GLP-1 binding sites in the rat brain: evidence that
exendin-4 is a ligand of brain GLP-1 binding sites. Eur J
Neurosci 1995;7:2294–300.

24 Hörsch D, Göke R, Eissele R, et al. Reciprocal cellular dis-
tribution of glucagon-like peptide-1 (GLP-1) immunoreac-
tivity and GLP-1 receptor mRNA in pancreatic islets of rat.
Pancreas 1997;14:290–4.

25 Valverde I, Merida E, Delgado E, et al. Presence and charac-
terization of glucagon-like peptide-1(7–36)amide receptors

in solubilized membranes of rat adipose tissue. Endocrinol-
ogy 1993;132:75–9.

26 Uttenthal LO, Blazquez E. Characterization of high-aYnity
receptors for truncated glucagon-like peptide-1 in rat
gastric glands. FEBS Lett 1990;262:139–41.

27 Schmidtler J, Dehne K, Allescher HD, et al. Rat parietal cell
receptors for GLP-1-(7–36) amide: Northern blot, cross-
linking, and radioligand binding. Am J Physiol 1994;267:
G423–32.

28 Jin SLC, Han VKM, Simmons JG, et al. Distribution of glu-
cagonlike peptide I (GLP-I), glucagon, and glicentin in the
rat brain: an immunocytochemical study. J Comp Neurol
1988;271:519–32.

29 Salazar I, Vaillant C. Glucagon-like immunoreactivity in
hypothalamic neurons of the rat. Cell Tissue Res 1990;261:
355–8.

30 Scrocchi LA, Brown TJ, MacLusky N, et al. Glucose intol-
erance but normal satiety in mice with a null mutation in
the glucagon-like peptide 1 receptor gene. Nat Med
1996;2:1254–8.

31 Byrne MM, Göke B. Human studies with glucagon-like-
peptide-1: potential of the gut hormone for clinical use.
Diabet Med 1996;13:854–60.

32 Flint A, Raben A, Astrup A, et al. Glucagon-like peptide 1
promotes satiety and suppresses energy intake in humans. J
Clin Invest 1998;101:515–20.

33 Raybould HE, Gayton RJ, Dockray GJ. Mechanisms of
action of peripherally administered cholecystokinin oc-
tapeptide on brain stem neurons in the rat. J Neurosci
1988;8:3018–24.

34 Wettergren A, Wojdemann M, Meisner S, et al. The inhibi-
tory eVect of glucagon-like peptide-1 (GLP-1) 7–36 amide
on gastric acid secretion in humans depends on an intact
vagal innervation. Gut 1997;40:597–601.

35 Campfield LA, Smith FJ, Guisez Y, et al. Recombinant mouse
OB protein: evidence for a peripheral signal linking adiposity
and central neural networks. Science 1995;269:546–9.

36 Halaas JL, Gajiwala KS, MaVei M, et al. Weight-reducing
eVects of the plasma protein encoded by the obese gene.
Science 1995;269:543–6.

37 Pelleymounter MA, Cullen MJ, Baker MB, et al. EVects of
the obese gene product on body weight regulation in ob/ob
mice. Science 1995;269:540–3.

38 Shalev A, Vosmeer S, Keller U. Absence of short-term
eVects of glucagon-like peptide-1 and of hyperglycemia on
plasma leptin levels in man. Metabolism 1997;46:723–5.

39 Todd JF, Wilding JPH, Edwards CMB, et al. Glucagon-like
peptide-1 (GLP-1): a trial of treatment in non-insulin-
dependent diabetes mellitus. Eur J Clin Invest 1997;27:
533–6.

40 Gutniak MK, Larsson H, Heiber SJ, et al. Potential
therapeutic levels of glucagon-like peptide I achieved in
humans by a buccal tablet. Diabetes Care 1996;19:843–8.

86 Gutzwiller, Göke, Drewe, et al

 on M
ay 19, 2023 by guest. P

rotected by copyright.
http://gut.bm

j.com
/

G
ut: first published as 10.1136/gut.44.1.81 on 1 January 1999. D

ow
nloaded from

 

http://gut.bmj.com/

