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Abstract
Pancreatic bi-hormones insulin and glucagon are the Yin and Yang in the regulation of glucose
metabolism and homoeostasis. Insulin is synthesized primarily by pancreatic β-cells and is released
in response to an increase in blood glucose levels (hyperglycaemia). By contrast, glucagon is
synthesized by pancreatic α-cells and is released in response to a decrease in blood glucose
(hypoglycaemia). The principal role of glucagon is to counter the actions of insulin on blood glucose
homoeostasis, but it also has diverse non-hyperglycaemic actions. Although Type 1 diabetes is caused
by insulin deficiency (insulin-dependent) and can be corrected by insulin replacement, Type 2
diabetes is a multifactorial disease and its treatment is not dependent on insulin therapy alone. Type
2 diabetes in humans is characterized by increased insulin resistance, increased fasting blood glucose,
impaired glucose tolerance and the development of glomerular hyperfiltration and microalbuminuria,
ultimately leading to diabetic nephropathy and end-stage renal disease. Clinical studies have
suggested that an inappropriate increase in hyperglycaemic glucagon (hyperglucagonaemia) over
hypoglycaemic insulin (not insulin deficiency until advanced stages) plays an important role in the
pathogenesis of Type 2 diabetes. However, for decades, research efforts and resources have been
devoted overwhelmingly to studying the role of insulin and insulin-replacement therapy. By contrast,
the implication of glucagon and its receptor signalling in the development of Type 2 diabetic
metabolic syndromes and end-organ injury has received little attention. The aim of this review is to
examine the evidence as to whether glucagon and its receptor signalling play any role(s) in the
pathogenesis of Type 2 diabetic renal injury, and to explore whether targeting glucagon receptor
signalling remains only a theoretical antidiabetic strategy in Type 2 diabetes or may realize its
promise in the future.
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INTRODUCTION
Although numerous factors may influence blood glucose and body energy supply and
consumption in animals and humans, pancreatic bi-hormones, namely insulin and glucagon,
are undoubtedly the Yin and Yang in the regulation of glucose metabolism and homoeostasis
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[1–4]. Although insulin acts primarily to lower blood glucose levels by stimulating tissue and
cellular glucose uptake and hepatic glycogen synthesis (glucose consumption), glucagon
counters these regulatory actions of insulin by stimulating hepatic glycogenolysis and
gluconeogenesis (glucose supply) [1–3]. Glucagon is a 29-amino-acid hormone that is
synthesized mainly in pancreatic α-cells at the periphery of the islets of Langerhans, and is
released in response to a decrease in serum glucose induced by insulin [3,5,6]. cDNAs encoding
glucagon, GLPs (glucagon-like peptides) and glucagon receptors have been cloned [1,7–9].
Both glucagon and other GLPs are derived from a single proglucagon gene, whose translation
is tightly regulated by different preglucagon convertases (PC2) in a cell-specific manner [3,
10–12]. The rat and mouse glucagon receptors are 485-amino-acid seven-transmembrane-
domain proteins, whereas the human glucagon receptors have 477 amino acids [1,8,9]. Both
human and rodent glucagon receptors contain a common sequence motif (RLAR) in the third
intracellular domain, which is clearly required for activation of Gs-proteins (stimulatory G-
proteins) and downstream intracellular signalling [8,9].

Glucagon receptors are predominantly expressed in hepatocytes and renal cells, but also to a
lesser extent in cardiovascular tissues and gastrointestinal cells [1,13,14]. All known
hyperglycaemic effects of glucagon are mediated by glucagon receptors [1,2,8,9]. Previous
studies in rodents and humans using specific glucagon receptor antagonists support this notion
[1,15–17]. More recently, glucagon-receptor-knockout mice have been developed for glucose
and metabolism research [18–20]. These mice have lower basal blood glucose levels and
increased glucose tolerance than their wild-type controls, suggesting that glucagon is essential
for maintaining normal glycaemia [18–20]. In vitro and in vivo, glucagon binds to its
membrane-bound receptors through GTP-binding heterotrimeric Gs-proteins to activate
adenylate cyclase, leading to increased intracellular cAMP levels [1,21,22]. cAMP is not only
the major second messenger responsible for the hyperglycaemic actions of glucagon, but it
also exerts a stimulatory effect on glucagon secretion from pancreatic α-cells via PKA (cAMP-
dependent protein kinase)-dependent and PKA-independent pathways (Figure 1) [1,3]. The
PKA-independent pathway involves activation of a protein named Epac (exchange protein
directly activated by cAMP), which is expressed in pancreatic α-cells and plays an important
role in cAMP-regulated glucagon exocytosis [3,23]. The second major intracellular signalling
pathway activated by glucagon is the PLC (phospholipase C)/IP3 (inositol 1,4,5-trisphosphate)/
Ca2+ pathway (Figure 1). Activation of glucagon receptors has been shown to increase
[Ca2+]i (intracellular Ca2+) in pancreatic α-cells and hepatocytes [1,3,24]. Both the PLC/IP3/
Ca2+ and PKA signalling pathways also play an important role in non-hyperglycaemic and/or
growth-promoting effects of glucagon on pancreatic islets, as well as non-pancreatic cells.
However, glucagon receptors and receptor-activated signalling have been studied primarily in
hepatocytes and gastrointestinal cells [1]. The potential role(s) of glucagon and its receptor
signalling in mediating the growth, hypertrophy and proliferation of glomerular mesangial
cells, glucagon-induced glomerular hyperfiltration and in the development of Type 2 diabetic
glomerular injury have not been explored. The aim of this review is to examine the evidence
and explore the potential role(s) of glucagon and its receptor signalling in the development of
Type 2 diabetic renal injury. We focus on the kidney in this review, because diabetic
nephropathy is one of the most important complications in Type 2 diabetes. The general biology
of glucagon synthesis and processing, its cellular distribution, the regulation of its secretion
and glucagon receptors and its receptor signalling in other tissues have been comprehensively
reviewed elsewhere [1–3], and further discussion on these areas is therefore beyond the scope
of the present review.

HYPERGLUCAGONAEMIA AND HUMAN TYPE 2 DIABETES
Clinical studies have shown that inappropriately elevated serum glucagon levels (also termed
hyperglucagonaemia) are often associated with onset and progression of Type 2 diabetes
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[25–27], but the role of hyperglucagonaemia in the development of Type 2 diabetes and its
cardiovascular and renal complications has remained controversial for several decades since
its conception [27–29]. The classical view in diabetes research is that insulin deficiency is the
most important cause of Type 1 (absolute) and Type 2 (relative) diabetes in humans and that
glucagon plays little, if any, role in the pathogenesis of this disease. Indeed, it is not surprising
that a random Medline or PubMed search on Type 2 diabetes easily yielded almost 20 times
more citations on insulin than glucagon.

However, patients with Type 2 diabetes do not normally have absolute insulin deficiency due
to pancreatic β-cell dysfunction until the disease progresses to more advanced stages [4]. In
fact, serum insulin levels are often subnormal, normal or even elevated (hyperinsulinaemia) in
these patients and, therefore, increased insulin resistance remains the hallmark of Type 2
diabetes [4]. For instance, Reaven et al. [25] compared plasma glucose, insulin and glucagon
levels over an 8-h period between normal subjects and patients with Type 2 diabetes. They
found that day-long plasma glucose and insulin concentrations were significantly higher than
normal in patients with Type 2 diabetes whether they were obese or non-obese. The elevated
plasma glucose and insulin levels were accompanied by higher plasma glucagon concentrations
in both non-obese and obese patients with Type 2 diabetes. Although these data do not directly
implicate hyperglucagonaemia in the development of Type 2 diabetes, they suggest that
increased plasma glucagon levels in patients with Type 2 diabetes may, in part, contribute to
their persistent hyperglycaemia, despite the fact that plasma insulin levels are equal to or higher
than normal [25].

Similar clinical observations have been reported for elevated proglucagon peptides in patients
with Type 2 diabetes mellitus [26]. Orskov et al. [26] reported that, in the fasting state,
proglucagon-like immunoreactivity was significantly elevated in the group with Type 2
diabetes compared with the control group. After an oral glucose load, insulin concentrations
in plasma were lower, whereas the concentrations of all proglucagon products were elevated
in the group with Type 2 diabetes compared with the control group [26]. Moreover, although
serum glucagon levels are generally down-regulated by glucose and food intake in normal
subjects, they are unable to decrease appropriately in response to glucose or food ingestion in
patients with Type 2 diabetes [2,3,25,26,30]. This lack of suppression of glucagon secretion
by hyperglycaemia is consistent with findings in isolated mouse pancreatic islets and clonal
hamster In-R1-G9 glucagon-releasing cells [31]. In the latter study, low glucose (approx. 7
mmol/l) inhibited glucagon secretion, whereas higher glucose concentrations stimulated
glucagon release at 25–30 mmol/l. These paradoxical findings may explain why patients with
diabetes with pronounced hyperglycaemia still display hyperglucagonaemia [31]. Thus
increased serum glucagon levels relative to insulin may play an important role in elevating or
maintaining high serum and tissue glucose levels and, consequently, contributing to increased
insulin resistance in patients with Type 2 diabetes [2,4,25,26,30].

HYPER-HAEMODYNAMIC EFFECTS OF GLUCAGON RELEVANT TO
DIABETIC GLOMERULAR INJURY

Most previous studies on glucagon have focused primarily on the physiological regulation of
blood glucose and body energy metabolism and its clinical usefulness in treating
hypoglycaemia due to an overdose of insulin therapy in Type 1 diabetes [2,3]. In the kidney,
studies on glucagon and its receptors have been limited to its acute effects on GFR (glomerular
filtration rate) and urinary excretion of electrolytes. The potential role(s) of glucagon and its
receptor signalling in the development of diabetic nephropathy have not been well studied.

Although the consequence of long-term hyperglucagonaemia on renal function and renal
pathophysiology has not been studied, acute systemic or intrarenal infusion of glucagon has
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been shown to induce marked glomerular hyperfiltration, a hallmark of early Type 2 diabetic
glomerular injury [32–35]. We [32] and others [33–35] have shown that infusion of glucagon
at levels reported after a high-protein diet or in Type 2 diabetes increases GFR by approx. 50%
(Figure 2), whereas an antibody that specifically neutralizes glucagon decreased GFR or
glucose metabolism abnormalities in rats with streptozotocin-induced diabetes [36,37]. How
glucagon increases GFR remains poorly understood, but increased levels of cAMP,
prostaglandins or NO have been suggested to mediate glucagon-induced glomerular
hyperfiltration [34,38]. Glucagon-induced glomerular hyperfiltration may also be due to
increased blood pressure and cardiac performance [39,40] or increased glomerular filtration
pressure (glomerular hypertension) due to glucagon-induced renal vasodilatation (Figure 2)
[32–35]. Persistent glomerular hyperfiltration induced by glucagon may play an important role
in the development of glomerular injury through stress- and pressure-mediated mesangial cell
hypertrophy and/or proliferation, with subsequent mesangial expansion and ECM
(extracellular matrix) deposition [40,41]. Further integrative studies in rodent models of
experimental Type 2 diabetes are required to determine the long-term effects of
hyperglucagonaemia on glomerular injury and renal pathophysiology.

NON-HYPERGLYCAEMIC AND GROWTH-PROMOTING EFFECTS OF
GLUCAGON

Whether glucagon, acting on its receptors, has any direct, hyperglycaemic- and/or
haemodynamic-independent effects on cardiovascular and renal tissues remains unknown. The
prevailing view in current diabetes research is that the development and progression of Type
2 diabetes are the consequence of long-term hyperglycaemia due to insulin deficiency or
increased insulin resistance [2–4,42]. Glucagon does not play an important role in Type 2
diabetes and, if it does, it is primarily due to its hyperglycaemic effects. Indeed, this view is
supported by the difficulty, or lack of approaches, in discriminating the effects of
hyperglycaemia secondary to glucagon stimulation from those caused directly by glucagon
itself especially in animal models or human Type 2 diabetes [2,3]. It also gains considerable
support from animal and human studies, in which acute glucagon administration induces
hyperglycaemia, and from in vitro cell culture studies, in which high glucose concentrations
(20–30 mmol/l) were used. For example, hyperglycaemia has been shown to induce
proliferation of cultured vascular smooth muscle cells via activation of the JAK (Janus-
activated kinase)/STAT (signal transducer and activator of transcription) pathway [43]. In the
kidney, hyperglycaemia induced the phosphorylation of the MAPK (mitogen-activated protein
kinase) ERK1/2 (extracellular-signal-regulated kinase 1/2) in primary cultured proximal tubule
cells [44] and stimulated protein and ECM synthesis in mesangial cells [45]. It should be
emphasized that most of these effects of hyperglycaemia have been demonstrated primarily in
acute cell culture experiments in vitro. The direct effects of hyperglycaemia via long-term
glucose infusion for weeks or even months in the presence of controlled plasma insulin and
glucagon concentrations have not been well characterized in animals or humans.

There is evidence that, in addition to causing glomerular hyperfiltration, glucagon may induce
glomerular injury through its potential role as a ‘growth factor’ or ‘proliferative
cytokine’ [43,44,46–49]. At least in cell culture models, glucagon has been shown to induce
cellular growth, hypertrophy and proliferation or activation of growth-related signalling
proteins in pancreatic and renal cells in the absence of high glucose conditions. For instance,
glucagon directly activates downstream signalling cascades involving the MAPKs ERK1/2,
p38 MAPK and JNK (c-Jun N-terminal kinase)/SAPK (stress-activated protein kinase) in
pancreatic islet cells [46,47,50,51]. These cytoplasmic serine/threonine-containing MAPKs
are closely associated with cell differentiation, proliferation and transformation [46,47]. To
minimize the confounding hyperglycaemic effects secondary to glucagon administration, as
occurred in animal or human studies in vivo, we have recently used rat glomerular mesangial
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cells as an in vitro cell model to study whether glucagon has growth effects independent of
hyperglycaemia or hyper-haemodynamics [48,49]. We found that rat glomerular mesangial
cells have high-affinity GCGR (Gs-protein-coupled glucagon receptor) binding (Figure 3) and
express GCGR mRNA, and that glucagon induced mesangial cell growth by increasing DNA
and protein synthesis in the absence of high glucose concentrations, effects that were
completely blocked by a specific glucagon receptor antagonist (Figure 4) [48,49]. We found
further that these growth effects are mediated by glucagon-receptor-activated phosphorylation
of ERK1/2 via PKA-, PLC/IP3/Ca2+-or PI3K (phosphoinositide 3-kinase)-mediated signalling
[48,49] (Figure 4). Because these effects were induced by glucagon in the absence of
hyperglycaemia and can be blocked by a glucagon receptor antagonist, our data suggest that
glucagon may directly stimulate mesangial cell growth, at least in cell culture settings.
However, whether these glucagon-induced responses in the cell culture studies have any role
in Type 2 diabetic glomerular injury still awaits confirmation in animal and human studies.

INTERACTIONS BETWEEN GLUCAGON, HYPERGLYCAEMIA AND ANGII
(ANGIOTENSIN II)/ANGII RECEPTOR SIGNALLING IN DIABETIC
NEPHROPATHY

It is well recognized that activation of the RAS (renin–angiotensin system) plays an important
role in the development and progression of cardiovascular and renal complications in Type 1
and Type 2 diabetes. The widespread use of ACE (angiotensin-converting enzyme) inhibitors
and ARBs [AT1 (AngII type 1) receptor blockers] to treat proteinuria in patients with diabetic
nephropathy strongly supports the involvement of the RAS in Type 1 and Type 2 diabetes
[52–54]. Glomerular hyperfiltration (increased GFR) and microalbuminuria are two major
complications of early Type 2 diabetic glomerular injury [38,42,55,56]. A recent prospective
multicentre double-blind clinical study in patients with early Type 2 diabetic nephropathy
showed that the ACE inhibitor enalapril and the ARB telmisartan are equally effective in
preventing glomerular hyperfiltration and attenuating urinary albumin excretion [57].

We have studied the interactions between glucagon and AngII or AngII receptor signalling in
cultured rat mesangial cells as well as in glucagon-infused mice [48,49,58,59]. The findings
suggest that hyperglucagonaemia may cause mesangial cell or glomerular injury by interacting
with AngII/AT1 receptor signaling [49,58,59]. In vitro, we have shown that glucagon
moderately increased AngII production in cultured mesangial cells independent of
hyperglycaemia [49]. Activation of the RAS has been reported in experimental diabetic rats
in vivo [60–62] and in cultured mesangial cells exposed to hyperglycaemia [63,64]. ACE
inhibitors and ARBs, which block the RAS, also inhibited glucagon-receptor-mediated
activation of PKA and PLC-dependent [Ca2+]i mobilization, as well as Akt/PKB (protein
kinase B)/PI3K signalling, in mesangial cells [58,59]. In vivo, we have demonstrated that the
ACE inhibitor enalapril prevented glucagon-induced glomerular hyper-filtration in
anaesthetized rats [58]. These results suggest that glucagon receptor signalling may interact
with that of AngII/AT1 receptor signalling in the glomeruli or mesangial cells. More recently,
we have infused glucagon for 4 weeks to induce hyperglucagonaemia in mice, which produced
metabolic and renal phenotypes of early Type 2 diabetes, including increased fasting blood
glucose, impaired glucose tolerance, development of microalbuminuria and mesangial
expansion, and increased ECM deposition in the glomeruli [59]. The effects of hyper-
glucagonaemia could be blocked by concurrent administration with a glucagon receptor
antagonist, des-His1[Glu9]glucagon amide, or the ACE inhibitor captopril, which blocks AngII
production [59]. AngII, a powerful growth factor and proliferative cytokine, may increase
TGF-β1 (transforming growth factor-β1) or activate JAK and STAT proteins, which in turn
mediate the synthesis of ECM in mesangial cells [65–67]. This information helps explain the
underlying mechanisms by which ACE inhibitors and ARBs may be used to prevent and treat
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Type 2 diabetic renal and cardiovascular complications. Nevertheless, our studies do not
provide direct evidence that hyperglucagonaemia alone induced Type 2 diabetic metabolic and
renal phenotypes independent of its effect on hyperglycaemia in vivo [59]. More studies or
new experimental approaches are needed in order to discriminate the direct effects of glucagon
from those induced secondary to hyperglycaemia following glucagon administration in animals
or humans.

GLUCAGON RECEPTORS AS A POTENTIAL TARGET IN TREATING TYPE 2
DIABETIC CARDIOVASCULAR AND RENAL COMPLICATIONS

Although Type 1 diabetes can be treated with insulin replacement, pancreatic β-cell
transplantation and even adult or embryonic stem cells, such approaches are unlikely to be
practical for patients with Type 2 diabetes, because approx. 95% of patients have Type 2, rather
than Type 1, diabetes (based on the data provided by the National Institute of Diabetes,
Digestive and Kidney Diseases). Increased insulin resistance, rather than insulin deficiency,
plays a key role in the development of Type 2 diabetes [3], but the factors that contribute to
increased insulin resistance are not well understood. Because glucagon plays a counter-
regulatory role in glucose metabolism and there is an imbalance between the influences of
insulin and glucagon in favouring the latter in Type 2 diabetes, pharmacological blockade of
glucagon receptors or its receptor signalling has been pursued as a potential treatment for Type
2 diabetes.

In fact, the concept that glucagon or glucagon receptors may be targeted for treatment of Type
2 diabetes is not new [2,3]. On the basis of the concept that glucose metabolism and
homoeostasis is dually controlled by the pancreatic bi-hormones insulin and glucagon, rather
than insulin alone, the pharmaceutical industry has attempted to develop potent and selective
glucagon receptor antagonists for over two decades. As early as in 1982, Johnson et al. [68]
reported that a glucagon peptide analogue antagonist THG [(l-N α-trinitrophenylhistidine,12-
homo-arginine)glucagon] significantly lowered blood glucose concentrations by 30–65% in
rats made diabetic with streptozotocin. In vitro, THG is a potent antagonist of glucagon-
activated hepatic adenylate cyclase. This study provided the first evidence that a glucagon
receptor antagonist could substantially reduce blood glucose levels in diabetic animals without
insulin replacement [68]. Another glucagon receptor antagonist, des-His1-[Glu9]glucagon
amide, was developed a few years later, which also inhibited glucagon-induced
hyperglycaemia or lowered blood glucose in streptozotocin-induced diabetic rats in vivo [15].
Although these antagonists are potent and selective in blocking the effect of glucagon on
glucose metabolism, their usefulness for treatment of diabetes is restricted because, as a
peptide, they cannot be taken orally.

There have been significant advances on several fronts in the development of non-peptidyl
glucagon receptor antagonists or blockers for the treatment of Type 2 diabetes over the last
few years [1–3,69–71]. Madsen et al. [72] described the first non-peptide competitive human
glucagon receptor antagonist NNC 92-1687 [2-(benzimidazol-2-ylthio)-1-(3,4-
dihydroxyphenyl)-1-ethan one]. Although this antagonist inhibited glucagon receptor binding
in a competitive manner, its binding affinity or inhibitory constants were at micromolar ranges.
Ling et al. [69] also identified and characterized alkylidene hydrazides as non-peptidyl
antagonist(s) for the human glucagon receptor to block glucagon-receptor-mediated cAMP
production and glucose metabolism. Furthermore, the efficacy and safety of the non-peptidyl
glucagon receptor antagonist Bay 27-9955 (Bayer) has been the first to be reported in a double
blind placebo-controlled crossover human study [17]. In this study, Bay 27-9955 at 200 mg
significantly blunted hyperglucagonaemia-induced hyperglycaemia. However, long-term
antidiabetic benefits, as well as side effects, of this compound in patients with Type 2 diabetes
remain unknown, because no follow-up studies have been reported. Recently, the effects of
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antisense oligonucleotides targeting glucagon receptors have been evaluated in db/db diabetic
fatty mice, a rodent model of human Type 2 diabetes [73,74]. In both studies, small molecular
antisense oligonucleotides were found to inhibit glucagon receptor expression in hepatocytes
and ameliorate or reverse the diabetic metabolic syndrome in db/db mice [73,74]. Although it
remains to be determined how glucagon receptor antisense oligonucleotides can be used in
treating human Type 2 diabetes, it supports the concept that targeting glucagon receptor
expression and, therefore, its signalling may have clinical benefits for patients with Type 2
diabetes in the future.

A unique class of new antidiabetic drugs targeting the serine protease DPP-IV (dipeptidyl
peptidase IV) has recently been approved by the USA FDA (Food and Drug Administration)
for treatment of Type 2 diabetes in humans. DPP-IV, or CD26, is a membrane-associated
peptidase widely expressed in the digestive and non-digestive tissues [3,75,76]. It degrades
both GLP-1 and glucagon [77,78]. GLP-1 is a major gut-secreted incretin hormone released
in response to glucose or food intake [75–78]. Upon its release, GLP-1 is rapidly degraded by
DPP-IV and eliminated by renal clearance, therefore having limited physiological or
therapeutic effects [75–78]. However, GLP-1 has been shown to stimulate glucose-dependent
insulin secretion from pancreatic β-cells in vivo and in vitro [75,79,80]. These findings led to
the development of various DPP-IV inhibitors, which aim to raise circulating GLP-1 levels by
inhibiting GLP-1 degradation by DPP-IV. Two DPP-IV inhibitors developed recently,
sitagliptin and vildagliptin, may have particular potential for treatment of Type 2 diabetes.
Phase III clinical trials have shown that JANUVIA™ (sitagliptin; developed by Merck and
approved by the FDA) is well tolerated and can significantly improve glycaemic control by
decreasing HbA1c (glycated haemoglobin) levels [80–82]. Its antidiabetic effect is mediated
primarily through increases in GLP-1, which stimulates insulin release from pancreatic β-cells
[81]. Whether sitagliptin suppresses glucagon secretion from pancreatic α-cells or not has not
been well characterized. By contrast, the DPP-IV inhibitor vildagliptin (LAF237; developed
by Novartis) both increases insulin secretion from β-cells and potently suppresses glucagon
secretion from pancreatic α-cells [83,84]. The cellular mechanisms by which DPP-IV inhibitors
decrease serum glucagon levels are not well understood. As glucagon is also a substrate for
the enzyme DPP-IV [78], inhibition of this enzyme by sitagliptin or vildagliptin is expected to
increase, rather than decrease, serum glucagon. Thus it is possible that these inhibitors may
initially increase serum glucagon, together with GLP-1, which subsequently suppresses
glucagon secretion from the pancreatic α-cells. The dual insulin-promoting and glucagon-
suppressing effects of DPP-IV inhibitors is particularly relevant to clinical Type 2 diabetes,
since these patients often have insulin resistance and hyperglucagonaemia [25,26,30].

Because GLP-1 is a major gut-secreted incretin hormone that induces insulin secretion from
pancreatic β-cells and simultaneously inhibits glucagon secretion from α-cells, a number of
incretin enhancers or GLP-1 agonists have been pursued for the treatment of Type 2 diabetes
[3,75,76,80]. Exenatide and liraglutide are two major GLP-1 agonists that have been shown to
have beneficial antidiabetic effects in both animal models and clinical trials [85–87]. Both
agonists appear to activate GLP-1 receptors and have similar antidiabetic properties to the
native GLP-1. However, as peptide agonists, exenatide and liraglutide are often administered
by injection subcutaneously or systemically [88,89], therefore the clinical relevance of these
compounds in treating Type 2 diabetes remains to be determined.

PERSPECTIVES
Diabetes is a major risk factor for the development of cardiovascular and renal organ damage,
leading to hypertension, atherosclerosis, ischaemic heart disease and nephropathy. Type 1 and
Type 2 diabetes affect over 20 million Americans and, together, rank as the sixth leading cause
of disease-related death in the USA alone. Nearly 1 million new cases (most representing Type
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2 diabetes) are diagnosed every year, and the magnitude of this public health problem as well
as its economic impacts continues to escalate. Moreover, children with diabetes are usually
assumed to have Type 1 diabetes, but the percentage of children diagnosed with Type 2 diabetes
has increased dramatically over recent years (according to the data provided by the National
Institute of Diabetes, Digestive and Kidney Diseases). It is therefore imperative that the factors
contributing to the development and progression of Type 2 diabetes should be identified and
new therapeutic targets beyond insulin replacement explored. Since glucagon plays a critical
role in the regulation of glucose metabolism and homoeostasis in humans by promoting
glycogenolysis and gluconeogenesis, glucagon and its receptors may be potential targets for
the treatment of Type 2 diabetes (Figure 5). Furthermore, clinical studies have shown that
patients with Type 2 diabetes often have hyperglucagonaemia, which is not decreased
proportionally in response to glucose or food intake. By contrast, serum insulin may be normal
or subnormal depending on the progression of the disease. We propose that imbalance in the
actions of insulin and glucagon in favouring the latter may contribute to increased insulin
resistance, impaired glucose tolerance, persistent hyperglycaemia and target organ injury in
Type 2 diabetes (Figure 5). Thus in view of the diverse hyperglycaemic, pro-growth and
hyperhaemodynamic effects of glucagon, pharmacological blockade of glucagon receptors or
its receptor signalling with orally active and highly selective antagonists remains an attractive
antidiabetic strategy to improve insulin sensitivity and treat Type 2 diabetic cardiovascular and
renal complications in humans. However, more innovative approaches are required to study
whether long-term hyperglucagonaemia plays any role in the development of target organ
injury in animal models of Type 2 diabetes or human Type 2 diabetes. New challenges also
remain with respect to designing and/or discovering more selective, potent and orally active
compounds with few side effects. One likely side effect of glucagon receptor blockade may be
hypoglycaemia or to slow the recovery from hypoglycaemia due to an insulin overdose [3].
Interestingly, studies in mice have shown that glucagon-receptor knockout only moderately
lowers basal blood glucose levels [18–20]. This suggests that, with proper dosage titrations,
glucagon receptor antagonism is unlikely to lead to hypoglycaemia, as seen during insulin
overdose.
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Abbreviations
ACE  

angiotensin-converting enzyme

AngII  
angiotensin II

AT1  
AngII type 1

ARB  
AT1 receptor blocker

[Ca2+]i  
intracellular Ca2+

DPP-IV  
dipeptidyl peptidase IV
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ECM  
extracellular matrix

ERK1/2  
extracellular-signal-regulated kinase 1/2

FDA  
Food and Drug Administration

GFR  
glomerular filtration rate

GLP  
glucagon-like peptide

Gs-protein  
stimulatory G-protein

GCGR  
Gs-protein-coupled glucagon receptor

IP3  
inositol 1,4,5-trisphosphate

MAPK  
mitogen-activated protein kinase

PI3K  
phosphoinositide 3-kinase

PKA  
cAMP-dependent protein kinase

PLC  
phospholipase C

RAS  
renin–angiotensin system

THG  
(l-N α-trinitrophenylhistidine,12-homoarginine)glucagon
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Figure 1. Two classical GCGR-mediated intracellular signalling pathways in glucagon-targeted
cells
To induce an effect, glucagon binds to cell-surface Gs-protein-coupled receptors and activates
the PLC/IP3/Ca2+ and PKA signalling pathways. Both signaling pathways are closely involved
in mediating glucagon-induced glycogenolysis and gluconeogenesis, leading to
hyperglycaemia. Pharmacological agents known to block these two signalling pathways (H-89,
a selective PKA inhibitor, and U-73122, a selective PLC inhibitor) also inhibit glucagon-
induced hyperglycaemic and growth effects in target cells. AC, adenylate cyclase; PKC, protein
kinase C.
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Figure 2. Glucagon induces renal glomerular hyperfiltration in anaesthetized rats
Intravenous glucagon infusion (50 ng · kg−1 of body weight · min−1) increased GFR by more
than 30 % (A) as well as renal plasma flow (RPF) (B) over control (*P < 0.05 and **P < 0.01
compared with control). The extent of glucagon-induced hyperfiltration was similar to that
induced by ANP (atrial natriuretic peptide), a well characterized renal vasodilator [32]. Data
taken from [32].
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Figure 3. Expression of high-affinity GCGRs, and glucagon-induced activation of PLC/Ca2+ and
cAMP signalling in cultured rat glomerular mesangial cells
(A) Maximal binding sites (Bmax) and binding dissociation constant (Kd) of glucagon receptors
in mesangial cells. (B) Fura 2 (340 nm/380 nm) ratiometric image showing glucagon-increased
[Ca2+]i signalling, with the highest level of [Ca2+]i in red to background in black. (C) Glucagon-
induced increases in intracellular cAMP is blocked by a glucagon receptor antagonist (1 μmol/
l des-His1-[Glu9]glucagon amide; Ant). **P < 0.01 compared with control; and ++P < 0.01
compared with glucagon. Figures 3(A) and 3(C) are reproduced from [48] with permission. ©
(2006) Lippincott Williams & Wilkins (http://lww.com). Figure 3(B) is reprinted from
Biochem. Pharmacol., 71, X.C. Li, O.A. Carretero and J.L. Zhuo, Cross-talk between
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angiotensin II and glucagon receptor signaling mediates phosphorylation of mitogen-activated
protein kinases ERK 1/2 in rat glomerular mesangial cells, pp. 1711–1719, Copyright (2006),
with permission from Elsevier.
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Figure 4. Glucagon-induced growth of cultured rat glomerular mesangial cells in the absence of
high glucose via the receptor-mediated activation of ERK1/2
(A) Glucagon (1 nmol/l) significantly increased [3H]thymidine incorporation, an index of DNA
synthesis, compared with control, and the response was blocked by des-His1-[Glu9]glucagon
amide (Glu-Ant.; 1 μmol/l), the MAPK inhibitor D-98059 (1μmol/l), the PKA inhibitor H-89
(1 μmol/l) or the PLC inhibitor U-73122 (1 μmol/l) respectively. **P < 0.01 compared with
control; ++P < 0.01 compared with glucagon. (B) Glucagon induced the activation of ERK1/2,
which was blocked by des-His1-[Glu9]glucagon amide (Glu-Ant.; 1 μmol/l). (C) Inhibition of
-dependent pathway by U-73122 (1 μmol/l) or the PKA pathway the PLC/IP3/Ca2+ by H-89
(1 μmol/l) blocked glucagon-induced activation of ERK1/2 signalling. p-ERK 1/2,
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phosphorylated ERK1/2; t-ERK 1/2, total ERK1/2. Reproduced from [48] with permission. ©
(2006) Lippincott Williams & Wilkins (http://lww.com).
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Figure 5. Potential role of hyperglucagonaemia in the development of metabolic and renal
glomerular phenotypes in Type 2 diabetes
In human Type 2 diabetes, there is an inappropriate increase in the hyperglycaemic hormone
glucagon over the hypoglycaemic hormone insulin (also termed hyperglucagonaemia).
Imbalance in the actions of insulin and glucagon in favouring the latter leads to increases in
glycogenolysis and gluconeogenesis in the liver and other tissues, resulting in hyperglycaemia,
increased insulin resistance and impaired glucose metabolism. Moreover, glucagon, via direct
activation of GCGR-mediated signalling pathways (PKA and ERK1/2), stimulates mesangial
cell (MC) growth and hypertrophy and induces glomerular mesangial expansion and ECM
deposition. Glucagon receptor antagonists are expected to block the metabolic and growth
effects of hyperglucagonaemia in Type 2 diabetes.

LI and ZHUO Page 21

Clin Sci (Lond). Author manuscript; available in PMC 2008 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


