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Abstract
Aims/hypothesis Glucagon-like peptide-2 (GLP-2) is a gut
hormone regulating intestinal growth and nutrient absorption.
Recently, GLP-2 has been reported to stimulate glucagon
secretion in healthy humans. We sought to clarify the mech-
anism and physiological significance of this endocrine effect.
Materials and methods The expression of the GLP-2
receptor gene, Glpr2, and the localisation of the protein
were evaluated by real-time PCR on cDNA from isolated
rat islets and by immunohistochemistry in rat and human
pancreas. The glucagon, insulin and somatostatin responses
to 0.1, 1 and 10 nmol/l GLP-2 and to GLP-1 and GLP-2
given simultaneously were studied in the isolated perfused
rat pancreas.
Results Expression of Glp2r transcript was confirmed by
PCR. In both human and rat pancreas, GLP-2r immunore-
activity was colocalised with proglucagon. GLP-2 at
10 nmol/l increased glucagon secretion significantly from
a pre-infusion level of 0.314±0.07 to 0.508±0.09 pmol/min
(p<0.0005), whereas lower GLP-2 concentrations were
ineffective. Neither insulin nor somatostatin output was

influenced. During simultaneous administration of GLP-1
and GLP-2, net glucagon release was no longer reduced by
0.1, 1 or 10 nmol/l GLP-1, which, when given alone, inhibited
glucagon secretion by 25.0±9.9, 46.2±4.8, and 44.1±2.9%,
respectively.
Conclusions/interpretation Our results suggest that GLP-2
stimulates glucagon secretion through GLP-2r present on the
alpha cell in rats. In the presence of GLP-2, the glucagono-
static effect of GLP-1, normally co-secreted with GLP-2, is
markedly inhibited. Based on our analogous immunohisto-
chemical findings in human pancreas, this mechanism also
applies in all likelihood to humans. However, further in vivo
studies are required to assess the physiological significance of
the glucagonotropic action of GLP-2 in humans.
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Introduction

In the past, glucagon-like peptide-2 (GLP-2) has been
investigated mainly with regard to its biological effects on
the gastrointestinal tract. These effects include stimulation
of intestinal mucosal growth and nutrient absorption,
inhibition of gastrointestinal motility and gastric acid
secretion, and reduction of intestinal permeability [1–4].
Hence, GLP-2 is currently under evaluation as a potential
drug candidate for the treatment of gastrointestinal disor-
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ders characterised by mucosal lesions, inflammation or
malabsorption [1, 5]. In addition, GLP-2 has been reported
to play a beneficial role in the treatment of osteoporosis, as
it has been shown to inhibit bone resorption [6, 7].

Both GLP-2 and its structurally related sister peptide,
GLP-1, are encoded within the glucagon gene, and are
released together from enteroendocrine L cells in response
to nutrient ingestion [8, 9]. Despite these similarities, the
two peptides differ markedly in their action on the
endocrine pancreas. Whereas GLP-1 plays a key role in
the maintenance of glucose homeostasis and is one of the
most potent insulinotropic substances known, GLP-2 has
not shown any insulin-releasing properties [10–12]. Con-
sequently therefore, the evaluation of its potential role in
modulating the secretion of other islet hormones has been
rather neglected. Recently, however, i.v. infusion of GLP-2
has been demonstrated to increase glucagon secretion
significantly in healthy, non-obese human subjects [13,
14]. Interestingly, glucose-dependent insulinotropic peptide
(GIP), the other hormone thought to function as an incretin
hormone, also stimulates glucagon release, whereas GLP-1
potently inhibits glucagon secretion [15–18]. Hence, it is
tempting to speculate that the proper regulation of post-
prandial glucose homeostasis depends not only on the
interplay of the incretin hormones GLP-1 and GIP, but also
on the contribution of GLP-2 and possibly GIP influencing
glucagon secretion.

As both the physiological significance and mechanism of
GLP-2’s glucagonotropic effect are unknown, we studied
the expression of the gene for GLP-2 receptor, Glp2r, and
the localisation of GLP-2r by real-time PCR in isolated rat
islets and by immunohistochemistry in rat and human
pancreas. The influence of GLP-2 alone and in combination
with GLP-1 on glucagon secretion was examined in the
isolated perfused rat pancreas. In addition, we evaluated the
effect of GLP-2 on the secretion of other islet hormones, as
both insulin and somatostatin have been implicated in the
regulation of glucagon release [19–21].

Materials and methods

Animals Male Wistar rats (300–375 g, 10–12 weeks old)
were purchased from Charles River, Sulzfeld, Germany,
more than 1 week before the experiments were performed,
and given free access to standard rodent chow and water.
Animals were housed two per cage under a 12 h light–dark
cycle. All animal studies were carried out in accordance
with international guidelines (National Institutes of Health
publication no. 85–23, revised 1985, and Danish legislation
governing animal experimentation, 1987) and after approv-
al by the National Superintendence for Experimental
Animals.

RNA isolation Rats (n=3) were anaesthetised by injection
of pentobarbital (50 mg/kg i.p.; Royal Veterinary and
Agriculture University, Frederiksberg, Denmark). After
perfusion with collagenase type XI (Sigma-Aldrich,
Schnelldorf, Germany) through the pancreatic duct to
expand the pancreas, the pancreas was quickly removed
and pancreatic islets were isolated by further collagenase
digestion. Islets were homogenised in 1 ml Tri-reagent
(Molecular Research Center, Cincinnati, OH, USA) with a
Polytron and by subsequent sonication at 50 W. RNA
isolations were carried out according to the manufacturer’s
protocol. In brief, after 5 min at room temperature and
addition of 100 μl 1-bromo-3-chloropropane, the homoge-
nates were vigorously vortexed, and thereafter kept for
15 min at room temperature before centrifugation at
12,000×g for 15 min at 4°C. After transfer of the aqueous
phases to fresh tubes and addition of 500 μl isopropanol,
samples were left at room temperature for 10 min and
thereafter centrifuged at 12,000×g for 8 min at 4°C. The
pellets were washed in 1 ml 75% ethanol and collected by
centrifugation at 7,500×g for 5 min at 4°C. Pellets were air-
dried, dissolved in 30 μl H2O and incubated for 10 min at
60°C. The RNA concentrations were determined by
absorbance measurements at 260 and 280 nm, and samples
were stored at −80°C [22].

DNase treatment and cDNA synthesis Prior to cDNA
synthesis, the RNA samples were treated with Turbo DNA-
free DNase (Ambion, Austin, TX, USA) according to the
manufacturer’s protocol. In brief, 10 μg RNA was incubated
with 4 IU DNase for 1 h at 37°C. DNase was inactivated by
adding inactivation reagent. cDNA was synthesised using a
Fermentas Revertaid cDNA synthesis kit (Fermentas Interna-
tional, Burlington, Ontario, Canada). In brief, DNase-treated
RNA and oligo(dT) primers were incubated for 5 min at 70°C,
and, after addition of buffer, RNase-inhibitor and dNTPs, for
5 min at 37°C. Thereafter, reverse transcriptase was added and
samples were incubated for 1 h at 42°C and for 10 min at 70°C.
The cDNA samples were stored at −20°C until expression
analysis.

Real-time PCR Real-time PCR expression analysis was
carried out using a StratageneMX3000P real-time PCR system
(Stratagene, La Jolla, CA, USA) and Finnzymes DyNAmo(tm)
HS SYBR(r) Green qPCR kit (Finnzymes,Woburn,MA,USA)
with following thermal profile: 95°C for 15 min, 45 cycles at
95°C for 10 s, 60°C for 20 s and 72°C for 30 s with
fluorescence collection, 95°C for 1 min, 55°C for 30 s followed
by a ramp to 95°C with fluorescence collection.

Primers were designed in Beacon Designer version 4.00
(Premier Biosoft International, Palo Alto, CA, USA).
Sequences and concentrations of the primers used are
available as Electronic Supplementary Material Table 1.
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The most stably expressed housekeeping genes in islets and
proximal intestine were identified in a pilot study compar-
ing the expression of a panel of housekeeping genes in
islets and intestine. The results were subsequently analysed
using the software Genorm [23], and succinyldehydroge-
nase subunit A (Sdha), tyrosine 3-monooxygenase/trypto-
phan 5-monooxygenase activation protein, zeta polypeptide
(Ywhaz), and TATA box binding protein (Tbp) were chosen
for normalisation.

The expression levels of Sdha, Ywhaz, Tbp, glucagon
(Gcg) and Glp2r were analysed in cDNA from isolated
islets and proximal intestine. The expected size of the PCR
products was confirmed by gel electrophoresis. The relative
expression of the Glp2r and Gcg genes in islets compared
with proximal intestine was calculated as described [24],
with the exception that the expression of Glp2r and Gcg
was normalised to the geometric mean of the expression of
the three housekeeping genes.

Immunohistochemistry Paraffin-embedded sections of rat
and human pancreas (archival human tissues collected
during the 1970s) were subjected to antigen retrieval using
citrate buffer as described in [25]. GLP-2r antibody 99077
was diluted 1:40,000 and proglucagon antibody F1 was
diluted 1:5,000. Specific GLP-2r antibody binding in the
tissue was visualised using biotin-labelled anti-rabbit
antibody and the tyramide signal amplification kit as
described by the manufacturer (Roche, Basel, Switzerland),
followed by streptavidin coupled to Texas Red (Amersham,
Uppsala, Sweden). Specific binding of the proglucagon
antibody F1 was visualised using digoxigenin-labelled anti-
mouse antibody followed by fluorescein-labelled anti-
digoxigenin antibody as described in [25].

Isolated perfused rat pancreas Non-fasted rats were anaes-
thetised by i.p. injection of pentobarbital (50 mg/kg), and
the pancreas was dissected and perfused in situ as described
in [21]. Briefly, the rat was killed by removal of the heart
and the pancreas was perfused in a single-pass system
through both the coeliac and the superior mesenteric artery
via a catheter inserted into the adjacent abdominal aorta. All
other aortic branches were ligated. The venous effluent was
collected, except for the first 20 min of the equilibration
period, for periods of 1 min via an obstructing cannula
inserted into the portal vein, and stored at −20°C until
analysis. The flow rate was kept constant at 4 ml/min. The
perfusion medium consisted of a modified Krebs–Ringer
bicarbonate buffer containing, in addition, 0.1% human
serum albumin (Behringwerke, Marburg, Germany), 5%
dextran T-70 (Pharmacia Biotech, Uppsala, Sweden),
3 mmol/l glucose and 5 mmol/l each of pyruvate, fumarate
and glutamate. The perfusion medium was continuously
gassed with a 95% O2/5% CO2 mixture to achieve pH 7.4,

and maintained at 37°C during the entire experiment. Human
recombinant GLP-2(1–33) (a generous gift from Novo
Nordisk, Bagsværd, Denmark) was dissolved in PBS with
5% Haemaccel (Behringwerke) and infused into the arterial
line using a syringe pump to give final perfusate concen-
trations of 0.1, 1 and 10 nmol/l. Synthetic GLP-1(7–37) (a
generous gift from Novo Nordisk) was dissolved in 0.9%
NaCl containing 1% human serum albumin. Its authenticity
was confirmed by amino acid analysis, analytical reversed-
phase HPLC and plasma desorption mass spectrometry, and
its purity was shown to be >99% by HPLC with detection at
214 nm. The final concentrations of GLP-1 in the perfusate
were 0.1, 1 and 10 nmol/l. L-Arginine hydrochloride (Sigma-
Aldrich, Steinheim, Germany) was dissolved in perfusion
medium to give a final perfusate concentration of either 7.5 or
10 mmol/l.

Experimental protocol All experiments started with a 35 min
equilibration period, during which only basal perfusion
medium (3 mmol/l glucose) was infused. In concentration–
response experiments (n=8), 0.1, 1 and 10 nmol/l GLP-2 were
administered for 15 min each. Each administration of GLP-2
was followed by a 15 min period of perfusion with basal
medium only to allow hormone secretion to stabilise. In a
second set of experiments (n=6), 0.1 nmol/l GLP-1, 1 nmol/
l GLP-1 and 10 nmol/l GLP-2 were administered alone
followed by the simultaneous infusion of 0.1 nmol/l GLP-1+
10 nmol/l GLP-2 and 1 nmol/l GLP-1+10 nmol/l GLP-2. In a
third set of experiments (n=7), the same protocol was
followed, except that GLP-2 was infused first, followed by
0.1 nmol/l GLP-1 and 1 nmol/l GLP-1. In a fourth set of
experiments (n=3), 10 nmol/l GLP-1 and 10 nmol/l GLP-2 were
first given alone and thereafter in combination, and in
another set (n=3), the same protocol was followed, except
that GLP-2 was administered first, followed by GLP-1. Each
administration lasted for 10 min and was followed by a 15 min
rest period. L-Arginine at either 7.5 or 10 mmol/l was infused
for 5 min to monitor the responsiveness of the pancreas.

Hormone analysis Pancreatic insulin, glucagon and somato-
statin concentrations in venous effluent were analysed by
RIA. Insulin concentrations were determined using guinea
pig antiserum raised against porcine insulin (2006-3), which
cross-reacts strongly with both rat insulin I and II, and
human 125I-labelled insulin labelled at position A14. A
mixture (2:1) of rat insulin I and II was used as standard
(Novo Nordisk) [26]. Glucagon immunoreactivity was
measured using highly purified porcine glucagon as standard
and the C-terminally directed antiserum 4305, which mainly
detects glucagon of pancreatic origin [27]. Somatostatin
immunoreactivity was determined using rabbit antiserum
1758, raised against synthetic cyclic somatostatin, recognising
both somatostatin-14 and somatostatin-28 [28].
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Calculations and statistical analysis Results are reported as
mean value±SEM in pmol/min or fmol/min or percentage
of prestimulatory secretion for indicated numbers of experi-
ments. Statistical evaluation consisted of ANOVA followed
by Bonferroni correction for multiple comparisons and the
two-tailed t test for paired data of mean hormone outputs of
prestimulatory (the 5 min period immediately preceding
initiation of infusion), stimulatory (the 5 min period after
initiation of infusion with omission of the first 2 min) or

inhibitory periods (the 5 min period before the end of
infusion). Statistica version 7.0 (StatSoft, Tulsa, OK, USA)
was used and p values<0.05 were considered significant.

Results

GLp2r expression and localisation Expression of Glp2r
transcript was revealed by real-time PCR on cDNA from
isolated pancreatic rat islets. The result was verified by
demonstration of a PCR product of the expected length of
142 bp (Fig. 1). The relative expression levels of Glp2r and
Gcg transcripts in rat islets compared with proximal
intestine were 0.73±0.15 and 947±126, respectively.

By immunohistochemistry, we found GLP-2r to be present
in both human (Fig. 2a) and rat pancreas (Fig. 2d and g).
Immunohistochemical double staining with GLP-2r antibody
revealed that GLP-2r immunoreactivity was localised to cells
which were also immunoreactive to monoclonal proglucagon
antibody F1 in human (Fig. 2b,c) and rat pancreas (Fig. 2e,f
and h,i). Immunohistochemical double staining for GLP-2r
and insulin and for GLP-2r and somatostatin did not show
any colocalisation (data not shown).

Isolated perfused pancreas studies In the perfused rat
pancreas, infusion of 10 nmol/l GLP-2 increased glucagon
secretion significantly from a prestimulatory level of 0.314±

Fig. 1 Gel electrophoresis of cDNA templates from isolated pancre-
atic rat islets and proximal rat intestine. Expression of Glp2r transcript
was confirmed by a PCR product of the expected length of 142 bp in
proximal intestine (lane 2) and isolated pancreatic islets (lanes 3, 5, 7).
Lane 1, no template control; lanes 4, 6, 8, no reverse transcriptase
controls; lane 9, RNA marker. Lanes 3 and 4, 5 and 6, and 7 and
8 represent three separate experiments. Based on the melt curve
analysis and the respective threshold cycle value (data not shown), the
low molecular mass band in lane 4 was considered a primer–dimer
product and hence had no influence on determination of the relative
expression value

Fig. 2 GLP-2 receptors are
colocalised with proglucagon in
the endocrine pancreas of hu-
man and rat. Sections of human
(a–c) and rat (d–i) pancreas
were double-stained using GLP-
2 receptor antibody 99077 (red;
a, d, g) and proglucagon anti-
body F1 (green; b, e, h). Yellow
fluorescent cells (c, f, i) repre-
sent cells immunoreactive for
both antibodies
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0.07 to 0.508±0.09 pmol/min (p<0.0005), whereas at GLP-
2 concentrations of 0.1 and 1 nmol/l no effect on glucagon
secretion was observed (Fig. 3). Neither somatostatin nor
insulin output was influenced by infusion of 0.1, 1 or
10 nmol/l GLP-2 (data not shown).

To study the effect of GLP-1 on GLP-2-induced glucagon
secretion, further perfusion experiments were performed in
which GLP-1 at 0.1, 1 and 10 nmol/l and GLP-2 at 10 nmol/l
were first infused alone and subsequently combined. In
experiments in which GLP-1 infusions were given first,
single infusions of 0.1 and 1 nmol/l GLP-1 inhibited
glucagon secretion by 15.1±7.4% (from 0.347±0.032 to
0.291±0.032 pmol/min; p=NS) and 51.0±6.8% (from 0.363±
0.059 to 0.176±0.033 pmol/min; p<0.01; Fig. 4a) respective-
ly, and in experiments in which GLP-2 was infused first
inhibition was 34.9±6.3% (from 0.354±0.04 to 0.232±
0.036 pmol/min; p<0.005) and 41.4±5.0% (0.31±0.072 to
0.17±0.033 pmol/min; p<0.05) respectively (Fig. 4b). How-
ever, when 0.1 and 1 nmol/l GLP-1 and 10 nmol/l GLP-2
were given combined, the glucagonostatic effect of GLP-1
was neutralised and the glucagonotropic action of GLP-2
prevailed. Accordingly, the glucagon responses to GLP-2
infused alone and to GLP-1 and GLP-2 given simultaneously
did not differ from each other. This finding was irrespective of
whether experiments started with single infusions of GLP-1 or
GLP-2.

Infusion of 10 nmol/l GLP-1 alone inhibited glucagon
release by 47.0±5.5% (from 0.526±0.077 to 0.280±
0.052 pmol/min; p<0.05; GLP-1 infused first; Fig. 5a)
and by 41.2±4.0% (0.513±0.035 to 0.304±0.039 pmol/
min; p<0.005; GLP-2 infused first; Fig. 5b).

However, the stimulatory effect of GLP-2 was sufficient
to overcome the inhibitory effect of GLP-1 when the two
peptides were co-infused in equimolar (10 nmol/l) concen-
trations. Thus, there was no reduction in glucagon levels
compared with pre-infusion levels in response to simulta-
neous infusion of GLP-1 and GLP-2; rather, levels

remained unchanged (Fig. 5a) or even increased (Fig. 5b)
during the combined infusions.

In agreement with concentration–response studies, infu-
sion of GLP-2 did not influence somatostatin secretion. In
contrast, GLP-1 increased somatostatin output from a basal
level of 18.7±2.3 to 26.7±2.8 fmol/min (0.1 nmol/l; p<
0.05) and 34.0±3.9 (1 nmol/l; p<0.0001; Fig. 6) respec-
tively, and from 24.0±1.6 to 46.7±4.1 fmol/min (10 nmol/l;
p<0.05; data not shown; all experiments starting with
infusion of GLP-1). The stimulatory effect of GLP-1 on
somatostatin secretion was not influenced by co-infusion of
GLP-2 and no significant difference between the somato-
statin response to GLP-1 infused alone and to GLP-1
infused in combination with GLP-2 was detectable.

Discussion

So far, studies of the gut hormone GLP-2 havemainly focused
on its actions on the gastrointestinal tract and bone, where it is
involved in the regulation of intestinal growth and nutrient

Fig. 3 Glucagon secretion from the perfused rat pancreas in response
to 0.1–10 nmol/l GLP-2 during perfusion with 3 mmol/l glucose (n=8).
Data are mean±SEM

Fig. 4 Glucagon secretion from the perfused rat pancreas in
response to a GLP-1 (0.1 and 1 nmol/l) alone, GLP-2 (10 nmol/l)
alone and GLP-2 (10 nmol/l) together with GLP-1 (0.1 and 1 nmol/l),
n=6, and b GLP-2 (10 nmol/l) alone, GLP-1 (0.1 and 1 nmol/l) alone
and GLP-2 (10 nmol/l) together with GLP-1 (0.1 and 1 nmol/l), n=7.
Perfusion was at 3 mmol/l. Data are mean±SEM. Arg Arginine
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absorption, and the inhibition of bone resorption. In contrast
to GLP-1, which exerts its main effects on the pancreas, GLP-
2 was thought not to influence pancreatic endocrine secretion.
Recent findings suggest that this may not be true. Evaluating
the effect of GLP-2 on appetite and energy intake, Sorensen et
al. first demonstrated a glucagonotropic effect of GLP-2 in
healthy human subjects [13]. Meier et al. [14] made similar
observations and, in addition, reported that GLP-2 enhances
lipid absorption and inhibits gastric acid secretion in
humans. However, the mode of action by which GLP-2
stimulates glucagon secretion remained unclear, as did the
physiological importance of this effect.

In this study, we further studied the underlying mechanism
of GLP-2’s glucagonotropic effect in the rat. In addition, we
examined the impact of simultaneous infusion of GLP-1 and
GLP-2, because, under physiological circumstances, the two
hormones are secreted in parallel from L cells in response to
nutrient intake. Our experiments in the in situ perfused
pancreas showed that GLP-2 increases glucagon secretion
also in rats, and that administration of the glucagonotropic
GLP-2 markedly inhibited the glucagonostatic effect of GLP-

1. By real-time PCR and immunohistochemistry, we found
Glp2r to be expressed in isolated pancreatic rat islets and the
protein to be localised to alpha cells of both human and rat
pancreas, which, to our knowledge, is a novel finding. Taken
together, these results suggest that GLP-2 exerts its
glucagonotropic effect via GLP-2r present on the alpha cell.

Consistent with the findings by Sorensen et al. [13] and
Meier et al. [14], GLP-2 at a dose of 10 nmol/l significantly
stimulated glucagon secretion in the perfused rat pancreas,
whereas 0.1 and 1 nmol/l were ineffective. Also in line with
these studies, no effect of GLP-2 on insulin secretion was
observed. It is well established that somatostatin inhibits
glucagon secretion in the endocrine pancreas, and we have
recently shown that GLP-1 mediates its inhibitory effect on
the pancreatic alpha cell through somatostatin acting on
somatostatin receptor subtype 2 (J. de Heer, D. H. Coy, J. J.
Holst, unpublished results) [19–21]. However, in the present
study the release of somatostatin was unaltered in response
to GLP-2. These findings support the idea of a direct
receptor-mediated effect of GLP-2 on glucagon secretion,
whereas an involvement of insulin or somatostatin appears
rather unlikely.

GLP-2 acts through a specific G protein-coupled receptor,
which is closely related to the receptors for glucagon, GLP-1
and GIP, but does not show any binding affinity for these
ligands [29]. The rat GLP-2r has been identified so far in the
gastrointestinal tract, brain and lung [25, 29–31]. In line with
our notion of a direct action of GLP-2, expression analysis
by real-time PCR in isolated rat islets clearly showed that
Glp2r is also expressed in the endocrine pancreas. The
expression level was comparable to that observed in the
proximal intestine, which, in view of GLP-2’s potent effects
on the intestine, might point to a role of GLP-2 in the
endocrine pancreas. By contrast, our results disagree with
findings by Yusta et al. [30], who failed to detect Glp2r

Fig. 6 Somatostatin secretion from the perfused rat pancreas in
response to GLP-1 (0.1 and 1 nmol/l) alone, GLP-2 (10 nmol/l) alone
and GLP-2 (10 nmol/l) together with GLP-1 (0.1 and 1 nmol/l), n=6.
Perfusion was at 3 mmol/l. Data are mean±SEM. Arg Arginine

Fig. 5 Glucagon secretion from the perfused rat pancreas in response
to a GLP-1 (10 nmol/l) alone, GLP-2 (10 nmol/l) alone and GLP-2
(10 nmol/l) together with GLP-1 (10 nmol/l), n=3; and b GLP-2
(10 nmol/l) alone, GLP-1 (10 nmol/l) alone, and GLP-2 (10 nmol/l)
together with GLP-1 (10 nmol/l), n=3. Perfusion was at 3 mmol/l.
Data are mean±SEM. Arg Arginine
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mRNA transcripts in pancreatic mouse tissue and rat
insulinoma cell lines. One possible reason for this difference
might be the use of freshly isolated islets for mRNA isolation
in our study, which, by the elimination of exocrine tissue,
leads to a lesser degree of RNase activity and RNA
degradation, and consequently better RNA purification.

However, the conclusion that GLP-2 exerts its gluca-
gonotropic effect through receptors present on the alpha cell
must be drawn with caution, because real-time PCR was
performed on isolated islets and not on isolated alpha cells.
Thus, we cannot exclude the possibility that Glp2r detected
by PCR originated from other islet cells instead. However,
the finding that, in contrast to glucagon release, neither
insulin nor somatostatin secretion was influenced by GLP-2
infusion argues against this notion. In addition, our
immunohistochemical results in both rat and human
pancreas showing co-localisation of immunoreactivities
for GLP-2r and proglucagon provide further evidence
supporting the presence of GLP-2r on alpha cells. The
absence of GLP-2r, as judged by immunohistochemistry, in
beta and delta cells is consistent with the lack of effect of
GLP-2 on the secretion of insulin and somatostatin.

Considering the high GLP-2 concentration required
(10 nmol/l) to induce a stimulatory effect on glucagon
release in the perfused rat pancreas, one might speculate that
the effect observed is of only minor, if any, physiological
importance in the rat. In humans, by contrast, Sorensen and
co-workers [13] infused a rather low GLP-2 concentration
of 0.42 pmol min−1 kg−1, which resulted in physiological
GLP-2 plasma concentrations of 62±4 pmol/l, and they
detected significant, although modest, increments in gluca-
gon release; and Meier et al. [14] reported marked increases
in glucagon secretion in response to pharmacological GLP-
2 concentrations (2 pmol min−1 kg−1), leading to GLP-2
plasma levels of 208±8 pmol/l [32]. It is a general
experience that the responsiveness of isolated organs and
tissues studied in vitro is reduced, and thus higher doses are
required in these preparations than in in vivo experiments.
Accordingly, the GLP-1 concentrations used in this study
exceeded plasma levels of GLP-1 in humans by ∼100- to
∼1,000-fold [33]. Thus, based on the present data, we
cannot deduce to what extent the glucagonotropic effect of
GLP-2 is of physiological significance in the rat. Interest-
ingly, in neither of the two human studies could concom-
itant changes in plasma glucose concentrations be
observed. To examine whether the glucagonotropic effect
of GLP-2 was influenced by GLP-1, which potently
inhibits glucagon secretion [15–17], we administered both
peptides simultaneously, and found that GLP-2 eliminated
the inhibitory effect of 0.1 and 1 nmol/l GLP-1 on glucagon
release and markedly attenuated that of 10 nmol/l GLP-1.
One might argue that our findings from experiments in
which 0.1 and 1 nmol/l GLP-1 were co-infused with 10 nmol/

l GLP-2 do not reflect the normal ratio of GLP-1 and GLP-2
concentrations, as the two peptides are co-secreted in
equimolar amounts from L cells. However, since GLP-1 is
degraded more quickly than GLP-2 (t1/2 for GLP-1 is ∼1–
2 min [34] and ∼7 min for GLP-2 [35]), the alpha cell is
normally exposed to lower concentrations of GLP-1 than
GLP-2.

The glucagon response in experiments with combined
infusion of 10 nmol/l GLP-1 and GLP-2 remained unchanged
when GLP-1 was infused first (Fig. 5a), whereas it was
increased when GLP-2 was administered first (Fig. 5b). The
explanation for this is not obvious. However, it has to be
emphasised that in none of the four different sets of
experiments was the glucagonostatic effect of GLP-1 strong
enough to induce a fall in net glucagon secretion, when it
was co-administered with GLP-2. This phenomenon, togeth-
er with the stimulatory actions of GIP, could explain the
lower suppression of glucagon secretion after oral than
during intravenous glucose administration in healthy
humans, as recently reported [36]. Moreover, the lack of
increment in plasma glucose concentration in non-diabetic
subjects does not imply that the same applies for subjects
with impaired glucose tolerance or type 2 diabetes mellitus.
Given the loss of insulinotropic action of GIP but preserved
stimulatory effect on glucagon secretion, the additional
glucagonotropic action of GLP-2 might contribute to the
hyperglucagonaemia which characterises type 2 diabetes
mellitus [37].

In conclusion, our results suggest that the stimulation of
glucagon secretion by GLP-2 is mediated via GLP-2r present
in the alpha cell in rats. Based on our analogous immuno-
histochemical findings in human pancreas, this mode of
action may also apply to humans. In view of the ongoing
evaluation of GLP-2 as a potential drug candidate for
intestinal disorders, further in vivo studies are warranted to
assess the importance of its glucagonotropic effect, in
particular in subjects with impaired glucose homeostasis,
with regard to a possible contribution to the diabetic
hyperglucagonaemia.
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