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(Pro3)GIP[mPEG]: novel, long-acting, mPEGylated
antagonist of gastric inhibitory polypeptide for
obesity-diabetes (diabesity) therapy

PL McClean1, N Irwin1, K Hunter, VA Gault and PR Flatt

School of Biomedical Sciences, University of Ulster, Coleraine, Northern Ireland, UK

Background and purpose: Antagonism of the gastric inhibitory polypeptide (GIP) receptor with daily injection of proline-3
gastric inhibitory polypeptide ((Pro3)GIP) can reverse or prevent many of the metabolic abnormalities associated with diet-
induced obesity-diabetes (diabesity). This study has examined the ability of a novel and longer-acting form of (Pro3)GIP,
(Pro3)GIP mini-polyethylene glycol ((Pro3)GIP[mPEG]), to counter diet-induced diabesity in mice, using a daily and
intermittent dosing regime.
Experimental approach: We studied the actions of (Pro3)GIP[mPEG] at the GIP receptor in vitro and in vivo in both dietary and
genetic diabesity.
Key results: (Pro3)GIP[mPEG] was completely resistant to degradation by dipeptidyl peptidase IV. (Pro3)GIP[mPEG] inhibited
GIP-induced cAMP and insulin production in vitro. A greater and prolonged antagonism of GIP-induced glucose-lowering
action was followed (Pro3)GIP[mPEG] administration, compared with (Pro3)GIP. In contrast with (Pro3)GIP, mice injected once
every 3 days for 48 days with (Pro3)GIP[mPEG] displayed reduced body weight gain and hyperinsulinemia with improved
glucose tolerance and insulin secretory responses, compared with high-fat-fed controls. Daily i.p. injection of (Pro3)GIP,
(Pro3)GIP[mPEG] or (Pro3)GIP b.i.d. for 21 days also decreased body weight, circulating plasma insulin levels and improved
glucose tolerance, compared with high-fat controls. Plasma triglycerides were decreased by (Pro3)GIP[mPEG] and (Pro3)GIP
b.i.d. treatment groups. The observed changes were accompanied by enhancement of insulin sensitivity in all treatment
regimes. (Pro3)GIP[mPEG] was also effective over 16 days treatment of genetically obese-diabetic ob/ob mice.
Conclusions and implications: These data demonstrate the utility of GIP receptor antagonism for the treatment of diabesity
and the potential offered by (Pro3)GIP[mPEG] as a long-acting stable GIP receptor antagonist.
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Introduction

Gastric inhibitory polypeptide (GIP) is a gastrointestinal

hormone secreted from enteroendocrine K-cells in response

to nutrient absorption following feeding (Brown, 1994).

Although for some time it was believed to be purely an

incretin hormone, moderating pancreatic b-cell insulin release,

several studies have indicated that GIP has wider effects on

extra-pancreatic sites (Vella and Rizza, 2004). The GIP receptor

is expressed on various extra-pancreatic tissues, including

bone, intestine, heart, stomach, brain and adipose tissue

(Usdin et al., 1993). Furthermore, the potent and protracted

secretion of GIP following fat ingestion (Ross and Dupre, 1978)

would indicate a crucial role of GIP in fat metabolism (Yip and

Wolfe, 2000). In this regard, early and more recent studies have

now identified overstimulation of the GIP receptor as a key

link between consumption of energy-rich high-fat diets and

obesity-diabetes (hereafter ‘diabesity’) (Flatt et al., 1983; Bailey

et al., 1986; Yamada et al., 2006; Hansotia et al., 2007).

On the basis of these observations, a clear rationale for the

use of GIP receptor antagonists as a treatment of diabesity

has emerged. Thus, both normal and obese-diabetic (ob/ob)

mice with genetic knockout of the GIP receptor are protected

from diet-induced obesity (Miyawaki et al., 2002). Our

previous studies in ob/ob and diet-induced obese mice have

shown that subchronic daily administration of the specific and

stable GIP receptor antagonist, proline-3 gastric inhibitory
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polypeptide ((Pro3)GIP) (Gault et al., 2002), can prevent

or reverse many of the established metabolic abnormalities

associated with diabesity (Gault et al., 2005, 2007a; Irwin

et al., 2007; McClean et al., 2007). Ultimately however, the

circulating half-life of (Pro3)GIP is subject to renal clearance,

which detracts from its therapeutic utility (Meier et al.,

2004).

One possible approach to avoid renal filtration and

clearance from the body involves the design and synthesis

of fatty acid derivatives of (Pro3)GIP. We have previously

characterized a fatty acid-derivatized (Pro3)GIP analogue and

shown that acylation of Lys16 with palmitic acid in (Pro3)GIP

does not readily improve its biological effectiveness as a

GIP receptor antagonist during a once-daily dosing regime

in ob/ob mice (Gault et al., 2007b). Consequently, a second

approach to avoid renal filtration and clearance of (Pro3)GIP

might be through addition of a mini-polyethylene glycol

(mPEG) residue. PEGylation of peptides and proteins has

been shown to prolong circulating half-lives through

decreased renal clearance and increased proteolytic stability

(Harris and Chess, 2003). The usefulness of this approach has

been successfully exploited using glucagon-like peptide-1

(GLP-1) and positive effects on stability and bioactivity have

been obtained with a truncated form of GIP (Salhanick et al.,

2005; Lee et al., 2006).

We have recently reported that repeated daily administra-

tion of (Pro3)GIP is associated with elevated (Pro3)GIP levels

at least 24 h after the previous injection (McClean et al.,

2007), reminiscent of the delayed clearance of exendin-4

(Simonsen et al., 2006). This study was designed to

investigate the metabolic stability, biological activity and

duration of action of a novel long-acting (Pro3)GIP peptide,

(Pro3)GIP mini-polyethylene glycol ((Pro3)GIP[mPEG]).

(Pro3)GIP[mPEG] has a mPEG group conjugated to the

C-terminal of (Pro3)GIP. This smaller mPEG molecule

possesses similar properties to larger PEG conjugates, but

should cause less interference with biological activity (Gault

et al., 2008). The stability of (Pro3)GIP[mPEG] and biological

activity were examined and compared with (Pro3)GIP.

In addition, normal mice fed with a high-fat diet or mutant

ob/ob mice were used to examine whether prolonged

daily injections of (Pro3)GIP[mPEG] were able to reverse

diet- or genetically induced diabesity in a similar fashion

to (Pro3)GIP (McClean et al., 2007). Furthermore, high-

fat-fed mice were also used to examine the subchronic

metabolic effects of (Pro3)GIP[mPEG] administration once

every 3 days.

Materials and methods

Peptide synthesis

Native GIP, (Pro3)GIP and (Pro3)GIP[mPEG] were purchased

from Sigma Genosys (Cambridge, UK). (Pro3)GIP[mPEG]

was created by addition of a 145 Da PEG residue to the

C-terminus of (Pro3)GIP. All peptides were characterized

using matrix-assisted laser desorption ionization-time of

flight mass spectrometry as described previously (Gault

et al., 2007b).

Assessment of peptide degradation

Degradation of native GIP, (Pro3)GIP and (Pro3)GIP[mPEG]

was performed using HPLC analysis as described previously

(Gault et al., 2007b). Briefly, (Pro3)GIP[mPEG] was incubated

in vitro at 37 1C in 50 mM triethanolamine–HCl (pH 7.8) with

dipeptidyl peptidase IV (DPP-IV) (5 mU) for 0, 2, 4, 8 and

24 h. Reactions were subsequently terminated by addition of

10% (v/v) trifluoroacetic acid/water and intact GIP separated

from the major degradation product GIP(3–42) by HPLC and

peaks collected manually before electrospray ionization-MS.

HPLC peak area data were used to calculate percentage

intact peptide remaining at various time points throughout

incubation.

In vitro biological activity

BRIN-BD11 cells were harvested (McClenaghan et al., 1996),

seeded into 96-well plates (3�104 cells per well) and grown

for 16 h. Cells were washed twice in Hank’s buffered saline

buffer and incubated (20 min; 37 1C) with varying concen-

trations of (Pro3)GIP or (Pro3)GIP[mPEG] in the presence of

native GIP (10�7
M) in Hank’s buffered saline| buffer contain-

ing 1 mM IBMX. Medium was subsequently removed, cells

were lysed and cAMP levels in the lysate were mea-

sured using an high throughput screening (HTS) chemi-

luminescent immunoassay kit (Millipore, Watford, UK).

For assessment of insulin-release, BRIN-BD11 cells were

seeded into 24-well plates (105 cells per well) and allowed

to attach overnight at 37 1C. Before acute tests, cells were

pre-incubated (40 min; 37 1C) in Krebs–Ringer bicarbonate

buffer (pH 7.4) supplemented with 0.5% (w/v) BSA and

1.1 mM glucose. Test incubations were performed in the

presence of 5.6 mM glucose with a range of concentrations

of (Pro3)GIP or (Pro3)GIP[mPEG] in the presence of native

GIP (10�7
M). After incubation (20 min; 37 1C), the buffer

was removed from each well and aliquots (200 mL) stored

at �20 1C before measurement of insulin.

Animals

All animals had free access to drinking water, and experi-

ments were carried out in accordance with the UK Animals

(Scientific Procedures) Act 1986. Young (8-week-old) male

NIH Swiss mice (Harlan Ltd, Oxon, UK) were divided into

groups and housed individually in an air-conditioned room

at 22±2 1C with a 12 h light:12 h dark cycle (0800–2000

hours). Groups of mice had access to a high-fat diet (45% fat,

20% protein and 35% carbohydrate; percentage of total

energy of 26.15 kJ g�1; Special Diets Service, Essex, UK).

Age-matched control mice from the same source had free

access to standard rodent maintenance diet (10% fat, 30%

protein and 60% carbohydrate; percentage of total energy of

12.99 kJ g�1; Trouw Nutrition, Cheshire, UK) and were used

for comparative purposes as appropriate. Before commence-

ment of experimental studies, all mice with diet-induced

obesity were maintained on a high-fat diet for 154 days.

Obesity and diabetes were clearly manifest as judged by body

weight and plasma glucose and insulin analyses.

For another set of experiments, obese-diabetic (ob/ob) mice

(18 weeks old) obtained from the colony maintained at
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Aston University were divided into groups and housed

individually in an air-conditioned room at 22±2 1C with a

12 h light:12 h dark cycle (0800–2000 hours). Ob/ob mice had

free access to standard rodent maintenance diet (as detailed

above).

Acute in vivo studies

An initial acute experiment was preformed in high-fat mice

to compare the duration of pharmacological activity of

(Pro3)GIP and (Pro3)GIP[mPEG] by examining metabolic

responses to i.p. injection of glucose (18 mmol kg�1) in

combination with native GIP (25 nmol kg�1) at 4, 24 and

48 h after (Pro3)GIP, (Pro3)GIP[mPEG] or saline vehicle

administration (25 nmol kg�1).

Long-term in vivo studies

Mice fed previously with a high-fat diet received i.p. injec-

tions of (Pro3)GIP, (Pro3)GIP[mPEG] (both at 25 nmol kg�1)

or saline vehicle (control) once every 3 days (1700 hours) for

48 days. Food intake and body weight were recorded daily,

whereas plasma glucose and insulin concentrations were

monitored at intervals of 3–5 days. Intraperitoneal glucose

tolerance (18 mmol kg�1) and insulin sensitivity (25 U kg�1)

tests were performed at the end of the study period. In a

separate series, evaluation of pancreatic b-cell secretory

response to glucose (18 mmol kg�1), arginine (0.25 g kg�1),

GLP-1 and glucagon (both at 25 nmol kg�1) were assessed in

(Pro3)GIP[mPEG]-treated mice at the end of the study period.

In a second series of experiments, additional groups of

high-fat animals received once-daily i.p. injections (1700

hours) of either saline vehicle (0.9% (w/v), NaCl), (Pro3)GIP,

(Pro3)GIP[mPEG] (both at 25 nmol kg�1) or (Pro3)GIP b.i.d.

(0900 and 1700 hours; both injections at 25 nmol kg�1) for

21 days. Observations were continued following cessation of

all treatment regimes for a further 21 days. Plasma for

measurement of cholesterol and triglycerides was taken on

day 21. Intraperitoneal glucose tolerance (18 mmol kg�1) and

insulin sensitivity (25 U kg�1) tests were performed on days

21 and 42.

In a third series of experiments, ob/ob mice received

once-daily i.p. injections (1700 hours) of either saline vehicle

(0.9% (w/v), NaCl), (Pro3)GIP or (Pro3)GIP[mPEG] (each at

25 nmol kg�1) for 16 days. At the end of the treatment

period, i.p. glucose tolerance (18 mmol kg�1) and insulin

sensitivity (50 U kg�1) tests were performed.

Biochemical analysis

Blood samples (approximately 120 mL per bleed) were taken

from the cut tip of the tail vein of conscious mice at times

indicated in the figures and immediately centrifuged using a

Beckman microcentrifuge (Beckman Instruments, Galway,

Ireland) for 30 s at 13 000 g. The resulting plasma was then

aliquoted into fresh Eppendorf tubes and stored at �20 1C

before analysis. Where appropriate, liver was excised,

weighed and stored for measurement of triglyceride content

as described previously (Carr et al., 1993). Furthermore,

locomotor activity tests were performed as assessed from

total distance traversed in an open field (120�120 cm

surface area with 35-cm-high walls), calculated from mea-

surement of line breaks (15�15 cm grid) (McClean et al.,

2007). Plasma glucose was assayed by an automated glucose

oxidase procedure using a Beckman Glucose Analyzer II

(Beckman Instruments, Galway, Ireland) (Stevens, 1971),

with the exception of insulin sensitivity tests where

plasma glucose was measured from whole blood using

the ‘plasma calibrated’ Ascensia Contour Blood Glucose

Meter (Bayer AG, Leverkusen, Germany). Plasma insulin

was assayed by a modified dextran-coated charcoal radio-

immunoassay (Flatt and Bailey, 1981). Plasma and tissue

triglyceride and cholesterol levels were measured using a

Hitachi Automated Analyzer 912 (Boehringer, Mannheim,

Germany).

Statistics

Results are expressed as mean±s.e.mean. Data were com-

pared using ANOVA, followed by a Student’s–Newman–Keuls

post hoc test. Area-under-the-curve (AUC) analyses were

calculated using the trapezoidal rule with baseline subtrac-

tion (Burington, 1973). Po0.05 was considered to be

statistically significant.

Results

Degradation and in vitro actions of GIP, (Pro3)GIP and

(Pro3)GIP[mPEG] by DPP-IV

Gastric inhibitory polypeptide was rapidly degraded by DPP-

IV with a half-life of 2.2 h (Figure 1a). After 8 h, GIP was

completely degraded to GIP(3–42). In contrast, both (Pro3)-

GIP and (Pro3)GIP[mPEG] remained fully intact after pro-

longed incubations up to and including 24 h. When

incubated in the presence of native GIP, both (Pro3)GIP

and (Pro3)GIP[mPEG] significantly inhibited (2.9- and 2.3-

fold, respectively; Po0.001) GIP-induced cAMP production

with maximal inhibition observed at 10�6
M (Figure 1b).

Figure 1c shows the effects of (Pro3)GIP and (Pro3)GIP[mPEG]

on GIP-induced insulin secretion from clonal pancreatic

BRIN-BD11 cells. Both (Pro3)GIP and (Pro3)GIP[mPEG] dose-

dependently inhibited GIP-induced insulin-release (1.1- to

1.4-fold; Po0.01–Po0.001).

Persistent antagonistic effects of (Pro3)GIP and (Pro3)GIP[mPEG]

on GIP-induced glucose lowering in high-fat-fed mice

Administration of (Pro3)GIP or (Pro3)GIP[mPEG], 4 h pre-

viously, increased plasma glucose levels following combined

i.p glucose (18 mmol kg�1) and GIP (25 nmol kg�1) injection,

corresponding to significantly elevated (2.0-fold; Po0.01)

overall glycaemic excursions, compared with control

(Figure 1d). Similarly, administration of (Pro3)GIP and

particularly (Pro3)GIP[mPEG] 24 h previously also signifi-

cantly elevated (1.9- and 2.0-fold; Po0.05 and Po0.01,

respectively) the overall glycaemic excursion (Supplemen-

tary Table 1). The protracted duration of action of

(Pro3)GIP[mPEG] was still evident 48 h after administration,

where the glycaemic excursion was still significantly raised

(1.8-fold; Po0.05) compared with control (Supplementary

Table 1).
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Subchronic effects of once-daily injection of (Pro3)GIP[mPEG] and

(Pro3)GIP versus (Pro3)GIP b.i.d. on food intake, body weight,

plasma glucose and insulin concentrations in high-fat-fed mice

Administration of (Pro3)GIP, (Pro3)GIP b.i.d or (Pro3)GIP

[mPEG] had no effect on energy intake (Figure 2a). However,

from day 13 onwards, body weights of animals treated with

(Pro3)GIP and (Pro3)GIP b.i.d. were significantly reduced (by

5.7–7.5 g; Po0.05–Po0.01) compared with high-fat controls

(Figure 2b). This was accompanied by significantly reduced

circulating glucose levels in mice treated with (Pro3)GIP

b.i.d. and (Pro3)GIP once daily from day 7 and 17 onwards,

respectively (Figure 2c). Similarly, (Pro3)GIP[mPEG] signifi-

cantly lowered plasma glucose (1.3-fold; Po0.05) by day 17,

and body weights were correspondingly reduced (by 3.3 g;

Po0.01) compared with high-fat controls by day 16. Non-

fasting plasma insulin concentrations followed a similar

pattern with significant (2.2–4.0-fold; Po0.05–Po0.001)

reductions in all groups from day 10 onwards (Figure 2d).

Discontinuation of treatment regimes for 21 days revealed a

persistent beneficial effect on body weight, plasma glucose

and insulin in all treatment groups (Figure 2).

Subchronic effects of once-daily injection of (Pro3)GIP[mPEG] and

(Pro3)GIP versus (Pro3)GIP b.i.d. on glucose tolerance and insulin

sensitivity in high-fat-fed mice

High-fat-fed control animals exhibited impaired glucose

tolerance (1.8-fold; Po0.001) compared with control
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animals on day 21 (Figure 3a, Supplementary Table 2).

Groups treated with (Pro3)GIP b.i.d and (Pro3)GIP[mPEG]

had significantly reduced glycaemic excursions compared

with high-fat control (2.1- and 1.9-fold; Po0.001, respec-

tively) and (Pro3)GIP animals (1.4- and 1.3-fold; Po0.001

and Po0.01, respectively). Glucose-induced insulin levels

were significantly lowered in all treatment groups compared

with high-fat controls (2.7- to 6.6-fold; Po0.001) (Figure 3b,

Supplementary Table 2). Cessation of treatment regimes for

21 days resulted in similar glycaemic and insulin responses

for all treatment groups (Supplementary Table 2).

Following exogenous administration of insulin, plasma

glucose concentrations were significantly lowered (1.9- to

2.4-fold; Po0.05–Po0.001) at 30 and 60 min post-injection

in all treatment groups compared with high-fat controls

(Figure 3e). Furthermore, there were no significant differ-

ences between treatment groups and normal controls in

terms of post-injection and AUC glucose levels (Supplemen-

tary Table 2). Interestingly, following 21 days discontinua-

tion of treatment regimes, plasma glucose responses were

still significantly improved compared with high-fat-fed

controls (Figure 3f, Supplementary Table 2).

Subchronic effects of once-daily injection of (Pro3)GIP[mPEG] and

(Pro3)GIP versus (Pro3)GIP b.i.d. administration on lipid profile,

liver triglyceride content and physical activity in high-fat-fed mice

(Pro3)GIP b.i.d. treatment significantly reduced total plasma

cholesterol and triglyceride levels (1.4-fold; Po0.05) com-

pared with high-fat controls (Figures 4a and c). Furthermore,

(Pro3)GIP[mPEG] treatment significantly (1.6-fold; Po0.01)

lowered plasma triglyceride levels (Figure 4c). Neither high-

fat feeding nor treatment regimes had any effect on plasma

HDL-cholesterol concentrations (Figure 4d). Furthermore,

although there was a trend for decreased LDL-cholesterol

levels in all treatment groups compared with high-fat

control mice, this failed to reach significance by day 21

(Figure 4b). High-fat feeding caused a significant elevation of

liver triglyceride content (1.8-fold; Po0.05), which was

unaffected by any of the treatment regimes (Figure 4e).

High-fat feeding also had no significant effect on physical

activity compared with control diet (Figure 4f). However,

mice treated for 21 days with (Pro3)GIP[mPEG] exhibited

significantly greater locomotor activity, compared with mice

on a normal (1.6-fold; Po0.05) and high-fat diet (1.8;

Po0.01).
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Figure 2 Effects of once-daily injection of (Pro3)GIP[mPEG] and (Pro3)GIP versus twice-daily (Pro3)GIP administration on energy intake, body
weight, plasma glucose and insulin in mice with diet-induced obesity. (a) Energy intake, (b) body weight, (c) plasma glucose and (d) plasma
insulin were measured (at 3- to 4-day intervals) for 4 days before and 21 days during treatment with once-daily injection of (Pro3)GIP[mPEG]
(25 nmol kg�1), (Pro3)GIP (25 nmol kg�1) or twice-daily (Pro3)GIP (2�25 nmol kg�1). Parameters continued to be monitored for 21 days
following cessation of treatment. Mice had previously been fed with standard rodent maintenance diet (control) or high-fat-diet for 22 weeks.
Values are mean±s.e.mean. for eight mice. *Po0.05, **Po0.01 and ***Po0.001 compared with control group. DPo0.05, DDPo0.01,
DDDPo0.001 compared with high-fat control group.
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Figure 3 Effects of once-daily injection of (Pro3)GIP[mPEG] and (Pro3)GIP versus twice-daily (Pro3)GIP administration on glucose tolerance
(a, b), plasma insulin response to glucose (c, d) and insulin sensitivity (e, f) in mice with diet-induced obesity. Glucose tolerance tests were
conducted after 21 days of treatment with once-daily injection of (Pro3)GIP[mPEG] (25 nmol kg�1), (Pro3)GIP (25 nmol kg�1) or twice-daily
(Pro3)GIP (2�25 nmol kg�1) (a, b). Responses were also measured at 21 days following cessation of treatment (c, d). Mice had previously been
fed with standard rodent maintenance diet (control) or high-fat diet for 22 weeks. (a–d) Glucose (18 mmol kg�1) was administered at the time
indicated by the arrow. Overall plasma glucose and insulin area-under-the-curve (AUC) values for 0–60 min post injection are shown in
Supplementary Table 2. (e, f) Insulin sensitivity tests were conducted after 21 days of treatment with once-daily injection of (Pro3)GIP[mPEG]
(25 nmol kg�1), (Pro3)GIP (25 nmol kg�1) or twice-daily (Pro3)GIP (2�25 nmol kg�1) (e). Responses were also measured at 21 days following
cessation of treatment (f). Insulin (25 U kg�1) was administered at the time indicated by the arrow. Overall plasma glucose AUC values
for 0–60 min post-injection are shown in Supplementary Table 2. Values are mean±s.e.m. for nine mice. *Po0.05, **Po0.01 and
***Po0.001 compared with control group. DPo0.05, DDPo0.01, DDDPo0.001 compared with high-fat control group.
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Figure 4 Effects of once-daily injection of (Pro3)GIP[mPEG] and (Pro3)GIP versus twice-daily (Pro3)GIP administration on lipid profile, liver
triglyceride content and physical activity in mice with diet-induced obesity. (a) Total cholesterol, (b) plasma triglycerides, (c) HDL, (d) LDL, (e)
liver triglyceride content and (f) physical activity were measured 21 days following treatment with once-daily injection of (Pro3)GIP[mPEG]
(25 nmol kg�1), (Pro3)GIP (25 nmol kg�1) or twice-daily (Pro3)GIP (2�25 nmol kg�1). Mice had previously been fed with standard rodent
maintenance diet (control) or high-fat diet for 22 weeks. Values are mean±s.e.mean for nine mice. *Po0.05, **Po0.01 and ***Po0.001
compared with control group. DPo0.05, DDPo0.01 compared with high-fat control group.
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Subchronic effects of (Pro3)GIP and (Pro3)GIP[mPEG] injection

once every 3 days on food intake, body weight and non-fasting

plasma glucose and insulin levels in high-fat mice

Administration of (Pro3)GIP[mPEG] once every 3 days caused

a reduction in body weight. However, this failed to reach

significance over the 48-day study period (Figure 5a). In spite

of this, examination of 48-day body weight changes revealed

a significant (1.1- to 1.6-fold; Po0.05, respectively) reduc-

tion in body weight gain in (Pro3)GIP[mPEG]-treated mice

compared with (Pro3)GIP-treated and control mice

(Figure 5c). These effects were not associated with changes

in food intake (Figure 5b). Plasma insulin was significantly

decreased (2.8- to 3.3-fold; Po0.05–Po0.001) in mice treated

with (Pro3)GIP[mPEG] once every 3 days from day 2 onwards

(Figure 5e). (Pro3)GIP-treated mice also displayed signifi-

cantly (2.1- to 2.8-fold; P40.05 to Po0.01) lowered plasma

insulin levels compared with controls, but this effect

diminished after day 13. These changes in insulin levels

were not accompanied by significantly altered non-fasting

glucose concentrations (Figure 5d).

Subchronic effects of (Pro3)GIP and (Pro3)GIP[mPEG] injection

once every 3 days on glucose tolerance and insulin sensitivity in

high-fat-fed mice

Administration of (Pro3)GIP[mPEG] once every 3 days for 48

days significantly decreased (1.4-fold; Po0.05) plasma

glucose levels compared with controls and (Pro3)GIP-treated

mice at 60 min post-intraperitoneal glucose injection in

high-fat-fed mice (Figure 6a). In harmony with this, the
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Figure 5 Effects of (Pro3)GIP and (Pro3)GIP[mPEG] injections once every 3 days on body weight, energy intake, plasma glucose and insulin in
mice with diet-induced obesity. (a) Body weight, (b) energy intake, (c) body weight change (d) plasma glucose and (e) plasma insulin were
measured (at 3- to 4-day intervals) for 4 days before and 48 days during treatment with (Pro3)GIP[mPEG] or (Pro3)GIP once every 3 days
(25 nmol kg�1). Mice had previously been fed with standard rodent maintenance diet (control) or high-fat diet for 22 weeks. Values are
mean±s.e.mean for eight mice. *Po0.05, **Po0.01, ***Po0.001 compared with control and DPo0.05 compared with (Pro3)GIP-treated
mice.
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0–60 min overall glycaemic excursion was significantly

(1.3-fold; Po0.05) decreased in (Pro3)GIP[mPEG]-treated

mice compared with high-fat saline control mice

(Figure 6c). Overall plasma insulin concentrations were

significantly (1.3-fold; Po0.05) enhanced following (Pro3)-

GIP[mPEG] treatment compared with controls (Figure 6d).

The hypoglycaemic action of insulin was significantly

(1.5-fold; Po0.01 to Po0.001) augmented 60 min post-

insulin injection in high-fat-fed mice treated once every

3 days with (Pro3)GIP or (Pro3)GIP[mPEG] (Figure 6e).

However, 0–60 min AUC measures revealed a significant

(1.3-fold; Po0.05) enhancement of the actions of exogenous

insulin in only (Pro3)GIP[mPEG]-treated animals (Figure 6f).

Subchronic effects of (Pro3)GIP[mPEG] injection once every 3 days

on acute pancreatic b-cell response to glucose, arginine, GLP-1 and

glucagon in high-fat-fed mice

Administration of (Pro3)GIP[mPEG] once every 3 days for 48

days evoked a pronounced rise in insulin release 5 min after

glucose and arginine injection (Figures 7a and b). Further-

more, the 0–5 min difference in plasma insulin concentra-

tions following glucose and arginine administration was

significantly (2.2- and 3.2-fold; Po0.01, respectively) in-

creased by (Pro3)GIP[mPEG] treatment compared with con-

trol (Figures 7a and b). This treatment had no effect on the

acute pancreatic b-cell response to GLP-1 and glucagon

(Figures 7c and d).

Subchronic effects of daily injection of (Pro3)GIP and

(Pro3)GIP[mPEG] on body weight, food intake, plasma glucose and

insulin, glucose tolerance and insulin sensitivity in ob/ob mice

Administration of (Pro3)GIP or (Pro3)GIP[mPEG] for 16 days

in ob/ob mice had no effect on food intake or body weight.

In contrast, (Pro3)GIP or (Pro3)GIP[mPEG] significantly

reduced plasma glucose concentrations (1.4-fold; Po0.01

and 2.1-fold; Po0.001, respectively) compared with controls

(Table 1). Furthermore, Pro3)GIP[mPEG] treatment resulted

in significantly reduced (1.4-fold; Po0.05) plasma glucose

concentrations compared with animals receiving (Pro3)GIP.

Both (Pro3)GIP or (Pro3)GIP[mPEG] significantly reduced

plasma insulin (2.0-fold; Po0.05) (Table 1).

Daily administration of (Pro3)GIP or (Pro3)GIP[mPEG] for

16 days resulted in significantly reduced (1.3-fold; Po0.05

and 1.8-fold; Po0.001) plasma glucose concentrations

following i.p. glucose load (Figure 8a, Supplementary Table

3). However, glucose-mediated plasma insulin concentra-

tions were not significantly different (Figure 8b, Supplemen-

tary Table 3). As shown in Figure 8c, the hypoglycaemic

action of insulin was significantly augmented in ob/ob mice

treated with (Pro3)GIP (1.9-fold; Po0.05) or (Pro3)GIP

[mPEG] (1.6-fold; Po0.01).

Discussion

Recent observations have shown that antagonism of GIP

signalling using (Pro3)GIP can both protect against and
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Figure 6 Effects of (Pro3)GIP and (Pro3)GIP[mPEG] injections once every 3 days on glucose tolerance (a, c), plasma insulin response to glucose
(b, d) and insulin sensitivity (e, f) in mice with diet-induced obesity. Glucose tolerance and insulin sensitivity tests were conducted after 48 days
of treatment with (Pro3)GIP[mPEG] or (Pro3)GIP injections once every 3 days (25 nmol kg�1). Mice had previously been fed with standard
rodent maintenance diet (control) or high-fat diet for 22 weeks. (a–d) Glucose (18 mmol kg�1) was administered at the time indicated by the
arrow. Plasma glucose (a) and insulin (b) responses together with area-under-the-curve (AUC) values (c, d) for 0–60 min post-injection are
shown. (e, f) Insulin (25 U kg�1) was administered at the time indicated by the arrow. Plasma glucose responses together with AUC values for
0–60 min post-injection are shown. Values are mean±s.e.mean for nine mice. Po0.05, **Po0.01 and ***Po0.001 compared with control and
DPo0.05 compared with (Pro3)GIP-treated mice.
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reverse aspects of genetically and diet-induced diabesity

(Gault et al., 2005, 2007a; McClean et al., 2007). These

studies have used (Pro3)GIP as an enzymatically stable and

specific antagonist of the GIP receptor (Gault et al., 2002).

However, despite resistance to enzymic degradation, (Pro3)-

GIP, similar to native GIP, is still subject to renal clearance

(Meier et al., 2004). We have now taken a further step in

optimizing the molecular design of the peptide-based GIP

antagonist by specifically evaluating the effects of introdu-

cing a mPEG residue at the C-terminus of (Pro3)GIP.

As would be expected from previous research (Gault et al.,

2002), (Pro3)GIP and (Pro3)GIP[mPEG] were completely

resistant to enzymatic degradation by DPP IV. (Pro3)GIP

[mPEG] exhibited similar dose-dependent inhibitory effects

on GIP-induced cAMP production and insulin secretion as

(Pro3)GIP (Gault et al., 2002). This indicates that (Pro3)-

GIP[mPEG] retained affinity and effectiveness at the GIP

receptor, confirming expectations that (Pro3)GIP[mPEG]

functions as a GIP receptor antagonist in vitro. Consistent

with this view, (Pro3)GIP[mPEG] also displayed significant

inhibitory effects on GIP-enhanced anti-hyperglycaemic

actions when administered acutely to diet-induced obese

mice. Moreover, the biological actions of (Pro3)GIP[mPEG]

were greater and more protracted than (Pro3)GIP, indicative
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Figure 7 Effects of (Pro3)GIP and (Pro3)GIP[mPEG] injections once every 3 days on insulin response to glucose (a), arginine (b), GLP-1 (c) and
glucagon (d) in mice with diet-induced obesity. (Pro3)GIP[mPEG] (25 nmol kg�1) or saline vehicle (control) were administered once every 3
days for 48 days before tests. Plasma insulin was measured immediately before and 5 min after i.p. injection of glucose (18 mmol kg�1),
arginine (0.25 g kg�1), GLP-1 or glucagon (both at 25 nmol kg�1). Values are mean±s.e.mean for five mice. *Po0.05 and **Po0.01 compared
with control.

Table 1 Effects of once-daily administration of (Pro3)GIP[mPEG] and (Pro3)GIP on food intake, body weight, plasma glucose and insulin in ob/ob mice

Parameter Treatment

Saline control (Pro3)GIP (Pro3)GIP[mPEG]

Day 0 Day 16 Day 0 Day 16 Day 0 Day 16

Food intake (g per day per mouse) 8.6±0.5 7.4±0.7 9.7±0.3 8.9±0.3 8.7±0.5 7.7±0.9
Body weight (g) 89.5±2.7 89.3±3.0 90.2±2.6 87.8±2.9 90.3±3.1 88.6±2.8
Glucose (mM) 24.2±2.9 26.2±1.8 24.3±4.3 17.7±1.8** 23.8±4.5 11.3±2.3***, D

Insulin (ng mL�1) 9.7±1.3 8.4±1.4 8.0±1.4 3.5±1.2* 8.0±1.5 4.1±0.7*

Values are mean±s.e.mean for eight mice.

*Po0.05, **Po0.01 and ***Po0.001 compared with saline controls.

Po0.05 compared with (Pro3)GIP.
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of increased bioactivity imparted by C-terminal mini-

PEGylation.

In this study, daily treatment of high-fat-fed mice for

21 days with (Pro3)GIP reproduced the previously noted

beneficial effects on obesity and associated metabolic

disturbances (McClean et al., 2007). Thus, attenuation of

GIP signalling by (Pro3)GIP significantly decreased body

weight and improved glucose tolerance, insulin sensitivity

and lipid profile. Twice-daily (Pro3)GIP and daily (Pro3)-

GIP[mPEG] treatment modestly increased the effectiveness

of the GIP antagonist compared with control high-fat-fed

mice. In addition, administration of (Pro3)GIP[mPEG] to

high-fat-fed mice once every 3 days resulted in a similar

progressive lowering of body weights, a significant

decrease in body weight change and accompanying meta-

bolic benefits over 48 days of treatment. Furthermore,

daily (Pro3)GIP[mPEG] treatment in ob/ob mice resulted in

a significantly improved biochemical profiles similar to

that of the parent (Pro3)GIP molecule. As expected, food

intake was unchanged in all of these studies ruling out the

possibility that reduction of body weight was merely the

consequence of decreased food intake (Gault et al., 2007a).

These findings clearly emphasize the potential therapeutic

value of this approach in breaking the detrimental link

between over-nutrition and adiposity (Flatt et al., 1983;

Bailey et al., 1986; Miyawaki et al., 2002; Hansotia et al.,

2007).

The main metabolic benefits observed with daily mPEGy-

lation administration included improvements of glucose

tolerance and plasma triglycerides in high-fat-fed mice and

decreased hyperglycaemia in ob/ob mice. However, of greater

significance is the finding that (Pro3)GIP[mPEG] administra-

tion once every 3 days evoked similar beneficial metabolic

effects as daily (Pro3)GIP treatment in high-fat-fed mice,

highlighting the protracted action of (Pro3)GIP[mPEG],

which was originally observed in acute studies. The devel-

opment of a specific assay to directly measure (Pro3)GIP[m-

PEG] in plasma would provide more precise details of

circulating half-life. However, this is particularly encoura-

ging given that previous modification of (Pro3)GIP to carry a

C-16 palmitate fatty acid at the e-amino group of the

naturally occurring Lys at position 37 did not significantly

augment bioactivity during a once-daily treatment regime in

obese-diabetic (ob/ob) mice (Gault et al., 2007b).

As expected from previous studies, a key component of

the beneficial action of GIP receptor antagonism by

(Pro3)GIP[mPEG] was the significant improvement of insulin

sensitivity. This was observed during dosing regimes of

once daily and once every 3 days and was coupled with

a substantial improvement in glucose tolerance. However,

as the sampling times during glucose tolerance tests do

not allow assessment of early-phase insulin responses, we

conducted a separate series of experiments to evaluate the

acute (5 min) response to glucose and several other secreta-

gogues in high-fat-fed mice treated with (Pro3)GIP[mPEG]

once every 3 days. We found that (Pro3)GIP[mPEG] treat-

ment potentiated glucose- and arginine-stimulated insulin

secretion and increased b-cell sensitivity to glucose. Pancrea-

tic insulin secretory capacity, as measured by arginine

stimulation, has been shown previously to be a sensitive
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Figure 8 Effects of once-daily injection of (Pro3)GIP[mPEG]
or (Pro3)GIP on glucose tolerance and insulin sensitivity in ob/ob
mice. Glucose tolerance tests (18 mmol kg�1) were conducted after
16 days of treatment with once-daily injection of (Pro3)GIP[mPEG]
(25 nmol kg�1), (Pro3)GIP (25 nmol kg�1) or twice-daily injection of
(Pro3)GIP (2�25 nmol kg�1). Plasma glucose (a) and insulin (b)
responses together with area under the curve (AUC) values for
0–60 min post-injection are shown. In addition, insulin sensitivity
(c) tests (25 U kg�1) were also conducted. Overall plasma glucose
and insulin AUC values for 0–60 min post-injection are shown in
Supplementary Table 3. Values are mean±s.e.mean for eight mice.
*Po0.05, **Po0.01 and ***Po0.001 compared with saline controls.
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indicator of functional b-cell mass (Ward et al., 1983). The

effects of GLP-1 and glucagon on b-cell response were less

obvious, but it is likely that the relatively low prevailing

glucose levels did not allow the triggering of b-cell signalling

by these glucose-dependent potentiators of insulin secretion.

As detrimental changes in b-cell function following high-fat

feeding is a direct result of the proportional change in

obesity and islet lipid content (Hull et al., 2005; Tushuizen

et al., 2007), it seems likely that facilitated uptake and

oxidation of circulating fatty acids by muscle and liver in

(Pro3)GIP[mPEG]-treated mice might also extend to b-cells.

The finding that high-fat-fed mice treated daily with

(Pro3)GIP[mPEG] displayed increased locomotor activity

agrees with previous studies of GIP receptor antagonism or

ablation (Hansotia et al., 2007; McClean et al., 2007).

However, neither daily (Pro3)GIP nor twice daily (Pro3)GIP

had similar effects, which contrasts with previous findings

(McClean et al., 2007). This may reflect the relatively

short duration of the 21-day study and the enhanced

pharmacodynamic profile of (Pro3)GIP[mPEG], evidenced

during the interrupted dosing regime. Thus, increase of

energy expenditure might partly contribute to the beneficial

metabolic effects of (Pro3)GIP[mPEG] treatment. However,

transgenic mice with overexpression of GIP have been

reported to display increased locomotor activity (Ding

et al., 2006), which contrasts with these other findings.

Furthermore, triglyceride stores in liver of high-fat-fed

mice were not significantly decreased by any of the

treatments, as has been observed in more protracted studies

using (Pro3)GIP or GIP receptor knockout mice (Hansotia

et al., 2007; McClean et al., 2007). This may again reflect

the relatively short duration of the present study period.

An interesting observation in this study was the persistence

of beneficial effects following discontinuation of the

daily (Pro3)GIP and (Pro3)GIP[mPEG] treatment regimes.

Thus, body weights, circulating glucose and insulin, glucose-

induced insulin release and insulin sensitivity of high-fat-fed

mice were still significantly improved in the (Pro3)GIP

and (Pro3)GIP[mPEG] groups 21 days after cessation of

treatment. Persistence of the metabolic advantages might

largely reflect maintenance of decreased body weight, which

is known to be beneficial for metabolic control. The absence

of compensatory hyperphagia in these animals is important

and suggests a possible long-term effect of GIP receptor

blockade on the mechanisms regulating body energy

balance.

In conclusion, antagonism of GIP action using (Pro3)GIP

or (Pro3)GIP[mPEG] in mice with established diabesity

resulted in significant and sustained improvement of obesity

and associated metabolic abnormalities. The functional

characterization and more protracted action of (Pro3)GIP[m-

PEG] suggests that PEGylation represents a potentially

attractive advance in the design of GIP receptor antagonists

for future diabesity therapy. These studies indicate that

injection of (Pro3)GIP[mPEG] to high-fat-fed mice once

every 3 days for 48 days resulted in a significant amelioration

of diabetes and associated metabolic disturbances. Overall,

(Pro3)GIP[mPEG] represents a new drug candidate for

potential once- or twice-weekly treatment regimes in

diabesity.
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