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Abstract
Aims/hypothesis Increased glucagon secretion predicts dete-
rioration of glucose tolerance, and high glucagon levels
contribute to hyperglycaemia in type 2 diabetes. Inhibition
of glucagon action may therefore be a potential novel target to
reduce hyperglycaemia. Here, we investigated whether
chronic treatment with a glucagon receptor antagonist
(GRA) improves islet dysfunction in female mice on a high-
fat diet (HFD).
Materials and methods After 8 weeks of HFD, mice were
treated with a small molecule GRA (300 mg/kg, gavage once
daily) for up to 30 days. Insulin secretion was studied after
oral and intravenous administration of glucose and glucagon
secretion after intravenous arginine. Islet morphology was
examined and insulin secretion and glucose oxidation were
measured in isolated islets.
Results Fasting plasma glucose levels were reduced by GRA
(6.0±0.2 vs 7.4±0.5 mmol/l; p=0.017). The acute insulin
response to intravenous glucose was augmented (1,300±110

vs 790±64 pmol/l; p<0.001). The early insulin response to
oral glucose was reduced in mice on HFD + GRA (1,890±
160 vs 3,040±420 pmol/l; p=0.012), but glucose excursions
were improved. Intravenous arginine significantly increased
the acute glucagon response (129±12 vs 36±6 ng/l in
controls; p<0.01), notably without affecting plasma glucose.
GRA caused a modest increase in alpha cell mass, while beta
cell mass was similar to that in mice on HFD + vehicle.
Isolated islets displayed improved glucose-stimulated insulin
secretion after GRA treatment (0.061±0.007 vs 0.030±
0.004 pmol islet−1 h−1 at 16.7 mmol/l glucose; p<0.001),
without affecting islet glucose oxidation.
Conclusions/interpretation Chronic glucagon receptor an-
tagonism in HFD-fed mice improves islet sensitivity to
glucose and increases insulin secretion, suggesting improve-
ment of key defects underlying impaired glucose tolerance
and type 2 diabetes.
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GIR glucose infusion rate
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Introduction

Glucagon plays a key role in maintaining circulating
glucose mainly through its regulation of hepatic glucose
production [1, 2]. The hormone binds to specific glucagon
receptors on the hepatocytes and activates the glycogeno-
lytic and gluconeogenetic pathways, thereby increasing
hepatic glucose output [3, 4]. The action of glucagon is
opposed by insulin; in fact, the ratio between insulin and
glucagon is a major determinant of ambient circulating
glucose levels [5, 6]. Several studies have suggested that
glucagon is implicated in the development of type 2
diabetes [7–10]. Thus, it has been shown that increased
secretion of glucagon predicts IGT in humans [11] and that
IGT is associated with impaired suppression of glucagon
secretion [12–14]. Furthermore, plasma glucagon levels are
elevated in subjects with type 2 diabetes [2, 15, 16].
Particularly in the presence of low insulin, hypergluca-
gonaemia may result in increased glucose production and
thereby further contribute to the hyperglycaemia caused by
insulin deficiency resulting from beta cell failure and
insulin resistance [17]. Together these findings suggest that
inhibition of glucagon action may be a novel target for
treatment of type 2 diabetes. In fact, both glucagon-
neutralising antibodies [18–20] and peptide glucagon
receptor antagonists (GRA) [21, 22] efficiently reduce
glycaemia in various rodent models. For a potential drug
development, several non-peptidyl small molecule GRAs
have been tested and proven to inhibit glucagon-mediated
metabolic effects [23–25]. Glucagon receptor antagonism
reduces hepatic glucose production in healthy humans [26],
further indicating that glucagon antagonists may be a new
class of agents for treating type 2 diabetes. Recent studies
have used the anti-sense technique to reduce the expression
of glucagon receptors, which led to improved glycaemia in
diabetic rodents [27, 28]. It is also of interest that mice with
targeted disruption of the glucagon receptor gene have
significantly reduced blood glucose levels and improved
glucose tolerance compared with wild-type mice [29–31].

The underlying cause of hyperglycaemia in type 2
diabetes is impaired beta cell function in association with
insulin resistance [32–35]. Glucagon stimulates insulin
secretion and glucagon receptor signalling has been shown
to be required for full glucose competence in beta cells
[36]. This would suggest that glucagon receptor antago-
nism, if developed as a glucose-lowering agent, might
deteriorate insulin secretion in type 2 diabetes, thus
counterbalancing its beneficial effects. However, a recent
study using the antisense technique to reduce glucagon
receptor expression demonstrated increased insulin secre-
tion, thereby suggesting improved islet function [28]. It is
thus unclear whether islet function is perturbed by
inhibition of glucagon action. In this study, therefore, we

investigated whether glucagon receptor antagonism affects
islet function in a model of type 2 diabetes using mice fed a
high-fat diet (HFD). This model has previously been shown
to be associated with: (1) insulin resistance, as determined
by euglycaemic–hyperinsulinaemic clamp [37]; (2) im-
paired insulin secretion resulting in glucose intolerance
[38]; and (3) hyperglucagonaemia [39]. We thus treated
HFD-fed mice chronically with a small molecule that has
glucagon receptor antagonistic properties and studied
insulin secretion in vivo and in vitro in isolated islets. The
GRA has been characterised previously and demonstrated
to dose-dependently inhibit glucagon-stimulated hepatic
glucose production in live dogs [40]. We also examined
whether the glucagon response to intravenous administra-
tion of arginine was affected by long-term glucagon
receptor antagonism. The rationale for this was that
following glucagon receptor antagonism or after genetic
ablation of the glucagon receptor, alpha cell hyperplasia can
evolve, resulting in exaggerated plasma levels of glucagon
[26, 28–30]. It would therefore be of value to establish
whether glucagon secretion is also affected after chronic
treatment with a GRA.

Materials and methods

Characterisation of the glucagon receptor antagonist The
glucagon receptor antagonist NNC 25-0926 [(2R)-N-[4-({4-
(1-cyclohexen-1-yl)[(3,5-dichloroanilino)carbonyl]anilino}
methyl)benzoyl]-2-hydroxy-β-alanine] has only 12% bio-
availability after oral administration, a short half-life
(t1/2=41 min) and is rapidly cleared from the circulation
in rats (clearance rate: 32 ml min−1 kg−1). Furthermore,
NNC 25-0926 is a potent GRA with an inhibitory
concentration of 50% (IC50) value of 12 nmol/l for
inhibition of glucagon binding to cloned human glucagon
receptors expressed in baby hamster kidney cells (E.
Nishimura and U. G. Sidelmann, unpublished observa-
tions). It is also specific for the glucagon receptor in that it
binds poorly to related receptors (IC50: human glucose-
dependent insulinotropic polypeptide receptor: 625 nmol/l;
human vasoactive intestinal polypeptide receptor:
429 nmol/l; and human glucagon-like peptide 1 [GLP-1]
receptor: 21,000 nmol/l). Based on these characteristics,
and particularly the low oral bioavailability, a dose of
300 mg/kg was selected for this study.

Animals and study design Female C57BL/6JBomTac mice
(8 weeks old; Taconic, Skensved, Denmark) were main-
tained in a temperature-controlled room (22°C) on a 12 h
light–dark cycle. The mice were divided into two groups
and fed either a normal diet (ND; 11% energy as fat, 16%
as protein, 73% as carbohydrate; Research Diets, New
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Brunswick, NJ, USA) or an HFD (58% fat, 16% protein,
26% carbohydrate; Research Diets). Body weight was
measured once a week. Blood samples were taken at
indicated time points from the intraorbital, retrobulbar
plexus from overnight fasted (16 h), anaesthetised mice
(20 mg/kg fluanisone–0.8 mg/kg fentanyl; Janssen, Beerse,
Belgium; 10 mg/kg midazolam; Hoffman-LaRoche, Basel,
Switzerland). After feeding mice with the ND or HFD for
8 weeks, the HFD-fed mice were divided into two groups
receiving either 300 mg/kg GRA dissolved in vehicle
(VEH; 0.13 mg/ml vitamin E as tocopheryl polyethylene
glycol 1,000 succinate (TPGS), 0.015 mg/ml Kollidon 12
PF, 65 mmol/l sodium phosphate buffer, pH 7.0) (HFD-
GRA) or VEH only (HFD-VEH), by gavage once daily
(08.00 h, 0.5 ml per mouse). ND-fed mice were treated with
VEH (ND-VEH). The in vivo experiments were performed
in overnight-fasted, anaesthetised mice. The mice were
given their daily dose of GRA or VEH 2 h before the
experiments. The study was approved by the Animal Ethics
Committee in Lund/Malmö, Sweden.

Glucose tolerance tests and insulin release After 17–18 days
of GRA treatment, IVGTTs were performed. Mice were
anaesthetised as described 30 min prior to the IVGTT.
Thereafter a blood sample (50 μl) was taken from the
retrobulbar, intraorbital capillary plexus, after which D-glucose
(1 g/kg [5.6 mmol/kg]; Sigma, St Louis, MO, USA) was
injected intravenously in a tail vein (volume load 10 μl/g).
Additional blood samples were taken at 1, 5, 10, 20, 50 and
75 min after injection. For OGTTs, anaesthetised mice were
given 75 mg [0.42 mmol] D-glucose by intragastric gavage.
Blood samples were collected 0, 15, 30, 60 and 120 min after
glucose administration. Following immediate centrifugation
(10,000 g) at 4°C, plasma was separated and stored at −20°C
until analysis of glucose and insulin.

Glucagon secretion Glucagon secretion was measured after
17–21 days of GRA treatment after intravenous injections
of L-arginine (0.25 g/kg). Blood samples (60 μl) were
collected in 10 μl aprotinin (1.4 mg/ml; Bayer Health Care,
Leverkusen, Germany) at 0, 1, 5, 20 and 50 min after the
arginine injection and handled as described above. Samples
were stored at −20°C until analysis of glucose and
glucagon.

Euglycaemic–hyperinsulinaemic clamp HFD-fed mice
were subjected to a euglycaemic–hyperinsulinaemic clamp
after 21–24 days of GRA treatment, as described [37]. Two
hours before the clamp study, non-fasted mice were given
their daily treatment. Mice were anaesthetised (as above)
and the right jugular vein and left carotid artery were
catheterised for infusion of glucose and insulin (Actrapid;
Novo Nordisk, Bagsværd, Denmark) and for blood sam-

pling, respectively. Thirty minutes after insertion of the
catheters, insulin was infused at a rate of 40 mU kg−1 min−1

for 1 min, followed by constant infusion of 20 mU kg−1

min−1. Blood glucose levels were determined every 5 min
for 90 min using a glucose analyser (Hemocue B;
Hemocue, Ängelholm, Sweden). A glucose solution (20%,
by weight) was infused at a variable rate to maintain blood
glucose levels at the target of 6.5 mmol/l. Blood samples
were taken at 0 and 90 min to determine insulin levels.
Insulin sensitivity was calculated as the mean of the glucose
infusion rates (GIR) from 60 to 90 min.

Insulin and glucose measurements Glucose was measured
with the glucose oxidase method using 2,2′-azino-bis(3-
ethyl-benzothialozine-6-sulfonate) as substrate, absorbance
being measured at 420 nm on a microtitre plate reader
(Fluostar/Polarstar Galaxy; BMG Labtechnologies, Offen-
burg, Germany). Insulin was determined radioimmuno-
chemically using a guinea pig anti-rat insulin antibody,
125I-labelled human insulin as tracer and rat insulin as
standard (Linco Research, St Charles, MO, USA). Glucagon
was analysed using a radioimmunoassay with a guinea pig
anti-glucagon antibody, 125I-labelled glucagon as tracer and
glucagon standard (Linco Research). For both assays free
and bound radioactivity were separated by use of an anti-
IgG (goat anti-guinea pig) antibody. Radioactivity was
measured on a gamma counter (Wallac Wizard 1470;
Perkin Elmer, Turku, Finland).

Islet isolation and insulin secretion After mice had been
treated with the GRA for 24–30 days, islets were isolated
from the pancreas by collagenase digestion and handpicked
under microscope. Batches of islets were preincubated in
HEPES balanced salt solution (HBSS; 125 mmol/l NaCl,
5.9 mmol/l KCl, 1.28 mmol/l CaCl2, 1.2 mmol/l MgCl2,
25 mmol/l HEPES [pH 7.4], 5.6 mmol/l glucose and 0.1%
fatty-acid-free bovine albumin) (Boehringer Mannheim,
Mannheim, Germany) for 60 min. Thereafter, islets in
groups of three were incubated in 200 μl of the HBSS with
varying concentrations of glucose and incubated for 60 min
at 37°C. After incubation, aliquots of 25 μl in duplicates
were collected and stored at −20°C until analysis of insulin
as above.

Islet insulin and glucagon content Batches of four islets
were frozen, thawed and then sonicated in acidic ethanol
(0.2 mol/l HCl in 87.5% ethanol, by volume). The
procedure was repeated twice. The samples were then
centrifuged (10,000 g) and total insulin and glucagon
contents were measured in the supernatant fractions.

Caspase 3/7 activity Islets were solubilised in 20 mmol/l
Tris-HCl, 150mmol/l NaCl, 2mmol/l EDTA and 1%Triton X-
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100, pH 7.5. Caspase 3/7 activity was measured in the
supernatant, using CaspaseGlo (Promega, Madison, WI,
USA) according to themanufacturer’s protocol. Luminescence
was measured on a microtitre plate reader (Victor 2 Wallac;
Perkin-Elmer, Turku, Finland).

Islet glucose oxidation Glucose oxidation was measured in
isolated islets. Batches of 30 islets in quadruplicates were
incubated in a reaction mixture containing 3.7 or 26 kBq
[14C]glucose (specific activity 11.5 GBq/mmol; NEN,
Boston, MA, USA) as tracer, at final concentrations of 2.8
or 16.7 mmol/l glucose. The reaction was terminated after
incubation of the samples for 2 h at 37°C, and the amount
of released 14CO2 trapped with benzetonium hydroxide was
determined by liquid scintillation counting.

Immunocytochemistry and morphometry The islets were
examined using indirect immunofluorescence as described
[41]. Sections were incubated with primary antibodies
(rabbit anti-porcine-glucagon, code 7811, dilution 1:5,120;
guinea pig anti-human-proinsulin, code 9003, dilution
1:2,560; EuroDiagnostica, Malmo, Sweden) and with
secondary antibodies with specificity for rabbit- or guinea
pig-IgG coupled to fluorescein isothiocyanate (Jackson,
West Grove, PA, USA) or Texas Red (Sigma). The
specificity of the immunostaining was tested by pre-
absorption with homologous peptide (100 μg/ml diluted
antiserum). Islet alpha and beta cell areas were determined
as previously reported [42]. In brief, serial sections (nine
for each animal) on coded slides from five HFD-VEH and
three HFD-GRA mice, double-stained for glucagon and
insulin, were analysed using Image Pro Plus software
(Media Cybernetics, Bethesda, MD, USA). We randomly
selected ten islets in each section and calculated the
immunostained area.

Statistical analysis All data are presented as mean ± SEM.
In the IVGTT, the acute insulin response to intravenous
glucose was calculated as the mean of suprabasal 1 and
5 min values, and the glucose elimination was quantified
using the glucose elimination constant, KG, calculated as
the slope of the logarithmic transformation of circulating
glucose between 1 and 20 min after the glucose bolus.
The suprabasal AUC was calculated from 0 to 60 min by
the trapezoid rule. The early insulin response in OGTT
was defined as the 15-min peak value over basal
secretion. The acute glucagon response to arginine was
calculated as the mean of suprabasal 1 and 5 min values.
Multiple comparisons between the different groups were
performed by one-way ANOVA and Tukey’s post hoc test
to calculate statistical differences between the groups.
Significant statistical difference was considered to be
present at p<0.05.

Results

Body weight and fasting blood parameters Body weight
was significantly higher in mice fed HFD for 8 weeks than
in ND-fed mice (p<0.001; Fig. 1). During treatment with
the GRA or VEH, body weight decreased slightly in HFD-
fed mice, although with no significant difference between
the two treatment groups (Fig. 1).

Treatment with the GRA for 17–18 days resulted in
significant reduction in overnight fasting plasma glucose
levels compared with HFD-VEH (Table 1). There was a
trend towards lower plasma glucose levels in HFD-GRA
than in ND-VEH, although this difference was not
statistically significant. In contrast, there was no difference
in fasting insulin levels between the treatment groups. The
HFD-VEH group had elevated glucagon levels compared
with the ND-VEH group, an increase that was even more
marked and significantly so in HFD-GRA mice compared
with both VEH groups (Table 1).

Intravenous and oral glucose tolerance test Glucose toler-
ance was impaired in HFD-fed mice compared with ND-fed
mice (Fig. 2a). Following GRA treatment for 17–18 days,
glucose elimination was improved and did not differ from
that in ND-VEH mice (Fig. 2a, Table 1). The acute insulin
response was augmented in HFD-VEH mice compared with
ND-VEH and significantly augmented in HFD-GRA com-
pared with both VEH groups (Table 1). Hence, as evident
from the results of the IVGTT, GRA improved glucose
tolerance and the insulin response to glucose in mice with
HFD-induced glucose intolerance (Fig. 2).

There were only small differences in glucose tolerance
between HFD- and ND-fed mice, which is different from
previous data demonstrating clear glucose intolerance in the
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Fig. 1 Body weight gain in mice fed normal diet (open triangles) or
high-fat diet (open squares, closed squares) for 12 weeks. The mice
were 8 weeks old at the start of the experiment and were fed the
different diets for 8 weeks before starting the once-daily gavage
treatment with the glucagon receptor antagonist (closed squares) or
with vehicle (open squares). Data are presented as mean ± SEM, with
n=10 in each group. Arrow device, vertical: beginning of treatment;
horizontal: duration of treatment
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former [38]. This difference is explained by the experimen-
tal conditions. Here, the IVGTT was performed in mice
fasted overnight, conditions in which glucose intolerance is
less pronounced in HFD-fed mice. In mice fasted for 4 h,
basal glucose and insulin levels were elevated compared
with ND-fed mice. After an overnight fast, basal blood
glucose and insulin levels were not different between the
two feeding groups (Table 1). However, logarithmic
transformation of the glucose levels in the IVGTT revealed
that mice fed the HFD were glucose intolerant (Fig. 2b)
despite significantly elevated insulin levels (Fig. 2c). The
results thus show that GRA improved glucose tolerance by
increasing the insulin secretion.

The OGTT demonstrated that the increase in plasma
glucose was reduced in HFD-GRA compared with HFD-
VEH mice (Fig. 3a), which was illustrated by a reduced
AUCglu0-60 (Table 1). The improved glucose excursions
observed in HFD-GRA mice were accompanied by reduced
insulin secretion (Fig. 3b, Table 1), with significantly
reduced early insulin response (3,040±420 vs 1,890±
160 pmol/l, p=0.012) and AUCins0-60 (Table 1).

Glucagon secretion After treatment with the GRA for 17–
21 days, the glucagon response to intravenous L-arginine
was examined. Again, basal glucose levels were signifi-
cantly reduced in HFD-GRA compared with HFD-VEH
mice (Fig. 4a), while basal glucagon levels were signifi-
cantly elevated (p<0.05 compared with ND and HFD-

VEH; Fig. 4b, Table 1). Comparing the acute glucagon
response to arginine, we found it significantly higher in
HFD-GRA than in HFD-VEH mice (p<0.01; Table 1).
Notably, no effect on glucose levels was seen in the HFD-
GRA treatment group despite elevated glucagon levels,
suggesting that inhibition of the glucagon signal had
occurred after GRA administration, because the acute rise
in glucose after arginine administration is largely dependent
on glucagon.

Euglycaemic–hyperinsulinaemic clamp After 21–25 days of
GRA treatment, HFD-fed mice were subjected to euglycae-
mic–hyperinsulinaemic clamp experiments (Fig. 5a). During
the 60–90 min clamp, plasma glucose levels were 6.5±
0.2 mmol/l in HFD-GRA, 6.3±0.2 mmol/l in HFD-VEH and
6.3±0.06 mmol/l in ND mice. The corresponding insulin
levels were 14,500±2,600, 13,900±2,000 and 11,000±
1,200 pmol/l, respectively. The mean GIR needed to
maintain a stable glucose level between 60 and 90 min,
was significantly higher in the HFD-GRA than in the HFD-
VEH group (0.059±0.007 vs 0.042±0.008 mmol kg−1 min−1

in HFD-VEH; p=0.021) (Fig. 5b). This suggests that insulin
action is improved after glucagon receptor antagonism in
HFD-fed mice. In the ND-fed control mice GIR was 0.105±
0.013 mmol kg−1 min−1.

In vitro islet effects of glucagon receptor antagonist
treatment After 24–30 days of GRA treatment, insulin

Table 1 Effect of glucagon receptor antagonism on basal plasma components, results of glucose tolerance tests and arginine challenge, and islet
parameters in HFD-fed mice

ND-VEH HFD-VEH HFD-GRA

Basal
Glucose (mmol/l) 6.5±0.2 6.9±0.2 5.9±0.3*
Insulin (pmol/l) 200±26 190±24 170±27
Glucagon (ng/l) 3±1 10±3 31±8*, ****
IVGTT
KG(1–20 min) (%/min) 3.3±0.2 3.0±0.1 3.5±0.1*
AIR (pmol/l) 510±72 790±64 1,310±110***, a

OGTT
AUCglc0-60 (mmol l−1× min) 790±36 620±34**
AUCins0-60 (nmol l−1× min) 92±17 53±6**
Arginine challenge
AGRarg (ng/l) 23±4 36±6 129±12***, a

Islet
Insulin (pmol/islet) (n=10) 6.4±0.7 9.7±0.8**** 7.8±0.6
Glucagon (ng/islet) (n=10) 0.276±0.024 0.255±0.026 0.238±0.023
Casp 3/7 (AU/mg protein) (n=6) 53±5 50±1 50±3

Values are mean ± SEM
The mice were fed ND or HFD for 8 weeks prior to oral treatment with a GRA (300 mg/day) or VEH for up to 30 days
AIR, acute insulin response; AGRarg, acute glucagon response to arginine; Casp 3/7, caspase 3/7 activity; AU, arbitrary units
For in vivo parameters, n=10 in ND-VEH, n=17 in HFD-VEH and n=17 in the HFD-GRA group
*p<0.05, **p<0.01, ***p<0.001 vs HFD-VEH; ****p<0.05 vs ND-VEH
a p<0.001 vs ND-VEH
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secretion in freshly isolated islets from the HFD-GRA group
was augmented in response to 11.1 and 16.7 mmol/l glucose
compared with islets from HFD-VEHmice (p<0.001 at both
concentrations) and with those from ND-VEH mice at
16.7 mmol/l glucose (p=0.036; Fig. 6a). The glucose
concentration at which half-maximal insulin response was
observed was significantly lower in islets from HFD-GRA
mice (11.3 mmol/l) than in those from the HFD-VEH group
(13.7 mmol/l) and similar to that in islets from ND-VEH
mice (11.0 mmol/l). This shows that both the insulin
response to glucose and the glucose sensitivity of the islet
were augmented by GRA treatment.

To evaluate whether the increased glucose stimulated
insulin secretion (GSIS) observed in HFD-GRA mice was

due to increased glucose metabolism, glucose oxidation
was measured at 2.8 and 16.7 mmol/l glucose in freshly
isolated islets. However, no difference in islet glucose
oxidation was seen between the different treatment groups
(Fig. 6b), suggesting that other mechanisms are involved in
potentiating GSIS in HFD-GRA mice.

Islet insulin content was increased in response to the
HFD. There was a slight reduction in islet insulin content in
islets from HFD-GRA mice, though not statistically
different from the two VEH-treated groups (Table 1). Islet
glucagon content was similar in the three treatment groups
(Table 1).

To evaluate whether GRA treatment may potentially
damage islets and cause apoptosis, caspase 3/7 activity was
measured in isolated islets. There were no differences in
caspase 3/7 activity in the various groups (Table 1).

Immunocytochemistry Immunocytochemical analysis illus-
trated increased alpha cell mass with increased intensity in
glucagon immunostaining in HFD-GRA mice but without
overt differences in islet morphology or insulin staining
(Fig. 7). Morphometric analysis demonstrated a significantly
increased alpha cell mass after GRA treatment (3,000±600
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Fig. 2 IVGTT (1 g/kg [5.6 mmol/kg] glucose) was performed in
overnight-fasted, anaesthetised mice after 17–18 days of treatment
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in HFD vs 6,600±1,200 μm2 in HFD-GRA; p=0.017). In
contrast, beta cell mass did not differ between the groups
(11,800±2,300 in HFD vs 16,500±3,400 μm2 in HFD-
GRA; p>0.05). This resulted in a tendency towards a lower
ratio of beta cell to alpha cell mass in HFD-GRA mice (3.9±
0.9 in HFD, 2.3±0.2 in HFD-GRA).

Discussion

This study demonstrates that glucagon receptor antagonism
using a specific GRA, NNC 25-0926, improves glycaemia
and increases insulin secretion, resulting in improved
glucose tolerance in female mice with HFD-induced insulin
resistance. Previous data have shown that this compound
specifically inhibits glucagon binding to cloned human
glucagon receptors expressed in baby hamster kidney cells
with an IC50 value of 12 nmol/l (E. Nishimura and U. G.
Sidelmann, unpublished observations) and blocks gluca-
gon-stimulated hepatic glucose output in dogs [40].

Our study demonstrates that glucagon receptor antago-
nism improves GSIS, which was evident under in vivo
conditions in IVGTT and also in vitro in freshly isolated

islets incubated with glucose, with improved islet sensitiv-
ity to glucose. Interestingly, this effect was not due to
increased islet glucose oxidation. However, it could not be
ruled out that glucose metabolism might be altered at other
levels resulting in increased insulin secretion. Another
possible explanation for the improved GSIS is increased
expression of GLP-1 in islets. Others have suggested that
increased expression of proglucagon, which is apparent
after inhibition of glucagon signalling, may result in
increased islet production of GLP-1 [28, 29]. Proglucagon
is cleaved by prohormone convertases in the alpha cells to
produce mainly glucagon and, to a much smaller extent,
GLP-1 [43, 44]. The results demonstrate that long-term
treatment with GRA results in improved islet glucose
sensitivity, indicating that inhibition of the glucagon signal,
directly or indirectly, has significant and beneficial effects
on beta cell function.

GRA treatment increased alpha cell mass as well as
glucagon secretion in response to arginine. Mice with a null
mutation in the glucagon receptor have elevated glucagon
levels, with pancreas and islets significantly enlarged, and
massive alpha cell hyperplasia [29, 30]. These findings are
similar to those in mice treated with glucagon receptor
antisense oligonucleotide inhibitors, which also resulted in
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alpha cell hypertrophy, hyperplasia and hyperglucagonae-
mia, although to a less pronounced degree than in glucagon
receptor knockout mice [28]. Hyperglucagonaemia has
been observed in other studies using other GRAs [26].
The reason for this compensatory increase in the levels of
glucagon after inhibition of glucagon signalling is currently
not known. One possibility is that inhibition of glucagon
signalling in the alpha cell may disrupt an autocrine

negative feedback signal on glucagon secretion, which
may augment glucagon secretion in response to secreta-
gogues. In contrast, insulin expression was maintained
during glucagon receptor antagonism, with similar immu-
nostaining and with no difference in islets content com-
pared with ND-fed mice or HFD-fed control mice.
Although inhibition of the glucagon signal results in
increased alpha cell mass, there has been no evidence of
neoplastic formations in the pancreas after disruption of the
glucagon signal [28, 29]. Also in the present study, up to
30 days of GRA treatment did not cause any apparent
damage to islets, with no apparent apoptotic effect of the
compound, as evidenced by the fact that caspase 3/7
activity, which is increased when apoptotic pathways are
activated [45], was similar in the three treatment groups.

The reduction of glucose levels by GRA is consistent
with other studies where glucagon signalling was inhibited,
either through administration of GRA [25, 46], neutralising
glucagon antibodies [18–20], or disruption of glucagon
receptor expression [27–30]. In our study, improved
glycaemia was not accompanied by elevated basal insulin
levels. Furthermore, the results from the OGTT suggest that
the demand for insulin was reduced in HFD-GRA-treated
mice, since glucose excursions were improved despite
lower insulin levels. Together with the results from the
clamp study, this suggests that GRA treatment leads to
improved insulin sensitivity. It remains to be established
whether the improved insulin sensitivity depends on hepatic
or extra-hepatic effects. Glucagon receptor antagonists may
also reduce glucose through inhibition of hepatic glucose
production [25, 40].

The use of glucagon receptor antagonism as a possible
treatment of type 2 diabetes is tempting due to glucagon’s
role in maintaining plasma glucose levels and the fact that
patients with type 2 diabetes exhibit elevated fasting
glucagon levels, which contribute to their hyperglycaemia
[8, 9, 11]. The current treatment modalities for type 2
diabetes do not take increased glucagon levels into account
and new drugs need to be developed to tackle this issue.
Inhibition of glucagon signalling has, in several studies
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Fig. 6 a Glucose-stimulated insulin secretion in isolated islets from
ND-VEH (open triangles), HFD-VEH (open squares) and HFD-GRA
(closed squares) mice after once-daily gavage treatment for 24–
30 days with the GRA or VEH. Data are from three independent
experiments. Islets were isolated from three mice in each treatment
group and pooled. Batches of three islets in eight replicates were
analysed for insulin. The results are presented as mean ± SEM. **p<
0.01, ***p<0.001. b Islet glucose oxidation (ox) measured in islets
isolated from ND-VEH (white bars), HFD-VEH (black bars) and
HFD-GRA (grey bars) mice after once daily gavage treatment for 24–
30 days. Data are presented as mean ± SEM from three independent
experiments where each condition was run in quadruplicate

Fig. 7 Glucagon immunostaining in representative islets from ND-VEH (a), HFD-VEH (b) and HFD-GRA (c) mice after once daily gavage
treatment with the GRA or VEH for 30 days. Pancreases from three to five mice in each treatment group were examined. Bar=20 μm
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using several different techniques, been demonstrated to
potently reduce glycaemia [18, 26, 28, 29]. One concern
with this strategy is the risk of hypoglycaemia. However,
no studies have observed this phenomenon, except in
overnight-fasted mice lacking glucagon receptors, which
is an extreme animal model with complete block of the
glucagon signal [29]. However, the use of GRAs with long
duration of action might not be feasible, whereas antago-
nists whose action is of shorter duration may possibly
minimise the risk of hypoglycaemia. Another concern with
glucagon receptor antagonism is the alpha cell hyperplasia
that has been observed in all models where glucagon
signalling was inhibited. It is, however, possible that one
effect of alpha cell hyperplasia is increased islet GLP-1
production, which then would be an important mechanism
contributing to increased insulin secretion [6].

In conclusion, this study demonstrates that glucagon
receptor antagonism, through a small glucagon receptor-
binding molecule, efficiently increases GSIS in mice with
HFD-induced insulin resistance in association with in-
creased glucose sensitivity in the islet beta cells. Glucagon
receptor antagonism also increases glucagon secretion and
results in increased alpha cell mass. Overall glucagon
receptor antagonism reduces basal glucose and normalises
glucose tolerance. The results encourage further exploration
of the feasibility of glucagon antagonism as a potential
treatment for type 2 diabetes.
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