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Abstract

Twelve patients with non-insulin dependent diabetes
mellitus (NIDDM) under secondary failure to sulfonyl-
ureas were studied to evaluate the effects of subcutaneous
glucagon-like peptide-1(7–36)amide (GLP-1) on (a) the
gastric emptying pattern of a solid meal (250 kcal) and
(b) the glycemic and endocrine responses to this solid meal
and an oral glucose tolerance test (OGTT, 300 kcal).
0·5 nmol/kg of GLP-1 or placebo were subcutaneously
injected 20 min after meal ingestion. GLP-1 modified the
pattern of gastric emptying by prolonging the time to
reach maximal emptying velocity (lag period) which was
followed by an acceleration in the post-lag period. The
maximal emptying velocity and the emptying half-time
remained unaltered. With both meals, GLP-1 diminished
the postprandial glucose peak, and reduced the glycemic

response during the first two postprandial hours by 54·5%
(solid meal) and 32·7% (OGTT) (P<0·05). GLP-1
markedly stimulated insulin secretion with an effect lasting
for 105 min (solid meal) or 150 min (OGTT). The post-
prandial increase of plasma glucagon was abolished by
GLP-1. GLP-1 diminished the postprandial release of
pancreatic polypeptide. The initial and transient delay of
gastric emptying, the enhancement of postprandial insulin
release, and the inhibition of postprandial glucagon release
were independent determinants (P<0·002) of the post-
prandial glucose response after subcutaneous GLP-1. An
inhibition of efferent vagal activity may contribute to the
inhibitory effect of GLP-1 on gastric emptying.
Journal of Endocrinology (1998) 156, 177–186

Introduction

Glucagon-like peptide-1(7–36)amide (GLP-1) is an in-
cretin hormone of the entero–insular axis. Derived by
posttranslational processing of the precursor preprogluca-
gon in L-cells of the intestinal mucosa, it is promptly
released in response to meal ingestion (Göke et al. 1991,
Fehmann et al. 1995a, Schirra et al. 1996a). It has a strong
insulinotropic action mediated via a specific receptor on
the pancreatic B cell (Kreymann et al. 1987, Fehmann et al.
1992, Thorens et al. 1993, Kolligs et al. 1995, Wang et al.
1995). Intravenous infusions of GLP-1 decrease post-
prandial glycemia by enhancing insulin secretion, lower-
ing glucagon release, and stimulating insulin-independent
glucose disposal in peripheral tissues (Kreymann et al.
1987, Gutniak et al. 1992, D’Alessio et al. 1994, 1995).
These effects are preserved in patients with non-insulin
dependent diabetes mellitus (NIDDM, Gutniak et al.
1992, Nathan et al. 1992, Nauck et al. 1993). Therapy
with sulfonylureas and/or insulin is afflicted with the risk
of hypoglycemia and possibly accelerated atherosclerosis

due to hyperinsulinemia (Robertson et al. 1988). In
contrast, the insulinotropic action of GLP-1 is glucose-
dependent (Kreymann et al. 1987, Weir et al. 1989).
Moreover, it has recently been shown that infusion of
GLP-1 in NIDDM improved the impaired basal and
stimulated glucose-responsiveness of the compromised
pancreatic B-cell (Rachman et al. 1996, Ahrén et al. 1997).
Therefore, GLP-1 represents a promising new concept in
the therapy of NIDDM.
In addition to the endocrine effects, intravenous infu-

sions of GLP-1 inhibited gastric emptying of liquid meals
(Wettergren et al. 1993). A preprandial subcutaneous
injection of GLP-1 in healthy subjects has been shown to
dose-dependently delay gastric emptying of a mixed liquid
meal by prolonging the lag period, but without affecting
the maximal emptying velocity or the total emptying time
(Schirra et al. 1997). The initial delay of gastric empty-
ing was characterized as one of the determinants of
the reduction in postprandial glycemia. The inhibition
of gastric emptying was accompanied by suppression of
antro-duodenal motor activity. Therefore, GLP-1 is
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discussed as a hormonal mediator of intestinal feedback
inhibition of gastric emptying.
Effects of subcutaneous GLP-1 in NIDDM are only

poorly characterized. The significance of GLP-1-induced
effects on gastric emptying to the overall antidiabetic
action of the peptide needs further evaluation. Therefore,
the present study aimed to address the mechanisms of
the effects of subcutaneous GLP-1 on the control of post-
prandial glycemia in NIDDM. Keeping in mind the rapid
peptide absorption from subcutaneous tissue (Gutniak et al.
1994, Schirra et al. 1997), we injected the peptide in the
early postprandial phase when postprandial glycemia
evolves and emptying velocity increases.

Materials and Methods

Subjects

The studies were approved by the Ethical Committee
of the Medical Faculty of the Philipps-University of
Marburg, and all participants provided written informed
consent after full explanation of the purpose and nature of
all procedures used. Twelve patients (five women, seven
men) suffering from NIDDM with a secondary failure to
sulfonylureas participated in the studies (64&3 years of
age, range 48–75 years). Five of the patients were over-
weight (body mass index (BMI) 30·7&2·4 kg/m2, range
25·1–38·5 kg/m2) and seven were in the normal range
of body weight (BMI 22·3&0·7 kg/m2, range 19·8–
24·8 kg/m2). Before admission, all patients were treated
with diet and sulphonylurea derivatives, one patient ad-
ditionally with acarbose. The patients were admitted to
the hospital because of unsatisfactory metabolic control as
indicated by HbA1c values of 10·2&0·8% (glycosylated
hemoglobin, normal range 4–6%) to initiate therapy with
insulin. Initial diagnosis of diabetes was made 7·2&1·6
years before. After adjustment of the glycemic control with
regular insulin for at least 4 days, patients were included in
the study. A standard diet (1221&74 kcal per day) with
restriction of simple carbohydrates was recommended at
least 4 days before and during the study. During the study,
blood glucose was controlled by subcutaneously injected
regular insulin. The last insulin dose was given at 2200 h
on the days before the experiments. None of the patients
suffered from gastrointestinal, bronchopulmonary or hepatic
disorders, and none had a history of abdominal surgery other
than appendectomy. There was one patient with mild
retinopathy, three patients presented with diabetic neph-
ropathy (endogenous creatinine clearance >50 ml/min),
and seven patients displayed peripheral neuropathy. None
of the patients was taking any medication known to inter-
fere with autonomic nerve function or gastric emptying.

Experimental protocol

All studies were started after an overnight fast at 0730 h in
the morning. Four experiments were performed on each

subject in random order on 4 consecutive days. On 2 days,
an oral glucose tolerance test with 75 g glucose (OGTT,
300 ml, 300 kcal, Boehringer Mannheim, Mannheim,
Germany) was given. On the other 2 days, a 13C-labeled
octanoic acid breath test with a mixed solid–liquid test
meal was performed for determination of 13CO2-
exhalation as a measure of gastric emptying (Ghoos et al.
1993). The latter test meal consisted of a scrambled egg
with the yolk doped with 100 mg 13C-octanoic acid. Yolk
and egg white were baked separately but administered
together with two slices of white bread and 5 g margarine,
followed immediately by 150 ml water. Total caloric
content of the meal was 250 kcal. The OGTTs were
consumed in about 2 min, the 13C-octanoic acid test meal
in less than 10 min.
With the OGTT and the solid meal, 0·5 nmol/kg

GLP-1(7–36)amide dissolved in 1% human serum albu-
min (HSA) or 1% HSA alone serving as control were
subcutaneously injected into the abdominal wall 20 min
after meal intake. In each experiment, blood samples were
drawn through an indwelling venous catheter retrogradely
placed into a dorsal hand vein. Hand and forearm were
continuously warmed throughout the experiment at ex-
actly 40 )C by an infrared lamp regulated by a sensor
controlled biothermostat to arterialize the venous blood
(heated hand). Blood samples were taken 10 min and
immediately before meal ingestion as well as 15, 30, 45,
60, 90, 120, 150, 180, 210 and 240 min after the end of
meal ingestion for determination of the immunoreactivities
of GLP-1, insulin, C-peptide, glucagon, and pancreatic
polypeptide (PP), the latter reflecting the cholinergic tone.
Blood was collected in ice-chilled EDTA tubes containing
1000 kallikrein inhibitory units aprotinin/ml of blood.
Blood samples were kept on ice to prevent in vitro
degradation of GLP-1(7–36)amide (Deacon et al. 1995a)
and centrifuged at 4 )C (1000 g) for 10 min. The plasma
was stored at "20 )C until assayed. Measurements of
glucose in arterialized blood were performed at 15 min
intervals until the end of each experiment.
In the pre-study phase, tests for autonomic nerve

dysfunction were performed in each patient according to
Ewing & Clarke (1982). The integrity of the cardio-
vascular parasympathetic system was tested by measuring
the heart rate variation during deep breathing and the
immediate heart rate response to standing. Sympathetic
nerve function was examined by assessing the systolic
blood pressure response to standing. A standardized ques-
tionnaire was filled out by each patient at three time
points, in the pre-study phase 6 h after breakfast and 6 h
after each 13C-octanoic acid breath test. The following
subjective gastrointestinal symptoms were scored by the
patients from 0 (no symptoms) to 10 (maximal discomfort)
for the last 6 h: loss of appetite, nausea, heartburn, fullness,
constipation, diarrhea, abdominal pain, bloating and
pain after injection (injection of insulin in the pre-study
phase).
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Determination and analysis of 13 CO2-exhalation data

Breath samples were taken 15 min and immediately before
meal ingestion, at 15 min intervals for a period of 240 min,
and at 30 min intervals from 240 to 360 min after inges-
tion of the meal. At each sampling point, the patients
exhaled into 15 ml vacutainer vials. 13CO2 measurements
were performed with an isotope ratio mass spectrometer
(SIRA 11, VG Isotech, Middlewich, Cheshire, UK) and
expressed as the difference of the 13C/12C ratio (k=‰)
compared with a reference (Pee Dee Belemnite lime-
stone). Endogenous CO2 production was assumed to
be 9 mmol kg"1 body weight h"1. Slopes (â) and
exhalation velocity constants (k) of the 13CO2 exhalation
curves were separately calculated for each experiment and
each subject using nonlinear least squares regression fitting
of the power exponential equation %dose/h=k â e("kt)

((1"e("kt))n(â"1)) m, with m defined as cumulative 13C
recovery at infinite time (Ghoos et al. 1993). The results
were expressed as percentage of 13CO2 in breath per hour
corrected for 13C recovery and as cumulative values over
6 h. The lag period of 13CO2 exhalation as the time to
achieve maximal exhalation velocity was calculated as
defined by Siegel et al. 1988 (t(lag)=(lnâ)/k). The good-
ness of fit of the fitted nonlinear exhalation curves was
assessed as previously described (R2; Schirra et al. 1996a).

GLP-1(7–36)amide

Synthetic GLP-1(7–36)amide was purchased from Saxon
Biochemicals (Hannover, Germany). The peptide was
delivered as good manufacturing practice-material of
pharmaceutical grade with a peptide content of 88·08%
and a peptide purity >99%. The peptide was dissolved
in 1% HSA, filtered through 0·2 µm nitrocellulose filters
and thereafter stored at "70 )C. High performance liquid
chromatography after sterile filtration confirmed a peptide
recovery of 100% compared with the peptide solution
before filtration. Samples were tested for pyrogens and
bacterial growth, and no contamination with bacterials or
endotoxins was detected. Dose calculations were based on
the peptide content of the preparation.

Determinations and assays

Blood glucose concentrations were measured by the
glucose–oxidase method using a glucose analyzer (YSI 1500
G; Schlag, Bergisch-Gladbach, Germany). Plasma immu-
noreactivities of insulin, C-peptide, glucagon and PP were
analyzed by commercially available radioimmunoassay kits
(Biermann, Bad Nauheim, Germany and Eurodiagnostica,
Malmö, Sweden (PP)). All assays were competitive. For the
C-peptide assay, rabbit antihuman C-peptide antibodies,
C-peptide standard, and 125I-labeled C-peptide tracer were
used. Polypropylene tubes coated with antibodies to insu-
lin, human insulin standard and 125I-labeled human insulin
tracer were used for the insulin assay. Analyses of glucagon

were performed using rabbit antihuman glucagon anti-
bodies, human glucagon standard and 125I-labeled human
glucagon as tracer. For measurement of PP, rabbit anti-
serum raised against bovine PP, 125I-labeled human PP and
human PP standard were used.
Immunoreactive (IR) GLP-1 was measured using the

specific C-terminal polyclonal antibody GA 1178 (Affinity
Research, Nottingham, UK) (Schirra et al. 1996a, 1997).
This exhibits 100% reactivity with GLP-1(1–36)amide,
truncated GLP-1(7–36)amide and all further N-terminal
truncations. Immunoreactivities were extracted from
plasma samples on C-18 cartridges using acetonitrile for
elution of samples. This procedure results in 64&4%
recovery for N-terminally truncated GLP-1 s (Herrmann
et al. 1995) when hormone-free plasma was substituted
with known amounts of peptides and was then subse-
quently extracted. The detection limit of the assay was
0·25 pmol/l. The antiserum did not crossreact with gastric
inhibitory peptide (GIP), pancreatic glucagon, glicentin,
oxyntomodulin or GLP-2. Intra- and interassay coef-
ficients of variation were 3·6 and 10·2% respectively.

Statistical analysis

All values were expressed as means&... Since changes
of blood glucose are associated with changes in IR-insulin,
the insulinogenic index was calculated as the quotient
IR-insulin/blood glucose, thus more representatively de-
scribing insulin release. Differences of plasma hormones,
and blood glucose compared with the basal state were
calculated as integrated postprandial values over basal (area
under the postprandial response curve; AUC). Basal levels
of plasma parameters were determined as the mean of
the two preprandial values. The time course of 13CO2
exhalation in breath was presented as means&... of
individual fitted data. All samples were first tested for
normality by the Kolmogoroff–Smirnoff test. Differences
between experimental sets for integrated plasma hormone
and blood glucose levels were analyzed by two way
repeated measures analysis of variance employing test meal
and subcutaneous injection as factors. When this analysis
indicated that the test meal or the injected substance
elicited different responses, a Student–Newman–Keuls
multicomparison test was performed. Global 13CO2 exha-
lation parameters were compared by Student’s paired
t-test. Parameters of 13CO2 exhalation reflecting gastric
emptying, and integrated postprandial immunoreactivities
of insulin and glucagon were tested for significant influ-
ences on the integrated postprandial blood glucose
response using linear regression analysis procedures.
Differences were considered significant at P<0·05.

Results

Subcutaneous injection of GLP-1 was well tolerated,
and none of the patients developed any gastrointestinal
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symptoms during the study, neither after placebo nor
after GLP-1. However, the patients reported signifi-
cant pain with the subcutaneous injection of 1% HSA
(mean score 3·1&0·6) serving as placebo and 1%
HSA/GLP-1 (2·9&0·5) compared with injection of
regular insulin (0·7&0·3, P<0·05 vs 1% HSA and 1%
HSA/GLP-1). Six of the 12 patients had signs of auto-
nomic neuropathy affecting the parasympathetic cardio-
vascular system. There were no signs of sympathetic
dysfunction in the cardiovascular reflex tests. Comparison
of the obese patient group with the lean group did not
reveal any significant difference in their response to
GLP-1 regarding gastric emptying, or glycemic or endo-
crine responses.

Gastric emptying

Gastric emptying of the solid meal was close to complete
in all patients within the 360 min study period with a
cumulative 13CO2 exhalation of 84·7&2·4% after placebo
and of 84·5&2·2% after GLP-1 respectively. The
measured exhalation data fitted well to the power expo-
nential equation with a mean R2 of 0·96&0·008 estimat-
ing goodness of fit for the nonlinear exhalation curves.
Postprandial subcutaneous injection of GLP-1 initially
delayed excretion of 13CO2 by shifting the shape of the
exhalation curve to the right (increase of slope â), but
without influence on the exhalation velocity rate k and the
total exhalation time (Fig. 1, Table 1). Compared with
placebo, an initial retardation of the 13CO2 exhalation
velocity from 25 to 100 min after injection of GLP-1 was
followed by a significant acceleration from 160 to 310 min
after injection (Fig. 1A). Correspondingly, the lag period
(time to reach maximal emptying velocity) was sig-
nificantly prolonged. However, the maximal 13CO2
exhalation velocity was not affected by GLP-1 (Fig. 1A).
Because of the unchanged exponential exhalation rate k,
there was no significant effect of GLP-1 on the exhalation
half-time and the time to cumulative 80% exhalation of
13CO2.

13CO2 exhalation parameters did not differ be-
tween patients with and without signs of autonomic
neuropathy of the parasympathetic system.

Plasma hormones and blood glucose

With placebo, plasma levels of GLP-1 rose from prepran-
dial basal levels of 1·0&0·2 pmol/l to individual postpran-
dial peak levels of 4·4&0·8 pmol/l within 52&7 min
after ingestion of the solid meal, and to 8·7&1·4 pmol/l
within 32&5 min after the OGTT respectively (Fig. 2A).
The postprandial integrated GLP-1 response after the
OGTT approximately doubled the response to the solid
meal (Table 2). After subcutaneous injection of 0·5 nmol/kg
GLP-1, plasma levels of GLP-1 promptly rose and

Figure 1 The effects of postprandial subcutaneous injection of
placebo or 0·5 nmol/kg GLP-1 on (A) 13CO2 exhalation velocity
and (B) cumulative 13CO2 exhalation after oral ingestion of a
250 kcal solid meal in 12 patients with NIDDM. Values are
means&S.E.M. Asterisks denote significant differences (P<0·05)
between experiments with placebo and GLP-1. For further
statistical analysis, see Table 1.

Table 1 Parameters of 13CO2 exhalation of 13C-octanoic acid
breath test reflecting gastric emptying of an orally ingested
250 kcal mixed meal with and without postprandial subcutaneous
injection of GLP-1. 13CO2 exhalation parameters were calculated
using power exponential fitting according to Ghoos et al. 1993.
Values are means&S.E.M.. (n=12)

Placebo
(s.c.)

GLP-1
(0·5 nmol/kg)

Parameter
k (h"1) 0·52&0·04 0·56&0·05
Slope â 3·1&0·2 4·7&0·6*
m (%) 65·3&3·8 70·6&5·2
Lag period (min) 130·7&6·6 171·2&9·2*
50% exhalation time (min) 191·9&9·8 213·1&10·0
80% exhalation time (min) 323·2&19·0 328·5&15·3

m, cumulative 13C recovery at infinite time.
*P<0·05 vs placebo s.c.
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remained significantly elevated as compared with placebo
injection up to 210 min after meal ingestion being not
different between the solid meal and OGTT. Compared
with placebo, injection of GLP-1 provided for about
4-fold of the response of GLP-1 to the solid meal, and for
about 2-fold of the response to the OGTT.
Mean preprandial levels of blood glucose of all exper-

iments amounted to 8·6&0·3 mmol/l, and did not differ
between study days. With placebo, blood glucose was
raised to peak levels of 13·2&0·7 mmol/l after the solid
meal and to 20·3&0·8 mmol/l after the OGTT (Fig. 2B).
Over the total postprandial period of 240 min, integrated
blood glucose levels were significantly diminished after
both meals with injection of GLP-1 (Table 2). The
significant reduction of postprandial glucose levels started
25 min after peptide injection with both meals. This lasted
for 75 min after intake of the solid meal, and for 90 min
after ingestion of the OGTT. Peak glucose levels were also
slightly, but significantly, lower with injection of GLP-1
after both meals (12·5&0·7 vs 13·2&0·7 mmol/l after
the solid meal, 19·3&0·9 vs 20·3&0·8 mmol/l after the
OGTT, P<0·05 for GLP-1 vs placebo). Thereafter, glu-
cose levels resembled those with placebo, and no rebound
of glycemia was observed. During the first 2 h after meal
intake, postprandial incremental glycemia was diminished
by 54·5&4·4% after the solid meal, and by 32·7&5·5%
after the OGTT (P<0·05).
The integrated postprandial responses of IR-insulin

(Fig. 3A and B), of IR-C-peptide and, even more
pronounced, of the insulinogenic index were significantly
elevated with subcutaneous GLP-1 compared with pla-
cebo after both meals (Table 2). With the solid meal,
plasma levels of insulin were significantly raised 25 min
after injection of GLP-1, and the elevation lasted for
105 min. With ingestion of the OGTT, IR-insulin in-
creased 10 min after GLP-1 injection and remained sig-
nificantly elevated for 150 min. Compared with placebo,
GLP-1 enhanced the integrated incremental insulin re-
sponse by 64·4&10·0% (solid meal) and 63·3&14·5%
(OGTT) (Table 2).

Figure 2 Immunoreactivities of (A) GLP-1 and (B) blood glucose
levels after ingestion of a 250 kcal solid meal and an OGTT
(300 kcal) in 12 patients with NIDDM in response to postprandial
subcutaneous injection of placebo or 0·5 nmol/kg GLP-1. Values
are means&S.E.M. Asterisks denote significant differences (P<0·05)
between experiments with placebo and GLP-1 after ingestion of
the solid meal. Hash symbols denote significant differences
(P<0·05) between experiments with placebo and GLP-1 after
ingestion of the OGTT.

Table 2 Effect of postprandial subcutaneous injection of GLP-1 on integrated postprandial response curves (AUC) over basal for blood
glucose and immunoreactivities (IR) of plasma hormones after oral ingestion of a mixed solid meal (250 kcal) and an OGTT (300 kcal) in
NIDDM. Values are means&S.E.M.. (n=12)

Mixed meal
placebo s.c.

GLP-1
(0·5 nmol/kg s.c.)

OGTT
placebo s.c.

GLP-1
0·5 nmol/kg s.c.

Parameter
IR-GLP-1 (pmol/l 240 min) 13·6&3·0 72·5&11·2* 25·8&5·3† 77·2&10·3*
Glucose (mmol/l 240 min) 44·6&5·6 30·5&4·2* 137·8&7·0† 115·4&8·1*†
IR-insulin (mU/l 240 min) 97·2&23·7 152·7&38·4* 138·9&35·4 208·5&50·2*†
Insulinogenic index (mU/mmol 240 min) 0·57&1·9 7·4&2·4* "5·6&3·2† 2·0&2·6*†
IR-C-peptide (ng/ml 240 min) 8·1&1·4 11·4&1·5* 15·3&2·9† 22·3&2·8*†
IR-glucagon (pg/ml 240 min) 37·6&53·6 "132·5&53·7* "173·0&57·7† "259·9&46·2*†
IR-pancreatic polypeptide (pg/ml 240 min) 2224·1&273·3 1902·3&246·9* 562·6&188·6† 326·0&166·5*†

*P<0·05 vs placebo s.c., same meal; †P<0·05 vs solid meal, same injection.
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IR-glucagon increased after the solid meal, whereas the
OGTT inhibited the release of IR-glucagon (Fig. 3C and
D). With GLP-1, postprandial IR-glucagon was reduced
after both meals (Fig. 3C and D, Table 2). In contrast to
the experiments with placebo, nine of 12 patients showed
a decrease of IR-glucagon in response to the solid meal
instead of an increase. With both meals and compared
with placebo, the reduction of IR-glucagon started 10 min
after injection of GLP-1 and the reduction remained
significant over a period of 90 min. Thereafter, IR-
glucagon in plasma with and without GLP-1 was not
different.
To test IR-insulin, IR-glucagon, and gastric emptying

as determinants of the reduction in glycemia from 45 to
120 min (Fig. 2B), linear regression procedures were
performed. The reduction of glycemia after GLP-1 injec-
tion showed a significant inverse correlation with the
prolongation of the lag period of 13CO2 exhalation
(r=0·62, P=0·033), a high correlation with inhibition of
IR-glucagon (r=0·83, P=0·0008), a significant inverse
correlation with stimulation of IR-C-peptide of inter-

mediate strength (r=0·62, P=0·032) and no correlation
with changes of IR-insulin (r=0·39, P=0·217). Stepwise
and multiple linear regression analyses revealed a signifi-
cantly better correlation for these parameters combined
(r=0·969, P<0·0001), with changes of IR-insulin (P=
0·0012), IR-glucagon (P=0·0019) and the duration of the
lag period (P=0·0012), independently associated with the
postprandial reduction of blood glucose.
After ingestion of the solid meal, there was a marked

increase of IR-PP, whereas after the OGTT, a mild
increase of IR-PP was observed. Subcutaneous GLP-1
reduced IR-PP after both meals (Fig. 4A and B, Table 2).
After an initial increase with meal ingestion, IR-PP
decreased immediately after subcutaneous injection of
GLP-1 with a nadir 40 min after injection followed by a
rapid recovery. After the solid meal, the IR-PP peak was
significantly reduced and postponed with GLP-1 injec-
tion. Here, the inhibition was maintained for 45 min, and
from 120 min after meal ingestion onwards, plasma levels
of IR-PP were not significantly different with and without
GLP-1.

Figure 3 Immunoreactivities of insulin (A and B) and glucagon (C and D) over basal, i.e., mean of values
at"10 and 0 min, after ingestion of a 250 kcal solid meal (A and C) and a 300 kcal OGTT (B and D) in 12
patients with NIDDM in response to postprandial subcutaneous injection of placebo or 0·5 nmol/kg GLP-1.
Values are means&S.E.M. Asterisks denote significant differences (P<0·05) between experiments with placebo
and GLP-1.
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Discussion

Several novel findings of this study in patients with
NIDDM are reported. Subcutaneous injection of GLP-1
(0·5 nmol/kg given early postprandially) prolonged the lag
period of gastric emptying of a solid meal, i.e. the time to
maximal emptying velocity. The overall 13CO2 exhalation
rate k, the 13CO2 exhalation half-time and the time to
cumulative 80% exhalation of 13CO2 remained un-
affected. After ingestion of the solid meal or of the OGTT,
GLP-1 retarded the postprandial elevation of blood
glucose, diminished the postprandial glucose peak and
reduced the total glucose response. GLP-1 also enhanced
the postprandial release of insulin. GLP-1 completely
abolished the postprandial increase of plasma glucagon

after the solid meal, and further augmented the inhibition
of glucagon after the OGTT. Postprandial release of PP as
a humoral marker of cholinergic tone was inhibited by
GLP-1 injection. The initial delay of gastric emptying, the
enhancement of postprandial insulin release and the inhi-
bition of postprandial glucagon release were independent
determinants of the postprandial glucose response in
NIDDM after subcutaneously and postprandially injected
GLP-1.
Parenteral application of GLP-1 is mandatory to circum-

vent enteral degradation of orally ingested peptide. Pre-
prandial subcutaneous injection (Gutniak et al. 1994,
Schirra et al. 1997) or a buccal tablet (Gutniak et al. 1996) of
GLP-1 resulted in fast absorption with a rapid increase of
GLP-1 immunoreactivity in plasma. The rapid metabolism
of GLP-1, however, limits the duration of its action
(Gutniak et al. 1996). Increasing the subcutaneous dose of
the peptide also does not overcome the problem of rapid
metabolic clearance, because the development of side ef-
fects like nausea and vomiting is related to the peak plasma
levels of GLP-1 (Ritzel et al. 1995, J Schirra, P Leicht &
M Katschinski, unpublished observations). On the other
hand, gastric emptying of nutrient meals exhibits an expo-
nential pattern implying that the postprandial delivery of
nutrients into the duodenum is near maximal within the
first 30 min (Schirra et al. 1996a, 1997). In order to exploit
the fast peptide absorption from subcutaneous tissue and to
optimize the endocrine effects of GLP-1, we utilized an
alternative time approach by simply injecting GLP-1
20 min after meal ingestion when the velocity of gastric
emptying is near maximal and the postprandial glycemia
develops.
Plasma immunoreactivities of GLP-1 showed a prompt

and steep rise after peptide injection reflecting a rapid
absorption from the subcutaneous tissue followed by a fast
decline. Compared with endogenous GLP-1 release by
a meal, postprandial subcutaneous injection of GLP-1
mimicked the time course of GLP-1 immunoreactivity in
plasma, but at a supraphysiological level.
The C-terminally directed GLP-1 antiserum used in

the present study measured the immunoreactivity of
N-terminally truncated GLP-1 including biologically ac-
tive GLP-1(7–36)amide and the inactive metabolite GLP-
1(9–36)amide. However, as it is known from studies with
application of exogenous GLP-1(7–36)amide (Deacon
et al. 1995b, Gutniak et al. 1996), bioactive GLP-1(7–
36)amide parallels the time course of total truncated GLP-1
immunoreactivity, but the elevation lasts for a shorter
period. Therefore, in previous studies (Gutniak et al. 1994,
Nauck et al. 1996) and in the present work with sub-
cutaneous GLP-1, the use of a C-terminally directed
antiserum would lead to an overestimation of the absolute
concentrations and the duration of elevation of bioactive
GLP-1(7–36)amide, which would account for the shorter
duration of the observed endocrine effects compared with
the elevation of GLP-1 immunoreactivity in plasma.

Figure 4 Immunoreactivities of pancreatic polypeptide after
ingestion of (A) a 250 kcal solid meal and (B) a 300 kcal OGTT in
12 patients with NIDDM in response to postprandial
subcutaneous injection of placebo or 0·5 nmol/kg GLP-1. Values
are means&S.E.M. Asterisks denote significant differences (P<0·05)
between experiments with placebo and GLP-1.
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The 13C-labeled octanoic acid breath test has been
validated as a non-invasive test for gastric emptying of a
solid meal (Ghoos et al. 1993). Moreover, this test was
shown to sensitively register pharmacological modulations
of gastric emptying rates of solids (Maes et al. 1994). In
keeping with previous studies with direct measurement
of gastric emptying (Schirra et al. 1996a, 1997), 13CO2
exhalation exhibited a nonlinear pattern with an initial lag
period (â>1) as the time to reach maximal exhalation
velocity comparable to the lag period of gastric emptying.
Subcutaneous GLP-1 delayed the initial phase of 13CO2
exhalation with a significant increase of the slope â of the
exhalation curve. This resulted in a prolongation of the lag
period. Nevertheless, after this initial inhibition, 13CO2
exhalation velocity was temporarily faster, reflecting ac-
celeration of gastric emptying after GLP-1. The exponen-
tial exhalation rate k was unaffected, and there was no
effect on the cumulative 13CO2 exhalation at the half-time
and thereafter. The kinetics of gastric emptying mirrors
the effects of subcutaneous injection of GLP-1 on gastric
emptying of a mixed liquid meal in healthy subjects
measured by a direct method (Schirra et al. 1997). In
contrast to recently published studies in patients with
NIDDM suggesting intravenous (Willms et al. 1996) or
preprandially subcutaneously injected GLP-1 (Nauck et al.
1996) to cause a near complete inhibition of gastric
emptying of liquid meals, a complete inhibition after
subcutaneous GLP-1 did not occur in our study. The
single marker dilution technique for measurement of
gastric emptying used in these studies allows assessment of
intragastric volumes but not of gastric emptying because
this method does not account for the gastric secretory
activity after ingestion of hyperosmolar liquids (Schirra
et al. 1996a). Thus, it underestimates the gastric emptying
rate. In the present and our previous study (Schirra et al.
1997) we showed that gastric emptying occurs at each
postprandial time point with solid and with liquid meals,
and even GLP-1 plasma immunoreactivities amounting
to about 3- to 5-fold increases of postprandial plasma
levels with placebo were not able to fully inhibit gastric
emptying.
Motor mechanisms controlling gastric emptying are

antral contractility, antro-duodenal wave propagation, the
pyloric tone, isolated pyloric pressure waves and the tone
of the gastric fundus (Camilleri et al. 1985, Houghton et al.
1988, Tougas et al. 1992, Heddle et al. 1993). In humans,
step-doses of intravenous GLP-1 were shown to inhibit
isolated pyloric pressure waves and to elevate basal pyloric
tone with intraduodenal lipid perfusion in a dose-
dependent manner, and a complete abolition of antro–
pyloro–duodenal wave propagation in the interdigestive
state was observed (Schirra et al. 1996b). Moreover,
inhibition of gastric emptying of a liquid meal after
subcutaneous GLP-1 injection was associated with dose-
dependent inhibition of antral contractile activity and of
coordinated antro-duodenal contractions (Schirra et al.

1997). The accelerated gastric emptying with subcutane-
ous GLP-1 in the post-lag period has been recently shown
to be associated with an increase of coordinated antro-
duodenal motor events in healthy subjects (Schirra et al.
1997).
The inhibition of PP, a hormone of the endocrine

pancreas under strong vagal cholinergic control, was also
found in healthy subjects immediately after subcutaneous
injection of GLP-1 (Schirra et al. 1997). Intestinal stimu-
lation of PP release requires stimulation of enteropancre-
atic cholinergic reflexes by duodenal delivery of nutrients
(Schwartz 1983). However, since GLP-1 did not alter the
total amount of nutrients emptied from the stomach but
significantly diminished PP release, the effects on PP are
primarily independent of gastric emptying. Therefore, we
suggest that GLP-1 inhibits efferent vagal–cholinergic
activity, thereby diminishing PP release and at least
contributing to delayed gastric emptying via a central
pathway. This concept is compatible with GLP-1 inhib-
iting gastric acid secretion in response to sham feeding
(Wettergren et al. 1994). Receptors for GLP-1 are present
in circumventricular organs like the subfornical organ, the
nucleus of the solitary tract and the area postrema (Göke
et al. 1995). In addition, it has been recently shown in the
rat that GLP-1 induced inhibition of gastric emptying
involves a capsaicin-sensitive pathway indicating a stimu-
lation of vagal afferent nerves by GLP-1 (Imeryuz et al.
1997). A direct action of GLP-1 on pancreatic PP cells or
a paracrine effect via somatostatin which could mediate
this effect seem unlikely, because GLP-1 induces a stimu-
lation instead of an inhibition of PP release from isolated
human pancreatic islets (Fehmann et al. 1995b).
Postprandially injected subcutaneous GLP-1 reduced

the postprandial glucose elevations during the first two
postprandial hours by about 55% (solid meal) and by about
33% (OGTT). It enhanced total insulin release, com-
pletely abolished the release of glucagon with the solid
meal and further inhibited glucagon secretion after inges-
tion of the OGTT. These results are in accordance with
the endocrine response to intravenous infusion of GLP-1
(Kreymann et al. 1987, Gutniak et al. 1992, Nathan et al.
1992, Nauck et al. 1993), and with the effects of a
preprandial subcutaneous injection of GLP-1 in healthy
subjects (Schirra et al. 1997) or in diabetic patients
(Gutniak et al. 1994). In the study of Gutniak et al. (1994)
in patients with NIDDM, the magnitude of reduction in
glycemia was rather weak after preprandial subcutaneous
injection of GLP-1 compared with placebo injection. In
a recent study in NIDDM, a reduction of postprandial
glycemia, comparable to our results, was observed with
GLP-1 injected 30 min before ingestion of a liquid meal
(Nauck et al. 1996). However, the dose of GLP-1 used in
their study amounted to threefold our dose. The insulino-
tropic effect of preprandially administered GLP-1 de-
pended on the marked preprandial hyperglycemia (about
11 mmol/l) and occurred before meal ingestion whereas
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during the postprandial phase insulin plasma levels did not
differ from placebo. Moreover, the postprandial plasma
levels of glucagon increased with only a short initial
reduction after GLP-1 injection instead of a decrease as
shown in the present study. These endocrine effects argue
in favor of subcutaneously administering GLP-1 in the
early postprandial period.
Primarily independent determinants of the postprandi-

ally lowered glucose with GLP-1 were the stimulation of
insulin release, the reduction of glucagon secretion, and
the initial delay of gastric emptying, with all of these
mechanisms coming into effect immediately after GLP-1
injection. The insulinotropic action of GLP-1 is mediated
by specific GLP-1 receptors on the B-cell, and the
inhibition of glucagon release from the A-cell is thought to
be mediated by a glucose-independent paracrine action of
pancreatic somatostatin stimulated by GLP-1 (Fehmann
et al. 1995). The fast rise of plasma insulin after GLP-1,
despite the delay of gastric emptying, may have been
caused by the preexisting hyperglycemia, whereas the
rapid decline of plasma glucagon may have been further
supported by the retardation of nutrient delivery into the
small intestine. An additional, although so far rather
speculative, effect of subcutaneous GLP-1 on insulin-
independent glucose utilization in peripheral tissues
(D’Alessio et al. 1994, 1995) may also contribute to the
lowered postprandial glucose response, whereas GLP-1
does not seem to improve insulin resistance in NIDDM
(Ahrén et al. 1997).
Inhibition of gastric emptying is not the predominant

determinant of the postprandial glucose response after
subcutaneous GLP-1. The ongoing stimulation of insulin
and inhibition of glucagon release even in the post-lag
phase of gastric emptying are suggested to prevent a rise
in blood glucose, which would otherwise be induced
by the even higher emptying velocity of nutrients
with GLP-1. Due to the fast absorption from the
subcutaneous tissue, injection in the early postprandial
phase improves the efficacy of subcutaneously applied
GLP-1 in NIDDM, since high GLP-1 levels are optimal
when gastric emptying is near maximal. Postprandial
application of an antidiabetic agent would simplify the
therapy of NIDDM, and GLP-1, either by subcutaneous
injection or as a buccal tablet (Gutniak et al. 1996),
offers this opportunity.

Acknowledgements

This work was supported by grants from the Deutsche
Forschungsgemeinschaft (Ar 149/1–1 and Ar 149/1–2).
The excellent technical assistance of Gabriele Kraft and
Michaela Junck is gratefully appreciated. We thank
Elisabeth Bothe for precise measurements of pancreatic
polypeptide and Mrs Maiszies for the sterile preparation
of GLP-1.

References

Ahrén B, Larsson H & Holst JJ 1997 Effects of glucagon-like
peptide-1 on islet function and insulin sensitivity in
noninsulin-dependent diabetes mellitus. Journal of Clinical
Endocrinology and Metabolism 82 473–478.

Camilleri M, Malagelada JR, Brown ML, Becker G & Zinsmeister
AR 1985 Relation between antral motility and gastric emptying of
solids and liquids in humans. American Journal of Physiology 249
G580–G585.

D’Alessio DA, Kahn SE, Leusner CR & Ensinck JW 1994
Glucagon-like peptide 1 enhances glucose tolerance both by
stimulation of insulin release and by increasing insulin-independent
glucose disposal. Journal of Clinical Investigation 93 2263–2266.

D’Alessio DA, Brigeon RL & Ensinck JW 1995 Enteral enhancement
of glucose disposition by both insulin-dependent and insulin-
independent processes. A physiological role of glucagon-like peptide
1. Diabetes 44 1433–1437.

Deacon CF, Johnsen AH & Holst JJ 1995a Degradation of
glucagon-like peptide-1 by human plasma in vitro yields an
N-terminally truncated peptide that is a major endogenous
metabolite in vivo. Journal of Clinical Endocrinology and Metabolism 80
952–957.

Deacon CF, Nauck MA, Toft-Nielsen M, Pridal L, Willms B & Holst
JJ 1995b Both subcutaneously and intravenously administered
glucagon-like peptide I are rapidly degraded from the NH2-
terminus in type II diabetic patients and in healthy subjects.
Diabetes 44 1126–1131.

Ewing DJ & Clarke BF 1982 Diagnosis and management of diabetic
autonomic neuropathy. British Medical Journal 285 916–918.

Fehmann HC, Göke R & Göke B 1992 Glucagon-like
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Göke B 1995 Glucagon-like peptide-1 and glucose-dependent

Subcutaneous GLP-1 in NIDDM · J SCHIRRA and others 185

Journal of Endocrinology (1998) 156, 177–186

Downloaded from Bioscientifica.com at 05/22/2023 11:02:00PM
via free access



insulin-releasing polypeptide plasma levels in response to nutrients.
Digestion 56 117–126.

Houghton LA, Read NW, Heddle R, Horowitz M, Collins PJ,
Chatterton B & Dent J 1988 Relationship of the motor activity of
the antrum, pylorus, and duodenum to gastric emptying of a
solid–liquid mixed meal. Gastroenterology 94 1285–1291.

Imeryuz N, Bozkurt A, Alican I & Ulusoy NB 1997 The role of
GLP-1 in glucose-induced inhibition of gastric emptying in
conscious rats. Gastroenterology 112 A753.
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