GLUCAGON PHYSIOLOGY
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ABSTRACT

Glucagon is a peptide hormone secreted from the alpha cells of the pancreatic islets of Langerhans. Hypoglycemia is physiologically the most potent secretory stimulus and the best-known action of glucagon is to stimulate glucose production in the liver and thereby to maintain adequate plasma glucose concentrations. However, glucagon is also involved in hepatic lipid and amino acid metabolism and may increase resting energy expenditure. Based on satiety-inducing and food intake-lowering effects of exogenous glucagon, a role for glucagon in the regulation of appetite has also been proposed. This chapter provides an overview of the structure, secretion, degradation and elimination of glucagon, and reviews the actions of glucagon including its role in glucose metabolism and its effects on lipolysis, ketogenesis, energy expenditure, appetite and food intake. Finally, the role of glucagon in the pathophysiology of diabetes, obesity and hepatic steatosis is discussed and emerging glucagon-based therapies for these conditions are outlined.
INTRODUCTION
Glucagon secreted from pancreatic alpha cells in the islet of Langerhans plays an important role in maintaining glucose homeostasis by stimulating hepatic glucose production (1). Thus, in contrast to the glucose-depositing nature of insulin action, glucagon acts as a glucose-mobilizing hormone. In line with these opposed actions, high plasma glucose concentrations stimulating insulin secretion from pancreatic beta cells, inhibit glucagon secretion whereas low plasma glucose concentrations represent one of the most potent glucagon secretory stimuli. Accordingly, normal plasma glucose concentrations depend largely on the balanced secretion of insulin and glucagon from the pancreatic beta cells and alpha cells, respectively. The hyperglycemic effect of glucagon was described as early as 1922 by Kimball and Murlin who discovered a hyperglycemic factor in pancreatic extracts and called this factor “the glucose agonist”, hence the name glucagon (2). In the 1950s glucagon was purified and crystallized at Eli Lilly and Co., and shortly after, the amino acid sequence of the peptide was determined (3). This led to the development of medical use of glucagon for the treatment of severe insulin-induced hypoglycemia (4,5). The development of a radioimmunoassay for the detection of glucagon in 1959 spurred further investigations of glucagon physiology and its role in health and disease (6). It was discovered that patients with diabetes exhibit increased glucagon levels which led to the “bihormonal hypothesis” stating that the combination of hypoinsulinemia and hyperglucagonemia constitutes a central pathophysiological determinant for diabetic hyperglycemia (7). Since then it has become evident that glucagon not only acts by increasing hepatic glucose production but affects overall energy homeostasis in times of limited energy supply by stimulating lipid and protein catabolism, reducing appetite and food intake and increasing energy expenditure. 
STRUCTURE AND SYNTHESIS OF GLUCAGON
Glucagon is a 29-amino acid peptide hormone predominantly secreted from the alpha cells of the pancreas. It is derived from the precursor proglucagon which can be processed into a number of related peptide hormones (Fig. 1). Proglucagon is expressed in pancreatic islet alpha cells, intestinal enteroendocrine L cells, and to a minor extent in neurons in the brain stem and hypothalamus (8,9). Processing of proglucagon is undertaken by the processing enzymes prohormone convertase 1/3 (PC1/3) and prohormone convertase 2 (PC2), respectively. In the pancreas, PC2 processes proglucagon to glucagon while processing of proglucagon in the intestine and the brain is undertaken by PC1 leading to the formation of glucagon-like peptide 1 (GLP-1) and glucagon-like peptide 2 (GLP-2) (9).
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Figure 1. Tissue specific processing of proglucagon. In the pancreas proglucagon is processed into glucagon, glicentin-related pancreatic polypeptide (GRPP), intervening peptide 1 (IP1), and major proglucagon fragment (MPGF) by the processing enzyme prohormone convertase 2 (PC2). In the intestine and in the brain proglucagon is processed by prohormone convertase 1/3 (PC1/3) into glucagon-like peptide 1 (GLP-1), glucagon-like peptide 2 (GLP-2), oxyntomodulin, intervening peptide 2 (IP2), and glicentin. 
GLUCAGON SECRETION
Glucagon is secreted in response to hypoglycemia, prolonged fasting, exercise and protein-rich meals (10). Glucagon release is regulated through endocrine and paracrine pathways; by nutritional substances; and by the autonomic nervous system (11). Glucagon secretion occurs as exocytosis of stored peptide vesicles initiated by secretory stimuli of the alpha cell. Stimulatory regulators of glucagon release include hypoglycemia, amino acids and the gut hormone glucose-dependent insulinotropic peptide (GIP), whereas hyperglycemia and GLP-1 inhibit glucagon release. Additionally, glucagon release is inhibited in a paracrine fashion by factors like somatostatin, insulin, zinc and possibly amylin. Glucagon may regulate its own secretion indirectly via stimulatory effect on beta cells to secrete insulin (12,13). In contrast to glucose, non-glucose regulators of glucagon secretion seem to mediate their action through changes in cAMP levels rather than through the calcium-dependent pathway outlined below (14,15). 
Regulation of Glucagon Secretion by Glucose
The most potent regulator of glucagon secretion is circulating glucose. Hypoglycemia stimulates the pancreatic alpha cell to release glucagon and hyperglycemia inhibits glucagon secretion (Fig. 2) (11). The cellular mechanism behind this glucose-dependent regulation of glucagon secretion involves uptake of glucose by the glucose transporter 1 (GLUT1) in the cell membrane of pancreatic alpha cells and subsequent glycolysis which ultimately generates adenosine triphosphate (ATP) in the mitochondria of the alpha cell. Thus, the intracellular ATP level in the alpha cell reflects plasma glucose levels. Hypoglycemia and resulting low intracellular ATP levels in the alpha cell close ATP-sensitive potassium channels (KATP-channels) whereby the efflux of potassium (K+) is reduced. This causes a depolarization of the cell membrane which, in turn, opens voltage-dependent Ca2+ channels allowing influx of Ca2+. This increases intracellular Ca2+ levels, the primary trigger for exocytosis of glucagon granules from the alpha cells (Fig. 2). Conversely, increasing circulating glucose levels increase glucose influx to the alpha cell generating an increase in intracellular ATP concentration, which opens KATP-channels. This leads to a membrane potential that closes voltage-dependent Ca2+ channels thereby preventing Ca2+ influx and glucagon secretion (12). 

Figure 2. Glucose-dependent glucagon secretion from the alpha cell. During hypoglycemia intracellular glucose concentration falls with a subsequent reduction in glycolysis-generated adenosine triphosphate (ATP) in the mitochondria of the cell. This closes ATP-sensitive potassium (K+) channels and the intracellular K+ concentration rises, which depolarizes the cell membrane, thus opening voltage-dependent Ca2+ channels allowing influx of Ca2+. Increase in intracellular Ca2+ concentration triggers secretion of glucagon through exocytosis. ∆Vm, change in membrane potential (i.e. depolarization of the cell membrane). 
Glucagon Concentrations in The Circulation 

In normal physiology, circulating glucagon concentrations are in the picomolar range. In the fasting state with plasma glucose levels around 5 mmol/l, glucagon is secreted in basal levels resulting in plasma concentrations below 20 pmol/l (16–18). Basal glucagon secretion balances the effect of basal insulin secretion resulting in a steady-state between glucose uptake and endogenous glucose production in the fasted state; i.e. stable blood glucose concentrations. During exercise or in case of hypoglycemia, circulating glucagon levels may increase dramatically to 3-4 times basal levels increasing the glucagon to insulin ratio (12,19,20) (Fig. 3). 
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Figure 3. Glucagon concentrations in response to hypoglycemia, euglycemia, and hyperglycemia. 

GLUCAGON RECEPTOR SIGNALLING
The effects of glucagon are mediated through binding to and activation of the glucagon receptor. The glucagon receptor is a seven transmembrane G protein-coupled receptor (Fig. 4) predominantly expressed in the liver, but also found in varying amounts in the kidneys, heart (controversial), adrenal glands, adipose tissue (controversial), gastrointestinal tract, and pancreas (21). The main mode of intracellular signaling involves activation of Gs and Gq. Gs activation stimulates adenylyl cyclase which produces cyclic adenosine monophosphate (cAMP) that activates protein kinase A (PKA). The activated PKA migrates to the nucleus and activates transcription factors like cAMP response element-binding protein (CREB) through phosphorylation. This enables CREB to bind to response elements of target genes resulting in the recruitment of coactivators and ultimately promoting gene expression. Activation of Gq by glucagon leads to activation of phospholipase C (PLC) and subsequent increase in inositol 1,4,5-triphosphate (IP3), which signals to enhance release of calcium from the endoplasmic reticulum. This, in turn, activates downstream signaling cascades including CREB-regulated transcription co-activator (CRTC2) which enhance CREB-dependent gene expression. In addition to the CREB-CRTC2 pathway, glucagon may signal through various other pathways reviewed in detail elsewhere (1,12,22).
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Figure 4. Examples of the two most well-described intracellular pathways involved in glucagon-induced regulation of target gene expression: the PKA and the IP3 pathways. AC, adenylyl cyclase; CRTC2, CREB-regulated transcription co-activator; CREB, cAMP response element-binding protein; IP3, inositol 1,4,5-triphosphate; PIP2, phosphatidyl-inositol-4,5-bisphosphate; PKA, protein kinase A; PLC, phospholipase C. 
DEGRADATION AND ELIMINATION OF GLUCAGON
The degradation of glucagon is mainly facilitated by receptor-mediated endocytosis and proteolysis by the ubiquitous enzyme dipeptidyl peptidase 4 (22,23). Consistent with the relative receptor expression, the liver and kidneys seem to represent the two main organs removing glucagon from the circulation. The circulating half-life of glucagon in plasma is reported to be between four to seven minutes in humans (24,25). 
GLUCAGON ACTIONS
Glucagon Increases Hepatic Glucose Production
Glucagon controls plasma glucose concentrations during fasting, exercise and hypoglycemia by increasing hepatic glucose output to the circulation. Specifically, glucagon promotes hepatic conversion of glycogen to glucose (glycogenolysis), stimulates de novo glucose synthesis (gluconeogenesis), and inhibits glucose breakdown (glycolysis) and glycogen formation (glycogenesis) (Fig. 5) (26). Hepatic glucose production is rapidly enhanced in response to a physiological rise in glucagon; achieved through stimulation of glycogenolysis with minor acute changes in gluconeogenesis (27,28). This ability of glucagon is critical in the life-saving counterregulatory response to severe hypoglycemia. Additionally, it is a key factor in providing adequate circulating glucose for brain function and for working muscle during exercise (28). During prolonged fasting, glycogen stores are depleted, and gluconeogenesis takes over (29). The hyperglycemic property of glucagon is enhanced when hepatic glycogen levels are high and diminished when hepatic glycogen levels are low in conditions of fasting or liver diseases like cirrhosis (12).
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Figure 5. Regulation of glucose metabolism by glucagon in the liver. Glucagon increases hepatic glucose production by stimulating glycogenolysis and glycogenogenesis (green arrows) while inhibiting glycolysis and glycogenesis (red arrows).
Glucagon Stimulates Break-Down of Fatty Acids and Inhibits Lipogenesis in the Liver
Glucagon promotes formation of non-carbohydrate energy sources in the form of lipids and ketone bodies. Thereby, glucagon contributes to a stable energy homeostasis during conditions where energy supply is limited (fasting) or in states of increased energy demand (e.g. exercise or cold exposure) (12). Specifically, in times of energy demand, glucagon enhances break-down of fatty acids to acetyl-coenzyme A molecules (beta-oxidation) in the liver. These intermediates are either reduced to generate ATP in the tricarboxylic acid cycle or converted to ketone bodies (ketogenesis) – a process also stimulated by glucagon. (30–34). Furthermore, glucagon signaling inhibits de novo lipogenesis by inactivating the enzyme that catalyzes the first step in fatty acid synthesis from other substrates like carbohydrates (34).  
Glucagon Promotes Break-Down of Amino Acids 
During prolonged fasting, glucagon stimulates formation of glucose from amino acids (via gluconeogenesis) by upregulating enzymes involved in the process. However, the rate-limiting step of the process depends on the supply of gluconeogenic amino acids from muscle or dietary intake, a process not controlled by glucagon (35). In addition to enter gluconeogenesis, amino acids are deaminated to generate ATP in the liver. Glucagon is involved in this process by promoting the conversion of ammonia – a toxic biproduct from deamination – to urea, which is excreted in the urine. Thereby glucagon reduces ammonia levels in the blood (36). Disruption of glucagon action by inhibition of the glucagon receptor (37) leads to increased plasma levels of amino acids and pancreatic alpha cell hyperplasia, which in turn, leads to glucagon hypersecretion. This suggests that glucagon and amino acids are linked in a feedback loop between the liver and the pancreatic alpha cells (35).
Glucagon Reduces Food Intake
Acute administration of glucagon has been shown to reduce food intake and diminish hunger (38,39). Conversely, preprandial inhibition of glucagon signaling increases food intake in rats (40,41) providing evidence for a role of glucagon in the regulation of appetite. It is somewhat counterintuitive that glucagon should reduce food intake given that glucagon levels are typically elevated upon fasting and decrease upon feeding. Thus, the observed effect upon glucagon administration (in supraphysiological concentrations) could partly be due to cross-reactivity with the GLP-1 receptor (which normally result in suppression of food intake) (12). The mechanism behind glucagon’s potential appetite-reducing effect is not fully understood but could arise from hepatic metabolic changes induced by glucagon or from glucagon working directly in the central nervous system (31).
Glucagon Increases Energy Expenditure

In addition to a potential effect of glucagon on food intake, evidence suggests that glucagon contributes to a negative energy balance by stimulating energy expenditure. In humans, this effect has been observed in studies in which glucagon infusion resulted in increases in resting energy expenditure (42–44). However, the effect of endogenous glucagon on resting energy expenditure remains unclear. Also, the exact mechanisms behind the increase in resting energy expenditure elicited by exogenous glucagon remain to be determined. It has been speculated that glucagon activates brown adipose tissue (12), however this was recently challenged in an in vivo study that found no direct effect of glucagon on brown adipose tissue (43). Rodent studies indicate that the actions of glucagon to increase energy expenditure might be indirectly mediated partly by fibroblast growth factor 21 (FGF21) as glucagon-induced increase in energy expenditure is abolished in animals with FGF21 receptor deletion (45).
Glucagon May Regulate Heart Rate and Contractility 
Infusion of high doses of glucagon increases heart rate and cardiac contractility (46). In fact, infusion of glucagon in pharmacological doses (milligram) is often used in the treatment of acute cardiac depression caused by calcium channel antagonist or beta-blocker overdoses (47) despite limited evidence (48). In comparison, glucagon concentrations within the normal physiological range do not appear to affect heart rate or contractility (49) and any physiological role of endogenous glucagon in the regulation of pulse rate remains questionable. This is supported by studies investigating the effect of glucagon receptor antagonist for the treatment of type 2 diabetes in which no effect of pulse rate were observed (50). Nevertheless, whether increased glucagon concentrations have a sustained effect on the heart remains unknow. Of note, most studies use bolus injections of glucagon which cause only a transient increase in heart rate and contractility (potentially reflecting the rapid elimination of glucagon from circulation) (48). Taken together, it remains uncertain whether glucagon has a place in the treatment of heart failure or hold a cardioprotective effect in healthy subjects.
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Figure 6. Organ specific actions of glucagon. GIP, glucose-dependent insulinotropic polypeptide
GLUCAGON PATHOPHYSIOLOGY
Glucagon in Type 2 Diabetes
Patients with type 2 diabetes exhibit an impaired regulation of glucagon secretion which contributes importantly to diabetic hyperglycemia. Specifically, type 2 diabetes is characterized by elevated levels of glucagon during fasting while suppression of glucagon in response to oral intake of glucose is impaired or even paradoxically elevated (Fig. 7) (16,51,52). The mechanisms behind hyperglucagonemia are not fully understood but is usually explained by a diminished suppressive effect of insulin on alpha cells due to hypoinsulinemia and insulin resistance at the level of the alpha cells (53,54). Interestingly, subjects with type 2 diabetes, who exhibit a hyperglucagonemic response to oral glucose, respond with a normal suppression of glucagon after intravenous glucose administration (16). This suggests that diabetic hyperglucagonemia may not be explained by alpha cell resistance to glucose and/or insulin. Accordingly, hormones secreted from the gastrointestinal tract may play an important role (55,56). It has recently been confirmed that glucagon can be secreted from extrapancreatic tissue (demonstrated in experiments with totally pancreatectomized subjects) (17). This supports the notion that postprandial hypersecretion of glucagon in patients with type 2 diabetes might be of extrapancreatic origin.
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Figure 7. Schematic illustration of plasma glucagon concentrations in patients with type 2 diabetes and in normal physiology (healthy subjects). Type 2 diabetes is characterized by elevated fasting plasma glucagon levels and impaired suppression of plasma glucagon levels in response to oral glucose. 
Glucagon in Type 1 Diabetes

Traditionally type 1 diabetic hyperglycemia has been explained by selective loss of beta cell mass and resulting decrease in insulin secretion. However, emerging evidence indicate that glucagon plays a major role in type 1 diabetes pathophysiology. The glucagon dyssecretion that characterizes patients with type 1 diabetes is associated with two clinical manifestations: Postprandial hyperglucagonemia and impaired glucagon counterregulation to hypoglycemia (57). Data regarding fasting plasma glucagon concentrations in type 1 diabetes are inconsistent (57,58). Thus, the general notion that glucagon hypersecretion plays a role in type 1 diabetes hyperglycemia is mainly based on elevated postprandial glucagon concentrations (57). The explanation behind this is unclear, although a common explanation is, that in type 1 diabetes the postprandial increase in plasma glucose is not followed by an increase in insulin secretion from beta cells, which in normal physiology would inhibit glucagon secretion. The absence of that restraining signal from endogenous insulin could result in an increase in glucagon secretion from alpha cells after a meal (Fig. 8) (12,57). However, like in type 2 diabetes, subjects with type 1 diabetes preserve their ability to suppress glucagon after intravenous glucose administration. This suggest that inappropriate glucagon secretion in type 1 diabetes occurs as a consequence of the oral administration, possible via glucagonotropic signaling from the gut or due to glucagon secretion directly from the gut, rather than as a consequence of dysfunctional alpha cell sensing to hyperglycemia and/or lack of paracrine inhibition by insulin (17,55,59). 
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Figure 8. Schematic illustration of plasma glucagon concentrations in patients with type 1 diabetes and in normal physiology (healthy subjects). Type 1 diabetes is characterized by elevated concentrations of glucagon in response to a meal or oral glucose intake. 

Hypoglycemia is a frequent and feared side effect of insulin therapy in type 1 diabetes and it represents a common barrier in obtaining glycemic control (60). In normal physiology hypoglycemia is prevented by several mechanisms: 1) Reduced insulin secretion from beta cells diminishing glucose uptake in peripheral tissues; 2) increased glucagon secretion from alpha cells increasing hepatic glucose output; and 3) increased sympathetic neural response and adrenomedullary epinephrine secretion. The latter will stimulate hepatic glucose production and cause clinical symptoms that enables the individual to recognize hypoglycemia and ultimately ingest carbohydrates (57,61,62). In type 1 diabetes, insulin-induced hypoglycemia fails to elicit adequate glucagon responses compromising counterregulation to insulin-induced hypoglycemia; a phenomenon which seems to worsen with the duration of type 1 diabetes. This defect likely involves a combination of defective alpha cells and reduced alpha cell mass (57,63).

Glucagon in Obesity and Hepatic Steatosis
Dysregulated glucagon secretion is not only observed in patients with type 2 diabetes but also in normal glucose-tolerant individuals with obesity (64) and patients with non-alcoholic fatty liver disease (NAFLD) (65,66). This suggests that dysregulated glucagon secretion may represent hepatic steatosis rather than dysregulated glucose metabolism. Interestingly, fasting hyperglucagonemia seems to relate to circulating amino acids in addition to hepatic fat content (65). This hyperaminoacidemia suggests that impairment of amino acid turnover in the liver and ensuing elevations of circulating amino acids constitutes a feedback on the alpha cell to secrete more glucagon with increasing hepatic amino acid turnover and ureagenesis needed for clearance of toxic ammonia from the body. This feedback loop is proposed as “the liver-alpha cell axis” (35,55,65,67). 
PERSPECTIVES
The implication of hyperglucagonemia in obesity and NAFLD has renewed the scientific interest in actions of glucagon and the role of glucagon in the pathophysiology of these metabolic disorders. Clearly, glucagon may represent a potential target for treatments of obesity and NAFLD. A simple way to restrain the undesirable hyperglycemic effect of glucagon while realizing its actions on lipolysis and energy expenditure could be by co-treating with a glucose-lowering drug. This may be done by mimicking the gut hormone oxyntomodulin which acts as a ligand to both the glucagon and the GLP-1 receptor. Accordingly, treatment with dual glucagon/GLP-1 receptor agonists in subjects with type 2 diabetes and obesity improves glycemic control, reduces body weight (68) and ameliorates NAFLD (69). 
SUMMARY AND CONCLUSIONS
Glucagon is a glucoregulatory peptide hormone that counteracts the actions of insulin by stimulating hepatic glucose production and thereby increases blood glucose levels. Additionally, glucagon mediates several non-glucose metabolic effects of importance for maintaining whole-body energy balance in times of limited nutrient supply. These actions include mobilization of energy resources through hepatic lipolysis and ketogenesis; stimulation of hepatic amino acid turnover (and related ureagenesis). Also, glucagon has been shown to increase energy expenditure and inhibit food intake, but whether endogenous glucagon is involved in the regulation of these processes remains uncertain. Glucagon plays an important role in the pathophysiology of diabetes as elevated glucagon levels observed in these patients stimulate hepatic glucose production, thereby contributing to diabetic hyperglycemia. Investigations of glucagon’s role in non-glucose metabolism and metabolic physiology and pathophysiological processes are ongoing and may reveal new treatment targets based on glucagon actions.
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