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Abstract 
 

Despite the fact that glucagon was discovered two years after the 

discovery of insulin, little data is available on the physiology of the alpha 

cells. This could be attributed to the scarcity of this cell population in 

animal models such as mice and rats and the fact that functional 

identification methods have been lacking. In the recent years, much 

progress has been made in the study of alpha cell function, physiological 

role of glucagon and glucagon receptor as well as the intracellular 

pathways and messengers. Furthermore, there are many studies that 

proved the relationship between hyperglucagonemia and diabetes 

mellitus. The available data on this association allowed researchers to 

target glucagon as a valid therapeutic option to treat hyperglycemia in 

patients with diabetes mellitus. 
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In this chapter we discussed the physiological steps in the synthesis 

and secretion of glucagon, the relation between glucagon and diabetes as 

well as the new molecules targeting glucagon and glucagon receptors. 

 

 

Introduction 
 

Pancreatic cell function is totally dependent on co-ordinated secretion of 

beta and alpha cells. These cells respond to changes in blood glucose in a 

totally opposite way, for example beta cell secretion of insulin is known to 

increase in case of high blood glucose levels, while alpha cell secretion of 

glucagon increases in case of hypoglycaemia (Nadal et.al. 1999, Quesada et.al. 

2006). It is known that insulin, being an anabolic hormone, causes 

accumulation of glycogen and fat, hence reduction in blood glucose levels. On 

the other hand, glucagon induces a catabolic state, by stimulating hepatic 

glycogenolysis, and gluconeogenesis, which results in an increase in blood 

glucose.  

Several decades of research and evolving technology have led to the 

isolation, purification and sequencing of the 29-amino acid peptide hormone, 

Glucagon. Additionally, the structure of the proglucagon gene has been 

identified and its tissue-specific processing has been established over the 

years. Proglucagon is processed into functional glucagon by subtilisin-like 

proprotein convertase-2 (PC2) in the pancreatic alpha-cells (Rouille et al., 

1994). Glucagon acts via a seven transmembrane G-protein coupled receptor 

consisting of 485 amino acids (Jelinek et al., 1993). The binding sites for this 

peptide hormone are present in multiple tissues including liver, brain, 

pancreas, kidney, intestines and adipose tissue (Burcelin et al., 1996 and 

Christophe, 1996). Such a detailed understanding of this peptide hormone has 

allowed researchers to target glucagon as a valid therapeutic option in patients 

with diabetes mellitus. 

 

 

Structure of Islet Cells 
 

The pancreatic islet is a multicellular structure composed of beta, alpha, 

delta, and pancreatic polypeptide cells. In a healthy human adult, the pancreas 

contains almost 1 million islets that would represent almost 1-2 % of the total 

pancreatic mass. Each islet is made up of 1000-3000 cells. In rats, beta cells 

constitute 60–80 %, alpha cells 15–20 %, and delta cells < 1% (Brelje et.al 
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1998, Brissova et.al 2005). In humans, the distribution of islet cells is somewhat 

different with equal numbers of delta and pancreatic polypeptide cells, and a 

smaller beta cell mass, which represent 48-59 % of total number of cells. The 

alpha cells contribute to the remaining 33 -46% of the islet cell mass. This 

higher proportion of alpha cell mass would suggest a more important role for 

glucagon in humans (Cabrera et.al 2006). 

There are many structural differences between rodent and human islets. In 

rodent islets, the clustering of beta cells makes their responses to elevated 

glucose concentrations more coordinated with a synchronous oscillatory 

response and a typical pulsatility in insulin release (Vozzi et. al 1995). On the 

other hand, due to lack of clustering of human beta cells, these oscillations are 

not synchronized throughout the human islets. Although this unique 

cytoarchitecture of human beta cells makes their activity discontinuous, it 

allows them to intermingle freely with other endocrine cells throughout the 

islet with a more efficient paracrine connection between different cell types. 

The high vascularity of the pancreatic islets helps pancreatic endocrine 

cells to sense variations in plasma glucose more accurately and hence, allows 

appropriate secretory response. Ahren (2000) suggested a multi-level 

regulation of pancreatic islets, which involves parasympathetic, sympathetic & 

sensory nerves. 

 

 

Synthesis of Glucagon 
 

The proglucagon gene, which is expressed in the central nervous system, 

entero-endocrine cells (L-cells of the intestines) and the islet alpha cells 

encodes for glucagon, GLP-1, and GLP-2. Different prohormone convertase 

enzymes are responsible for the generation of these peptides (mojsov et al. 

1986). In the alpha cells the predominant enzyme is PCSK2 that leads to 

production of glucagon, Glicentin, Glicentin-related peptide, intervening 

peptide 1, and major proglucagon fragment (Dey et al. 2005). In the intestines 

the predominant enzyme is the PCSK1/3 that results in production of GLP-1, 

GLP-2, oxyntomodulin, Glicentin, and intervening peptide 2 (mojsov et al. 

1986). The absence of PCSK2 in knockout-mice results in failure of mature 

glucagon production (Furuta et al. 2001). 

There are many factors that affect glucagon gene expression. Glucagon 

gene expression is negatively regulated by insulin (Philippe et al. 1995). In 

diabetic rats and in conditions of insulin deficiency and hyperglycemia, 

glucagon gene expression would be augmented and correction of insulin levels 
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would be associated with normalization of plasma glucose and glucagon levels 

(Dumonteil et al. 1998). The mechanism of insulin inhibition of glucagon 

secretion involves activation of GABA receptor translocation to cell surface in 

an Akt-dependent manner (Basu A et al. 2004).  

The amino acid arginine increases glucagon gene expression in rats; this 

process is mediated by protein kinase C. On the other hand, other nutrients like 

fatty acids may play different roles in gene expression; an example is 

palmitate, which down regulates glucagon gene expression (Dumonteil et al. 

2000). Zinc secretion from beta cells is another important factor in glucagon 

secretion inhibition. Impaired zinc secretion results in augmented glucagon 

secretion in response to hypoglycemia (Zhou H et al. 2007). 

In conclusion, insulin suppresses glucagon gene expression and therefore, 

conditions of insulin deficiency may cause hyperglucagonemia. While 

hyperglycemia stimulates beta cell insulin secretion, it inhibits alpha cell 

secretion of glucagon. Furthermore, Mac Donald et al., (2007) and Vieira et 

al., (2007) have proved that glucagon inhibition occurs at glucose levels below 

the threshold of beta cell activation. 

 

 

Glucagon Secretion 
 

Alpha cells are equipped with multiple channels that regulate glucagon 

secretion. As this process involves many intracellular steps, blockage at any 

level would result in impaired glucagon secretion. 

KATP channels play a fundamental role in the process of glucagon 

secretion. This is similar to the role they play in beta cells with one important 

difference in the sensitivity to ATP. As alpha cell KATP has a lower 

sensitivity to ATP (Bokvist et al. 1999, Gromada et al. 2007), maximal 

inhibition of the KATP channels requires a lower ATP concentration. 

When the KATP channels are activated, cell membrane depolarization with 

an action potential of -60Mv results in activation of T-type calcium channels. 

They act as a pacemaker of the action potential (Gopel etal, 2000). At an 

action potential of -30 to -20mV, Na+ channels and L-type Ca++ channels are 

activated. Although most of current calcium goes through L-type Ca++ 

channels, calcium required for exocytosis of glucagon comes mainly through 

N-type Ca++ channels (Gromada et al. 1997, 2004, Olsen et al. 2005). (See 

figure 1) 
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The voltage dependent K+-channels mediate the membrane repolarization. 

Also the increase in extracellular glucose raises the cytosolic ATP/ADP ratio 

that blocks the KATP channels, inactivating membrane depolarization.  

The sodium channels are tertradotoxin sensitive and their blockage by 

tertradotoxin inhibits glucagon secretion (Gromada et al, 2004). 

 

 

 

Glucagon Receptor 
 

Glucagon exerts its action on target tissues through activation of the 

glucagon receptor, a G-protein coupled receptor member of the class II G-

protein-coupled receptor superfamily (Jelinik et al., 1993). Activation of the 

glucagon receptor leads to signal transduction by G proteins (Gsa and Gq).  

 

 

Figure 1. A stepwise Schematic module for the glucose dependent glucagon secretion 

in alpha cell. 

K+#

## ##

## ##
K+#

A%# B%#

C%# D%#



Alaaeldin M. K. Bashier and Puja Murli Thadani 124 

Gsa activates adenylate cyclase, which causes cAMP production, resulting 

in an increase in levels of protein kinase, whereas Gq activation leads to 

phospholipase-C mediated increases in intracellular calcium. Glucagon 

receptor signalling in the liver results in increased hepatic glucose production 

by stimulation of glycogenolysis and gluconeogenesis in addition to inhibition 

of glycogenesis. These receptors are also expressed in extra-hepatic tissues, 

including the heart, intestinal smooth muscle, kidney and brain, however, 

much less is known about the action of glucagon in these tissues (Hansen et 

al., 1995). 

 

 

Physiological Role of Glucagon 
 

In parallel to investigating the biochemical properties of this pancreatic 

peptide hormone, the physiological actions of glucagon have been explored. 

The administration of exogenous glucagon was found to increase glucose 

levels in fasted and fed animals (Myers et al., 1991 and Young et al., 1993), 

and similar observations were noted in humans (Lins et al., 1983 and Hvidberg 

et al., 1994). Freychet et al., (1988) also demonstrated that glucagon raises 

plasma glucose levels in response to insulin induced hypoglycemia. The 

current use of glucagon in the management of severe hypoglycemia is based 

on this observation. Moreover, in vivo studies have directly shown that 

glucagon stimulates glucose production in perfused rat livers by increasing 

both glycogenolysis and gluconeogenesis (Ikeda et al., 1989 and Beuers et al., 

1990). A substantial amount of evidence proves that glucagon is a sensitive 

and timely regulator of glucose metabolism in vivo. Small doses of glucagon 

are sufficient to induce significant elevations in blood glucose levels (Lins et 

al., 1983 and Myers et al., 1991). This effect of glucagon is known to occur 

within minutes and it dissipates rapidly (Dobbins et al., 1998). On the other 

hand, there is ample evidence to demonstrate that inhibition of glucagon 

signalling in vivo leads to a reduction in blood glucose levels. A significant 

drop in glucagon levels was noted in pancreatectomized canines, which lead to 

marked decrease in hepatic glucose production (Stevenson et al., 1987). In the 

subsequent years, it was shown that suppression of glucagon in patients with 

diabetes improved glucose tolerance (Dineen et al., 1995 and Shah et al., 

2000). These studies highlighted the strong association between elevated 

glucagon levels and hyperglycemia. In summary, glucagon is secreted into the 

bloodstream from the islets in a pulsatile fashion (Opara et al., 1988) in 

response to low blood glucose levels. It is the pulsatile delivery of glucagon 
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that is more effective in inducing hepatic glucose production in vitro (Komjati 

et al., 1986), ex vivo (Paolisso et al., 1989) and in vivo (Weigle et al., 1986). 

Hence, the main physiological role of glucagon is to stimulate hepatic glucose 

output, thereby leading to an increase in glucose levels. This provides the 

major counter-regulatory mechanism for insulin in maintaining glucose 

homeostasis.  

 

 

Effect on Glycogenolysis  
 

Glucagon secretion is essential for providing the body with energy by 

increasing the breakdown of glycogen and the simultaneous inhibition of 

hepatic glycogen synthesis. Glucagon activates Protein kinase-A (PKA), 

which through a cascade of phosphorylation processes results in 

phosphorylation of glycogen and ultimately results in increased glycogen 

breakdown, i.e., glycogenolysis and increased Glucose-6-phosphate (G-6-P) 

production. G-6-P, a precursor of glucose, will then be converted to glucose by 

glucose-6-phosphatase, hence increasing the hepatic glucose output (Krebs 

1981 and Johnson et al., 1997).  

 

 

Effect on Glycogenesis 
 

In addition to promoting glycogenolysis, glucagon inhibits glycogen 

synthesis in the liver by regulating glycogen synthase. This enzyme plays a 

key role in glycogen synthesis as it catalyses the transfer of glucosyl residue 

from UDP-glucose to a non-reducing end of the branched glycogen molecule. 

Glucagon induces glycogen synthase phosphorylation and inhibits glycogen 

synthase activity in the liver (Ramachandran et al., 1983). Inactivation of 

glycogen synthase reduces the synthesis of glycogen (Roach et al., 1990). 

Therefore, the role of glucagon is to inhibit glycogenesis by inactivating 

glycogen synthase, consequently increasing the hepatic glucose output. 

 

 

Effect on Gluconeogenesis 
 

In addition to its effect on glycogen metabolism, glucagon regulates blood 

glucose levels by increasing gluconeogenesis. Phosphoenolpyruvate 

carboxykinase (PEPCK) catalyses the conversion of oxaloacetate to 
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phosphoenolpyruvate and, is an early and rate limiting step in the pathway of 

hepatic gluconeogenesis. Earlier studies have shown that treatment with 

glucagon increases the levels of PEPCK mRNA in hepatocytes (Beale et al., 

1984 and Christ et al., 1988). More recent data suggests that PKA activation 

by cAMP leads to phosphorylation of cAMP response element binding 

(CREB) protein. The phosphorylated CREB protein in turn binds to a cAMP-

responsive element and up-regulates peroxisome proliferator activated 

receptor- co-activator-1 (PGC-1) (Herzig et al., 2001). Consequently, PGC-1 

and the nuclear transcription factor hepatocyte nuclear factor-4 (HNF-4) act 

together to increase transcription of the PEPCK gene (Yoon et al., 2001). 

Given that glucagon activates PKA, it is likely that glucagon-mediated up-

regulation of PEPCK transcription and activity leads to increased 

gluconeogenesis in the liver.  

 

 

Effect on Glycolysis 
 

In addition to increased gluconeogenesis, glucagon inhibits glycolysis. 

The conversion of fructose-6-phosphate into fructose-1,6 bisphosphate by 

Phosphofructokinase-1 (PFK-1) is an early and important rate limiting step in 

glycolysis. The rate limiting enzyme, PFK-1, is allosterically activated by 

fructose-2,6 bisphosphate (Okar et al., 1999). Glucagon reduces the levels of 

fructose-2, 6 bisphosphate resulting in inhibition of PFK-1, thereby inhibiting 

glycolysis (Veneziale et al., 1976 and Castano et al., 1979).  

Pyruvate kinase catalyses the transfer of the phosphate group from 

phosphoenolpyruvate to ADP resulting in the production of pyruvate and ATP. 

This is the final step in the glycolysis pathway. Glucagon inhibits pyruvate 

kinase by several mechanisms. It also inhibits transcription of the pyruvate 

kinase gene and increases the degradation of pyruvate kinase mRNA (Pilkis et 

al., 1991). Hence, glucagon inhibits pyruvate kinase, which results in 

decreased glycolysis and increased gluconeogenesis.  

 

 

Relationship between Glucagon, the 

Glucagon Receptor and Diabetes 
 

 Although glucagon was discovered in 1923 it had not been linked to 

diabetes until 1975. In that year R. Unger published his new theory that 
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changed the way scientists looked at diabetes management. The ―uni-hormonal 

theory‖, that originated with the work of von Mering and Minkowski in 1981 

and was reinforced by those of Banting and Best in 1922, states that all the 

metabolic derangement in diabetes mellitus are attributed to absolute or 

relative insulin deficiency. The new R. Unger ―Bi-hormonal theory‖ states that 

diabetic abnormalities in glucose homeostasis are the consequences of a bi-

hormonal disorder in which a relative or absolute deficiency of insulin and a 

relative or absolute excess of glucagon are etiological factors. This theory 

indicates that hypo-secretion of insulin would account primarily for 

underutilization, and relative hyper-secretion of glucagon leads to over 

production of glucose (Unger et al. 1975). The hypothesis was based on the 

fact that somatostatin induced inhibition of glucagon and insulin does not 

result in hyperglycemia unless glucagon deficiency is corrected or restored by 

exogenous glucagon. Moreover somatostatin reduction of glucagon was found 

to be associated with reduction in blood glucose levels. Another important 

evidence is that hyperglucagonemia has been seen with all conditions 

associated with endogenous hyperglycemia including spontaneous diabetes in 

humans, and diabetes in experimental animals, and hyperglycemia associated 

with burns, myocardial infarction, etc. (Unger et al. 1975). 

Further evidence on the contribution of glucagon to hyperglycemia was 

shown by Felig et al., (1976), who studied the effect of glucagon infusion in 

overnight fasted healthy subjects on arterial glucagon, insulin and glucose 

levels, and on splanchnic glucose output. During the infusion of glucagon, 

plasma glucagon levels rose rapidly, reached a plateau within 15 minutes, and 

remained elevated for 45 minutes. The arterial glucose and insulin 

concentrations also increased rapidly and reached a maximal level by 30 

minutes. Despite the concurrent increase in plasma insulin levels, splanchnic 

glucose output rose during the glucagon infusion. The glucose output was 

three times more than the basal levels within 7.5 minutes, remained elevated 

for approximately 15 minutes and then fell progressively.  

Importantly, this study established that high physiological levels of 

glucagon increase glucose production despite a parallel increase in plasma 

insulin levels. In a second experiment, Felig et al., (1976) infused glucose at a 

rate that was sufficient to completely suppress glucose production prior to 

infusing glucagon. Under these conditions, the glucagon infusion reversed the 

glucose and insulin mediated suppression of splanchnic glucose production. It 

is noteworthy that in these experiments on healthy subjects the glucagon-

stimulated increase of glucose production was transient.  
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We know now that type2 diabetes is associated with insulin deficiency 

and a state of hyperglucagonemia. This circulating glucagon or an increase in 

glucagon/insulin ratio is an important determinant of fasting and postprandial 

hyperglycaemia seen in type2 diabetes patients (Baron et al. 1987, Basu et al. 

2004, Gastaldelli et al. 2000). 

In patients with Type 2 Diabetes, the degree of fasting hyperglycaemia 

correlates with the rate of basal hepatic glucose output suggesting that the 

extent of this defect may be an important determinant of the severity of 

diabetes (Baron et al., 1987 and DeFronzo et al., 1989). The increase in 

hepatic glucose production in patients with overt Type 2 Diabetes is primarily 

due to increased gluconeogenesis (Consoli et al., 1989 and Magnusson et al., 

1992). However, impaired insulin mediated suppression of glucose production 

has also been implicated in patients with ‗mild‘ hyperglycemia (Basu et al., 

2004). 

There is recent data that shows the benefit of reducing glucagon action in 

glucagon receptor knockout (Gcgr 
-/- 

) mice (Lee et al. 2011). The study of Lee 

et al. aimed to determine if glucagon causes the lethal consequences of insulin 

deficiency. Surprisingly, Gcgr 
-/-

 knockout mice appeared to be healthy and 

were completely protected from diabetes compared to streptozocin treated 

Gcgr
+/+

 mice, which became severely hyperglycaemic (Lee et al. 2011). Gcgr 
-

/- 
knockout mice had normal fasting blood glucose, and astonishingly, despite 

the absence of a rise in plasma insulin, they demonstrated a normal or even an 

improved response to glucose tolerance test. The authors concluded that 

insulin action is largely directed towards overcoming the hepatic actions of 

glucagon. This proves the strong evidence supporting a role for glucagon in 

contributing to diabetic hyperglycemia (Dale 2011). 

 

 

Relation to Fasting Hyperglycaemia 
 

Early evidence supporting the theory that glucagon contributes to the 

development of fasting hyperglycemia was provided by a study on patients 

with Type 1 Diabetes, in whom an infusion of insulin was used to maintain 

euglycemia (Gerich et al., 1975). On discontinuation of insulin, these patients 

were given an infusion of saline or somatostatin. Gerich et al. had shown that 

glucagon suppression by somatostatin prevents the development of diabetic 

ketoacidosis and significantly improves fasting hyperglycemia during the 

phase of insulin withdrawal. The authors of this study concluded that 

hypoinsulinemia by itself does not lead to fasting hyperglycemia and 
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ketoacidosis, and that glucagon through its glycogenolytic, gluconeogenic, 

ketogenic and lipolytic effects contributes to the full development of this 

condition. 

In a following study, Gerich et al., (1976a) further assessed the 

contribution of glucagon towards the development and maintenance of fasting 

hyperglycemia. Patients with Type 1 Diabetes were given an overnight insulin 

infusion, which was then terminated and replaced by saline infusion for 6 

hours to allow development of marked hyperglycemia and ketoacidosis. At 

this time, saline infusion was either continued or replaced by somatostatin 

infusion for an additional 6 hours. Among patients who were given 

somatostatin infusion, the plasma glucose levels fell progressively in the next 

6 hours. Also, the levels of plasma β–hydroxybutyrate declined significantly in 

patients receiving somatostatin infusion compared to those on saline infusion. 

The results from this study demonstrated rapid and marked suppression of 

plasma glucagon levels with somatostatin infusion, and concluded that during 

hypoinsulinemia, increased endogenous glucagon secretion significantly 

contributes towards fasting hyperglycemia. This conclusion was reinforced by 

another study, which reported that replacement of glucagon reversed the 

glucose lowering effects of somatostatin infusion (Gerich et al., 1976b).  

Moreover, similar findings have been observed in studies including 

patients with Type 2 Diabetes where somatostatin was used with or without 

insulin replacement. Baron et al., (1987) demonstrated that infusion of 

somatostatin, without insulin replacement, reduced hepatic glucose production 

by approximately 25%. On the other hand, infusion of somatostatin with basal 

insulin replacement reduced hepatic glucose production by 58%. Hence, these 

studies provided evidence that elevated glucagon levels significantly 

contribute to increased hepatic glucose production in patients with Type 2 

Diabetes; thereby contributing to significantly elevated fasting blood glucose 

levels.  

In a study where glucagon was infused into normal subjects as well as 

patients with Type 1 and Type 2 Diabetes, the infusion of glucagon led to 

deterioration of glycemic control in patients with type 1 diabetes who were 

insulin withdrawn (Sherwin et al., 1976). These findings suggest the primary 

role of insulin deficiency in the diabetogenic action of glucagon. Due to the 

fact that normal β–cells are able to increase their insulin secretion to 

counteract the action of glucagon, hyperglucagonemia does not cause glucose 

intolerance in normal subjects. Interestingly, the three poorly controlled 

patients with Type 2 Diabetes included in the study did not experience further 

deterioration in their glycemic control probably because they were already 
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responding maximally to their inappropriately elevated endogenous level of 

glucagon. Investigators of this study also concluded that hyperglucagonemia 

does not cause impaired glucose tolerance in normal subjects or lead to 

deterioration of glycemic control when endogenous insulin is available in 

patients with Type 2 Diabetes. The latter conclusion is debatable as the 

changes in glucose levels may depend on the amount of insulin available. An 

additional study by Gerich et al., (1977) showed that suppression of glucagon 

secretion with 3-day infusion of somatostatin in insulin treated patients 

resulted in markedly improved glycemic control in addition to a 50% 

reduction of insulin dose in some cases. Collectively, these studies show that it 

is difficult to accurately ascertain the contributions of α–cell versus β–cell 

dysfunction towards the development and maintenance of fasting 

hyperglycemia. However, it can be concluded that due to the influence of 

endogenous insulin on glucagon secretion, defects in β–cell function are 

invariably accompanied by inappropriately elevated plasma glucagon levels, 

which contribute to fasting hyperglycemia in patients with diabetes. 

 

 

Relation to Postprandial Hyperglycemia 
 

It is known that there is an abnormally elevated glucagon levels despite 

hyperglycemia in both type1 and type2 diabetes. In addition to that, patients 

with type1 diabetes have diminished or absent glucagon response to 

hypoglycemia (Clarke et al. 1991). The inappropriately elevated glucagon 

during hyperglycemia in Type1 diabetes mellitus has been considered to be 

due to lack of intra-islet insulin to restrain the glucose effect on the function of 

alpha-cell (Muller et al. 1971). 

Gerich et al. conducted one of the earliest studies that documented the role 

of glucagon in the pathogenesis of postprandial hyperglycemia in 1975. They 

studied plasma glucose and glucagon responses to normal meals in 12 subjects 

with type1 diabetes, and 12 normal subjects. They noticed that the suppression 

of glucagon, that occurs after a carbohydrate meal, fails to show in normal 

subjects after ingestion of a balanced meal containing carbohydrates, protein, 

and fats. This glucagon rise peaks at 120min, and is related to the protein 

content in the meal. Among subjects with type 1 diabetes, glucagon response 

to a balanced meal was found to be three times higher than that found in 

normal subjects, and in contrast to normal subjects, it peaked at 30minutes. To 

evaluate the contribution of glucagon to post prandial glucose levels, Gerich 

and co-workers found out that somatostatin administration diminishes 
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postprandial hyperglycemia by 60%. Because somatostatin has no direct action 

on hepatic glucose production or glucose utilization, the reduction in 

postprandial glucose was attributed to inhibition of glucagon (Gerich et al. 

1975). Evidence on the relation between high glucagon levels and type 2 

diabetes was shown by Mitrakou et al, who conducted two studies to compare 

pancreatic hormone levels, and glucose production and utilization by using 

dual tracer technique during an oral glucose tolerance test (OGTT) in patients 

with type2 diabetes or impaired glucose tolerance (IGT), and normal subjects. 

In the first study, they have shown that patients with type2 diabetes, compared 

to normal subjects, had impaired early insulin release, elevated fasting 

glucagon levels and impaired glucagon suppression with hyperglycemia. 

Obviously, these changes contribute to elevation of both fasting and 

postprandial glucose levels. Furthermore, they demonstrated normal muscle 

glucose uptake in both groups. They concluded that inadequate suppression of 

plasma glucagon is primarily responsible for the postprandial hyperglycemia 

(Mitrakou et al. 1990). In their second study, the comparison was between 

subjects with impaired glucose tolerance and normal subjects. Postprandial 

glucagon levels were found to be elevated in subject with impaired glucose 

tolerance, a finding similar to that shown in patients with type2 diabetes. The 

only exception was the absence of fasting hyperglycemia in IGT subjects 

(Mitrakou et al. 1992). Shah et al. tested the hypothesis that a lack of 

suppression of glucagon causes postprandial hyperglycemia in subjects with 

type2 diabetes. Nine diabetic subjects ingested 50 g glucose while they were 

receiving both somatostatin and insulin infusion. In one occasion, patients 

received glucagon infusion and on the other day, glucagon infusion was 

delayed by two hours. They concluded that lack of suppression of glucagon 

levels contributes to postprandial hyperglycemia in subjects with type2 

diabetes (Shah et al, 2000).  

 

 

Therapeutic Approaches Targeting 
Glucagon Pathways for the Management 

of Diabetes 
 

Introduction 
 

Parker et al., (2003) demonstrated that targeted disruption of the glucagon 

receptor gene (GR -/-) in mice led to significant reductions in fasting and fed 
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plasma glucose levels compared to their non-transgenic species littermates 

(GR+/+) or wild-type mice. Although GR-/- mice had improved glucose 

tolerance, it is noteworthy that no overt hypoglycemia occurred in this species. 

In comparison to the control mice, plasma glucagon was markedly elevated to 

supra-physiological levels under both fasting and fed conditions in GR-/- 

knockout mice. Furthermore there was a significantly greater pancreatic 

glucagon content. The investigators concluded that the GR-/- mice were able 

to maintain near-normal plasma glucose levels in the complete absence of 

glucagon receptors. 

Subsequently, Gelling et al., (2003) carried out a similar investigation in 

which they evaluated a different strain of GR-/- knockout mice. They reported 

a reduction in fasting and fed glucose levels along with markedly elevated 

plasma glucagon levels in GR-/- mice compared to the control group. The GR-

/- mice exhibited improved glucose tolerance and increased insulin sensitivity 

during an insulin tolerance test, but their serum insulin levels remained 

unchanged in comparison to the control group. Interestingly, the male GR-/- 

mice experienced frank hypoglycemia during the insulin tolerance test in 

addition to severe hypoglycemia, defined as blood glucose 1.7mml/l, during a 

24-hour fast. This study showed that, in the absence of functional glucagon 

receptors, mice have significantly decreased glucose levels throughout the day, 

increased insulin sensitivity and may develop overt hypoglycemia. These 

findings are consistent with the concept that glucagon plays a physiological 

role in determining both fasting and post-prandial glucose levels.  

Chen et al., (2005) used mice with liver specific ablation of glucagon 

receptors (LGsKO) in their study. In these rodent models, serum glucose and 

insulin levels were both significantly decreased in fed LGsKO mice compared 

to normal littermates. LGsKO mice showed increased glucose tolerance with 

both increased glucose-stimulated insulin secretion and increased insulin 

sensitivity in the liver and muscle. Also, LGsKO mice had very high serum 

glucagon and glucagon-like peptide-1 (GLP-1) levels in addition to pancreatic 

α–cell hyperplasia, which could either be, secondary to hepatic glucagon 

resistance or chronic hypoglycemia, or both.  

 

 

Glucagon Receptor Anti-Sense 
 

Liang et al., (2004) used specific glucagon receptor antisense 

oligonucleotide (GR-ASO) to understand the anti-diabetic effects of reduced 

glucagon receptor expression in db/db mice. The ability of GR-ASOs to inhibit 



Glucagon Antagonists 133 

glucagon receptor mRNA expression was demonstrated by quantitative (real-

time) RT-PCR. GR-ASO was administered intra-peritoneally at a dose of 

25mg/kg twice per week for 3 weeks. This study described several noteworthy 

findings. Firstly, administration of GR-ASOs significantly decreased glucagon 

receptor mRNA expression in the liver by ~80%, consequently decreasing 

glucagon stimulated cAMP production by ~47%. These observations are 

important as after binding to its receptor, glucagon activates adenylyl cyclase, 

thus triggering glycogenolysis via a cAMP-related signalling pathway. 

Secondly, there was a significant reduction in levels of blood glucose (~24%), 

triglycerides (~62%) and free fatty acids (~36%). Thirdly, there was a 

significant improvement in glucose tolerance (~20%), and lastly, a diminished 

hyperglycemic effect was noted in response to glucagon challenge. No 

hypoglycemia episodes were reported in db/db mice. These findings led to the 

conclusion that partial reduction of glucagon receptor expression ameliorates 

hyperglycemia in diabetic mice.  

Similarly, Sloop et al., (2004) carried out a study to determine the extent 

to which blocking glucagon action would reverse hyperglycemia using another 

GR-ASO to target glucagon receptors in diabetic rodent models. In this study, 

administration of GR-ASOs resulted in reduced plasma glucose levels, α–cell 

hypertrophy, hyperplasia and reversible hyperglucagonemia, in addition to an 

increase in pancreatic α–cell expression of active GLP-1. As a result, there 

was an increase in islet insulin content with preservation of insulin secretion 

and improved glucose tolerance. GR-ASO therapy also decreased 

glycogenolytic and gluconeogenic enzyme gene expression, thus preventing 

glucagon-mediated hepatic glucose production without causing hypoglycemia.  

Both studies discussed here clearly show that GR-ASO treatment 

improved glycemic control through its hepatic and islet effects in rodent 

models of diabetes. These results are consistent with previous studies testing 

the use of anti-glucagon molecules, where transient blockade of glucagon 

action in the liver led to a significant reduction in hepatic glucose production. 

The data from these studies provided early evidence suggesting that such 

molecules might be useful in the treatment of post-prandial hyperglycemia, 

and could potentially be used to treat impaired glucose tolerance and Type 2 

Diabetes. Due to the crucial role that glucagon plays in stimulating hepatic 

glucose output, other possible effects of targeting the glucagon receptor 

include hypoglycemia and excessive accumulation of glycogen in the liver. It 

is important to note that neither hypoglycemia nor any adverse hepatic effects 

have been reported with GR-ASO therapy in these studies. 
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Neutralizing Glucagon Antibodies 
 

Studies using a high-affinity, neutralizing monoclonal antibody provide 

stronger evidence for the role of glucagon in determining fasting and post-

prandial glucose levels in addition to its contribution to hyperglycemia in 

diabetic animal models. Monoclonal antibodies to glucagon which have been 

shown to completely block the hyperglycemic effect of exogenous glucagon 

infusion in normal rats were shown to reduce blood glucose levels by ~44% in 

moderately diabetic STZ-induced rats. Comparatively, in severely diabetic 

STZ-induced rats, immunoneutralization of glucagon with monoclonal 

antibodies was ineffective. Interestingly, chronic insulin treatment in these rats 

restored the effectiveness of glucagon immunoneutralization.  

Subsequently, another study examined the effects of glucagon 

immunoneutralization, 2–4 hours after injection, in non-diabetic, moderately 

type 2 diabetic and severely type 1 diabetic alloxan (ALX)-induced rabbits. In 

non-diabetic rabbits, administration of monoclonal antibodies to glucagon 

decreased plasma glucose from ~7 to ~5 mmol/liter within 2 hours. In the 

ALX-induced Type 2 diabetic rabbits, immunoneutralization of glucagon 

essentially normalized fasting glucose levels, and in the ALX-induced Type 1 

diabetic rabbits monoclonal antibody injection reduced fasting glucose levels 

from 21.2 to12.7 mmol/liter. Thus, interfering with glucagon action clearly 

was an effective method to reduce glucose levels in a rabbit model of Type 1 

Diabetes Mellitus and to nearly normalize plasma glucose levels in a rabbit 

model of Type 2 Diabetes Mellitus. 

Another recent study reported the effects of immunoneutralization of 

endogenous glucagon in obese hyperglycemic ob/ob mice. In this study, a 

single dose of a neutralizing monoclonal antibody decreased fasting glucose ≥ 

40%, the glucose area under the curve (AUC) after an oral glucose load by 

~50%, and fasting hepatic glucose production by ≥ 60%. Five-day treatment 

decreased mean blood glucose levels by 32%, and treatment with the 

monoclonal antibody for two weeks decreased HbA1C by 1.0% relative to a 

control monoclonal antibody. However, fasting glucose levels were not 

reported (Heidi Sørensen et al. 2006).  

Collectively, the findings from immunoneutralization studies indicate that 

glucagon contributes to hyperglycemia in diabetes and suggests that basal 

glucagon has a role in the maintenance of post-prandial plasma glucose levels. 

A relative excess of glucagon is a hallmark of diabetes mellitus, and several 

animal studies have demonstrated that interfering with glucagon action 

decreases fasting and post-prandial glucose levels in models of Type 2 
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Diabetes Mellitus. Hence, decreasing glucagon levels or action appears to be a 

promising therapeutic target for the management of Type 2 Diabetes Mellitus. 

 

 

Therapeutic Approaches Targeting 

Glucagon Pathways for the Management 
of Diabetes 

 

Peptides 
 

The identification and glucose lowering effect of a peptide antagonist of 

the glucagon receptor was first reported more than twenty years ago (Johnson 

et al., 1984). In this study, the peptide antagonist (1-Nα-trini-

trophenylhistidine, 12-homoarginine) glucagon, was administered to STZ-

induced diabetic rats as a bolus of 1 mg/kg followed by continuous 

intravenous infusion at 33 μg/kg·min for 60 min. The peptide infusion was 

found to reduce blood glucose levels by ~67% compared to baseline at 5-

minutes. Glycemic levels remained 30-55% below the baseline for more than 

90 minutes. This finding provided the proof-of-concept that antagonizing 

glucagon action reduces plasma glucose levels. In the following years, 

extensive efforts were made to generate linear and cyclic peptide analogues 

with glucagon antagonistic activity that facilitates the inhibition glucagon 

stimulated cAMP production. One such compound, des-His1[Glu9]glucagon 

amide, was found to completely block the hyperglycemic effects of exogenous 

glucagon in normal rabbits (Unson et al., 1987) in addition to significantly 

improving hyperglycemia by a continuous inhibition of endogenous glucagon 

in streptozotocin (STZ)-induced diabetic rats (Unson et al., 1989).  

Further, studies analyzing structure and function revealed that the N-

terminal region of the glucagon receptor is primarily responsible for biological 

signaling and the C-terminal is important for ligand binding Hruby et al., 

(1982). Considering that previous assays to detect adenylate cyclase were less 

specific, Van Tine et al., (1996) used a phosphodiesterase inhibitor, Rolipram, 

to increase the sensitivity of this assay to allow identification of potent 

glucagon receptor antagonists. According to this study the previously 

discussed glucagon antagonist compounds were actually weak partial agonists, 

which demonstrated very low levels of cAMP accumulation that were 

sufficient to illicit an in vivo biological response. However, based on this 

revised adenylate cyclase assay, [des-His1, des-Phe6, Glu9]glucagon-NH2, a 
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newer glucagon antagonist, did not activate adenylate cyclase in the presence 

of Rolipram indicating that it was a pure antagonist of glucagon-induced 

adenylate cyclase activity. When administered to STZ-induced diabetic rats as 

a bolus of 0.75mg/kg followed by a continuous intravenous infusion at 25 

μg/kg·min for 60 min, it reduced plasma glucose levels significantly by ~65% 

compared to baseline at 5 minutes and remained at this level throughout the 

60-minute infusion.  

The most recent evidence supporting the therapeutic potential of glucagon 

receptor peptide antagonists has been provided by a report assessing the 

peptidyl glucagon receptor antagonist, des-His-glucagon, in mice specifically 

engineered to express the human glucagon receptor instead of their 

endogenous mouse glucagon receptor (Dallas-Yang et al., 2004). When 

administered intra-peritoneally at 2 mg/kg, this compound completely 

suppressed the increase in blood glucose induced by the subsequent intra-

peritoneal administration of exogenous glucagon. Measurement of receptor 

occupancy revealed that ~80% of the hepatic glucagon receptors were 

occupied at 35 minutes after intra-peritoneal administration of the compound.  

 

 

Non-Peptide, Small Molecules 
 

Initial attempts to discover small molecule antagonists resulted in 

compounds with relatively reduced therapeutic potential. However, more 

recent reports have identified competitive and noncompetitive small molecule 

antagonists of the glucagon receptor. The compound NNC 25-2504 (3-cyano-

4-hydroxybenzoic acid [1-(2,3,5,6-tetramethylbenzyl)-1H-indol-4-yl-

methylene] hydrazide), a highly potent (IC50 = 2.3 nM), noncompetitive 

antagonist of the human glucagon receptor, inhibited glucagon-stimulated 

glucose production in isolated primary rat hepatocytes (Ki = 14 nM). In canine 

models, it was effective in suppressing the increase in blood glucose induced 

by the administration of exogenous glucagon (Ravi Kurukulasuriya & JT Link 

et al. 2005).  

Another novel compound (N-[3-cyano-6-(1,1dimethylpropyl)-4,5,6,7-

tetrahydro-1-benzothien-2-yl]-2-ethylbutanamide; compound 1) recently 

identified, was administered (15 or 50 mg/kg, ip) to mice engineered to 

express the human glucagon receptor in place of the endogenous mouse 

glucagon receptor ( Qureshi SA et al. 2004). The administration of this 

compound was followed by an intra-peritoneal glucagon challenge 

administered one hour later. In mice treated with 50 mg/kg of this compound, 
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the rapid glucagon-induced rise in blood glucose was significantly blunted. 

Interestingly, another study carried out using novel spiro-urea containing 

compounds, with the same experimental design and same animal model, also 

showed that these compounds when administered intra-peritoneally at 

30mg/kg completely suppress the glucose excursion after the glucagon 

challenge (Shen et al. 2005).  

 One published report has shown that a small molecule non-peptide 

glucagon receptor antagonist can effectively suppress plasma glucose levels in 

humans (Peterson et al., 2001). In this study, BAY 27-995 was administered at 

doses of 70mg and 200mg, and was found to effectively block the effects of 

exogenously administered glucagon in healthy males at a higher dose of 

200mg. There was no demonstrable effect of this glucagon antagonist on 

fasting glucose levels, suggesting that in the absence of relative insulin 

deficiency, glucagon has no important role in determining post-prandial 

glucose levels or that a higher dose may be required to detect any effect. Given 

that BAY 27-9955 was well tolerated as a single dose and no serious clinical 

side effects were reported, the investigators concluded that this competitive 

glucagon antagonist might present a novel therapeutic approach to the 

treatment of Type 2 Diabetes. The therapeutic potential of such compounds in 

the management of Type 2 Diabetes currently remains undetermined.  

 

 

Effect of Incretin-Based Therapies on Glucagon 
 

GLP-1 is a 30-amino acid peptide produced by L cells in the lower 

intestine through alternative processing of the proglucagon gene product 

(Kieffer et al., 1999). It is released in response to food intake and its most 

well-known physiological action is the ‗incretin effect‘, which is mediated by 

enhancing glucose-induced insulin release (Kreyman et al., 1987). Among the 

many mechanisms that contribute to its glucose lowering effect, GLP-1 also 

suppresses glucagon release in a glucose-dependent manner. Considering the 

therapeutic potential of this peptide, this action may be as important as its 

‗incretin effect‘ (Nuack et al., 2002).  

Gutniack et al., (1992) assessed the effect of GLP-1 infusion on post-

prandial glucagon levels in healthy subjects, patients with Type 1 and Type 2 

Diabetes. They found that there was no glucagon response to meal ingestion 

and they suggested that the marked reduction in the post-prandial glucose 

excursion could be attributed to the insulinotropic action of GLP-1. 

Comparatively, in patients with Type 1 and Type 2 Diabetes there was a 
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substantial increase in glucagon following meal intake. In patients with Type 2 

Diabetes the infusion of GLP-1 was noted to decrease glucagon levels whereas 

in patients with Type 1 Diabetes it eliminated inappropriate elevation of 

glucagon after a meal, thereby reducing overall glucose excursions in both 

groups. Patients with diabetes in this study were receiving insulin via a closed-

loop feedback system (Biostator). It is noteworthy that the amount of insulin 

required to maintain euglycemia was reduced by ~89% in patients with Type 2 

Diabetes and ~50% in Type 1 Diabetes. 

Further, Zander et al., (2002) demonstrated that a continuous infusion of 

GLP-1 over 6 weeks reduced HbA1c by ~1.3% and resulted in improved β–

cell function based on hyperglycemic clamp studies. This study also 

highlighted that in order to have a sustained therapeutic effect, GLP-1 must be 

continuously infused due to its short half-life (~1 min) as it is rapidly cleaved 

and inactivated by the enzyme dipeptidyl peptidase-4 (DPP-4), a post-proline 

cleaving serine protease. This observation resulted in extensive research 

leading to the development of several GLP-1 derivatives or mimetics in 

addition to pharmacological compounds that inhibit the action of DPP-4, 

which are currently approved for clinical use in the management of Type 2 

Diabetes.  

Exenatide, an incretin mimetic, is approved for use in patients with Type 2 

Diabetes Mellitus as an adjunct to metformin, sulfonylureas, 

thiazolidinediones and/or basal insulin. It activates the GLP-1 receptor with a 

similar potency as native GLP-1; however, it is a poor substrate for DPP-4 as 

it has no alanine in the penultimate position (Barnett, 2005). Buse et al., 

(2004) showed that at week 30, treatment with Exenatide administered 

subcutaneously at doses of 5μg or 10μg twice daily significantly decreased 

HbA1c by 0.46 and 0.86% respectively. This significant reduction in HbA1c 

was achieved by reducing both fasting and post-prandial glucose 

concentrations. During phase 3 trials of glucagon, the effect of Exenatide on 

plasma glucagon levels was not documented, however, an earlier study 

demonstrated that Exenatide, like GLP-1, decreased fasting and post-prandial 

glucagon levels in healthy volunteers and in patients with Type 2 Diabetes 

(Nielson et al., 2004).  

An important aspect of Exenatide‘s effect on glucagon secretion is that its 

actions are glucose-dependent. This has been demonstrated during stepped 

hypoglycemia clamps performed in healthy subjects where Exenatide 

significantly reduced plasma glucagon levels at glucose levels of 4.0Mm and 

5.0mM, but it had no effect at glucose levels of 3.2mM. Surprisingly, it 

increased glucagon levels when glucose level reached 2.7mM (Degn et al., 
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2004). Similarly, in a dose increasing design study in patients with Type2 

Diabetes, 24-hour subcutaneous infusion of Exenatide at 0.2-0.8 μg/kg.d led to 

a significant decrease in the mean plasma glucagon levels throughout the day 

in addition to an increase in the insulin to glucagon ratio (Taylor et al., 2005). 

Collectively, these clinical studies show that the therapeutic effect of GLP-1 

mimetics in maintaining euglycemia is partly due to its effect on α–cell 

function. 

 

 

Conclusion 
 

Glucagon targeted therapies, being in practice since 2005 with the 

introduction of exenatide, has proved effective in treatment of type2 diabetes. 

Ongoing research to block glucagon at different stages has shown promising 

preliminary results.  

 

 

References 
 

Ahren B 2000 Autonomic regulation of islet hormone secretion – implications 

for health and disease. Diabetologia 43 393–410. 

Barnett AH 2005 Exenatide. Drugs Today (Barc) 41:563–578 

Baron AD, schaeffer L, Sharagg P, Kolterman OG. Role of 

hyperglucagonemia in maintenance of increased rates of hepatic glucose 

output in type2 diabetics. Diabetes 36:274-283, 1987. 

Basu A, Shah P, Nielsen M, Basu R, Rizza RA 2004 Effects of type 2 diabetes 

on the regulation of hepatic glucose metabolism. J Investig Med 52:366–

374 

Basu R, Schwenk WF, Rizza RA 2004 Both fasting glucose production and 

disappearance are abnormal in people with ―mild‖ and ―severe‖ type 2 

diabetes. Am J Physiol Endocrinol Metab 287:E55–E62 

Beale E, Andreone T, Koch S, Granner M, and Granner D 1984 Insulin and 

glucagon regulate cytosolic phosphoenolpyruvate carboxykinase (GTP) 

mRNA in rat liver. Diabetes 33: 328 – 332 

Bennett PH, Aronoff SL, Unger RH Evidence for an insulin-independent 

alpha-cell abnormality in human diabetes. Metabolism 25 (1976) (11 

Suppl 1):1527–1529. 



Alaaeldin M. K. Bashier and Puja Murli Thadani 140 

Beuers U and Jungermann K 1990 Relative contribution of glyco- genolysis 

and gluconeogenesis to basal, glucagon- and nerve stimulation-dependent 

glucose output in the perfused liver from fed and fasted rats. Biochem Int 

21: 405–415 

Bokvist K, Olsen HL, Hoy M, Gotfredsen CF, Holmes WF, Buschard K, 

Rorsman P & Gromada J 1999 Characterisation of sulphonylurea and 

ATP-regulated K+ channels in rat pancreatic A-cells. Pflugers Archiv: 

European Journal of Physiology 438 428–436. 

Brelje TC, Scharp DW & Sorenson RL 1989 Three-dimensional imaging of 

intact isolated islets of Langerhans with confocal microscopy. Diabetes 38 

808–814. 

Brissova M, Fowler MJ, Nicholson WE, Chu A, Hirshberg B, Harlan DM & 

Powers AC 2005 Assessment of human pancreatic islet architecture and 

composition by laser scanning confocal microscopy. Journal of 

Histochemistry and Cytochemistry 53 1087–1097. 

Burcelin R, Katz EB, and Charron MJ. 1996 Molecular and cellu- lar aspects 

of the glucagon receptor: role in diabetes and metabolism. Diabetes Metab 

22: 373–396 

Buse JB, Henry RR, Han J, Kim DD, Fineman MS, Baron AD 2004 Effects of 

exenatide (exendin-4) on glycemic control over 30 weeks in sulfonylurea-

treated patients with type 2 diabetes. Diabetes Care 27:2628–2635 

Cabrera O, Berman DM, Kenyon NS, Ricordi C, Berggren PO & Caicedo A 

2006 The unique cytoarchitecture of human pancreatic islets has 

implications for islet cell function. PNAS 103 2334–2339. 

Castadelli A, Baldi S, Pettiti M, Toschi E. influence of obesity and type2 

diabetes on gluconeogenisis and glucose output in human: a quantitative 

study. Diabetes 49:1367-1373, 2000. 

Castano JG, Nieto A, and Feliu JE. 1979 Inactivation of phospho- fructokinase 

by glucagon in rat hepatocytes. J Biol Chem 254: 5576–5579. 

Chen M, Gavrilova O, Zhao WQ, Nguyen A, Lorenzo J, Shen L, Nackers L, 

Pack S, Jou W, Weinstein LS 2005 Increased glucose tolerance and 

reduced adiposity in the absence of fasting hypoglycemia in mice with 

liver-specific Gs α-deficiency. J Clin Invest 115:3217–3227 

Christ B, Nath A, Bastian H, and Jungermann K 1988 Regula- tion of the 

expression of the phosphoenolpyruvate carboxykinase gene in cultured rat 

hepatocytes by glucagon and insulin. Eur J Biochem 178: 373 – 379 

Christophe J. 1996 Glucagon and its receptor in various tissues. Ann NY Acad 

Sci 805: 31–43 



Glucagon Antagonists 141 

Clarke WL, Gonder-Frederick LA, Richards FE, Cryer PE Multifactorial 

origin of hypoglycemic symptom unawareness in IDDM. Association with 

defective glucose counterregulation and better glycemic control. Diabetes 

(1991) 40: 680 – 685. 

Consoli A, Nurjhan N, Capani F, Gerich J 1989 Predominant role of 

gluconeogenesis in increased hepatic glucose production in NIDDM. 

Diabetes 38:550–557 

Dale S. Edgerton and Alan D. Cherrington 2011. Glucagon as a Critical Factor 

in the Pathology of Diabetes. DIABETES 60: 377-380. 

Dallas-Yang Q, Shen X, Strowski M, Brady E, Saperstein R, Gibson RE, 

Szalkowski D, Qureshi SA, Candelore MR, Fenyk-Melody JE, Parmee 

ER, Zhang BB, Jiang G 2004 Hepatic glucagon receptor binding and 

glucose-lowering in vivo by peptidyl and non-peptidyl glucagon receptor 

antagonists. Eur J Pharmacol 501:225–234 

DeFronzo RA, Ferrannini E, Simonson DC 1989 Fasting hyperglycemia in 

non-insulin-dependent diabetes mellitus: contributions of excessive 

hepatic glucose production and impaired tissue glucose uptake. 

Metabolism 38:387–395 

Degn KB, Brock B, Juhl CB, Djurhuus CB, Grubert J, Kim D, Han J, Taylor 

K, Fineman M, Schmitz O 2004 Effect of intravenous infusion of 

exenatide (synthetic exendin-4) on glucose-dependent insulin secretion 

and counterregulation during hypoglycemia. Diabetes 53:2397–2403 

Dey A, Lipkind GM, Rouille Y, Norrbom C, Stein J, Zhang C, Carroll R & 

Steiner DF 2005 Significance of prohormone convertase 2, PC2, mediated 

initial cleavage at the proglucagon interdomain site, Lys70-Arg71, to 

generate glucagon. Endocrinology 146 713–727. 

Dinneen S, Alzaid A, Turk D, Rizza R 1995 Failure of glucagon suppression 

contributes to postprandial hyperglycaemia in IDDM. Diabetologia 

38:337–343 

Dobbins RL, Davis SN, Neal D, Caumo A, Cobelli C, and Cherrington AD 

1998 Rates of glucagon activation and deactivation of hepatic glucose 

production in conscious dogs. Metabolism 47: 135–142. 

Dumonteil E, Magnan C, Ritz-Laser B, Ktorza A, Meda P & Philippe J 2000 

Glucose regulates proinsulin and prosomatostatin but not proglucagon 

messenger ribonucleic acid levels in rat pancreatic islets. Endocrinology 

141 174–180 

Dumonteil E, Magnan C, Ritz-Laser B, Meda P, Dussoix P, Gilbert M, Ktorza 

A & Philippe J 1998 Insulin, but not glucose lowering corrects the 

hyperglucagonemia and increased proglucagon messenger ribonucleic 



Alaaeldin M. K. Bashier and Puja Murli Thadani 142 

acid levels observed in insulinopenic diabetes. Endocrinology 139 4540–

4546. 

Felig P, Wahren J, Hendler R 1976 Influence of physiologic 

hyperglucagonemia on basal and insulin-inhibited splanchnic glucose 

output in normal man. J Clin Invest 58:761–765 

Franklin I, Gromada J, Gjinovci A, Theander S, Wollheim CB. 2005 Beta-cell 

secretory products activate alpha-cell ATP-dependent potas- sium 

channels to inhibit glucagon release. Diabetes 54: 1808–1815 

Freychet L, Rizkalla SW, Desplanque N, Basdevant A, Zirinis P, 

Tchobroutsky G, and Slama G. 1988 Effect of intranasal glucagon on 

blood glucose levels in healthy subjects and hypo- glycaemic patients with 

insulin-dependent diabetes. Lancet 1: 1364–1366 

Furuta M, Zhou A, Webb G, Carroll R, Ravazzola M, Orci L & Steiner DF 

2001 Severe defect in proglucagon processing in islet A-cells of 

prohormone convertase 2 null mice. Journal of Biological Chemistry 276 

27197–27202. 

Gelling RW, Du XQ, Dichmann DS, Romer J, Huang H, Cui L, Obici S, Tang 

B, Holst JJ, Fledelius C, Johansen PB, Rossetti L, Jelicks LA, Serup P, 

Nishimura E, Charron MJ 2003 Lower blood glucose, 

hyperglucagonemia, and pancreatic α-cell hyperplasia in glucagon 

receptor knockout mice. Proc Natl Acad Sci USA 100:1438–1443 

Gerich J, Mara Lorenzi, John H Karam; Victor Schneider, Pete Forsham. 

Abnormal pancreatic glucagon secretion and postprandial hyperglycemia 

in Diabetes mellitus. JAMA (1975)-vol 234,2: 159- 165. 

Gerich JE 1997 Metabolic abnormalities in impaired glucose tolerance. 

Metabolism 46:40–43 

Gerich JE, Charles MA, Grodsky GM 1976 Regulation of pancreatic insulin 

and glucagon secretion. Ann Rev Physiol 38:353–388 

Gerich JE, Lorenzi M, Bier DM, Schneider V, Tsalikian E, Karam JH, 

Forsham PH 1975 Prevention of human diabetic ketoacidosis by 

somatostatin. Evidence for an essential role of glucagon. N Engl J Med 

292:985–989 

Gerich JE, Lorenzi M, Bier DM, Tsalikian E, Schneider V, Karam JH, 

Forsham PH 1976 Effects of physiologic levels of glucagon and growth 

hormone on human carbohydrate and lipid metabolism. Studies involving 

administration of exogenous hormone during suppression of endogenous 

hormone secretion with somatostatin. J Clin Invest 57:875–884  



Glucagon Antagonists 143 

Gerich JE, Schneider VS, Lorenzi M, Tsalikian E, Karam JH, Bier DM, 

Forsham PH 1976 Role of glucagon in human diabetic ketoacidosis: 

studies using somatostatin. Clin Endocrinol (Oxf) 5(Suppl):299S–305S 

Gopel SO, Kanno T, Barg S & Rorsman P 2000 Patch-clamp characterisation 

of somatostatin-secreting delta-cells in intact mouse pancreatic islets. 

Journal of Physiology 528 497–507. 

Greenbaum CJ, Prigeon RL, D‘Alessio DA 2002 Impaired �-cell function, 

incretin effect, and glucagon suppression in patients with type 1 diabetes 

who have normal fasting glucose. Diabetes 51:951– 957  

Gromada J, Bokvist K, Ding WG, Barg S, Buschard K, Renstrom E & 

Rorsman P 1997 Adrenaline stimulates glucagon secretion in pancreatic 

A-cells by increasing the Ca2+ current and the number of granules close 

to the L-type Ca2+ channels. Journal of General Physiology 110 217–228. 

Gromada J, Franklin I & Wollheim CB 2007 Alpha-cells of the endocrine 

pancreas: 35 years of research but the enigma remains. Endocrine Reviews 

28 84–116. 

Gromada J, Ma X, Hoy M, Bokvist K, Salehi A, Berggren PO & Rorsman 

PATP-sensitive K+ channel-dependent regulation of glucagon release and 

electrical activity by glucose in wild-type and SUR1−/− mouse alpha-

cellsDiabetes 53 Suppl 3 2004 S181–S189. 

Gutniak M, Ørskov C, Holst JJ, Ahrén B, Efendic S 1992 Antidiabetogenic 

effect of glucagon-like peptide-1 (7-36) amide in normal subjects and 

patients with diabetes mellitus. N Engl J Med 326:1316–1322 

Hansen LH, Abrahamsen N, Nishimura E. 1995 Glucagon receptor mRNA 

distribution in rat tissues. Peptides 16: 1163–1166 

Heidi Sørensen, Christian L. Brand, Susanne Neschen, Jens Juul Holst, Keld 

Fosgerau, Erica Nishimura, and Gerald I. Shulman. Immunoneutralization 

of Endogenous Glucagon Reduces Hepatic Glucose Output and Improves 

Long-Term Glycemic Control in Diabetic ob/ob Mice. Diabetes 55:2843–

2848, 2006 

Herzig S, Long F, Jhala US, Hedrick S, Quinn R, Bauer A, Rudolph D, Schutz 

G, Yoon C, Puigserver P, Spiegelman B, and Montminy M. 2001 CREB 

regulates hepatic gluconeogenesis through the coactivator PGC-1. Nature 

413: 179 – 183 

Hruby VJ 1982 Structure-conformation-activity studies of glucagon and semi-

synthetic glucagon analogs. Mol Cell Biochem 44:49–64 

Hvidberg A, Djurup R, and Hilsted J. 1994 Glucose recovery after intranasal 

glucagon during hypoglycaemia in man. Eur J Clin Pharmacol 46: 15–17 



Alaaeldin M. K. Bashier and Puja Murli Thadani 144 

Ikeda T, Hoshino T, Honda M, Takeuchi T, Mokuda O, Tominaga M, and 

Mashiba H. 1989 Effect of glucagon on glucose output from bivascularly 

perfused rat liver. Exp Clin Endocrinol 94: 383–386  

Jelinek LJ, Lok S, Rosenberg GB, Smith RA, Grant FJ, Biggs S, Bensch PA, 

Kuijper JL, Sheppard PO, and Sprecher CA. 1993 Expression cloning and 

signaling properties of the rat glucagon receptor. Science 259: 1614–1616 

Jiang G, Zhang BB. 2003 Glucagon and regulation of glucose metabolism. Am 

J Physiol Endocrinol Metab 284: E671–E678 

Johnson LN, Barford D, Owen DJ, Noble ME, and Garman EF. 1997 From 

phosphorylase to phosphorylase kinase. Adv Second Messenger 

Phosphoprotein Res 31: 11–28 

Kieffer TJ, Habener JF 1999 The glucagon-like peptides. Endocr Rev 20:876–

913 

Komjati M, Bratusch-Marrain P, and Waldhausl W. 1986 Superior efficacy of 

pulsatile versus continuous hormone exposure on hepatic glucose 

production in vitro. Endocrinology 118: 312–319  

Krebs EG. 1981 Phosphorylation and dephosphorylation of glycogen 

phosphorylase: a prototype for reversible covalent enzyme modification. 

Curr Top Cell Regul 18: 401–419 

Kreymann B, Williams G, Ghatei MA, Bloom SR 1987 Glucagon-like 

peptide-1 7-36: a physiological incretin in man. Lancet 2:1300–1304 

Lee Y, Wang MY, Du XQ, Charron MJ, Unger RH 2011. Glucagon receptor 

knockout prevents insulin-deficient type1 diabetes in mice. Diabetes 

60:391–397 

Liang Y, Osborne MC, Monia BP, Bhanot S, Gaarde WA, Reed C, She P, 

Jetton TL, Demarest KT 2004 Reduction in glucagon receptor expression 

by an antisense oligonucleotide ameliorates diabetic syndrome in db/db 

mice. Diabetes 53:410–417 

Lins PE, Wajngot A, Adamson U, Vranic M, Efendic S 1983 Minimal 

increases in glucagon levels enhance glucose production in man with 

partial hypoinsulinemia. Diabetes 32:633–636 

MacDonald PE, De Marinis YZ, Ramracheya R, Salehi A, Ma X, Johnson PR, 

Cox R, Eliasson L & Rorsman P 2007 A K ATP channel-dependent 

pathway within alpha cells regulates glucagon release from both rodent 

and human islets of Langerhans. PLoS Biology 5 e143. 

Magnusson I, Rothman DL, Katz LD, Shulman RG, Shulman GI 1992 

Increased rate of gluconeogenesis in type II diabetes mellitus. A 13C 

nuclear magnetic resonance study. J Clin Invest 90:1323–1327 



Glucagon Antagonists 145 

Marks JS and Botelho LH. 1986 Synergistic inhibition of glucagon- induced 

effects on hepatic glucose metabolism in the presence of insulin and a 

cAMP antagonist. J Biol Chem 261: 15895–15899 

Mitrakou A, Kelley D, Mokan M, Veneman T, Pangburn T, Reilly J, Gerich J 

1992 Role of reduced suppression of glucose production and diminished 

early insulin release in impaired glucose tolerance. N Engl J Med 326:22–

29. 

Mitrakou A, Kelley D, Veneman T, Jenssen T, Pangburn T, Rei, lly J, Gerich J 

1990 Contribution of abnormal muscle and liver glucose metabolism to 

postprandial hyperglycemia in NIDDM. Diabetes 39:1381–1390. 

Mojsov S, Heinrich G, Wilson IB, Ravazzola M, Orci L & Habener JF 1986 

Preproglucagon gene expression in pancreas and intestine diversifies at 

the level of post-translational processing. Journal of Biological Chemistry 

261 11880–11889. 

Muller WA, Faloona GR, Unger RH The effect of experimental insulin 

deficiency on glucagon secretion. J Clin Invest (1971) 50:1992–1999. 

Myers SR, Diamond MP, Adkins-Marshall BA, Williams PE, Stinsen R, and 

Cherrington AD. 1991 Effects of small changes in glucagon on glucose 

production during a euglycemic, hyper- insulinemic clamp. Metabolism 

40: 66–71 

Nadal A, Quesada I & Soria B 1999 Homologous and heterologous 

asynchronicity between identified alpha-, beta- and delta-cells within 

intact islets of Langerhans in the mouse. Journal of Physiology 517 85–

93. 

Nielsen LL, Young AA, Parkes DG 2004 Pharmacology of exenatide 

(synthetic exendin-4): a potential therapeutic for improved glycemic 

control of type 2 diabetes. Regul Pept 117:77–88 

Okar DA and Lange AJ. 1999 Fructose-2,6-bisphosphate and con- trol of 

carbohydrate metabolism in eukaryotes. Biofactors 10: 1–14 

Olsen HL, Theander S, Bokvist K, Buschard K, Wollheim CB & Gromada J 

2005 Glucose stimulates glucagon release in single rat alpha-cells by 

mechanisms that mirror the stimulus-secretion coupling in beta-cells. 

Endocrinology 146 4861–4870. 

Opara EC, Atwater I, and Go VL. 1988 Characterization and con- trol of 

pulsatile secretion of insulin and glucagon. Pancreas 3: 484–487 

Paolisso G, Scheen AJ, Albert A, and Lefebvre PJ. 1989 Effects of pulsatile 

delivery of insulin and glucagon in humans. Am J Physiol Endocrinol 

Metab 257: E686–E696 



Alaaeldin M. K. Bashier and Puja Murli Thadani 146 

Parker JC, Andrews KM, Allen MR, Stock JL, McNeish JD 2002 Glycemic 

control in mice with targeted disruption of the glucagon receptor gene. 

Biochem Biophys Res Commun 290:839–843  

Petersen KF, Sullivan JT 2001 Effects of a novel glucagon receptor antagonist 

(Bay 27-9955) on glucagon-stimulated glucose production in humans. 

Diabetologia 44:2018–2024 

Philippe J, Morel C & Cordier-Bussat M 1995 Islet-specific proteins interact 

with the insulin-response element of the glucagon gene. Journal of 

Biological Chemistry 270 3039–3045. 

Quesada I, Todorova MG & Soria B 2006a Different metabolic responses in α-

β-, and δ-cells of the islet of Langerhans monitored by redox confocal 

microscopy. Biophysical Journal 90 2641–2650 

Qureshi SA, Rios CM, Xie D, Yang X, Tota LM, Ding VD, Li Z, Bansal A, 

Miller C, Cohen SM, Jiang G, Brady E, Saperstein R, Duffy JL, Tata JR, 

Chapman KT, Moller DE, Zhang BB 2004 A novel glucagon receptor 

antagonist inhibits glucagon-mediated biological effects. Diabetes 

53:3267–3273  

Ramachandran C, Angelos KL, and Walsh DA. 1983 Hormonal regulation of 

the phosphorylation of glycogen synthase in per- fused rat heart. Effects of 

insulin, catecholamines, and glucagon. J Biol Chem 258: 13377 – 13383. 

Ravi Kurukulasuriya & JT Link. Progress towards glucagon receptor 

antagonist therapy for Type 2 diabetes. Expert Opin. Ther. Patents (2005) 

15(12):1739-1749 

Roach PJ. 1990 Control of glycogen synthase by hierarchal protein 

phosphorylation. FASEB J 4: 2961 – 2968 

Rouille Y, Westermark G, Martin SK, Steiner DF 1994 Proglucagon is 

processed to glucagon by prohormone convertase PC2 in αTC1–6 cells. 

Proc Natl Acad Sci USA 91:3242–3246 

Shah P, Vella A, Basu A, Basu R, Schwenk WF, Rizza RA 2000 Lack of 

suppression of glucagon contributes to postprandial hyperglycemia in 

subjects with type 2 diabetes mellitus. J Clin Endocrinol Metab 85:4053–

4059 

Shen DM, Zhang F, Brady EJ, Candelore MR, las-Yang Q, Ding VD, 

Dragovic J, Feeney WP, Jiang G, McCann PE, Mock S, Qureshi SA, 

Saperstein R, Shen X, Tamvakopoulos C, Tong X, Tota LM, Wright MJ, 

Yang X, Zheng S, Chapman KT, Zhang BB, Tata JR, Parmee ER 2005 

Discovery of novel, potent, and orally active spiro-urea human glucagon 

receptor antagonists. Bioorg Med Chem 15:4564 – 4569 



Glucagon Antagonists 147 

Sherwin RS, Fisher M, Hendler R, Felig P 1976 Hyperglucagonemia and 

blood glucose regulation in normal, obese and diabetic subjects. N Engl J 

Med 294:455–461 

Sloop KW, Cao JX, Siesky AM, Zhang HY, Bodenmiller DM, Cox AL, 

Jacobs SJ, Moyers JS, Owens RA, Showalter AD, Brenner MB, Raap A, 

Gromada J, Berridge BR, Monteith DK, Porksen N, McKay RA, Monia 

BP, Bhanot S, Watts LM, Michael MD 2004 Hepatic and glucagon-like 

peptide-1-mediated reversal of diabetes by glucagon receptor antisense 

oligonucleotide inhibitors. J Clin Invest 113:1571–1581 

Stevenson RW, Steiner KE, Davis MA, Hendrick GK, Williams PE, Lacy 

WW, Brown L, Donahue P, Lacy DB, Cherrington AD 1987 Similar dose 

responsiveness of hepatic glycogenolysis and gluconeogenesis to 

glucagon in vivo. Diabetes 36:382–389 

Striffler JS, Garfield SA, Cardell EL, and Cardell RR. 1984 Effects of 

glucagon on hepatic microsomal glucose-6-phosphatase in vivo. Diabetes 

Metab 10: 91 – 97 

Taylor K, Kim D, Nielsen LL, Aisporna M, Baron AD, Fineman MS 2005 

Day-long subcutaneous infusion of exenatide lowers glycemia in patients 

with type 2 diabetes. Horm Metab Res 37:627–632 

Unson CG, Andreu D, Gurzenda EM, Merrifield RB 1987 Synthetic peptide 

antagonists of glucagon. Proc Natl Acad Sci USA 84:4083–4087 

Unson CG, Gurzenda EM, Merrifield RB 1989 Biological activities of des-

His1[Glu9]glucagon amide, a glucagon antagonist. Peptides 10:1171–

1177 

Van Tine BA, Azizeh BY, Trivedi D, Phelps JR, Houslay MD, Johnson DG, 

Hruby VJ 1996 Low level cyclic adenosine 3′,5′-monophosphate 

accumulation analysis of [des-His1, des- Phe6, Glu9] glucagon-NH2 

identifies glucagon antagonists from weak partial agonists/antagonists. 

Endocrinology 137:3316–3322 

Veneziale CM, Deering NG, and Thompson HJ. 1976 Gluconeogenesis in 

isolated rat hepatic parenchymal cells. IX. Differential effects of glucagon 

and epinephrine on phosphofructokinase and pyruvate kinase. Mayo Clin 

Proc 51: 624 – 631 

Vieira E, Salehi A & Gylfe E 2007 Glucose inhibits glucagon secretion by a 

direct effect on mouse pancreatic alpha cells. Diabetologia 50 370–379. 

Vozzi C, Ullrich S, Charollais A, Philippe J, Orci L & Meda P 1995 Adequate 

connexin-mediated coupling is required for proper insulin production. 

Journal of Cell Biology 131 1561–1572. 



Alaaeldin M. K. Bashier and Puja Murli Thadani 148 

Weigle DS and Goodner CJ. 1986 Evidence that the physiological pulse 

frequency of glucagon secretion optimizes glucose production by 

perifused rat hepatocytes. Endocrinology 118: 1606–1613 

Weigle DS, Koerker DJ, and Goodner CJ. 1984 Pulsatile glucagon delivery 

enhances glucose production by perifused rat hepatocytes. Am J Physiol 

Endocrinol Metab 247: E564 – E568 

Yoon JC, Puigserver P, Chen G, Donovan J, Wu Z, Rhee J, Adelmant G, 

Stafford J, Kahn CR, Granner DK, Newgard CB, and Spiegelman BM. 

2001 Control of hepatic gluconeogenesis through the transcriptional 

coactivator PGC-1. Nature 413: 131– 138 

Young AA, Cooper GJ, Carlo P, Rink TJ, and Wang MW. 1993 Response to 

intravenous injections of amylin and glucagon in fasted, fed, and 

hypoglycemic rats. Am J Physiol Endocrinol Metab 264: E943 – E950 

Zander M, Madsbad S, Madsen JL, Holst JJ 2002 Effect of 6-week course of 

glucagon-like peptide 1 on glycaemic control, insulin sensitivity, and β-

cell function in type 2 diabetes: a parallel-group study. Lancet 359:824–

830 

Zhou H, Zhang T, Harmon JS, Bryan J & Robertson RP 2007a Zinc, not 

insulin, regulates the rat alpha-cell response to hypoglycemia in vivo. 

Diabetes 56 1107–1112. 

 


