
Abstract

Aims/hypothesis. This study examined the plasma sta-
bility, biological activity and antidiabetic potential of
two novel N-terminally modified analogues of gastric
inhibitory polypeptide (GIP).
Methods. Degradation studies were carried out on
GIP, N-acetyl-GIP (Ac-GIP) and N-pyroglutamyl-GIP
(pGlu-GIP) in vitro following incubation with either
dipeptidylpeptidase IV or human plasma. Cyclic aden-
osine 3′5′ monophosphate (cAMP) production was as-
sessed in Chinese hamster lung fibroblast cells trans-
fected with the human GIP receptor. Insulin-releasing
ability was assessed in vitro in BRIN-BD11 cells and
in obese diabetic (ob/ob) mice.
Results. GIP was rapidly degraded by dipeptidylpepti-
dase IV and plasma (t1/2 2.3 and 6.2 h, respectively)
whereas Ac-GIP and pGlu-GIP remained intact even af-
ter 24 h. Both Ac-GIP and pGlu-GIP were extremely
potent (p<0.001) at stimulating cAMP production (EC50
values 1.9 and 2.7 nmol/l, respectively), almost a tenfold
increase compared to native GIP (18.2 nmol/l). Both
Ac-GIP and pGlu-GIP (10–13–10–8 mmol/l) were more

potent at stimulating insulin release compared to the na-
tive GIP (p<0.001), with 1.3-fold and 1.2-fold increases
observed at 10–8 mol/l, respectively. Administration of
GIP analogues (25 nmol/kg body weight, i.p.) together
with glucose (18 mmol/kg) in (ob/ob) mice lowered
(p<0.001) individual glucose values at 60 min together
with the areas under the curve for glucose compared to
native GIP. This antihyperglycaemic effect was coupled
to a raised (p<0.001) and more prolonged insulin re-
sponse after administration of Ac-GIP and pGlu-GIP
(AUC, 644±54 and 576±51 ng·ml–1·min, respectively)
compared with native GIP (AUC, 257±29 ng·ml–1·min).
Conclusion/interpretation. Ac-GIP and pGlu-GIP,
show resistance to plasma dipeptidylpeptidase IV deg-
radation, resulting in enhanced biological activity and
improved antidiabetic potential in vivo, raising the
possibility of their use in therapy of Type II (non-insu-
lin-dependent) diabetes mellitus. [Diabetologia (2002)
45:1281–1291]
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Type II (non-insulin-dependent) diabetes mellitus is
characterised by a decreased responsiveness of periph-
eral tissues to insulin and a diminished and delayed
pancreatic beta-cell response to glucose [1, 2]. There-
fore, novel therapeutic agents that normalise the beta-
cell response to glucose are of considerable interest in
the treatment of Type II diabetes. Two candidate
agents including gastric inhibitory polypeptide (GIP)
also called glucose-dependent insulinotropic polypep-
tide, together with the structurally related glucagon-
like peptide-1(7–36)amide (GLP-1), act as major insu-
lin-releasing hormones through the enteroinsular axis



[3, 4]. Considerable interest has already been invested
in GLP-1 as a potential therapeutic candidate [4, 5, 6,
7].

Although both GIP and GLP-1 possess important
insulinotropic properties [4], controversy exists re-
garding their relative effectiveness in stimulating insu-
lin release. Some studies have shown that GIP and
GLP-1 are equally potent in their capacity to stimulate
insulin release [8], whereas others have suggested that
GLP-1 possesses greater insulinotropic activity [9,
10]. Another study [11] indicated that GIP and GLP-1
are equally insulinotropic and share the same glucose
threshold for activity; however, at the concentrations
found postprandially, GIP is likely to be the more im-
portant incretin.

Further insight can be gained by examining glucose
tolerance in GLP-1 receptor negative and GIP recep-
tor negative animal models. GLP-1 receptor negative
(GLP-1R –/–) mice show only modest glucose intoler-
ance [12]. It has been shown that GLP-1R –/– mice
have compensatory changes in the enteroinsular axis
via increased GIP secretion and enhanced GIP action
[12]. Serum GIP concentrations in GLP-1R –/– mice
were increased compared with those in GLP-1R +/+
control mice after an OGTT. In contrast, studies with
GIP receptor negative (GIPR –/–) mice have shown
that these animals have higher blood glucose concen-
trations with impaired first phase insulin response
[13]. The response of GIPR –/– mice to an intraperito-
neal glucose tolerance test was similar to GIPR +/+
mice but glucose intolerance was present in the former
group after an OGTT [13].

One of the key obstacles in utilising insulinotropic
and antihyperglycaemic activity of GIP [14] as a po-
tential therapy for diabetes is the short circulating
half-life of the peptide (approximately 3–5 min) in the
plasma [15, 16]. As with GLP-1 degradation, this is
due mainly to rapid cleavage by a highly specific ami-
nopeptidase, dipeptidyl peptidase IV (DPP IV;
EC.3.4.14.5) a member of the prolyl oligopeptidase
family of serine proteases [17]. DPP IV is expressed
ubiquitously in mammalian tissues and organs [18]
with a specificity for removing dipeptides from the
amino terminus of a wide range of peptides with pen-
ultimate proline, alanine and hydroxyproline residues
[19, 20]. DPP IV is in close contact with hormones
circulating in the blood, located on endothelial cells of
the blood vessels and, moreover, it is found as a solu-
ble enzyme in blood plasma [21]. Thus DPP IV re-
moves the amino-terminal Tyr1-Ala2 dipeptide from
GIP producing GIP(3–42) [22]. This truncated peptide
was initially believed to be biologically inactive; how-
ever, current opinion suggests that it could operate as
a GIP receptor antagonist, thus preventing normal re-
ceptor interaction with the intact hormone [23]. Con-
sistent with these observations, it has been shown that
inhibition of DPP IV activity can potentiate the insul-
inotropic effect of GIP in mammals [24].

Recent studies in our laboratory have shown that
N-terminal modification of GIP and GLP-1 by gly-
cation results in resistance to DPP IV and confers an
extended plasma half-life [25, 26]. N-terminally
modified GIP could have a particularly promising
potential as an antihyperglycaemic agent because its
glucose lowering and insulin-releasing properties
seem to be enhanced by this modification [27]. Our
study was designed to investigate the stability and
biological activity of two novel N-terminally modi-
fied analogues of GIP, namely Ac-GIP and pGlu-
GIP. In addition to degradation studies and observa-
tions of cyclic AMP production and insulin secretion
in vitro, the utility of these analogues has been clear-
ly established in vivo using obese diabetic (ob/ob)
mice as a commonly used animal model of Type II
diabetes having both beta-cell dysfunction and insu-
lin resistance.

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). Dipeptidyl
peptidase IV (DPP IV), isobutylmethylxanthine (IBMX), aden-
osine 3′:5′-cyclic monophosphate (cAMP), adenosine 5′-tri-
phosphate (ATP) were all purchased from Sigma (Poole, 
Dorset, UK). Fmoc-protected amino acids and diprotin A were
from Calbiochem Novabiochem (Beeston, Nottingham, UK).
RPMI 1640 and DMEM tissue culture medium, foetal bovine
serum, penicillin and streptomycin were all purchased from
Gibco (Paisley, Strathclyde, Scotland). The chromatography
columns used for cAMP assay, Dowex AG 50 WX and neutral
alumina AG7 were obtained from Bio-Rad (Alpha Analytical,
Larne, N. Ireland, UK). All water used in these experiments
was purified using a Milli-Q, Water Purification System (Milli-
pore, Milford, Mass., USA). All other chemicals used were of
the highest purity available.

Synthesis of GIP, Ac-GIP and pGlu-GIP. GIP, Ac-GIP and
pGlu-GIP were sequentially synthesised on an Applied Biosys-
tems automated peptide synthesiser (model 432A, Foster City,
Calif., USA) using standard solid-phase Fmoc protocols [28],
starting from a pre-loaded Fmoc-Gln-Wang resin. The follow-
ing side chain protected amino acids were used, Fmoc-
Gln(Trt)-OH, Fmoc-Thr(Trt)-OH, Fmoc-His(Trt)-OH, Fmoc-
Asn(Trt)-OH, Fmoc-Ser(Trt)-OH, Fmoc-Lys(Boc)-OH, Fmoc-
Trp(Boc)-OH, Fmoc-Asp(OtBu)-OH, Fmoc-Tyr(OtBu)-OH
and Pyr-OH. In the case of Ac-GIP acetic anhydride was added
to the growing chain in the final step prior to cleavage from 
the resin. Deprotection and cleavage of the peptide from the
resin was by trifluoroacetic acid:water:thianisole: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 was decreased
under reduced pressure. Dry diethyl ether 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 carried out five times.
The resulting pellets were then dried in vacuo and judged pure
by reversed-phase HPLC on a Waters Millennium 2010 chro-
matography system (Millford, Mass., USA) Software version
2.1.5.
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Structural confirmation of GIP and GIP analogues by electro-
spray ionisation-mass spectrometry (ESI-MS). Intact and deg-
radation fragments of GIP, Ac-GIP and pGlu-GIP were dis-
solved (approximately 400 pmol/l) in 100 µl of water and ap-
plied to an LCQ benchtop LC mass spectrometer (Finnigan
MAT, Hemel Hempstead, UK). Samples (20 µl direct loop in-
jection) were applied at a flow rate of 0.2 ml/min, under iso-
cratic 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 150–2000. The molecular masses of each
fragment were calculated using prominent multiple charged
ions using the following equation; 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).

Degradation of GIP, Ac-GIP and pGlu-GIP by DPP IV and
human plasma. HPLC-purified GIP, Ac-GIP and pGlu-GIP
were incubated in vitro at 37°C in 50 mmol/l triethanolamine-
HCl, (pH 7.8, final peptide concentration 2 mmol/l) with either
DPP IV (5 mU) or pooled human plasma (10 µl) for 0, 2, 4 and
8 h. A 24-h plasma incubation was also carried out for each
peptide in the presence of diprotin A (5 mU). The enzymatic
reaction was stopped by adding 10 µl of 10% (v/v) TFA/water.
The terminated reaction products were then applied to a Vydac
C-18 column (4.6×250 mm) and the major degradation frag-
ment GIP(3–42) separated from intact GIP. The column was
equilibrated with 0.12% (v/v) TFA/water at a flow rate of
1.0 ml/min. Using 0.1% (v/v) TFA in 70% acetonitrile/water,
the concentration of acetonitrile in the eluting solvent was
raised from 0% to 28% over 10 min, and from 28% to 42%
over 20 min. The absorbance was monitored at 206 nm using a
Spectrasystem UV 2000 detector (Thermoquest Limited, Man-
chester, UK) and peaks were collected manually prior to ESI-
MS analysis. The small decline of GIP analogue peak area in
some extended incubations, is likely to reflect non-specific
binding to the incubation tube.

Cells and cell culture. Chinese hamster lung fibroblast (CHL)
cells transfected with human GIP receptor [29] were cultured
in DMEM tissue culture medium containing 10% (v/v) foetal
bovine serum, 1% (v/v) antibiotics (100 U/ml penicillin,
0.1 mg/ml streptomycin). BRIN-BD11 cells were cultured in
sterile tissue culture flasks (Corning, Glass Works, Sunderland,
UK) using RPMI-1640 tissue culture medium containing 10%
(v/v) foetal calf serum, 1% (v/v) antibiotics (100 U/ml penicil-
lin, 0.1 mg/ml streptomycin) and 11.1 mmol/l glucose. The ori-
gin, characteristics and secretory responsiveness of this elec-
trofusion-derived glucose-responsive cell line has been de-
scribed in detail elsewhere [30]. The cells were maintained at
37°C in an atmosphere of 5% CO2 and 95% air using a LEEC
incubator (Laboratory Technical Engineering, Nottingham,
UK). It was confirmed that there was no significant degrada-
tion of native GIP in acute incubations with CHL cells or
BRIN-BD11 cells under the experimental conditions described
below.

Determination of cAMP production in transfected CHL
cells. Chinese hamster lung fibroblast (CHL) cells stably trans-
fected with the human GIP receptor were seeded into 12-multi-
well plates (Nunc, Roskilde, Denmark) at a density of 1.0×105

cells per well [29]. The cells were then allowed to grow for
48 h before being exposed to 2 µCi of tritiated adenine
(TRK311, Amersham, Buckinghamshire, UK) in 1 ml DMEM,
with 0.5% (w/v) foetal bovine serum, and incubated at 37°C
for 5 to 6 h. The cells were then washed twice with Hanks’
balanced salt solution (HBSS; 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,
25 µmol/l phenol red). The cells were then exposed to varying
concentrations (10–12 to 10–6 mol/l) of GIP, Ac-GIP, pGlu-GIP
or forskolin (FSK) (10 µmol/l) in HBSS, in the presence of
1 mmol/l IBMX, for 10 to 15 min at 37 C. The medium was
subsequently removed and the cells lysed with 1 ml of 5% 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 as described previously [31].

Acute tests for insulin secretion. Before experimentation,
BRIN-BD11 cells were harvested from the surface of the tissue
culture flasks with the aid of trypsin-EDTA (Gibco), seeded in-
to 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 release 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,
containing 0.5% (w/v) bovine serum albumin, pH 7.4) supple-
mented with 1.1 mmol/l glucose. Test incubations were carried
out (n=8) in 5.6 mmol/l glucose with a range of concentrations
(10–13 to 10–8 mol/l) of GIP, Ac-GIP and pGlu-GIP. After
20 min incubation, the buffer was removed from each well and
aliquots (200 µl) were used for measurement of insulin by ra-
dioimmunoassay [32].

In vivo biological activities of GIP, Ac-GIP and pGlu-GIP in
obese diabetic (ob/ob) mice. Effects of GIP, Ac-GIP and pGlu-
GIP on plasma glucose and insulin concentrations were exam-
ined using 14 to 18-week-old obese diabetic (ob/ob) mice. The
genetic background and characteristics of the colony used have
been outlined in detail elsewhere [33]. The animals were
housed individually in an air-conditioned room at 22±2°C with
a 12-h light to 12-h dark cycle. Drinking water and a standard
rodent maintenance diet (Trouw Nutrition, Cheshire, UK) were
freely available. Plasma glucose and insulin responses were
evaluated in 18-h fasted (ob/ob) mice after an intraperitoneal
(i.p.) injection of saline (0.9% (w/v) NaCl) as control, glucose
alone (18 mmol/kg body weight) or in combination with GIP,
Ac-GIP or pGlu-GIP (25 nmol/kg). All test solutions were ad-
ministered in a final volume of 8 ml/kg body weight. Blood
samples were collected from the cut tip of the tail of conscious
mice into chilled fluoride-heparin microcentrifuge tubes
(Sarstedt, Nümbrecht, Germany) immediately before injection
(t=0) and at 15, 30 and 60 min after injection. Plasma was sep-
arated by centrifugation using a Beckman microcentrifuge
(Beckman Instruments, UK; for 30 s at 13 000 g) and stored at
–20°C prior to glucose and insulin measurements. The “Princi-
ples of Laboratory Animal Care” (NIH publication 1985) were
followed and all animal studies were carried out in accordance
with the UK Animals (Scientific Procedures) Act 1986.

Assessment of plasma glucose and insulin concentrations. Glu-
cose was assayed by an automated glucose oxidase procedure
using a Beckman Glucose Analyser II [34]. Insulin was as-
sessed by dextran-charcoal RIA as described previously [32].
Incremental areas under plasma glucose and insulin curves
(AUC) were calculated using a computer generated program
(CAREA) using the trapezoidal rule [35] with baseline sub-
traction.

Statistical analysis. Results are expressed as means ± SEM.
Data were compared using the Student’s t test or ANOVA, fol-
lowed by the Student-Newman-Keuls test. Groups of data from
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both were considered to be significantly different if the p value
was less than 0.05.

Results

Structural identification of GIP, Ac-GIP and pGlu-
GIP by ESI-MS. GIP, Ac-GIP and pGlu-GIP were pro-
duced by solid-phase peptide synthesis using standard
Fmoc chemistry protocols. Following further purifica-
tion on a Vydac C-18 analytical column (4.6×250 mm),
the monoisotopic molecular mass of each peptide was
calculated using ESI-MS (Fig. 1). After spectral aver-
aging was carried out, prominent multiple charged
species (M+3H)3+ and (M+4H)4+ were detected for
GIP at m/z 1661.6 and 1246.8, corresponding to intact
Mr 4981.8 and Mr 4983.2 Daltons (Da), respectively
(theoretical mass 4980.5 Da) (Fig. 1A). For Ac-GIP,
(M+3H)3+ and (M+4H)4+ were detected at m/z 1677.0
and 1257.5, corresponding to intact molecular masses
of Mr 5028.0 and 5026.0 Da, respectively (Fig. 1B),
corresponding very closely with the theoretical mass
of 5026.2 Da. Similarly, for pGlu-GIP, (M+3H)3+ and
(M+4H)4+ were detected at m/z 1698.9 and 1275.0,
corresponding to intact Mr 5093.7 and 5096.0 Da, re-
spectively (Fig. 1C), which corresponds closely with
the theoretical mass of 5094.2 Da. Results from the
ESI-MS analysis showed that the correct primary
structures for GIP and related analogues had been suc-
cessfully synthesised.

Degradation of GIP, Ac-GIP and pGlu-GIP by DPP
IV and plasma. Figures 2, 3 and 4 show typical HPLC
peak profiles obtained after separation of the reaction
products obtained from the incubation of GIP, Ac-GIP
and pGlu-GIP with DPP IV and plasma for 0, 2 and
8 h. The HPLC retention times of GIP, Ac-GIP and
pGlu-GIP incubated with DPP IV at t=0 were 21.72,
22.82 and 37.52 min, respectively. Degradation of GIP
(Fig. 2A) was evident after just 2 h, which was indi-
cated by a peak with a retention time of 20.81 min,
which upon ESI-MS analysis corresponded to
GIP(3–42) (observed mass 4748.7 Da compared with
theoretical mass 4746.4 Da). After 8 h, GIP (Fig. 2A)
was completely degraded. In contrast, Ac-GIP and
pGlu-GIP remained intact for more than 8 h (Fig. 3A,
Fig. 4A). These peptides remained fully intact even
after incubation was prolonged to 24 h. Incubation
with DPP IV showed that the relative in vitro half-
lives of GIP, Ac-GIP and pGlu-GIP were 2.3 h, >24
and >24 h, respectively. 

In plasma degradation studies, retention times for
intact GIP (Fig. 2B), Ac-GIP (Fig. 3B) and pGlu-GIP
(Fig. 4B) were 21.94, 22.75 and 35.92 min, respec-
tively. Retention times for the major degradation frag-
ment from native GIP, GIP(3–42) was 20.21 min. In
general, the degradation with human plasma was not
as rapid as with purified DPP IV with 61% of GIP de-
graded by 8 h (Fig. 2A). The native peptide was com-
pletely degraded by 24 h, an effect totally inhibited by
DPA. In contrast, Ac-GIP (Fig. 3B) and pGlu-GIP
(Fig. 4B) were not degraded by plasma incubation. In
human plasma, the estimated half-lives of GIP, Ac-
GIP and pGlu-GIP were 6.2 h, >24 h and >24 h, re-
spectively.

Effects of GIP, Ac-GIP and pGlu-GIP on cAMP pro-
duction. Figure 5 shows the dose-dependent stimula-
tion of cAMP production by GIP, Ac-GIP and pGlu-
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Fig. 1 A–C. Electrospray ionisation mass spectrometry of A hu-
man GIP(1–42), B N-acetyl-GIP and C N-pyroglutamyl-GIP, re-
spectively. The peptides were applied by direct loop injection to
the LC/MS under isocratic conditions. Spectra were recorded us-
ing a quadripole ion trap mass analyser and collected using full
ion scan mode over the mass-to-charge (m/z) range 150–2000



GIP in CHL cells transfected with human GIP recep-
tors. The calculated EC50 values for these peptides
were 18.2, 1.9 and 2.7 nmol/l, respectively. The maxi-
mal cAMP response of Ac-GIP and pGlu-GIP were
165.7±1.3 and 183.9±5.7%, (p<0.001 and p<0.001,
respectively), compared to native GIP (100%).

Effects of GIP, Ac-GIP and pGlu-GIP on insulin secre-
tion. Figure 6 shows the effect of a range of concentra-
tions (10–13 to 10–8 mol/l) of GIP, Ac-GIP and pGlu-
GIP on insulin secretion from BRIN-BD11 cells. GIP,
Ac-GIP and pGlu-GIP stimulated insulin secretion
(p<0.01 to p<0.001) between 10–12 and 10–8 mol/l by
1.2-fold to 2.5-fold compared to control (5.6 mmol/l
glucose alone). The ability of native GIP to stimulate
insulin secretion was evident at concentrations of

10–11 mol/l or higher. Both Ac-GIP and pGlu-GIP were
more potent at stimulating insulin secretion (p<0.05 to
p<0.001) over the entire concentration range tested
compared to native GIP. At 10–8 mol/l Ac-GIP and
pGlu-GIP had a 1.3-fold and 1.2-fold greater stimula-
tory ability (p<0.001) compared to native GIP.

Effects of GIP, Ac-GIP and pGlu-GIP on anti-
hyperglycaemic activity in (ob/ob) mice. Plasma glu-
cose responses were evaluated after i.p. injection of
saline (0.9% (w/v) NaCl) as a control, glucose alone
(18 mmol/kg body weight) or in combination with
GIP, Ac-GIP or pGlu-GIP (25 nmol/kg). When saline
alone was injected no effect was observed on plasma
glucose concentration (Fig. 7A). Administration of
glucose alone prompted a high rise (34.4±2.9 mmol/l)
in plasma glucose (p<0.001) at 15 min compared to
basal glucose (5.4±0.5 mmol/l), and the plasma glu-
cose concentration declined over the following 45 min
(Fig. 7A). The peak glucose response to native GIP
was reduced (p>0.05) at 15 min compared to glucose
alone and this failed to reach significance in terms of
overall glucose excursion as identified by area under
the curve (AUC, 0–60 min, Fig 7B). In contrast both
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Fig. 2 A, B. Degradation of native GIP by DPP IV and human
plasma. Representative HPLC profiles obtained after incubation
of native GIP with DPP IV (A) and human plasma (B) for 0, 2
and 8 h. Reaction products were separated on a Vydac C-18 col-
umn. HPLC peaks corresponding to intact GIP and GIP(3–42)
are indicated



Ac-GIP and pGlu-GIP reduced the peak 15 to 30 min
glucose excursion compared to glucose alone (p<0.01
and p<0.001) and also reduced the AUC (p<0.05 and
p<0.01) compared to native GIP.

Effects of GIP, Ac-GIP and pGlu-GIP on insulin-re-
leasing activity in ob/ob mice. Plasma insulin respons-
es to administration of saline, glucose and GIP pep-
tides are shown in Fig. 7. Saline had no effect on plas-
ma insulin concentrations (Fig. 7C). Glucose alone
caused a peak (9.0±0.6 ng/ml) in plasma insulin at
15 min compared to basal insulin (2.8±0.5 ng/ml), and
the plasma insulin concentration fell over the follow-
ing 45 min returning to basal values. The insulin re-
sponse to GIP in the presence of glucose was greater
than to glucose alone as shown by the increase AUC

values for insulin over 60 min (Fig. 7D, p<0.05). The
insulinotropic effects of both Ac-GIP and pGlu-GIP
were higher than native GIP at 15, 30 and 60 min
(p<0.001). The AUC values showed a substantial en-
hancement of insulin releasing activity compared to
both glucose alone and native GIP (Fig. 7D, p<0.001).
It was notable that the insulinotropic effect of these
two novel analogues was much more protracted than
that of GIP with plasma insulin remaining higher
(11.8±0.8 to 10.9±0.9 ng/ml, respectively) at 60 min
(p<0.001) compared with native GIP (3.8±0.4 ng/ml)
(Fig. 7C).

Discussion

In humans, incretin hormones only stimulate glucose-
induced insulin release under hyperglycaemic condi-
tions [6, 36, 37] and thus unlike other current non-en-
dogenous insulinotropic agents that are used in the
treatment of Type II diabetes, the incretins are not
likely to result in hypoglycaemic episodes. It is this
unique feature which has led to recent interest in the
incretin hormones as a potential therapy for diabetes
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Fig. 3 A, B. Degradation of N-acetyl-GIP by DPP IV and human
plasma. Representative HPLC profiles obtained after incubation
of Ac-GIP with DPP IV (A) and human plasma (B) for 0, 2 and
8 h. Reaction products were separated on a Vydac C-18 column.
HPLC peaks corresponding to intact Ac-GIP are indicated



[7, 33, 38]. Clinical trials have been restricted to GLP-
1 [33] but the administration of long-acting peptide
analogues of both GLP-1 [38] and GIP [27], as well as
specific inhibition of DPP IV [39, 40], have been
shown to improve glucose tolerance in experimental
animal studies. Although certain groups of Type II di-
abetic patients have been suggested to show a de-
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Fig. 4 A, B. Degradation of N-pyroglutamyl-GIP by DPP IV and
human plasma. Representative HPLC profiles obtained after in-
cubation of pGlu-GIP with DPP IV (A) and human plasma (B)
for 0, 2 and 8 h. Reaction products were separated on a Vydac C-
18 column. HPLC peaks corresponding to intact pGlu-GIP are
indicated

Fig. 5. Dose-dependent production of intracellular cAMP by GIP,
N-acetyl-GIP and N-pyroglutamyl-GIP upon binding to CHL fi-
broblast cells transfected with the human GIP receptor. Each ex-
periment was carried out in triplicate and the data are expressed
in absolute values and represent means ± SEM of three indepen-
dent experiments. The EC50 values for cAMP production are
shown in parentheses

▲



Fig. 6. Dose-dependent effects of GIP, N-acetyl-GIP and N-pyro-
glutamyl-GIP on insulin secretion from BRIN-BD11 cells. After a
pre-incubation of 40 min, the effects of various concentrations of
peptide (10–13 to 10–8 mol/l) were tested on insulin release during

a 20 min incubation period. Values are means ± SEM for eight
separate observations. *p<0.05, **p<0.01, ***p<0.001 compared
to control (5.6 mmol/l glucose alone). ∆p<0.05, ∆∆p<0.01,
∆∆∆p<0.001 compared to GIP at the same concentration

Fig. 7 A–D. Effects of GIP, N-acetyl-GIP and N-pyroglutamyl-
GIP on plasma glucose homeostasis and plasma insulin responses
in obese diabetic (ob/ob) mice. A Plasma glucose concentrations
were measured prior to and after i.p. administration of saline
(0.9% (w/v) NaCl) as control, glucose alone (18 mmol/kg body
weight), or in combination with either GIP, Ac-GIP or pGlu-GIP
(25 nmol/kg body weight). B Plasma glucose AUC values for
0–60 min post-injection. C Plasma insulin concentrations were

measured prior to and after i.p. administration of saline (0.9%
(w/v) NaCl), glucose alone (18 mmol/kg body weight), or in com-
bination with either GIP, Ac-GIP or pGlu-GIP (25 nmol/kg body
weight). D Plasma insulin AUC values for 0–60 min post-injec-
tion. Values are means ± SEM for eight mice. *p<0.05, **p<0.01,
***p<0.001 compared to glucose alone. ∆p<0.05, ∆∆p<0.01,
∆∆∆p<0.001 compared to native GIP



creased beta-cell responsiveness to GIP [41, 42], in-
tracellular pathways triggered by the two incretin hor-
mones seem identical [43]. Mutations of GIP recep-
tors are rare in diabetes [42, 44] and any speculated
abnormalities in GIP receptor binding could be over-
come by stable and structurally modified analogues of
GIP. Therefore, GIP analogues could be useful in the
treatment of diabetes, and it is important to explore
their actions and potential therapeutic value.

DPP IV has been identified as the key enzyme re-
sponsible for inactivation of GIP in serum [24]. This
inactivation occurs through the rapid removal (GIP
half-life 3–5 min) of the N-terminal dipeptide Tyr1-
Ala2 giving rise to the major metabolite GIP(3–42).
However, DPP IV which has a preference for cleavage
after penultimate Pro and Ala residues [19], is respon-
sible for the inactivation of a wide range of other bio-
logically active molecules, such as GLP-1, GLP-2, en-
terostatin, growth-hormone-releasing factor and neu-
ropeptide Y [20]. Thus inhibitors of DPP IV not only
preserve the biological activity of GLP-1 and GIP but
also run the risk of adversely affecting many other
physiological inactivation processes involving this en-
zyme [20]. Our study has shown that N-terminal modi-
fication of GIP with addition of N-acetyl and N-pyro-
glutamyl groups confers profound resistance to plas-
ma DPP IV degradation. Thus N-acetyl- and N-pyro-
glutamyl-GIP were completely stable during in vitro
incubations with human serum or purified DPP IV for
periods of up to 24 h. As shown elsewhere native GIP
was rapidly degraded to GIP(3–42) by a process pre-
vented by DPA, and thus attributable to DPP IV [15,
22, 24, 27]. The current approach to prolonging GIP
activity by structurally modifying the peptide by addi-
tion of an N-terminal acetyl or pyroglutamyl group
therefore seems to be a more subtle and highly effec-
tive method of achieving hormone stability, compared
with using non-specific DPP IV inhibitors.

The glucose dependency of the insulinotropic ac-
tion of GIP has been shown in humans [36, 37]. Using
the glucose clamp technique in humans, others [37]
found that mild hyperglycaemia (at least 1.4 mmol/l
above basal levels) was sufficient to initiate the insul-
inotropic action of GIP. In the perfused rat pancreas,
GIP stimulated insulin release at a threshold of
5.5 mmol/l glucose and a maximal response at
16 mmol/l glucose [45]. In our study, the insulinotro-
pic effects of GIP and GIP analogues became apparent
at about 10–11 mol/l. This is close to the fasting GIP
concentration of 5×10–11 mol/l, which rises to
2.5×10–10 mol/l after ingestion of a mixed meal [46,
47]. Evaluation of the activities of N-acetyl-GIP and
N-pyroglutamyl-GIP to increase cAMP showed that
these N-terminally modified GIP analogues were up to
tenfold more potent than the native hormone. Further-
more, GIP analogues increased insulin secretion up to
threefold over glucose alone which compares to a
maximal 1.6-fold increase over basal in response to

sulphonylureas under similar conditions [48]. This
cannot be attributed to differences in the degradation
of GIP peptides in acute tests as this was negligible.
Thus the results raise the possibility that enhancement
of potency at the GIP receptor could overcome any
natural impairment of GIP stimulation in diabetes. Of
interest, these effects were observed at a physiological
glucose concentration of 5.6 mmol/l, providing much
encouragement for heightened biological activity in
vivo.

Consistent with the in vitro studies, administration
of Ac-GIP or pGlu-GIP improved the anti-
hyperglycaemic and insulin-releasing activity of the
peptide when administered with glucose to obese dia-
betic (ob/ob) mice. Native GIP only modestly in-
creased plasma insulin and reduced the glycaemic ex-
cursion in the diabetic mutant as observed in several
studies [49, 50]. However, the N-terminal Tyr1-modi-
fied analogues of GIP increased the insulin-releasing
and antihyperglycaemic actions of the peptide by on
average 2.4-fold and 1.9-fold, respectively, as estimat-
ed from AUC measurements. Detailed kinetic analy-
sis, however, is difficult due to the limitation of sam-
pling times, but the prolonged insulin response after
administration of the N-terminal Tyr1-modified ana-
logues as opposed to GIP is also indicative of a longer
half-life. Thus these in vivo results suggest that N-ace-
tyl and N-pyroglutamyl analogues of GIP show resis-
tance to DPP IV degradation while at the same time
evoking an enhanced stimulatory insulin secretory re-
sponse from the beta cell. The former action will im-
pede degradation of the peptide to GIP(3–42), thereby
prolonging the half-life and enhancing effective circu-
lating concentrations of the biologically active pep-
tide. It will also decrease circulating concentrations of
GIP(3–42) which functions as a highly selective GIP
antagonist [51, 52]. Based on these results, it seems
that these novel N-terminal Tyr1-modified analogues
of GIP enhance insulin secretion in vivo and improve
glycaemic responses in Type II diabetes by conferring
DPP IV resistance as well as increased potency at the
GIP receptor. Moreover GIP has been proposed to ex-
ert various extrapancreatic effects, which could con-
tribute to anthyperglycaemic activity in vivo including
stimulation of peripheral glucose uptake [16, 53, 54,
55].

In conclusion, this study shows that the N-terminal
Tyr1-modified analogues of GIP, N-acetyl-GIP and N-
pyroglutamyl-GIP, show strong resistance to DPP IV,
and thereby have an extended plasma half-life, which
in turn contributes to the enhanced biological activity
in vitro. This is accompanied by improved anti-
hyperglycaemic activity and raised insulin concentra-
tions in vivo. These observations greatly encourage
further investigation of the possible use of stable and
biologically enhanced GIP analogues, alongside of
those for GLP-1, for the treatment of diabetes and al-
leviation of its complications.
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