
PAPER

The effect of physiological levels of glucagon-like
peptide-1 on appetite, gastric emptying, energy and
substrate metabolism in obesity
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OBJECTIVE: Peripheral infusions of glucagon-like peptide-1 (GLP-1) in humans have been shown to inhibit gastrointestinal
motility and decrease hunger and energy intake. However, these investigations used supraphysiological doses. The objective of
this study was to investigate the effects of a GLP-1 infusion in a physiological dose on appetite sensations, energy intake, gastric
emptying, energy and substrate metabolism.
METHODS: Eighteen obese men participated in the placebo-controlled, randomized, single-blinded, cross-over study with
infusion of GLP-1 or saline. Resting metabolic rate (RMR) and substrate oxidations were measured by ventilated hood before and
after an energy-®xed breakfast. Gastric emptying was measured using paracetamol as a marker. Visual analogue scales were used
to assess appetite sensations, thirst and comfort throughout the experiment and palatability of the test meals. Blood was
sampled for analysis of hormones (GLP-1, GLP-2, glucose-dependent insulinotropic polypeptide (GIP), insulin, glucagon), and
substrates (glucose, lactate, non-esteri®ed fatty acids (NEFA), triacylglycerol (TAG)). Ad libitum energy intake at lunch was
registered.
RESULTS: Following the breakfast, GLP-1 infusion suppressed ratings of hunger and prospective food consumption (P< 0.05),
whereas all other subjective ratings and ad libitum energy intake were unaffected. RMR, carbohydrate oxidation and gastric
emptying rate were lower during the GLP-1 infusion compared with the saline infusion (P< 0.001, P<0.05, P<0.0001,
respectively). All plasma hormone and substrate pro®les, except NEFA, were signi®cantly reduced by GLP-1 (P<0.0001).
CONCLUSION: It is concluded that GLP-1 in physiological concentrations powerfully reduces the rate of entry of nutrients into
the circulation by a reduction of gastric emptying rate in obese subjects. The effect of GLP-1 on appetite and food intake may be
bene®cial in weight reduction.
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Introduction
Glucagon-like peptide-l (GLP-1) is produced in the intestinal

L-cells1,2 and secreted in response to ingestion of carbohy-

drates, lipids and mixed meals.3 ± 6 It has been shown to

affect the regulation of appetite and food intake. Thus,

intravenous GLP-1 infusions in humans have been demon-

strated to result in decreased sensations of hunger and

increased satiety, and in lower energy intake.7 ± 10 Also a

lower intake of ¯uid after an intravenous (i.v.) GLP-1 infu-

sion was seen in normal-weight human subjects.10 Further-

more, in physiological doses, GLP-1 inhibits meal-induced

gastric acid secretion and gastric emptying rate.11 ± 14 Hereby

GLP-1 might contribute to a prolonged sensation of satiety.

Investigations on the effect of GLP-1 on energy expenditure,

representing the other side of the energy balance equation,

are very sparse and inconsistent.15 ± 17 In rats, a single intra-

cerebroventricular (i.c.v.) infusion of GLP-1 resulted in an

increased O2 consumption in lean animals while it was
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unchanged in obese animals.15 In normal-weight human

subjects the effect of exogenous peripheral infusions of GLP-

1 during and after meal intake on O2 consumption seems to

parallel the retarded absorption and processing of nutri-

ents.16,17 However, the effect of i.v. GLP-1 on resting meta-

bolic rate has not yet been investigated in obese subjects.

The previous studies performed on the effect of GLP-1 on

appetite and energy expenditure in humans have primarily

used infusions in the supraphysiological range and normal-

weight subjects. The aim of the present study was, therefore,

to determine the effects of a lower dose of peripheral GLP-1

than previously used (resulting in a physiological elevation

of the plasma concentration) infused during and after an

energy-®xed breakfast on appetite, resting metabolic rate,

substrate oxidation and metabolism, gastric emptying and

subsequent energy and water intake in obese humans.

Subjects and methods
Subjects

Eighteen obese healthy men with body mass index (BMI)

33.7�0.6 kg=m2 (mean� s.e.m.; range 30.2 ± 39.8 kg=m2),

33.9�0.7% body fat (range 30.4 ± 40.9%), age 42.6�2.1 y

(range 21 ± 57 y), non-smokers, and with no history of

diabetes, participated in the study. Fasting blood glucose

concentrations averaged 5.2�0.1 mmol=l (range 4.3 ±

6.5 mmol=l), and none of the subjects had any glucose or

protein in the urine. All subjects gave written consent after

the experimental protocol had been explained to them. The

study was approved by the Municipal Ethical Committee of

Copenhagen and Frederiksberg and is in accordance with the

Helsinki-II declaration.

Design

The subjects were tested on two different occasions in a

placebo-controlled, randomized, single-blinded, cross-over

design. Half of the subjects had GLP-1 on the ®rst test day

and half had saline, and vice versa on the second test day.

The two test days were separated by at least three weeks and

by no more than eight weeks.

Experimental protocol

On the test day, the subjects arrived at the department at

8:00 am having used the least strenuous means of transpor-

tation. They had fasted for a minimum of 12 h from the

evening before. After voiding and weighing, body composi-

tion (measured by bioelectrical impedance as described pre-

viously18) and height were measured. The subjects then

rested in the supine position with a slight elevation of the

head on a bed covered with an antidecubitus mattress. Two

Ven¯on catheters (Viggo, Sweden, Gothenborg) were

inserted in the antecubital arm veins. After another 20 min

rest, resting metabolic rate was measured for 45 min. Subse-

quently, a fasting blood sample was taken. At 9:45 am, break-

fast was served and consumed within 15 min. Exactly the

same time was spent on the two test days for each individual

subject. Postprandial resting metabolic rate was measured for

4 h, and blood samples were taken 15, 30, 45, 60, 90, 120,

150, 180, 210, 240 and 270 min after the start of the breakfast

and again after the ad libitum lunch, served at 2:15 pm

(300 min). Ratings of subjective sensations were made on

100 mm visual analogue scales (VAS) with the text expressing

the most positive and the most negative rating anchored at

each end.19 VAS were used to assess satiety, hunger, fullness,

prospective food consumption, the desire to eat something

sweet, something salty, something fatty and something

savoury, thirst and comfort. These ratings were recorded

immediately before and throughout a 4.5 h period after

breakfast and after lunch. Ratings of palatability (appear-

ance, smell, taste, after-taste and overall palatability) were

made immediately after each of the test meals. The ad libitum

energy intake at lunch was registrered, and so was the ad

libitum water intake on the ®rst test day.

During the postprandial measurements, the subjects

could listen to the radio or watch TV=video (light entertain-

ment). Water consumption and toilet visits were allowed

when necessary. The exact hours, the time spent, the type of

activity, and the amount of water consumed were noted and

repeated on the second test day. Resting metabolic rate was

measured continuously during the day interrupted by

10 min breaks from wearing the hood every hour. During

these breaks the subjects still rested on the bed.

Infusion

For the GLP-1 infusion, commercially available synthetic,

human GLP-1(7-36 amide) of GMP quality was purchased

from Saxon Biochemicals (Hannover, Germany). The peptide

was dissolved in a 0.9% saline solution, also containing 1%

human serum albumin, guaranteed to be free of hepatitis B

surface antigen and human immunode®ciency virus (HIV)

antibody (Albumin Nordisk, Novo Nordisk, Gentofte, Den-

mark), subjected to sterile ®ltration, checked for sterility and

kept at ÿ20�C until use. The infusion (GLP-1 or saline) was

started simultaneously with initiation of the test meals

(energy-®xed breakfast and ad libitum lunch). An automatic

pump (Infusomat, B. Braun) provided a steady-state infusion

rate of 45 pmol=kg fat-free mass (FFM)�h. The infusion was

stopped 30 min before lunch to allow plasma levels to return

to baseline in order to mimic the normal physiological

plasma pro®le.6

Test meals and diets

The test meals were a breakfast of ®xed size and energy

content, consisting of yoghurt, bread, butter, cheese, jam,

kiwi-fruit, orange juice and water, and an ad libitum lunch,

consisting of minced meat, pasta, corn, carrots, green pepper

and cream. Water intake at lunch was also ad libitum on the

®rst test day, and this amount was replicated on the second
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test day. Total available energy content of the breakfast was

calculated to be 20% of each subject's individual energy

requirements,20 adjusted to the nearest 0.5 MJ. The distribu-

tion of energy was 50 energy-percent (E%) carbohydrates, 37

E% fat and 13 E% protein in both meals.

Prior to each test day, the subjects followed a weight-

maintaining standardized diet (50 E% carbohydrate, 37 E%

fat, 13 E% protein, 2.5 g=MJ dietary ®bre) consisting of

ordinary food items, estimated to meet each subject's indi-

vidual energy requirements,20 adjusted to the nearest 0.5 MJ.

The food was prepared at the department and delivered free

of charge. All meals for 2 days were supplied and the subjects

were instructed to adhere strictly to the diet. If they were not

able to consume all the food in the ®rst pre-experimental

period, they were instructed to bring the left-overs to the

department for weighing and registration. This amount of

food was then deducted from the standardized diet in the

second pre-experimental period. The subjects were also

instructed to abstain from alcohol and strenuous physical

activity for the 2 days prior to the test days in order to ensure

equally ®lled glycogen stores and similar macronutrient

balance on the test days.21 The computer database of foods

from the National Food Agency of Denmark (Dankost 2) was

used in the calculations of energy and nutrient composition

of the test meals and diets.

Resting metabolic rate

Resting metabolic rate (RMR) was measured by indirect

calorimetry using an open-air-circuit, ventilated hood

system.22 Ventilation through the system was determined

by a Hastings mass ¯owmeter (type HFM 201-100). CO2 was

measured by a Servomex 1490 infrared analyser and O2 by a

Servomex 1100A paramagnetic analyser. RMR and oxidation

of carbohydrate (C-OX), fat (F-OX), protein (P-OX) and diet-

induced thermogenesis (DIT) were calculated from the gas

exchange and urinary measurements using the formulas of

Elia and Livesey.23

RMR�kJ� � 15:913� l O2 � 5:207� l CO2 ÿ 4:646�N�g�
Nonÿ protein RQ �RQnp�

� �4:97�N�g� � l CO2=�5:95�N�g�� � l O2�
P-OX�kJ� � 116�N�g�
C-OX�%� � 21:12� �RQnpÿ 0:710�=

�21:12� �RQnpÿ 0:710� �19:61� �1ÿ RQnp��
C-OX�kJ� � �RMRÿ P-OX�=100� C-OX�%�
F-OX�kJ� � RMRnpÿ C-OX�kJ�
DIT�%� � ��postprandial RMRÿ basal RMR��kJ=

min�240 min�=kJ in test meal� � 100

Laboratory analyses

Blood was drawn without stasis through the indwelling

antecubital cannula into iced syringes. The blood was cen-

trifuged for 10 min at 3 000 g and 4�C, and non-esteri®ed

fatty acids (NEFA) were immediately extracted from plasma,

and the extract was stored at ÿ20�C until determination.

Quanti®cation of NEFA was performed by an enzymatic

colorimetric method (Wako NEFA test kit, NEFA C, ACS-

ACOD Method, code no. 994-75409 E). Serum triacylglycerol

concentration (TAG) was determined by enzymatic meth-

ods.24 Blood for glucose and lactate were collected in EDTA-

tubes prepared with ¯ouride, and plasma analysed by

standard enzymatic methods.25,26

For hormone analysis the syringes contained EDTA

(6 mmol=l) and aprotinin (500 kIU=l, ®nal concentrations),

and after centrifugation, plasma was kept frozen at ÿ20�C.

Insulin concentrations in plasma were measured against

standards of human insulin by radioimmunoassay (RIA)

according to the principles described by Albano et al.27 The

tracer was human insulin, monoiodinated in positon A14 (a

gift from Novo Nordisk A=S, Bagsvaerd, Denmark). The

glucagon RIA was directed against the carboxy terminus of

the glucagon molecule (antibody code 4305).

Plasma samples were assayed for GLP-1 using RIAs speci®c

for the carboxy- (or C-) terminal end of the molecule, which

measures the intact and the cleaved (� inactive) part of the

molecule. C-terminal immunoreactivity was determined

using antiserum 8939028 which has an absolute requirement

for the intact amidated carboxy-terminus of GLP-17 ± 36

amide and cross-reacts less than 0.01% with carboxy-termin-

ally truncated fragments and 89% with GLP-19 ± 36 amide. For

the assay, the intraassay coeffecient of variation was<6%.

Plasma samples were extracted with 70% ethanol (vol=vol,

®nal concentrations) before assay, giving recoveries of

75%.29

GLP-2 concentrations in ethanol-extracted plasma were

measured using a new radioimmunoassay employing anti-

serum code no. 92160 and standards of human GLP-2

(proglucagon 126-158, a gift from Novo Nordisk A=S) and

monoiodinated Tyr-12 GLP-1, speci®c activity >70 MBq=

nmol.30 The antiserum is directed aganist the N-terminus

of GLP-2 and therefore measures only fully processed GLP-2

of intestinal origin. Sensitivity was below 5 pmol=l, and

intraassay coef®cient of variation at 60 pmol=l was 6%.

Glucose-dependent insulinotropic polypeptide (GIP) was

determined by RIA on plasma extracted with ethanol as

previously described.31

Paracetamol was analysed by ¯uorescence polarization

immunoassay technology according to the AxSYM System

Operations Manual from Abbott Laboratories (Diagnostic

Division Abbott Park, IL, USA).

Urinary nitrogen concentration (N) was measured by the

method of Dumas32 using a nitrogen analyser (NA 1500,

Carlo Erba Strumentazione, Milano, Italy).

Statistical analyses

All results are given as means (� standard error of the mean,

s.e.m.). Fasting and 4 h mean values, incremental areas
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under the pro®le curves (net AUC), total energy expenditure

and substrate oxidations, energy intake and palatability were

compared using a paired t-test. The postprandial response

curves were compared by parametric analysis of variance

(ANOVA) using mixed linear models with repeated measures.

Time, treatment and period were included in the model as

®xed factors, and subjects were included as random effect.

The autocorrelation between repeated observations within

each subject and treatment was modeled using spatial power

structure, which is an autoregressive structure where the

Figure 1 Subjective appetite ratings during GLP-1 (®lled squares) and saline (open squares) infusions in 18 healthy, obese male subjects. VAS�100 mm
equals `I cannot eat another bite' (satiety), `I have never been more hungry' (hunger), `I am totally full' (fullness), and `I can eat a lot' (prospective food
consumption). Data are means (� s.e.m.). ANOVA Ð time effect, P<0.0001; treatment effect, hunger, prospective food consumption, P<0.05 (*);
satiety, P�0.224; fullness, P�0.353; interaction time�treatment effect, NS. Arrows indicate meals. Time and duration of the infusion was 0 ± 240 min
and 270 ± 300 min.
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actual difference in time between two observations are taken

into account.33,34 Ad libitum water intake at lunch on the ®rst

test day (on the second test day the amount was ®xed in

order to repeat the intake on the ®rst test day, regardless of

treatment with GLP-1 or saline) was compared between the

subjects receiving the saline infusion (n�9) vs the subjects

receiving GLP-1 (n�9) using an unpaired t-test.

The level of signi®cance was set at P< 0.05. The Statistical

Analysis Software, version 6.12 (SAS Institute, Cary, NC,

USA) was used in the statistical calculations.

Results
GLP-1

Infusion of GLP-1 at 45 pmol=kg FFM�h resulted in an

elevation of C-terminal plasma GLP-1 concentrations from

10.0�0.5 pmol=l in the fasting state to 50.4�3.1 pmol=l

60 min after initiation of breakfast and infusion. Corre-

spondingly, the concentrations were 10.7�0.9 pmol=l in

the fasting state and 20.3�1.4 pmol=l during saline infusion.

The plateau of postprandial GLP-1 concentrations were

approximately 50 vs 20 pmol=l during GLP-1 and saline

infusion, respectively (P<0.001). Thus, the infusion of

GLP-1 resulted in a 2.5-fold elevation of C-terminal plasma

GLP-1 concentrations compared with saline infusion.

Appetite, thirst and comfort

On the saline day, subjects initially felt a greater desire to eat

something savoury than on the GLP-1 test day (P<0.05). No

other differences between treatments were observed in the

fasting state in any of the parameters. Postprandially,

decreased ratings of hunger and prospective food consump-

tion were seen during the GLP-1 infusion compared with

saline (P<0.05, Figure 1). No other subjective mean appetite

ratings (Figure 1) nor mean ratings of thirst and comfort

differed between the two treatments. On the second test day,

subjects initially felt less thirsty and had a greater desire

to eat something savoury than on the ®rst test day regardless

of treatment type (period effect: P<0.01 and P<0.05,

respectively).

Palatability, energy and water intake

No differences were seen in palatability ratings (appearance,

smell, taste, aftertaste and overall palatability) of the break-

fast, whereas the appearance of the lunch was found to be

more attractive during the GLP-1 infusion (P<0.05). All

palatability ratings were above medium. The energy intake

at breakfast, estimated to amount to 20% of 24 h energy

requirements, was on average 2.63�0.05 MJ. At the ad libi-

tum lunch there was no difference in the energy intake

between the saline test (2.92�0.23 MJ) and the GLP-1 test

(2.83�0.28 MJ). Neither did the ad libitum water intake at

lunch on the ®rst test day differ between the subjects

receiving different treatments (GLP-1 or saline; P�0.823,

n�9). On the second test day the water intake was not ad

libitum, but instead a reproduction of the intake on the ®rst

test day.

Gastric emptying

Gastric emptying was delayed during the GLP-1 infusion as

re¯ected by a reduced absorption rate of paracetamol (Figure

2, treatment effect P<0.0001). Peak concentration was lower

(P<0.01), time to peak concentration appeared later

(P<0.05), and net AUC was reduced by 32% (P<0.0001)

during the GLP-1 infusion.

Resting metabolic rate and substrate oxidation

RMR did not differ before the saline infusion and the GLP-1

infusion (N.S.). After the test meal, RMR increased for both

types of infusion, but signi®cantly less after the GLP-1

infusion (Figure 3; P<0.0001). Thus, diet-induced thermo-

genesis (DIT) averaged 172�10 kJ=4h (6.5�0.4%) during the

saline infusion and 112�11 kJ=4h (4.3�0.4%) during the

GLP-1 infusion (P<0.001, Figure 3, right panel). During the

second test day, RMR was lower than on the ®rst test day

(period effect: P<0.01). Total protein oxidation during the

experiment averaged 16.0�1.6 g for the saline infusion and

13.1�0.6 g for the GLP-1 infusion (NS). Carbohydrate oxida-

tion increased postprandially during both infusions, but

signi®cantly less during the GLP-1 infusion (P<0.0001).

Net carbohydrate oxidation averaged 20.6�1.6 g during

the saline infusion and 15.9�1.4 g during the GLP-1 infu-

sion (P<0.05, Figure 3, right panel). The opposite was seen

for postprandial fat oxidation, which decreased during both

infusions, but signi®cantly less during the GLP-1 infusion

(P<0.05, Figure 3). Net fat oxidation averaged ÿ4.8�0.8 g

during the saline infusion and ÿ4.2�0.7 g during the GLP-1

infusion (NS; Figure 3, right panel).

Plasma substrates

Figure 4 shows the plasma concentrations of glucose, lactate,

NEFA and TAG. There were no differences in basal con-

centrations between the two treatments for any of the

substrates.

Mean concentrations of blood glucose peaked 30 ± 45 min

after the breakfast and returned to basal level after 3 h during

the saline infusion, whereas the concentration was main-

tained at basal level throughout the GLP-1 infusion

(P<0.0001). During the 30 min intermission of the GLP-1

infusion, a signi®cant increase in glucose occurred (P<0.05),

which continued when the infusion was resumed during the

lunch (P<0.0001).

Mean plasma lactate concentrations peaked 45 ± 60 min

after initiation of the test meal during both infusions, but

the increase was larger on the saline day compared to the

GLP-1 day (P<0.0001).
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Mean plasma concentrations of NEFA decreased signi®-

cantly during both infusions. The pro®les were equal during

the ®rst 3 h, while the concentrations were higher during the

saline infusion from 240 min to 300 min (P<0.0001).

Mean plasma concentrations of TAG were almost identical

during the ®rst hour after onset of the test meal, but during

the last 3 h of the infusion the concentrations were higher

during the saline infusion compared to the GLP-1 infusion

(P<0.0001).

The net AUCs of glucose, lactate and TAG were smaller

during the GLP-1 infusion than saline, while there was no

difference in net AUC of NEFA (Figure 4, right panel).

Plasma hormones (insulin, glucagon, GIP, GLP-2)

There were no differences between the two treatments in

fasting concentrations of insulin, GIP and GLP-2, while

glucagon initially was higher on the saline day (P<0.05,

Figure 5). All breakfast-induced hormonal responses were

reduced with GLP-1 compared to saline infusion

(P<0.0001, Figure 5).

Mean insulin concentrations peaked 30 min after the

beginning of the test meal during both infusions, but the

response was attenuated during GLP-1 infusion compared

with saline (saline, 801�96; GLP-1, 375�52 pmol=l;

P<0.0001). After 120 min no differences were observed

between treatments. Likewise, glucagon pro®les for the ®rst

4 h of infusion were shaped equally, but concentrations were

maintained at a lower level during the GLP-1 infusion

(treatment effect P<0.0001). The breakfast-induced increase

in GIP was lower on the GLP-1 test (P<0.0001), and the

GLP-2 response was totally suppressed during the GLP-1

infusion compared with the saline test (P<0.0001). During

the 30 min break of infusion, the concentration of glucagon,

GIP and GLP-2 decreased or stayed the same on the saline

day but increased on the GLP-1 day. All net AUCs were

smaller during the GLP-1 infusion (P<0.05, Figure 5, right

panel).

Discussion
The present study demonstrated that peripherally adminis-

tered GLP-1 resulting in an elevation of plasma concentra-

tions within the physiological range decreased ratings of

hunger and prospective food consumption, and reduced

gastric emptying and diet-induced thermogenesis in healthy

obese men. In addition, all plasma hormone and substrate

pro®les, except NEFA, were signi®cantly reduced by GLP-1.

Thus, it is clear that GLP-1 is an important physiological

regulator of digestion and=or absorption.

The reduced ratings of hunger and prospective food con-

sumption during the infusion of GLP-1 con®rm previous

®ndings in lean and obese subjects.7 ± 10 On the other hand,

satiety and fullness during the day, and energy intake at the

ad libitum lunch were unaffected by the GLP-1 infusion.

These observations may be related to the chosen dose,

which is 30 ± 40% lower than infusion rates used in most

previous studies of obese and normal-weight males.7 ± 9 This

lower rate of infusion resulted in plasma GLP-1 concentra-

tions of about 50 pmol=l, which represents the upper limits of

postprandial concentrations seen in normal-weight subjects

given an appetizing high-energy mixed meal (range 32 ±

76 pmol=l).6 Gutzwiller and colleagues found a dose depen-

dent reduction in energy intake in normal-weight men using

three rates of GLP-1 infusion (22.5, 45 and 69 pmol=kg�h).10

With the lowest rate no effect was seen in either appetite

ratings or energy intake compared to the control situation,

and with the medium rate, energy intake was slightly

decreased, whereas only the highest rate affected both appe-

tite ratings and energy intake.10 Thus, the dose used in the

Figure 2 Gastric emptying. Plasma concentrations of paracetamol during GLP-1 (®lled squares) or saline (open squares) infusions in 18 healthy, obese
male subjects. Data are means (� s.e.m.). ANOVA Ð time effect, P<0.0001; treatment effect, P<0.0001; and interaction treatment�time effect, NS.
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present study could explain the less pronounced effects on

appetite parameters compared with previous studies.

Also the timing of GLP-1 administration may in¯uence its

effects on appetite and energy intake. Thus, with meals taken

at the beginning of a GLP-1 infusion, no differences in

energy intake were observed, whereas energy intake was

reduced after 4 and 8 h of infusion.7 ± 9 In order to mimic a

normal pre-lunch plasma concentration of GLP-1, we

arrested the infusion for half an hour, thereby possibly

obtaining a situation comparable to the breakfast situation,

thus blunting an effect of GLP-1 on ad libitum energy intake.

Further, differences between subject groups (normal-

weight vs obese subjects) with regard to (1) responsiveness

to GLP-1, (2) the degree of in¯uence by the laboratory

setting using overtly observed food intake surrounded by

`obesity experts', and lastly (3) the variation of appetite

ratings (greater variation or lower reproducibility of VAS

scores observed in obese subjects, unpublished observations

Figure 3 Resting metabolic rate (RMR) and substrate oxidations during GLP-1 (®lled squares) or saline (open squares) infusions in 18 healthy, obese male
subjects. Data are means (� s.e.m.). Left panel: ANOVA Ð time effect, P<0.0001; treatment effect, RMR, P<0.0001; carbohydrate oxidation (C-OX),
P<0.05; fat oxidation (F-OX), P�0.403; interaction treatment�time effect, RMR, C-OX, P<0.0001; F-OX, P<0.05. Right panel: paired t-test Ð DIT,
P<0.001 (***); C-OX, P<0.05 (*); F-OX, P�0.541.
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by Flint et al) may be important factors to take into con-

sideration when evaluating the effect of GLP-1 on appetite

regulation in obese subjects. In rodents, it has been demon-

strated that i.c.v. administration of GLP-1 inhibits water

intake,36 and inhibition of ¯uid intake was also observed

in normal-weight human subjects using peripheral GLP-1

infusion.10 In the present study there was no difference in

water consumption between the two treatments. Again the

low dose of GLP-1 may be the reason. This hypothesis is

supported by the results of Gutzwiller et al,10 who found a

Figure 4 Plasma glucose, lactate, non-esteri®ed fatty acid (NEFA) and triacylglycerol (TAG) concentrations during GLP-1 (®lled squares) or saline (open
squares) infusions in 18 healthy, obese male subjects. Data are means (� s.e.m.). Left panel: ANOVA Ð time and interaction treatment�time effect,
P<0.0001; treatment effect, glucose, P<0.0001; lactate, P<0.001; NEFA, P<0.01; TAG, P<0.05. Right panel: paired t-test Ð glucose, P<0.001;
lactate, P<0.01 (**); NEFA, P<0.857; TAG, P<0.001 (***).
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signi®cant difference in ¯uid intake from control conditions

only when medium or high doses were used. However, these

results may be in¯uenced by the use of an energy containing

drink.

Along the lines of other human studies our results did not

reveal any side effects of the administration of GLP-1.9,10,35

All aspects of palatability were rated better than medium

during both infusions, and there were no differences

between treatments, except for the appearance of the

lunch, which was rated better during the GLP-1 infusion.

Moreover, no difference was observed in the ratings of

comfort between the treatments.

Figure 5 Plasma insulin, glucagon, glucose-dependent insulinotropic polypeptide (GIP), and glucagon-like peptide-2 (GLP-2) concentrations during
GLP-1 (®lled squares) or saline (open squares) infusions in 18 healthy, obese male subjects. Data are means (� s.e.m.). Left panel ANOVA Ð time and
interaction treatment�time effect, P<0.0001; treatment effect, insulin, GLP-2, P<0.0001; glucagon, GIP, P<0.05. Right panel: paired t-test Ð insulin,
GLP-2, P<0.0001 (****); GIP, P<0.001 (***); glucagon, P<0.05 (*).
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In accordance with our previous results in normal-weight

men,17 GLP-1 administration resulted in a decreased diet-

induced thermogenesis (DIT) in obese healthy humans.

Taken together with the suppressed plasma pro®les of all

substrates and hormones but NEFA, which was higher during

the GLP-1 infusion, this ®nding can be explained by a

retarded delivery of nutrients caused by GLP-1. It has pre-

viously been shown that GLP-1 inhibits gastric emptying rate

dose-dependently in healthy subjects.14 In the present study,

using a GLP-1 infusion of 45 pmol=kg FFM�h (or approxi-

mately 30 pmol=kg�h), the rate of gastric emptying was

approximately 68% of control levels. This reduction is com-

parable with the results of Nauck et al,14 who found the half-

time of gastric emptying to be approximately 60% longer on

a GLP-1 infusion of 24 pmol=kg�h compared with saline.

The decrease in gastric emptying was of the same magnitude

as the decrease in DIT (65% during GLP-1 compared with

saline). As Shalev et al16 showed, a GLP-1 stimulated insulin

secretion is responsible for much of the effect on energy

expenditure, the lower DIT in the present study is easily

explained by the lower concentration of insulin with GLP-1

compared to saline infusion. This is in line with the view

that plasma insulin parallels the cellular uptake and thermo-

genic metabolic processing of nutrients.

The total absence of a plasma GLP-2 response during the

infusion of GLP-1 in the present study indicates that the

endogenous secretion of GLP-1 was blocked. Thus, the

plasma concentration of GLP-1 solely re¯ects what was

infused. This total suppression of endogenous secretion

could be due to a lack of exposure of the L-cells to nutrients

or to a blocking of other secretory signals (hormonal or

neuronal). Because of the inhibition of gastric emptying

during the infusion of GLP-1, the exposure of the gut to

nutrients was much lower than during control conditions.

This is also re¯ected in the lower GIP response during the

GLP-1 infusion.

The mechanism by which larger doses of peripheral GLP-1

inhibit appetite and food intake is not yet clear. Several

possible pathways have been proposed and discussed thor-

oughly in recent publications.7 ± 10,37 Brie¯y, numerous GLP-

1 receptors are present in the brain stem and hypothalamus,

areas known to be important in appetite regulation.37,38 In

rodents, a potent effect on food intake has been shown when

GLP-1 was administered i.c.v.36,39,40 Further, in rats circulat-

ing GLP-1 is known to be able to enter the area postrema and

the subfornical organ, areas where the density of GLP-1

receptors is high.41 In humans the potent effect on gastric

secretion and emptying has received great attention in rela-

tion to appetite regulation, but also interactions between

GLP-1 and other mechanisms have been proposed to exist.

In animals con¯icting results on leptin interactions with

GLP-1 have been obtained.42,43 In humans, however, there

is no evidence of interactions between GLP-1 and leptin,

cholecystokinin or somatostatin.10,44 ± 46 On the other hand,

the inhibition of gastric secretion by GLP-1 has been shown

to depend on an intact n. vagus.47 Satiety signaling via the

parasympathetic system either by direct interaction with

sensory ®bers or indirectly via a decrease in gastric motility

could be involved.7 ± 10 The latter could cause a prolonged

period of gastric distension and a more sustained delivery of

nutrients to the small intenstine. Both effects are known to

result in increased sensations of satiety.48,49

In knock-out mice lacking the GLP-1 receptor, no effect of

GLP-1 administration on food intake was seen compared

with wild-type mice.50 Nor was any phenotypical differences

(eg body weight) observed in the knock-out mice, question-

ing the key role of GLP-1 in regulation of food intake or

suggesting a redundancy of mechanisms in the regulation of

appetite and body weight. Taken together with the some-

what weak results on appetite and the minor decrease in DIT

in the present study using a GLP-1 infusion within the

physiological range, it seems too early to conclude on the

importance of GLP-1 as a long-term regulator of appetite,

food intake and body weight. However, the short-term effect

on appetite seems to be related to GLP-1's pronounced effect

on gastric emptying, and the subsequent delay in postpran-

dial delivery of nutrients from the gut.
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