
Abstract

Aims/hypothesis. This study examined the biological
effects of the GIP receptor antagonist, (Pro3)GIP and
the GLP-1 receptor antagonist, exendin(9–39)amide.
Methods Cyclic AMP production was assessed in Chi-
nese hamster lung fibroblasts transfected with human
GIP or GLP-1 receptors, respectively. In vitro insulin
release studies were assessed in BRIN-BD11 cells
while in vivo insulinotropic and glycaemic responses
were measured in obese diabetic (ob/ob) mice.
Results. In GIP receptor-transfected fibroblasts, (Pro3)-
GIP or exendin(9–39)amide inhibited GIP-stimulated
cyclic AMP production with maximal inhibition of
70.0±3.5% and 73.5±3.2% at 10−6 mol/l, respectively.
In GLP-1 receptor-transfected fibroblasts, exendin-
(9–39)amide inhibited GLP-1-stimulated cyclic AMP
production with maximal inhibition of 60±0.7% at 
10−6 mol/l, whereas (Pro3)GIP had no effect. (Pro3)-
GIP specifically inhibited GIP-stimulated insulin re-
lease (86%; p<0.001) from clonal BRIN-BD11 cells,
but had no effect on GLP-1-stimulated insulin release.
In contrast, exendin(9–39)amide inhibited both GIP

and GLP-1-stimulated insulin release (57% and 44%,
respectively; p<0.001). Administration of (Pro3)GIP,
exendin(9–39)amide or a combination of both pep-
tides (25 nmol/kg body weight, i.p.) to fasted (ob/ob)
mice decreased the plasma insulin responses by 42%,
54% and 49%, respectively (p<0.01 to p<0.001). The
hyperinsulinaemia of non-fasted (ob/ob) mice was de-
creased by 19%, 27% and 18% (p<0.05 to p<0.01) by
injection of (Pro3)GIP, exendin(9–39)amide or com-
bined peptides but accompanying changes of plasma
glucose were small.
Conclusions/interpretation. These data show that
(Pro3)GIP is a specific GIP receptor antagonist. Fur-
thermore, feeding studies in one commonly used ani-
mal model of obesity and diabetes, (ob/ob) mice, sug-
gest that GIP is the major physiological component of
the enteroinsular axis, contributing approximately
80% to incretin-induced insulin release. [Diabetologia
(2003) 46:222–230]
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The insulin secretory activity of pancreatic beta cells
can be modulated in both a positive or negative man-
ner by several peptide hormones and neurotransmit-
ters [1, 2, 3]. The two intestinal hormones, glucose-
dependent insulinotropic polypeptide (GIP) and gluca-
gon-like peptide-1-(7–36)amide (GLP-1) have long
been recognised as potent stimulators of insulin secre-
tion under physiological conditions, and for that rea-
son they are considered important incretin hormones
[4, 5, 6]. The effects of both GIP and GLP-1 are glu-
cose-dependent, providing a safeguard against poten-
tially hazardous hypoglycaemic episodes, and as a
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Materials and methods

Materials. High-performance liquid chromatography (HPLC)
grade acetonitrile was obtained from Rathburn (Walkersburn,
Scotland, UK). Sequencing grade trifluoroacetic acid (TFA)
was obtained from Aldrich (Poole, Dorset, UK). Isobutyl-
methylxanthine (IBMX), cAMP and ATP were all purchased
from Sigma (Poole, Dorset, UK). Glucagon-like peptide-1-
(7–36)amide (GLP-1) was purchased from the American 
Peptide Company (Sunnyvale, Calif., USA) and exendin-
(9–39)amide was a gift from Dr A. Young (Amylin Corpora-
tion, San Diego, Calif., USA). Fmoc-protected amino acids
were from Calbiochem Novabiochem (Beeston, Nottingham,
UK). RPMI-1640 and DMEM tissue culture medium, foetal
bovine serum, penicillin, geneticin (G145) and streptomycin
were all purchased from Gibco (Paisley, Strathclyde, UK). The
chromatography columns used for cAMP assay, Dowex AG 50
WX and neutral alumina AG7 were obtained from Bio-Rad
(Life Science Research, Alpha Analytical, Larne, UK). All wa-
ter used in these experiments was purified using a Milli-Q,
Water Purification System (Milford, Mass., USA). All other
chemicals used were of the highest purity available.

Peptide synthesis. GIP and (Pro3)GIP were sequentially syn-
thesised on an Applied Biosystems automated peptide synthe-
siser (model 432 A) using a standard solid-phase Fmoc proce-
dure [28], starting from an Fmoc-Gln-Wang resin. Following
cleavage from the resin by trifluoroacetic acid: water, thioani-
sole, ethanediol (90/2.5/5/2.5, a total volume of 20 ml/g resin),
the resin was removed by filtration and the filtrate volume de-
creased under reduced pressure. Dry diethylether was slowly
added until a precipitate was observed. The precipitate was
collected by low-speed centrifugation, resuspended in diethyl
ether and centrifuged again, the procedure was repeated five
times. The resulting pellets were then dried in vacuo and
judged pure by reversed-phase HPLC on a Waters Millenium
2010 chromatography system (Software version 2.1.5) and the
peptides subsequently characterised using electrospray ioniza-
tion-mass spectrometry (ESI-MS).

Electrospray ionization-mass spectrometry. (ESI-MS) GIP and
(Pro3)GIP were dissolved (approximately 400 pmol/l) in 100 µl
of water and applied to an LCQ benchtop mass spectrometer
(Finnigan MAT, Hemel Hempstead, UK) equipped with a mi-
crobore C-18 column (150×2.0 mm, Phenomenex, Maccles-
field, UK). Samples (20 µl direct loop injection) were applied
at a flow rate of 0.2 ml/min, under isocratic conditions in 35%
(v/v) acetonitrile/water. Mass spectra were obtained from the
quadripole ion-trap mass analyser and spectra collected using
full ion scan mode over the mass-to-charge (m/z) range 150 to
2000. The molecular masses of each fragment were calculated
using prominent multiple charged ions and the following equa-
tion applied: Mr=iMi−iMh, where Mr is molecular mass; Mi is
m/z ratio; i is the number of charges; and Mh is the mass of a
proton.

Cells and cell culture. Chinese hamster lung (CHL cells;
ATCC CCL39) fibroblasts stably transfected with the human
GIP receptor [22] were cultured in DMEM tissue culture medi-
um containing 10% (v/v) foetal bovine serum and 1% (v/v) an-
tibiotics (100 U/ml penicillin, 0.1 mg/ml streptomycin). Clone
5 GLP-1 receptor transfected CHL cells were cultured as
above with the exception of requiring geneticin G145 for clon-
al selection [17]. Insulin-secreting BRIN-BD11 cells were cul-
tured in sterile tissue culture flasks (Corning, Glass Works,
UK) using tissue culture medium RPMI-1640 containing 10%
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consequence of their actions on glucose homeostasis
they have been proposed as potential agents for 
Type 2 diabetes therapy [7, 8, 9, 10].

Although both GIP and GLP-1 possess significant
insulinotropic activity, some controversy exists as to
their relative physiological roles in stimulating insulin
release in response to feeding. Several reports have
shown that both GIP and GLP-1 are equipotent in
stimulating insulin secretion [11, 12] whereas others
have suggested that GLP-1 possesses greater insulino-
tropic activity [13, 14]. The interpretation that GLP-1
is the more important incretin hormone stems very
largely from studies using exendin(9–39)amide, a
GLP-1-like peptide isolated from the venom of Helo-
derma suspectum [15]. Several reports have shown
that exendin(9–39)amide is an antagonist of both rat
and human GLP-1 receptors [16, 17]. Therefore, exen-
din(9–39)amide has been used to assess the specific
role of GLP-1 in the regulation of meal-induced insu-
lin release and blood glucose homeostasis both in ani-
mals and humans [18, 19, 20, 21]. In human studies,
exendin(9–39)amide has been shown to antagonise the
action of GLP-1 but high concentrations are needed
[20, 21]. The countering ability is evidently less po-
tent than in the rat, in which exendin(9–39)amide 
is effective at 30 to 100 times the concentration of
GLP-1 [16, 18].

Other studies using exendin(9–39)amide have
shown that the antagonist could additionally inhibit
GIP receptor binding and GIP-stimulated cAMP pro-
duction [22, 23]. Therefore, it seems likely that the in
vivo antagonistic actions of exendin(9–39)amide are
not merely confined to the GLP-1 receptor and that
functional ablation of GIP contributes to the observed
effects of exendin(9–39)amide. This view is further
supported by recent studies in transgenic animals
where the GIP and GLP-1 receptors have been dis-
rupted. Studies in GLP-1 receptor knockout mice have
attributed lack of disturbances in glucose homeostasis
to compensatory enhancement in the secretion and in-
sulinotropic action of GIP [24]. In contrast, studies
with GIP receptor knockout mice have shown that
these animals have clear disturbances in glucose ho-
meostasis, with higher blood glucose concentrations
and impaired first phase insulin response [25].

In order to assess the role of GIP as a physiological
incretin, our laboratory has recently developed an en-
zyme-resistant GIP receptor antagonist, (Pro3)GIP [26].
In this study, we have examined the relative specifici-
ties of (Pro3)GIP and exendin(9–39)amide as antago-
nists for GIP and GLP-1-stimulated cAMP generation
and insulin secretion. Furthermore, we have investigat-
ed the effects of (Pro3)GIP, exendin(9–39)amide and a
combination of both peptides on the insulin and glyc-
aemic responses to feeding in obese hyperglycaemic
(ob/ob) mice, a commonly used animal model of 
Type 2 diabetes with marked hyperinsulinaemia due to
enhanced activity of the enteroinsular axis [27].
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(v/v) foetal bovine serum, 1% (v/v) antibiotics (100 U/ml peni-
cillin, 0.1 mg/ml streptomycin) and 11.1 mmol/l glucose [29].
The cells were maintained at 37°C in an atmosphere of 5%
CO2 and 95% air using a LEEC incubator (Laboratory Techni-
cal Engineering, Nottingham, UK).

Effects of (Pro3)GIP and exendin(9–39)amide on GIP- and
GLP-1-stimulated cAMP production in receptor-transfected
CHL cells. GIP and GLP-1 receptor-transfected fibroblasts
were seeded into 12-multiwell plates (Nunc, Roskilde, Den-
mark) at a density of 1.0×105 cells per well. The cells were
cultured for a further 48 h before being loaded at 37°C for 6 h
with 2 µCi of tritiated adenine (TRK311, Amersham, Bucking-
hamshire, UK) in 1 ml DMEM supplemented with 0.5% foetal
bovine serum. This was followed by two washes with HBS
buffer (130 mmol/l NaCl, 20 mmol/l HEPES; pH 7.4,
0.9 mmol/l NaHPO4, 0.8 mmol/l MgSO4, 5.4 mmol/l KCl,
1.8 mmol/l CaCl2, 25 mmol/l glucose, and 25 µmol/l phenol
red). The GIP and GLP-1 receptor-transfected cells were then
exposed for 10 min at 37°C to varying concentrations (10−12 to
10−6 mol/l) of (Pro3)GIP or exendin(9–39)amide in the pres-
ence of 10−7 mol/l GIP or GLP-1, respectively, in HBS buffer
supplemented with 1 mmol/l IBMX. The medium was subse-
quently removed and the cells lysed with 1 ml of 5% (v/v) tri-
chloroacetic acid (TCA) containing 0.1 mmol/l unlabelled
cAMP and 0.1 mmol/l unlabelled ATP. The intracellular tritiat-
ed cAMP was then separated on Dowex and alumina exchange
resins [30].

Effects of (Pro3)GIP and exendin(9–39)amide on GIP- and
GLP-1-stimulated insulin secretion in clonal BRIN-BD11 cells.
BRIN-BD11 cells were harvested with the aid of trypsin/
EDTA (Gibco, UK), seeded into 24-multiwell plates (Nunc,
Roskilde, Denmark) at a density of 1.0×105 cells per well, and
allowed to attach overnight at 37°C. Acute tests for insulin re-
lease were preceded by 40 min pre-incubation at 37°C in
1.0 ml Krebs Ringer bicarbonate buffer (115 mmol/l NaCl,
4.7 mmol/l KCl, 1.28 mmol/l CaCl2, 1.2 mmol/l KH2PO4,
1.2 mmol/l MgSO4, 10 mmol/l NaHCO3, 0.5% (w/v) bovine
serum albumin, pH 7.4) supplemented with 1.1 mmol/l glucose
[29]. Test incubations were carried out (n=8) with 5.6 mmol/l
glucose over a range of concentrations (10−12 to 10−6 mol/l) of
(Pro3)GIP and exendin(9–39)amide with or without 10−7 mol/l
GIP or GLP-1. After 20 min incubation, the buffer was re-
moved and stored at −20°C prior to insulin radioimmunoassay
(RIA).

Effects of (Pro3)GIP and exendin(9–39)amide on plasma glu-
cose and insulin responses to feeding in obese diabetic (ob/ob)
mice. Plasma glucose and insulin responses were evaluated us-
ing 14-week to 18-week old obese diabetic (ob/ob) mice. The
genetic background and characteristics of the colony used have
been given in detail elsewhere [31]. These mice show marked-
ly increased plasma insulin concentrations in the fed state due
to enhanced activity of the enteroinsular axis [27]. The animals
were housed individually in an air-conditioned room at
22±2°C with a 12-h light: 12-h dark cycle. Drinking water 
and a standard rodent maintenance diet (Trouw Nutrition,
Cheshire, UK) were freely available. Food was withdrawn for
an 18-h period prior to intraperitoneal (i.p.) injection (n=8) of
saline (0.9% (w/v) NaCl; control), (Pro3)GIP (25 nmol/kg
body weight), exendin(9–39)amide (25 nmol/kg body weight)
or a combination of both peptides (each at 25 nmol/kg body
weight). These doses will result in high concentrations of an-
tagonist (µmol/l) relative to endogenous GIP or GLP-1 (pmol/l
range) [46], and have been shown in other studies to abolish
oral glucose or peptide-induced insulin increase [26, 45]. Fol-

lowing injection (8 ml/kg body weight; final volume), the mice
were allowed to re-feed for 15 min, and the food intake moni-
tored. Blood samples were collected from the cut tip of the tail
of conscious mice into chilled fluoride/heparin glucose micro-
centrifuge tubes (Sarstedt, Nümbrecht, Germany) immediately
prior to injection and at 15, 30, 60 and 120 min post-injection.
Blood samples were immediately centrifuged using a Beckman
microcentrifuge (Beckman Instruments, UK) for 30 s at
13000 g and plasma subsequently aliquoted and stored at 
−20°C prior to glucose and insulin determinations.

Effects of (Pro3)GIP and exendin(9–39)amide on hyperinsul-
inaemia of non-fasted (ob/ob) mice. Acute effects of (Pro3)GIP
and exendin(9–39)amide on basal hyperinsulinaemia of fed
(ob/ob) mice were evaluated by i.p. injection (n=8) of saline,
(Pro3)GIP, exendin(9–39)amide or a combination of both pep-
tides. Food was withheld during the tests and blood samples
were collected immediately prior to and at 15, 30, 60 and
120 min after injection. Plasma was aliquoted and stored at 
−20°C for subsequent glucose and insulin determinations. All
animal studies were carried out in accordance with the UK 
Animals (Scientific Procedures) Act 1986.

Analytical methods. Plasma glucose was assayed by an auto-
mated glucose oxidase procedure using a Beckman Glucose
Analyzer II [32] and insulin was measured by dextran-coated
charcoal RIA [33]. Incremental areas under plasma glucose
and insulin curves (AUC) were calculated using a computer-
generated program (CAREA) using the trapezoidal rule [34]
with baseline subtraction where appropriate. Results are ex-
pressed as means ± SEM and data compared using the Stu-
dent’s t test or ANOVA, followed by the Student-Newman-
Keuls post hoc test, as appropriate. A p value of less than 0.05
was considered statistically significant.

Results

Structural identification of GIP and (Pro3)GIP by ESI-
MS. GIP and (Pro3)GIP were synthesised by solid-
phase Fmoc peptide synthesis and further purified us-
ing a Vydac C-18 analytical column (4.6×250 mm).
Figure 1 shows the monoisotopic molecular masses
obtained for GIP (A) and (Pro3)GIP (B) after spectral
averaging was carried out. Prominent multiple charged
species (M+3H)3+ and (M+4H)4+ were detected from
GIP at m/z 1661.6 and 1246.8, corresponding to intact
Mr 4981.8 and 4983.2, respectively (Fig. 1A). This
corresponds very closely with the theoretical mass of
4980.5. For (Pro3)GIP, (M+3H)3+ and (M+4H)4+ were
detected at m/z 1650.8 and 1238.6, corresponding to
intact molecular masses of Mr 4949.4 and 4950.4, re-
spectively (Fig. 1B), corresponding very closely with
the theoretical mass of 4948.5.

Inhibition of GIP- and GLP-1-stimulated cAMP pro-
duction by (Pro3)GIP and exendin(9–39)amide. Only
very weak stimulation of cAMP stimulation was ob-
served when 10−12 to 10−6 mol/l of either (Pro3)GIP or
exendin(9–39)amide were applied to fibroblasts stably
transfected with the human GIP receptor (9–12% 
increase). In contrast, both (Pro3)GIP and exen-
din(9–39)amide were able to concentration-dependent-
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ly inhibit cAMP production by cells exposed to stimu-
latory GIP (10−7 mol/l). cAMP production was inhibit-
ed by 22.0±0.7% [(Pro3)GIP] and 17.5±0.35% [exen-
din(9–39)amide] and by 70.0±3.5% [(Pro3)GIP] and
73.5±3.2% [exendin(9–39)amide] at peptide concen-
trations of 10−8 and 10−6 mol/l, respectively (Fig. 2A).

In CHL cells stably transfected with the GLP-1 re-
ceptor, exendin(9–39)amide (10−12 to 10−6 mol/l) in-
hibited GLP-1 (10−7 mol/l)-stimulated cAMP produc-
tion by 45.5±0.3% and 60.0±0.7% at peptide concen-
trations of 10−8 and 10−6 mol/l, respectively (Fig. 2B).
Consistent with the specificity of (Pro3)GIP for the
GIP receptor, (Pro3)GIP had no effect on GLP-1-stim-
ulated cAMP formation (Fig. 2B).

Actions of (Pro3)GIP and exendin(9–39)amide on
GIP- and GLP-1-stimulated insulin secretion. (Pro3)-
GIP (10−12 to 10−6 mol/l) did not affect basal insulin
secretion recorded at 5.6 mmol/l glucose alone. In
contrast, (Pro3)GIP inhibited insulin release stimulat-
ed by 10−7 mol/l native GIP by up to 86% (p<0.001)
in a concentration-dependent manner. (Pro3)GIP did
not affect insulin secretion stimulated by 10−7 mol/l
GLP-1 (Fig. 3A).

Exendin(9–39)amide similarly did not affect basal
insulin secretion at 5.6 mmol/l glucose. With stimulato-
ry 10−7 mol/l GLP-1, exendin(9–39)amide (10−12 to 
10−6 mol/l) inhibited insulin release by up to 44%
(p<0.001). Exendin(9–39)amide also inhibited insulin re-
lease in a concentration-dependent manner by up to 57%
(p<0.001) induced by 10−7 mol/l GIP alone (Fig. 3B).

Effects of (Pro3)GIP and exendin(9–39)amide on 
metabolic responses to feeding in (ob/ob) mice. Food 
intake was similar in the four groups [saline con-
trol 0.3±0.1 g/mouse/15 min; (Pro3)GIP only-treated
0.2±0.1 g/mouse/15 min; exendin(9–39)amide only-
treated 0.3±0.1 g/mouse/15 min; (Pro3)GIP and exen-
din(9–39)amide-treated 0.2±0.1 g/mouse/15 min; values
are means ± SEM, n=8]. The mean fasting plasma glu-
cose concentration in control mice increased from
5.0±0.5 to peak at 21.6±0.7 mmol/l by 15 min (Fig. 4A).
The administration of exendin(9–39)amide resulted in
higher plasma glucose concentrations at 60 and 120 min
(1.2-fold to 1.4-fold; p<0.05 to p<0.01). In contrast, glu-
cose concentrations of mice receiving (Pro3)GIP or a
combination of both peptides were not different from sa-
line-treated controls. No significant differences were ob-
served between the antagonist-treated groups. Further-
more, glucose AUC data showed that administration of
exendin(9–39)amide alone raised plasma glucose con-
centrations by 27% (p<0.05) during the test while
(Pro3)GIP or a combination of both peptides did not
when compared with saline control mice (Fig. 4B).

Plasma insulin responses to feeding showed much
clearer differences with a lowered insulinotropic ac-
tivity among the antagonist-treated mice (Fig. 5A).
Plasma insulin concentrations of control mice in-
creased from a fasting level of 3.1±0.4 to peak at
13.4±0.8 ng/ml by 15 min (Fig. 5A). The administra-
tion of (Pro3)GIP, exendin(9–39)amide, or a combina-
tion of both peptides decreased (p<0.05 to p<0.01)
plasma insulin levels by 19, 28, and 23% at 15 min
and by 49, 57 and 52%, respectively, at 120 min
(p<0.01 to p<0.001) when compared to control mice.
No differences were detected between the antagonist-
treated groups. The overall responses of AUC insulin
showed that (Pro3)GIP, exendin(9–39)amide or a com-
bination of both peptides decreased (p<0.01 to
p<0.001) plasma insulin concentrations by 42, 54 and
49%, respectively, when compared with the saline-

Fig. 1A, B. Electrospray ionization-mass spectrometry (ESI-
MS) of (A) GIP and (B) (Pro3)GIP. Samples (20 µl) were ap-
plied to a LC/MS equipped with a microbore C-18 HPLC col-
umn (150×2.0 mm). Spectra were recorded using a quadripole
ion-trap mass analyser and collected using full ion scan mode
over the mass-to-charge (m/z) ratio 150–2000
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treated controls (Fig. 5B). Again no differences were
observed between the antagonist-treated groups.

Effects of (Pro3)GIP and exendin(9–39)amide on 
hyperinsulinaemia of non-fasted (ob/ob) mice. The
changes in circulating insulin concentrations of non-

fasted (ob/ob) mice following i.p. administration of
(Pro3)GIP, exendin(9–39)amide or a combination of
both peptides are shown (Fig. 6). In the fed state,
these animals exhibited insulin concentrations of 24 
to 31 ng/ml. After injection of (Pro3)GIP, exen-
din(9–39)amide or a combination of both peptides in-
sulin concentrations were lowered (8–35%; p<0.05 to
p<0.001) at 15 to 120 min post-injection compared
with the saline control group (Fig. 6A). A small de-
crease of plasma insulin was observed in the saline-
treated group, reflecting withdrawal of food for the

Fig. 2A, B. Effects of (Pro3)GIP and exendin(9–39)amide on
incretin-induced cAMP production in receptor-transfected
CHL cells. Stably transfected GIP (A) and GLP-1 (B) receptor
fibroblasts were incubated with 10−12 to 10−6 mol/l (Pro3)GIP
or exendin(9–39)amide in the presence of either stimulatory
(10−7 mol/l) GIP or GLP-1, respectively. Values represent the
means ± SEM of three independent experiments. ***p<0.001
compared with GIP/GLP-1 (10−7 mol/l) control. ∆p<0.05,
∆∆∆p<0.001 between peptides under the same conditions

Fig. 3A, B. Effects of (Pro3)GIP and exendin(9–39)amide on
GIP- and GLP-1-stimulated insulin secretion in clonal pancre-
atic BRIN-BD11 cells. Insulin releasing activities of (Pro3)GIP
(A) and exendin(9–39)amide (B) with or without 10−7 mol/l
GIP and GLP-1 were tested during a 20 min incubation period.
Data are shown as % of insulin response observed without an-
tagonist. Values are means ± SEM for eight observations.
**p<0.01, ***p<0.001 compared with 5.6 mmol/l control
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duration of the test. AUC insulin was lowered (p<0.05
to p<0.01) by (Pro3)GIP, exendin(9–39)amide or a
combination of both peptides compared to the saline
control mice (20%, 27% and 19%, respectively)
(Fig. 6B). No differences were observed between the
antagonist-treated groups. Plasma glucose concentra-
tions were unchanged during the test period and did
not differ between the treatment groups.

Discussion

Glucose-dependent insulinotropic polypeptide (GIP)
and glucagon-like peptide-1 (GLP-1) are widely regard-
ed as important incretin hormones of the enteroinsular
axis [35, 36]. This study has used the novel (Pro3)GIP
antagonist [26] and exendin(9–39)amide [17] to evalu-
ate the relative roles of these two incretin hormones.

As expected from previous studies in GIP receptor-
transfected cells [22, 23], GIP markedly stimulated
cAMP production, whereas (Pro3)GIP exerted only
very weak effects. Exendin(9–39)amide similarly
lacked significant effects on cAMP production in GIP
receptor-transfected cells. However, both (Pro3)GIP

Fig. 5A, B. Effects of (Pro3)GIP and exendin(9–39)amide on
plasma insulin responses to feeding in 18-h fasted (ob/ob)
mice. (A) Plasma insulin concentrations of mice allowed to re-
feed for 15 min prior to i.p. administration of saline (0.9%
(w/v) NaCl) as control, (Pro3)GIP (25 nmol/kg body weight),
exendin(9–39)amide (25 nmol/kg) or a combination of both
peptides (each at 25 nmol/kg). The time of injection is indicat-
ed by the arrow (15 min). (B) Plasma insulin AUC values for
0–120 min. Values are means ± SEM for eight mice. *p<0.05,
**p<0.01, ***p<0.001 compared with saline alone

Fig. 4A, B. Effects of (Pro3)GIP and exendin(9–39)amide on
plasma glucose concentrations in response to feeding in 18-h
fasted (ob/ob) mice. (A) Plasma glucose concentrations of
mice allowed to re-feed for 15 min prior to i.p. administration
of saline (0.9% (w/v) NaCl) as control, (Pro3)GIP (25 nmol/kg
body weight), exendin(9–39)amide (25 nmol/kg) or a combi-
nation of both peptides (each at 25 nmol/kg). The time of in-
jection is indicated by the arrow (15 min). (B) Plasma glucose
AUC values for 0–120 min. Values are means ± SEM for eight
mice. *p<0.05, **p<0.01, compared with saline alone
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and the GLP-1 receptor antagonist exendin(9–39)-
amide inhibited GIP-stimulated cAMP production in a
concentration-dependent manner, by up to 70% and
73%, respectively. These observations corroborate pre-
vious findings, where exendin(9–39)amide effectively
antagonised the effects of a stimulatory concentration
of native GIP [22]. In GLP-1 receptor-transfected fi-
broblasts, exendin(9–39)amide effectively inhibited
GLP-1-stimulated cAMP production by up to 60%.
(Pro3)GIP, however, had no effect on GLP-1-stimulat-
ed cAMP production, therefore confirming the ana-
logue’s specificity for the GIP receptor. Thus, the re-
sults of earlier studies [16, 18, 19], which have relied
on exendin(9–39)amide being specific for only the

GLP-1 receptor, should be interpreted with caution, es-
pecially with respect to the relative contribution of
GLP-1 to the enteroinsular axis.

In clonal BRIN-BD11 cells, (Pro3)GIP acted as a po-
tent inhibitor of GIP-induced insulin secretion with
86% maximal inhibition. This effect was specific as
(Pro3)GIP did not affect GLP-1-stimulated insulin se-
cretion and confirmed observations in GLP-1 receptor-
transfected cells. As predicted [17], exendin(9–39)-
amide inhibited the stimulatory action of GLP-1 with
maximal 44% inhibition. However, in keeping with 
observations in GIP receptor-transfected cells, exen-
din(9–39)amide also inhibited GIP-induced insulin se-
cretion by up to 57%. Together these combined in vitro
data show that both (Pro3)GIP and exendin(9–39)amide
act as GIP receptor antagonists, effectively inhibiting
GIP-stimulated insulin release and cAMP production.
Unlike exendin(9–39)amide, (Pro3)GIP is a specific an-
tagonist and does not interfere with the actions of the
sister incretin hormone, GLP-1.

While GLP-1 seems to be a more potent insulin se-
cretagogue than GIP, the rise in serum GIP levels fol-
lowing an oral glucose load is much greater than the in-
crement in plasma GLP-1 [37, 38]. GIP also seems to
have a slightly longer half-life, although both peptides
are cleaved by DPP IV to inactive metabolites, which
circulate in high amounts not distinguished from intact
GIP or GLP-1 by most RIA’s [39, 40, 41, 42, 43]. 
In this study, administration of (Pro3)GIP or exen-
din(9–39)amide to (ob/ob) mice reduced meal-induced
insulin release by 42% and 54%, respectively. Adminis-
tration of both antagonists together decreased the insu-
lin response by 49% with no additive effect. Although
some caution is necessary, these data suggest that exen-
din(9–39) amide abolished the full incretin effect and
that GIP accounts for approximately 80% of incretin-
induced insulin secretion. This is consistent with the
ability of exendin(9–39)amide to strongly inhibit GIP-
stimulated insulin secretion from BRIN-BD11 cells at
10−7 mol/l, a concentration likely to be well exceeded
following distribution of 25 nmol/kg peptide into the
small extracellular compartment of (ob/ob) mice. Asso-
ciated with the antagonist-induced reduction of meal-
induced insulin release, glycaemic responses were only
modestly increased reflecting the severe insulin resis-
tance of this mutant. The relatively greater glycaemic
response following exendin(9–39)amide administration
might reflect antagonism of the extrapancreatic actions
of GLP-1, such as stimulation of glucose transport in
muscle and inhibition of gastric emptying [5]. Consis-
tent with the major contribution of GIP to the entero-
insular axis of these mice [27], administration of
(Pro3)GIP, exendin(9–39)amide or a combination of
both peptides lowered the hyperinsulinaemia of fed
(ob/ob) mice by 20, 27 and 19%, respectively. Combi-
nation of both antagonists had no additive effect again
suggesting that exendin(9–39)amide blocks both GLP-1
and GIP-induced insulin release.

Fig. 6A, B. Effects of (Pro3)GIP and exendin(9–39)amide 
on plasma insulin concentrations in non-fasted (ob/ob) mice. 
(A) Plasma insulin concentrations after i.p. administration of
saline (0.9% (w/v) NaCl) as control, (Pro3)GIP (25 nmol/kg
body weight), exendin(9–39)amide (25 nmol/kg) or a combi-
nation of both peptides (each at 25 nmol/kg). The time of in-
jection is indicated by the arrow (0 min). Food was withheld
during the test. (B) Plasma insulin AUC values for 0–120 min.
Values are means ± SEM for eight mice. *p<0.05, **p<0.01,
***p<0.001 compared with saline alone



In previous studies where exendin(9–39)amide was
administered to rats, postprandial insulin release was
reduced by 50-70% [16, 18]. Other studies concluded
that the incretin effects of GIP and GLP-1 account for
greater than 50% of meal-induced insulin release, with
the insulin response decreased by 72% following ad-
ministration of the GIP receptor-antagonist, GIP(7–30)-
NH2 (ANTGIP), to chow-fed rats [44, 45]. These values
are broadly in line with our study. However, since 
the GLP-1 receptor-antagonist, exendin(9–39)amide is
non-specific [22, 23], care must be taken not to over-
estimate the importance of GLP-1. Thus exendin-
(9–39)amide is also a potent inhibitor of GIP-stimulat-
ed insulin release at concentrations achieved following
administration of high doses of the antagonist in vivo.
Therefore, GIP contributes significantly more to the 
enteroinsular axis than has recently been thought and 
is likely to be the major physiological incretin.

In conclusion, this study indicates that (Pro3)GIP is
a specific receptor antagonist of GIP, whereas exen-
din(9–39)amide counters both GLP-1 and GIP recep-
tor-mediated actions. In vivo studies with a commonly
used animal model of obesity-diabetes and enteroendo-
crine hyperactivity show that both GIP and GLP-1 play
an important role in mediating postprandial insulin re-
lease. However, GIP is the major physiological incretin
accounting for approximately 80% of nutrient-induced
enteroinsular pancreatic beta-cell stimulation.
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