
Introduction

Pioneering work throughout the 20th century led to
the identification and understanding of the physiology of
the polypeptide hormone glucagon. The first clue to
glucagon�s existence appeared when pancreatic extracts
were shown to cause hyperglycemia and mobilize liver
glycogen stores during periods of fasting (1, 2). Elegant
cross-circulation experiments using dogs suggested that
hypoglycemia triggered the release of glucagon from the
pancreas (3-5). The purification and crystallization of
glucagon (6) allowed the determination of its amino acid
composition and primary structure (7) and enabled the
production of highly purified glucagon, which was used to
generate antiglucagon antibodies. Importantly, this
allowed the development of a radioimmunoassay (RIA) to
measure circulating glucagon (8-10). The glucagon RIA
and a similar assay to measure insulin (11) were utilized
to elucidate much of our fundamental understanding of
glucose homeostasis (reviewed in 12). The identification
of genomic and cDNA sequences coding for the glucagon
receptor (GCGR), a type 2 seven-transmembrane G-pro-
tein-coupled receptor belonging to the secretin family
(13-16), ultimately led to the generation of Gcgr knockout
mice (17, 18) and enabled the generation of screening
assays to facilitate the search for inhibitory compounds to
block glucagon action for the treatment of diabetes.

Role of glucagon in glucose homeostasis

Coordinating plasma levels of glucagon and insulin is
critical to maintaining euglycemia. Glucagon is the major
counterregulatory hormone to insulin in glucose homeo-
stasis (reviewed in 19, 20). In response to hypogly-
cemia, this 29-amino-acid polypeptide is released from
pancreatic α-cells into the portal vein to stimulate hepatic
glucose production. Glucagon binds to its receptor on
the plasma membrane of hepatocytes to activate adeny-
late cyclase, which generates intracellular cAMP (21).
Protein kinase A then activates signal transduction 
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Abstract

Glucagon and insulin are the primary counterregula-
tory hormones that control glucose homeostasis.
Disruption of the ratio of these hormones has been impli-
cated in the etiology of type 2 diabetes mellitus, espe-
cially as pancreatic β-cell function deteriorates and pran-
dial insulin secretion is progressively delayed. As a
result, hepatic glucose production is no longer sup-
pressed, contributing significantly to hyperglycemia.
Thus, strategies to modulate glucagon activity have
been proposed as new therapeutic approaches to
improve glucose control in diabetic patients. Peptide
glucagon antagonists, antiglucagon antibodies and low-
molecular-weight glucagon receptor (GCGR) antago-
nists have shown glucose-lowering efficacy in acute
studies, providing proof-of-concept validation that inhibit-
ing this pathway impacts glycemia in diabetes. Recently,
the use of gene knockout and antisense oligonucleotide
(ASO) technology has demonstrated the potential long-
term effects of modulating glucagon action. Importantly,
administration of GCGR ASOs in rodent models of dia-
betes has provided key information about the effects of
inhibiting the GCGR in this disease state. Although
strategic drug discovery questions still remain that will
impact the pursuit of antiglucagon compounds, the suc-
cessful development of such molecules may offer dia-
betic patients better options to improve glucose control.



likely results from the inability to convert proglucagon to
glucagon, thus leading to a loss of circulating glucagon
(28, 29). Exogenous glucagon replacement therapy via
micro-osmotic pump reverses and reduces α-cell hyper-
plasia in these animals (30). 

Overall, these gene-deletion studies provide informa-
tion on the physiological effects that may result from com-
pletely abolishing glucagon signaling in normal mice, indi-
cating that both glucagon and its receptor must be
functional in order to maintain a feedback loop that
restrains α-cell growth and subsequent glucagon secre-
tion. However, studies in diabetic animals lacking the
GCGR will directly evaluate the effect of a loss of
glucagon signaling on hyperglycemia. Furthermore,
chronic in vivo studies with efficacious competitive and
noncompetitive GCGR antagonists will be necessary to
guide fundamental strategies to optimize compounds tar-
geting the GCGR. 

Inhibitors of glucagon action

Several groups have pursued the development of
glucagon antagonists as a potential therapy for the treat-
ment of diabetes. The majority of these efforts have
focused on identifying low-molecular-weight GCGR
antagonists, both competitive (31, 32) and noncompeti-
tive (33, 34). Others have evaluated potent peptide
glucagon antagonists and antiglucagon monoclonal anti-
bodies. Unfortunately, cross-species differences in the
amino acid sequence of the GCGR have hampered
efforts to discover molecules possessing both potent
binding affinity and favorable bioavailability. The genera-
tion of transgenic mice expressing the human GCGR (35)
may aid future discovery efforts.

Peptide GCGR antagonists and antiglucagon
monoclonal antibodies

Initial proof-of-concept studies in models of type 1 dia-
betes tested peptide glucagon antagonists and high-affin-
ity antiglucagon monoclonal antibodies. These efforts
provided the first data supporting the idea that inhibiting
glucagon action might be a viable strategy for decreasing
blood glucose levels. The glucagon analogue [1-N α-
trinitrophenylhistidine, 12-homoarginine]glucagon low-
ered blood glucose in rats made diabetic with streptozo-
tocin (STZ) (36). Recently, optimization efforts with the
peptide [des-His1, des-Phe6,Glu9]glucagon-NH2 (37, 38)
have been pursued. Similarly, glucagon immunoneutral-
ization lowered blood glucose levels in STZ-treated rats
(39) and alloxan-induced diabetic rabbits (40). Further-
more, ob/ob mice administered antiglucagon antibodies
had significantly lower glucose and triglyceride levels
(41). These data support the pursuit of glucagon
antagonists as antihyperglycemic agents. The natural
product skyrin, a fungal bisanthroquinone that inhibits

pathways to stimulate glycogenolysis and gluconeogene-
sis, while inhibiting glycogen synthesis (reviewed in 22). 

Insulin counteracts the glucagon regulation of hepatic
glucose metabolism by activating phosphodiesterases,
thereby decreasing cAMP levels, stimulating phosphory-
lation of glycogen synthase kinase-3, which prevents inhi-
bition of glycogen synthase, and phosphorylating the
Forkhead transcription factor FOXO1, leading to sup-
pression of phosphoenolpyruvate carboxykinase and glu-
cose-6-phosphatase. The net result of increasing the
insulin:glucagon ratio is an increase in glycogen synthe-
sis and an inhibition of glycogenolysis and gluconeogen-
esis. Under normal conditions, glucagon secretion is reg-
ulated by gradual changes in systemic glucose and
insulin concentrations.

Dysregulation of glucagon in type 2 diabetes

In the 1970s, Unger hypothesized that disruption of
the glucagon-insulin bihormonal relationship contributed
to the manifestation of diabetes mellitus (23). Several
studies have since tested this hypothesis, and accumu-
lating evidence supports a pathophysiological role for
glucagon in diabetes. For example, type 2 diabetics have
higher levels of basal glucagon compared to normal sub-
jects (24), which contribute to increased hepatic glucose
output (25). Data from a 3-year study following post-
menopausal women suggested that increased glucagon
secretion is the strongest predictor for developing glucose
intolerance (26). Other studies indicate that type 2 dia-
betics fail to appropriately decrease glucagon levels fol-
lowing food consumption (27). Dysregulation of glucagon
secretion postprandially likely contributes to hyper-
glycemia in these individuals, especially impacting
patients with increasing degrees of insulin resistance.
Additionally, it appears that the lack of glucagon suppres-
sion worsens glucose tolerance in type 2 diabetics (27). 

Overall, it appears that an elevation of circulating
glucagon is a pathophysiological factor in the etiology of
diabetes. Thus, intervention to suppress glucagon activi-
ty may improve insulin action in the liver to restore normal
hepatic glucose metabolism, thereby decreasing hyper-
glycemia in diabetic patients.

Gcgr knockout mice

Recently, the generation of Gcgr knockout mice has
provided important clues to the potential physiological
effects of antagonizing the GCGR. Although plasma glu-
cose and insulin levels are reduced in Gcgr null mice, glu-
cose homeostasis appears to be relatively normal (17,
18). Gcgr knockout mice have elevated plasma levels of
glucagon and glucagon-like peptide (GLP-1), develop
enlarged pancreata with increased glucagon and GLP-1
content, and display pancreatic α-cell hyperplasia (17,
18). Interestingly, α-cell hyperplasia is also present in pro-
hormone convertase 2 knockout mice. This phenotype
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The small-molecule GCGR inhibitor to advance the
farthest is Bay-27-9955 (Fig. 1), a competitive GCGR
antagonist that is effective in blocking the glucose
response to a glucagon challenge in healthy humans
(48). Unfortunately, in vivo pharmacokinetic and chronic
efficacy data in diabetic models or human patients treat-
ed with this compound have not been disclosed. 

Most recently, new work within an alkylidene
hydrazide series has led to the identification of a molecule
possessing attractive metabolic and physicochemical
properties (32). NNC-25-2504 (Fig. 1) is able to block
glucagon-stimulated glucose production from isolated pri-
mary hepatocytes and is also active in blocking an acute
glucagon challenge in Sprague-Dawley rats (32). Also,
GW-4123X (Fig. 1) has been reported to decrease fasting
plasma glucose and inhibit the rise in plasma glucose in
response to a glucagon bolus when administered intra-
venously to rats (49). Chronic studies in diabetic rodents
or humans are needed to further evaluate these mole-
cules. 

GCGR antisense oligonucleotides 

Due to the lack of potent GCGR inhibitors needed for
chronic studies, 2�-O-(2-methoxy)ethyl-modified phos-
phorothioate GCGR antisense oligonucleotides (ASOs)
were recently used to determine if inhibiting glucagon
action would decrease hepatic glucose output and

glucagon-stimulated cAMP production by uncoupling
GCGR from adenylate cyclase, has also been evaluated
(42).

Low-molecular-weight GCGR antagonists

High-throughput screening and/or targeted structure-
activity relationship (SAR) medicinal chemistry strategies
have been pursued vigorously with the hope of identifying
orally active, nonpeptide, low-molecular-weight GCGR
inhibitors (reviewed in 43). One of the first compounds to
be identified, NNC-92-1687 (Fig. 1) (44), was generated
via SAR efforts exploring derivatives of the quinoxaline
CP-99711 (Fig. 1) (45). Compounds in a series of tri-
arylpyrrole GCGR antagonists, typified by L-168049 (Fig.
1), act as noncompetitive antagonists of glucagon action
by increasing the rate of dissociation of glucagon from its
receptor (34). 

Other discovery efforts have resulted in the identifica-
tion of molecules of diverse chemical structures, including
series of triarylimidazole molecules (46), 2-pyridyl-3,5-
diarylpyrroles (33), 5-hydroxyalkyl-4-phenylpyridines (47)
and alkylidene hydrazide derivatives (31). Although sev-
eral of these molecules possess attractive in vitro char-
acteristics highlighted by high receptor binding affinities,
data have not been reported indicating whether any of
these or related compounds possess the in vivo pharma-
cokinetic and pharmacodynamic properties necessary to
lower glucose in diabetic rodents or human patients. 
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insulin response. In diabetic rats, GCGR ASO treatment
normalized fasting glucose and the glucose excursion
curve; furthermore, basal insulin levels were elevated by
GCGR ASO treatment, and there was a more pro-
nounced insulin response to a glucose challenge (51).
Because of the central roles that the liver and pancreas
play in the control of glucose homeostasis, directly tar-
geting these tissues with therapeutic agents has the
potential to modify or delay the progression of type 2 dia-
betes. Molecules such as the GCGR ASOs that induce
antidiabetic effects at both of these metabolic sites may
offer patients more effective treatment options.

Target-related development hurdles

Because glucagon�s primary physiological role is to
help maintain fasting and postprandial glucose homeo-
stasis, target-related effects may impact compound
advancement. For example, similar to other antihyper-
glycemic molecules, inhibiting glucagon action has the
inherent potential to induce hypoglycemia. Similarly, in
some instances, the impact of losing glucagon signaling
on hepatic glycogenolysis may result in the occurrence of
hepatomegaly due to excessive liver glycogen stores.
However, excessive hepatic glycogen accumulation has
not been observed in either Gcgr knockout mice or ani-
mals treated with GCGR ASOs. Furthermore, adverse
hypoglycemia has not been observed in these animals
even when challenged with periods of prolonged fasting.
However, a potentially unacceptable finding observed in
both Gcgr knockout mice and animals undergoing GCGR
ASO therapy is the possible disruption of a feedback loop
between the liver and pancreas that appears to result in
a compensatory expansion of pancreatic α-cells and
hyperglucagonemia (17, 18, 50, 51).

The likelihood of these effects occurring may be a
function of the types of molecules that ultimately
advance. For example, competitive and noncompetitive
GCGR inhibitors may display different degrees of efficacy
and will likely vary in their specific target-related antihy-
perglycemic effects. A possible advantage of developing
competitive GCGR antagonists is that patients would like-
ly maintain responsiveness to normal rises in plasma
glucagon, thus decreasing the risk of hypoglycemia.
These molecules may blunt the hyperglycemic effect of
chronically elevated glucagon that has been shown to
occur in diabetics (24), and may be especially effective in
patients that fail to suppress glucagon following meals
(27). 

Conversely, if a compensatory increase in glucagon
secretion occurs immediately upon any degree of GCGR
antagonism, a competitive compound may not possess
effective glucose-lowering efficacy, and thus, a noncom-
petitive inhibitor would be desirable. Gcgr null mice and
animals undergoing GCGR ASO therapy provide poten-
tial insight into the likely physiological effects of noncom-
petitive GCGR compounds. It is encouraging that during
a 24-h fast, wild-type animals undergoing GCGR ASO

hyperglycemia in rodent models of type 2 diabetes (50,
51). Exploiting modified ASOs of this class to inhibit the
GCGR is advantageous because these compounds
effectively decrease expression of targeted genes in tis-
sues such as the liver (52, 53). In addition, these mole-
cules possess extended half-lives that minimize dosing
regimens (53), and the inherent specificity and in vivo sta-
bility of antisense inhibitors enable characterization of the
biological effects of inhibiting the GCGR in models of type
2 diabetes.

In diabetic rodents, whereas hyperglycemia continued
to worsen over time in untreated controls, animals treat-
ed with GCGR ASOs showed a marked reduction in plas-
ma glucose, an 85-95% reduction in liver GCGR mRNA,
and a concomitant decrease in [125I]-glucagon binding to
liver membranes. Consistent with blocking glucagon
action, GCGR ASO therapy decreased glycogenolytic
and gluconeogenic enzyme gene expression and pre-
vented glucagon-mediated hepatic glucose production
(51). 

Since glucagon is believed to be essential for main-
taining fasting and postprandial glucose homeostasis,
GCGR ASOs have the potential to induce hypoglycemia,
yet periods of fasting of up to 24 h resulted in a moderate
10-30% reduction in plasma glucose, without manifesting
adverse levels of hypoglycemia. It is likely that GCGR
ASO-treated animals avoid hypoglycemia during fasting
by maintaining normal catecholamine- and glucocorti-
coid-stimulated hepatic glucose production, in addition to
possessing low numbers of residual GCGRs. 

In addition to dramatic effects on glucose, GCGR
ASO treatment resulted in marked hyperglucagonemia in
both normal and diabetic rodents (50, 51). This level of
hyperglucagonemia is similar to that observed in Gcgr
knockout mice (17, 18). Elevated concentrations of plas-
ma glucagon in GCGR ASO-treated rodents were accom-
panied by pancreatic α-cell hypertrophy and α-cell hyper-
plasia in some models (50, 51). It appears that both
glucagon and its receptor must be functional in order to
maintain a feedback loop that restrains α-cell growth and
subsequent glucagon secretion. The exact nature of this
feedback loop is unclear, but it is not believed to be dri-
ven by hypoglycemia (54). Because very high levels of
serum glucagon are present in animals receiving GCGR
ASOs, it is possible that these concentrations might
induce hyperglycemia. It is therefore significant that at no
time during active treatment or washout did animals with
hyperglucagonemia exhibit hyperglycemia (50, 51). 

Similar to Gcgr null mice, rodents treated with GCGR
ASOs had 10-20-fold elevated plasma concentrations of
active GLP-1 (GLP-1[7-36 amide] and GLP-1[7-37])
derived from islets as opposed to the intestine. The strik-
ing increase in active GLP-1 induced by GCGR ASO ther-
apy would be expected to enhance glucose-stimulated
insulin secretion in vivo. Indeed, intraperitoneal glucose
challenge experiments with normoglycemic and diabetic
rats undergoing treatment with saline or GCGR ASOs
demonstrated reduced glucose excursions in normal and
diabetic GCGR ASO-treated rats, along with a robust
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treatment only experienced ~15% decrease in blood glu-
cose levels. In addition, levels of liver glycogen in GCGR
ASO-treated mice were not higher than those in untreat-
ed animals in the fed state (51). These data indicate that,
as opposed to animals or humans with glycogen storage
disease due to a deficiency of glucose-6-phosphatase
(55, 56), counterregulatory signals such as glucocorti-
coids and catecholamines likely compensate for
decreased glucagon signaling to maintain circulating glu-
cose levels and hepatic glycogen stores within normal
ranges.

Summary and future directions

The signal transduction pathways involved in the
actions of glucagon and insulin have been under investi-
gation for much of the past century. Significant advances
in our fundamental understanding of the roles that these
hormones play in glucose homeostasis have been facili-
tated by the development of a radioimmunoassay, mole-
cules possessing inhibitory characteristics and technolo-
gies to decrease the expression of targeted genes.
Because of its role in regulating glucose metabolism, the
glucagon pathway is being targeted to develop novel
antidiabetic molecules. Although proof-of-concept studies
provide important target validation evidence that inhibiting
glucagon action will improve glycemia, key questions
remain that will likely impact the successful clinical devel-
opment of such molecules. Issues such as strategic deci-
sions to pursue the identification of competitive or non-
competitive GCGR inhibitors are critical at early stages.
In addition, because of cross-species amino acid differ-
ences in the GCGR, it is essential to implement creative
screening designs and SAR schemes that enable preclin-
ical advancement of molecules possessing potent activi-
ty at the human receptor. If successful, an effective anti-
glucagon molecule will likely improve glucose control in
diabetic patients, while avoiding the hypoglycemia,
weight gain and fluid retention often observed with other
therapies.
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