
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

122,000 135M

TOP 1%154

4,800

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by IntechOpen

https://core.ac.uk/display/322401709?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


8 

Molecular Mechanism Underlying the  
Intra-Islet Regulation of Glucagon Secretion 

Dan Kawamori1,2 and Rohit N. Kulkarni1 
1Section of Islet Cell Biology and Regenerative Medicine, Joslin Diabetes Center and 

Department of Medicine, Harvard Medical School, Boston, MA,  
2Medical Education Center and Department of Metabolic Medicine, Osaka University 

Graduate School of Medicine, Osaka, 
1U.S.A. 

2Japan 

1. Introduction 

Glucagon secreted from pancreatic ┙-cells plays central roles for counteracting 

hypoglycemia by modulating hepatic glucose metabolism (Gromada et al., 2007). In 

addition, glucagon also contributes to the maintenance of glucose homeostasis together with 

insulin from ┚-cells. During hyperglycemia such as post-prandial state, insulin secretion 

from ┚-cells is stimulated while glucagon secretion from ┙-cells is suppressed, leading to a 

lowering of blood glucose levels due to enhanced hepatic- and adipo- glucose uptake and 

suppressed hepatic glucose output. In contrast, in hypoglycemia such as starvation, 

glucagon secretion is promoted while insulin secretion is reduced, causing elevated blood 

glucose levels via the effects of glucagon, including enhanced hepatic glucose output and 

breakdown of lipids and proteins to provide glucose that is critical to the central nervous 

system. Thus, both glucagon and insulin are pivotal in systemic energy homeostasis, and the 

balance between these two hormones determines the metabolic state of various organs in 

response to changes in energy status. 

In both type 1 and type 2 diabetes, both of which exhibit a global increase in incidence, an 

imbalance between the two hormones appears to significantly impact glucose homeostasis 

(Unger, 1978). Insufficient insulin secretion and systemic insulin resistance both contribute 

to hyperglycemia due to quantitative and qualitative insulin shortage. In addition, abnormal 

elevations in circulating glucagon, due to lack of normal suppression mechanisms, worsens 

the hyperglycemia via enhanced hepatic glucose output. On the other hand, in patients 

undergoing treatment for diabetes, an increased incidence of hypoglycemia likely occurs 

due to a poor glucagon response. Whether this poor glucagon response is a consequence of 

impaired effects of insulin due to repeated treatment with exogenous insulin or other factors 

is not fully understood (Gerich et al., 1973). Therefore, diabetes can be recognized as “state 

where adequate hormones cannot work appropriately” when intra-islet hormone balance is 

focused on. These observations have prompted consideration of glucagon in the overall 

therapeutic approach to treat patients with both type 1 and type 2 diabetes. Furthermore, 

novel therapeutic approaches targeting Glucagon-like peptide (GLP)-1 action in ┙-cells 
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(GLP-1 analogues and DPP-4 inhibitors) are also being considered given the potential for 

GLP-1 to have direct suppressive effects on ┙-cells, thus these enabled comprehensive 

control of islet hormone balance including improvement of both insulin and glucagon 

secretion. 

Therefore, it becomes more important to understand the underlying molecular mechanisms 
for the regulation of glucagon secretion to apply new therapeutic approaches to diabetes 
targeting ┙-cell dysfunction. 

2. Functions of glucagon 

2.1 Functions of glucagon 

Glucagon is a 29 amino acid peptide hormone, secreted by pancreatic ┙-cells mainly in 

hypoglycemic state, and exerts multiple biological effects on a wide range of organs 

(Kawamori et al., 2010). Glucagon has important functions in vivo for sustaining appropriate 

blood glucose level. In physiological states, glucagon is released into the bloodstream in 

response to hypoglycemia to oppose the action of insulin in peripheral tissues, and works as 

a counter-regulatory hormone to restore normoglycemia. Secreted glucagon works 

predominantly on the liver, and promotes hepatic gluconeogenesis, glycogenolysis, and 

simultaneously inhibits glycolysis and glycogenesis (Exton et al., 1966; Unger and Orci, 

1977), thus contributing to restoring glucose homeostasis by counteracting the action of 

insulin. In contrast, insulin suppresses hepatic glucose output while enhancing hepatic 

glucose uptake and glycogenesis, indicating that a balance between these two hormones ath 

the hepatocyte determines hepatic glucose metabolism, thus systemic glycemic homeostasis. 

In addition to countering hypoglycemia and opposing the effects of insulin in the liver, 

glucagon has impacts the function of several metabolic organs together favoring the 

maintenance of glucose homeostasis. For example, in the adipose tissue, glucagon enhances 

lipid decomposition, while, in contrast, the lack of detectable glucagon receptors in skeletal 

muscle indicates glucagon has little effect in regulating systemic glucose metabolism by 

acting on skeletal muscle (Christophe, 1996). Glucagon can also stimulate insulin secretion 

from pancreatic ┚-cells (Scheen et al., 1996) and indirectly impact hepatic glucose output. 

Taken together, these actions indicate an important role for glucagon in maintaining glucose 

homeostasis. 

2.2 Molecular mechanism underlying glucagon action 

The glucagon receptor is a G-protein (Gs/Gq) coupled type receptor (Jelinek et al., 1993) and 

is widely expressed in insulin target organs, such as liver, adipose, ┚-cells and brain, with 

the exception of skeletal muscle (Burcelin et al., 1995). Following binding and 

conformational changes of the receptor the activation of Gs leads to recruitment of adenylate 

cyclase to the cellular membrane, causing an increase in intracellular cyclic adenosine 

monophosphate (cAMP) levels and subsequent activation of protein kinase A (PKA) 

(Weinstein et al., 2001). On the other hand, activation of Gq induces activation of 

phospholipase C, upregulation of inositol 1,4,5-triphosphate, and the subsequent release of 

intracellular calcium (Ca2+) (Wakelam et al., 1986). The action of glucagon is relatively 

complex and involves the coordinate regulation of transcription factors and signal 

transduction networks which converge to regulate amino acid, lipid and carbohydrate 

metabolism. For example, in the liver, elevated PKA activity activates various downstream 
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targets leading to the suppression of glycolysis and glycogenesis, and the enhancement of 

gluconeogenesis and glycogenolysis (Jiang and Zhang, 2003). In islet cells, the elevation of 

cAMP by glucagon has been reported to stimulate insulin and glucagon secretion from ┚- 

and ┙-cells respectively (Huypens et al., 2000; Ma et al., 2005) by PKA dependent and 

independent mechanisms. Upregulation of cAMP activates cAMP-regulated guanine 

nucleotide exchange factors (cAMPGEFs / Epac), which modulates intracellular Ca2+-ion 

mobilization, enhancing exocytosis (Holz et al., 2006; Ma et al., 2005). 

2.3 Anatomical characteristics of pancreatic islets and α-cells 

Pancreatic islets possess unique anatomical characteristics and are composed of five 
different endocrine cell types distributed as islands randomly within the exocrine pancreas. 
Among these five endocrine cells in islets, the α-cells account for approximately 20% of islet 
cells. 
In adult rodents, ┚-cells are restricted mostly to the islet core, while ┙-cells, somatostatin-

secreting ├-cells, pancreatic polypeptide-secreting PP-cells, and ghrelin-secreting ┝-cells, are 

scattered along the periphery of the islet and surrounding ┚-cells. It is likely that this 

distribution and arrangement of different islet cell types is teleologically important for 

physiological regulation between the cells since the blood flows from the center of the islets 

toward periphery; i.e.┚-cells to non-┚-cells in the islet microcirculation system (Bonner-Weir 

and Orci, 1982; Stagner and Samols, 1986), suggesting that secreted insulin regulates 

hormone secretion from other islet cell types. This architecture is typically preserved in 

rodent islets, while in humans, non-┚-cells are often observed both at the periphery and also 

seemingly in clusters within the center of islets (Cabrera et al., 2006). This implies several 

possibilities; 1) rodent cellular hierarchy in the islets does not apply to human islets, or 2) 

human islets consist of several clover-leaf like ‘rosettes’, with each rosette resembling the 

basic islet architecture observed in rodent islets (Bonner-Weir and O'Brien, 2008) suggesting 

 

 

Schematic image for the structure of mouse and human islets adapted from the recent 
publication of (Bosco, 2010) (10). 
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the arrangement and interaction of the different cell types in human islets is similar to that 

in rodents. Recent studies report that in large human islets blood vessels penetrate and 

branch inside islets, and ┙-cells located within the core of islets are placed along these 

vessels and surrounded by ┚-cells (Bosco et al.). Thus, according to this report, in human 

islets, ┙-cells which appear to be placed in the islet core are still ‘peripheral’ in the islets 

since blood vessels are usually considered to be placed outside the islets. Given the direction 

of intraislet microcirculation described above, intraislet auto-/paracrine effects between islet 

cells especially from ┚- to non-┚-cells can be applied to human islets. 

2.4 Excessive glucagon secretion in diabetes 

Glucagon plays critical roles in glucose homeostasis largely by regulating hepatic glucose 

metabolism. However, circulating glucagon levels are often elevated in both type 1 and type 

2 diabetes, thus are suggested to contribute to the development of insulin resistance (e.g. 

hepatic insulin resistance) and exacerbation of diabetes (Ahren and Larsson, 2001; Dinneen 

et al., 1995; Larsson and Ahren, 2000; Unger, 1978). In addition, the absence of postprandial 

glucagon suppression in diabetes patients also contributes to postprandial hyperglycemia 

(Mitrakou et al., 1992; Raskin and Unger, 1978; Sherwin et al., 1976). Another potential 

contributor to the excess glucagon levels is a relative increase in ┙-cells compared to -cells 

in pancreatic islets in both type 1 (Orci et al., 1976) and type 2 diabetes (Rahier et al., 1983; 

Yoon et al., 2003). Moreover, in type 1 diabetic islets, an increase in ┙-cell area and number, 

and dysregulated cell-type distribution in islets is due to specific -cell destruction. 

Although the precise mechanism(s) of relative hyperglucagonemia in the diabetic state is 

still obscure, -cell dysfunction is a possible candidate since -cell secretory products, 

including insulin, are known to suppress glucagon secretion (see section 4.1.). Thus altered 

(impaired) -cell function in diabetes can potentially induce inappropriately elevated 

glucagon in hyperglycemic states by impairing the intraislet influence of -cells on glucagon 

regulation (Meier et al., 2006a). 

2.5 Defective glucagon response to hypoglycemia in diabetes 

Diabetes patients (both type 1 and type 2) frequently develop defective counter-regulatory 

responses to hypoglycemia that is associated with reduced or absent glucagon secretory 

responses. A defective glucagon secretory response to hypoglycemia in hyperinsulinemic 

states frequently exacerbates a hypoglycemic attack, and limits intensive glucose control 

by insulin therapy (Amiel et al., 1988; Gerich et al., 1973). Moreover, hypoglycemia 

associated autonomic failure is induced especially in patients with frequent exposure to 

hypoglycemia leading to a worsening phenotype (Cryer, 1994). This defective response to 

hypoglycemia includes sympathoadrenal and neurohormonal responses against 

hypoglycemia such as epinephrine, cortisol and growth hormone that act to decrease 

blood glucose further, finally leading to sudden states of hypoglycemia and hypoglycemia 

unawareness (Amiel et al., 1988; Gerich et al., 1973). How diabetes induces these defective 

responses to hypoglycemia is still under investigation and suggested theories include 

alteration in brain glucose transport and metabolism by frequent exposure to 

hypoglycemia (Criego et al., 2005) and/or defective intraislet -cell effects on ┙-cell 

function, such as the “switch-off” of insulin (Hope et al., 2004; Zhou et al., 2004) or Zinc 

iron (Zhou et al., 2007) (see section 4.). 
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3. Regulation of glucagon secretion 

3.1 Factors involved in glucagon secretion 

The secretion of glucagon from ┙-cells is stimulated in response to hypoglycemia, and 
suppressed by hyperglycemia in vivo. However, the regulation of glucagon secretion is not 
simply determined only by glucose concentration, but is complex and finely controlled by 
additional contribution of neural, hormonal, and intra-islet interactions (Gromada et al., 
2007). While it is still not conclusive whether ┙-cells can directly sense glucose concentration 
outside the cells and subsequently respond in glucagon secretion (section 3.2.), additional 
mechanisms which contribute to the secretion of glucagon have recently been revealed. For 
example, the central nervous system is reported to sense glucose concentration largely 
through the hypothalamus, and to modulate secretion of islet hormones via the autonomic 
nervous system (section 3.3.). In addition, circulating autonomic neurotransmitters such as 
┛-amino-butyric acid (GABA), epinephrine and norepinephrine can stimulate glucagon 
secretion from ┙-cells. As described above, various regulatory mechanisms for the glucagon 
secretion than glucose were uncovered. Among them, it is recently revealed that intra-islet 
regulation by neighboring ┚-cells plays critical roles in the physiology of glucagon secretion 
from ┙-cells (see section 4). 

3.2 Regulation of glucagon secretion by glucose and other nutrients 

The secretion of glucagon from ┙-cells is elevated in response to hypoglycemia and 
suppressed by hyperglycemia in vivo. While some studies suggest a direct suppressive effect 
of glucose on ┙-cell secretory function (Ravier and Rutter, 2005; Vieira et al., 2007), the 
paradoxical stimulation of glucagon secretion by high glucose in isolated islets and ┙-cell 
lines (Franklin et al., 2005; Olsen et al., 2005; Salehi et al., 2006) suggests that additional 
mechanisms contribute to the secretion of glucagon in response to glucose. Also, it is still not 
conclusive whether ┙-cells can directly sense glucose concentration outside the cells then 
respond in glucagon secretion or not. 
Amino acids such as L-arginine are potent stimulators of glucagon secretion (Gerich et al., 
1974). This is physiologically relevant to prevent hypoglycemia after protein intake since 
amino acids also stimulate insulin secretion. L-glutamate is produced, secreted by various 
cell types including neural cells, and acts as a neurotransmitter. In islet ┙-cells, glutamate is 
contained in glucagon secretory vesicles (Yamada et al., 2001). Interestingly, a recent study 
shows that glutamate secreted by ┙-cells functions as an autocrine positive feedback signal 
for glucagon secretion (Cabrera et al., 2008), as ┙-cells express glutamate transporters and 
receptors (Hayashi et al., 2001). Low glucose stimulates glutamate release from ┙-cells, 
which in turn acts on ┙-cells in an autocrine manner leading to membrane depolarization 
and glucagon secretion (Cabrera et al., 2008). 

3.3 Involvement of nervous system and neurotransmitters 

While glycemia might modulate glucagon secretion directly, several reports indicate the 
involvement of the central and/or autonomic nervous systems in the regulation of glucagon 
secretion (Ahren, 2000; Bloom et al., 1978; Evans et al., 2004; Marty et al., 2005). 
Hypoglycemia is a critical condition for body especially since glucose is an essential fuel for 
the central nervous system. Thus in response to hypoglycemia, the nervous response 
immediately triggers various counterregulatory mechanisms to protect the brain from 
energy deprivation, including the stimulation of glucagon secretion. 
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The dense innervations of the islets suggests that both ┙- and ┚-cells are regulated by the 
nervous system (Ahren, 2000). The autonomic nervous system (ANS) transmits stimuli to 
promote glucagon secretion especially under hypoglycemia when blood glucose must be 
increased to supply fuel for the body. The ANS can modulate all islet cells and regulate 
glucagon secretion directly via the parasympathetic pathway or indirectly by pathways that 
can modulate islet paracrine factors (see section 4.) (Ahren, 2000). In addition, circulating 
autonomic neurotransmitters epinephrine and norepinephrine have been reported to 
stimulate glucagon secretion from ┙-cells through adrenergic receptors (Schuit and 
Pipeleers, 1986; Vieira et al., 2004). Glucagon secretion is also modulated by other 
neurotransmitters including GABA (see section 4.2.) and glutamate (see section 3.2.). 
The precise mechanism by which the central nervous system (CNS) senses blood glucose 
and affects glucagon secretion is not fully understood, although several possibilities have 
been suggested. Glucose sensing in the CNS is suggested to be an interaction between 
neurons and glial cells. For example, neurons in the ventro-medial hypothalamus (VMH) 
have been reported to play a role in sensing hypoglycemia in the brain and triggering the 
responses of counter-regulatory hormones to impact hypoglycemia (Borg et al., 1995), 
through AMPK (McCrimmon et al., 2004), K+ATP channels (Evans et al., 2004), and 
corticoptrophin releasing factor receptors (Cheng et al., 2007) in rat models. Moreover, it has 
also been reported that GLUT2 in cerebral astrocytes acts as a central glucose sensor in the 
modulation of glucagon secretion in mice (Marty et al., 2005). 

4. Intra-islet regulation of glucagon secretion 

In addition to glucose, various regulatory mechanisms for glucagon secretion have been 
detected. Among these mechanisms is the emerging concept that intra-islet regulation by 
secretory products from neighboring ┚-cells plays a critical role in determining ┙-cell 
function. This concept is supported, at least in the rodent, by the direction of the intraislet 
microcirculation which occurs from the core to the periphery and implicates ┙-cells as 
potential direct targets of ┚-cell secretory products such as insulin, (Asplin et al., 1981; 
Kawamori et al., 2009; Maruyama et al., 1984; Weir et al., 1976), GABA (Rorsman et al., 1989; 
Xu et al., 2006) and Zinc ions (Ishihara et al., 2003). In addition, another islet hormone 
somatostatin is reported to modulate glucagon secretion. Interestingly, glucagon itself is 
reported to regulate glucagon secretion. GLP-1 can suppress glucagon secretion directly and 
possibly indirectly by enhancing insulin secretion. 

4.1 Insulin 

Insulin, the major secretory product of ┚-cells, has been proposed as one of the intra-islet 
paracrine factors that can modulate the secretion of glucagon from neighboring ┙-cells 
(Asplin et al., 1981; Kawamori et al., 2009; Maruyama et al., 1984; Weir et al., 1976). 
Furthermore, proteins in the insulin signaling pathway are abundantly expressed in ┙-cells 
supporting an important role for insulin signaling in ┙-cells(Bhathena et al., 1982; Franklin 
et al., 2005; Patel et al., 1982). 

4.1.1 Modulation of glucagon secretion by insulin 

In clinical studies in human type 1 diabetes patients whose ┚-cell function is considered to 
be extinct (Asplin et al., 1981; Gerich et al., 1975), along with basic studies in insulinopenic 
animal models (Maruyama et al., 1984; Stagner and Samols, 1986; Weir et al., 1976), indicate 
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Schematic image for the ┚-cell-mediated suppression of glucagon secretion from ┙-cells via a 

paracrine mechanism. The ┚-cell secretes insulin, ┛-amino-butyric acid (GABA), and zinc 

irons (Zn) which suppress glucagon secretion. High glucose/hyperglycaemia suppresses 

glucagon secretion through the nervous system and by stimulation of ┚-cell secretion. 

Somatostatin also suppresses glucagon secretion. GLP-1 suppresses glucagon secretion 

through ┚-cell mediated and direct pathways. 

that insulin suppresses glucagon secretion in vivo. In insulinopenic animal models, 

exogenous insulin suppressed glucagon secretion (Greenbaum et al., 1991; Stagner and 

Samols, 1986; Weir et al., 1976). Conversely, suppression of insulin action by infusion of an 

anti-insulin antibody increased glucagon release (Maruyama et al., 1984). These studies 

clearly indicate the suppressive effect of insulin on glucagon secretion. Thus, it is 

conceivable that chronic and post-prandial hyperglucagonemia seen in diabetes patients 

(see section 2.4) is due to a lack of the direct suppression of insulin on glucagon secretion 

induced either by an absolute lack of insulin and/or ┙-cell insulin resistance(Meier et al., 

2006a; Raju and Cryer, 2005). 

In addition, insulin is reported to stimulate glucagon secretion through a “switch-off” 

mechanism (Hope et al., 2004; Zhou et al., 2004). During hypoglycemia, a decrease in 

intraislet insulin may act as a trigger for glucagon secretion as ┙-cells can sense the decrease 

in ambient insulin. This concept is proposed by studies wherein cessation of insulin 

administration in in vivo pancreas perfusion experiments in insulinopenic diabetic rats 

induces glucagon secretion in response to hypoglycemia (Hope et al., 2004; Zhou et al., 

2004). It is also possible that the defective secretory response of glucagon to hypoglycemia in 

diabetes patients occurs secondary to a defect in insulin sensing in -cells (see section 2.5). 

Thus, insulin is a center player not only in the suppression of glucagon secretion but also the 

stimulation of glucagon secretion. 
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4.1.2 Molecular mechanisms underlying the modulation of glucagon secretion by 
insulin signaling 

These in vivo reports suggest a direct effect of insulin in modulating glucagon secretion. On 

the other hand, recent in vitro studies in ┙-cell lines using gene knock-down techniques 

indicate a role for the insulin receptor and its signaling pathway in suppressing glucagon 

secretion by high glucose (Ravier and Rutter, 2005), as well as in stimulating glucagon 

secretion by low glucose concentration (Diao et al., 2005). 

The direct inhibitory effects of insulin to suppress glucagon secretion has been reported to 

occur either by 1) reducing the sensitivity of K+ATP channels (Franklin et al., 2005) which 

regulate glucagon secretion machinery via phosphatidyl inositol 3-kinase (PI3K) (Leung et 

al., 2006), or by 2) modulating Akt, a critical downstream effector of PI3K, leading to 

recruitment of the GABA-A receptor to the cellular membrane to allow its ligand, GABA, to 

inhibit glucagon secretion (see section 4.2) (Rorsman et al., 1989; Xu et al., 2006).  

4.1.3 The α-cell specific insulin receptor knockout mouse model 

While numerous reports indicate a pivotal role for insulin in the regulation of glucagon 

secretion, direct molecular evidence for the importance of insulin signaling in ┙-cells in vivo 

has been lacking until recently. The significance of systemic insulin signaling in glucose 

homeostasis is well known as insulin resistance is induced in insulin target organs including 

the liver, the skeletal muscle and the adipose tissues under diabetic state, and impacts on 

glycemic metabolism in these organs. Eventually, the genetic evidence of the in vivo 

significance of insulin signaling in ┙-cells in the regulation of glucagon secretion was 

provided by investigation of the ┙-cell specific insulin receptor knockout (┙IRKO) mice 

(Kawamori et al., 2009). 
The ┙IRKO mice exhibited glucose intolerance, hyperglycemia and hyperglucagonemia in 
the fed state together with enhanced glucagon secretion in response to L-arginine. These 
results indicate that disruption of insulin receptor in ┙-cells enhanced glucagon secretion by 
diminishing the glucagonostatic effect of insulin, and provided direct in vivo evidence for 
the suppression of glucagon secretion by insulin from ┚-cells through intra-islet paracrine 
manner. Interestingly, the mutant mice also displayed blunted glucagon response to 
hypoglycemia indicating a defective glucagon response through insulin “switch-off” 
mechanism (Hope et al., 2004; Zhou et al., 2004) by disruption of insulin signaling in ┙-cells. 
The results using ┙IRKO mice clearly demonstrate a critical role for insulin in the regulation 
of ┙-cell function in both normo- and hypoglycemic states in vivo. 

4.1.4 Model for the intraislet regulation of glucagon secretion from α-cells by insulin 

From these findings, a possible model for the intraislet regulation of glucagon secretion by 
insulin can be proposed. In states of hyperglycemia, the greater insulin secretion from ┚-
cells is stimulated and would activate insulin signaling in ┙-cells via paracrine manner, and 
represses glucagon secretion. On the other hand, in hypoglycemic state, the consequent 
levels of low insulin would allow the ┙-cells to sense the reduction in ambient insulin 
leading to a lack of activation of insulin signaling that in turn leads to the stimulation of 
glucagon secretion. This would occur in addition to possible direct stimulation by low 
glucose itself. Indeed, a recent clinical study reported that this proposed mechanism is 
actually feasible in humans (Cooperberg and Cryer, 2010). In this report, patients with type 
1 diabetes were subjected to normo- and hypoglycemic clamps and the effects of insulin 
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analogue glulisine were evaluated. Continuous glulisine infusion suppressed glucagon 
secretion both under normo- and hypoglycemic states, while discontinuation of glulisine 
infusion stimulated glucagon secretion in hypoglycemic state. From these studies, it is 
proposed that insulin overrides the effects of glucose and suppresses glucagon secretion in 
the hyperglycemic state, and decreasing insulin levels triggers glucagon response to 
hypoglycemia and precedes the direct effect of low glucose. 
 

 

In high glucose state, stimulated insulin secretion from ┚-cells acts on insulin receptor on the 
surface of ┙-cells then suppresses glucagon secretion by paracrine manner. In low glucose 
state, decreased insulin secretion from ┚-cells is recognized by ┙-cells as a reduction of 
insulin signaling in ┙-cells through insulin receptor, then ┙-cells increase glucagon secretion 
in response. 

4.2 GABA 
┛-amino-butyric acid (GABA) is produced from the excitatory amino acid glutamate by 
glutamic acid decarboxylase (GAD) and works as an important inhibitory neurotransmitter 
in neural synapses, mainly in the central nervous system (Kittler and Moss, 2003). In 
neurons, GABA is released by the presynaptic terminal into synaptic junctions and binds to 
GABA receptors on the postsynaptic membrane, inhibiting cellular electrical firing through 
modulation of ion channels and consequent membrane hyperpolarization (Kittler and Moss, 
2003). Islets are also innerved by GABA-ergic neurons (Sorenson et al., 1991), suggesting 
that GABA is a potential inhibitor of -cell function. 
In addition, GABA has also been reported to be secreted from ┚-cells and suppress glucagon 
secretion from ┙-cells in an intraislet paracrine manner (Rorsman et al., 1989; Wendt et al., 
2004; Xu et al., 2006). High glucose or glutamate levels stimulate secretion of GABA from ┚-
cells and the secreted GABA then binds to its receptor expressed on ┙-cells, inhibiting 
glucagon secretion through cellular membrane hyperpoloarization. Importantly, the GABA-
A receptor is recruited to the cellular membrane by insulin-Akt signaling (Xu et al., 2006), 
and its activation suppresses glucagon secretion through desensitization of K+ATP channels. 
These observations suggest a cooperative role between insulin and GABA in the inhibition 
of glucagon secretion. 
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4.3 Zinc 

Zinc ions (Zn2+), co-released with insulin by ┚-cells in response to high glucose levels, have 
been reported to activate K+ATP channels on ┙-cells, desensitize the channels and suppress 
glucagon secretion (Ishihara et al., 2003). Zn2+ is also reported to stimulate glucagon 
secretion from ┙-cells when its concentration falls as part of a “switch-off” mechanism 
(Zhou et al., 2007). However, another study reports a lack of inhibitory effect of exogenous 
Zn2+ on glucagon secretion (Ravier and Rutter, 2005), indicating that the effects of Zn2+ on 
glucagon secretion are complex and require further investigation. 

4.4 Somatostatin 

Somatostatin, an inhibitory hormone, secreted by neuronal and pancreatic ├-cells in islets 
inhibits both insulin and glucagon in a paracrine manner in the islet (Barden et al., 1977; 
Gerich et al., 1974; Starke et al., 1987). Somatostatin is considered to exert its suppressive 
effect on glucagon secretion largely through interstitial communication between ┙- and ├-
cells (Stagner and Samols, 1986). Following binding to its receptors on ┙-cells somatostatin 
inhibits glucagon secretion by inducing plasma membrane hyperpolarization (Yoshimoto et 
al., 1999), suppression of cAMP elevation (Schuit et al., 1989) and direct inhibition of the 
exocytotic machinery via a G-protein-dependent mechanism (Gromada et al., 2001). 

Somatostatin secretion from islet -cells is stimulated by glucose (Gerber et al., 1981; Honey 
et al., 1980), consistent with the report that the suppressive effect of high glucose on 
glucagon secretion may be mediated by glucose-induced secretion of somatostatin (Hauge-
Evans et al., 2009). Interestingly, global somatostatin knockout mice exhibit enhanced 
insulin and glucagon secretion in vivo and ex vivo. In addition the ability of exogenous 
glucose to suppress glucagon secretion is lost in islets isolated from somatostatin knockout 
mice (Hauge-Evans et al., 2009) and highlights the intra-islet interactions between 
somatostatin, glucagon, and insulin. These observations from a global knockout of 
somatostatin should be interpreted with caution since extra-pancreatic neuronal effects 
cannot be ruled out. It should also be noted that somatostatin involvement in glucagon 
suppression during hyperglycemia might be less important than the effects of ┚-cell 
secretion in vivo according to the direction of intraislet microcirculation, ┚-┙-├ (Gerich, 1990; 
Stagner and Samols, 1986). Interestingly, somatostatin is also reported to be involved in 
GLP-1 mediated suppression of glucagon secretion (see section 4.6). Further investigation is 
thus necessary to clarify the intra-islet relationship of islet hormones. 

4.5 Glucagon 

Interestingly, glucagon which is secreted by ┙-cells is reported to stimulate glucagon 

secretion (Ma et al., 2005). Upregulation of cAMP by glucagon signaling is suggested to 

stimulate glucagon exocytosis via a mechanism that is similar to the stimulatory effects of 

glucagon on insulin and somatostatin secretion (Huypens et al., 2000; Stagner et al., 1989). 

4.6 Glucagon like-peptide-1 (GLP-1) 

The incretin hormone, glucagon-like peptide-1 (GLP-1), is secreted by intestinal L-cells in 

response to food intake and is a strong stimulator of insulin secretion and also regulates ┚-

cell mass through modulation of cellular proliferation and death (Drucker, 2006). Therefore, 

GLP-1 contributes to glucose homeostasis acutely by enhancing ┚-cell secretory function and 

chronically by maintaining ┚-cell mass. In addition to these effects on ┚-cells, GLP-1 is 
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reported to suppress glucagon secretion by directly acting on ┙-cells or indirectly by 

stimulating insulin secretion or modulating other non-┚-cell hormones (e.g. somatostatin) 

which can in turn suppress glucagon secretion. However, the defects in GLP-1 secretion and 

action in type 2 diabetes likely impact the pathophysiology of the disease via abnormal 

regulation of both insulin and glucagon secretion (Holst et al., 2009). 

Paradoxically, another incretin hormone, glucose-dependent insulinotropic polypeptide 
(GIP), can stimulate glucagon secretion despite stimulating insulin secretion from ┚-cells in 
a manner similar to GLP-1 (de Heer et al., 2008; Meier et al., 2003; Pederson and Brown, 
1978). On the other hand, GLP-2, although derived from the same proglucagon gene as 

GLP-1, in intestinal L-cells, has not been reported to affect the secretory properties of -cells 
but stimulates glucagon secretion in human subjects (Meier et al., 2006b), by activation of 
GLP-2 receptors on ┙-cells (de Heer et al., 2007). 

4.6.1 Indirect suppression of glucagon secretion by GLP-1 

GLP-1 is reported to suppress glucagon secretion directly and/or indirectly through other 

cell-types; ┚- and ├-cells. In this point, many studies were conducted and displayed pros 

and cons to both theories. However, considering these reports comprehensively, it is less 

possible that only one mechanism is working in the suppressive effect of GLP-1 on 

glucagon, and it is conceivable that these direct and indirect manners are both regulating 

glucagon secretion with interacting each other. 
There are conflicting reports concerning the expression of GLP-1 receptors in ┙-cells (Heller 
et al., 1997; Moens et al., 1996). Previous studies investigating GLP-1 receptor expression in 
┙-cells by RNA expression and immunohistochemical analyses indicate that GLP-1 
receptors are not expressed in ┙-cells or if present are expressed at low levels (Tornehave et 
al., 2008), or by only a few ┙-cells (Heller et al., 1997). A recent study using in situ 
hybridization and immunofluorescence microscopy in mouse, rat, and human pancreas 
identified the islet cell types that express GLP-1 receptors (Tornehave et al., 2008) and 
concluded that GLP-1 receptors are not expressed in ┙-cells. Thus, it is unlikely that GLP-1 
can exert its direct effects on ┙-cells to impact glucagon secretion. On the other hand, GLP-1 
is a strong secretagogue for insulin from ┚-cells, and considering the central role for insulin 
in the regulation of glucagon secretion, it is reasonable to suggest that GLP-1 suppresses 
glucagon secretion by secreted insulin. GLP-1 is also reported to stimulate somatostatin 
secretion from ├-cells in response to high glucose (Orskov et al., 1988), and it is possible that 
the secreted somatostatin suppresses glucagon secretion (de Heer and Holst, 2007; Hauge-
Evans et al., 2009). This suggestion is supported by the observation that expression of a 
highly specific somatostatin receptor subtype 2 (SSTR2) antagonist completely abolished the 
GLP-1 effect on glucagon secretion in isolated perfused rat pancreas (de Heer et al., 2008). 
However, considering that the direction of intra-islet microcirculation occurs from the core 
of islets to the mantle; from ┚-┙-├ at least in rodents (Stagner and Samols, 1986), additional 
studies are necessary to explore these possibilities. 

4.6.2 Direct suppression of glucagon secretion by GLP-1 

In contrast, reports that GLP-1 (Creutzfeldt et al., 1996) and DPP-4 inhibitor (Foley et al., 
2008) treatment suppressed excessive glucagon secretion in type 1 diabetes patients even in 
the absence of secretory products from ┚-cells, suggest a potential direct effect of GLP-1 on 
glucagon suppression. A recent study by De Marinis et al reported that the expression of 
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GLP-1 receptors in ┙-cells is less than 0.2 % of its expression in ┚-cells, and consequently 
GLP-1 can induce a small elevation in cAMP activating PKA followed by selective inhibition 
of N-type Ca2+ ion channels, thus suppressing glucagon exocytosis (De Marinis et al.). In 
contrast, receptors for epinephrine or GIP are expressed abundantly in ┙-cells, and these 
molecules stimulate electrical activity significantly leading to an increase in Ca2+ in ┙-cells, 
causing glucagon exocytosis to accelerate through activation of L-type Ca2+ ion channels (De 
Marinis et al.). Studies using isolated islets indicated that GLP-1 effect on glucagon 
suppression is independent of insulin and intra-islet paracrine effect. 

4.6.3 Model for the GLP-1 mediated suppression of glucagon secretion 

Considering these reports together, it is possible that GLP-1 suppresses glucagon secretion 
directly, but in postprandial state, GLP-1 enhances insulin secretion from ┚-cells together 
with another incretin GIP, and subsequently exerts suppressive effects on glucagon 
secretion. Further urgent investigations are necessary to understand the effects of GLP-1 on 
┙-cell function. However, reports of GLP-1 induced suppression of glucagon secretion, in 
addition to its beneficial role on ┚-cells including augmentation of glucose-stimulated 
insulin secretion, promotion of ┚-cell proliferation, and protection of ┚-cells from various 
cytotoxicities, emphasizes the potential of GLP-1 therapy for the treatment of diabetes. 
 
 

 
 

GLP-1 directly suppresses glucagon secretion from ┙-cells through slight increase of cAMP 
followed by inhibition of N-type Ca2+ channels (De Marinis, 2010) (57). GLP-1 also potentiates 
insulin secretion from ┚-cells then suppresses glucagon secretion through insulin effects on ┙-
cells. Glucose stimulates insulin secretion from ┚-cells and suppresses glucagon from ┙-cells 
through insulin effects, while glucose can stimulate glucagon secretion from ┙-cells. 
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5. Conclusion and future perspectives 

While glucagon was believed to elevate or decline simply in response to blood glucose 

levels, emerging work reveals a complex but sophisticated regulatory mechanism for the 

modulation of glucagon output from the ┙-cells with effects from pancreatic and endocrine 

hormones including insulin, somatostatin, epinephrine and incretins, nutrients and central 

and autonomic nervous pathways. The concept of intra-islet regulation of glucagon 

secretion that is mediated by insulin in a paracrine manner is now recognized as an 

important pathway that determines ┙-cell functions. Thus, disorder in intra-islet regulation 

of glucagon secretion is deeply involved in pathophysiology of diabetes. Considering that 

the diabetic state is characterized by systemic insulin resistance, that includes non-classical 

targets such as ┚-cells (Gunton et al., 2005; Kulkarni et al., 1999), it would be important to 

explore whether insulin resistance at the level of the ┙-cell underlies some of the early 

defects that lead to enhanced glucagon output and a consequent defect in glucose 

homeostasis. 

Recently, new therapeutic approaches targeting excessive glucagon by suppression of 

glucagon secretion or inhibition of glucagon receptors and their function were tried in the 

treatment of diabetes, but simple inhibition of glucagon effect does not result in 

improvement of glucose homeostasis because of hypoglycemia by lack of glucagon effect. In 

future therapy in diabetes, we need to aim glucagon to work appropriately and rest 

properly, then improve its effects on other organs and hormonal balance between glucagon 

and insulin. Further studies are necessary to explore whether cells in the central and/or 

autonomic nervous systems can be targeted to modulate glucagon secretion for therapeutic 

purposes. 

6. Acknowledgments 

D.K. is the recipient of a Research Fellowship (Manpei Suzuki Diabetes Foundation, Japan) 

and a JDRF Postdoctoral Fellowship. The authors acknowledge support from the American 

Diabetes Association Research Grant (R.N.K.) and National Institutes of Health (R.N.K.). 

7. References 

Ahren, B. (2000). Autonomic regulation of islet hormone secretion--implications for health 
and disease. Diabetologia 43, 393-410. 

Ahren, B., and Larsson, H. (2001). Impaired glucose tolerance (IGT) is associated with 
reduced insulin-induced suppression of glucagon concentrations. Diabetologia 44, 
1998-2003. 

Amiel, S. A., Sherwin, R. S., Simonson, D. C., and Tamborlane, W. V. (1988). Effect of 
intensive insulin therapy on glycemic thresholds for counterregulatory hormone 
release. Diabetes 37, 901-907. 

Asplin, C. M., Paquette, T. L., and Palmer, J. P. (1981). In vivo inhibition of glucagon 
secretion by paracrine beta cell activity in man. J Clin Invest 68, 314-318. 

Barden, N., Lavoie, M., Dupont, A., Cote, J., and Cote, J. P. (1977). Stimulation of glucagon 
release by addition of anti-stomatostatin serum to islets of Langerhans in vitro. 
Endocrinology 101, 635-638. 

www.intechopen.com



 
Diabetes – Damages and Treatments 

 

152 

Bhathena, S. J., Oie, H. K., Gazdar, A. F., Voyles, N. R., Wilkins, S. D., and Recant, L. (1982). 
Insulin, glucagon, and somatostatin receptors on cultured cells and clones from rat 
islet cell tumor. Diabetes 31, 521-531. 

Bloom, S. R., Edwards, A. V., and Hardy, R. N. (1978). The role of the autonomic nervous 
system in the control of glucagon, insulin and pancreatic polypeptide release from 
the pancreas. J Physiol 280, 9-23. 

Bonner-Weir, S., and O'Brien, T. D. (2008). Islets in type 2 diabetes: in honor of Dr. Robert C. 
Turner. Diabetes 57, 2899-2904. 

Bonner-Weir, S., and Orci, L. (1982). New perspectives on the microvasculature of the islets 
of Langerhans in the rat. Diabetes 31, 883-889. 

Borg, W. P., Sherwin, R. S., During, M. J., Borg, M. A., and Shulman, G. I. (1995). Local 
ventromedial hypothalamus glucopenia triggers counterregulatory hormone 
release. Diabetes 44, 180-184. 

Bosco, D., Armanet, M., Morel, P., Niclauss, N., Sgroi, A., Muller, Y. D., Giovannoni, L., 
Parnaud, G., and Berney, T. Unique arrangement of alpha- and beta-cells in human 
islets of Langerhans. Diabetes 59, 1202-1210. 

Burcelin, R., Li, J., and Charron, M. J. (1995). Cloning and sequence analysis of the murine 
glucagon receptor-encoding gene. Gene 164, 305-310. 

Cabrera, O., Berman, D. M., Kenyon, N. S., Ricordi, C., Berggren, P. O., and Caicedo, A. 
(2006). The unique cytoarchitecture of human pancreatic islets has implications for 
islet cell function. Proc Natl Acad Sci U S A 103, 2334-2339. 

Cabrera, O., Jacques-Silva, M. C., Speier, S., Yang, S. N., Kohler, M., Fachado, A., Vieira, E., 
Zierath, J. R., Kibbey, R., Berman, D. M., et al. (2008). Glutamate is a positive 
autocrine signal for glucagon release. Cell Metab 7, 545-554. 

Cheng, H., Zhou, L., Zhu, W., Wang, A., Tang, C., Chan, O., Sherwin, R. S., and 
McCrimmon, R. J. (2007). Type 1 corticotropin-releasing factor receptors in the 
ventromedial hypothalamus promote hypoglycemia-induced hormonal 
counterregulation. Am J Physiol Endocrinol Metab 293, E705-712. 

Christophe, J. (1996). Glucagon and its receptor in various tissues. Ann N Y Acad Sci 805, 31-
42; discussion 42-33. 

Cooperberg, B. A., and Cryer, P. E. (2010). Insulin reciprocally regulates glucagon secretion 
in humans. Diabetes 59, 2936-2940. 

Creutzfeldt, W. O., Kleine, N., Willms, B., Orskov, C., Holst, J. J., and Nauck, M. A. (1996). 
Glucagonostatic actions and reduction of fasting hyperglycemia by exogenous 
glucagon-like peptide I(7-36) amide in type I diabetic patients. Diabetes Care 19, 
580-586. 

Criego, A. B., Tkac, I., Kumar, A., Thomas, W., Gruetter, R., and Seaquist, E. R. (2005). Brain 
glucose concentrations in patients with type 1 diabetes and hypoglycemia 
unawareness. J Neurosci Res 79, 42-47. 

Cryer, P. E. (1994). Banting Lecture. Hypoglycemia: the limiting factor in the management of 
IDDM. Diabetes 43, 1378-1389. 

de Heer, J., and Holst, J. J. (2007). Sulfonylurea compounds uncouple the glucose 
dependence of the insulinotropic effect of glucagon-like peptide 1. Diabetes 56, 438-
443. 

www.intechopen.com



 
Molecular Mechanism Underlying the Intra-Islet Regulation of Glucagon Secretion 

 

153 

de Heer, J., Pedersen, J., Orskov, C., and Holst, J. J. (2007). The alpha cell expresses 
glucagon-like peptide-2 receptors and glucagon-like peptide-2 stimulates glucagon 
secretion from the rat pancreas. Diabetologia 50, 2135-2142. 

de Heer, J., Rasmussen, C., Coy, D. H., and Holst, J. J. (2008). Glucagon-like peptide-1, but 
not glucose-dependent insulinotropic peptide, inhibits glucagon secretion via 
somatostatin (receptor subtype 2) in the perfused rat pancreas. Diabetologia 51, 
2263-2270. 

De Marinis, Y. Z., Salehi, A., Ward, C. E., Zhang, Q., Abdulkader, F., Bengtsson, M., Braha, 
O., Braun, M., Ramracheya, R., Amisten, S., et al. (2010). GLP-1 inhibits and 
adrenaline stimulates glucagon release by differential modulation of N- and L-type 
Ca2+ channel-dependent exocytosis. Cell Metab 11, 543-553. 

Diao, J., Asghar, Z., Chan, C. B., and Wheeler, M. B. (2005). Glucose-regulated glucagon 
secretion requires insulin receptor expression in pancreatic alpha-cells. J Biol Chem 
280, 33487-33496. 

Dinneen, S., Alzaid, A., Turk, D., and Rizza, R. (1995). Failure of glucagon suppression 
contributes to postprandial hyperglycaemia in IDDM. Diabetologia 38, 337-343. 

Drucker, D. J. (2006). The biology of incretin hormones. Cell Metab 3, 153-165. 
Evans, M. L., McCrimmon, R. J., Flanagan, D. E., Keshavarz, T., Fan, X., McNay, E. C., Jacob, 

R. J., and Sherwin, R. S. (2004). Hypothalamic ATP-sensitive K + channels play a 
key role in sensing hypoglycemia and triggering counterregulatory epinephrine 
and glucagon responses. Diabetes 53, 2542-2551. 

Exton, J. H., Jefferson, L. S., Jr., Butcher, R. W., and Park, C. R. (1966). Gluconeogenesis in the 
perfused liver. The effects of fasting, alloxan diabetes, glucagon, epinephrine, 
adenosine 3',5'-monophosphate and insulin. Am J Med 40, 709-715. 

Foley, J. E., Ligueros-Saylan, M., He, Y. L., Holst, J. J., Deacon, C. F., Dunning, B. E., Leone-
Jones, A., Yu, T., and Kelley, D. E. (2008). Effect of vildagliptin on glucagon 
concentration during meals in patients with type 1 diabetes. Horm Metab Res 40, 
727-730. 

Franklin, I., Gromada, J., Gjinovci, A., Theander, S., and Wollheim, C. B. (2005). Beta-cell 
secretory products activate alpha-cell ATP-dependent potassium channels to 
inhibit glucagon release. Diabetes 54, 1808-1815. 

Gerber, P. P., Trimble, E. R., Wollheim, C. B., Renold, A. E., and Miller, R. E. (1981). Glucose 
and cyclic AMP as stimulators of somatostatin and insulin secretion from the 
isolated, perfused rat pancreas: a quantitative study. Diabetes 30, 40-44. 

Gerich, J. E. (1990). Role of somatostatin and its analogues in the pathogenesis and treatment 
of diabetes mellitus. Metabolism 39, 52-54. 

Gerich, J. E., Langlois, M., Noacco, C., Karam, J. H., and Forsham, P. H. (1973). Lack of 
glucagon response to hypoglycemia in diabetes: evidence for an intrinsic pancreatic 
alpha cell defect. Science 182, 171-173. 

Gerich, J. E., Lorenzi, M., Schneider, V., Kwan, C. W., Karam, J. H., Guillemin, R., and 
Forsham, P. H. (1974). Inhibition of pancreatic glucagon responses to arginine by 
somatostatin in normal man and in insulin-dependent diabetics. Diabetes 23, 876-
880. 

Gerich, J. E., Tsalikian, E., Lorenzi, M., Schneider, V., Bohannon, N. V., Gustafson, G., and 
Karam, J. H. (1975). Normalization of fasting hyperglucagonemia and excessive 

www.intechopen.com



 
Diabetes – Damages and Treatments 

 

154 

glucagon responses to intravenous arginine in human diabetes mellitus by 
prolonged infusion of insulin. J Clin Endocrinol Metab 41, 1178-1180. 

Greenbaum, C. J., Havel, P. J., Taborsky, G. J., Jr., and Klaff, L. J. (1991). Intra-islet insulin 
permits glucose to directly suppress pancreatic A cell function. J Clin Invest 88, 767-
773. 

Gromada, J., Franklin, I., and Wollheim, C. B. (2007). Alpha-cells of the endocrine pancreas: 
35 years of research but the enigma remains. Endocr Rev 28, 84-116. 

Gromada, J., Hoy, M., Buschard, K., Salehi, A., and Rorsman, P. (2001). Somatostatin inhibits 
exocytosis in rat pancreatic alpha-cells by G(i2)-dependent activation of calcineurin 
and depriming of secretory granules. J Physiol 535, 519-532. 

Gunton, J. E., Kulkarni, R. N., Yim, S., Okada, T., Hawthorne, W. J., Tseng, Y. H., Roberson, 
R. S., Ricordi, C., O'Connell, P. J., Gonzalez, F. J., and Kahn, C. R. (2005). Loss of 
ARNT/HIF1beta mediates altered gene expression and pancreatic-islet dysfunction 
in human type 2 diabetes. Cell 122, 337-349. 

Hauge-Evans, A. C., King, A. J., Carmignac, D., Richardson, C. C., Robinson, I. C., Low, M. 
J., Christie, M. R., Persaud, S. J., and Jones, P. M. (2009). Somatostatin secreted by 
islet delta-cells fulfils multiple roles as a paracrine regulator of islet function. 
Diabetes 58, 403-411. 

Hayashi, M., Otsuka, M., Morimoto, R., Hirota, S., Yatsushiro, S., Takeda, J., Yamamoto, A., 
and Moriyama, Y. (2001). Differentiation-associated Na+-dependent inorganic 
phosphate cotransporter (DNPI) is a vesicular glutamate transporter in endocrine 
glutamatergic systems. J Biol Chem 276, 43400-43406. 

Heller, R. S., Kieffer, T. J., and Habener, J. F. (1997). Insulinotropic glucagon-like peptide I 
receptor expression in glucagon-producing alpha-cells of the rat endocrine 
pancreas. Diabetes 46, 785-791. 

Holst, J. J., Vilsboll, T., and Deacon, C. F. (2009). The incretin system and its role in type 2 
diabetes mellitus. Mol Cell Endocrinol 297, 127-136. 

Holz, G. G., Kang, G., Harbeck, M., Roe, M. W., and Chepurny, O. G. (2006). Cell physiology 
of cAMP sensor Epac. J Physiol 577, 5-15. 

Honey, R. N., Schwarz, J. A., Mathe, C. J., and Weir, G. C. (1980). Insulin, glucagon, and 
somatostatin secretion from isolated perfused rat and chicken pancreas-duodenum. 
Am J Physiol 238, E150-156. 

Hope, K. M., Tran, P. O., Zhou, H., Oseid, E., Leroy, E., and Robertson, R. P. (2004). 
Regulation of alpha-cell function by the beta-cell in isolated human and rat islets 
deprived of glucose: the "switch-off" hypothesis. Diabetes 53, 1488-1495. 

Huypens, P., Ling, Z., Pipeleers, D., and Schuit, F. (2000). Glucagon receptors on human islet 
cells contribute to glucose competence of insulin release. Diabetologia 43, 1012-
1019. 

Ishihara, H., Maechler, P., Gjinovci, A., Herrera, P. L., and Wollheim, C. B. (2003). Islet beta-
cell secretion determines glucagon release from neighbouring alpha-cells. Nat Cell 
Biol 5, 330-335. 

Jelinek, L. J., Lok, S., Rosenberg, G. B., Smith, R. A., Grant, F. J., Biggs, S., Bensch, P. A., 
Kuijper, J. L., Sheppard, P. O., Sprecher, C. A., and et al. (1993). Expression cloning 
and signaling properties of the rat glucagon receptor. Science 259, 1614-1616. 

Jiang, G., and Zhang, B. B. (2003). Glucagon and regulation of glucose metabolism. Am J 
Physiol Endocrinol Metab 284, E671-678. 

www.intechopen.com



 
Molecular Mechanism Underlying the Intra-Islet Regulation of Glucagon Secretion 

 

155 

Kawamori, D., Kurpad, A. J., Hu, J., Liew, C. W., Shih, J. L., Ford, E. L., Herrera, P. L., 
Polonsky, K. S., McGuinness, O. P., and Kulkarni, R. N. (2009). Insulin signaling in 
alpha cells modulates glucagon secretion in vivo. Cell Metab 9, 350-361. 

Kawamori, D., Welters, H. J., and Kulkarni, R. N. (2010). Molecular pathways underlying 
the pathogenesis of pancreatic alpha-cell dysfunction. Adv Exp Med Biol 654, 421-
445. 

Kittler, J. T., and Moss, S. J. (2003). Modulation of GABAA receptor activity by 
phosphorylation and receptor trafficking: implications for the efficacy of synaptic 
inhibition. Curr Opin Neurobiol 13, 341-347. 

Kulkarni, R. N., Bruning, J. C., Winnay, J. N., Postic, C., Magnuson, M. A., and Kahn, C. R. 
(1999). Tissue-specific knockout of the insulin receptor in pancreatic beta cells 
creates an insulin secretory defect similar to that in type 2 diabetes. Cell 96, 329-339. 

Larsson, H., and Ahren, B. (2000). Islet dysfunction in insulin resistance involves impaired 
insulin secretion and increased glucagon secretion in postmenopausal women with 
impaired glucose tolerance. Diabetes Care 23, 650-657. 

Leung, Y. M., Ahmed, I., Sheu, L., Gao, X., Hara, M., Tsushima, R. G., Diamant, N. E., and 
Gaisano, H. Y. (2006). Insulin regulates islet alpha-cell function by reducing KATP 
channel sensitivity to adenosine 5'-triphosphate inhibition. Endocrinology 147, 
2155-2162. 

Ma, X., Zhang, Y., Gromada, J., Sewing, S., Berggren, P. O., Buschard, K., Salehi, A., Vikman, 
J., Rorsman, P., and Eliasson, L. (2005). Glucagon stimulates exocytosis in mouse 
and rat pancreatic alpha-cells by binding to glucagon receptors. Mol Endocrinol 19, 
198-212. 

Marty, N., Dallaporta, M., Foretz, M., Emery, M., Tarussio, D., Bady, I., Binnert, C., 
Beermann, F., and Thorens, B. (2005). Regulation of glucagon secretion by glucose 
transporter type 2 (glut2) and astrocyte-dependent glucose sensors. J Clin Invest 
115, 3545-3553. 

Maruyama, H., Hisatomi, A., Orci, L., Grodsky, G. M., and Unger, R. H. (1984). Insulin 
within islets is a physiologic glucagon release inhibitor. J Clin Invest 74, 2296-2299. 

McCrimmon, R. J., Fan, X., Ding, Y., Zhu, W., Jacob, R. J., and Sherwin, R. S. (2004). Potential 
role for AMP-activated protein kinase in hypoglycemia sensing in the ventromedial 
hypothalamus. Diabetes 53, 1953-1958. 

Meier, J. J., Gallwitz, B., Siepmann, N., Holst, J. J., Deacon, C. F., Schmidt, W. E., and Nauck, 
M. A. (2003). Gastric inhibitory polypeptide (GIP) dose-dependently stimulates 
glucagon secretion in healthy human subjects at euglycaemia. Diabetologia 46, 798-
801. 

Meier, J. J., Kjems, L. L., Veldhuis, J. D., Lefebvre, P., and Butler, P. C. (2006a). Postprandial 
suppression of glucagon secretion depends on intact pulsatile insulin secretion: 
further evidence for the intraislet insulin hypothesis. Diabetes 55, 1051-1056. 

Meier, J. J., Nauck, M. A., Pott, A., Heinze, K., Goetze, O., Bulut, K., Schmidt, W. E., 
Gallwitz, B., and Holst, J. J. (2006b). Glucagon-like peptide 2 stimulates glucagon 
secretion, enhances lipid absorption, and inhibits gastric acid secretion in humans. 
Gastroenterology 130, 44-54. 

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

www.intechopen.com



 
Diabetes – Damages and Treatments 

 

156 

Moens, K., Heimberg, H., Flamez, D., Huypens, P., Quartier, E., Ling, Z., Pipeleers, D., 
Gremlich, S., Thorens, B., and Schuit, F. (1996). Expression and functional activity 
of glucagon, glucagon-like peptide I, and glucose-dependent insulinotropic peptide 
receptors in rat pancreatic islet cells. Diabetes 45, 257-261. 

Olsen, H. L., Theander, S., Bokvist, K., Buschard, K., Wollheim, C. B., and 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. 

Orci, L., Baetens, D., Rufener, C., Amherdt, M., Ravazzola, M., Studer, P., Malaisse-Lagae, F., 
and Unger, R. H. (1976). Hypertrophy and hyperplasia of somatostatin-containing 
D-cells in diabetes. Proc Natl Acad Sci U S A 73, 1338-1342. 

Orskov, C., Holst, J. J., and Nielsen, O. V. (1988). Effect of truncated glucagon-like peptide-1 
[proglucagon-(78-107) amide] on endocrine secretion from pig pancreas, antrum, 
and nonantral stomach. Endocrinology 123, 2009-2013. 

Patel, Y. C., Amherdt, M., and Orci, L. (1982). Quantitative electron microscopic 
autoradiography of insulin, glucagon, and somatostatin binding sites on islets. 
Science 217, 1155-1156. 

Pederson, R. A., and Brown, J. C. (1978). Interaction of gastric inhibitory polypeptide, 
glucose, and arginine on insulin and glucagon secretion from the perfused rat 
pancreas. Endocrinology 103, 610-615. 

Rahier, J., Goebbels, R. M., and Henquin, J. C. (1983). Cellular composition of the human 
diabetic pancreas. Diabetologia 24, 366-371. 

Raju, B., and Cryer, P. E. (2005). Loss of the decrement in intraislet insulin plausibly explains 
loss of the glucagon response to hypoglycemia in insulin-deficient diabetes: 
documentation of the intraislet insulin hypothesis in humans. Diabetes 54, 757-764. 

Raskin, P., and Unger, R. H. (1978). Hyperglucagonemia and its suppression. Importance in 
the metabolic control of diabetes. N Engl J Med 299, 433-436. 

Ravier, M. A., and Rutter, G. A. (2005). Glucose or insulin, but not zinc ions, inhibit 
glucagon secretion from mouse pancreatic alpha-cells. Diabetes 54, 1789-1797. 

Rorsman, P., Berggren, P. O., Bokvist, K., Ericson, H., Mohler, H., Ostenson, C. G., and 
Smith, P. A. (1989). Glucose-inhibition of glucagon secretion involves activation of 
GABAA-receptor chloride channels. Nature 341, 233-236. 

Salehi, A., Vieira, E., and Gylfe, E. (2006). Paradoxical stimulation of glucagon secretion by 
high glucose concentrations. Diabetes 55, 2318-2323. 

Scheen, A. J., Castillo, M. J., and Lefebvre, P. J. (1996). Assessment of residual insulin 
secretion in diabetic patients using the intravenous glucagon stimulatory test: 
methodological aspects and clinical applications. Diabetes Metab 22, 397-406. 

Schuit, F. C., Derde, M. P., and Pipeleers, D. G. (1989). Sensitivity of rat pancreatic A and B 
cells to somatostatin. Diabetologia 32, 207-212. 

Schuit, F. C., and Pipeleers, D. G. (1986). Differences in adrenergic recognition by pancreatic 
A and B cells. Science 232, 875-877. 

Sherwin, R. S., Fisher, M., Hendler, R., and Felig, P. (1976). Hyperglucagonemia and blood 
glucose regulation in normal, obese and diabetic subjects. N Engl J Med 294, 455-
461. 

www.intechopen.com



 
Molecular Mechanism Underlying the Intra-Islet Regulation of Glucagon Secretion 

 

157 

Sorenson, R. L., Garry, D. G., and Brelje, T. C. (1991). Structural and functional 
considerations of GABA in islets of Langerhans. Beta-cells and nerves. Diabetes 40, 
1365-1374. 

Stagner, J. I., and Samols, E. (1986). Retrograde perfusion as a model for testing the relative 
effects of glucose versus insulin on the A cell. J Clin Invest 77, 1034-1037. 

Stagner, J. I., Samols, E., and Marks, V. (1989). The anterograde and retrograde infusion of 
glucagon antibodies suggests that A cells are vascularly perfused before D cells 
within the rat islet. Diabetologia 32, 203-206. 

Starke, A., Imamura, T., and Unger, R. H. (1987). Relationship of glucagon suppression by 
insulin and somatostatin to the ambient glucose concentration. J Clin Invest 79, 20-
24. 

Tornehave, D., Kristensen, P., Romer, J., Knudsen, L. B., and Heller, R. S. (2008). Expression 
of the GLP-1 receptor in mouse, rat, and human pancreas. J Histochem Cytochem 
56, 841-851. 

Unger, R. H. (1978). Role of glucagon in the pathogenesis of diabetes: the status of the 
controversy. Metabolism 27, 1691-1709. 

Unger, R. H., and Orci, L. (1977). The role of glucagon in the endogenous hyperglycemia of 
diabetes mellitus. Annu Rev Med 28, 119-130. 

Vieira, E., Liu, Y. J., and Gylfe, E. (2004). Involvement of alpha1 and beta-adrenoceptors in 
adrenaline stimulation of the glucagon-secreting mouse alpha-cell. Naunyn 
Schmiedebergs Arch Pharmacol 369, 179-183. 

Vieira, E., Salehi, A., and Gylfe, E. (2007). Glucose inhibits glucagon secretion by a direct 
effect on mouse pancreatic alpha cells. Diabetologia 50, 370-379. 

Wakelam, M. J., Murphy, G. J., Hruby, V. J., and Houslay, M. D. (1986). Activation of two 
signal-transduction systems in hepatocytes by glucagon. Nature 323, 68-71. 

Weinstein, L. S., Yu, S., Warner, D. R., and Liu, J. (2001). Endocrine manifestations of 
stimulatory G protein alpha-subunit mutations and the role of genomic imprinting. 
Endocr Rev 22, 675-705. 

Weir, G. C., Knowlton, S. D., Atkins, R. F., McKennan, K. X., and Martin, D. B. (1976). 
Glucagon secretion from the perfused pancreas of streptozotocin-treated rats. 
Diabetes 25, 275-282. 

Wendt, A., Birnir, B., Buschard, K., Gromada, J., Salehi, A., Sewing, S., Rorsman, P., and 
Braun, M. (2004). Glucose inhibition of glucagon secretion from rat alpha-cells is 
mediated by GABA released from neighboring beta-cells. Diabetes 53, 1038-1045. 

Xu, E., Kumar, M., Zhang, Y., Ju, W., Obata, T., Zhang, N., Liu, S., Wendt, A., Deng, S., 
Ebina, Y., et al. (2006). Intra-islet insulin suppresses glucagon release via GABA-
GABAA receptor system. Cell Metab 3, 47-58. 

Yamada, H., Otsuka, M., Hayashi, M., Nakatsuka, S., Hamaguchi, K., Yamamoto, A., and 
Moriyama, Y. (2001). Ca2+-dependent exocytosis of L-glutamate by alphaTC6, 
clonal mouse pancreatic alpha-cells. Diabetes 50, 1012-1020. 

Yoon, K. H., Ko, S. H., Cho, J. H., Lee, J. M., Ahn, Y. B., Song, K. H., Yoo, S. J., Kang, M. I., 
Cha, B. Y., Lee, K. W., et al. (2003). Selective beta-cell loss and alpha-cell expansion 
in patients with type 2 diabetes mellitus in Korea. J Clin Endocrinol Metab 88, 2300-
2308. 

www.intechopen.com



 
Diabetes – Damages and Treatments 

 

158 

Yoshimoto, Y., Fukuyama, Y., Horio, Y., Inanobe, A., Gotoh, M., and Kurachi, Y. (1999). 
Somatostatin induces hyperpolarization in pancreatic islet alpha cells by activating 
a G protein-gated K+ channel. FEBS Lett 444, 265-269. 

Zhou, H., Tran, P. O., Yang, S., Zhang, T., LeRoy, E., Oseid, E., and Robertson, R. P. (2004). 
Regulation of alpha-cell function by the beta-cell during hypoglycemia in Wistar 
rats: the "switch-off" hypothesis. Diabetes 53, 1482-1487. 

Zhou, H., Zhang, T., Harmon, J. S., Bryan, J., and Robertson, R. P. (2007). Zinc, not insulin, 
regulates the rat alpha-cell response to hypoglycemia in vivo. Diabetes 56, 1107-
1112. 

www.intechopen.com



Diabetes - Damages and Treatments

Edited by Prof. Everlon Rigobelo

ISBN 978-953-307-652-2

Hard cover, 348 pages

Publisher InTech

Published online 09, November, 2011

Published in print edition November, 2011

InTech Europe

University Campus STeP Ri 

Slavka Krautzeka 83/A 

51000 Rijeka, Croatia 

Phone: +385 (51) 770 447 

Fax: +385 (51) 686 166

www.intechopen.com

InTech China

Unit 405, Office Block, Hotel Equatorial Shanghai 

No.65, Yan An Road (West), Shanghai, 200040, China 

Phone: +86-21-62489820 

Fax: +86-21-62489821

Over the last few decades the prevalence of diabetes has dramatically grown in most regions of the world. In

2010, 285 million people were diagnosed with diabetes and it is estimated that the number will increase to 438

million in 2030. Hypoglycemia is a disorder where the glucose serum concentration is usually low. The

organism usually keeps the serum glucose concentration in a range of 70 to 110 mL/dL of blood. In

hypoglycemia the glucose concentration normally remains lower than 50 mL/dL of blood. Hopefully, this book

will be of help to many scientists, doctors, pharmacists, chemicals, and other experts in a variety of disciplines,

both academic and industrial. In addition to supporting researcher and development, this book should be

suitable for teaching.

How to reference

In order to correctly reference this scholarly work, feel free to copy and paste the following:

Dan Kawamori and Rohit N. Kulkarni (2011). Molecular Mechanism Underlying the Intra-Islet Regulation of

Glucagon Secretion, Diabetes - Damages and Treatments, Prof. Everlon Rigobelo (Ed.), ISBN: 978-953-307-

652-2, InTech, Available from: http://www.intechopen.com/books/diabetes-damages-and-

treatments/molecular-mechanism-underlying-the-intra-islet-regulation-of-glucagon-secretion



© 2011 The Author(s). Licensee IntechOpen. This is an open access article

distributed under the terms of the Creative Commons Attribution 3.0

License, which permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.


