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Abstract | Glucagon is secreted from islet α cells and controls blood levels of glucose in the fasting state. 
Impaired glucagon secretion predisposes some patients with type 1 diabetes mellitus (T1DM) to hypoglycaemia; 
whereas hyperglycaemia in patients with T1DM or type 2 diabetes mellitus (T2DM) is often associated with 
hyperglucagonaemia. Hence, therapeutic strategies to safely achieve euglycaemia in patients with diabetes 
mellitus now encompass bihormonal approaches to simultaneously deliver insulin and glucagon (in patients with 
T1DM) or reduce excess glucagon action (in patients with T1DM or T2DM). Glucagon also reduces food intake 
and increases energy expenditure through central and peripheral mechanisms, which suggests that activation 
of signalling through the glucagon receptor might be useful for controlling body weight. Here, we review new data 
that is relevant to understanding α‑cell biology and glucagon action in the brain, liver, adipose tissue and heart, 
with attention to normal physiology, as well as conditions associated with dysregulated glucagon action. The 
feasibility and safety of current and emerging glucagon-based therapies that encompass both gain-of-function 
and loss-of-function approaches for the treatment of T1DM, T2DM and obesity is discussed in addition to 
developments, challenges and critical gaps in our knowledge that require additional investigation.
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Introduction
Glucagon is a peptide comprised of 29 amino acids that 
is secreted at low levels from pancreatic α cells in the 
basal non-fasting state; whereas during long-term fasting 
or in response to hypoglycaemia, secretion of glucagon 
is increased. Studies of normoglycaemic individuals 
and patients with diabetes mellitus reveal that glucagon  
is the primary glucoregulatory hormone that counteracts 
the metabolic consequences of excessive insulin action.1 
GCG encodes proglucagon—a 160 amino acid pre
cursor polypeptide that is processed in a tissue-specific 
manner to yield multiple proglucagon-derived pep-
tides (Figure 1). Enteroendocrine cells predominantly 
express neuroendocrine convertase 1 (also known as pro
hormone convertase 1, PC1; encoded by PCSK1), which 
generates glicentin (aa 1–69), oxyntomodulin (aa 33–69), 
glucagon-like peptide 1 (GLP‑1; aa 78–107/108) and 
glucagon-like peptide 2 (GLP‑2; aa 126–158). By con-
trast, neuroendocrine convertase 2 (also known as pro-
hormone convertase 2; PC2) is expressed in α cells and 
liberates glucagon (aa 33–61) and the major proglucagon 
fragment, which contains unprocessed GLP‑1 and GLP‑2.2

Glucagon acts through the glucagon receptor (GCGR), 
which is a single G protein-coupled receptor expressed 
in the liver as well as multiple extrahepatic tissues, such 
as the brain, heart, kidney, gastrointestinal tract and 
adipose tissues (Figure 2). The hyperglycaemic proper-
ties of pancreatic extracts containing glucagon were first 
reported over 90 years ago,3 and glucagon administration 
has been used for the acute treatment of hypoglycaemia 
since the 1950s.4 Contemporary treatment strategies that 
utilize continuous administration of glucagon as a com-
ponent of antidiabetic therapy to reduce the frequency 
of hypoglycaemia in patients with type 1 diabetes mel-
litus (T1DM), have engendered considerable interest. 
Furthermore, the central role of glucagon in the patho-
physiology of hyperglycaemia continues to foster enthu-
siasm for attenuating glucagon action in the treatment of 
patients with T1DM and type 2 diabetes mellitus (T2DM). 
Here, we review emerging advances in α islet cell biology 
and discuss new concepts of glucagon action in the control 
of carbohydrate and energy metabolism. The therapeutic 
efforts directed at manipulating GCGR signalling for the 
treatment of metabolic disorders are also discussed.

Glucagon
Regulation of secretion
Glucagon is secreted in response to hypoglycaemia, with 
a robust secretory response that is triggered when levels 
of glucose decline below a key threshold, which differs 
slightly between different species.5,6 Glucagon secre-
tion also rises following increases in circulating levels 
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of amino acids and fatty acids, as well as in response to 
adrenergic stimulation and to some regulatory peptides.7 
The important role of multiple β‑cell-derived secretory 
products, including insulin, zinc and γ‑aminobutyric 
acid (GABA), in the suppression of glucagon secretion 
is widely appreciated7 and might account for the failure 
of insulin alone to completely suppress glucagon secre-
tion under conditions of impaired or lost β‑cell function. 
Disruption of GLP‑1 action, using antagonists or genetic 
manipulation, increases glucagon secretion in humans 
and rodents, respectively.8 In addition, somatostatin is an 
essential negative regulator of cAMP-dependent glucagon 

Key points

■■ Perturbation of normal homeostatic control of proglucagon processing can 
occur, which gives rise to production of glucagon-like peptide 1 in the inflamed 
or injured pancreas

■■ The plasticity and interconversion of α cells and β cells provides opportunities 
for cell replacement and differentiation strategies for the treatment of 
diabetes mellitus

■■ The central role of glucagon in maintenance of euglycaemia underscores 
the rationale for clinical strategies for simultaneous glucagon and insulin 
administration for therapy of type 1 diabetes mellitus (T1DM)

■■ Glucagon agonists reduce food intake and increase energy expenditure, which 
highlights pathways that could be targeted in the treatment of obesity

■■ Dysregulated glucagon secretion and increased hepatic glucose production in 
patients with T1DM or type 2 diabetes mellitus forms the basis of attempts to 
reduce glucagon action to treat these individuals

■■ Mechanism-based adverse events, such as cardiovascular effects, are mediated 
by glucagon receptor signalling and should be considered when developing 
therapeutic strategies directed at enhancing or attenuating glucagon action

secretion via the somatostatin receptor type 2 (SS2R); 
genetic disruption or transient antagonism of SS2R in 
rats results in increased glucagon secretion.9 The potential 
of SS2R antagonism to correct defective glucagon secre-
tion and reduce hypoglycaemia continues to be explored. 
Alternative approaches to restoring defective glucagon 
secretion, such as reducing the activity of  KATP channels 
in α cells, are also being explored.10

The central nervous system (CNS) is an important 
sensor of ambient glucose levels and drives neural signals 
that augment glucagon secretion. Multiple regions and 
nuclei within the CNS, such as the hypothalamus and neu
rons positive for solute carrier family 2 facilitated glucose 
transporter member 2 (GLUT2) within the nucleus of the 
solitary tract of the medulla, contribute to the stimulation 
of glucagon secretion during hypoglycaemia via increased 
parasympathetic input.11 By contrast, in humans, vago
tomy leads to increased plasma levels of glucagon following 
consumption of a mixed meal, but not during intravenous 
glucose challenge,12,13 which suggests that the vagus nerve 
conveys gut-derived inhibitory signals, either directly 
or indirectly, to α cells. Furthermore, the complexity of 
islet cholinergic innervation seems to be species-specific, 
as human (but not mouse) islet α cells express a range of 
molecules that are required for the synthesis, export and 
signalling of acetylcholine.14 Counterintuitively, release 
of acetylcholine from stimulated α cells is implicated as a 
priming signal that enhances insulin secretion from adja-
cent β cells via muscarinic acetylcholine receptor M3.15 
Alternatively, intra-islet acetylcholine might target human 
δ cells via muscarinic acetylcholine receptor M1 to release 
somatostatin, thereby inhibiting insulin secretion.14

Whether glucose primarily controls glucagon release 
directly, via glucose sensing and metabolism in α cells, or 
indirectly, through β cell, δ cell or neural activity under 
normoglycaemic, hyperglycaemic or hypoglycaemic 
conditions, is difficult to precisely elucidate in vivo. The 
extrapolation of insights from elegant reductionist biology 
analysing glucose sensing in single α cells to whole animal 
physiology remains challenging. Although oral admini
stration of glucose suppresses glucagon secretion in the 
normal postprandial state,16 glucagon secretion can rise 
slightly following ingestion of mixed meals (depending 
on the composition of the meal) in healthy individuals.17 
Hyperglycaemia reduces glucagon secretion from the 
perfused pancreas or isolated islets; however, glucagon 
secretion unexpectedly rises in response to increases in 
glucose concentrations in isolated α cells.18 Understanding 
how α cells integrate information from the gut, circulating 
levels of nutrients, metabolites, hormones, neural inputs 
and intra-islet signals to fine tune glucagon release in the 
fasting, postprandial and hypoglycaemic states, remains 
an important subject for investigation.

Challenges in accurate measurements
Glicentin, oxyntomodulin and glucagon each contain an 
identical sequence that corresponds to amino acids 33–61 
of proglucagon (Figure 1). Thus, crossreactivity and non-
specificity might be possible with assays utilizing antisera 
directed at residues within the core 29 amino acid glucagon 
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Figure 1 | Proglucagon-derived peptides liberated in the pancreas and 
gastrointestinal tract. A single mammalian gene gives rise to an identical precursor 
polypeptide, proglucagon, in enteroendocrine cells, brain and α cells. This 
prohormone undergoes differential cell-specific post-translational processing to yield 
different peptides, which themselves can undergo further enzymatic cleavage as 
shown. Abbreviations: GLP‑1, glucagon-like peptide 1; GLP‑2, glucagon-like peptide 2; 
GRPP, glicentin-related polypeptide; IP, intervening peptide; MPGF, major proglucagon 
fragment; PC1, prohormone convertase 1; PC2, prohormone convertase 2.
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sequence exists. Furthermore, glucagon is processed into 
truncated forms (amino acids 3–29, 18–29 and 19–29) 
by various endopeptidases (neprilysin, for example) and 
exopeptidases (such as dipeptidyl peptidase 4 [DPP4]), 
and these processed peptides can exhibit crossreactivity 
with some antisera.19 Glucagon circulates at very low 
levels, which further challenges efforts to detect small 
changes in immunoreactive glucagon levels in response 
to physiological events such as refeeding. Evaluation of 
commercially available assays for measuring circulat-
ing levels of glucagon demonstrates that poor specificity  
and/or suboptimal sensitivity remain common pro
blems.19 Improved specificity, with minimal crossreactivity 
against oxyntomodulin and glicentin, has been achieved 
with newly developed enzyme-linked immunosorbent 
assays (ELISAs) that use separate monoclonal antibodies, 
which target each end of the glucagon peptide and have 
little crossreactivity to oxyntomodulin (<5%) or glicentin 
(<2%).13 Circulating levels of glucagon in patients with 
renal impairment were raised when measured by a single-
site-carboxyterminal-specific assay, yet normal when 
assayed with a specific two-site ELISA.13 Interpretation of 
the existing literature reporting measurements of glucagon 
in plasma is problematic as a result of the widespread his-
torical use of incompletely characterized assays that have 
suboptimal sensitivity and specificity.

Physiological fluctuations in secretion 
Physiological levels of glucagon in healthy individuals are 
in the ranges of 6–12 pM (~20–40 pg/ml) following an 
overnight fast and 3–5 pM (~10–17 pg/ml) in the post-
prandial state.13,19 Individuals with T2DM often exhibit a 
50–100% increase in fasting levels of glucagon and mani-
fest impaired suppression or inappropriate increases in 
glucagon levels following challenge with enteral but not 
intravenous glucose.16 The clinical relevance of defective 
α‑cell function in individuals with T2DM is highlighted by 
the frequent development of both fasting and postprandial 
hyperglucagonaemia, which leads to increased hepatic 
production of glucose and hyperglycaemia.20 Despite the 
important inhibitory role of the β cell in physiological 
control of glucagon secretion, insulin replacement to 
correct dysglycaemia is frequently insufficient to restore 
normal glucagon dynamics in individuals with T1DM.21 
The failure of exogenous insulin to completely normal
ize glucagon levels might reflect challenges in achieving 
the necessary intra-islet concentrations of glucagon or the 
requirement for one or more additional inhibitory factors, 
such as zinc, GABA and/or somatostatin, that also suppress 
glucagon secretion.

Considerable evidence links the incretin hormone 
gastric inhibitory polypeptide (also known as glucose-
dependent insulinotropic polypeptide; GIP) to control 
of α-cell function and glucagon secretion.22,23 In patients 
with T2DM, GIP infusion increased postprandial levels of 
glucagon, despite a concomitant increase in plasma levels 
of insulin.22 Similarly, infusion of GIP during a hyper-
glycaemic clamp impaired the suppression of plasma 
levels of glucagon in patients with T2DM.23 Conversely, 
under conditions of hypoglycaemia, the actions of GIP to 
augment glucagon secretion might be beneficial in restor-
ing euglycaemia. Of note, both mouse and human α cells 
have been reported to express a truncated, but biologi-
cally active, form of GIP (amino acids 1–30) that is capable 
of stimulating insulin secretion from β cells.24 Although 
multiple laboratories have reported co-localization of GIP 
with glucagon by immunocytochemistry, transcriptomic 
analyses of purified islet-cell preparations have failed to 
demonstrate selective expression of Gip and GIP in mouse 
and human α cells, respectively.25 Whether GIP produced 
from K cells is a physiologically important regulator of 
α-cell function remains uncertain, as the necessary pre-
clinical studies have not been conducted and highly selec-
tive GIP receptor antagonists that are suitable for use in 
humans  have not yet been developed.

Plasticity of islet α cells
Hormone secretion
Under normal physiological circumstances, α cells do not 
produce substantial amounts of GLP‑1 or a detectable 
intestinal proglucagon-derived peptide profile; however, 
metabolic stress and pancreatic and/or islet injury or 
inflammation26–28 can lead to induction of PCSK1 expres-
sion and GLP‑1 production in these cells.8 Chemical 
ablation of β cells in rats resulted in induction of PCSK1 
expression in α cells and increased levels of bioactive 
GLP‑1 (amino acids 7–36) amide in pancreatic extracts.26 
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Figure 2 | Physiological actions of glucagon. Glucagon elicits direct biological 
actions through the glucagon receptor, which is expressed in the liver, brain, heart, 
kidney, white adipocytes, brown adipocytes and the gastrointestinal tract. Glucagon 
also regulates metabolism indirectly through neural signalling and by liberation of 
FGF‑21 from the liver. Abbreviation: FGF‑21, fibroblast growth factor 21.
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Exposure to inflammatory cytokines, such as IL‑6, directly 
increased α-cell expression of PC1 and GLP‑1 in mouse 
and human islets.28 Moreover, acute intraperitoneal admin-
istration of IL‑6 improved glucose tolerance and insulin 
secretion in wild-type, but not in Glp1r–/– mice.28 Evidence 
for GLP‑1 production and PC1 expression in islet α cells 
isolated from individuals without diabetes mellitus and 
from patients with T2DM was obtained using a combi-
nation of immunohistochemistry, western blotting and 
mass spectrometry.27 Cultured human islet cells released 
bioactive GLP‑1 in response to high levels of glucose and 
arginine; islets from donors with T2DM exhibited higher 
basal GLP‑1 secretion than islets from healthy donors.27 
Nevertheless, levels of circulating GLP‑1 are generally 
normal or modestly reduced in most individuals with 
T2DM.29,30 Whether human α cells in their usual intra-islet 
location produce notable amounts of bioactive GLP‑1 in 
the pancreata of normal individuals or patients with dia
betes mellitus is challenging to ascertain; levels of GLP‑1 in 
perfusates from pancreata of normal individuals or patients 
with diabetes mellitus have not been reported. 

Islet cell phenotypes
Transdifferentiation of α cells into insulin-positive β cells 
has been described in studies of mice. Expression of the 
transcription factor gene Pax4 in α cells induced a β‑cell 
phenotype,31 whereas elimination of Pax4 in β cells resulted 
in increased numbers of α cells.32 Near-complete destruc-
tion of β cells in a transgenetic mouse with β‑cell-specific 
expression of the diphtheria toxin receptor (proheparin-
binding EGF-like growth factor) resulted in spontaneous 
appearance of ‘bihormonal’ cells that stained positive for 
both insulin and glucagon.33 These data suggested that 
α cells respond to environmental or metabolic cues that 
reflect depletion of β cells. Lineage-tracing experiments 
confirmed that the newly generated insulin-positive 
cells were derived from an α‑cell population, as com-
bined diphtheria-toxin-mediated ablation of both β cells 
and α cells prevented the emergence of these bihormo-
nal cells.33 Remarkably, despite the putative importance 
of α-cell–β-cell intra-islet communication, diphtheria-
toxin-mediated destruction of 98% of murine α cells did 
not produce substantial disturbances in β‑cell function or 
glucose homeostasis under normal or diabetic conditions.34

Transdifferentiation of mouse β cells to an α‑cell pheno
type did occur following transgenic β‑cell-specific expres-
sion of a gain-of-function KATP channel, which markedly 
limited insulin secretion and induced severe diabetes 
mellitus.35 Increased numbers of α cells, as well as β cells 
that coexpressed glucagon, were evident after 4 weeks of 
hyperglycaemia; this phenotype was reversed by treat-
ment with glibenclamide.35 Consistent with phenotypic 
evidence supporting plasticity and interconversion of islet 
cells, human α cells contain a high proportion of bivalent 
chromatin signatures at genes, such as PDX1 and MAFA, 
that are active and normally assumed to function to main-
tain β‑cell identity.25 These findings revealed that a state of 
epigenetic flexibility in α cells exists, which enables genes 
to switch from transcriptionally repressed to active states.25 
Manipulation of histone methylation states with the 

histone methyltransferase inhibitor adenosine dialdehyde 
in human islets induced the expression of pancreas/
duodenum homeobox protein 1 (PDX1) in α cells, which 
led to production of insulin and a ‘β cell phenotype’.25 
Although substantial evidence supports the functional 
plasticity of rodent islet cells,25,31,33,35 whether islet cells of 
individuals with diabetes mellitus exhibit similar plasticity 
is unclear. Delineation of therapeutic strategies and path-
ways for manipulating phenotypes of α cells and β cells to 
treat patients with diabetes mellitus requires considerable 
additional investigation.

Pathophysiology
Hyperglucagonaemia
Traditional dogma links increased plasma levels of gluca-
gon to the inevitable development of hyperglycaemia; 
however, newly reported data has challenged this assump-
tion. Administration of a single dose of the sodium/
glucose cotransporter 2 (SGLT2) inhibitors empagliflozin 
or dapagliflozin increased both fasting and postprandial 
plasma levels of glucagon, which resulted in an increased 
glucagon:insulin ratio and enhanced endogenous glucose 
production in patients with T2DM.36,37 Nevertheless, 
plasma levels of glucose in these individuals decreased as a 
result of the dominant effect of renal glycosuria.36,37 Despite 
the reduction of glycaemia, plasma levels of glucagon 
remained high with sustained administration of SGLT2 
inhibitors; however, the magnitude of the paradoxical 
increase in glucagon levels was attenuated with chronic 
drug administration.36,37 The precise mechanisms that 
link SGLT2 inhibition to increased glucagon secretion are 
poorly understood, but probably reflect the actions of the 
SGLT2 transporter in islet α cells, which leads to enhanced 
glucagon biosynthesis and secretion when inhibited.38

In patients who have undergone metabolic surgery, 
glucagon levels can be raised following nutrient ingestion, 
despite major improvements in plasma levels of glucose 
and marked increases in levels of GLP‑1.13,39 Whether the 
increase in plasma levels of glucagon reflects disordered 
control of secretion from α cells, increased levels of circu-
lating GLP‑2, reduced clearance or de novo production of 
glucagon from enteroendocrine cells in the anatomically 
rearranged gastrointestinal tract is a subject of ongoing 
investigation.13 Acute infusion of GLP‑2 rapidly raises 
plasma levels of glucagon in both the fasting and postpran-
dial states without any change in plasma levels of glucose 
in healthy individuals.40 These actions of GLP‑2 might be 
species-specific, as either gain or loss of signalling through 
the GLP‑2 receptor (GLP‑2R) has no effect on plasma levels 
of glucagon in mice.41 Furthermore, disruption of glucose 
homeostasis or a state of hyperglucagonaemia have not 
been reported in patients with short bowel syndrome who 
have received long-term treatment with the GLP‑2R agonist 
teduglutide.42 Whether the rise in glucagon levels following 
administration of GLP‑2 in healthy humans or patients with 
short bowel syndrome leads to increased hepatic produc-
tion of glucose has not been examined. In addition, elucida-
tion of the importance of endogenous GLP‑2R signalling for 
glucagon secretion necessitates the development of selective 
GLP‑2R antagonists that are suitable for use in humans.
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Glucagon action in the brain
GCG is expressed predominantly in the brainstem and, to 
a lesser extent, in the hypothalamus;43 however, the GCGR 
is widely expressed in the CNS,44 and proglucagon-derived 
peptides, including glucagon, are transported to multi-
ple distal regions of the CNS.45 Classic pharmacological 
actions of glucagon in the brain include the induction 
of satiety, which supports the investigation of glucagon 
agonism for the treatment of obesity.46,47 Surprisingly, 
infusion of glucagon into the mediobasal hypothalamus 
decreased hepatic glucose output in normoglycaemic 
rodents under conditions of a pancreatic clamp.48 Thus, 
glucagon signalling in the mediobasal hypothalamus 
might serve to prevent the development of hyperglycaemia 
that is pursuant to sustained hepatic glucagon–GCGR sig-
nalling. Conversely, the inhibitory actions of glucagon in 
the CNS were attenuated in rats fed a high-fat diet. The 
mechanisms through which central GCGR signalling 
controls hepatic production of glucose rely on signal-
ling through protein kinase A and intact hepatic vagal 
innervation.48 Given the current limitations in selec-
tively activating or blocking CNS action of glucagon in 
humans, the translational relevance of these findings is 
difficult to determine. Intracerebroventricular and sys-
temic infusions of glucagon result in reduced appetite, 
which leads to weight loss with sustained administra-
tion.46,49 Administration of glucagon also increased resting 
energy expenditure in healthy humans;50 however, whether 
these effects are mediated by central and/or peripheral 
mechanisms needs to be investigated further.

Role of glucagon in hyperglycaemia
A glucagon-centred view of diabetes mellitus has re-
emerged, and is supported by the requirement for 
glucagon in the development of hyperglycaemia in pre-
clinical models of T1DM, T2DM and insulin deficiency.4 

Exogenous insulin fails to completely suppress glucagon 
secretion in patients with T1DM and T2DM,4 which 
perhaps is reflective of the challenges of achieving 
required levels of intra-islet insulin and/or the importance  
of other β‑cell products that are necessary for inhibition of 
α‑cell function.4 Gcgr–/– mice are not hyperglycaemic and 
demonstrate normal glucose tolerance, even after com-
plete destruction of β cells;51 restoration of hepatic Gcgr 
expression led to activation of gluconeogenesis and rapid 
reappearance of hyperglycaemia.52 Nevertheless, Gcgr–/– 
mice also have compensatory upregulation of expression 
of GLP‑1, oxyntomodulin and fibroblast growth factor 21 
(FGF‑21), which complicates elucidation of the mecha-
nisms that contribute to euglycaemia in these animals.53–55 
Suppression of glucagon release with somatostatin in dogs 
that have been subjected to chemical destruction of their 
β cells or pancreatectomy alleviates hyperglycaemia.56 
Moreover, in patients with T1DM, treatment with somato
statin prevented development of hyperglycaemia and keto
acidosis following withdrawal of insulin.57 The therapeutic 
potential of glucagon suppression using selective GCGR 
antagonists in patients with diabetes mellitus is currently 
being explored in clinical trials (Table 1).

The action of leptin in the suppression of glucagon 
secretion and normalization of glycaemic levels through 
CNS-dependent mechanisms in experimental models 
of T1DM has been proposed as additional evidence for 
the primacy of glucagon in the development of hyper
glycaemia.58 Nevertheless, administration of leptin 
rapidly reduces glucose levels in β‑cell-depleted rats by 
6 h; however, glucagon levels do not decrease until 24 h.59 
These findings illustrate the important role of glucocor-
ticoids and the hypothalamic–pituitary axis (independ-
ent of glucagon) as critical downstream targets for leptin 
action in rodent models of leptin deficiency and T1DM.59 
The rapid development of hyperglycaemia in humans fol-
lowing total pancreatectomy, as well as in mice that have 
undergone β‑cell destruction in the setting of ablation of 
α cells34 also challenges the notion that glucagon is essen-
tial for the pathogenesis of hyperglycaemia in the context 
of insulin deficiency. Assessing the potential ability of 
human enteroendocrine cells to rapidly adapt to the loss  
of the entire pancreas, by generating bioactive mature 
glucagon (29 amino acids), requires careful analysis with 
highly specific glucagon immunoassays.

Glucagon as a therapeutic target
T1DM
Restoring defective glucagon secretion and/or develop-
ment of systems to deliver exogenous glucagon continue 
to be explored as options for reducing development of 
severe hypoglycaemia in patients with T1DM. Intensive 
insulin therapy (INT), which is achieved with either mul-
tiple daily injections or with insulin pump therapy, reduces 
the development of microvascular and, to a lesser extent, 
macrovascular complications associated with T1DM. 
However, the incidence of complications associated with 
severe hypoglycaemia, including episodes of coma and 
seizure was threefold higher in the INT group than in 
the conventional treatment group.60 Furthermore, study 

Table 1 | Clinical trials of agents that regulate glucagon

Drug Mechanism  
of action

Study duration Current 
phase

Reference

Type 1 diabetes mellitus

LY2409021 Selective GCGR 
antagonist

Single dose Phase I NCT01640834104

Type 2 diabetes mellitus

MK‑0893 Selective GCGR 
antagonist

4–13 weeks Phase II NCT00631488105

LY2409021 Selective GCGR 
antagonist

6–12 months Phase II NCT02111096106

PF‑06291,874 Selective GCGR 
antagonist

28 days Phase II NCT02175121107

Ranolazine Inhibition of 
α cell Na+ 
channels

14 days Phase I NCT01843127108

LGD‑6,972 Selective GCGR 
antagonist

28 days Phase I NCT02250222109

ISIS-GCGRRx GCGR antisense 
siRNA

13 weeks Phase II NCT01885260110

Compounds were selected on the basis of a review of studies reported on https://clinicaltrials.gov/ since 
2010. The active status of these drug development programmes is uncertain. Abbreviations: GCGR, 
glucagon receptor; siRNA, small interfering RNA.
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participants allocated to INT experienced additional 
weight gain, with an increased number of patients becom-
ing overweight or developing obesity. These and related 
observations have fostered efforts examining whether 
a combined glucagon–insulin regimen together with a 
closed-loop glucose sensor might mitigate some of the 
consequences of INT alone. Preliminary findings in a 
small group of patients with T1DM suggest that concomi-
tant delivery of glucagon, triggered by the rate of decline 
or absolute level of glucose, attenuated or reversed the 
trend towards hypoglycaemia that is induced by infusion 
of rapid-acting insulin.61

The effectiveness of the bionic bihormonal pancreas 
was assessed in a 5‑day randomized, cross-over study in  
patients with T1DM.62 Mean glycaemia was reduced  
in adult participants, but not in adolescent participants, 
and all participants experienced considerably less frequent 
hypoglycaemic episodes with dual-glucagon-plus-insulin 
delivery relative to a traditional ‘insulin-only’ pump.62 
Optimization of adaptive individualized algorithms and 
wireless and pump hardware, as well as development of 
rapid-acting stable formulations of insulin and glucagon 
and enhanced glucose-sensing technology, is predicted 
to result in improved glucose control and decreased 
incidence of hypoglycaemic events.

T2DM
The primacy of hyperglucagonaemia in the pathophysio
logy of T2DM has invigorated efforts directed at reduction 
of glucagon action for the treatment of patients with this 
disease. The feasibility and success of this approach has 
been demonstrated in preclinical studies, in which anti-
sense oligonucleotides to reduce hepatic Gcgr expression, 
the use of GCGR antagonists and antisera to immuno
neutralize glucagon all effectively lowered glycaemia.4,49 
The rise in GLP‑1 levels is a major contributor to the 
metabolic improvements that ensue from reductions in 
GCGR signalling in mice.54,63 Genetic interruption54,55,63,64 
or pharmacological blockade of GLP‑1 action64 substan-
tially attenuates the glucoregulatory benefits that arise from 
reducing glucagon action in experimental models of dia
betes mellitus. Fasting increases the secretion of both gluca-
gon and FGF‑21; somewhat paradoxically, both activation 
and reduction of glucagon actions can trigger induction 
of FGF‑21 expression.55,65 Immunoneutralizion of FGF‑21 
impaired glucose tolerance in insulin-deficient Gcgr–/– 
mice55 and resulted in deterioration of glucose control in 
insulin-deficient diabetic Gcgr–/– mice that were concomi-
tantly treated with the GLP‑1 receptor (GLP‑1R) antagonist 
exendin (amino acids 9–39).55 Gcgr–/– mice also exhibited 
marked increases in circulating levels of bile acids,66 which 
might independently confer metabolic benefit through 
activation of nuclear and transmembrane receptors. Hence, 
reduction of GCGR signalling provides metabolic bene
fits beyond simple attenuation of glucagon-dependent 
increases in hepatic production of glucose.

Investigations of the efficacy and therapeutic potential 
of glucagon antagonism or reduction of GCGR expression 
are ongoing (Table 1). Treatment with a GCGR antisense 
oligonucleotide over 6 weeks reduced glucagon-stimulated 

hepatic production of glucose during a glucagon challenge 
test in healthy, non-obese male adults.67 Additional studies 
of several small molecule GCGR antagonists performed 
over an increased time period have been completed 
(Table 1), the results of which have demonstrated robust 
glucose-lowering efficacies, with some GCGR antagonists 
producing reductions in HbA1c levels comparable to, or 
greater than, metformin. The essential contribution of 
glucagon to the development of hyperglycaemia in experi-
mental models of T1DM has also been demonstrated,4,68 
which has fostered clinical assessment of the efficacy of 
GCGR antagonists in the treatment of T1DM (Table 1). 
Importantly, the therapeutic efficacy of agents that reduce 
glucagon action might be offset by their potential liabilities.

Potential adverse effects
Germline disruption of Gcgr in mice leads to hyper
glucagonaemia, which largely arises from hyperplastic 
α cells with dysregulated synthesis and secretion of pro-
glucagon-derived peptides (including glucagon).53 Even 
partial reduction of GCGR signalling, or antagonism of 
glucagon action, in adult rodents is sufficient to induce 
increased circulating levels of glucagon and GLP‑1, as well 
as mild-to-moderate α‑cell hyperplasia.69–71 These findings 
are indicative of reduced hepatic GCGR signalling, as they 
are recapitulated by selective reduction or elimination of 
GCGR signalling in the liver.72,73 Furthermore, restoration 
of hepatic GCGR expression in Gcgr–/– mice reversed the 
enhanced susceptibility to hepatic injury and considera-
bly reduced plasma levels of glucagon.74 The hyperplastic 
α cells that emerge in Gcgr–/– mice produce increased 
amounts of GLP‑1 and do not express the molecular gene 
and protein signatures of fully differentiated α cells,75 
which suggests that these cells probably arise through a 
process that differs from that of the normal development 
of α cells. Whether primates respond to partial attenu
ation of GCGR signalling by increasing α‑cell mass is 
not certain. However, individuals with GCGR mutations, 
including loss-of-function homozygous point mutations, 
demonstrated α‑cell hyperplasia and hyperglucagonaemia, 
which suggests that the signals that link marked reduc-
tion of GCGR signalling to α‑cell hyperplasia in humans 
are conserved.76,77

An increase in total pancreatic mass has been observed 
in rodents with interrupted GCGR signalling;53,54,73 
Additionally, individuals with an inactivating mutation 
in the GCGR gene can have an enlarged pancreas.76 In 
rodents, enhanced GLP‑1 action (an important contribu-
tor to metabolic benefits from reduced GCGR signalling54) 
does not induce α‑cell hyperplasia,78 but might promote 
a small increase in pancreatic79 and intestinal80 mass. 
Pancreatic enlargement secondary to administration of 
GLP‑1 in rodents is due to increased protein synthesis in 
the exocrine pancreas; administration of a mammalian 
target of rapamycin (serine/threonine-protein kinase 
mTOR) protein synthesis inhibitor completely inhibited 
the GLP‑1R-dependent increase in pancreatic mass in 
mice.79 The relevance and importance of these findings 
for development of therapeutics that target the GCGR in 
humans requires additional study.
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Glucagon promotes hepatocyte survival, a reduction of 
hepatic lipid synthesis and an increase in fatty acid oxi-
dation, as well as reduced circulating levels of cholesterol 
and triglycerides.49,81 Disruption of GCGR signalling in 
mice resulted in impaired hepatic lipid oxidation, which 
predisposed these animals to hepatic steatosis and liver 
injury.74,82 Although species-specific differences exist 
between humans and mice regarding how glucagon con-
trols hepatic lipid metabolism, increased levels of circu-
lating cholesterol and transaminase enzymes have been 
reported in as yet unpublished clinical trials of patients 
with diabetes mellitus treated with GCGR antagonists 
(Table 1). Elucidating the extent to which GCGR signal-
ling can be safely inhibited in humans without incurring 
adverse effects requires careful clinical assessment.

Suppressing glucagon secretion
Several glucose-lowering therapies exert their actions in 
part through inhibition of glucagon secretion and sub-
sequent reduction of hepatic glucose output (Table 2). 
Insulin robustly inhibits glucagon secretion in rodents 
and humans,4 whereas α‑cell-specific elimination of 
murine insulin receptors enhances glucagon secretion, 
which leads to impaired glucose tolerance and mild 
hyperglycaemia.83 Amylin is a peptide hormone that is co-
secreted with insulin from β cells.84 Amylin and its associ-
ated analogues, such as pramlintide, also inhibit glucagon 
secretion, which contributes to reducing glycaemia in 
patients with T1DM and T2DM.84 The glucagonostatic 
actions of amylin are probably indirect, as amylin does not 
inhibit glucagon secretion in isolated islets or in perfused 
rodent pancreas preparations.85

Incretin-based therapies (GLP‑1R agonists and DPP4 
inhibitors) reduce plasma levels of glucagon in patients 
with T2DM.8 The mechanism by which GLP‑1 inhibits 
glucagon secretion is controversial, as the majority of 
α cells in mice, primates and humans do not express the 
GLP‑1R.86,87 Both GLP‑1R agonists and DPP4 inhibi-
tors lowered glucose and glucagon levels in patients with 
T1DM who were negative for C peptide,88,89 potentially 
via stimulation of somatostatin secretion. Co-infusion of  
exendin (amino acids 9–39) increased plasma levels 
of glucagon in the basal fasted state and prevented the 
glucagonostatic effects of the DPP4 inhibitor sitagliptin 
during a glucose tolerance test in patients with T2DM.90 

Hence, α cell glucagon secretion represents a physio
logically essential component of endogenous GLP‑1 
action and a pharmacologically important target for the 
glucagoregulatory actions of incretin-based therapies.8

Enhancing glucagon and weight loss
Glucagon increases energy expenditure in both rodents 
and humans through induction of thermogenesis in 
brown adipose tissue.46 Infusion of a low dose of glucagon, 
alone or in combination with GLP‑1, increased the resting 
rate of energy expenditure, the respiratory exchange ratio, 
and carbohydrate and fat oxidation in healthy men.91 
The thermogenic effect of glucagon might be mediated 
through CNS control of sympathetic activity, as dener-
vating brown adipose tissue or inhibiting β‑adrengeric 
signalling considerably impairs the ability of glucagon to 
increase energy expenditure.92

The actions of glucagon to increase energy expendi-
ture might be indirect, mediated in part through FGF‑21. 
Whole-body inactivation of the Gcg gene in mice resulted 
in impaired thermogenesis, whereas administration of 
glucagon led to increased circulating levels of FGF‑21 and 
improved thermogenic responses to adrenergic stimula-
tion.93 Glucagon rapidly increased levels of Fgf21 mRNA 
transcripts and FGF‑21 secretion from the liver and adipo
cytes in both normal and diabetic rodents and promoted 
lipolysis and increased circulating levels of FGF‑21 in 
healthy individuals and patients with T1DM.65,94 Further
more, in Fgf21–/– mice, the actions of a selective GCGR 
agonist to increase energy expenditure and reduce body 
weight in obese diabetic mice were abolished.65 Efforts to 
explore the possibility of utilizing glucagon to enhance 
satiety and increase energy expenditure to treat patients 
with obesity are ongoing.50,95

Co-agonism of GCGR and GLP‑1R through simultane-
ous infusion of native glucagon and GLP‑1 for 2 h reduced 
food intake and increased energy expenditure in healthy 
individuals.91 Novel glucagon-containing co-agonists that 
mimic the anorectic and thermogenic actions of oxynto-
modulin,96 yet exhibit enhanced potency and optimized 
pharmacokinetic profiles in vivo have been developed.97 
A unique triagonist peptide that simultaneously activates 
the GIP receptor, GLP‑1R and GCGR potently and rapidly 
induced weight loss and improved glucose tolerance in 
obese mice.95 Studies of triagonist activity in Gcgr–/– mice 
implicated GCGR activity as crucial for increasing energy 
expenditure and for reduction of food intake, whereas 
the related incretin receptors mediated reduction of food 
intake (GLP‑1R) and control of glycaemia (GLP‑1R and 
GIP receptor). Nevertheless, GLP‑1, glucagon and oxynto
modulin independently increase heart rate, although the 
mechanisms by which this occurs is incompletely under-
stood.98–100 In young normoglycaemic mice with ischaemic 
cardiac injury secondary to coronary artery ligation, unop-
posed glucagon agonism produced detrimental effects, 
such as increased infarct size and reduced survival.101 In 
addition, specific reduction of GCGR signalling in cardio
myocytes resulted in a cardioprotective phenotype.101 In 
rodents, GCGR agonists exert some of their favourable 
actions (such as enhanced energy expenditure), in part, 

Table 2 | Physiological and pharmacological agents that reduce glucagon secretion

Biological agent Drug Direct action 
on α cells

Target(s) for glucagon 
regulation

Somatostatin Octreotide Yes α cell

Amylin Pramlintide No Central nervous system

GLP‑1 GLP-1R agonists No β cell, δ cell

DPP4 DPP4 inhibitors No β cell, δ cell (via increases 
in levels of GLP‑1)

Leptin Metreleptin Yes Central nervous system

Insulin Insulin Yes α cell

Abbreviations: DPP4, dipeptidyl peptidase‑4; GLP‑1, glucagon-like peptide 1; GLP-1R glucagon-like 
peptide 1 receptor.
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through induction of sympathetic nervous system activ-
ity.8,102 Together, these findings suggest that the potential 
for using glucagon agonists to treat patients with obesity 
and diabetes mellitus requires careful scrutiny and explo-
ration of dose-response relationships to minimize risk of 
adverse cardiovascular effects.

Conclusions
Considerable advances have been made in understanding 
the development, differentiation and plasticity of α cells. 
The majority of these discoveries were from young healthy 
rodents, which might not represent ideal models for adult 
patients with diabetes mellitus. Hence, additional studies 
using non-immortalized islets from these patients could 
be helpful in translating the findings from studies of α‑cell 
function in rodents. New insights from embryonic and 
induced pluripotent stem cells provide new opportuni-
ties for studying the mechanisms that regulate functions 
of α cells.103 Clinical trials to investigate the prophylactic 
use of glucagon alone, or together with insulin,62 in 
patients with T1DM are encouraging and could provide 
opportunities for intensification of insulin action without 
further increasing rates of hypoglycaemia. The prospect 
of enhancing glucagon action in combination with one 
or more metabolically active peptide hormones for the 
treatment of diabetes mellitus and/or obesity is tantalizing; 

however, the potential adverse cardiovascular effects asso-
ciated with these novel agents demands that their use be 
considered with additional scrutiny, especially in patients 
with pre-existing cardiovascular disease.

Reduction of glucagon action for the treatment of 
T2DM produces compelling improvements in glycaemic 
control in preclinical and human studies. However, when 
disrupted, the mechanism-based actions of glucagon can 
lead to increased plasma levels of cholesterol and transami-
nase enzymes, which suggests that the therapeutic window 
for reduction of GCGR signalling is narrow. Furthermore, 
the development of α‑cell hyperplasia following reduc-
tion of glucagon action in preclinical studies implies that 
conducting studies to test the safety of sustained partial 
reduction of GCGR signalling to treat metabolic disorders 
in humans will be challenging. Finally, although GCGR is 
widely expressed in multiple extrahepatic tissues, includ-
ing different regions of the CNS, our understanding of 
the contributions of direct and indirect actions of gluca-
gon remains incomplete and will benefit from molecular 
dissection of glucagon action in distinct GCGR-positive 
cells. Taken together, the findings that GCGR signalling 
has a central role in the control of fuel homeostasis and 
body weight highlight the importance of understanding 
glucagon action for developing innovative therapies that 
improve the treatment of diabetes mellitus and obesity.
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