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Glucose-dependent insulinotropic polypeptide (GIP) is a physiological insulin releasing peptide. We have
developed two novel fatty acid derivatized GIP analogues, which bind to serum albumin and demonstrate
enhanced duration of action in vivo. GIP(Lys16PAL) and GIP(Lys37PAL) were resistant to dipeptidyl peptidase
IV (DPP IV) degradation. In vitro studies demonstrated that GIP analogues retained their ability to activate
the GIP receptor through production of cAMP and to stimulate insulin secretion. Intraperitoneal administration
of GIP analogues to obese diabetic (ob/ob) mice significantly decreased the glycemic excursion and elicited
increased and prolonged insulin responses compared to native GIP. A protracted glucose-lowering effect
was observed 24 h following GIP(Lys37PAL) administration. Once a day injection for 14 days decreased
nonfasting glucose, improved glucose tolerance, and enhanced the insulin response to glucose. These data
demonstrate that fatty acid derivatized GIP peptides represent a novel class of long-acting stable GIP analogues
for therapy of type 2 diabetes.

Introduction

Glucose-dependent insulinotropic polypeptide (GIP) is a
gastrointestinal hormone secreted from enteroendocrine K-cells
in response to nutrient absorption following feeding.1 Although
for some time it was believed to be purely an incretin hormone
moderating pancreaticâ-cell insulin release, several studies have
indicated that GIP has wider effects on islet function and acts
at other extrapancreatic sites, which further enhance its anti-
diabetic potential.2,3 This unique repertoire of biological effects
provides an opportunity to develop GIP into an effective
antidiabetic agent, especially since its insulinotropic effects are
strictly glucose-dependent thus avoiding hypoglycemia.4

The pharmacokinetic profile and therapeutic attractiveness
of GIP are compromised by the ubiquitous enzyme dipeptidyl
peptidase IV (DPP IV; EC 3.4.15.5).5 DPP IV degrades
numerous regulatory peptides, and in the case of GIP, specif-
ically hydrolyzes the amino-terminal Tyr1-Ala2 residues to
produce the degradation product GIP(3-42).6 GIP(3-42) does
not stimulate insulin release and was initially believed to be
inactive.7 However, recent studies have demonstrated that this
major degradation product may act as a functional GIP receptor
antagonist in vivo.8 Therefore, it is anticipated that the develop-
ment of DPP IV resistant analogues of GIP would not only
extend the biological half-life of the peptide but also curtail
production of GIP(3-42), thereby alleviating the risk of antago-
nism at the GIP receptor. Indeed the insulin-releasing and
antidiabetic potential of several amino-terminally modified GIP
analogues have been demonstrated both in animal models and
in preliminary studies using patients with type 2 diabetes
mellitus.9-14 Furthermore, although many populations of type

2 diabetic patients show decreased responsiveness to GIP
infusion,15-18 it is clear from animal studies that amino-
terminally modified analogues of GIP may overcome a large
part of any possible defect.9-13 In fact, this reduced GIP-induced
insulin secretion in patients with type 2 diabetes is much less
evident following pulse administration of GIP19 and has been
suggested to represent a generalized defect ofâ-cell function
rather than a specific defect of GIP action.19,20 Ultimately,
however, such GIP analogues are still subject to renal clearance,
which detracts from their therapeutic potency.21

One conceivable approach to avoid rapid renal filtration and
clearance of GIP from the body might involve the design and
synthesis of fatty acid peptide derivatives of GIP. The usefulness
of this approach has been successfully exploited using insulin
acylated with several fatty acid constituents at theε-amino group
of LysB29.22 This fatty acid/insulin complex is thought to bind
to serum albumin, thereby preventing kidney filtration and
prolonging its biological actions. Additionally, a fatty acid
derivative of GIP’s sister incretin hormone, GLP-1, NN2211
(Liraglutide), has been shown to have a prolonged pharmaco-
dynamic profile making it suitable for once daily subcutaneous
administration.23,24Unfortunately, a recent study showed that a
sizable proportion of patients treated with Liraglutide exhibited
gastrointestinal side effects,23 due likely to a prolonged inhibitory
effect of Liraglutide on gastric emptying.24 Similar side effects
have been noted with other long-acting GLP-1 mimetics in
humans, including Exenatide and Albugon.25,26In contrast, GIP
does not affect gastric emptying, even in humans,27 thereby
removing such a barrier from the potential use of GIP analogues
in the treatment of type 2 diabetes.

We have recently reported the antidiabetic properties of two
N-terminally modified palmitate derivatives of GIP.28-30 The
present study was designed to investigate the metabolic stability
and biological activity of two novel solely fatty acid derivatized
analogues of GIP, GIP(Lys16PAL) and GIP(Lys37PAL). The GIP
peptide analogues have a C-16 palmitate group conjugated to
the ε-amino group of Lys side chains at positions 16 or 37
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(Figure 1). The stability of both analogues to DPP IV degrada-
tion, as well as their biological activities in vitro were examined
and compared to the native GIP(1-42). Furthermore, the in vivo
antidiabetic potential of these analogues was assessed using ob/
ob mice, a commonly employed animal model of type 2 diabetes
displaying bothâ-cell dysfunction and insulin resistance.

Results

Structural Identification of GIP Peptides by MALDI-TOF
Mass Spectrometry. Following solid-phase Fmoc peptide
synthesis and HPLC purification of GIP or fatty acid derivatized
GIP analogues, their molecular masses were determined using
MALDI-TOF mass spectrometry. As shown in Table 1, the
experimental mass-to-charge (m/z) ratios for protonated GIP,
GIP(Lys16PAL), and GIP(Lys37PAL) corresponded closely to
the theoretical masses. This confirms successful peptide syn-
thesis. Table 1 also shows that in vitro incubation of
GIP(Lys37PAL) with albumin gave a peptide product of 71444.6
Da, representing a GIP derivatized fatty acid albumin complex
(see Figure 1).

Degradation of Native GIP and GIP Analogues by DPP
IV. Table 2 shows that native GIP was rapidly degraded by
DPP IV with only 52( 3% of the peptide remaining intact
after 2 h incubation. After 8 h, GIP was completely degraded
to GIP(3-42). On the other hand, GIP(Lys16PAL) and GIP-
(Lys37PAL) remained fully intact after prolonged incubations
of up to 24 h.

Stimulation of cAMP. Both GIP(Lys16PAL) and GIP-
(Lys37PAL) stimulated cAMP production in a concentration-
dependent manner in GIP receptor transfected fibroblasts (Figure
2). The calculated EC50 values for GIP, GIP(Lys16PAL), and
GIP(Lys37PAL) were 18.2, 2.9, and 5.4 nmol, respectively,
indicating both GIP analogues were slightly more potent than
native GIP.

Stimulation of in Vitro Insulin Secretion. Both GIP-
(Lys16PAL) and GIP(Lys37PAL) enhanced insulin release in a
concentration-dependent manner similar to native GIP (Figure
3A). Over the range of concentrations tested (10-13 to 10-6 M),
insulin secretion was stimulated by 1.1- to 2.5-fold (P < 0.05
to P < 0.001) compared to 5.6 mM glucose control. There was
no significant difference in potency between the three peptides
(Figure 3A). A similar pattern of responsiveness was observed
at higher albumin concentrations, but with some diminution of
the insulin-releasing activity of GIP(Lys37PAL) at 6% (w/v)
BSA. An almost identical effect was observed with pre-
incubation of GIP(Lys37PAL) for 2 h in thepresence of 1%
BSA, suggesting that the effect reflects increased albumin
binding.

Figure 1. Primary structure of GIP showing site of cleavage by DPP IV, the four constituent lysine residues, and the palmitate acylation positions
in GIP(Lys16PAL) and GIP(Lys37PAL).

Table 1. Structural Characterization of GIP and Fatty Acid Derivatized
GIP Analogues by MALDI-TOF Mass Spectrometrya

peptide
experimental

Mr
theoretical

Mr difference

native GIP 4983.6 4982.4 1.2
GIP(Lys16PAL) 5221.3 5220.7 0.6
GIP(Lys37PAL) 5221.6 5220.7 0.9
GIP(Lys37PAL)-albumin 71444.6 - 5224.2
albumin 66220.4 -

a Peptide samples were mixed with matrix (R-cyano-4-hydroxycinnam-
amic acid), and them/z ratio versus relative peak intensity was resolved
using a Voyager-DE BioSpectrometry workstation. Albumin-bound fatty
acid derivatized GIP was prepared by overnight incubation of peptide with
bovine serum albumin.

Table 2. Percentage of Intact Peptide Remaining after Incubation with
DPP IVa

% intact peptide remaining after time (h)

peptide 0 2 8 24

native GIP 100 52( 3 0 0
GIP(Lys16PAL) 100 100 100 100
GIP(Lys37PAL) 100 100 100 100

a Values represent the percentage of intact peptide remaining relative to
the major degradation product GIP(3-42) following incubation with DPP
IV as determined from HPLC peak area data. The reactions were performed
in triplicate and the means( SEM values calculated.

Figure 2. Intracellular cAMP production by GIP, GIP(Lys16PAL), and
GIP(Lys37PAL) as determined by column chromatography, in CHL cells
stably expressing the human GIP receptor. Each experiment was
performed in triplicate (n ) 3), and the results are expressed (means
( SEM) as a percentage of maximum GIP response.
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Antihyperglycemic and Insulin Releasing Activity in ob/
ob Mice. The relative glucose-lowering abilities of GIP,
GIP(Lys16PAL), or GIP(Lys37PAL) (25 nmol kg-1 body weight)
in ob/ob mice are shown in Figure 4. Injection of glucose alone
resulted in a rapid and marked increase in plasma glucose which
continued to rise until 60 min. Native GIP had a tendency to
reduce glucose at the later time points monitored, but neither
this nor the overall AUC glucose excursion achieved signifi-
cance (Figure 4A,B). In contrast, GIP(Lys16PAL) and GIP-
(Lys37PAL) significantly reduced plasma glucose concentrations
from 15 to 60 min and AUC values when compared to glucose
alone. GIP(Lys37PAL) further revealed a significant reduction
in the AUC response compared to native GIP. As shown in
Figure 5, these effects were linked to corresponding changes
in plasma insulin concentrations. GIP caused a significantly
greater (P < 0.05) insulin release than glucose alone. However,
most notably GIP(Lys16PAL) and GIP(Lys37PAL) exhibited
substantially greater and more protracted insulin responses than
native GIP. Thus plasma insulin from 30 to 60 min and AUC
values were significantly increased (Figure 5A,B). The overall
enhancement of insulin release by GIP(Lys16PAL) and GIP-
(Lys37PAL) over native GIP was 2.4- and 2.7-fold (P < 0.05
to P < 0.01), respectively.

Dose-Dependent Metabolic Action in ob/ob Mice.On the
basis of results obtained, GIP(Lys37PAL) was chosen for more
detailed studies. Figure 6 shows the plasma glucose and insulin

AUC (0-60 min) responses when administered together with
glucose to ob/ob mice. Maximal effects of GIP and GIP-

Figure 3. Insulin-releasing activity of GIP, GIP(Lys16PAL), and GIP-
(Lys37PAL) in the clonal pancreaticâ-cell line, BRIN-BD11. (A) After
a preincubation (40 min), the effects of various concentrations of peptide
were tested on insulin release during a 20 min incubation in the presence
of 0.5% (w/v) BSA. Values are means( SEM for eight separate
observations. Secretory output in the presence of the various GIP
peptides was consistently different (P < 0.05 to<0.01) to control (5.6
mM glucose alone). There were no significant differences between the
peptide groups. (B) After a preincubation (40 min), the effects of various
concentrations of BSA were tested on insulin releasing characteristics
of native GIP and GIP(Lys37PAL). The effects of 2 h preincubation
with peptide are also shown. *P < 0.05, **P < 0.01 and*** P < 0.001
compared to glucose alone and∆P < 0.05 compared to native GIP at
same BSA concentration.

Figure 4. Glucose lowering effects of GIP, GIP(Lys16PAL), and GIP-
(Lys37PAL) in 18 h fasted (ob/ob) mice. (A) Plasma glucose concentra-
tions were measured prior to and after intraperitoneal administration
of glucose alone (18 mmol kg-1 body weight) as a control or in
combination with GIP or fatty acid derivatized analogues (25 nmol
kg-1 body weight). (B) The incremental area under the glucose curve
(AUC) between 0 and 60 min. Values represent means( SEM for
eight mice. *P < 0.05, **P < 0.01 compared to glucose alone.∆P <
0.05 compared to native GIP.

Figure 5. Insulin releasing activity of GIP, GIP(Lys16PAL), and GIP-
(Lys37PAL) in 18 h fasted (ob/ob) mice. (A) Plasma insulin concentra-
tions were measured prior to and after intraperitoneal administration
of glucose alone (18 mmol kg-1 body weight) as a control or in
combination with GIP or fatty acid derivatized analogues (25 nmol
kg-1 body weight). (B) The incremental area under the insulin curve
(AUC) between 0 and 60 min. Values represent means( SEM for
eight mice. *P < 0.05, **P < 0.01, ***P < 0.001 compared to glucose
alone.∆P < 0.05,∆∆P < 0.01 compared to native GIP.
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(Lys37PAL) were seen at 25 nmol kg-1 body weight. GIP-
(Lys37PAL) evoked significantly reduced glycemic excursions
at doses of 12.5 or 25 nmol kg-1, whereas the effects of GIP
failed to reach significance throughout the dosage range. A
similar pattern was evident from the corresponding insulin
AUC values compared to glucose control (Figure 6B). GIP-
(Lys37PAL) induced significantly raised insulin responses at
doses of 12.5 nmol kg-1 and above. The derivatized peptide
was also significantly more effective than native GIP at all doses
tested.

Longer-Term Actions in ob/ob Mice. A dose of 12.5 nmol
kg-1 was chosen to evaluate the longer-term duration of action
of a single dose of native or fatty acid derivatized GIP in
nonfasted ob/ob mice. As shown in Figure 7, GIP had a
transient, but not significant, effect on plasma glucose. In
contrast, GIP(Lys37PAL) induced a significant (P < 0.01) and
sustained decrease of glycemia. Glucose concentrations at 24 h
and AUC values were significantly less (P < 0.05 toP < 0.01)
than native GIP or saline treated controls. Insulin concentrations
had a tendency to be higher in the GIP(Lys37PAL) group from
4 to 24 h, but values were not significantly different from either
groups of controls (Figure 8). Food intake was similar in the
three groups over the 24 h period.

The effects of once daily injection of ob/ob mice for 14 days
with GIP(Lys37PAL) (12.5 nmol kg-1 per day) are shown in
Figure 9. Plasma glucose and glucose tolerance were signifi-

cantly improved at day 14 compared with saline treated controls
(P < 0.05- P < 0.01). Nonfasting insulin concentrations were
similar in the two groups, but insulin response to glucose was
significantly greater following GIP(Lys37PAL) treatment as
indicated by AUC measures (P < 0.05).

Figure 6. Dose-dependent effects of GIP and GIP(Lys37PAL) in 18 h
fasted (ob/ob) mice. The incremental area under the curve (AUC) for
glucose (A) and insulin (B) between 0 and 60 min after intraperitoneal
administration of glucose alone (18 mmol kg-1 body weight) or in
combination with GIP or GIP(Lys37PAL) (each at 6.25, 12.5 and 25
nmol kg-1 body weight). Values represent 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 < 0.01 compared to native GIP
at the same concentration.

Figure 7. Prolonged glucose lowering effects of GIP and GIP-
(Lys37PAL) in ob/ob mice. (A) The 24 h plasma glucose concentration
profile after intraperitoneal administration of saline alone (0.9% w/v
NaCl) as a control, GIP, or GIP(Lys37PAL) (12.5 nmol kg-1 body
weight). (B) The incremental area under the glucose curve (AUC)
between 0 and 24 h. Values represent means( SEM for eight mice.
*P < 0.05, **P < 0.01 compared to saline alone.∆P < 0.05,∆∆P <
0.01 compared to native GIP.

Figure 8. Prolonged insulinotropic effects of GIP and GIP(Lys37PAL)
in ob/ob mice. (A) The 24 h plasma insulin concentration profile after
intraperitoneal administration of saline alone (0.9% w/v NaCl) as a
control, GIP, or GIP(Lys37PAL) (12.5 nmol kg-1 body weight). (B)
The incremental area under the insulin curve (AUC) between 0 and 24
h. Values represent means( SEM for eight mice.
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Discussion

The multi-action antihyperglycemic and insulinotropic effects
of GIP and GLP-1 bestow a major advantage on these native
peptides as potential antidiabetic agents compared with present
use of single-action nonendogenous drugs.4 Consequently, there
is an abundance of ongoing research concentrating on the
administration of GIP or, particularly, GLP-1 for the treatment
of type 2 diabetes.31,32 However, both hormones have a
significantly compromised therapeutic potential due to their
degradation by DPP IV6 and rapid elimination from the body.21

Recently several approaches have been implemented to design
stable, long-acting analogues of GLP-1.25,26Currently, the DPP
IV resistant GLP-1 derivatives, Liraglutide,24 Albugon,33 and
CJC-1131,34 and the naturally occurring GLP-1 receptor agonist
exendin-4(1-39)35 are undergoing clinical trials in type 2
diabetes.36 Although largely overlooked by all but two major
groups, structural analogues of the sister incretin, GIP, may have
similar or, due to lack of effects on gastric emptying,27 enhanced
antidiabetic potential compared with GLP-1.2,13,31 Thus the
glucose lowering actions of GIP do not involve inhibition of
gastric emptying which appears to be the cause of nausea in a
sizable number of individuals treated with GLP-1 agonists.25,26

A large number of amino-terminally modified GIP analogues
exhibiting DPP IV resistance and enhanced bioactivity have now
been described, including N-terminally protected palmitate
substituted GIP.2,13,28-31 This study takes a further important
step in optimizing the molecular design of GIP analogues by
specifically evaluating the lone effects of introducing an acylated
palmitate side chain at Lys16 or Lys37 of native GIP. Such an
approach was first adopted for insulin to extend bioactivity by
promoting albumin binding and decreasing peptide clearance.22

Successful synthesis of fatty acid derivatized GIP analogues
and ability to bind serum albumin were confirmed by MALDI-
TOF mass spectrometry. Surprisingly, both GIP(Lys16PAL) and
GIP(Lys37PAL) displayed resistance to DPP IV, which rapidly
cleaved native GIP to the inactive metabolite GIP(3-42), as
reported previously.8 Thus, whereas in vitro degradation of
native GIP was substantial by 2 h and complete within 8 h,

both fatty acid derivatized analogues remained fully intact after
exposure to DPP IV for up to 24 h. This implies that acylation
of GIP with a C-16 palmitate group at position 16 or 37 masks
the potential cleavage site for DPP IV and that N-terminal
protection is not necessary for enzyme resistance.28-30 This was
unexpected given that the three-dimensional structure of GIP
amounts to gentle helical turns around a strong backbone as
revealed by computer-assisted secondary structure analysis.37,38

However, other studies have shown that distant regions of GIP
affect binding to the active site of DPP IV.39 Although
unconfirmed by mass spectroscopy, another feasible explanation
for the unanticipated resistance of both GIP analogues to DPP
IV may be the possibility of peptide self-association due to their
fatty acid side chains. The possibility also exists that these
hydrophobic GIP molecules exhibit inhibitory actions unrelated
to normal mechanisms of DPP IV resistance.

Structural modification affecting the DPP IV cleavage site
on the amino terminus of GIP is highly influential for bioactivity,
potentially resulting in analogues with unchanged, increased,
decreased, or even antagonistic potency.2 Consistent with earlier
studies,9-11 native GIP prominently stimulated cAMP production
and insulin secretion in GIP receptor transfected CHL cells and
BRIN-BD11 cells in vitro. Both GIP(Lys16PAL) and GIP-
(Lys37PAL) exhibited similar dose-dependent effects to native
GIP, being reminiscent of the actions of acetylated or pyro-
glutamyl GIP(Lys37PAL).28,30This indicates that the fatty acid
derivatized DPP IV resistant GIP molecules retained full affinity
for the GIP receptor and ability to activate signal transduction
pathways culminating in stimulation of adenylate cyclase and
insulin secretion. At very high albumin concentrations insulin-
releasing potency of GIP(Lys37PAL) was diminished, presum-
ably reflecting much lower levels of free peptide due to greater
albumin binding. Thus, it is apparent from these observations
that the inadvertent introduction of DPP IV resistance, by
attachment of a palmitate group at either Lys16 or Lys37 of GIP,
is not accompanied by compromised receptor activation and
therefore represents a significant and unexpected attribute in
terms of likely in vivo bioactivity.

Consistent with this view, GIP(Lys16PAL) and GIP(Lys37PAL)
displayed significantly enhanced antihyperglycemic and insulin
releasing activity when administered with glucose to the
commonly employed ob/ob mouse model.40 Thus, despite the
particularly severe glucose intolerance and insulin resistance
exhibited by this mutant, individual plasma glucose and insulin
concentrations together with AUC measures were significantly
improved compared with native GIP. The insulin response to
GIP(Lys16PAL), and especially GIP(Lys37PAL), were particu-
larly prominent during the latter stages of the test. This is
consistent with the ability of GIP analogues to overcome any
diabetes-associated pancreaticâ-cell defects.20 It also suggests
that the two fatty acid derivatized analogues have a protracted
in vivo half-life compared to native GIP and in vivo bioactivity
similar to N-terminally modified palmitate GIP analogues.28,30

This is likely due to their receptor binding activity, inherent
resistance to DPP IV degradation, and also their affinity to bind
to serum albumin, thus preventing kidney catabolism and
subsequent removal from the body.

In support of protracted biological activity, single injection
of the more potent agonist, GIP(Lys37PAL), resulted in a notable
decline of plasma glucose that was sustained for at least 24 h.
This was associated with a trend toward elevated insulin, but
concentrations were not significantly raised at any time point.
This presumably reflects the glucose-dependent insulinotropic
actions of GIP, although involvement of the established extra-

Figure 9. Effects of daily GIP(Lys37PAL) administration in ob/ob mice
on (A) nonfasting plasma glucose and insulin concentrations and (B)
glucose tolerance and plasma insulin response to glucose. Tests were
conducted after 14 daily injections of either GIP(Lys37PAL) (12.5 nmol
kg-1 body weight per day) or saline vehicle (control). Glucose (18 mmol
kg-1 body weight) was administered by intraperitoneal injection at the
time indicated by the arrow. Plasma glucose and insulin AUC values
for 0-60 min postinjection are shown. Values are mean( SEM for
eight mice. *P < 0.05, **P < 0.01 compared to saline control.
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pancreatic actions of GIP cannot be totally discounted.3 In
contrast, similar injection of native GIP to nonfasted ob/ob mice
had little metabolic consequence even at 4 h, reflecting its rapid
degradation by the ubiquitous enzyme DPP IV.6

Direct comparison of the efficacy and potency of native GIP
and GIP(Lys37PAL) was achieved by dose-response studies
involving injection of peptide together with glucose in ob/ob
mice. Over a dosage range of 6.25-25 nmol kg-1, native GIP
lacked appreciable effects on overall AUC glucose and insulin
responses, reflecting the compromisedâ-cell function and insulin
resistance of the ob/ob syndrome at the age studied.40 In contrast,
GIP(Lys37PAL) stimulated insulin release at the lowest dose
tested and was consistently more potent than native GIP. Since
in vitro potency of the two peptides was similar, this suggests
that the benefits of acylation are related to enhancement of
biological potency and half-life, plus possible involvement of
extrapancreatic actions such as stimulation of glucose uptake,41

inhibition of hepatic glucose production,42 and enhancement of
insulin-dependent inhibition of glycogenolysis.43 Comparison
with previous studies29,30also suggests that GIP(Lys37PAL) has
in vivo biological activity at least as good as corresponding
acetylated and pyroglutamyl analogues, denoting that acylation
of GIP with a C-16 palmitate group at position 37 masks the
potential cleavage site for DPP IV and that N-terminal modi-
fication may not be obligatory to confer enzyme resistance.
Consistent with antidiabetic efficacy, daily injection of ob/ob
mice with GIP(Lys37PAL) at 12.5 nmol kg-1 body weight per
day decreased nonfasting glucose, improved glucose tolerance,
and enhanced the plasma insulin response to glucose.

In conclusion, this study has demonstrated that simple
acylation of GIP at positions Lys16 or Lys37 with palmitate
prolongs the biological actions and antihyperglycemic activity
of GIP. This is presumably achieved through a combination of
unexpected disruption of DPP IV mediated peptide degradation
and retardation of renal clearance due to albumin binding. The
ability of fatty acid derivatized GIP to reproduce the attributes
of more complex N-terminally modified analogues, improve
glycemic control, and retain antidiabetic effects 24 h after a
single injection make these attractive agents for future clinical
evaluation as possible once daily treatment of type 2 diabetes.

Experimental Section

Animals. Obese diabetic (ob/ob) mice 14- to 18-week-old were
obtained from the Aston colony. The genetic background and
characteristics of the colony used have been outlined in detail
elsewhere.40 The animals were housed individually in an air-
conditioned room at 22( 2 °C with a 12 h light:12 h dark cycle
(08:00-20:00 h). All experiments were commenced at 10:00 h.
Drinking water and a standard rodent maintenance diet were freely
available. All animal experiments were carried out in accordance
with the U.K. Animals (Scientific Procedures) Act 1986. No adverse
effects were observed following administration of any of the
peptides.

Synthesis and Purification of GIP and Related Analogues.
GIP was sequentially synthesized on an Applied Biosystems (Foster
City, CA) automated peptide synthesizer (Model 432 A) using
standard solid-phase Fmoc peptide chemistry as described previ-
ously.11 The two novel fatty acid derivatized GIP analogues,
GIP(Lys16PAL) and GIP(Lys37PAL), were synthesized in the same
way as native GIP but with the exception that the normal Fmoc-
protected lysine residue at either position 16 or 37 was exchanged
for an Fmoc-protected Lys(palmitoyl)-OH residue. GIP has four
potential acylation sites at Lys16, Lys30, Lys33, and Lys37. The lysine
residue nearest the N-terminal and the lysine residue nearest the
C-terminal were selected for palmitate acylation (Figure 1). The
synthetic peptides were judged pure (>95%) by two diverse

reversed-phase HPLC systems, namely Waters Millenium 2010
chromatography system (Software version 2.1.5) and a Thermo
Separation Products automated Workstation, using a model P200
pump, an AS3000 autosampler, and a UV2000 tuneable absorbance
detector (Thermo Separation Products, CA). Peptides were subse-
quently characterized using matrix-assisted laser desorption ioniza-
tion-time-of-flight (MALDI-TOF) mass spectrometry as described
previously.44 This technique was also used to confirm formation
of GIP-fatty acid-albumin complex on exposure of GIP analogues
to bovine serum albumin in vitro.

DPP IV Degradation Studies.Degradation of GIP and fatty
acid derivatized GIP analogues were performed using HPLC
analysis as described previously.11 Briefly, GIP or GIP analogues
were incubated in vitro at 37°C in 50 mM triethanolamine-HCl
(pH 7.8, final peptide concentration 2 mM) with purified porcine
dipeptidyl peptidase IV (5 mU) for 0, 2, 8, and 24 h. The reactions
were subsequently terminated by addition of 10% (v/v) TFA/water,
and intact GIP was separated from the major degradation product
GIP(3-42) by HPLC using a Vydac C-4 column (4.6× 250 mm;
The Separations Group, Hesparia, CA). Absorbance was monitored
at 206 nm using a SpectraSystem UV 2000 detector (Thermoquest
Ltd., Manchester, U.K.), and the peaks were collected manually
prior to MALDI-TOF mass spectrometry. HPLC peak area data
were used to calculate the percentage intact peptide remaining at
the various time points during the incubation.

In Vitro Biological Activity. Intracellular cAMP production was
measured using previously described GIP-receptor transfected
Chinese hamster lung (CHL) fibroblasts.45 CHL cells were seeded
into 12-multiwell plates (Nu¨nc, Roskilde, Denmark) at a density
of 105 cells per well and allowed to grow for 48 h before being
loaded with tritiated adenine (2µCi). The cells were then incubated
at 37°C for 6 h in 1 mL ofDMEM, supplemented with 0.5% (w/
v) BSA, and subsequently washed twice with HBS (Hanks buffered
saline buffer). The cells were then exposed to varying concentrations
of GIP/GIP analogues (10-13 to 10-6 M) in HBS buffer (estimated
albumin concentration 76.5µM) in the presence of 1 mM
3-isobutyl-1-methylxanthine (IBMX) for 15 min at 37°C. The
medium was subsequently removed, and the cells were lysed with
1 mL of 5% trichloroacetic acid containing 0.1 mM unlabeled
cAMP and 0.1 mM unlabeled ATP. The intracellular tritiated cAMP
was then separated on Dowex and alumina exchange resins (Life
Science Research, Larne, U.K.) as described previously.11

Acute insulin-release studies were carried out using clonal
pancreatic BRIN-BD11 cells, whose origin, characteristics, and
secretory responsiveness have been outlined in detail elsewhere.46

BRIN-BD11 cells were seeded into 24-multiwell plates at a density
of 105 cells per well and allowed to attach overnight at 37°C. Acute
tests for insulin release were preceded by 40 min preincubation at
37 °C in 1.0 mL of Krebs Ringer bicarbonate buffer (pH 7.4)
supplemented with 0.5% (w/v) BSA and 1.1 mM glucose (estimated
albumin concentration 76.5µM). Test incubations were performed
in the presence of 5.6 mM glucose with a range of concentrations
(10-13 to 10-6 M) of GIP or fatty acid derivatized GIP analogues.
After 20 min incubation, the buffer was removed from each well,
and aliquots (200µL) were stored at-20 °C for measurement of
insulin. The incubation of 0.5% (w/v) BSA in the in vitro incubation
buffers is standard practice to minimize loss of peptide (tested or
secreted) onto polystyrene tubes and pipet tips. In a separate series
of experiments, the insulinotropic effects of native GIP and
GIP(Lys37PAL) were examined in the presence of higher concentra-
tions of BSA and following an extended (2 h) peptide incubation
in 1% BSA.

In Vivo Biological Activity. Metabolic and dose-response
effects of GIP and fatty acid derivatized GIP analogues (at 6.25,
12.5, and 25 nmol kg-1 body weight) following a simultaneous
intraperitoneal glucose administration (18 mmol kg-1 body weight)
were examined in 18 h fasted mice. In a separate experiment,
nonfasted ob/ob mice received a one-off injection (10:00 h) of saline
vehicle (0.9% (w/v), NaCl), native GIP, or fatty acid derivatized
GIP (12.5 nmol kg-1 body weight). Food was freely available
throughout the following 24 h. In a further experimental series,
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groups of ob/ob mice received once daily intraperitoneal injections
(17:00 h) of either saline vehicle (0.9%, w/v, NaCl) or GIP-
(Lys37PAL) at 12.5 nmol kg-1 body weight per day. After 14 days,
nonfasting glucose, insulin, and intraperitoneal glucose tolerance
(18 mmol kg-1 body weight) were determined. All test solutions
were administered by intraperitoneal injection in a final volume of
5 mL kg-1 body weight, and blood was collected from the cut tip
of the tail vein of conscious mice into chilled fluoride/heparin
glucose microcentrifuge tubes (Sarstedt, Nu¨mbrecht, Germany)
immediately prior to injection and at the times indicated on the
figures. Plasma was separated using a Beckman microcentrifuge
(Beckman Instruments, U.K.; for 30 s at 13 000g) and stored at
-20 °C prior to glucose and insulin determinations. All acute tests
were commenced at 10:00 h.

Plasma Glucose and Insulin Assays.Plasma glucose was
assayed by an automated glucose oxidase procedure using a
Beckman Glucose Analyzer II.47 Plasma insulin was assayed by
dextran-charcoal RIA as described previously.40 Incremental areas
under plasma glucose and insulin curves (AUC) were calculated
using a computer-generated program employing the trapezoidal rule
with baseline subtraction.48

Analyses. Results are expressed as means( SEM and data
compared using the unpaired Student’st-test. Where appropriate,
data were compared using repeated measures ANOVA or one-way
ANOVA, followed by the Student-Newman-Keuls post hoc test.
Groups of data from both were considered to be significantly
different if P < 0.05.
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