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Centrally administered glucagon-like peptide-1 (GLP-1) inhibits feeding in fasted rats, but its
role in human satiety has been largely unexplored. The present study investigated the effect of
peripheral GLP-1 infusion on gastric emptying and satiety in man. Ten non-obese male subjects
were infused in a randomized single-blind within-subject crossover study using saline infusion as
control. They received either a GLP-1 infusion (1⋅2 pmol/kg per min) or a saline infusion for 1 h, at
18.00 hours. At 20 min after starting the infusion the gastric emptying of a 400 ml water load was
measured. Subjects completed behavioural self-rating scales to assess hunger and satiety. After
40 min subjects were given a buffet mealad libitumand their food intake was recorded. GLP-1
infusion raised circulating GLP-1 concentrations to approximately twice those seen following a
meal. It did not affect circulating insulin levels but caused a small fall in glucose levels. Gastric
emptying of the water load was significantly delayed by the GLP-1 infusion. Energy intake from
the buffet was unaffected by GLP-1 infusion. Self-assessment of hunger and satiety was similarly
unaffected by the infusion before the buffet meal, although subjects tended to be less hungry after
the buffet meal following GLP-1 infusion (P, 0⋅09). GLP-1 infusion delayed gastric emptying
but had a minimal effect on food intake and satiety. This study casts doubts on whether GLP-1 is a
major satiety factor in man, although a raised circulating plasma glucose level, as would normally
occur postprandially, might be necessary for GLP-1 to increase satiety.

Glucagon-like peptide-1: Food intake: Satiety: Gastric emptying

There has been an increasing trend towards obesity in many
Western countries over the last 20 years. In the UK, for
example, the proportion of adults classified as obese on the
basis of BMI. 30 kg/m2 doubled between 1980 and 1991
(Prentice & Jebb, 1995). In general, food intake has not
decreased sufficiently to compensate for the decline in
energy expenditure brought about by contemporary
labour-saving lifestyles, focusing attention on the mechan-
isms by which nutrient intake is controlled.

Relatively little is known about the biochemical mechan-
isms that contribute to hunger and satiety. The initiation and
termination of feeding are complex processes that are likely
to involve multiple signals to the central nervous system.
However, there is strong evidence that the short-term con-
trol of food intake is mediated via satiety signals in the form
of gastrointestinal hormones, whose secretion is triggered
by the presence of food, especially fat, in the intestine
(Welch et al. 1985).

Nutrient ingestion stimulates the release of a number of

duodenal and ileal gastrointestinal hormones. Most work
has centred on cholecystokinin (CCK) as a hormonal satiety
signal. There is strong evidence from animal studies to
implicate CCK as a peripheral satiety signal (Lottiet al.
1987), although the evidence in man is less clear. Physio-
logical doses of peripherally administered CCK have a
satiating effect in human subjects (Lieverseet al. 1995),
but conflicting results have been obtained when peripheral
CCK receptor antagonists have been administered (Wolko-
witz et al. 1990; Dreweet al. 1992). CCK has multiple
effects on the gastrointestinal tract, including the modulation
of gastric emptying, which may influence satiety (Moran &
McHugh, 1992)

In view of the conflicting evidence implicating CCK as a
satiety factor in man, it seems likely that other gastrointestinal
hormones are also involved in human satiety. The gastro-
intestinal hormone glucagon-like peptide-1(7-36)amide
(GLP-1) is secreted from the ileum in response to fat,
carbohydrate and protein intake in man (Elliottet al. 1993).
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Best known for its insulin stimulatory action (Kreymann
et al. 1987), it inhibits both gastric emptying and gastric
acid secretion, properties it shares with CCK (Wettergren
et al. 1993). GLP-1 has been shown to be a central satiety
factor in rats; intracerebroventricular infusion of GLP-1
depresses food intake, a situation reversed by the adminis-
tration of GLP-1 antibodies or receptor antagonists (Turton
et al. 1995; Tang Christensenet al. 1996). We have found
that GLP-1 levels are lower postprandially in obese than
normal-weight subjects (Ranganathet al. 1996), a finding
that reinforces the hypothesis that GLP-1 may play an
important role in satiety. However, there is evidence that
central infusion of GLP-1 produces conditioned taste aver-
sion in rats and may not, therefore, act as a true satiety factor
(Thiele et al. 1997).

Peripheral GLP-1 has the ability to access the brain via
the subfornical organ and the area postrema of the circum-
ventricular organs (Orskovet al. 1996) where the blood–
brain barrier is leaky. Intravenously infused GLP-1, when
co-infused with a fixed-energy breakfast, has recently been
shown to increase subjective feelings of satiety and suppress
subsequent energy intake in man (Flintet al. 1998). The
present study was designed to examine the effect of intra-
venous GLP-1 infusion administered both postabsorptively
and during a meal, on subjective feelings of hunger and
satiety and the energy intake of anad libitum buffet meal,
in non-obese human subjects. GLP-1 infusion rates were
calculated to elicit circulating GLP-1 levels in the upper
range of normal postprandial levels, and the effect of GLP-1
infusion on gastric emptying was also measured using elec-
trical impedance epigastrography, to ascertain the possible
contribution that alterations in gastric emptying might make
to satiety.

Materials and methods

Study design

A single-blind randomized within-subject crossover com-
parison of GLP-1 and placebo for their effects on appetite,
gastric emptying and circulating hormone and metabolite
concentrations was performed.

Subjects

Ten male subjects aged 20–29 years, BMI 20–27 kg/m2,
were recruited. They were non-dieters and non-smokers,
consuming, 20 units alcohol/week, and were free from
significant medical history. Subjects were asked to complete
the Dutch eating behaviour questionnaire (Van Strienet al.
1986) before acceptance on to the study. This determines the
extent to which individuals respond to external and emotional

cues when eating and helped to ensure that only individuals
with ‘normal’ eating habits were recruited. Written and oral
consent was obtained from each subject before the start
of the study and standard biochemical and haematology
screening was conducted before inclusion of subjects into
the study. Ethical approval for the study was obtained from
the South West Surrey District and University of Surrey
Ethical Committees.

Experimental protocol

Subjects were studied on two occasions, 7 d apart. They
were asked to refrain from strenuous exercise and alcohol
intake both on the study day and on the previous day. On
each occasion subjects were asked to eat their usual break-
fast on the morning of the study, but to avoid fried and high-
fat foods and caffeinated drinks. They consumed a standard
lunch at 12.00 hours, selected from a range of oven-ready
meals relatively low in fat and NSP content, both of which
may have variable and prolonged effects on gastric empty-
ing (Table 1). The same lunch was consumed on both
occasions. Subjects were instructed to eat nothing further
and drink only water during the afternoon. At 17.00 hours
two intravenous cannulas were inserted, one into each
forearm. Three pairs of electrodes were positioned over the
stomach and lower back to measure gastric emptying by
electrical impedance epigastrography. Baseline impedance
readings were taken for 10 min during this time and subjects
completed a basal set of self-rating visual analogue scales
(VAS) for hunger, satiety and any adverse effects of the
infusion (nausea, headache, abdominal discomfort). Two
basal blood samples were taken into sterile containers. GLP-1
and saline solutions were infused in random order for 60 min.
Synthetic GLP-1 was supplied by Professor S. Bloom,
Royal Postgraduate Medical School, London, UK. The
material was. 99 % pure,. 85 % peptide content with a
molecular mass of 3295⋅32 as determined by mass spectro-
metry. GLP-1 (10 nmol) was diluted to 50 ml with saline
into which was mixed 0⋅5 ml plasma from the subject’s
basal blood sample, in order to ensure stability of GLP-1
and minimize adsorption of the peptide onto the syringe and
tubing surfaces. The infusion rate was calculated to provide
1⋅2 pmol GLP-1/kg per min, which previous studies (Willms
et al. 1996) have indicated results in plasma GLP-1 con-
centrations similar to those found after a meal. At 20 min
after the start of the infusion subjects were given 400 ml
water to drink and gastric emptying was monitored for
20 min. Subjects completed three further self-rating VAS.
Venous blood was collected at 10 min intervals for hormone
and metabolite measurement. At 40 min after the start of the
infusion subjects were offered buffet meals and their food
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Table 1. Macronutrient and energy content of the standard lunchtime meals

(Nutritional values per meal)

Energy Protein Fat Carbohydrate NSP
Meal (kJ) (g) (g) (g) (g)

Chicken pasta bake 1456 20⋅9 12⋅9 37⋅4 0⋅5
Cheese and onion bake 1644 14⋅5 19⋅1 40⋅5 1⋅2
Tagliatelli carbonara 1406 17⋅3 14⋅1 35⋅2 1⋅9
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intake and choice monitored. They were given a further
200 ml water to drink with their meal.

Chemical analyses

Blood was collected into tubes containing fluoride oxalate
and EDTA for the measurement of glucose and non-ester-
ified fatty acids respectively, by standard automated spec-
trophotometric methods. The interassay CV were, 5 % for
these assays. Blood was collected into lithium-heparinized
tubes for the measurement of plasma insulin and GLP-1
by radioimmunoassay (Elliottet al. 1993; Hampton &
Withy, 1993). Tubes for GLP-1 measurement contained,
in addition, 200 KIU aprotinin/ml blood. The plasma was
separated immediately at 48 and frozen at−208. Assay
sensitivities were 19 and 8 pmol/l respectively and the
interassay CV,10 % for both assays.

Gastric emptying measurement

Gastric emptying was measured by electrical impedance
epigastrography using previously established methods
(McLelland & Sutton, 1985; Spyrou & Castillo, 1993).
This technique measures the difference in electrical con-
ductivity of a meal within the stomach and that of the
surrounding tissues, and their changes over time. The value
of the electrical impedance is proportional to the volume of
the meal remaining in the stomach. The half-time of gastric
emptying (T50) was defined as the time taken to return to
50 % of the peak signal produced in response to the water
load. The shape of the emptying curve after the initial
lag period is of a multiexponential form (WB Amaee, A
Giouvanoudi and NM Spyrou, unpublished results).

Assessment of appetite

Subjective feelings of hunger and satiety were measured
with validated self-rating 100 mm VAS (Rogers & Blundell,
1979). The subjective ratings on the scales were converted
to a score in millimetres for statistical analysis, allowing
comparison of the hunger and satiety response to each
treatment. Food preference checklists were completed at
the same time as the VAS (Rogers, 1993).Ad libitum food
intake and choice was measured by serving subjects with a
buffet-style meal consisting of a range of familiar foods
appropriate to the time of day (Rogers, 1993). Subjects were
instructed to eat until they were comfortably full and their
food intake and choice recorded. Whilst eating subjects
were screened off from one another to minimize the effects
of social interaction on food intake.

Statistical analyses

VAS profiles were analysed by analysis of covariance, with
treatment and time as the repeated factors. Hormone and
metabolite data were analysed by repeated-measures
ANOVA with treatment and time as within-subject factors.
T50 values were compared using a Student’s pairedt test.
P values of, 0⋅05 were considered statistically significant.
Results are expressed as means with their standard errors
unless otherwise stated.

Results

The GLP-1 infusion was well tolerated by the subjects. No
nausea, abdominal discomfort, headache or any other
adverse side-effects were reported with either infusion.

Hormone and metabolite concentrations

Plasma GLP-1, insulin and glucose levels are shown in
Fig. 1. GLP-1 infusion raised circulating GLP-1 levels
within 10 min to approximately twice normal postprandial
levels; these remained elevated throughout the study period.
GLP-1 levels were unaffected by saline infusion. Plasma
insulin levels were unaffected by either infusion. Following the
buffet meal, plasma insulin levels were significantly lower
(P, 0⋅01) with the GLP-1 infusion than the saline infusion.

GLP-1 infusion caused a small but significant drop in
circulating glucose level from 4⋅9 (SE 0⋅1) to 4⋅1 (SE 0⋅1)
mmol/l (P, 0⋅01) by 40 min. Following the buffet meal,
plasma glucose levels were significantly lower (P, 0⋅01)
with the GLP-1 infusion than the saline infusion.

Gastric emptying

The gastric emptying of the water load is shown in Fig. 2.
GLP-1 infusion caused a more pronounced lag period at the
beginning of the emptying curve and significantly delayed
the half emptying time of the water load. The T50 was 7⋅0
(SE 0⋅5) min for the saline infusionv. 11⋅8 (SE 1⋅1) min for
the GLP-1 infusion (P, 0⋅01).

Assessment of appetite

Subjective ratings of hunger and fullness were unaffected by
GLP-1 or saline infusion. Hunger levels decreased and
fullness levels increased significantly following the buffet
meal for both infusions. There was a tendency for subjects
to be less hungry after the buffet meal following GLP-1
infusion (hunger rating 2⋅6 (SE 0⋅7) for salinev. 1⋅4 (SE 0⋅2)
for GLP-1,P, 0⋅09). Subjective ratings for hunger are shown
in Fig. 3. GLP-1 infusion did not affect either the number of
items or the total energy value of foods chosen on the food
preference checklists. Mean energy intake from the buffet
was lower with the GLP-1 infusion (5903 (SE 358)v. 5485
(SE 540) kJ) but the differences failed to achieve signifi-
cance (P¼ 0⋅27). Data from individual subjects are shown
in Fig. 4. There were no differences in either the macro-
nutrient content or weight of food consumed in the buffet
meal between the GLP-1 and saline infusions.

Discussion

Intravenous infusion of GLP-1 achieved mean circulating
levels of the hormone which were approximately twice as
high as those achieved in the control conditions following
the buffet meal. They were similar to maximal postprandial
values we have observed previously in some individuals
following a 2⋅51 MJ liquid meal (SJ Long and LM Morgan,
unpublished results). Thus, circulating GLP-1 levels at the
upper end of the normal physiological range were achieved
in this study. High doses of exogenous GLP-1 can cause
nausea and vomiting (Ritzelet al. 1995). However, in the
present study the infusions were well tolerated and no
adverse effects were reported.
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Fig. 1. Plasma glucagon-like peptide-1 (GLP-1), insulin and glucose levels in healthy subjects
following the intravenous (IV) infusion of either saline (W) or 1⋅2 pmol GLP-1/kg per min (X) for
60 min during which water and a buffet meal were consumed. Values are means for ten
subjects, with their standard errors represented by vertical bars.

Fig. 2. Gastric emptying rates of a 400 ml water load in healthy subjects during intravenous
infusion of either saline (W) or 1⋅2 pmol glucagon-like peptide-1 (GLP-1)/kg per min (X) for
60 min. Values are means for nine subjects, with their standard errors represented by vertical
bars.
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GLP-1 delayed the gastric emptying of a water load. This
finding is in line with previously published work (Wettergren
et al. 1993; Schirraet al. 1997) and demonstrates that the
GLP-1 infused was biologically active. Schirraet al. (1997)
have reported that GLP-1 prolongs the lag period of a 1⋅26 MJ
mixed liquid meal, but has no effect on total emptying time,
maximal velocity of emptying or emptying rate. We observed
a prolongation of both lag period and half emptying time
with a water load. Consistent with the action of GLP-1 in
delaying gastric emptying, plasma glucose and insulin
levels following the buffet meal were lower when GLP-1
was infused than with the saline infusion. Thus, in the
physiological setting of meal ingestion, the well-documen-
ted insulinotropic effect of GLP-1, observed when both GLP-
1 and glucose are infused intravenously, is obscured by its
confounding effects on gastric emptying.

In spite of achieving postprandial circulating levels of
biologically active GLP-1 with the intravenous infusion, no

significant effects were seen on subjects’ subjective ratings
of hunger or fullness, or on their buffet meal intake. The only
measure that tended to show any difference was subjective
feelings of hunger, whose mean level was lower following
the buffet meal when GLP-1 was infused in spite of a lower
mean buffet intake, providing some indirect evidence that
GLP-1 has the ability to enhance the satiating effect of the
buffet meal. This, in common with the satiating action of CCK,
could be mediated by GLP-1’s inhibitory effects on gastric
emptying, perhaps associated with distension of the stomach
or with an ability to mimic and amplify afferent responses to
gastric distension (Readet al. 1994; Ballingeret al. 1995).
GLP-1 has been shown to exert effects on antral motility via
afferent vagal fibres reaching the brain (Nakabayashiet al.
1996); thus, it is possible that GLP-1 can exert its effects via
interaction with sensory nerve fibres in the periphery.

Previous reports on the effect of GLP-1 on satiety in
experimental animals have been conflicting. Central intra-
cerebroventricular administration of GLP-1 has been shown
to inhibit food intake in rats, a situation reversed by the
administration of GLP-1 antibodies or the receptor anta-
gonist exendin (Turtonet al. 1995; Tang Christensenet al.
1996). However peripheral (intraperitoneal) administration
of GLP-1 has been reported to be ineffective in influencing
food intake in rats (Turtonet al. 1995; Navarroet al. 1996;
Tang Christensenet al. 1996). It has also been claimed
(Thiele et al. 1997) that central administration of GLP-1
produces a conditioned taste aversion in rats and therefore
does not act as a true satiety agent. The GLP-1 receptor−/−
mouse, a transgenic animal in which GLP-1 receptors are
absent from both pancreas and brain, has permitted analysis
of the role of GLP-1 in both glucose control and appetite
regulationin vivo. Whilst these mice exhibit glucose intol-
erance following oral glucose, indicating an essential role
for GLP-1 in the regulation of glucose-dependent insulin
secretion, they did not demonstrate any significant changes
in body weight compared with age and sex-matched control
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Fig. 3. Subjective ratings of hunger in healthy subjects during the intravenous
infusion of either saline (W) or 1⋅2 pmol glucagon-like peptide-1 (GLP-1)/kg per
min (X) for 60 min, before and after consumption of an ad libitum buffet meal.
Values are means for ten subjects, with their standard errors represented by vertical
bars.

Fig. 4. Energy intakes for individual subjects from an ad libitum buffet
meal consumed 40 min after the start of an intravenous infusion of
either saline (W) or 1⋅2 pmol glucagon-like peptide-1 (GLP-1)/kg per
min (X).
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mice, or eat more than control mice in short-term feeding
studies (Scrocchiet al. 1996). Disruption of GLP-1 signal-
ling to the brain does not, therefore, appear to be essential to
the regulation of body weight or satiety in these animals,
although it is possible that disruption of GLP-1 signalling
from birth may be associated with substantial developmen-
tal abnormalities in the central nervous system that influ-
ence the regulation of feeding and body weight.

To our knowledge, only three reports have been published
concerning the effect of GLP-1 infusion on satiety in human
subjects. One of these (Flintet al. 1998) has shown that
an intravenous GLP-1 infusion of 50 pmol/kg per h over
4 h affected subjective ratings of hunger and satiety. These
effects were more pronounced in the third and fourth hours
of infusion and circulating GLP-1 levels were approxi-
mately fourfold higher than those achieved postprandially
in control subjects. The differences between our findings
and those of Flintet al. (1998) may relate to their longer
GLP-1 infusion time and relatively greater elevation of
circulating GLP-1 compared with normal postprandial
levels. A second study in obese subjects (Naslundet al.
1998), in which GLP-1 (0⋅75 pmol/kg per min) was infused
at the start of a lunchtime meal, failed to show any effect of
GLP-1 on food intake, consistent with our findings. How-
ever, Naslundet al. (1998) demonstrated that when the
GLP-1 infusion was continued for 3⋅5 h following the meal,
postprandial feelings of hunger, desire to eat and prospec-
tive food consumption were decreased compared with those
after a saline infusion. We monitored subjective feelings
of hunger postprandially at only a single time point,
20 min after the start of the buffet meal and after GLP-1
had been infused for only 60 min. We did, however, demon-
strate a trend towards lower subjective feelings of hunger
postprandially when GLP-1 was infused, in agreement with
Naslund’s findings. Our study took place in the evening and
so we could not measure food intake for the rest of the day.
It is, therefore, possible that GLP-1 infusion might affect
energy intake in a subsequent meal. The third, a preliminary
report (Gutzwilleret al. 1997), demonstrated a reduction in
meal intake when GLP-1 was infused with glucose at either
0⋅75 or 1⋅5 pmol/kg per min. However, in this experimental
design, which was otherwise very similar to our own, the
co-infusion of glucose with GLP-1 would have caused
insulin levels to be raised due to the glucose-dependent
insulinotropic effect of GLP-1, and this could have affected
satiety. In our present study, circulating insulin levels were
not affected post-absorptively by GLP-1 infusion because
plasma glucose remained at fasting levels. Indeed, we
observed a small but significant drop in circulating glucose
levels following GLP-1 infusion, which was probably due to
insulin-independent effects of GLP-1 in facilitating glucose
uptake (Villanueva-Penacarilloet al. 1994) and suppressing
glucagon (Komatsuet al. 1989). This may have exerted a
confounding effect on our satiety and buffet intake data as
glucose also plays a role in the short-term regulation of
hunger and food intake (Campfield, 1997).

It is difficult to interpret satiety studies involving the
administration of exogenous GLP-1 because of its other
biological activities, particularly those which relate to
carbohydrate metabolism, and uncertainty as to whether
physiological or supraphysiological circulating levels of the

hormone are achieved, particularly when the hormone is
infused over a period of many hours. The lack of any clear
effect of GLP-1 on satiety in the present study in spite of its
significant effect on gastric emptying could be explained
by the greater variability of behavioural compared with
physiological responses. Our study must, however, cast
some doubts on whether GLP-1 is a major satiety factor in
man. Further work is necessary to determine whether the
satiety effect of GLP-1 is dependent on prevailing circulat-
ing glucose levels. Resolution of some of the difficulties
involved in the interpretation of GLP-1 infusion studies
could be achieved with studies involving the neutralization
of endogenous GLP-1 using the GLP-1 receptor antagonist
exendin, which has been used very recently in human
studies to elucidate further the insulinotropic effects of
GLP-1 (Schirraet al. 1998).
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