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Acute disruption of glucagon secretion or action does not improve
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Abstract
Aims/hypothesis Normal glucose metabolism depends on
pancreatic secretion of insulin and glucagon. The bihormonal
hypothesis states that while lack of insulin leads to glucose
underutilisation, glucagon excess is the principal factor in di-
abetic glucose overproduction. A recent study reported that
streptozotocin-treated glucagon receptor knockout mice have
normal glucose tolerance. We investigated the impact of acute
disruption of glucagon secretin or action in a mouse model of
severe diabetes by three different approaches: (1) alpha cell
elimination; (2) glucagon immunoneutralisation; and (3) glu-
cagon receptor antagonism, in order to evaluate the effect of
these on glucose tolerance.
Methods Severe diabetes was induced in transgenic and
wild-type mice by streptozotocin. Glucose metabolism
was investigated using OGTT in transgenic mice with the
human diphtheria toxin receptor expressed in proglucagon
producing cells allowing for diphtheria toxin (DT)-induced
alpha cell ablation and in mice treated with either a specific
high affinity glucagon antibody or a specific glucagon
receptor antagonist.

Results Near-total alpha cell elimination was induced in trans-
genic mice upon DT administration and resulted in a massive
decrease in pancreatic glucagon content. Oral glucose toler-
ance in diabetic mice was neither affected by glucagon
immunoneutralisation, glucagon receptor antagonism, nor
alpha cell removal, but did not deteriorate further compared
with mice with intact alpha cell mass.
Conclusions/interpretation Disruption of glucagon action/
secretion did not improve glucose tolerance in diabetic mice.
Near-total alpha cell elimination may have prevented further
deterioration. Our findings support insulin lack as the major
factor underlying hyperglycaemia in beta cell-deficient
diabetes.

Keywords Endocrine pancreas . Glucagon . Glucose
homeostasis . Streptozotocin . Type 1 diabetes

Abbreviations
DT Diphtheria toxin
GCG.DTR Strain name: A glucagon promoter-human

diphtheria toxin receptor mouse
GIP Glucose-dependent insulinotropic polypeptide
GLP-1 Glucagon-like peptide-1
STZ Streptozotocin
WT Wild-type

Introduction

Glucose homeostasis is mainly controlled by insulin and glu-
cagon. Insulin, secreted in response to hyperglycaemia, de-
creases hepatic glucose output and promotes glucose disposal
and storage in insulin-sensitive tissues. Glucagon is released
during hypoglycaemia and increases hepatic glucose output to
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re-establish normal blood glucose levels. Originally, lack of
insulin was thought to explain all diabetic abnormalities [1];
however, the bihormonal hypothesis stated that while lack of
insulin will lead to glucose underutilisation, it is an inappro-
priate excess of glucagon that is the principal factor in diabetic
glucose overproduction [2]. Glucagon receptor knockout mice
(Gcgr–/–) [3] have lower (but not hypoglycaemic) blood glu-
cose levels during the day and normal bodyweight, food intake
and energy expenditure, but marked alpha cell hyperplasia and
hypersecretion. The beta-cytotoxic compound streptozotocin
(STZ) was used by Lee et al [4] to ablate beta cells, in
Gcgr–/– as well as Gcgr+/+ mice. STZ treatment rendered
Gcgr+/+ mice severely hyperglycaemic while Gcgr–/– mice
showed fed and fasted glucose levels within normal range.
To further support their theory, Lee et al transiently restored
glucagon receptor expression in STZ-treatedGcgr–/– mice and
found amarked increase in blood glucose levels [5]. According
to these observations, totally pancreatectomised individuals
should not show hyperglycaemia but have a well-regulated
glucose metabolism. However, total pancreatectomy always
renders patients severely diabetic.

Thorel et al reported that a 98% alpha cell ablation in mice
did not induce changes in fed or fasted blood glucose levels
and the animals were not resistant to STZ-induced diabetes
[6]. We developed another transgenic mouse model
(GCG.DTR) [7] in which the diphtheria toxin (DT) receptor
is expressed on all proglucagon producing cells. Upon DT
administration alpha cells as well as L-cells in the gastrointes-
tinal tract are eliminated. The L-cells reappear after 7 days.
This mouse showed a 90% decrease in pancreatic glucagon
content and revealed normal fasting blood glucose levels and
a normal glucose tolerance. To elucidate further on the effect
of glucagon and the alpha cell contribution to the diabetic
phenotype inmice with massive beta cell loss, we now studied
the effects of massive alpha cell loss, antagonism of the glu-
cagon receptor and immunoneutralisation with glucagon anti-
bodies on oral glucose tolerance in an STZ-induced mouse
model of diabetes.

Methods

Animals The GCG.DTR mouse was developed as previously
described [7]. GCG.DTR and wild-type (WT) mice were bred
at our own breeding facilities, Department of Experimental
Medicine, Panum Institute, University of Copenhagen,
Denmark. Male C57BL/6J mice were purchased from
Taconic, Lille Skensved, Denmark. Animals were housed in-
dividually in individually ventilated cages with constant tem-
perature under a light/dark cycle of 12 h (lights on 6 am to
6 pm) with ad libitum access to normal chow and water. All
experiments were conducted in accordance with Institutional
Guidelines and approved by the local ethics committee as well

as the Animal Experiments Inspectorate, Ministry of Food,
Agriculture and Fisheries, Danish Veterinary and Food Ad-
ministration in Denmark.

Studies were neither randomised nor blinded. No animals
were excluded in these studies.

Destruction of pancreatic beta and alpha cells Male
GCG.DTR andWT litter mates (7–8 weeks old) were grouped
based on body weight on day 0 (n=10–14/group). Beta cells
were destroyed with two s.c. injections of STZ (150 mg/kg
body weight followed after 7 days by an additional 150 mg/kg
body weight) (Sigma Aldrich, St Louis, MO, USA). Body
weight, blood glucose, ketone and lactate levels were mea-
sured twice weekly for 5 weeks. On day 28, animals were
injected i.p. with either DT (100 μg/kg body weight) or vehi-
cle. Animals were killed on day 37 by cervical dislocation and
tissues and blood were removed for further analysis.

OGTT OGTTs were performed on days 21 and 35. Glucose
(2 mg/g body weight) was delivered by oral gavage after a
16–18 h fast and blood glucose levels were measured at 0, 20,
40, 60, 90, 120, 150 and 180 min. A blood sample was taken
from v. facialis at time 0 min.

Acute elimination of glucagon action in diabetic C57BL/6
animals Beta cell destruction was induced by STZ in male
C57BL/6J mice (25–29 g) as described above and OGTT
performed 20 days after. Glucagon action was blocked using
neutralising antibodies [8] or an antagonist [9] (gifts from
NovoNordisk,Måløv, Denmark). Glu-001, a monoclonal mu-
rine anti-glucagon antibody, or the inactive monoclonal anti-
body, anti-2, 4, 6-trinitrophenyl (designated control antibody),
were administered i.p. at 4 mg/kg body weight at time
−120 min [8]. The glucagon receptor antagonist, 25–2648,
was administered by oral gavage as a suspension in a dose
of 100 mg/kg body weight at time −180 min. The 25-2648
was dissolved in 5% ethanol, 20% propyleneglycol, 10% 2-
hydroxypropyl-β-cyclodextrin (vol./vol.) and phosphate buff-
er at pH 7.5–8.0 at a concentration of 10 mg/ml. Diluent was
used as vehicle in control experiments. C57BL/6J mice were
allocated to one of the four groups (n=10/group) based on
body weight on the day of OGTT.

Plasma measurements Blood glucose levels were measured
with glucometers (Accu-chek compact plus, F. Hoffmann-La
Roche AG, Basel, Switzerland or Alphatrak 2, AnimedDirect,
Suffolk, UK) and blood ketone and lactate levels with a ketone
(Freestyle Precision, Abbott Laboratories, Green Oaks, IL,
USA) and a lactate apparatus (Lactate Plus, Nova Biomedical,
Waltham, MA, USA). Plasma insulin levels were measured
using the Ultra-Sensitive Mouse Insulin ELISA kit (Chrystal
Chem, Downers Grove, IL, USA). Plasma glucose-dependent
insulinotropic polypeptide (GIP) levels were measured using
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the rat/mouse GIP (total) ELISA kit (Millipore, St Charles,
MO, USA) and IGF-1 with the Mouse/Rat IGF-1 ELISA kit
(Mediagnost, Reutlingen, Germany). Plasma triacylglycerol
levels were measured using the Serum Triglyceride Determi-
nation Kit (Sigma Aldrich). Plasma glucagon levels were
measured using the Glucagon ELISA kit (Mercodia, Uppsala,
Sweden). For all assays, included quality controls were within
required limits. Overall, GIP was measured as single determi-
nation, insulin and leptin were measured as duplicates, and
triacylglycerol was measured in triplicate. The remaining as-
says were evaluated by running samples as possible and de-
pending on the amount of plasma available.

Pancreatic protein extraction and analysis Tissue from
GCG.DTR and WT animals was homogenised in 1%
trifluoroacetic acid (vol./vol.). Homogenates were purified
using Sep-Pak tc18 cartridges (Waters, Midford, MA, USA),
eluted with 70% ethanol + 0.1% trifluoroacetic acid, evapo-
rated and resuspended in assay buffer. Glucagon was deter-
mined using the side-viewing 4304 anti-serum (in-house)
[10]. Glucagon-like peptide-1 (GLP-1) was determined using
the in-house GLP-1 390 antibody [11]. Insulin was deter-
mined using the Ultra-Sensitive Mouse Insulin ELISA kit
(Chrystal Chem).

Immunohistochemistry Pancreases were fixed in cold 4%
paraformaldehyde (wt/vol.) in 0.1 mol/l phosphate buffer
pH 7.4. Samples were embedded in paraffin and cut into
5 μm sections. Sections were incubated in 2% BSA (wt/vol.)
followed by incubation with either anti-insulin or anti-
glucagon serum (in-house guinea pig anti-insulin, serum no.
2006 [12] diluted 1:12.800, and in-house rabbit anti-glucagon,
serum no. 4304 [10], diluted 1:4.800, respectively) and sub-
sequent incubation with secondary antibodies, biotinylated
goat anti-guinea pig immunoglobulins (Vector labs,
Burlingame, CA, USA, diluted 1:200) or goat anti-rabbit
immunoglobulins (Vector labs; diluted 1:200), respectively.
StreptABComplex/horseradish peroxidase (DakoCytomation,
Carpinteria, CA, USA; diluted 1:200) was the third layer
followed by staining with 3,3-diaminobenzidine, counter-
stained with haematoxylin. Images of identical islets stained
for glucagon and insulin on neighbouring sections were cap-
tured by means of a Leica Ortoplan microscope, fitted with a
Leica DFC 420 C camera.

Glycogen content Glycogen was extracted from the biopsy
by boiling (100°C) the samples for 10 min in 0.4 mol/l KOH.
The pH of the extract was adjusted to 5.0 by 1mol/l citric acid.
Amyloglucosidase was added (5.2 mg/ml), and the extract
incubated for 2 h at 40°C. On this extract, glucose was assayed
enzymatically, as described [13].

Statistics Data are presented as means ± SEM. Graphs were
constructed using GraphPad Prism software (version 5.04,
GraphPad Software, San Diego, CA, USA) and statistical
analyses were performed with the same program either using
two-way ANOVA for repeated measurements followed by
Bonferroni post hoc test or Student’s t test.

Results

Development in body weight, fed blood glucose levels and
oral glucose tolerance Throughout the study STZ-treated an-
imals were in a deteriorating condition and did not recover
after DT treatment. Weight loss was seen in GCG.DTR and
WT mice upon STZ treatment and no difference was regis-
tered between DTand non-DT-treated groups (Fig. 1a–d). Fed
blood glucose levels instantly rose following STZ administra-
tion in all groups (Fig. 1e–h) and the alpha cell destroying
effect of DT administration to GCG.DTR mice offered no
decline (Fig. 1e). Surprisingly, a fall in blood glucose levels
was seen after DT treatment of WTanimals (Fig. 1f). Glucose
tolerance tests performed after STZ treatment revealed high
levels of fasting blood glucose as well as a poor glucose clear-
ance in all groups (Fig. 2a–f). A minor difference in glucose
tolerance was seen in DT-treated GCG.DTR animals com-
pared with non-DT-treated animals at the second test
(Fig. 2c). However, comparison with the first OGTT revealed
that there was no change in the DT group but impairment in
the control group. No difference was seen between DT and
non-DT-treated WT animals (Fig. 2d).

Effects of STZ and DT on pancreatic insulin, glucagon,
and GLP-1 content There were no differences in insulin con-
tent between DT and non-DT-treated GCG.DTR or WT mice
(Fig. 3b, c, i, j). Glucagon and total GLP-1 were markedly
reduced only in DT-treated GCG.DTR mice (Fig. 3f, g, m,
n). Histological analysis revealed similar results, showing no
or only a few glucagon-positive cells in DT-treatedGCG.DTR
animals (Fig. 3a). Non-DT-treated GCG.DTR mice as well as
DT and non-DT-treated WT mice had an excessive amount of
glucagon-positive cells compared with that usually seen in the
alpha cell mantel (Fig. 3d, h, k).

Effects of STZ and DT on plasma hormone and triacyl-
glycerol levels Fasting blood samples were taken just before
the two OGTTs. No difference was seen between DTand non-
DT-treated GCG.DTR animals on the respective days with
regard to insulin levels (Fig. 4a, b), IGF-1 or GIP levels (data
not shown). However, treatment with control antibodies sig-
nificantly increased plasma insulin concentration during the
OGTT (Fig. 4d). Fasting plasma glucagon levels were low and
similar before and after DT treatment (data not shown). Fed
plasma glucagon levels were very low in DT-treated
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GCG.DTR mice at day 37 (Fig. 4e, f). Blood levels of ketone
and lactate were measured twice a week throughout the ex-
periment. No difference was found between DT and non-DT-
treated groups (data not shown). Triacylglycerol levels were
measured throughout the study at fed and fasted states, but
there were no differences between DT and non-DT-treated
GCG.DTR or WT mice (data not shown).

Glycogen content Hepatic glucose production was evaluated
indirectly by measurement of glycogen content in liver. No
differences were found when comparing DT and non-DT-
treated animals (data not shown).

Discussion

It is often assumed that the secretion of glucagon is abnormal
in type 1 diabetes and responsible for the inappropriate in-
crease in hepatic glucose output (which is otherwise well ex-
plained by lack of insulin). Lee et al [4] reported unaffected
OGTTs comparing STZ-treated and non-STZ-treated Gcgr–/–

mice. Apparently, presence or absence of beta cells had no
effect on glucose tolerance in mice lacking glucagon action.
Lee et al postulated that insulin action during glucose absorp-
tion is largely directed towards overcoming the hepatic actions
of glucagon during the pre-glucose fast. If glucagon is absent,
the liver is in storage mode, and insulin is irrelevant. We eval-
uated the metabolic effects in diabetic mice of disruption of
glucagon action at three different stages in glucagon signalling:

(1) acute alpha cell depletion; (2) immunoneutralisation; and
(3) antagonism of the glucagon receptor.

No differences were found in the development of body
weight and fed blood glucose levels between any of the
groups. The effect of DT treatment was confirmed by mea-
surements of the pancreatic content of insulin and glucagon.
As expected, only a few glucagon-positive cells remained
after DT treatment in GCG.DTR mice, and glucagon content
was markedly reduced. Before alpha cell elimination all
groups had similar glucose tolerance, but after, DT-treated
GCG.DTR mice exhibited a lower blood glucose concentra-
tion at late timepoints during glucose tolerance compared with
non-DT-treated mice; this could indicate a positive effect of
alpha cell elimination on glucose clearance. However, blood
glucose levels of DT-treated mice were identical with the
levels before DT treatment, while levels in non-DT-treated
mice were slightly elevated, indicating that the difference is
due to further deterioration in glucose tolerance in non-DT-
treated mice rather than an improvement in DT-treated mice.
Similarly to the elimination experiments, we did not detect
any significant change of oral glucose tolerance following
immunoneutralisation of plasma glucagon or antagonism at
the glucagon receptor. Fasting plasma insulin levels before
were similar before and after DT treatment and plasma insulin
concentrations were not affected by antagonism of glucagon
receptors. However, control antibody administration in the
immunoneutralisation study was associated with an unexpect-
ed increase of plasma insulin during the OGTT, which we
cannot explain.
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Fig. 1 Development in body weight and blood glucose levels. (a) Body
weight in DT- (black circles, n=15) and non-DT-treated (grey circles,
n=14) GCG.DTR mice. (b) Body weight in DT- (black circles, n=14)
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border, n=10) C57BL/6 mice. (e) Blood glucose levels in DT- (black

circles) and non-DT-treated (grey circles) GCG.DTRmice. (f) Blood glu-
cose concentrations in DT- (white circles with black border) and non-DT-
treated (white circles with grey border) WT mice. *p<0.05. (g) Two hour
fasted blood glucose concentrations in C57BL/6 mice used for the antag-
onist studies. (h) Two hour fasted blood glucose concentrations in
C57BL/6 mice used for the immunoneutralisation studies. BW, body
weight
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Injection with DT is generally considered harmless to mice.
However, DT-treated WT mice showed significantly lower
but still severely diabetic blood glucose concentrations at the
end of the study. This probably reflects the deterioration of the
STZ-induced diabetes.

Lee et al investigated plasma levels of leptin and IGF-1
to determine whether the insulin-like responses found in
their study were caused by an increase in a hormone with
insulin-mimetic activity. None of the hormones rose in

response to a glucose challenge, but IGF-1 levels were
markedly reduced in Gcgr–/– mice compared with Gcgr+/+

controls. We also looked for an IGF-1-lowering effect of
lack of glucagon action but found no difference in IGF-1
levels between DT and non-DT-treated animals. GIP is a
hormone with important effects on insulin and glucagon
secretion [14, 15] but we found no difference between
the groups. In addition, the hepatic glycogen content was
similar between DT and non-DT-treated animals and,
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(a) Diabetic GCG.DTR mice before DT (black circles, n=13) or vehicle
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(grey squares, n=11) diabetic GCG.DTR mice. (d) DT- (white squares
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border, n=12) diabetic WT mice. (e) Diabetic C57BL/6 mice receiving
the glucagon antagonist 2648 (black triangles, n=10) or matching vehicle
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C57BL/6mice receiving anti-glucagon antibody Glu-001 (white triangles
with black border, n=10) or control antibody (white triangles with grey
border, n=10) at time −120 min before an OGTT. *p<0.05;
****p<0.0001; †p<0.05, as shown
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furthermore, we evaluated the expression levels of PEPCK,
G6Pase and glucokinase in the liver by quantitative PCR
but found no difference between DT and non-DT animals
(not shown). These results further support the notion that
presence or absence of glucagon did not matter for the
hepatic glucose production during insulinopenia. This is
in contrast to insulin-independent diabetes, where both
glucagon antagonism and immunoneutralisation lowers
blood glucose [8, 16, 17].

Gcgr–/– mice have a compensatory increase in glucagon
gene transcription and hence a substantial increase in circulat-
ing GLP-1 levels [18]. The contribution of increased GLP-1
concentrations to the altered glucose tolerance in Gcgr–/– has
been investigated in STZ-treated Gcgr–/– mice, and inhibition
of GLP-1 action had no effect on glucose tolerance but elim-
inated the improvement found in the STZ-treated Gcgr–/–

mice [19]. The double knockout mouse, Gcgr–/– Glp1r–/–

[20] has normal random fed blood glucose levels and a normal
i.p. glucose tolerance. Hence, an insulin increasing effect of
GLP-1 is not responsible for the improved glucose tolerance
inGcgr–/–mice. In our study the amount of total GLP-1 in the
pancreas was markedly reduced in DT-treated GCG.DTR
mice. This could support the notion that unknown effects of
elevated GLP-1 in the STZ-treated Gcgr–/– mice are responsi-
ble for their improved glucose tolerance. Lee et al suggest that
when totally depancreatised individuals are deprived of insu-
lin, there is an increased production of extrapancreatic gluca-
gon, but this cannot explain the lack of effect of glucagon
immunoneutralisation and antagonism in our study.

Thus, hyperglycaemia following STZ-induced beta cell de-
struction was neither corrected by acute near-total alpha cell
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WT mice (b). Plasma insulin concentration during OGTT in C57BL/6
mice administered glucagon antagonist (grey bars, c), glucagon-
neutralising antibodies (grey bars, d) or respective vehicles (white bars)
(c, d). Plasma glucagon levels measured at the end of study inGCG.DTR
mice (e) and WT mice (f) administered DT (black/grey bars) or vehicle
(white bars). *p<0.05; ***p<0.001. ND, not detected
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elimination, glucagon immunoneutralisation, nor antagonism
of the glucagon receptors. In contrast, near-normal blood glu-
cose levels were observed in the STZ-treated Gcgr–/– mouse
and the animals did not develop the metabolic characteristics
and lethal phenotype normally associated with STZ-induced
diabetes [4]. Congenital alterations, metabolic adaptations and
abnormal pancreatic islets should be considered when com-
paring studies. TheGCG.DTRmouse had normal islets before
DT treatment whereas the Gcgr–/– mice have marked alpha
cell hyperplasia. A disadvantage of the GCG.DTR model is
that glucagon removal is not complete. Thorel et al reported an
even higher degree of glucagon removal and also did not
observe any improvement in glucose tolerance and hence con-
cluded that the few preserved alpha cells produced sufficient
glucagon for maintaining glucagon action [6]. We had few
alpha cells left, and the plasma levels as well as the pancreatic
content of glucagon were very low. Therefore, it remains a
theoretical possibility that a very small amount of glucagon
is sufficient to maintain its normal functions. In a study by
Brand et al [17], huge amounts of a high affinity glucagon
antibody were used to remove all glucagon effect. Similarly,
in that study, there was no effect of what was considered
complete glucagon neutralisation in severely STZ-diabetic an-
imals. In contrast, Wang et al [21] recently showed that week-
ly administration of a monoclonal glucagon receptor-targeting
antibody caused normalisation of blood glucose in severely
diabetic mice. Perhaps chronic blockade of the glucagon re-
ceptor elicits changes in the pancreas similar to GCGR-
deletion or antagonist administration [16]. In the present
study, all of the three methods were supposed to cause imme-
diate and near complete glucagon deficiency. In agreement
with results reported by Brand et al neither treatment had an
effect on the diabetic hyperglycaemia [17]. We therefore must
conclude that none of the applied attempts to eliminate the
metabolic potential of glucagon had any influence on the di-
abetogenic effect of extensive beta cell destruction. Our con-
clusions are in strong contrast with those presented by Lee
et al [4, 5]. How do we reconcile these findings? We propose
that the explanation must be found in the congenital alter-
ations resulting from deletion of the glucagon receptor, name-
ly the dramatic alpha cell hyperplasia, and also hyperplasia of
gut endocrine cells, with ensuing hypersecretion of GLP-1
and oxyntomodulin (which has glucagon action!) [22]. It
needs to be explained how hypersecretion of GLP-1 can in-
fluence glucose metabolism in animals without insulin and
glucagon action, but the answer may lie in the recent descrip-
tions of GLP-1 actions on hepatic glucose production [23].
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