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Abstract

It is becoming increasingly apparent that beta cell dysfunction resulting in abnormal insulin 

secretion is the essential element in the progression of patients from a state of impaired glucose 

tolerance to frank type 2 diabetes (Del Prato, 2003; Del Prato and Tiengo, 2001). Although 

extensive studies have examined the molecular, cellular and physiologic mechanisms of insulin 

granule biogenesis, sorting, and exocytosis the precise mechanisms controlling these processes 

and their dysregulation in the developed of diabetes remains an area of important investigation. 

We now know that insulin biogenesis initiates with the synthesis of preproinsulin in rough 

endoplastic reticulum and conversion of preproinsulin to proinsulin. Proinsulin begins to be 

packaged in the Trans-Golgi Network and is sorting into immature secretory granules. These 

immature granules become acidic via ATP-dependent proton pump and proinsulin undergoes 

proteolytic cleavage resulting the formation of insulin and C-peptide. During the granule 

maturation process, insulin is crystallized with zinc and calcium in the form of dense-core 

granules and unwanted cargo and membrane proteins undergo selective retrograde trafficking to 

either the constitutive trafficking pathway for secretion or to degradative pathways. The newly 

formed mature dense-core insulin granules populate two different intracellular pools, the readily 

releasable pools (RRP) and the reserved pool. These two distinct populations are thought to be 

responsible for the biphasic nature of insulin release in which the RRP granules are associated 

with the plasma membrane and undergo an acute calcium-dependent release accounting for first 

phase insulin secretion. In contrast, second phase insulin secretion requires the trafficking of the 

reserved granule pool to the plasma membrane.

The initial trigger for insulin granule fusion with the plasma membrane is a rise in intracellular 

calcium and in the case of glucose stimulation results from increased production of ATP, closure 

of the ATP-sensitive potassium channel and cellular depolarization. In turn, this opens voltage-

dependent calcium channels allowing increased influx of extracellular calcium. Calcium is thought 

to bind to members of the fusion regulatory proteins synaptogamin that functionally repressors the 

fusion inhibitory protein complexin. Both complexin and synaptogamin interact as well as several 

other regulatory proteins interact with the core fusion machinery composed of the Q- or t-SNARE 

proteins syntaxin 1 and SNAP25 in the plasmamembrane that assembles with the R- or v-SNARE 
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protein VAMP2 in insulin granules. In this chapter we will review the current progress of insulin 

granule biogenesis, sorting, trafficking, exocytosis and signaling pathways that comprise the 

molecular basis of glucose-dependent insulin secretion.

I. Introduction

In the postprandial state, a variety of nutritional factors in circulation including amino acids, 

fatty acids and glucose serve as insulin secretagogues resulting in the release of insulin that 

initiates signaling cascades responsible for the suppression hepatic glucose output, increased 

macromolecular synthesis (glycogen and triglycerides) and stimulation of peripheral tissue 

(skeletal muscle and adipose tissue) uptake of glucose. In addition, signals in the 

gastrointestinal track stimulate the release of gut hormones (incretins) in particular 

glucagon-like peptide-1 (GLP-1) that markedly potentiates glucose-stimulated insulin 

secretion (Holst, 2007). Defects in the actions of insulin result in a physiologic state of 

insulin resistance in which relatively higher concentrations of insulin are required to 

maintain normal glucose homeostasis. However, type II diabetes only ensures when cell 

insulin secretory properties becomes abnormal and/or the levels of secreted insulin are 

insufficient to compensate for the increase demand. The dysfunction of insulin secretion and 

associated hyperglycemia ultimately leads to microand macrovascular damage, causing 

long-term complications including neuropathy, nephropathy, retinopathy and cardiovascular 

disease that significantly affects quality of life and reduces life expectancy.

As insulin secretion is a unique property of pancreatic beta cells in the Islets of Langerhans, 

considerable effort has been applied to understand the biology of this cell type. The pancreas 

is composed of both an exocrine component (responsible for the release of digestive 

enzymes into the gastrointestinal lumen), and a much smaller endocrine component 

composed of the islets that are responsible for the regulated release of a variety of hormones 

into the circulation. Central component of the islet are the insulin secreting beta cells 

surrounded by a smaller amount of alpha cells (glucagon), delta cells (somatastatin), PP cells 

(pancreatic polypeptide) (Weir and Bonner-Weir, 1990) and perhaps Ghrelin secreting cells 

(Volante et al., 2002; Wierup et al., 2002). These cells release these hormones into the 

portal circulation and following first pass through the liver enter into the systemic 

circulation. Of all these cell types, the insulin secreting beta cells have been the primary 

focus of research effort, in part due to the severity of Type 1 diabetes in which cellular 

autoimmunity results in the destruction of beta cells and the loss of insulin secretion. In 

addition, Type 2 diabetes typically initiates with peripheral insulin resistance that continues 

to increase in severity but only progresses to the diabetic state when beta cells are no longer 

able to compensate for the worsening insulin resistance.

Cumulative studies on insulin secretion have defined several of the basic mechanisms 

responsible for insulin biogenesis and processing, dense-core granule formation, 

intracellular sorting and signaling pathways mediating the trafficking and fusion of insulin 

granules with the plasma membrane. Although this framework has provided significant 

insight into these processes, there are numerous areas of these signals and molecular 

pathways that remain to be studied. More importantly, many of the pathophysiological 
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alterations in the coupling between different signaling pathways mediating insulin granule 

release remain at the forefront of our understanding of beta cell dysfunction that is leading 

cause of beta cell failure and hence Type II diabetes. In this chapter, we will attempt to 

review the current progress and our understanding of insulin granule biogenesis, sorting, 

trafficking and fusion with the plasma membrane resulting in insulin secretion and the 

mechanisms by which these events are controlled through intracellular signaling and 

metabolic pathways.

II. Section I

A. Insulin granule biogenesis (Fig. 16.1)

Insulin is initially synthesized as preproinsulin on the rough endoplasmic reticulum (RER) 

and during co-translational insertion into the lumen is converted to proinsulin by removal of 

the amino terminal signal sequence (Dodson and Steiner, 1998). The initiation of specific 

proinsulin sorting probably occurs in RER (Balch et al., 1994; Tooze et al., 1989) as many 

cargo proteins are concentrated during export from the endoplasmic reticulum (Balch et al., 

1994). In addition, zinc and calcium may become packaged with proinsulin in RER lumen 

en route to the Golgi (Howell et al., 1978). However, the major sorting and packaging 

events appear to occur in Trans-Golgi Network (TGN).

B. Proinsulin TGN sorting

In the TGN cargo molecules destined for constitutive (unregulated secretion) are packaged 

into small transport vesicles that either directly traffic to and fuse with the plasma membrane 

or alternatively enters the constitutively recycling endosome system and thereby traffic to 

the plasma membrane. These constitutive endomembrane trafficking pathways allow for 

rapid movement of membrane phospholipids, integral membrane and secreted proteins from 

TGN to plasma membrane (Farquhar and Palade, 1981; Kelly, 1985; Palade, 1975). For 

example, the plasma form of alkaline phosphatase (SEAP) is release in a constitutive 

manner, and is restricted away from the regulated secretory pathway in beta cells (Molinete 

et al., 2000b).

In contrast, the regulated secretory pathway involves the concentration and packaging of 

proinsulin into immature secretory granules, a process termed sorting for entry. The sorting 

and packaging of proinsulin into immature granule is very dynamic and highly efficient 

process with the vast majority (over 99%) of proinsulin molecules being correctly sorted to 

compartments that will directly generate dense-core glucose-stimulated secretory granules 

(Rhodes and Halban, 1987). Although the exact mechanism of proinsulin sorting in TGN is 

far from clear, it is thought to occur through interactions between elements of TGN 

membrane and specific features of the proinsulin molecule. Early studies suggested the 

presence of a TGN sorting receptor that bound to specific subtypes of cargo proteins 

allowing for a selective TGN membrane domain that would develop a clatherin coat (Halban 

and Irminger, 1994; Orci, 1982). The first identified “sorting receptor” was a 25kD Golgi 

protein but subsequent studies demonstrated that this was not a specific cargo recognizing 

receptor (Chung et al., 1989; Irminger et al., 1997; Thiele et al., 1997). More recently, 

carboxypeptidase E (CPE), a prohormone converting enzyme, was suggested to have dual 
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function, both as processing enzyme as well as the sorting receptor in all endocrine cells 

(Cawley et al., 2003; Dhanvantari et al., 2003). However, CPE loss of function failed to 

impair proinsulin targeting to the regulated pathway (Natori and Huttner, 1996) and is now 

thought to serve as a chaperone in the sorting of several prohormones (Kim et al., 2001). 

Since no specific TGN sorting receptor has been identified, several interesting alternative 

models have emerged, such as the self-organization of TGN luminal and membrane lipids. 

In this model, proteins in the lumen of the TGN aggregate in a mildly acidic, high Ca2+ 

concentration environment, and the aggregated proteins directly interact with lipid 

membrane cholesterol, which in turn leads to reorganization of cholesetrol-rich 

microdomains. The subsequent budding of these cholesterol-rich micro-domains provides 

the nascent characteristic of immature secretory granules that are destined to enter the 

regulated secretory pathway.

At present the hunt for specific sorting receptor/mechanisms remains an ongoing effort, 

however significant progress has been made in the identification of specific features of 

prohormones that are responsible for secretory pathway trafficking. For example, expression 

of mutants of the proinsulin at residues 16 (Leu) and 17 (Glu) of A-chain and 13 (Glu) and 

17 (Leu) of B-chain results in proinsulin default to the constitutive pathway in AtT20 or 

Neuro2a cells (Molinete et al., 2000a). This result suggests that these regions may serve as 

“sorting domains.” Other studies suggested that the sorting domains are located in the 

insulin B-chain of proinsulin via comparison of various prohormone sequences and 

molecular modeling techniques (Gorr and Darling, 1995; Kizer and Tropsha, 1991). 

However, most of these studies did not employ primary β cell or cultured β cell lines, and 

thus may not necessarily represent the sorting process of proinsulin from TGN to immature 

granules in β cells in vivo. Nevertheless, the current consensus is that proinsulin and other 

secretory granule proteins have specific sorting information for entry into the secretory 

granules in TGN.

C. Granule maturation

Although the TGN plays an important role in defining the targeting of proinsulin away from 

the large amount of bulk flow proteins thereby increasing proinsulin trafficking efficiency 

(sorting for entry), the immature secretory granule itself probably serves as a critical 

secondary decision point through the mechanisms termed sorting for exit and sorting by 

retention (Arvan and Castle, 1992, 1998; Arvan and Halban, 2004). As described above, 

proinsulin is initially packaged in the immature granules emanating from the TGN. 

Subsequent granule maturation can be divided into three steps: (i) acidification of the 

granule lumen, (ii) conversion of proinsulin to insulin and C-peptide through proteolysis by 

endoproteases PC1/3 and PC2, followed by trimming of the carboxyl termini 

carboxypeptidase E, and (iii) loss of the coat protein clatherin (Orci, 1982; Orci et al., 1985, 

1986). Several studies have shown that mildly acidic immature granule become more acidic 

as the granule mature (Orci, 1985; Orci et al., 1986). The granule luminal ATP-dependent 

proton pump serves to produce the acidification of the granule milieu that facilitates the 

conversion of proinsulin to insulin since both convert enzymes (endoproteases PC1/3 and 

PC2) display an acidic pH optimum (Davidson et al., 1988). The requirement for initial 

granule acidification was demonstrated by the pharmacological inhibition of the luminal 
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ATP-dependent pump resulting in an elevation of intra-granular pH and inhibition of 

proinsulin conversion to insulin (Rhodes et al., 1987). These data are also consistent with 

proinsulin being initially packaged into immature granule where the conversion to insulin 

occurs and that these processing events do not occur in the TGN (Huang and Arvan, 1994; 

Rhodes and Halban, 1987).

Insulin secretory granules exist as large dense-core structures that are easily discernible by 

electron microscopic as an electron dense interior surrounded by a clear region in a 300–

350nm intracellular membrane delineated compartment (Greider et al., 1969; Lange, 1974). 

The insulin dense-core structures are generated by a calcium and zinc-dependent 

condensation process (Hill et al., 1991). During the secretory granule maturation, proinsulin 

converts to insulin by excision of the C-peptide through proteolysis by endoproteases PC1/3 

and PC2, followed by trimming C-terminal by carboxypeptidase E. The conversion of 

(Zn2+)2(Ca2+)(Proinsulin)6 to (Zn2+)2(Ca2+)(Insulin)6 significantly decreases the solubility 

of the hexamer leading to crystallization within the lumen of the granule and formation of 

the dense-core granule (Dunn, 2005).

Several investigators initially suggested that the concentration of insulin initiates during exit 

from the endoplasmic reticulum and continues as part of the TGN sorting into immature 

secretory granules (Bauerfeind and Huttner, 1993; Chanat and Huttner, 1991; Sossin et al., 

1990; Tooze and Huttner, 1990). More recently, significant evidence has accumulated that 

the condensation reaction occurs within the secretory granule, rather than in TGN (for 

review, see Arvan and Castle (1992)). This was based both upon the presence of the 

prohormone convertase, Zinc transporter and ATP pump being present in insulin secretory 

granules (Arias et al., 2000; Chimienti et al., 2006; Rhodes et al., 1987). Moreover, 

proinsulin has very poor avidity to form hexamers and a mutation of proinsulin that is 

defective for hexamerization tends to associate with constitutively secretory pathway 

(Carroll et al., 1988; Gross et al., 1989; Kuliawat et al., 2000). On the other hand, other 

investigators observed that the same mutant was efficiently sorted to secretory granules and 

was retained in this compartment similar to that of fully processed insulin (Halban and 

Irminger, 2003). In this regard, guinea-pig insulin does not crystallize but these animals 

display relatively normal insulin secretion with an appropriate number and concentration of 

beta cell insulin granules (Arvan and Halban, 2004). Whether or not insulin condensation 

per se is a necessary sorting reaction, insulin granule biogenesis appears to require signals 

for both sorting by entry at the TGN and subsequent sorting for exit and sorting by retention 

in the post-TGN immature granules.

This latter process has been demonstrated for several immature granule proteins but is most 

clearly exemplified by proinsulin packaging into clathrin coated compartments during TGN 

exit, which is regulated via the AP-1 complex, and the ADP-ribosylation factor Arf-1 (Dittie 

et al., 1996). Arf-1 is a small GTP binding protein that undergoes successive rounds of GTP 

binding and GTP hydrolysis to GDP. In the GTP bound state, Arf-1 is in an active 

conformation and interacts with effectors. However, in the GDP bound state the affinity of 

Arf-1 for effectors is markedly reduced resulting a dissociation of these interactions 

(Randazzo and Kahn, 1994).
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As indicated above, the immature insulin granules function as a sorting compartment that 

during the maturation process in which proinsulin is converted to insulin there is a 

concomitant decrease in clathrin association (Orci et al., 1985, 1986, 1987; Steiner et al., 

1987). Insulin and other insoluble granules components are retained within the granule while 

other non-selective soluble proteins and granule membrane components bud from the 

immature granule as clathrin-coated transport vesicles. This “sorting for exit” process 

removes the undesirable components from secretory granules thereby resulting in the 

maturation of the immature granules to mature granules (Feng and Arvan, 2003). It should 

be noted that although this post-granular constitutive-like retrieval pathway is generally 

accepted for insulin granule maturation, it remains controversial in other systems.

III. Section II

A. Insulin granule trafficking

It is generally accepted that there are at least two populations of insulin secretory granules, 

the readily releasable pool (RRP) that is responsible for the initial (first phase) insulin 

secretion and a second reserve pool that is responsible for a more prolonged (second phase) 

insulin secretion (Bratanova-Tochkova et al., 2002; Rorsman and Renstrom, 2003; Rutter, 

2001; Straub and Sharp, 2002). The readily releasable granule pool is apparently pre-docked 

at the cell surface membrane in a complex with SNARE and calcium-regulated proteins that 

allow for the rapid calcium-dependent fusion of primed insulin granules with the plasma 

membrane (Daniel et al., 1999). Following this initial rapid first phase of calcium-dependent 

insulin secretion (1–5 min), a more prolonged (5–60 min) second phase insulin secretion 

results from the recruitment of reserve granule populations to the same release sites. 

Although the signaling events and fusion mechanisms have been intensively studied, there 

remain several unanswered questions with regard to the exact regulatory proteins and 

specific fusion reactions that define first and second phase secretion.

1. Metabolic signaling pathway leads to insulin secretion (Fig. 16.2)—The β 

cells coupled insulin secretion to nutrient availability through various pathways leading to 

calcium mobilization and activation of cAMP-dependent signaling cascades. Although beta 

cells are highly sensitive to fatty acid, amino acids and muscarinic agonists, glucose has 

been the most intensively studied metabolite trigger as dysregulation in plasma glucose 

levels is the hallmark of impaired glucose tolerance (insulin resistance) and the subsequent 

development of Type 2 Diabetes Mellitus.

The postprandial rise in plasma glucose levels results in increase flux of glucose into β cells 

via high capacity, low affinity glucose transporter 2 (GLUT2) isoform present in the plasma 

membrane (Thorens, 1992). The kinetic properties of GLUT2 are such that rate of glucose 

uptake is proportional to the physiologic rise in glucose concentration (Newgard and 

McGarry, 1995). The essential nature of GLUT2 was demonstrated in GLUT2 null mice that 

fail to sense ambient glucose concentration but also display defects in pancreatic β cell 

development (Guillam et al., 1997). Following plasma membrane transport, the cytosolic 

glucose is converted to glucose-6-phophate by the high KM glucokinase (hexokinase IV), 

which is the rate-limiting step in glycolysis (De Vos et al., 1995; Iynedjian, 1993; Newgard 

and McGarry, 1995). The importance of glucokinase as the “glucose sensor” (Matschinsky, 
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1990) in insulin secretion has been documented by the finding that the patients with a 

variety of mutations in glucokinase gene result in impaired insulin secretion and develop a 

genetic syndrome termed MODY for maturity onset diabetes of the young (Fajans et al., 

2001). The production of glucose-6-phosphate drives an increase in energy production via 

glycolysis and carbohydrate oxidation most notably through an increase in the cytosolic 

ATP/ADP ratio (Rorsman et al., 2000). In the pancreatic β cells, ATP-sensitive K+ (KATP) 

channels set the membrane potential and closure of these channels results in depolarization 

that in turn opens voltage-dependent Ca2+ channels (VDCCs) resulting in Ca2+ influx. 

Insulin secretion is directly triggered through Ca2+ dependent insulin granule fusion with the 

plasma membrane as discussed below. However, the subsequent of opening of voltage-

dependent K+ channels limits Ca2+ influx and therefore terminates insulin secretion.

In 1995 the β cell KATP channel along with its regulatory sulphonylurea receptor (SUR) 

subunits were first cloned from insulinoma cells (Aguilar-Bryan et al., 1995; Inagaki et al., 

1992; Sakura et al., 1995). There are four pore forming inward-rectifier K+ channel subunits 

(Kir6.2 in β cell) and four regulatory SUR subunits (Aguilar-Bryan and Bryan, 1999; 

Ashfield et al., 1999). In the basal state, KATP has a high tendency to open and cause K+ 

efflux that maintains the membrane potential close to –70mV (Atwater et al., 1979; Dukes 

and Philipson, 1996). Several modulators are thought to regulate KATP channels and in 

particular the Kir6.2 subunit is inhibited by ATP (John et al., 1998; Mikhailov et al., 1998; 

Tucker et al., 1997) and mutation of the Kir6.2 subunit reverse the effect of ATP on KATP 

channel closure. Anti-diabetic sulphonylurea drugs have the similar property to induce the 

closure of the KATP channel but this class of drugs interact with SUR1 regulatory subunit (a 

member of the ATP-binding cassette super-family) to induce cellular depolarization 

(Aguilar-Bryan et al., 1995; Ashfield et al., 1999; Philipson and Steiner, 1995). 

Interestingly, the SUR1 subunit can bind to both ATP and MgADP, and binding of MgADP 

may stabilize the KATP channel in the open state. Since MgADP can be displaced when the 

ratio of ATP to ADP increase this allows the Kir6.2 subunit to display ATP inhibition 

(Reimann et al., 2000). In addition to adenine nucleotides, other metabolic products may 

also modulate KATP channels independent of ATP (Ainscow et al., 2002). For example, 

lipid-derived products such as long chain-coenzyme A derivatives activate mouse and 

human KATP channels and hyperpolarize β cell thereby reducing insulin secretion 

(Branstrom et al., 1997, 2004).

In any case, the closure of ATP-sensitive K+ channels results in cellular depolarization that 

activates L-type VDCCs resulting the influx of extracellular Ca+2 (Horvath et al., 1998; 

Keahey et al., 1989; Ligon et al., 1998). The requirement for extracellular Ca+2 influx for 

insulin secretion has been well documented by numerous investigators and includes the use 

of Ca+2 ionophores to induce secretion, blockade of secretion by removal of extracellular 

Ca+2 (Ashby and Speake, 1975; Eddlestone et al., 1995) and directed monitor of cytosolic 

free Ca2+ (Prentki and Wollheim, 1984). Moreover, membrane depolarization by 

electrophysiologic methods and KCl induced depolarization simulates whereas inhibition of 

L-type VDCC function inhibits β cell insulin secretion (Giugliano et al., 1980). These data 

demonstrate L-type Ca2+ channels are required effectors for glucose-stimulated insulin 

secretion. In addition, influx of extracellular Ca2+ as well as other secretagogues 
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acetylcholine and cholecystokinin can potentiate insulin secretion through the release of 

intracellular Ca2+ stores and activation of protein kinase C (Graves and Hinkle, 2003; 

Zawalich et al., 1989).

Although the established linked between ATP/ADP ratio as the initiating event resulting in β 

cell depolarization and Ca2+ mediated insulin secretion has been well documented, the 

metabolic pathway that generates the ATP responsible for this process has remained 

unresolved. The first step in glucose metabolism is the generation of glucose-6-phosphate 

that consumes one mole ATP and the conversion of fructose-6-phosphate to fructose-1,6-

bisphosphate consumes another. However, ATP is generated at other steps during the 

glycolytic process that generates pyruvate, which is transported into the mitochondria to 

drive the tricarboxylic acid (TCA) cycle. Recent studies using stable isotope (13C NMR) 

flux analysis, the recycling of pyruvate across the mitochondrial inner membrane was found 

to directly correlate with glucose-stimulated insulin secretion (Lu et al., 2002). However, 

previous studies showed that inhibition of pyruvate transport into the mitochondria or 

reduction in TCA cycling did not prevent glucose-stimulated insulin secretion (Hildyard et 

al., 2005; MacDonald et al., 2005; Mertz et al., 1996; Zawalich and Zawalich, 1997). 

Taking together, these data suggest that ATP levels generated by the TCA cycle probably 

does not contribute to glucose-dependent insulin secretion.

Alternatively, NADH enters the mitochondria via two shuttles (glycerol–phosphate and 

malate–aspartate shuttles) to produce ATP (Eto et al., 1999; Hedeskov et al., 1987; Malaisse 

et al., 1979; Pralong et al., 1990). Compared to most other mammalian cells, in β cells 

display high activities of the glycerol–phosphate shuttle and mitochondrial glycerol–

phosphate dehydrogenase (mGPDH) suggesting an important role for NADH in β cell 

function (MacDonald et al., 1990). However, inhibition of either shuttle independently fails 

to inhibit insulin-secretion whereas genetic ablation of both shuttles, completely abolished 

insulin secretion (Eto et al., 1999). In addition, NADPH is another high energy intermediate 

in glucose metabolism and high ratios of NADPH to NADH appears to follow secretagogue-

stimulated secretion (Ashcroft and Christie, 1979; Hedeskov et al., 1987). Moreover, 

inhibition of NADPH production was found to decrease insulin secretion (Ammon and 

Steinke, 1972a,b; MacDonald et al., 1974). Since mitochondrial oxidative metabolism 

generates nearly 98% of β cell ATP, it is likely that NADH and NADPH generated 

mitochondrial-derived ATP provides the critical regulation of β cell KATP channels (Dukes 

et al., 1994; Jensen et al., 2006; Ohta et al., 1992).

2. The role of incretin hormones on insulin secretion—In addition to direct 

activators of insulin secretion, over the past several years a family of gut-derived regulatory 

hormones has been shown to function as regulators of insulin secretion. After absorption of 

nutrients, particularly glucose, the intestine endocrine L cells secrete gluco-incretin 

hormones. GLP-1 and glucose-dependent insulinotropic peptide (GIP, also known as gastric 

inhibitory polypeptide) are the two main incretin hormones that have been intensively 

investigated (Drucker et al., 1987; Meier et al., 2002a,b; Mojsov et al., 1987). GLP-1 is 

produced and secreted in the intestinal L cells by the prohormone convertase PC1/3 

mediated posttranslational procession of proglucagon (Dhanvantari et al., 2001). In human, 

the major biological form of GLP-1 is the GLP-1 (7–36) amide form, another bioactive 
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GLP-1 (7–37) form is also present but at much lower levels. GLP-1 is coupled to a specific 

G-protein coupled receptor and when activated increases adenylyl cyclase activity and 

subsequent activation of the cAMP-dependent second messengers pathways such as PKA 

and EPAC. The acute effect of GLP-1 is to enhance glucose-stimulated insulin secretion and 

accounts for increase in insulin secretion observed between an oral glucose tolerance test 

and an intraperitoneal glucose tolerance test. However, GLP-1 also displays long-term 

effects to promote insulin synthesis, β cell proliferation and neogenesis (Stoffers, 2004). 

Naturally occurring GLP-1 receptor agonist, exendin-4, now being used to treat type 2 

diabetes and significantly improves glucose tolerance, first and second phase insulin 

secretion along with weight loss (Doyle and Egan, 2007). Physiologically, GLP-1 has a very 

short half-life in the plasma being inactivated by dipepti-dylpeptidase-IV (DDP-IV, also 

known as CD26) proteolytic cleavage (Hansen et al., 1999). This enzyme presents in blood 

stream and cell membrane and cleaves GLP-1 (7–36) to the inactive form GLP-1(9–36) 

(Hansen et al., 1999).

IV. Section III

A. Granule fusion

1. SNARE-dependent fusion—Many models have been proposed to elucidate the 

mechanism of regulated secretory granule exocytosis. It is now well established that SNARE 

proteins are the minimal machinery required for in vivo membrane fusion (Leabu, 2006). 

SNARE proteins belong to a superfamily consisting of over 35 proteins that share a common 

structural SNARE domain (Weimbs et al., 1997). Based upon structural considerations 

required for the formation of the fusogenic SNAREpin complex, the SNARE proteins have 

been further classified into R-SNAREs and Q-SNAREs depending on whether the central 

amino acid in the SNARE domain is an arginine (R-SNARE) or a glutamine (Q-SNARE) 

residue, respectively (Bock et al., 2001). The subset of SNARE proteins required for plasma 

membrane fusion in a variety of cell types is restricted to the Q-SNAREs, syntaxin 1–4, 

SNAP25, SNAP23, and the R-SNAREs (VAMP1–3). Specific interaction between a vesicle-

SNARE with the cognate target-SNARE leads to the formation of a SNAREpin complex in 

which four SNARE motifs assemble into a twisted parallel four-helical bundle (Hong, 

2005). It is this helical structure that catalyzes the fusion of vesicles with their target 

compartments.

In the case of insulin release, several studies have established that the t-SNARE proteins 

syntaxin 1 (Stx1) and SNAP25 are plasma membrane localized whereas the v-SNARE 

protein VAMP2 is associated with insulin secretory granules. The functional role for this 

core SNARE complex is essential for insulin secretion based upon the use of various 

proteolytic neurotoxins and expression of dominant-interfering and protease resistant 

mutants (Boyd et al., 1995; Gonelle-Gispert et al., 1999, 2000; Huang et al., 1998; Regazzi 

et al., 1995, 1996; Sadoul et al., 1995, 1997; Wheeler et al., 1996). However, although the 

SNARE proteins forms the catalytic entity required for membrane fusion they are not 

sufficient to account for rapid Ca2+ dependent exocytosis in most secretory cells. Thus, in 

addition to this core SNARE complex, several accessory proteins have also been implicated 

in the regulation of the granule docking/priming/fusion process. Synaptotagmin is currently 
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the most favorite candidate Ca2+-sensor in synaptic vesicle fusion (Chapman, 2002; Shin et 

al., 2002; Sugita et al., 2002). Synaptotagmin also comprise a very large group of proteins 

with most of the family members containing two Ca2+ binding sites, termed C2A and C2B. 

Synaptotagmin I and II are essential for synaptic vesicle exocytosis but do not appear 

responsible for releasing of large dense-core vesicles (Sugita et al., 2002). In β cells, the 

Ca2+/phospholipid binding proteins synaptotagmin III, IV, V, VII and VIII and syncollin are 

insulin granule membrane proteins that have been suggested to be responsible for mediating 

calcium-dependent secretion. Syncollin has been shown to interact with syntaxin 1 and to 

dissociate in the presence of physiologic concentrations of calcium that induce membrane 

fusion (Edwardson et al., 1997). Over expression of syncollin in isolated islets inhibits 

glucose-stimulated insulin secretion, however, there are no direct data demonstrating a 

secretagogue-dependent dissociation of syncollin from Stx1 or an increase in VAMP2 

association in β cells (Hays et al., 2005; Li et al., 2005). On the other hand, over expression 

of synaptotagmin III and/or VII increases calcium-mediated insulin secretion whereas 

blocking antibodies to both synaptotagmin I and II also inhibit calcium-stimulated 

exocytosis (Gao et al., 2000; Lang et al., 1997). Synaptotagmin peptide inhibitory 

experiments have suggested that its isoforms, V, VII and VIII may mediate calcium-

regulation of exocytosis whereas siRNA mediated gene silencing indicate that V and IX are 

responsible (Gut et al., 2001; Iezzi et al., 2004). In addition, synaptotagmin I deficient mice 

display a prolonged delay and slowed calcium-dependent fusion of large dense-core 

granules in chromaffin cells (Voets et al., 2001a). Thus, it remains unclear whether a single 

specific synaptotagmin isoforms is required or that these calcium sensors function in 

combinatorial manner.

Biochemical and cell biological studies have developed a model for calcium stimulated 

membrane fusion of primed vesicles assembled at the plasma membrane. Recent studies 

have indicated that the Q- and R-SNAREs are partially zippered but are prevented from 

fully assembling into the four-α-helical bundle due to the presence of another protein, 

termed complexin (Pobbati et al., 2004). Thus complexin appears to function as a repressor 

of fusion by pausing complete SNAREpin formation. Calcium binding to synaptotagmin 

blocks the inhibitory function of complexin and thereby allows fusion to rapidly proceed 

(Tang et al., 2006). Consistent with this model, complexin I and II are both expressed in β 

cells and siRNA-mediated gene silencing of complexin has been found to inhibit 

depolarization-stimulated (calcium) mediated insulin secretion (Abderrahmani et al., 2004).

In addition to the potential roles of syncollin, synaptotagmin and complexin as part of the 

calcium fusion sensor, the voltage-sensitive N- and L-subtype calcium channels directly 

bind several SNARE proteins. For example, the N-type channels associates with SNAP25 

and syntaxin 1 and expression of the interacting domain of the channel inhibited calcium-

dependent secretion (Wiser et al., 1999b). Similarly, in pancreatic β cells the L-subtype 

calcium channel (primarily Ca(V)1.2) can physically associate with syntaxin, synaptotagmin 

and SNAP25 (Bokvist et al., 1995; Trus et al., 2001; Wiser et al., 1999b; Yang et al., 1999). 

Interestingly, syntaxin binding appears to modulate the channel kinetics and injection of the 

channel peptide responsible for SNARE interaction inhibits insulin secretion in response to 

channel opening but does not alter calcium current properties or the release of insulin in 
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response to photolysis of caged calcium. These data suggest that the calcium channel is part 

of the fusion machinery directly coupling spatially localized calcium influx to the rapidly 

releasable granule pool. Similarly the voltage sensitive potassium channel Kv2.1 can also 

interact with syntaxin 1 (Leung et al., 2003, 2005).

Although not directly part of the calcium regulated secretory process, the syntaxin binding 

protein Munc18a (n-sec1) plays a critical modulatory role (both positive and negative) in the 

granule docking/fusion process. In multiple systems, over expression of Munc18 proteins 

has a marked inhibitory effects to reduce vesicle exocytosis (Houng et al., 2003; Khan et al., 

2001; Pevsner et al., 1994b; Schulze et al., 1994; Thurmond et al., 1998, 2000; Verhage et 

al., 2000; Yang et al., 2000; Zhang et al., 2000). These data suggest that Munc18 is a 

negative regulator of syntaxin function and is consistent with the ability of Munc18 to 

compete for SNAP25 and VAMP2 binding to syntaxin (Araki et al., 1997; Dulubova et al., 

2003; Perez-Branguli et al., 2002; Pevsner et al., 1994a; Tamori et al., 1998; Tellam et al., 

1997). In addition, structural analysis has revealed that Munc18a maintains syntaxin 1 in a 

closed conformational state that is inaccessible for SNAP25 and VAMP binding (Bracher 

and Weissenhorn, 2001; Dulubova et al., 1999; Misura et al., 2000; Yang et al., 2000). 

Thus, it has been postulated that Munc18a must dissociate and/or undergo a conformational 

change to allow for the conversion of syntaxin to the open state required for SNAP25 and 

subsequently VAMP2 binding. Although several studies have suggested that the Munc18 

proteins undergo serine/threonine phosphorylation by PKC and Cdk5 these modifications 

occur very slowly and kinetically cannot account for the initial steps of granule release 

(Barclay et al., 2003; de Vries et al., 2002; Lilja et al., 2004). Moreover, neither a 

dissociation nor conformational state change of Munc18a has yet to be detected within the 

time frame necessary to promote exocytosis.

On the other hand, there is also strong evidence that Munc18a plays a necessary positive 

role in vesicle membrane exocytosis. For example, using in vitro fusion assays, Munc18 was 

recently shown to accelerate the rate of SNARE-dependent membrane fusion suggesting a 

positive fusogenic role (Shen et al., 2007; Tareste et al., 2008). Loss of function of Munc18 

homologues in yeast, flies and mice completely abrogates the vesicle secretory process 

(Harrison et al., 1994; Novick et al., 1980; Verhage et al., 2000; Voets et al., 2001b). 

Although homozygotic Munc18a knockout mice have apparently normal neural 

development they die at birth and are nearly completely devoid of synaptic transmission 

(Verhage et al., 2000). Similarly, disruption of the Munc18 interaction with syntaxin 

through the use of blocking peptides also prevents vesicle fusion events (Dresbach et al., 

1998; Thurmond et al., 2000). These data suggest that the Munc18a protein has multiple 

functions displaying very complex but distinct properties probably in different stages of 

docking, priming and fusion process. In this regard, studies in Munc18a null chromaffin 

cells have observed the expected inhibition of calcium-dependent exocytosis with a 

reduction in the number of docked vesicles. Surprisingly however, the kinetics of the 

residual release as well as single fusion events was not different from control cells (Voets et 

al., 2001b). One interpretation of these data is that the relative level of expression of 

Munc18a is responsible for the docking of secretory vesicles and conversion from the 

docked to the primed (readily releasable state) but is not involved in the fusion process per 
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se. Thus, Munc18a probably is required for the docking of secretory vesicles (positive role) 

and in its absence the number of docked vesicles is decreased, hence there is decreased 

secretion. In contrast, over expression would increase the number of docked vesicles but 

would prevent vesicle priming (formation of the high affinity four helix bundle between 

syntaxin/SNAP25 and VAMP2), hence reduced secretion. Consistent with this 

interpretation, Munc18a is expressed in islet cells and also appears to serve as a negative 

regulator of insulin secretion when over expressed (Zhang et al., 2000). Moreover, Munc18 

is decreased along with SNAP25 in islets with impaired insulin secretion from GK rats, a 

non-obese model of NIDDM (Zhang et al., 2002).

2. Fusion pore opening—There are three general fusion processes that have been 

proposed. The first is a complete fusion of the granule membrane with the plasma membrane 

that results in the emptying of the granule contents and complete mixing of the granule 

membrane contents (membrane proteins and lipids) with the plasma membrane. The second 

is a kiss and run type mechanisms in which transient pores open between the granule 

membrane and the plasma membrane allowing for the partial or full release of the granule 

contents followed by a closure of the membrane fusion pore. A subset of the kiss and run 

model is a process termed cavicapture in which only selective component of the granule 

membrane and perhaps granule content undergo exocytosis before the membrane fusion 

pore closes.

Several approaches have been developed to examine granule fusion and insulin release from 

pancreatic β cells. Early studies took advantage of cell surface membrane capacitance 

measurements to examine granule fusion events. Membrane capacitance is proportional to 

the surface area and therefore an increase in membrane capacitance reflects and increases in 

the insertion of a granule membrane (Neher, 1998; Neher and Marty, 1982). Since insulin 

granules are significantly larger (~300–400nm diameter) compared to small transport 

vesicles (~50 nm diameter) changes in membrane capacitance is sufficiently sensitive to 

detect single fusion events. These types of analyses demonstrated increases in steady state in 

β cell membrane capacitance that occurred in a step wise fashion (quantal) suggesting each 

insulin granule undergoes a full fusion with the plasma membrane (Ma et al., 2004; Orci et 

al., 1973; Takahashi et al., 2002). Although membrane capacitance is a very powerful and 

informative tool, it does not distinguish the dynamic interaction between exocytosis and 

endocytosis but only the change in the steady state membrane surface area. Furthermore it 

does not discriminate between which membranes are undergoing fusion/ endocytosis with 

the plasma membrane or whether there is an actual release of cargo contents.

To address this latter issue, carbon fiber amperometry provides a direct way to monitor the 

exocytosis of granule contents following membrane fusion. This technique delivers high 

voltage that causes oxidation of released substance that generates a current spike and has 

been successfully used for numerous types of exocytosis events including insulin (Huang et 

al., 1995). Carbon fiber amperometry studies have indicated that a single secretory granule 

in a human β cell contains 1.7amol of insulin, equal to 118mmol/l of intra-granular insulin. 

These studies also demonstrated that pH gradient between the granule lumen and 

extracelluar fluid is required for insulin release and the dissociation of the Zn-insulin 

complex limits the rate of hormone release (Aspinwall et al., 1997). As with membrane 
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capacitance measurements, carbon fiber amperometry is a very sensitive measurement of 

quantal release events. However, this approach only measures content release and does 

provide information with regard to the mechanism of membrane fusion itself.

More recent advances in fluorescent microscopy have allowed use of various fluorescently 

tagged reporter proteins to examine the dynamics of membrane fusion. In particular, 

confocal fluorescent microscopy and total internal reflectance fluorescent (TIRF) 

microscopy has markedly increased the sensitivity and spatial resolution so that time-lapse 

visualization can be routinely performed (Ohara-Imaizumi et al., 2002; Steyer et al., 1997). 

These techniques have primarily utilized chimeric reporter proteins that are fused with 

various colored fluorescent protein tags, such as green fluorescent protein (GFP), red 

fluorescent protein (RFP), cyan fluorescent protein (CFP). Although these approaches allow 

for dynamic visualization, the spatial resolution remains limited to the wavelength of visible 

light (~220nm) and the introduction of the relatively large fluorescent reporter protein may 

in of itself alter the properties of the trafficking and fusion events observed.

Several studies have reported that individual insulin granules independently form a plasma 

membrane fusion and release their intralumenal cargo followed by the flattening and mixing 

of the membrane components with the plasma membrane (Takahashi et al., 2002, 2004). In 

this regard, others have suggested that the release of the insulin-containing dense-core 

granule occurs en mass consistent with the formation of a plasma membrane pore that fully 

expands to encompass the granule membrane proteins and lipids (Ma et al., 2004; Orci et 

al., 1973). However, in addition to individual insulin granule fusion events, it has also been 

suggested that insulin granules secretion may occur through a compound exocytosis 

mechanism whereby already fused granules undergo additional fusion events with other 

granules, termed sequential exocytosis (Bokvist et al., 2000; Leung et al., 2002; Orci and 

Malaisse, 1980). These classic models of exocytosis involves complete fusion of the 

vesicular and plasma membranes, followed by retrieval of membrane at a different site 

(Ohara-Imaizumi et al., 2002).

However, other studies have suggested that a transient fusion pore can occur that results in 

either non-selective (kiss and run) or selective (cavicapture) release of granule contents 

(Tsuboi and Rutter, 2003; Tsuboi et al., 2004). In particular, it was reported that the insulin 

granule containing membrane protein phogrin (phosphatase-like protein on the granules of 

insulin containing cells) is not transferred to the plasma membrane following granule 

secretion (Tsuboi et al., 2004). Furthermore, using TIRF microscopy, dynamin was 

observed to frequently accumulate at the sites of β cell granule release whereas typical 

markers of clathrin-mediated endocytosis (clathrin or epsin) were generally absent from 

these release domains. This study also examined the trafficking/release of single granule 

events that appeared to be unaffected.

Further studies revealed that a neuropeptide Y-Venus fusion protein, a highly fluorescent 

and pH-insensitive variant of GFP, could also be released from vesicles without full 

membrane fusion (Nagai et al., 2002). TIRF microscopy demonstrated that the granule 

membrane remained intact at cell surface while the release of cargo proteins from the same 

pool of granules frequently occurred (Rutter and Tsuboi, 2004). In another cell type, PC12 
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(a pheochromocytoma cel line), Taraaska et al. observed the partial release of the cargo 

protein plasminogen activator (tPA), whereas phogrin again remained on the membrane of 

the same vesicle. Taking together, these findings proposed a unique mechanism, namely, 

kiss and run fusion model to elucidate insulin granule exocytosis events. The granule 

content is released via the fusion pore that transiently and reversibly opens during the 

exocytosis. In this model, the fusion pore can close even before the release of granule 

content and without mixing of the granule membrane with the plasma membrane (Galli and 

Haucke, 2001; Jarousse and Kelly, 2001). In fact, it was estimated that 90% of the release 

events occurs via a selective kiss and run mechanism with only 10% accounted for by 

complete fusion (Obermuller et al., 2005).

3. Membrane retrieval—At present it is difficult to reconcile the apparent different 

results obtained by capacitance measurements versus that observed by fluorescent 

microscopy. The increase in capacitance must necessarily occur as a result of a steady-state 

increase in membrane surface area. In contrast, a kiss and run mechanism necessarily results 

in transient fusion pore openings that will not contribute to a stable increase in membrane 

capacitance. If a kiss and run mechanism was predominantly responsible for insulin 

secretion there would not be a requirement for membrane retrieval (endocytosis) as there 

will be little contribution to an increase in membrane surface area. However, if complete 

fusion occurs the subsequent increase in plasma membrane mass must be balanced by an 

equivalent amount of membrane retrieval.

Capacitance measurement in chromaffin cells demonstrated that two kinetically distinct 

endocytosis events occur after exocytosis, one with a rapid rate (time constant 10s), which 

requires dynamin 1 binding to the endocytotic vesicles that is calcium dependent but 

independent of clathrin coats (Eliasson et al., 1996). The second is a slow endocytosis 

process (time constant 100s) that involves both clathrin and dyanmin 2 but does not require 

any change in calcium concentration (Gopel et al., 1999). The rapid endocytosis process 

appears to be more important following weak stimulation, whereas the slow type is 

responsible for intense stimulation that resulted in large exocytotic increases in membrane 

surface area. Tsuboi et al. using a DsRed-VAMP2 chimera and endocytosis with dynamin 1 

EGFP showed that only 20% of exocytotic events appear to involve in endocytosis in PC12 

cells (Tsuboi et al., 2002). However, these earlier studies did not investigate the recruitment 

of classic endocytotic pathway proteins such as clathrin and other proteins including the 

adaptor protein Epsin, which binds to adaptor protein-2 and results in formation of clathrin 

coats around vesicles (Barg et al., 2001). The interaction between the Epsin N-terminal 

domain and phosphatidylinositol-4,5-bisphosphate initiates the binding of Epsin to the 

plasma membrane that generates a signal for endocytosis (Wiser et al., 1999a). The insertion 

of Epsin into the membrane appears to cause membrane curvature (Curry et al., 1968), 

which in turn facilitates vesicle formation and recapture.

Whether or not full fusion or a kiss and run type mechanism occurs, recent studies have 

suggested a functional coupling between insulin secretion (exocytosis) and endocytosis. As 

indicated above, dynamin is a GTPase protein that is required for the severing of the plasma 

membrane invagination that are typically clathrin coated (coated pits) that will form the 

endocytotic vesicle (Hill et al., 2001). Inhibition of dynamin function results in an 
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accumulation of coated pits with elongated necks that are unable to undergo scission 

effectively blocking endocytosis (Damke et al., 1994). Expression of a dominant-interfering 

dynamin mutant or siRNA knockdown of dynamin 2 in β cells was reported to inhibit 

depolarization stimulated insulin secretion (Min et al., 2007). Interestingly, the very initial 

secretion was relatively normal whereas the remaining first and second phase secretion was 

nearly completely inhibited. Similar findings using a blocking dynamin antibody have also 

been observed catecholamine release in chromaffin cells (Elhamdani et al., 2001). These 

data suggest that secretory cells have a mechanism that couples the rate and/or extent of 

membrane exocytosis with that of endocytosis.

V. Section IV

A. Biphasic insulin secretion

The majority of studies previously described have focused on the initial insulin granule 

fusion and release process. However, there are at least two populations of insulin secretory 

granules, the RRP that is responsible for the initial (first phase) insulin secretion and a 

second reserve pool that is responsible for a more prolonged (second phase) insulin secretion 

(Bratanova-Tochkova et al., 2002; Rorsman and Renstrom, 2003; Rutter, 2001; Straub and 

Sharp, 2002). The readily releasable granule pool is apparently pre-docked at the cell surface 

complex with syntaxin 1 (Stx1), SNAP25 and VAMP2 together with one of the calcium-

regulated protein, synaptotagmin (Daniel et al., 1999). Following the initial rapid first phase 

calcium-dependent insulin secretion, second phase secretion results from the recruitment of 

the reserve granules to the same release sites that are also dependent on t- and v-SNARE 

interaction. Interestingly, a recent study has also implicated Stx4 in facilitating biphasic 

insulin secretion (Spurlin and Thurmond, 2006). The exact mechanism involved, however, is 

not well characterized and specific details of the fusion process responsible for first and 

second phase insulin secretion is far from clear.

1. Characteristic feature of insulin granule biphasic insulin secretion—The 

RRP has been estimated to account for 1–5% of the granules, that is 20–100 granules 

depending on the conditions of the experiments (Gromada et al., 1999; Renstrom et al., 

1997), which can undergo exocytosis following stimulation without any further 

modification. It is estimated that about 40 granules per beta cell that undergo exocytosis 

during the first-phase insulin secretion (Rorsman et al., 2000). Thus, the majority of the 

first-phase insulin secretion could be attributable to exocytosis of RRP granules (Rorsman et 

al., 2000). Since the first-phase insulin secretion is only transient and once RRP has been 

depleted, the reserve pool granules start to process exocytosis at a much slower rate to 

supply new granules for the second-phase insulin secretion. However, recruiting insulin 

granules from reserve pool that consists of 95–99% of total insulin granules requires a series 

of ATP, Ca2+, time, and temperature dependent reactions. This process is also referred to as 

mobilization or priming in order to obtain release competence. Moreover, the capacitance 

measurements demonstrate exocytosis of RRP granules does not require ATP hydrolysis, in 

contrast refilling the RRP pool is highly ATP dependent (Eliasson et al., 1997). 

Interestingly, activation by cAMP elevation and the incretin hormone GLP-1 facilitate 

granule mobilization and increase the size of RRP in both mouse β cells and mouse islets 

Hou et al. Page 15

Vitam Horm. Author manuscript; available in PMC 2015 February 11.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



(Eddlestone et al., 1985; Renstrom et al., 1997). The mobilization involves the interaction 

between t-SNARE and v-SNARE, the formation of SNARE complexes (Rettig and Neher, 

2002; Xu et al., 1999) and additional maturation reactions leading to an increased 

probability of release.

As mentioned above, the SNARE proteins play very important role in the granule membrane 

fusion. More importantly SNARE proteins are the security to ensure Ca2+ is restricted to the 

plasma membrane area in close contact with the secretory granules. The L-type Ca2+ 

channel (L-loop) binds to syntaxin, SNAP 25 and synaptotagmin, this in turn will secure the 

Ca2+ channel to the secretory granule. This unique arrangement will allow RRP granules 

expose to high level of Ca2+ to ensure high efficient exocytosis (Rorsman et al., 2000). 

Since the first detailed ultrastructural analysis of pancreatic β cells were published (Dean, 

1973), electron microscopy become a very powerful tool to study the functional and 

ultrastructural correlates of insulin secretion. Using electron microscope, Olofesson et al. 

reported that mouse beta cells contain 10,000 granules per cell (Olofsson et al., 2002), with 

approximately 5% of the granules pre-docked close to membrane and another 2000 granules 

located less than one granule distance from the plasma membrane. This study used very high 

extracellular K+ (depolarization) to stimulate first-phase insulin secretion in the absence of 

glucose. This increased insulin secretion is associated with 30% reduction of pre-docked 

insulin granules. Under these conditions, a second treatment with K+ failed to further 

increase insulin secretion. In contrast, following K+ depolarization glucose was still able to 

enhance insulin secretion (Olofsson et al., 2002). Data from electron microscopy revealed 

that the depletion of docked granule pool is much more than the defined RRP by capacitance 

measurements. One possibility for this discrepancy is the presence of another pool of 

granules named “nearly RRP” and these types of granules can maintain the competence of 

RRP that is responsible for repopulating the RRP in an energy (ATP) dependent process 

(Henquin et al., 2002). Thus, a current model is that following an initial burst by the RRP 

the nearly RRP granules account for the total amount quantity of insulin release during first 

phase secretion. Subsequently, second phase secretion requires the mobilization of the 

reserve pool to replenish the RRP, which requires energy (ATP) and calcium (Rorsman and 

Renstrom, 2003).

As previously indicated, the reserve pool represents more than 95% of the secretory insulin 

granules that are mobilize to and replete the RRP to maintain sustained (second phase) 

insulin release in respond to secretagogue stimulation. (Rorsman et al., 2000). Cyclic AMP 

stimulated and Ca2+ dependent insulin secretion was associated with the enhancement of 

insulin release from RRP and the acceleration of refilling of this pool from reserve pool 

(Renstrom et al., 1997). Several studies have also suggested the existence of two granule 

population including fast-moving granules and random but restrict movement granules in 

reserve pool (Ivarsson et al., 2004; Pouli et al., 1998; Varadi et al., 2003). Recent image 

analysis data examining the tracking of individual granule motions support this model and 

further indicate that the fasting-moving granules accounting for less than 10% granules are 

required to replete the RRP (Hao et al., 2005). More recently, the small GTPase RalA has 

been shown to be involved in the regulation of the RRP mobilization from the reserve pool. 

Depletion of RalA in islet and cultured INS beta cells blocked insulin secretion accompanied 
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with the reduction in the subsequent mobilization and exocytosis of the reserve pool of 

granules (Lopez et al., 2008).

In summary, we discussed the insulin biogenesis, insulin granule sorting, maturation, 

distribution, signaling pathway and exocytosis. Sorting for entry, sorting by exit and sorting 

by retention are currently proposed models to elucidate insulin granule sorting. During the 

sorting process, proinsulin is converted to insulin followed by condensation/crystallization 

while immature proinsulin granule becomesmature secretory granule and is distributed in 

two different pools, namely, readily release pool and reserve pool. The existence of two 

pools of insulin secretory granule appears to account for the biphasic secretion pattern. It has 

been well documented that elevation of intracellular Ca2+ play critical role in insulin 

secretion, facilitating the SNARE complex regulated membrane fusion and enhancing 

mobilization of the granule from reserve pool to replete RRP. Glucose, the major stimulant, 

via glycolysis increases the ATP/ADP ratio that lead to close the ATP-sensitive K+ (KATP) 

channels and closure of these channels results in depolarization and subsequent Ca2+ influx. 

The research on the incretin hormones has provided a unique way to treat Type 2 Diabetes 

Mellitus. Exenatide, an analog of human GLP1 and incretin mimetics, has been successfully 

used clinically. GLP-1 binds its receptor on β cell plasma membrane via cyclic AMP signal 

pathway to promote insulin synthesis, β cell proliferation and neogenesis. Exocytosis occurs 

when the granule membrane fuses with plasma membrane that lead release of the granule 

components. The role of SNARE complex in insulin exocytosis has been well established 

and regulator proteins such as syncollin, synaptotagmin and complexin have been proposed 

as brakes between the t-SNARE and v-SNARE complex. These proteins act as calcium 

sensors that trigger the fusion event when bind with calcium currently, there are several 

working models full fusion, Kiss and run and cavicapture that can account for insulin 

granule fusion. Further studies are still necessary to determine whether one of these models, 

a combination or an alternative model can fully describe the dynamics of beta cell insulin 

secretion.
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Figure 16.1. 
Insulin biogenesis: Preproinsulin is synthesized in rough endoplasmic reticulum (RER) and 

is converted to proinsulin. Proinsulin is later transported to Trans-Golgi Network (TGN) and 

packed into immature granule via sorting for entry. The immature granule loses the clathrin 

coating and other unwanted components through sorting by exit. In parallel, proinsulin is 

converted to insulin and condensation/crystallization (sorting by retention) occurs. These 

processes account for the maturation of the immature insulin granules into a mature insulin 

secretory granule following TGN exit.
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Figure 16.2. 
Signaling pathway: Glucose, the major stimulant, via glycolysis and mitochondrial ATP 

energy production increases the ATP/ADP ratio that leads to the closure of the ATP-

sensitive K+ (KATP) channels. The subsequent cellular depolarization activates voltage 

dependent calcium channels resulting in extracellular Ca2+ influx and fusion of insulin 

granules with the plasma membrane. The incretin hormone GLP-1 acts on its receptor at β 

cell plasma membrane to activate adenylyl cyclase and increase intracellular cAMP levels. 

In turn, cAMP binds and activates protein kinase A and EPAC. EPAC then functions to 

increase intracellular calcium level from intracellular calcium stores in the endoplasmic 

reticulum and to increase the number of readily releasable pool of insulin granules at the 

plasma membrane. The combination of these two processes results in a potentiation of 

insulin secretion.
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