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Abstract Aims/hypothesis: Diabetic dyslipidaemia con-
tributes to the excess morbidity and mortality in patients
with type 2 diabetes. Exogenous glucagon-like peptide 1
(GLP-1) lowers postprandial glycaemia predominantly by
slowing gastric emptying. Therefore, the effects of GLP-1
on postprandial lipid levels and gastric emptying were
assessed. Methods: 14 healthy male volunteers were
studied with an i.v. infusion of GLP-1 (1.2 pmol kg−1 min−1)
or placebo over 390 min in the fasting state. A solid test
meal was served and gastric emptying was determined
using a 13C-labelled sodium octanoate breath test. Venous
blood was drawn frequently for measurement of glucose,
insulin, C-peptide, glucagon, GLP-1, triglycerides and NEFA.
Results: GLP-1 administration lowered fasting and post-
prandial glycaemia (p<0.0001). Gastric emptying was
delayed by GLP-1 compared with placebo (p<0.0001).
During GLP-1 administration, insulin secretory responses
were higher in the fasting state but lower after meal
ingestion. After meal ingestion, triglyceride plasma levels
increased by 0.33± 0.14 mmol/l in the placebo experiments
(p<0.0001). In contrast, the postprandial increase in

triglyceride levels was completely abolished by GLP-1
(change in triglycerides, −0.023± 0.045 mmol/l; p<0.05).
During GLP-1 infusion, plasma concentrations of NEFA
were suppressed by 39% in the fasting state (p<0.01) and
by 31±5% after meal ingestion (p<0.01). Conclusions/
interpretation: GLP-1 improves postprandial lipidaemia,
presumably as a result of delayed gastric emptying and
insulin-mediated inhibition of lipolysis. Thus, by lowering
both glucose and lipid concentrations, GLP-1 administra-
tion may reduce the cardiovascular risk in patients with
type 2 diabetes.
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Introduction

Diabetic dyslipidaemia contributes to the excess morbidity
and mortality in type 2 diabetes [1]. A number of studies
have provided evidence for the association between post-
prandial triglyceride and NEFA levels and the risk of
macrovascular diseases, such as myocardial infarction or
stroke [2, 3]. Indeed, increased carotid intima–media thick-
ness as well as impaired endothelial function can be de-
tected in patients with postprandial hypertriglyceridaemia
[4, 5]. Moreover, elevated NEFA levels are a strong pre-
dictor of insulin resistance, thereby aggravating hyper-
glycaemia in type 2 diabetes [1, 6]. Thus, therapeutic
approaches aiming to reduce postprandial lipid concentra-
tions may reduce the cardiovascular mortality in patients
with and without type 2 diabetes.

The incretin hormone glucagon-like peptide 1 (GLP-1)
and its analogues/derivatives (the so-called incretin mi-
metics) are promising candidates for future therapy of type
2 diabetes [7, 8]. The antidiabetic effects of GLP-1 include
a glucose-dependent insulinotropic and glucagonostatic
effect as well as deceleration of gastric emptying, which
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causes delayed entry of nutrients into the circulation [7, 9–
12]. Because of these effects, postprandial hyperglycaemia
can be efficiently counteracted by the administration of
GLP-1 [11]. A number of different incretin mimetics are
currently undergoing clinical trials for their therapeutic
application in the pharmacotherapy of type 2 diabetes [7, 8].
However, while various studies have demonstrated the
glucose-lowering potential of GLP-1 [7, 8], its effects on
postprandial lipid metabolism have not yet been elucidated
in detail.

In the present studies we hypothesised that slowing of
gastric emptying by GLP-1 would abolish the rise in tri-
glyceride concentrations after the ingestion of a mixed
meal. Therefore, we assessed gastric emptying of a solid
test meal and postprandial glucose and lipid homeostasis
during i.v. administration of GLP-1 and placebo in healthy
human subjects.

Subjects and methods

Study protocol

The study protocol was approved by the ethics committee
of the Ruhr University of Bochum on 4 February 2003
(registration number 2074) before the study. Written in-
formed consent was obtained from all participants.

Participants

Fourteen healthy male volunteers participated in the study.
Their age was 24.2±2.0 years (mean±SD) and their BMI
was 24.7±2.2 kg/m2. HbA1c was 5.4±0.2% (normal range
4.8–6.0%), total cholesterol concentration was 4.5±
0.62 mmol/l (174±24 mg/dl), HDL-cholesterol concentra-
tion was 1.1±0.23 mmol/l (43±9 mg/dl), LDL-cho-
lesterol concentration was 3.1±0.62 mmol/l (119±
24 mg/dl), VLDL-cholesterol concentration was 0.31±
0.16 mmol/l (12±6 mg/dl), triglyceride concentration was
0.95±0.24 mmol/l (84±21 mg/dl) and fasting glucose con-
centration was 5.2±0.38 mmol/l (94±7 mg/dl). None of the
participants had a history of gastrointestinal disorders, had
previously undergone abdominal surgery or was taking
any medication with a known modulating effect on
gastrointestinal motility or glucose and lipid metabolism.
All participants were advised to maintain their usual
dietary habits and to avoid strenuous exercise before the
experiments.

Blood was drawn from all participants in the fasting state
for measurements of standard haematological and clinical
chemistry parameters. None of the participants had any
abnormalities, either in terms of (1) anaemia (haemoglobin
<120 g/l), or (2) an elevation of liver enzymes (alanine
aminotransferase, aspartate aminotransferase, alkaline phos-
phatase, γ-glutamyl transferase) to activities higher than
double the respective normal value, or (3) elevated
creatinine concentrations (>1.5 mg/dl [114 μmol/l]).

Study design

All participants were studied on three occasions. At a
screening visit blood was drawn in the fasting state for
determination of laboratory parameters and a clinical ex-
amination was performed. If subjects met the inclusion
criteria, they were recruited for further tests as follows. On
separate occasions, either GLP-1 (7–36)amide (1.2 pmol
kg−1 min−1) or placebo was administered i.v. over 390 min
(−30 to 360 min). In both experiments, a mixed test meal
(1.05 MJ [250 kcal]) was ingested at 0 min. Capillary and
venous blood samples were collected frequently through-
out the experiments for measurement of glucose, GLP-1,
insulin, C-peptide, glucagon, NEFA and triglycerides.
Gastric emptying was also determined over 360 min. The
two experiments were carried out in randomised order. An
interval of at least 2 days was kept between the tests in
order to avoid carryover effects.

Peptides

Synthetic GLP-1 (7–36)amide was a kind gift from
Restoragen, Lincoln, NE, USA. Peptides were sterile
filtered and processed for infusion as described [11].

Experimental procedures

The tests were performed in the morning after an overnight
fast, with subjects in a supine position throughout the
experiments and with the upper body raised by 30°. Two
forearm veins were punctured with a Teflon cannula
(Moskito 123, 18 gauge; Vygon, Aachen, Germany), and
kept patent using 0.9% NaCl (for blood sampling and
GLP-1/placebo administration respectively).

The experiments were started after drawing basal blood
samples (−45 and −30 min) with the infusion of GLP-1
(7–36)amide or placebo at −30 min. At 0 min, each par-
ticipant was given a standard test meal (one egg, two slices
of white bread, 5 g margarine, 150 ml water; 55% car-
bohydrates, 15% protein, 30% lipids; total energy content
1.05 MJ-labelled) containing 100 mg 13C-sodium octano-
ate, which was mixed into the raw egg before careful
cooking. Breath samples were collected at 15-min intervals
during the first 180 min and at 20-min intervals during the
last 180 min. Capillary and venous blood samples were
collected at 30-min intervals.

Blood specimens

Venous blood was drawn into chilled tubes containing
EDTA and aprotinin (Trasylol; 20,000 kIU/ml, 200 μl per
10 ml blood; Bayer, Leverkusen, Germany) and kept on
ice. After centrifugation at 4°C, plasma for hormone anal-
yses was kept frozen at −28°C. Capillary blood samples
(approximately 100 μl) were added to NaF (Microvette CB
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300; Sarstedt, Nümbrecht, Germany) for the immediate
measurement of glucose.

Determination of gastric emptying

Gastric emptying was determined as described [11]. Briefly,
13C-labelled sodium octanoate (100 mg; Euriso-top, Saint-
Aubin, France) was used to label the solid component of the
test meal. At intervals of 15 or 20 min, breath specimens
were sampled into gas-tight plastic bags and the 13CO2

content was determined within 24 h by non-dispersive
infrared spectrometry (Wagner Analysentechnik, Bremen,
Germany).

To measure the proportion of the substrate given by
mouth that was metabolised, the results were expressed as
the percentage of the dose of 13C recovered (PDR) over
time for each time interval, from which the cumulative
PDR (cPDR) for each time interval was calculated ac-
cording to Ghoos et al. [13].

Results of the octanoate breath test for gastric emptying
were evaluated by non-linear regression analysis (Prism
version 2; Graphpad, San Diego, CA, USA) of the 13CO2

excretion curves (PDR), using the formula: PDR(t)=atbe−ct,
which was derived from the χ2 distribution. The expression
ln a, as the gastric emptying coefficient, is a reliable
parameter to describe the rate at which the stomach empties
[13].

Values of the cumulative percentage of 13CO2β were
fitted using a model given by cPDR tð Þ ¼ M 1�e�kt

� �β,
where cPDR is the cumulative percentage dose of 13C
recovered at time t in hours, and M, k and β are regression
estimated constants, with M the total amount of 13CO2

expired when time is infinite.
Gastric emptying was expressed as the percentage of the

initial gastric content (M=100%) by computing the dif-
ference from this initial value at each time point according
to the following formula: gastric content (t)=([M−cPDR
(t)]/M)100 (%).

Laboratory determinations

Glucose was measured as described [11, 14] using a Glucose
Analyser 2 (Beckman Instruments, Munich, Germany).

Insulin was measured as described [11] using an insulin
microparticle enzyme immunoassay (MEIA; IMx Insulin,
Abbott Laboratories, Wiesbaden, Germany). The intra-
assay CV was ∼4%.

C-peptide was measured as described [11] using an
ELISA from Dako, Ely, UK. Intra-assay CV were 3.3–
5.7% and inter-assay CV was 4.6–5.7%. Human insulin
and C-peptide were used as standards.

Immunoreactive glucagon was measured using porcine
antibody 4305 in ethanol-extracted plasma, as previously
described [15]. The detection limit was <1 pmol/l. The
intra-assay CV was 6.7% and the inter-assay CV was 16%.

GLP-1 immunoreactivity was determined using a radio-
immunoassay specific for the C-terminus of the peptide
[11]. This assay measures the sum of the intact peptide plus
the primary metabolite, GLP-1 (9–36)amide using the
antiserum 89390 and synthetic GLP-1 (7–36)amide as
standard. This assay cross-reacts less than 0.01% with
C-terminally truncated fragments and 83% with GLP-1
(9–36)amide. The detection limit was 3 pmol/l.

Triglycerides were measured using an enzymatic colour
test system (Olympus System Reagent triglyceride OSR
6133; Olympus, Hamburg, Germany). NEFA were de-
termined using reagents from Wako Chemicals, Neuss,
Germany, by spectrophotometric analysis.

Statistical analysis

Results are reported as mean±SEM. For integrated in-
cremental responses of triglycerides, the positive area
under the curve was calculated using the trapezoidal rule
(baseline subtracted). All statistical calculations of con-
centration time series were carried out using paired re-
peated measures ANOVA using Statistica Version 5.0
(Statsoft Europe, Hamburg, Germany). This analysis pro-
vides p values for the overall differences between the ex-
periments, differences over time, and for the interaction of
experiment with time. If a significant interaction of treat-
ment and time was documented (p<0.05), and for the
comparison of time-independent variables, individual val-
ues were compared by paired one-way ANOVA. A two-
sided p value <0.05 was taken to indicate a significant
difference.

Results

Plasma concentrations of total GLP-1 were significantly
higher during the exogenous infusion than with placebo
(139±15 vs 12±2 pmol/l; p<0.0001). Glucose concen-
trations rose significantly after meal ingestion during the
placebo experiments (p<0.0001). As expected, glucose
levels were significantly reduced by GLP-1 in the fasting
state and declined further after ingestion of the test meal
(Fig. 1). GLP-1 administration led to increases in fasting
insulin and C-peptide concentrations compared with pla-
cebo (p<0.05 at t=−15 and 0 min). However, immediately
after meal ingestion (from t=15 to t=90 min) insulin and
C-peptide levels were even lower in the experiments with
GLP-1 infusion than in those with placebo (p<0.05; Fig. 1).
Consistent with previous reports [11, 16], GLP-1 led to
suppression of the glucagon concentration (t=0 min) both
under fasting conditions and after the test meal (from 210
to 300 min; Fig. 2).

Fasting triglyceride levels were not different between the
experiments with the administration of GLP-1 and placebo
(Fig. 3). During the placebo experiments triglyceride levels
increased significantly after the test meal (p<0.0001), peak
levels being reached after 180 min (mean increase after
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180 min, 0.33±0.14 mmol/l [29±12 mg/dl]). In contrast, the
postprandial increase in triglyceride levels was completely
abolished by GLP-1 (mean change after 180 min, −0.023±
0.045 mmol/l [−2±4 mg/dl]; p<0.05). During GLP-1 ad-

ministration, postprandial triglyceride concentrations were
lower than with placebo (p=0.00011; Fig. 3). Also, the area
under the triglyceride concentration curve was significantly
lower during GLP-1 administration (14.3±4.9 vs 82.8±
20.9 mmol l−1 min [1263±436 vs 7331±1850 mg dl−1 min]
during GLP-1 and placebo administration, respectively;
p=0.011).

Plasma concentrations of NEFA were suppressed over
the initial 120 min after meal ingestion and rose signif-
icantly afterwards in the placebo experiments (p<0.0001;
Fig. 3). GLP-1 administration lowered NEFA concentra-
tions by 39% in the fasting state (at t=0 min; p=0.0036).
After ingestion of the test meal, NEFA levels increased
somewhat from t=60 to 120 min, but remained signifi-
cantly lower than during the placebo experiments during
the subsequent 180 min (p<0.0001). The mean concentra-
tions of NEFA during the 360 min after meal ingestion
were 31±5% lower in the GLP-1 experiments than during
placebo administration (p=0.0029).

Gastric emptying was almost complete after 6 h during
the placebo experiments (Fig. 4). In contrast, with GLP-1
∼50% of the initial content was still in the stomach after
360 min (p<0.0001). The time course of gastric emptying
was significantly delayed by GLP-1 over the entire study
period (p<0.0001).

Discussion

The excess postprandial rises in triglyceride and NEFA
concentrations are independent risk factors for the devel-
opment of macrovascular complications in patients with
type 2 diabetes [1–3]. Thus, postprandial triglyceride con-
centrations have been associated with increased intima–
media thickness as well as impaired endothelial function

Fig. 1 Plasma concentrations of glucose (a), insulin (b) and C-peptide
(c) during i.v. administration of GLP-1 (1.2 pmol kg−1 min−1, filled
circles) or placebo (open circles) in 14 healthy male subjects. At
t=0 min, a mixed test (1.05 MJ) meal was served (arrows). Data are
mean±SEM. p values were calculated using paired repeated measures
ANOVA as follows: p=0.053 (a), p=0.85 (b), p=0.54 (c) for differences
between experiments; p<0.00001 (a–c) for differences over time; and
p<0.00001 (a–c) for differences due to the interaction of experiment
and time. *p<0.05 for differences vs placebo at individual time points
(one-way ANOVA)

Fig. 2 Plasma concentrations of glucagon during i.v. administration
of GLP-1 (1.2 pmol kg−1 min−1, filled circles) or placebo (open circles)
in 14 healthy male subjects. At t=0 min, a mixed test (1.05 MJ) meal
was served (arrow). Data are mean±SEM. The p values were
calculated using paired repeated measures ANOVA as follows:
p=0.12 for differences between experiments; p<0.00001 for differ-
ences over time and for differences due to the interaction of
experiment and time. *p<0.05 for differences vs placebo at in-
dividual time points (one-way ANOVA)
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[4, 6]. The present data show that i.v. administration of
GLP-1 during the ingestion of a mixed test meal not only
reduces glycaemia but also fully abolishes the postprandial
rise in triglyceride levels. Moreover, both fasting and post-
prandial NEFA levels were markedly reduced by the
incretin hormone. Given the importance of NEFA for the
regulation of hepatic glucose production [17], this effect
may explain the previously observed effects of GLP-1 on
insulin sensitivity [18]. The improvement in postprandial
lipidaemia therefore adds to the multiple beneficial effects
of GLP-1 in the treatment of patients with type 2 diabetes.

One obvious question arising from these data is: which
mechanism mediated the effects of GLP-1 on postprandial
lipid concentrations? Regarding the triglyceride concentra-
tions, the most likely candidate appears to be the GLP-1-
induced deceleration of gastric emptying. Thus, it seems
plausible that delayed entry of nutrients into the duodenum
prevented the increase in triglyceride plasma levels that is
typically found after meal ingestion. Indeed, the glucose-
lowering effects of GLP-1 in the postprandial state can
largely be explained the deceleration of gastric emptying
[11, 19], and direct intraduodenal glucose administration
raises glucose plasma concentrations even in the presence
of increased GLP-1 concentrations [20]. Alternatively, it
seems possible that GLP-1 directly inhibited triglyceride
absorption from the gut, potentially through inhibition of
gastric lipases [21]. This explanation would be consistent
with a recent series of elegant experiments in rats
demonstrating that GLP-1 reduces the intestinal absorption
of triolein and inhibits intestinal lymph flow [22]. It
therefore appears possible that a combination of delayed
gastric emptying and reduced intestinal lipid absorption
prevented the postprandial increase in triglyceride levels.

Regarding the effects of GLP-1 on NEFA levels, the
inhibition of gastric emptying and lipid absorption alone
cannot explain the changes in the concentration–time pat-
tern, because a significant reduction in NEFA concentra-
tions was already observed during the administration of
GLP-1 in the fasting state. It is more likely that the effects
of GLP-1 on NEFA concentrations were mediated by the
changes in insulin plasma levels. This explanation would
be consistent with the pivotal role of insulin in suppres-
sing lipolysis [23]. In fact, whenever insulin concentra-
tions were high, NEFA levels were suppressed (e.g. at
t=0 min during GLP-1 administration), whereas NEFA
concentrations tended to increase when insulin levels
dropped (e.g. from 60 to 120 min during GLP-1 admin-
istration). In addition, glucagon concentrations during
GLP-1 infusion seemed to closely mirror the NEFA levels.
Thus, the reduction in glucagon levels might have
contributed to the suppression of lipolysis during GLP-1
infusion [23, 24]. It is, however, difficult to distinguish
direct GLP-1 effects on alpha-cell secretion from indirect
effects via increased insulin secretion, since glucagon
secretion may be regulated by the intra-islet release of
insulin [24–26].

It is important to note that in the present studies the test
meal had a relatively low energy content (1.05 MJ), which
led to a rather modest increase in postprandial triglyceride

Fig. 3 Plasma concentrations of triglycerides (a) and NEFA (b)
during i.v. administration of GLP-1 (1.2 pmol kg−1 min−1, filled
circles) or placebo (open circles) in 14 healthy male subjects. At
t=0 min, a mixed test (1.05 MJ) meal was served (arrows). Data are
mean±SEM. The p-values were calculated using paired repeated
measures ANOVA as follows: p=0.35 (a) and p=0.0027 (b) for
differences between the experiments, p<0.0001 (a, b) for differences
over time, and p=0.00011 (a) and p<0.0001 (b) for differences due
to the interaction of time and experiment. *p<0.05 for differences vs
placebo at individual time points (one-way ANOVA)

Fig. 4 Time course of gastric emptying of a solid test meal (arrow)
during i.v. administration of GLP-1 (1.2 pmol kg−1 min−1, filled
circles) or placebo (open circles) in 14 healthy male subjects. Data
are mean±SEM. The p values were calculated using paired repeated
measures ANOVA as follows: p<0.0001 for differences between
experiments, differences over time, and for differences due to the
interaction of experiment and time. *p<0.05 for differences vs
placebo at individual time points (one-way ANOVA)
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levels (44% at t=180 min vs baseline). This was done
because this test meal has been validated previously for the
determination of gastric emptying of solid meals [27].
Therefore, despite the complete lack of an increase in
postprandial lipid concentrations observed after a low-
energy test meal in this study, it is possible that a meal with
a higher lipid content would elevate lipid plasma
concentrations even in the presence of GLP-1.

While the present results imply a potent lipid-lowering
effect of i.v. GLP-1 in healthy human subjects, results may
vary during the long-term s.c. administration of GLP-1
analogues/derivatives in patients with type 2 diabetes. In
fact, the antihyperglycaemic effect of GLP-1 appears to be
greater during i.v. than during s.c. administration [16, 18,
28]. Moreover, in previous studies that have investigated
the effects of chronic s.c. administration of GLP-1 or the
incretin mimetic exenatide, only very modest reductions in
fasting triglycerides and NEFA have been reported [18, 29–
32]. In the light of the present data showing significant
reductions in the postprandial concentrations of both NEFA
and triglycerides during an acute i.v. infusion of GLP-1, it
seems worthwhile to examine further the effect of incretin
mimetics on postprandial lipid excursions after chronic s.c.
administration in patients with type 2 diabetes.

Since the present experiments were carried out over an
observation period of 6 h, it is theoretically possible that a
later compensatory increase in triglyceride plasma levels
was overlooked. However, no increase in triglyceride con-
centrations was detected until the end of the observation
period during GLP-1 administration despite ∼50% empty-
ing of the stomach. In contrast, when a similar degree of
gastric emptying was reached during the placebo experi-
ments (at t=180 min), triglyceride plasma concentrations
had reached their peak levels already. Therefore, it seems
unlikely that triglyceride concentrations would have in-
creased much at a later time point after meal ingestion. This
finding may also be interpreted as an indication that the
lipid-lowering effects of GLP-1 were not only due to de-
layed gastric emptying, but also due to other mechanisms,
such as increased clearance or reduced endogenous syn-
thesis of triglycerides. Future studies employing direct in-
traduodenal lipid infusions [33] or using prokinetic drugs
to counterbalance the GLP-1-induced deceleration of gas-
tric emptying [12] may be more suited to the further elu-
cidation of these mechanisms.

In conclusion, these studies demonstrate that the post-
prandial increase in triglyceride concentrations was abol-
ished completely by the i.v. infusion of GLP-1. This was
probably a result of the marked deceleration of gastric
emptying and, potentially, inhibition of intestinal lipid ab-
sorption by GLP-1. Moreover, both fasting and postpran-
dial plasma concentrations of NEFA can be lowered effi-
ciently by the i.v. administration of GLP-1. Given the close
association of postprandial lipid concentrations with the
increased risk of macrovascular diseases in patients with
type 2 diabetes, these findings suggest additional beneficial
effects of GLP-1 in the treatment of patients with diabetic
dyslipidaemia.
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