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Plasma glucose is controlled by the hormones glucagon and insulin. In type 2 

diabetes, where insulin secretion is too low and glucagon secretion too high, 

elevated plasma glucose levels occur. Therefore, optimal therapeutic 

interventions aim to both enhance insulin secretion and inhibit glucagon 

release. The incretin hormone glucagon-like peptide 1 (GLP-1) possesses this 

capacity but the underlying mechanisms by which it suppresses glucagon 

release are unclear as glucagon-secreting α-cells express the receptor for GLP-

1 at very low levels. Nevertheless, GLP-1 inhibit glucagon secretion by a direct 

(intrinsic) action in α-cells. Here, we examined the underlying mechanisms. We 

found that GLP-1 inhibits glucagon secretion at concentrations as low as 1-10 

pM in isolated mouse and human islets. The degradation product GLP-1(9-36) 

inhibited glucagon secretion with similar potency. Whereas the effect of GLP-1 

was sensitive to the PKA inhibitor 8-Br-Rp-cAMPS, GLP-1(9-36) exerted its effect 

by a PKA-independent mechanism that was sensitive to pretreatment with 

pertussis toxin (implicating an inhibitory GTP-binding protein). The 

glucagonostatic effect of GLP-1 was retained in islets from Glp1r knockout mice. 

Receptor signaling studies suggest that GLP-1(9-36) may activate glucagon 

receptors (GCGRs) and GCGR antagonism prevented the inhibitory effects of 

GLP-1(9-36). In vivo, GLP-1(9-36) reduced counter-regulatory glucagon 

secretion and enhanced the plasma glucose-lowering effect of exogenous 

insulin in mice fasted for 5-18h. We propose that GLP-1(7-36) and GLP-1(9-36) 

regulate glucagon secretion via interaction with both GLP-1R and GCGR.  

 

Introduction 

Glucagon is the body’s principal hyperglycemic hormone (1). In both type 1 

(T1D) and type 2 diabetes (T2D), hyperglycemia results from a combination of 

insufficient insulin secretion and oversecretion of glucagon (2). Whereas the insulin 
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secretion defect has attracted much attention, the dysregulation of glucagon secretion 

in diabetes remains, by comparison, an understudied area.  

The incretin hormone GLP-1 inhibits glucagon secretion. This effect is thought 

to account for ~50% of its hypoglycemic action (3) with the remainder being due to the 

better-known stimulation of insulin secretion. The mechanisms by which GLP-1 inhibits 

glucagon secretion remain obscure.  Most studies indicate that GLP-1 receptors 

(encoded by Glp1r) are expressed at very low levels (if at all) in glucagon-secreting α-

cells (4-6) (but see (7)  for a differing viewpoint). It was therefore postulated that GLP-

1 exerts its inhibitory effect on glucagon secretion by a paracrine mechanism mediated 

by factor(s) secreted by the neighboring β- and δ-cells (e.g. insulin and somatostatin, 

respectively) within the pancreatic islets (8). Yet, GLP-1 (when tested at non-

physiological nanomolar levels) robustly inhibited glucagon secretion in isolated islets 

by mechanisms that cannot be accounted for by paracrine signals (5, 6). We have 

proposed that this effect is mediated by activation of the few GLP-1 receptors present 

in α-cells and that this, via a small increase in cAMP, results in inhibition of the voltage-

gated Ca2+ channels linked to exocytosis of glucagon-containing secretory granules. 

This concept is supported by the finding that the glucagonostatic effect (i.e. capacity 

to inhibit glucagon secretion) of GLP-1 (at 100 nM) is antagonized by the GLP-1 

receptor antagonist exendin (9-39), prevented by the PKA inhibitor 8-Br-Rp-cAMPS 

and mimicked by low (nanomolar) concentrations of forskolin. We have now explored 

the role of the ‘classical’ GLP-1 receptor further by extending our studies to Glp1r 

knockout mice (9). We confirm that activation of GLP-1Rs only mediate part of the 

GLP-1’s glucagonostatic effect. In addition, GLP-1 also exerts Glp1r- and PKA-

independent effects. Here we have studied the effects of GLP-1(7-36) and its 

abundantly-occurring metabolite, GLP-1(9-36) on islet function, and explored possible 

alternative receptors and the intracellular signaling mechanisms involved.  

 

Results 
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Dose-dependent inhibition of glucagon secretion by GLP-1(7-36) and GLP-1(9-

36). We measured glucagon secretion in isolated mouse and human pancreatic islets 

exposed to 1 mM glucose (this represents a strong stimulus of glucagon secretion) 

and increasing concentrations of GLP-1(7-36) (Fig. 1A-B). In both mouse and human 

islets, GLP-1(7-36) produced a concentration-dependent inhibition of glucagon 

secretion that was maximal at 10 pM. High concentrations (10-100 nM) were 

paradoxically less efficacious than picomolar levels.  

Following its release, GLP-1(7-36) is quickly degraded by dipeptidyl peptidase 

4 (DPP-4) to form the metabolite GLP-1(9-36) (10). At any given point in time, over 

80% of circulating GLP-1 occurs as GLP-1(9-36). In mouse islets, GLP-1(9-36) 

inhibited glucagon secretion as potently as GLP-1(7-36) (Fig. 1C). In human islets, 

GLP-1(9-36) was also strongly inhibitory and reduced glucagon secretion at 1 mM 

glucose by 50% (Fig. 1D). As was the case with GLP-1(7-36), high concentrations (≥1 

nM) of the agonist were less efficacious than low concentrations (1-10 pM), a feature 

that may reflect receptor desensitization (35).  

We excluded the possibility that GLP-1(9-36) inhibits glucagon secretion by a 

paracrine effect mediated by stimulation of insulin or somatostatin secretion 

(Supplementary Fig. 1A-D). Plasma GLP-1 levels range between 10-50 pM of which 

only <20% is GLP-1(7-36) (33). Collectively, these data therefore suggest that 

glucagon secretion is under strong tonic inhibition by circulating levels of GLP-1(7-36) 

and GLP-1(9-36) and that these effects are mediated by direct effects on the α-cells. 

Glucagonostatic and insulinotropic effects of GLP-1 are mediated by 

pharmacologically distinct mechanisms. The insulinotropic effects of GLP-1(7-36) are 

shared with the GLP-1 receptor agonist exendin-4, which shows 53% homology to 

GLP-1(7-36) (11). Exendin-4 (10 pM) potentiated glucose-induced (6 mM) insulin 

secretion by 100%  in mouse and human islets (Fig. 2A-B), comparable to that 

previously observed for GLP-1(7-36) (12). By contrast, the same concentration of 
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exendin-4 was without glucagonostatic effects in both mouse and human islets (Fig. 

2C-D).  

 Collectively, these data suggest that GLP-1(7-36) stimulates insulin secretion 

and inhibits glucagon release by pharmacologically distinct mechanisms, raising the 

interesting possibility that the effects on glucagon secretion may involve receptors 

distinct from the previously characterized GLP-1 receptor.  

GLP-1(7-36) and GLP-1(9-36) signal by PKA-dependent and -independent 

mechanisms, respectively. We compared the effects of GLP-1(7-36) and GLP-1(9-36) 

in the absence and presence of the PKA-inhibitor 8-Br-Rp-cAMPS. Under control 

conditions, GLP-1(7-36; 10 pM) inhibited glucagon secretion by 48%, which was 

reduced to 25% in the presence of 8-Br-Rp-cAMPS (10 µM; p<0.01). By contrast, the 

glucagonostatic effect of GLP-1(9-36; 10 pM) was not at all affected by the PKA 

inhibitor. In this experimental series, the inhibitory effect of GLP-1(9-36) averaged 42% 

and 40% (p=0.7) in the absence and presence of 8-Br-Rp-cAMPS, respectively (Fig. 

3B). Thus, it appears that the inhibitory effects of GLP-1(7-36) are partially PKA-

dependent, and those of GLP-1(9-36) are entirely PKA-independent. This difference 

provides additional evidence that the two GLP-1 amides may act by distinct 

mechanisms/receptors. Notably, the PKA inhibitor had no effect on glucagon secretion 

at 1 mM glucose, at variance with recent reports (13). 

The glucagonostatic effect of GLP-1 is retained in Glp1r-/- islets. To substantiate 

whether the two GLP-1 amides act via different mechanisms, we compared the effects 

of GLP-1(7-36) and GLP-1(9-36) on insulin and glucagon secretion in islets isolated 

from control (Glp1r+/+) and GLP-1 receptor knockout (Glp1r-/-) mice (9).  

In wild-type islets, increasing glucose from 1 to 6 mM increased insulin 

secretion by 100%. Treatment with GLP-1(7-36) (10 pM) resulted in an additional 

doubling of insulin secretion. In Glp1r-/- islets, increasing glucose from 1 to 6 mM also 

stimulated insulin secretion by 125% but GLP-1(7-36) (10 pM) did not lead to any 

further stimulation (Fig. 4A).  
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The effects of GLP-1(7-36) on glucagon secretion were tested at 1 mM 

glucose. In control islets, GLP-1(7-36) (10 pM) inhibited glucagon secretion by ~50%. 

Surprisingly, the inhibitory effects of GLP-1(7-36) persisted in Glp1r-/- islets where it 

amounted to a 55% reduction in glucagon release (Fig. 4B). Similarly, GLP-1(9-36) (10 

pM) was equally inhibitory in Glp1r-/- and control islets, suppressing glucagon secretion 

by ~60% (Fig. 4C). The inhibitory effects of both, GLP-1(7-36) and GLP-1(9-36) on 

glucagon secretion were comparable to the suppression resulting from increasing the 

glucose concentration from 1 to 6 mM. The glucagonostatic effect of elevated glucose 

was not affected by ablation of Glp1r (Fig. 4B-C), at variance with was recently 

reported after cell-specific ablation of Glp1r in α-cells (7).  

We point out that the mouse model used for these experiments is a general 

knockout and it can therefore be excluded that GLP-1 exerts its inhibitory action by a 

paracrine effect by activation of GLP-1Rs in ɗ- and β-cells. These data therefore 

suggest that whereas the insulinotropic effect of GLP-1 is mediated by the previously 

characterized (cloned) GLP-1 receptor, the glucagonostatic effects are mediated by 

activation of different receptor(s).  

GLP-1(9-36) activates the glucagon receptor. In the search for alternative 

receptors that may mediate the Glp1r-independent effects of GLP-1(7-36) and those 

of its metabolite, we next tested whether GLP-1(9-36) could activate the glucagon 

receptor (GCGR), which is expressed in α-cells at low levels  (but comparable to those 

found for Glp1r) in mouse and human β-cells  (14-16). In HEK 293 cells expressing 

human GCGR,  glucagon increased cAMP production with an EC50 of ~1 nM, an effect 

that was antagonized by the glucagon receptor antagonist L-168049 (17) (Fig. 5A). 

Intriguingly, GLP-1(9-36) also activated the glucagon receptor and increased cAMP 

content (Fig. 5B), an effect also prevented by L-168049.  

Receptor activity-modifying proteins (RAMPs) modulate the pharmacology of 

G protein-coupled receptors (18). In human islets, RAMP2 is expressed at much higher 

(~20-fold) levels in the α- than in β-cells (14). Mouse α-cells also express RAMP2 (15). 
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Whereas the capacity of GLP-1(7-36) to activate the human GCGR is abolished when 

the receptor is co-expressed with RAMP2 (19), the activating potency of GLP-1(9-36) 

was enhanced 30-fold; the EC50 was reduced from 10 nM to 0.3 nM in this series of 

experiments in co-transfected HEK293 cells (Fig. 5C). Significantly, and in contrast to 

both GLP-1(7-36) and (9-36), exendin-4 was without effect on cAMP production in 

GCGR-expressing HEK 293 cells (Fig. 5D). The latter finding echoes the failure of 

exendin-4 to affect glucagon secretion.  

We also considered the possibility that GLP-1 might suppress glucagon 

secretion by activation of GPR119, which are highly expressed in both mouse and 

human α-cells (14-16). However, both GLP-1(7-36) and (9-36) remained capable of 

inhibiting glucagon secretion in islets from Gpr119-/- mice (Supplementary Fig. 2) and 

neither GLP-(7-36) nor (9-36) activated GPR119 expressed in HEK293 cells 

(Supplementary Fig. 3). In addition, we have also excluded the possibility that the GLP-

1R agonists mediate their actions through the activation of GIPRs (Supplementary Fig. 

4). 

Glucagon receptor antagonists abolish glucagonostatic effect of GLP-1(9-36). 

The receptor activation studies raise the interesting possibility that GLP-1(9-36) may 

act by activating the glucagon receptors. We further explored this hypothesis by 

comparing the glucagonostatic effects of GLP-1(9-36) in the absence and presence of 

the highly selective glucagon receptor antagonist L-168049 (17).  

Under control conditions, GLP-1(9-36) (10 pM) inhibited glucagon secretion by 

~50% (Fig. 6A). However, when tested in the presence of L-168049, GLP-1(9-36) 

failed to affect glucagon secretion. In the same islets, elevation of glucose to 6 mM 

inhibited glucagon secretion ~50% (confirming that the α-cells were functional).  

These experiments were repeated in human islets. We observed that GLP-(9-

36) (10 pM) inhibited glucagon secretion in human islets almost as strongly as 6 mM 

glucose (48% and 56%, respectively) and that the effect of the GLP-1 metabolite was 
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abolished by two other glucagon receptor antagonists, Peptide R (in 2 separate human 

islet preparations) and Peptide N (1 islet preparation) (20) (Fig. 6B).  

GLP-1(9-36), but not GLP-1(7-36), signals by a Gi-dependent mechanism. The 

data shown in Fig. 3 suggests that GLP-1(9-36)-mediated glucagonostatic effects are 

resistant to PKA inhibition. We next compared the effects of GLP-1(7-36) and (9-36) 

in islets pretreated with pertussis toxin (PTX) to inhibit Gi (21). Under control conditions 

(without PTX pre-treatment), GLP-1(7-36) and (9-36) (both tested at 10 pM) inhibited 

glucagon secretion by >50%. Following pre-treatment with PTX (100 ng/ml for >4h), 

the inhibitory effect of GLP-1(9-36) was abolished whereas that of GLP-1(7-36) was 

unaffected (Fig. 7A). These divergent results provide additional support to the 

hypothesis that GLP-1(7-36) and (9-36) mediate their glucagonostatic effects by 

distinct mechanisms.  

We next tested the capacity of GLP-1(7-36) to suppress glucagon secretion in 

islets from Glp1r-/- mice following inactivation of Gi. In keeping with the data in Fig. 4B, 

GLP-1(7-36) retained its capacity to inhibit glucagon secretion in Glp1r-deficient islets. 

However, unlike what was observed in control (wild-type) islets, GLP-1(7-36) did not 

inhibit glucagon secretion in PTX-pretreated Glp1r-/- islets (Fig. 7B).  

The latter finding may suggest that the Glp1r-independent inhibitory effects of 

GLP-1(7-36) on glucagon secretion are actually mediated by the breakdown product 

GLP-1(9-36). To explore this hypothesis, we tested the effects of GLP-1(7-36) (10 pM) 

in the presence of the DPP-4 inhibitor sitagliptin (100 nM) (22) and compared the 

effects on glucagon secretion in the absence or presence of the GLP-1 receptor 

antagonist exendin(9-39) (100  nM) (Fig. 7C-D). Consistent with the data in Glp1r-

deficient islets, GLP-1(7-36) when used at picomolar concentrations retained an 

inhibitory effect in the presence of exendin(9-39). However, co-application of sitagliptin 

and exendin(9-39) abolished the inhibitory effect of GLP-1(7-36) (Fig. 7D). Importantly, 

sitagliptin was without stimulatory effect on glucagon secretion when tested in the 

absence of exendin(9-39) (Fig. 7C).  

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted October 25, 2019. ; https://doi.org/10.1101/785667doi: bioRxiv preprint 

https://doi.org/10.1101/785667


9 
 

GCGR is pleotropically coupled, activating not only stimulatory Gs but also the 

inhibitory Gi GTP-binding proteins (19, 23, 24). In HEK 293 cells expressing the GCGR, 

pretreatment with pertussis toxin increased cAMP accumulation in response to GLP-

1(9-36) (Supplementary Fig. 5), indicating that GLP-1(9-36) can activate Gi. 

GLP-1(7-36) and (9-36) remain inhibitory in Gcgr-/- islets. The studies with 

recombinant glucagon receptors and glucagon receptor antagonists suggest that GLP-

1(9-36) may inhibit glucagon secretion by activation of glucagon receptors (GCGRs). 

We compared the effects of GLP-1(7-36) (10 pM) and (9-36) (10 pM) in islets from 

control and Gcgr-/- mice (Fig. 8A) (25). In wildtype islets, GLP-1(7-36) and GLP-1(9-

36) applied at 1 mM glucose inhibited glucagon secretion as strongly as increasing 

glucose from 1 to 6 mM. Unexpectedly (given the data obtained with glucagon 

antagonists; Fig. 6), both GLP-1(7-36) and (9-36) remained as inhibitory in Gcgr-/- islets 

as in wildtype islets (Fig. 8A and B). 

We reasoned that GLP-1(7-36) and (9-36) may still inhibit glucagon secretion 

in Gcgr-/- islets by activation of GLP-1Rs in α- or β-cells. If so, GLP-1(9-36) should not 

be inhibitory when both GCGR and GLP-1R signaling are disrupted. We tested this by 

application of GLP-1(9-36) to islets from Glp1r-/- in the presence of the glucagon 

receptor antagonist Peptide N. Under these conditions, GLP-1(9-36) was without any 

inhibitory effect (Fig. 8C).   

Effects of GLP-1(9-36) in vivo. Plasma glucose reflects the balance between 

the hypoglycemic action of insulin and hyperglycemic action of glucagon. The 

observation that GLP-1(9-36) inhibits glucagon secretion in vitro therefore suggests 

that it may affect systemic glucose homeostasis. GLP-1(9-36) was administered 

intraperitoneally at a dose of 500 ng/g body weight as used previously by other 

investigators (26). Plasma GLP-1(9-36) peaked after 10 min, attaining a maximal 

concentration of 400 pM. The concentration then decayed exponentially but remained 

>60 pM (5-fold higher than basal) 60 min after injection of the peptide (Supplementary 

Fig. 6A), close to that producing the maximum glucagonostatic effect in the in vitro 
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measurements (cf. Fig. 1C) but it was without effect on plasma glucose and glucagon 

when administered to fed mice with a plasma glucose of 11±0.5 mM (n=7) 

(Supplementary Fig. 6B-C).  

We reasoned that the systemic effects of GLP-1(9-36) might be more apparent 

when glucagon secretion is stimulated by insulin-induced hypoglycaemia. In mice 

fasted for 5h, insulin (0.5 U/kg body weight) lowered plasma glucose from a basal 7.5 

mM to 4 mM (Fig. 9A) This was associated with an ~10-fold increase in plasma 

glucagon, an effect reduced by 40% when insulin was co-injected with GLP-1(9-36) 

(Fig. 9B).  Despite the reduction of glucagon there was no effect of the GLP-1 

metabolite on plasma glucose. 

More dramatic effects were observed when the period of fasting was extended 

to 18h, the approximate transit time for ingested food in mice (27). In these mice, 

insulin-lowered plasma glucose fell from 5.5 mM to 3.5 mM and 2 mM in the absence 

and presence of co-injected GLP-1(9-36), respectively (Fig. 9C) and the experiment 

had to be terminated to comply with our animal license. Plasma glucagon levels 

measured at 30 min were the same in the absence and presence of GLP-1(9-36) (Fig. 

9D).  

It may seem surprising that GLP-1(9-36) seemingly failed to lower plasma 

glucagon compared to saline controls in these experiments but it should be noted the 

more pronounced hypoglycemia should have triggered a much stronger increase in 

plasma glucagon (28) and the absence of such an effect is therefore indicative of an 

inhibitory effect. Indeed, glucagon secretion measured in vitro was 2-fold higher at 2 

mM glucose than 4 mM and inclusion of GLP-1(9-36) prevented this stimulation either 

in mouse or human isolated islets (Fig. 9E-F).  

 

Discussion 

Our data suggests that physiological (picomolar) concentrations of GLP-1 exert their 

glucagonostatic effects via mechanisms that are (at least in part) intrinsic to the 
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glucagon-secreting α-cells and that are independent of paracrine effects from the 

neighboring islet cells. A similar conclusion was previously made for pharmacological 

(nanomolar) concentrations of GLP-1(7-36) (5, 6).  

The mechanisms by which GLP-1 inhibits glucagon secretion are clearly 

complex. Fig. 10 outlines a model that explains our findings and that integrates the 

function of GLP-1Rs and other GPCRs in α-cells. We propose that GLP-1(7-36) and 

GLP-1(9-36) inhibit glucagon secretion by a combination of (at least) two mechanisms 

that involve distinct receptors and intracellular signal transduction pathways. Whereas 

the two mechanisms normally cooperate, they may individually suffice to maximally 

suppress glucagon secretion under certain experimental conditions, which 

complicates the elucidation of the underlying mechanism. Accordingly, genetic 

ablation of one receptor subtype may not be enough to produce a clear phenotype and 

combination of genetic and pharmacological strategies are therefore required to unveil 

the role of the different receptors.  

GLP-1(7-36) inhibits glucagon secretion by binding to GLP-1R. Activation of 

the GLP-1Rs leads to a small increase in intracellular cAMP, sufficient to activate PKA 

with resultant inhibition of glucagon secretion. This explains why the PKA-inhibitor Rp-

cAMPS reduces the relative inhibitory effect of physiological concentrations of GLP-

1(7-36) by 50%. In addition to this cAMP/PKA-dependent actions, GLP-1(9-36) also 

inhibits glucagon secretion by a pertussis toxin-sensitive (Gi) effect. The finding that 

GLP-1(7-36) is without effect when applied in the presence of exendin(9-39) (to block 

the GLP-1Rs) and sitagliptin (to inhibit the DPP4) further suggests that this effect is 

mediated following its degradation to GLP-1(9-36). The identity of the receptor that 

activates Gi remains to be conclusively established but receptor antagonist studies 

suggest it may be GCGR. Our data suggest that GLP-1(9-36) – but not GLP-1(7-36) – 

activates GCGR and Gi in α-cells. Exendin-4 had no effect on GCGR (unlike GLP-1(9-

36)) and this difference may account for the failure of the GLP-1R agonist to suppress 

glucagon secretion.  How GLP-1(9-36) and activation of Gi inhibits glucagon secretion 
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remains to be documented but we have previously shown that agents that activate Gi 

(including somatostatin) inhibit glucagon granule exocytosis in both mouse (29) and 

human (30) α-cells by depriming of release-competent secretory granules. 

Coda: Beyond the α-cell. There have been multiple reports that GLP-1(7-36) 

and GLP-1(9-36) exert effects in the CNS, cardiovascular system, gastrointestinal 

tract, liver and muscle that persist in the absence of the classical GLP-1 receptor and 

which are likely to involve distinct receptor(s)/mechanisms (31-34). Our data suggest 

that an alternative GLP-1R does not exist and that Glp1r-independent effects of GLP-

1(7-36) and GLP-1(9-36) instead reflect the simultaneous response to other (related) 

GPCRs (that normally mediate the effects of other ligands such as glucagon). The 

existence of an alternative GLP-1R has been inferred for a long time but attempts to 

identify it have failed and there is no obvious candidate in the genome (see 

http://www.glucagon.com/glp1secondreceptor.html). It is possible that the concept of 

receptor ‘promiscuity’ can be extended to other cases where a hormone exerts an 

effect without an obvious candidate receptor. 

 

Materials and Methods 

Human islets. Human pancreatic islets were isolated (with ethical approval and 

clinical consent) at the Diabetes Research and Wellness Foundation Human Islet 

Isolation Facility (OCDEM, Oxford, UK) from the pancreases of 24 nondiabetic donors. 

Donors (10 females, 14 males) were on average 48 years old (range 19–61) with a 

BMI of 28 (range 21–37). Islets were isolated as previously described (35). Human 

islets were usually released for experimental work within 24h of islet isolation. During 

the interval between islet isolation and the hormone secretion studies, islets were 

maintained in complete RPMI medium containing 5 mM glucose.  

Animals and islet isolation. Most studies were conducted in 8-16 weeks old 

mice on a C57BL6/J or NMRI background. Ethical approval. All animal experiments 

were conducted in accordance with the ethical guidelines of the Universities of Oxford, 
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Lausanne, Copenhagen and Goteborg and were approved by the local Ethics 

Committees.  

Mice were housed at up to six per cage and kept on 12h light-dark cycle with 

free access to chow diet and water. 

In addition to the ordinary mice, three different mouse strains were used in this 

study: global Glp1r-/- mice (9); global Gcgr-/- mice (25); and α-cell-specific Gpr119-/- 

mice (GLU-Cre x GRP119(fx/fx) mice) (36).  

For experiments with the mouse knockout models, sex- and age-matched wild type 

littermates were used as controls.  

The mice were killed by cervical dislocation, the pancreas quickly resected and 

pancreatic islets isolated by liberase (Sigma) digestion. The islets were picked and 

grouped manually.  

Reagents. GLP-1(7-36), GLP-1(9-36), exendin-4 and exendin(9-39) were 

purchased from Bachem (Weil am Rhein, Germany).  The PKA inhibitor 8-Br-Rp-

cAMPS (Rp-cAMPS) was purchased from BioLog Life Science Institute (Bremen, 

Germany), the SSTR2 antagonist CYN154806 from Tocris Bioscience (Bristol, UK), 

the Gpr119 agonist AS1269574 from Tocris and pertussis toxin from Sigma. All other 

reagents were of analytical grade. Human GLP-1(7-36)NH2, GLP-1(9-36)NH2, 

glucagon (GCG) and exendin-4 (Ex-4) were custom synthesised by Generon (Slough, 

U.K.). GPR119 small molecule agonist, AR231453, was purchased from Sigma 

(Dorset, U.K.) and glucagon receptor (GCGR) small molecule antagonist, L-168049 

was purchased from Tocris (Bristol, U.K.). Rolipram and forskolin were purchased from 

Cayman Chemical Company (Michigan, U.S.). All peptide ligands were made up to 

1mM stock solution in deionised water while small molecule compounds, except for 

rolipram (which was made up to 25mM), were made up to 10mM in dimethyl sulfoxide 

(DMSO). All compounds and peptide ligands were stored at -20°C before assays. 

cDNA constructs of the human GCGR was donated by Professor Patrick Sexton 

(Monash University, Australia) while cDNA constructs of human GPR119 were 
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purchased from cDNA.org. The LANCE® cAMP detection assay kits and 384-well 

white Optiplates were purchased from PerkinElmer Life Sciences (Waltham, U.S.A.). 

Minimal Essential Medium (MEM) and heat inactivated fetal bovine serum (FBS) were 

purchased from GibcoTM (Thermo-fisher Scientific, U.K.).  

Measurements of islet hormone secretion. Mouse islets were used acutely, 

except for studies with PTX, where islets were treated with the toxin overnight, and 

were, pending the experiments, maintained in tissue culture for <24 h in RPMI medium 

containing 10% fetal bovine serum (FBS), 1% penicillin/streptomycin and 10 mM 

glucose prior to the measurements. Human islets were maintained in culture for up to 

48h in RPMI medium containing 10% fetal bovine serum (FBS), 1% 

penicillin/streptomycin and 5 mM glucose.  

Experiments were conducted using batches of 10–15 size-matched islets per 

tube (in triplicate) as previously described (35, 37). We note that glucagon secretion 

exhibits variability between preparations. To circumvent these confounds, each 

donor/group of mice were used as its own control when testing the effect of a 

compound.    

Islets were washed twice in RPMI prior to preincubation in Krebs-Ringer buffer 

(KRB) containing 2 mg/ml BSA (S6003, Sigma‐Aldrich) and 3 mM glucose for 1 h at 

37oC. Following this, islets were incubated in 0.3 ml KRB with 2 mg/ml BSA, 

supplemented with various glucose concentrations or compounds as indicated. After 

incubation, the supernatant was removed and quickly frozen and stored at −80°C. 

Insulin and glucagon were determined by radioimmunoassay (Millipore and Oxford 

Biosystem, respectively) according to the manufacturers’ instructions.   

Receptor binding studies. Cell Culture and transient transfection:  HEK-293 

cells lacking the calcitonin receptor (ΔCTR-HEK 293 cells) were given by Drs. David 

Hornigold, Jacqueline Naylor and Alessandra Rossi (MedImmune, Cambridge, UK), 

and used as described elsewhere(38). ∆CTR-HEK 293 cells were cultured in MEM 

supplemented with 10% heat-inactivated FBS plus 1% non-essential amino acids. 
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ΔCTR-HEK 293 cells were incubated in a humidified 95% air/5% CO2 incubator at 

37°C and were used between passages 1 to 5. ∆CTR-HEK 293 cells were transfected 

with polyethylenimine (PEI) as per manufacturer's protocol using 1:6 (w:v) DNA:PEI 

ratio on 24-well plate. The transfected cells were grown 48 h prior to assays. 

cAMP accumulation assays: Assays were performed as previously described  (19, 23, 

39). In brief, ∆CTR-HEK 293 cells transiently transfected with GCGR or GPR119 were 

washed with phosphate buffered saline (PBS), resuspended in PBS containing 0.1% 

bovine serum albumin (BSA) plus 25𝜇M rolipram, and seeded at 2000 cells/well in 

384-well white Optiplates. Agonists were serially diluted at concentrations in the range 

of between the ranges of 100μM to 0.01 pM (dependent upon agonist used) in a 96 

well-plate. GCGR antagonist L-168049 was added to the serially diluted peptide 

ligands in the antagonist assay and the DMSO content was kept at 2% across all wells. 

The cells were stimulated with ligands for 15 or 30 min as indicated and cAMP 

accumulation was measured using a LANCE® cAMP detection assay kit. Plates were 

read using a Mithras LB 940 multimode micro-plate reader (Berthold Technologies). 

Values were converted to concentration using a cAMP standard curve performed in 

parallel and standardised to cells stimulated with 100 μM forskolin, which provided the 

system maximum. 

Plasma glucose measurements during insulin tolerance tests. Fed blood 

glucose levels (data point before fasting) were measured from a blood drop obtained 

by a tail vein nick using the Accu-Chek Aviva (Roche Diagnostic). The mice were then 

fasted for 5h prior to the experiments. Fast-acting human insulin (Actrapid, Novo 

Nordisk) was injected intraperitoneally at the indicated doses with a 25-gauge needle 

at time zero. GLP-1(9-39) was injected intraperitoneally with insulin as indicated. In the 

control experiments, insulin was co-injected with the solvent.  

Tail vein blood glucose and glucagon levels were monitored using a glucometer 

before and an ELISA (Mercodia Glucagon ELISA, Uppsala, Sweden). Total GLP-1 was 

measured by ELISA (Crystal Chem, Zaandam, Netherlands). 
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Data analysis. All data are reported as mean ± SEM, unless otherwise stated. 

Statistical significance was defined as P<0.05. All statistical tests were conducted in 

Prism 5 (GraphPad Software, San Diego, CA). For two groupings, a t-test was 

conducted. If the data were nonparametric, a Mann–Whitney test was conducted. For 

more than two groupings, a one-way ANOVA was conducted. If there were two 

independent variables, a two-way ANOVA was conducted. For secretion data, a 

minimum of two human donors were used and each replicate was considered an 

individual experiment. For experiments on mouse islets, each replicate (using different 

groups of islets) was regarded as a separate experiment and the number of mice used 

for each experiment is stated and, in each case, at least 4 mice were used.  

Study approval. All experiments on mouse islets were conducted in accordance 

with the United Kingdom Animals (Scientific Procedures) Act (1986) and the University 

of Oxford ethical guidelines. Breeding of Gcgr null mice were in compliance with an 

animal experiment license issued by the Danish Committee for Animal Research and 

approved by the local animal welfare committee at the University of Copenhagen. 

Breeding of Glp1r-deificient mice was performed at the University of Lausanne and 

were reviewed and approved by the Veterinary Office of Canton de Vaud. 

Human pancreases were obtained with ethical approval of the NHS National Research 

Ethics Centre, Oxfordshire, United Kingdom (REC B) and clinical consent from heart-

beating donors. 
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Figure 1: GLP-1(9-36) inhibits glucagon secretion 

(A-B) Effects of increasing concentrations of GLP-1(7-36) on glucagon secretion in isolated mouse (A; n=8-11
using islets from 10 mice) and human (B; n=5-15 using islets from 4 donors) pancreatic islets. (C-D) As in 
(A and B) but using the degradation product GLP-1(9-36) (C; n=4 using islets from 4 mice, D; n=15-17 using 
islets from 4 donors). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001  versus 1mM glucose; 1-way ANOVA with 
Dunnett’s post-hoc test.
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Figure 2: Differential pharmacology of insulinotropic and glucagonostatic effects of GLP-1

(A-B) Effects of 10 pM exendin-4 on insulin secretion in mouse (A; n=3 using islets from 3 mice) and human 
pancreatic islets (B; n=7 using islets from 2 donors) at 1 and 6mM glucose as shown. (C-D) Effects of GLP-1 
receptor agonist exendin-4 on glucagon secretion at 1 and 6mM glucose in mouse (C; n=7-11 using islets 
from 12 mice) and human pancreatic islets (D; n=12-16 using islets from 4 donors).*P<0.05, **P<0.01, 
****P<0.0001 versus 1mM glucose; ## P<0.01 for indicated comparison,1-way ANOVA with Dunnett’s post-hoc 
test. 

0

2

4

6

8

in
su

lin
se

cr
et

io
n

(n
or

m
al

iz
ed

to
1m

M
G

)

****

****

glucose (mM)                   1                           6                          6
exendin-4 (pM   )                   -                            -                   10

0.0

0.5

1.0

1.5

2.0

gl
uc

ag
on

se
cr

et
io

n
(n

or
m

al
iz

ed
to

1m
M

G
)

glucose (mM)                   1                            1                           6
exendin-4 ( pM)                     -                             10                           -

**

##

0.0

0.5

1.0

1.5

2.0

gl
uc

ag
on

se
cr

et
io

n
(n

or
m

al
iz

ed
to

1m
M

G
)

****

glucose (mM)                  1                             1                            6
exendin-4 ( pM)             -                            10                            -

0

2

4

6

8

in
su

lin
se

cr
et

io
n

(n
or

m
al

iz
ed

to
1m

M
G

)

glucose (mM)                 1                            6                           6
exendin-4 (pM )                 -                             -                          10

***

*

#

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted October 25, 2019. ; https://doi.org/10.1101/785667doi: bioRxiv preprint 

https://doi.org/10.1101/785667


A B

Figure 3: PKA-dependent and –independent glucagonostatic effects of GLP-1(7-36) and GLP-1(9-36)

(A) Effects of GLP-1(7-36) on glucagon secretion in the absence and presence of the PKA-inhibitor Rp-cAMPS 
as indicated (n=7 using islets from 11 mice). Glucose was included at 1 and 20mM as indicated. (B) As in (A) 
but using GLP-1(9-36) (n=8-11 using islets from 10 mice). ***P<0.001, ****P<0.0001 versus 1mM glucose, 
††P<0.01, †††P<0.001 for indicated comparisons; 1-way ANOVA with Dunnett’s post-hoc test.
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Figure 4: GLP-1(7-36) and  GLP-1(9-36) retain glucagonostatic effects in Glp1r-/- mouse islets

(A) Effects of 10 pM GLP-1 (7-36) on insulin secretion at 1 and 6mM glucose in islets isolated from wild type 
(WT) and Glp1r-/- (GLP1R-KO) mice (n=4-8 using islets from 4 mice of each genotype). (B) Effects of 10 pM 
GLP-1(7-36) on glucagon secretion in wild-type and Glp1r-/- islets (n=4-9 using islets from 4 mice of each 
genotype) at 1 and 6 mM glucose as shown. (C) As in (B) but testing effects of 10 pM GLP-1(9-36) (n=3-4 
using islets from 3 mice of each genotype). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus 1mM 
glucose, †††P<0.001 for indicated comparison; 1-way ANOVA with Dunnett’s post-hoc test.  
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Figure 6: GLP-1(9-36) activates the glucagon receptor

(A-B) cAMP accumulation was determined in [ΔCTR] HEK 293 cells transiently transfected with the GCGR and
stimulated for 15 mins with glucagon (n=6) (A) and GLP-1(9-36) (n=10) (B) in the presence or absence of the
selective competitive antagonist L-168049. (C) cAMP accumulation was determined in [ΔCTR]HEK 293 cells
transiently transfected with the GCGR (-) or with GCGR +RAMP2 and stimulated for 15 mins with GLP-1(9-36)
(n=4) Data expressed as percentage of cAMP production relative to GCGR alone. (D) cAMP accumulation was
determined in [ΔCTR] HEK 293 cells transiently transfected with the GCGR and stimulated for 15 mins with
exendin-4 (n=6).All data, except panel C, are expressed as percentage of cAMP production, determined using 
100 μM forskolin stimulation.
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Figure 6: GLP-1(9-36) glucagonostatic effects reversed by glucagon receptor antagonists

(A) Effects of 10 pM GLP-1(9-36) on glucagon secretion in the absence or presence of L-168049 (A; n=10 
using islets from 7 mice). (B) Effect of 10 pM GLP-1(9-36) on glucagon secretion in human islets in absence 
and presence of Peptide R or Peptide N (n=8-9 from 3 donors); *P<0.05, **P<0.01 versus 1mM glucose; 
1-way ANOVA with Dunnett’s post-hoc test. Data from different donors have been color-coded (empty circles 
using Peptide N).
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Figure 7: GLP-1(9-36) inhibits glucagon secretion by pertussis toxin-sensitive mechanism

(A) Effects of 10 pM GLP-1(7-36) or GLP-1(9-36) on glucagon in wild type (WT) under control conditions 
and after pretreatment with pertussis toxin (PTX; n=6-8 using islets from 11 mice). (B) As in A but using islets 
from Glp1r-/- mice (GLP-1R KO; n=6-9 using islets from 10 mice). (C-D) Effects of 10 pM GLP-1(7-36) on 
glucagon secretion in the presence of the DPP4 inhibitor sitagliptin (100 nM) alone (C) and with the GLP-1 
receptor antagonist exendin-9 (1μM) (D) (n=4 using islets from 4 mice).  *P<0.05, ***P<0.001, ****P<0.0001 
for indicated comparisons; 1-way ANOVA with Dunnett’s post-hoc test.
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Figure 8: GLP-1(9-36) inhibits glucagon secretion in islets from Gcgr-/- mice.

(A-B) Effects of 10 pM GLP-1(7-36) or 10 pM GLP-1(9-36) on glucagon secretion on glucagon secretion in 
islets from wild type (WT; A) and Gcgr-/- mice (B) exposed to 1 mM glucose (n=13-17 using islets from 12 
mice of each genotype). The responsiveness to 6 mM glucose was also confirmed. (C) Effects of GLP-1(9-36)
 on glucagon secretion in islets from Glp1r-/- mice in presence of the glucagon receptor antagonist Peptide N 
(n=9 using islets from 12 mice). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 versus 1mM glucose; 1-way 
ANOVA with Dunnett’s post-hoc test.
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Figure 9:GLP-1(9-36) effects on glucose and glucagon secretion during insulin-induced hypoglycemia in vivo.

(A-D) Effect of GLP-1(9-36) injection on glucose (A and C) and on glucagon (B and D) after 15, 30 and 45 
minutes from insulin administration, in mice fasted for 5h (A-B) (n=11-13) and in mice fasted for 18h (C-D)
(n=5).*P<0.05, **P<0.01, for indicated comparisons. (E-F) Effect of 10 pM GLP-1(9-36) on glucagon 
secretion in mouse (E) (n=7-8 using islets from 4 mice) and human (F) islets (n=9-12 using islets from 3 
donors) stimulated with 4mM and 2 mM glucose. *P<0.05 versus 4 mM glucose;1-way ANOVA with 
Dunnett’s post-hoc test.
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Figure 11. Schematic illustrating the regulation of glucagon secretion by GLP-1. Activation of GLP-1 receptor (GLP-1R) activates a stimulatory GTP-binding protein (Gα,s) with 

resultant stimulation of adenylate cyclase (AC), elevation of intracellular cAMP and activation of protein kinase A (PKA). This leads to inhibition of voltage-gated P/Q-type Ca2+

channels and suppression of glucagon exocytosis via a reduction in cytoplasmic free Ca2+ ([Ca2+]i). This pathway is inhibited by the GLP-1R antagonist exendin(9-39) and the 

PKA-inhibitor Rp-cAMPS. In addition to this mechanism, GLP-1 may also (following its degradation to GLP-1(9-36), a reaction catalysed by dipeptidyl peptidase 4 [DPP4]) activate 

the glucagon receptor (GCGR). This pathway leads to activation of an inhibitor GTP-binding protein (Gα,i) and culminates in depriming of secretory granules and reduced glucagon 

exocytosis. This pathway is inhibited by the DPP4 inhibitor sitagliptin, pertussis toxin (PTX) and GCGR antagonists such as L-168049. See main text for details. 
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