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Abstract
Glucagon-like peptide-1 is a hormone that is encoded in the proglucagon gene. It is mainly produced
in enteroendocrine L cells of the gut and is secreted into the blood stream when food containing fat,
protein hydrolysate and/or glucose enters the duodenum. Its particular effects on insulin and glucagon
secretion have generated a flurry of research activity over the past twenty years culminating in a
naturally occurring GLP-1 receptor agonist, exendin-4, now being used to treat type 2 diabetes.
GLP-1 engages a specific G-protein coupled receptor that is present in tissues other than the pancreas
(brain, kidney, lung, heart, major blood vessels). The most widely studied cell activated by GLP-1
is the insulin-secreting beta cell where its defining action is augmentation of glucose-induced insulin
secretion. Upon GLP-1 receptor activation, adenylyl cyclase is activated and cAMP generated,
leading, in turn, to cAMP-dependent activation of second messenger pathways, such as the PKA and
Epac pathways. As well as short-term effects of enhancing glucose-induced insulin secretion,
continuous GLP-1 receptor activation also increases insulin synthesis, and beta cell proliferation and
neogenesis. Although these latter effects cannot be currently monitored in humans, there are
substantial improvements in glucose tolerance and increases in both first phase and plateau phase
insulin secretory responses in type 2 diabetic patients treated with exendin-4. This review we will
focus on the effects resulting from GLP-1 receptor activation in islets of Langerhans
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1. Introduction
The incretin effect refers to the augmented insulin secretory response to a glucose load
delivered to the gut relative to that achieved by intravenous glucose when the plasma levels of
glucose, under both conditions, are comparable. This effect accounts for up to sixty percent of
the insulin secretory response following an oral glucose load (Nauck et al., 1986) and is due
to the insulinotropic effects of incretin hormones that are released from enteroendocrine cells
of the gut. Glucose-dependent insulinotropic peptide (GIP, also referred to as gastric inhibitory
polypeptide) and glucagon-like peptide-1 (GLP-1) are the main incretin hormones (Meier et
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al., 2002;Mojsov et al., 1987) see Table 1 for their amino acid sequences. GLP-1 results from
a post-translational cleavage of the product of the glucagon gene by the prohormone convertase
PC1/3 (Dhanvantari et al., 2001). The majority of circulating biologically active GLP-1 in man
is the GLP-1 (7-36) amide form, with lesser amounts of the bioactive GLP-1 (7-37) form also
detectable (Orskov et al., 1994). The actions of GLP-1 have been extensively studied over the
last two decades because its acute intravenous infusion or subcutaneous administration lowers
blood glucose and increases insulin secretion. Most importantly, it does so in humans suffering
from diabetes. Therefore therapeutic strategies based on activating the GLP-1 receptors
(GLP-1Rs) on beta (β) cells and enhancing GLP-1’s actions have been developed. One of the
major drawbacks to the use of the native peptide in the clinic is its rapid degradation in serum
due to the presence of a dipeptidyl peptidase-IV (DPP-IV, also known as CD26) recognition
site in the N-terminus (Hansen et al., 1999). This enzyme, present in the blood stream and on
cell membranes, cleaves GLP-1 (7-36) peptide to yield the inactive GLP-1 (9-36) form.
Therefore, many modifications have been made to GLP-1 to increase its biological half-life
and consequently its efficacy in vivo. Exendin-4 (Ex-4, also called exenatide), a GLP-1R
agonist is now available for treating type 2 diabetes mellitus (T2DM). This compound is
synthesized in the salivary glands of the Heloderma Suspectum or Gila monster lizard, native
to Gila county in southern Arizona US. Ex-4 does not possess the DPP-IV recognition site and
is a potent insulinotropic agent. Another component of Gila monster saliva, exendin 9-39 (Ex
(9-39)) is an antagonist at the GLP-1R and thus has been useful in determining specificity of
effects at this receptor in mechanistic studies.

Both acute and chronic treatment with GLP-1 and GLP-1R agonists are known to increase
insulin secretion and decrease plasma glucose levels in T2DM. Their long-term effects on
rodent β cells leading to increased β cell mass through increased β cell proliferation and
differentiation in both non-diabetic and diabetic animals have also been extensively studied.
However, given the current technical difficulties in assessing human islet mass, the latter
properties of the compounds cannot be confirmed in humans.

Many aspects of GLP-1 biology remain unresolved. Here we address a number of those issues
including the evidence in the literature for GLP-1 expression in specific cells types of the
pancreas, the down-stream signaling of the GLP-1R in those cells and the controversial link
between intestinal dumping of food and hypersecretion of GLP-1 resulting in pathologic
overgrowth of islet β cells, as a postoperative complication in gastric bypass surgery. Another
major issue surrounding the mechanism of action of GLP-1 on β cells is the importance of
PKA versus other cAMP signaling pathways, i.e. Epac (GEF). Additionally, and most exciting
to investigators in the field, as research on GLP-1’s actions increases, many non-diabetologists
are applying their sophisticated techniques to examine the molecular events consequent upon
GLP-1R activation in β cells and this has led to many interesting findings that we will cover
in this review.

Here we provide a comprehensive review of what is known to date of the molecular events
consequent upon GLP-1R activation in the cells of the pancreas.

2. GLP-1R in the pancreas
GLP-1R is a specific seven-transmembrane receptor guanine nucleotide-binding protein (G-
protein) coupled receptor (GPCR). It was first cloned from rat pancreatic islets (Thorens,
1992) and later from a human pancreatic insulinoma (Dillon et al., 1993;Thorens et al.,
1993) and a gut tumor cell line (Graziano et al., 1993). The rat and human GLP-1Rs exhibit a
95% amino acid homology and are 90% identical (Thorens, 1992;Thorens et al., 1993),
differing at 42 amino acid positions (Tibaduiza et al., 2001). The human GLP-1R gene is
located on the long arm of chromosome 6p21 (Stoffel et al., 1993). GLP-1R is a 64 kDa protein
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(Widmann et al., 1995) and although alternate splicing results in two different transcripts for
both the rat and the human GLP-1R (Dillon et al., 1993;Thorens, 1992) there has, as yet, been
only one functionally distinct GLP-1R described. While various polymorphisms have been
associated with the GLP-1R human gene locus (Stoffel et al., 1993), linkage analysis eliminates
an association with the majority of T2DM cases, based on the populations studied (Tanizawa
et al., 1994;Tokuyama et al., 2004;Yagi et al., 1996;Zhang et al., 1994). One patient diagnosed
with T2DM from a Japanese study (Tokuyama et al., 2004) exhibited impairment of insulin
secretion, insulin sensitivity and glucose tolerance and had a missense mutation resulting in
substitution of threonine 149 with methionine (T149M). The mutated receptor exhibited a
reduced affinity in vitro for GLP-1 and Ex-4 (Beinborn et al., 2005).

GPCRs are grouped into four main classes based on sequence similarity, they are classes A,
B, C (previously referred to as Class 1, 2 and 3 respectively) and the frizzled family (Foord et
al., 2005; NC-IUPHAR). GLP-1R is a member of the Class B family consisting of many
classical hormone receptors (Harmar, 2001). Within Class B the receptors for the peptide
hormones form a subclass of the glucagon receptor family which also include receptors for
glucagon, GLP-2, GIP, growth hormone releasing hormone (GHRH), and secretin (Foord et
al., 2005;Harmar, 2004;Mayo et al., 2003). GLP-1, GLP-2 and glucagon are encoded by the
same gene and result from post-translational modifications of the proglucagon molecule (Bell,
1986). However, binding of the peptide to its receptor is very specific with no relevant cross-
reactivity to receptors for other peptides with the exception of glucagon which binds GLP-1R
with 100-1000-fold less affinity than does GLP-1 (Fehmann et al., 1994;Thorens, 1992).
Plasma levels of glucagon, in both humans and rodents, do not reach levels where this is likely
to be physiologically relevant. All members of the glucagon family of GPCRs are coupled to
Gαs subunit with subsequent activation of adenylyl cyclase (AC) and production of cAMP,
although some including GLP-1R are capable of signaling through additional G-protein
subunits (see section 3.4).

All GPCRs possess seven α-helical transmembrane-domains (TM1–TM7), three extracellular
loops (EC1, EC2, EC3), three intracellular loops (IC1, IC2, IC3), an amino terminal extracellular
domain and an intracellular carboxyl terminus (Palczewski et al., 2000). The structure of Class
B peptide receptors is characterized by an amino-terminus extra-cellular domain of 100-150
amino acids. A number of site directed mutagenesis analyses have been conducted since 1996
on the GLP-1R. Most of these studies were conducted on the rat GLP-1R and Fig. 1 highlights
the mutated residues in the various regions of the receptor. Together these studies have
formulated a picture of how GLP-1 and Ex-4 bind to this receptor and what regions of GLP-1R
are important for agonist recognition. The isolated N-terminus of the rat (Lopez de Maturana
et al., 2003;Wilmen et al., 1996;Xiao et al., 2000) and human (Bazarsuren et al., 2002) GLP-1R
associate with GLP-1, although with lower affinity than with the native receptor (Bazarsuren
et al., 2002;Xiao et al., 2000). Similar to the glucagon receptor and other members of this
subfamily, GLP-1R has six cysteine residues in the extracellular region that are highly
conserved (Thorens et al., 1993). Disulphide bonds occur between cysteines 46 and 71, 62 and
104, 85 and 126 of human GLP-1R (Bazarsuren et al., 2002). Denaturation of the isolated N-
terminal receptor fragment of the rat (Wilmen et al., 1996) or human (Bazarsuren et al.,
2002) receptor results in complete loss of affinity for the native peptide. Deletion of portions
of the N-terminal of the rat GLP-1R or substitution of amino acids 1-134 with the equivalent
sequence of the glucagon receptor eliminates affinity for GLP-1 (Graziano et al., 1996).
Graziano and colleagues also demonstrated that a certain peptide specificity is conferred by
the 29TVSL32 region as a mutant receptor expressing the equivalent glucagon sequence
exhibited a 7-fold decrease in affinity for GLP-1 and an equivalent increase in affinity for
glucagon (Graziano et al., 1996). Other residues in the extracellular N-terminal domain that
have importance for agonist recognition are highlighted in Fig. 1. Wilmen and colleagues have
shown that five out of the six tryptophan residues (W39, W72, W87, W91, W110, W120) on the
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extracellular domain (W87 is not essential) and in particular, the imidazole ring of W39- are all
essential for binding (Wilmen et al., 1996;Wilmen et al., 1997). While Ex-4 interacts primarily
with the N-terminal portion of the receptor there is evidence of binding determinants for GLP-1
elsewhere in GLP-1R (Lopez de Maturana et al., 2003): notably residues in the EC1 and
TM2 domains are of importance (Xiao et al., 2000). Substitution of the negatively charged
aspartate residue at 198 in the TM2 region with the neutral asparagine, does not alter affinity
for the receptor indicating that the negative charge is not essential for affinity (Lopez de
Maturana and Donnelly, 2002). In contrast, substitution with alanine, at 198 results in a
significant reduction in binding to GLP-1 (Lopez de Maturana and Donnelly, 2002;Xiao et al.,
2000). However N-terminally truncated exendin-4 (i.e. exendin 9-39) and GLP-1 (i.e. GLP-1
15-36) maintained their affinity for the receptor with the alanine mutation at 198, demonstrating
that the aspartate residue is probably important for association of GLP-1R to the N-terminus
of GLP-1. Xiao and colleagues show that further charged residues concentrated at the distal
TM2/EC1 region (K197, K202, D215 and R227) are also probable binding determinants for GLP-1
(Xiao et al., 2000). Lopez de Maturana performed a further series of double alanine scan
mutagenesis studies for the entirety of EC1 (Lopez de Maturana et al., 2004). The majority of
the residues in this region did not appear to impact on receptor function with the exception of
the substitution of 204MY205 which resulted in an almost 90-fold decrease in GLP-1 binding
and a complete absence of biological activity as determined by cAMP production. Further
mutagenesis studies on these two residues revealed that the loss of function was due to a loss
in hydrophobicity in this region. Another residue in the transmembrane domain important for
GLP-1 binding is the positively charged lysine (K288) that is situated in the TM4 region of the
rat GLP-1R. Replacing this residue with the neutral alanine or leucine greatly reduces affinity
for GLP-1: however substitution with arginine has very little effect on receptor avidity
indicating that a positive charge is required at this location for biological function (Al-Sabah
and Donnelly, 2003). Finally, as stated above, the T149M mutation in the human GLP-1R is
important in the biological activity of GLP-1 exhibiting both a reduced affinity for GLP-1 and
a reduced cAMP activation (Beinborn et al., 2005).

Similar to the class A members, the IC3 region of the class B GPCR contains the major
determinants required for specific G-protein coupling. A series of papers from the Wheeler
laboratory have been instrumental in determining which residues in the IC3 region of the rat
receptor are important for G-protein activation. Takhar and colleagues performed a systematic
scan in which blocks of 3 or 4 amino acids of the region K334 to K351 in IC3 of GLP-1R
(Takhar et al., 1996). Mutation of the 334KLK336 portion produced the most significant
reduction in cAMP production while still maintaining affinity for GLP-1 comparable to the
wild-type receptor (Takhar et al., 1996). Further specific alanine point mutations of
the 334KLK336 region suggested that K334 was principally responsible for the attenuation in
cAMP response (Takhar et al., 1996). A following report focusing on point mutations in the
N-terminal region of IC3 proximal to the TM5 i.e. the region F321 to L339 revealed the
importance of residues V327, I328 and V331 in cAMP stimulation (Mathi et al., 1997). Based
on a comparison with a similar region (IC3/TM5 junction) in the M5 muscarinic receptor,
Wheeler and colleagues hypothesized that the residues, V 327, I328, V331 and K334 form the
hydrophobic face of an α-helical structure and as such would be directly associated with the
G-protein. Transfection of two mutated versions of the receptor lacking either the 331VIA333

region of the TM5 domain or the 334KLK336 of the IC3 domain into the insulinoma cell line
HIT-T15 showed an absence of GLP-1-induced increases in insulin secretion, cAMP
production and Ca2+ channel activation in the β cells expressing the mutated receptor
(Salapatek et al., 1999). This pinpointed these regions as being essential for coupling to AC
and also highlighted the importance of AC and cAMP in GLP-1 action on the β cell. Some
residues in the IC1/TM2 region of the rat GLP-1R have also been found to be of importance in
cAMP production. These include H180 (Heller et al., 1996) and R176 (Mathi et al., 1997)
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although only the latter was associated with an exclusive decrease in cAMP production
independent of a loss of affinity of the mutated receptor for GLP-1.

Thorens and co-workers studied internalization of the GLP-1R in a fibroblast cell line
transfected with the rat GLP-1R and in the 1056A insulinoma cell line (Widmann et al.,
1995). They have shown that GLP-1R is endocytosed via a primarily clathrin coated pit-
dependent mechanism and that in the presence of agonist the receptor cycles between the
plasma membrane and endosomal compartments. The recognition sequence for the clathrin
coated pit is located in the cytoplasmic tail of the receptor and C-terminally truncated mutants
exhibit aberrant internalization rates (Vazquez et al., 2005a;Widmann et al., 1997). Widmann
and colleagues did not observe internalization of a mutant receptor lacking the last 33 amino
acids (Widmann et al., 1997) while Vazquez (Vazquez et al., 2005a) showed a 78% slower
internalization of a modified receptor lacking the last 27 amino acids when transfected into
fibroblast cell lines. In contrast when the 44 C-terminal amino acids were deleted (GLPR
418R), receptor internalization was only 47% slower with the mutant versus the wild-type
GLP-1R, indicating an inhibitory role of the region containing amino acids 419-435 (Vazquez
et al., 2005a). Specifically, when the three amino acids located proximal to TM7
(408EVQ410) were replaced with alanine, internalization was found to be much faster. As
approximately 40% of the GLPR 418R truncation was internalized when the cells were
incubated in hypertonic media (which will disrupt clathrin coated pit-mediated endocytosis) it
was postulated that this mutant receptor could be internalized via a faster, uncoated pit pathway
(Vazquez et al., 2005a). A recent paper has shown evidence that GLP-1R may also undergo a
caveolin-1-dependent trafficking to and from the cell membrane (Syme et al., 2006). The
caveolins are a family of scaffolding proteins encoded by three genes (caveolin-1, 2, and 3)
that coat caveolae (Cohen et al., 2004). Caveolae are plasmalemmal organelles, with a high
lipid content, that, similar to clathrin-coated pits, function as macromolecular vesicular
transporters. Syme and co-workers demonstrate using immunoprecipitation that GLP-1R
associates with caveolin-1 in the lipid rafts of the cell membrane of MIN6 cells (that
endogenously express GLP-1R) and HEK293 cells transfected with a functional green
fluorescent protein (GFP)-tagged GLP-1R (Syme et al., 2006). Over expression of a dominant
negative form of caveolin-1 (P132L-cav1) inhibited GLP-1 binding and activity in both cell
types. Syme and colleagues found a classical caveolin-1 binding motif in the IC2 region
(247EGVYLYTLLAFSVF260). They generated two mutated GLP-1Rs using alanine
substitution for E247, or Y250 and Y252 simultaneously, E247A and Y250/252A respectively
(see Fig 1) that demonstrated both reduced association with caveolin-1 and reduced binding
affinity to GLP-1. Similar to Widman and colleagues (Widmann et al., 1995) Syme and co-
workers also observed a constitutive cycling of GLP-1R to and from the cell membrane with
GFP-tagged GLP-1R being present at the cell membrane and in mobile cytosolic compartments
in resting MIN6 cells. Dynamin, a large GTPase, is essential for both clathrin and caveoloae
mediated GPCR internalization. Expression of a dominant negative form of dynamin (K44A-
dynamin) resulted in a 2.5-fold increase in the amount of GLP-1R at the cell membrane
indicating that internalization of GLP-1R was inhibited (Syme et al., 2006). Regulation of
GLP-1 internalization is most likely complex, possibly involving both clathrin-coated pit
dependent mechanism and a caveolin-dependent mechanism.

Widmann and colleagues have linked internalization of GLP-1R with phosphorylation of three
serine doublets located at positions 441/442, 444/445, and 451/452, as removal of these three
phosphorylation sites led to a complete suppression of receptor internalization (Widmann et
al., 1997). Phosphorylation of these sites also correlates with homologous desensitization of
the GLP-1R in cells in vitro (Widmann et al., 1996a;Widmann et al., 1996b;Widmann et al.,
1997). Furthermore, the authors demonstrate that heterologous desensitization occurs upon
treatment with phorbol 12-myristate 13-acetate (PMA) which results in phosphorylation by
protein kinase C (PKC) of 4 serine doublets (431/432, 441/442, 444/445, and 451/452)
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(Widmann et al., 1996b). Baggio and co-workers examined desensitization in vitro using the
INS-1 cell line pretreated for various time intervals with Ex-4 (100 nM for 24 or 72 hr) or with
PMA (Baggio et al., 2004b). They followed this with a 1 hr rest period and then re-stimulated
with Ex-4 (0.1 nM – 100 nM). They demonstrated a significant downregulation in response at
GLP-1R as measured by cAMP production (Baggio et al., 2004b). However, prolonged
exposure of both wild type and transgenic mice expressing Ex-4 in a number of tissues (MT-
Ex-4) did not adversely affect acute glycemic responses to an intraperitoneal glucose tolerance
test (IPGTT) but did in an oral glucose tolerance test (OGTT) (Baggio et al., 2004b). As the
authors state this latter observation more likely reflects a desensitization at the level of gastric
emptying (GLP-1 is an inhibitor of gastric emptying by its action through vagal afferents;
Nauck et al., 1997) as opposed to insulin secretion. Also although insulin content in islets of
Ex-4-treated MT-Ex-4 was lower than in islets of wild-type Ex-4-treated mice, levels of
transcripts for GLP-1R, PDX-1 and insulin in the pancreata of MT-Ex-4 and wild-type mice
receiving treatment were equivalent. Similarly chronic elevation of plasma GLP-1 levels in
clinical trials have resulted in effective reduction in blood glucose levels without any loss of
potency (see section 9). It therefore must be stated that no physiological significance has been
established in vivo for either the homologous or heterologous in vitro desensitization.

There are three N-linked glycosylation sites in the N-terminus extracellular domain (Fig. 1).
Inhibition of glycosylation of the GLP-1R in RINm5F cells (Goke et al., 1994) was studied
using the antibiotic tunicamycin. Tunicamycin prevents the transfer of the first N-
acetylglucosamine residue to dolichol phosphate (Lehle and Tanner, 1976), one of the first
intermediates in the synthesis of asparagine-linked glycosylation. Treatment resulted in a
concentration dependent reduction in association of the cells with GLP-1 due to a decrease in
the number GLP-1 binding sites in the membrane. The reduction in GLP-1R expression at the
cell membrane was detected using radiolabeled [125I]GLP-1 and was not a consequence of an
inhibition of transcription as mRNA levels in treated cells did not differ (Goke et al., 1994).
There was also a reduction in cAMP production and together these results indicate that
glycosylation of GLP-1R is necessary for correct insertion into the cell membrane and function.
However, the significance of this effect in vivo has not yet been determined.

The GLP-1R is also palmitoylated and replacing C438 with alanine, blocked 3H palmitate
incorporation into GLP-1R when transfected into CHO cells (Vazquez et al., 2005b). This
substitution also reduced cAMP production 3-fold without loss of receptor processing or
redistribution of GLP-1R in the cell (Vazquez et al., 2005b). The loss of receptor function was
partially regained by substituting alanine for both serines at positions 431 and 432 (see Fig. 1)
and thus palmitoylation of C438 could possibly regulate phosphorylation of these serine
residues and could in turn regulate GLP-1R function.

Attempts to characterize the expression pattern of GLP-1R in the pancreas have resulted in
numerous and sometimes discordant reports. Earlier experiments indicated a strong expression
in the central region of rat islets both by in situ hybridization and immunoreactivity using
polyclonal antibodies of GLP-1R (Bullock et al., 1996;Horsch et al., 1997) implying exclusive
β cell expression. In contrast, the presence of the receptor on alpha (α), β, and δ cells has been
demonstrated by audioradiograph detection of radiolabeled GLP-1 in glucagon, insulin and
somatostatin immunoreactive cells in tissue sections from rat pancreata (Heller and Aponte,
1995;Orskov and Poulsen, 1991) suggesting the majority of islet cells express the receptor.
The earliest report in 1996 from the Habener laboratory used in situ hybridization on rat tissue
sections (Bullock et al., 1996). Similar results were demonstrated a month later by Moens and
co-workers who also performed western blot analysis on sorted islet α cells and did not see
any GLP-1R protein levels (Moens et al., 1996). Heller, showed in 1997, while in the Habener
laboratory, that 20 % of glucagon-positive cells and 76 % of somatostatin-positive cells co-
stained for GLP-1R using a polyclonal rabbit antibody (Heller et al., 1997). This is in opposition
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to a presentation at the American Diabetes Association (ADA) 62nd Annual Scientific Sessions
in 2002 in which it was stated that GLP-1R (using a the same rabbit polyclonal antibody to
GLP-1R) did not co-localize with glucagon but is only found in the β cells of islets (Romer,
2002). We also did not find the presence of GLP-1R on two α cell lines, INR1-G9 and αTC-1,
by immunohistochemistry or western blotting (data not shown). Because GLP-1 in clinical
practice actually results in decreased secretion of glucagon we feel it unlikely that any
meaningful number of islet α cells express GLP-1R. The physiological effects of GLP-1 on
glucagon secretion will be discussed in section 7.

Equally the possible expression of GLP-1R in the ducts is not without controversy. The early
reports using in situ hybridization show no expression of the receptor in the ductular network
(Bullock et al., 1996) but there are three more recent reports, including one presented at the
ADA meeting in 2002, demonstrating a presence in the ducts of the rat, (Romer, 2002;Xu et
al., 1999) and human pancreas (Xu et al., 2006). The latter point is important when considering
the extra-islet effects of GLP-1 on the putative progenitor cells of the adult pancreas (see section
6). It is probable that the numerous different detection methods used and the systems in which
they were applied have resulted in the overall discrepancy in the observation of GLP-1R in the
pancreas. A number of new anti-GLP-1R antibodies are now becoming available commercially
which will hopefully aid in the clarification of this contentious issue.

3.Second messenger pathways in the β cell activated by GLP-1R
3.1 Stimulation of cAMP production

The GLP-1R is coupled to the Gsα subunit and therefore agonist engagement with the receptor
results in activation of AC with consequent production of cAMP (Drucker et al., 1987). At
least nine different mammalian membrane-bound isoforms of AC (AC I- AC IX) are known
to exist (Hanoune and Defer, 2001). Leech and co-workers performed RT-PCR on extracts
from whole rat and human islets showing that AC III, IV,V,VI and VII were present in rat islets
and AC V and VI and were found in human islets (Leech et al., 1999). A more recent RT-PCR
analysis performed on α and β cells from the islets of Wistar rats clearly shows strong
expression of transcripts for AC VI and VIII in β cells and AC II, III, IV, V and VI in α cells
(Delmeire et al., 2003). Type VIII AC mRNA expression was also found in RINm5F and INS-1
clonal cell lines (Delmeire et al., 2003). It must be noted that neither Leech and colleagues nor
Delmeire and colleagues probed for the presence of type IX AC in islets or individual cells,
possibly because AC IX is the only one not activated by forskolin (FSK), a non-specific AC
activator that leads to supra-physiological levels of intracellular cAMP in FSK-treated cells
(Yan et al., 1998). Type VIII AC is synergistically activated by both Gsα and calcium/
calmodulin (Cali et al., 1994) and thus acts as a coincidence detector for glucose and GLP-1
in the β cell. Elevation of glucose concentration (from 1.4 mM to 20 mM) alone did not increase
cAMP accumulation in isolated rat primary β cells during a 15 min static incubation (Delmeire
et al., 2003). However, the addition of GLP-1 (10 nM) at either low (1.4 mM) or high (20 mM)
glucose did and this effect was abrogated by the L-type calcium channel blocker verapamil. In
the same study, membranes prepared from RINm5F cells incubated with the G-protein
GTPγS.rGsα and calmodulin in the presence of 17 μM [Ca2+] demonstrated a 50 pmol/mg
protein−1 min−1 increase above the basal level of cAMP production. This increase was greater
than would be the combined effect of either AC stimulant alone, providing evidence of
coincidence detection of cAMP and calcium/calmodulin converging at type VIII AC. It must
be noted that while Delmeire and colleagues did not observe an increase in intracellular cAMP
in response to glucose alone this is most likely due to their cell system which was primary β
cells separated by FACS analysis. Isolated β cells are known to produce much lower levels of
cAMP than whole islets (Schuit and Pipeleers, 1985) and increased glucose concentrations
have been extensively demonstrated to increase cAMP accumulation in whole islets (Grill and
Cerasi, 1973;Sharp, 1979).
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cAMP is the main mediator of GLP-1 agonist action on acute molecular events in insulin
secretion in β cells and overexpression of the GLP-1R in a clonal β cell line leads to increased
resting levels of cAMP (Montrose-Rafizadeh et al., 1997a). Although cAMP is a widely
adopted second messenger system for many receptors, specificity of response to external
stimuli and effect on cell signaling pathways is conferred by regulation of its formation,
degradation and spatial regulation by anchoring proteins (Cooper, 2003). Therefore an
understanding of the specific regulation of cAMP formation and degradation within β cells is
important in examining the downstream effects of this pathway on β cell function. cAMP
production is tightly regulated by the balance between the activity of AC and cyclic nucleotide
phosphodiesterases (PDEs) that catalyze the hydrolysis of cAMP (Cooper, 2003). There are
11 different families of PDEs representing 21 different gene products (Bender and Beavo,
2006;Conti, 2000). Use of specific pharmacological inhibitors of certain isoforms of PDE has
inferred the presence of PDEs 3 and 4 and calcium sensitive PDEs in β cells (Parker et al.,
1995;Shafiee-Nick et al., 1995;Sugden and Ashcroft, 1981). Inhibition of PDE3B in particular
has demonstrated the firmest evidence for a PDE being implicated in inhibiting insulin
secretion. Adenovirus mediated-overexpression of PDE3B in rat islets reduced by 30 % the
insulin secretion response to a combination of high glucose (11.1 mM) and GLP-1 (100 nM)
over 1 hr when compared to normal islets (Harndahl et al., 2002). In a follow-up study using
transgenic mice overexpressing PDE3B under control of the rat insulin 2 promoter, there was
a reduced insulin secretion response to intravenous glucose which was both age dependent and
increased with the extent of overexpression of PDE3 (Harndahl et al., 2004). In a group of 20-
week old mice exhibiting a PDE3B expression 7-fold above basal levels there was a reduction
in insulin secretory response (48 % that of wild-type at 1 min peak insulin value) to
intravenously administered glucose (1 g/kg) and GLP-1 (1 nmol/kg) (Harndahl et al., 2004).
Of note, only males exhibited a reduced response in glucose-induced insulin secretion. The
female mice did not exhibit any differences from the wild-type in this regard and hence were
not studied in the subsequent GLP-1/glucose induced experiments. Insulin and IGF-1 increase
levels of PDE3B in β cells. Treatment of HIT-T15 cells (a hamster clonal β cell line) with
IGF-1 (50 nM) roughly halved the insulin secreted in response to GLP-1 (10 nM) in the
presence of high levels (12 mM) of glucose (Zhao et al., 1997). This directly correlated to an
equivalent reduction in cAMP levels. In conclusion there is ample evidence both in vivo, in
isolated islets, and in insulinoma cell lines that PDE3B is major negative regulator of cAMP-
mediated GLP-1-induced insulin secretion.

As yet there are no studies examining the involvement of other PDE isoforms in GLP-1-induced
insulin secretion. However, Han and colleagues have shown in isolated islets that inhibition of
PDE1C but not PDE4 increased glucose-induced insulin secretion in a dose-dependent manner
(Han et al., 1999). The combined inhibition of PDE1C, 3 and 4 had as potent an effect on
augmentation of insulin secretion by glucose as non-specific inhibition by isobutyl-
methylxanthine (IBMX). Interestingly, PDE1C activity was elevated upon glucose stimulation
of β cells, pointing to a feedback control of glucose-induced insulin secretion via degradation
of cAMP. The authors speculated that it is the increased intracellular calcium from glucose
treatment of the islets that is causing activation of the calcium/calmodulin-dependent PDE1C.

A recent paper by Dyachok and colleagues elegantly traced cAMP activation below the cell
membrane of INS-1 cells using a ratiometric evanescent wave technique (Dyachok et al.,
2006). They demonstrate that there was rapid turnover of cAMP and that cAMP concentrations
cycle in response to the application of FSK, glucagon and GLP-1. Glucagon was less efficient
than GLP-1, increasing cAMP to a lesser degree and in a smaller proportion of cells. This rapid
cycling of cAMP at the cell membrane is most likely conducive to the formation of localized
pools of cAMP throughout the β cell and thus could confer the specificity of reaction of GLP-1
versus other G-protein coupled hormones on β cell signaling
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cAMP activates further signaling pathways regulating β cell function the two most significant
ones being cAMP-dependent protein kinase A (PKA) and the guanine nucleotide exchange
factors, both of which are discussed further below.

3.2 Activation of PKA
The rise in cAMP consequent upon G-protein coupled receptor activation results in a significant
up-regulation of the activity of PKA, a ubiquitous serine/threonine phosphorylating enzyme
(Taylor et al., 1990). The PKA holoenzyme in the inactive state is composed of a regulatory
subunit bound non-covalently to two catalytic subunits. There are at least four different
regulatory units, type I (RIα, RIβ) and type II (RIIα, RIIβ) which exhibit different affinities for
cAMP (Ogreid et al., 1989) and thresholds for activation (Dostmann and Taylor, 1991). Added
to these aspects of PKA structure is the different subcellular location of the isozymes owing
to their different preferences for the various PKA anchoring proteins (AKAP) which associate
with cellular organelles (Skalhegg and Tasken, 2000;Tasken and Aandahl, 2004). This adds
to the complexity and diversity of response in different cell types. Type I subunits exhibit a
greater affinity for AKAPs that are mainly cytoplasmic and PKA type II is mainly associated
with specific cellular structures and organelles (Diviani and Scott, 2001). There are three
different catalytic subunits Cα, Cβ, and Cγ. When four molecules of cAMP bind the regulatory
subunit dimer (two to each subunit) there is a conformational change in PKA which results in
lower affinity for the catalytic subunit and the complex dissociates. The regulatory subunit
possesses two cAMP binding sites (known as “A” and “B”) that act cooperatively (Su et al.,
1995). It is not clear which isoforms of PKA are present in human β cells: however both PKA
type I and II have been isolated from DEAE-cellulose ion-exchange chromatography of rat
islets (Sugden et al., 1979). Regulatory unit type RIIα has been detected by western blot in
mouse islets (Kashima et al., 2001). Confocal microscopy shows that all three catalytic subunits
are present in the mouse insulinoma cell line βTC6, although only the immunofluorescence
data for Cα and Cβ were actually presented in the report (Gao et al., 2002).

PKA is a key component in the regulation of insulin secretion by cAMP. It mediates many of
the phosphorylation reactions required for secretion by β cells. Inhibition of PKA in isolated
islets and insulinoma cell lines diminishes GLP-1- and glucose-mediated insulin secretion
(Wang et al., 2001). Thus, basal (nonstimulated) levels of PKA activity are required for optimal
glucose-mediated insulin secretion (Eliasson et al., 2003;Kasai et al., 2005a). The PKA
anchoring protein inhibitor that blocks association between AKAPs and RII subunit of PKA
known as Ht31 peptide (Carr et al., 1991) blocked GLP-1 (1 μM, 3.5-fold increase, GLP-1;
0.7-fold increase in the presence of Ht31)-mediated insulin secretion in both RINm5F and in
isolated rat islets (Lester et al., 1997). The study of the complexity of the involvement of AKAP
in PKA activation in the context of GLP-1 signaling in the β cell is in its infancy. As well as
regulating subcellular concentrations of PKA the anchoring proteins may act as regulators in
the activation of PKA and its downstream effectors, and potentially serve to integrate the
diverse signaling mechanisms activated by GLP-1. The anchoring protein AKAP18 has been
shown to increase cAMP responsive Ca2+ currents when transfected into HEK-293 cells (Fraser
et al., 1998). Fraser and colleagues also examined the effects of expressing AKAP18 in the
RINm5F insulinoma cell line that does not endogenously express this protein. Transfection of
wild-type AKAP18 resulted in a redistribution of the RII subunit of PKA to the cell membrane,
while mutant AKAP 18 localized RII to the perinuclear region. RINm5F cells expressing
mutant AKAP18 showed a reduced insulin secretory response to GLP-1. RINm5F cells do not
endogensously express AKAP18 but these experiments provide some evidence that an
anchoring protein may facilitate interaction between PKA and the L-type Ca2+ channel.

Similar pools of PKA associated with various AKAP isoforms may exist at the several points
of action downstream of GLP-1R activation in the β cell. Anchoring proteins are also known
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to integrate and thus coordinate multiple signaling pathways. Lester and coworkers have
demonstrated the presence and function in PKA anchoring of the scaffolding protein, IQGAP1,
in β cells. PKA was found to co-immunoprecipitate with the calcium/calmodulin binding
protein IQGAP1 and the anchoring protein AKAP79 in RINm5F cells (Nauert et al., 2003).
Co-localization occurred at the cell membrane and the association was disrupted by Ht31
indicating an indirect association of PKA with IQGAP1 through the anchoring protein.
Involvement of IQGAP1 has not yet been explicitly demonstrated for insulin secretion
consequent upon GLP-1 mediated activation of PKA. AKAP79 has also been shown to
coordinate reversible phosphorylation in a β cell signal transduction complex containing both
PKA and the calcium calmodulin phosphatase 3 (also known as calcineurin; Lester et al.,
2001). Overexpression of AKAP79 or its human homologue AKAP150 in RIN5mF cells
resulted in lower activity of PP-2B, an example of the active regulation by AKAP of its binding
partners. PP-2B is known to participate in insulin secretion at a number of different levels in
particular in the regulation of insulin transcription (discussed in section 5). To add to the
complexity of this whole area of regulation, there is evidence that PDEs are also tethered in
the AKAP/PKA complex (Dodge et al., 2001). Scott and colleagues outlined possible
regulatory aspects of PKA observed in other cell types that have not yet been explored in the
β cell (Alto et al., 2002).

Treatment of βTC6 cells with GLP-1 (100 nM) stimulates translocation of PKA to the nucleus
of the cell as determined by confocal microscopy (Gao et al., 2002). In the recent paper
(discussed in the previous section) demonstrating cAMP oscillation in β cells it was shown
that sustained activation of cAMP by IBMX was necessary to facilitate nuclear translocation
of PKA (Dyachok et al., 2006). There are a number of PKA substrates that participate in insulin
secretion. These include the IP3 receptor on the endoplasmic reticulum, the GLUT2 glucose
transporter and the KATP channel and their regulation in the context of GLP-1-induced insulin
secretion are discussed in section 4.

3.3 cAMP regulated guanine nucleotide exchange factors (cAMPGEF or Epac)
In islets approximately 40–50% of GLP-1-stimulated insulin secretion is resistant to H89
treatment (Kashima et al., 2001), implying the existence of a second cAMP activated pathway
in the GLP-1R signaling cascade. It is now evident that this PKA-independent portion is due
to the cAMP-regulated guanine nucleotide exchange factors (cAMPGEFs) cascade, also
known as exchange proteins directly associated with cAMP (henceforth referred to as Epac,
de Rooij et al., 1998;Kawasaki et al., 1998). These form part of a large family of related non-
kinase effectors originally shown to activate the Ras superfamily GEF binding proteins,
initially Rap1, but subsequently have been shown to interact with Rab3a (see section 4.6 for
further discussion on Rab proteins), which is involved in insulin secretion (Yaekura et al.,
2003). There are two variants of GEF that exhibit high specificity for activation by cAMP over
other cyclic nucleotides (Rehmann et al., 2003) and they are referred to as Epac1 and Epac2:
both of which are found in rat islets and the β cell lines, HIT-T15 and MIN6 (Leech et al.,
2000;Ozaki et al., 2000). These isoforms are encoded by distinct genes (de Rooij et al.,
1998;Kawasaki et al., 1998). Both isoforms possess GEF (guanine nucleotide exchange factor)
binding sites that catalyze the exchange of GTP for GDP on the small G-proteins (Kawasaki
et al., 1998). While Epac 1 has one cAMP binding site, Epac 2 has two, and, similar to PKA,
these are also referred to as the “A” and “B” binding sites (de Rooij et al., 2000). Unlike PKA,
however, these sites do not bind cAMP in a cooperative manner. The A site of Epac 2A (Kd
87 μM) has a much lower affinity than the B site of either Epac (Epac1, Kd 4 μM, and Epac
2B, Kd 1.2 μM). In contrast the Kd for binding of cAMP to PKA is in the range of 0.12–1 μM
(Doskeland and Ogreid, 1981;Ekanger et al., 1985). Thus, it is probable that Epac is sensitive
to cAMP in a range where PKA is already saturated, which is important when considering the
physiological relevance of the pathways in the regulation of insulin secretion and β cell cycle.

Doyle and Egan Page 10

Pharmacol Ther. Author manuscript; available in PMC 2008 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A novel cAMP analog 8-(4-chloro-phenylthio)-2′-O-methyladenosine-3′,5′-cyclic
monophosphate (8CPT-2Me-cAMP) that activates Epac but not PKA (Enserink et al., 2002)
has been useful in discerning PKA- versus Epac-dependent pathways. In a study on the
protective effect of cAMP activators against palmitate-induced apoptosis in RINm5F cells,
protection was conferred by an Epac-dependent mechanism upon stimulation with forskolin
but a PKA-dependent component was found at the lower concentrations of cAMP generated
by GLP-1 (Kwon et al., 2004b). Anchoring proteins have been shown in muscle cells to bind
both PKA and Epac proteins and thus coordinate their regulation (Dodge-Kafka et al., 2005);
whether such a scenario exists in β cells is not known.

Epac has also been found to be involved in Ca2+ release from the endoplasmic reticulum and
its downstream targets are important in the exocytosis of the insulin secretory vesicles. Both
topics are covered below, in section 4, on acute effects of GLP-1 on insulin secretion.

3.4 Calcium/calmodulin pathway
Calcium/calmodulin kinase II (CaM kinase II) is a member of the broad family of ubiquitously
expressed Ca2+-dependent kinases. It is a multigene family comprised of four distinct classes,
α, β, γ, and δ, encoded by four separate genes (see Braun and Schulman, 1995;Easom, 1999
for review of CaM kinases expressed in the b cell). Upon activation in high Ca2+ levels the
enzyme that consists of 8–12 subunits undergoes autophosphorylation and increasing degrees
of Ca2+ oscillation results in increasing number of units being autophosphorylated (Easom,
1999). The phosphorylated enzyme has a greater affinity for calmodulin. When stimulation is
removed and Ca2+ levels return to basal, the calmodulin eventually dissociates but 20–80% of
the autophosphorylated units retain activity in the absence of Ca2+/calmodulin. Resensitization
to stimuli requires dephosphorylation by a phosphatase. GLP-1R is known to activate CaM
kinase II by increasing intracellular levels of Ca2+ via activation of the L-type voltage-
dependent calcium channel (VDCC) and release of Ca2+ from the endoplasmic reticulum
(section 4.4).

Calcineurin or protein phosphatase 2B (PP-2B) is a serine/threonine phosphatase (Rusnak and
Mertz, 2000) and is unique among other phosphatases of its family (PPI and PP2) in that
Ca2+-calmodulin is required for its activation. PP-2B dephosphorylates (on multiples serines)
the transcription complex NFAT, exposing its nuclear localization signal (Crabtree, 2001;Rao
et al., 1997). The dephosphorylated NFAT complex is maintained in the nucleus as long as
Ca2+ concentrations are elevated, thus keeping PP-2B in the activated state (Timmerman et
al., 1996). Inhibition of PP-2B by cyclosporin or FK506 (tacrolimus) decreases GLP-1-induced
insulin transcription via suppression of binding of NFAT to the insulin promoter region (see
section 5.2). Lester and co-workers have shown that β cell substrates such as synapsin 1 undergo
rapid and reversible phosphorylation as a consequence of the coordination of both PKA and
PP-2B (Lester et al., 2001). They show that both enzymes are co-localized on the anchoring
protein AKAP150 in RINm5F cells. When AKAP79, the human homolog of the rat AKAP150,
was expressed in the RIN cells, insulin secretion decreased, PP-2B activity was lowered and
the cells became insensitive to FK506. Therefore AKAPs probably coordinate reversible
phosphorylation events involving PKA and PP-2B in acute insulin secretion and PP-2B activity
must be tightly regulated for correct insulin secretion.

3.5 MAPK and PI3 kinase related pathways
GLP-1R is capable of activating the phospholipase C second messenger system (Wheeler et
al., 1993). Studies have shown that when stably expressed in Chinese Hamster Ovary (CHO)
cells the rat GLP-1R also demonstrates coupling with the G-protein α-subunits, Gq/11α and to
a certain extent, Gi1,2α and thus lead to activation of the mitogen-activated protein kinase
(MAPK) pathway (Montrose-Rafizadeh et al., 1999). However, direct coupling of GLP-1R to
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Gq/11α and Gi1,2α has not been demonstrated in a β cell model per se and Montrose-Rafizadeh
and colleagues do not rule out the fact that the increased expression levels of GLP-1R in a non-
native situation of CHO cells could be responsible for activation of these alternate G-proteins.
Recent studies have shown that activation of MAPK-related pathways can occur downstream
of GLP-1R-induced cAMP activation. Specifically, the extracellular signal regulated kinases
(ERK) 1 and 2 have been shown to be activated in a Ca2+ (Arnette et al., 2003;Gomez et al.,
2002) and cAMP dependent manner (Park et al., 2006). ERK1 and ERK2 are the terminal
enzymes in a three-kinase cascade, consisting of the Raf kinases that activate the MAP/ERK
kinases, MEK1 and MEK2 that, in turn, activate ERK1/2. Activation of ERK1/2 occurs via
phosphorylation and translocation to the nucleus and ERK1/2 already present in the nucleus
is phosphorylated upon stimulation. Glucose stimulation has been demonstrated to activate
both isomers of ERK in β cells (Arnette et al., 2003;Gomez et al., 2002;Khoo and Cobb,
1997). Phosphorylation of ERK1/2 in response to GLP-1 treatment has been demonstrated in
several insulinoma cell lines (Arnette et al., 2003;Gomez et al., 2002) and more recently by
GLP-1 (Trumper et al., 2005) and Ex-4 (Park et al., 2006) in human islets. The earlier studies
in the insulinoma cell lines reported conflicting data indicating either a Raf/Ras-independent
mechanism or inconsistent Raf activation due most probably to the different cell types used in
the experiments. Through the use of pharmacological inhibitors, these earlier experiments did
establish a dependence on Ca2+ influx and release from the endoplasmic reticulum and, in turn,
on the Ca2+calmodulin kinases although the direct method of activation of the cascade was not
determined. The most direct method of activation of the Raf-MEK-ERK kinase cascade is
via small GTPases. These are active when bound to GTP and inactive in the GDP bound
complex. In the particular case of the β cell, Rap1 (Trumper et al., 2005), which is activated
by Epac, and the active GTP-bound form of Rap1 were found to co-immunoprecipitate with
B-Raf. In contrast there was minimal binding of Ras to B-Raf and very little Ras activation of
ERK, indicating that the Rap→B-Raf cascade is favored over the Ras→Raf-1 pathway
(Trumper et al., 2005).

p38 MAP kinase was also found to be activated by GLP-1 in β cells (Buteau et al., 2001;Kemp
and Habener, 2001;Montrose-Rafizadeh et al., 1999) but the exact mechanism by which this
occurs is unknown and it is possible that it is regulated by crosstalk from several signaling
systems such as the MEK/ERK and the PI3 kinase pathways.

PI3 kinases (phosphoinositide 3-kinases) are implicated in multiple β cell events ranging
through growth, survival, metabolism, and channel regulation. There are four classes of PI3
kinases: IA, IB, II and III. Class I enzymes have been studied in β cells (Koyasu, 2003;Stokoe,
2005). The different classes are categorized based on their ability to catalyse phosphorylation
of the 3′-OH position of phosphatidylinositol (PtdIns) lipids. Class I PI3 kinases phosphorylate
three kinds of phospholipid substrates- phosphatidylinositol (PtdIns), PtdIns(4)P and PtdIns
(4,5)P2. Class I enzymes have an approximately 100 kDa catalytic subunit; the α, β, δ, isoforms
of p110 in class IA and p110γ in class IB. These interact with a non-catalytic regulatory unit,
of which there are five subtypes, for class IA (p85α, p55α, and p50α resulting from alternative
splicing of the same gene, and p85β and p55γ encoded by distinct genes) and one for class
IB, namely p101. Of these components the catalytic subunit of Class IB p110γ (MacDonald et
al., 2004) and the Class IA p110α, 110β subunits along with the generally widely expressed
p85α have been identified in β cells (Trumper et al., 2001). The principle difference between
Class 1A and 1B is that IB PI3 kinases can be directly activated by free Gβγ subunits released
subsequent to activation of a GPCR (Stephens et al., 1997). A study on glucose tolerance in
p110γ−/− mice (MacDonald et al., 2004) indicates that this mechanism of PI3 kinase activation
is involved in insulin secretion. Loss of this protein causes an insulin secretory defect, rectified
by pre-injection in vivo with Ex-4. It also appears from this study that other forms of the enzyme
may compensate for the proliferative response attributed to class IB PI3 kinase activation
(Buteau et al., 2003). Activation of PI3 kinase by GLP-1 is therefore complex and is regulated
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by multiple integrated pathways. PI3 kinase activity has been recorded in several β cell types
(Buteau et al., 1999;Hui et al., 2003;MacDonald et al., 2003;Rafiq et al., 2000;Trumper et al.,
2000). In turn, PI3 kinase recruits the serine threonine kinases PDK1 (phosphoinositide-
dependent kinase 1) and PKB (protein kinase B) to the cell membrane where production of
phosphatidylinositol-3,4,5-triphosphate (PtdIns[3,4,5]P3) by PI3 kinase will allow
phosphorylation and activation of PKB by PDK1 (Lawlor and Alessi, 2001). Many downstream
targets of PDK1 are have been found to be phosphorylated following treatment with GLP-1
(10−7 M for 10 min) of MIN6 cells (MacDonald et al., 2003) indicating that the PDK1 system
is active in the β cell. All three isoforms of PKB (α, β,γ: also referred to as Akt 1, 2, and 3) are
expressed and activated by insulin-like growth factor-1 in the insulinoma cell lines, HIT-15,
INS-1 and RINm5F (Holst et al., 1998;Trumper et al., 2001). Phosphorylation of PKB at serine
473 and threonine 308, occurs in response to GLP-1 treatment in INS-1 cells (Trumper et al.,
2000). PKB is known to be instrumental for β cell proliferation and survival and will be
discussed in sections 6.1 and 6.4 respectively (Bernal-Mizrachi et al., 2001;Tuttle et al.,
2001).

PI3 kinase also lies downstream of IRS2 (insulin receptor substrate 2). IRS2 is a substrate of
the insulin and IGF1 receptor tyrosine kinases, plays a regulatory role in β cell growth, function
and survival (White, 2003). There is some evidence that GLP-1 can directly activate IRS2 by
weakly leading to tyrosine phosphorylation of IRS2 and recruitment of p85α was observed in
response to GLP-1 (100 nM) following 10 min of treatment of INS-1 cells (Trumper et al.,
2000). GLP-1R activation by Ex-4 (10 nM for 4–10 hr) increases IRS2 expression via CREB
activation of the IRS2 promoter (Jhala et al., 2003). The IRS2 promoter contains a CRE half
site (TGACG) and in chromatin immunoprecipitation assays the IRS2 promoter was amplified
from DNA recovered from immunoprecipitates of CREB. Furthermore, activation of IRS2 was
inhibited in cell lines and mice expressing a dominant negative form of CREB. Human islets
stimulated with Ex-4 (10 nM for 8 hr) prior to activation with IGF1 (10 nM for 10 min) showed
increased levels of IRS2 and PKB phosphorylation (Park et al., 2006). Interestingly, while
gross protein levels of IRS2 were increased in response to Ex-4 treatment, those of PKB
remained unchanged. Treatment with siRNA to IRS2 prior to Ex-4 treatment blocked the ability
of Ex-4 to stimulate PKB phosphorylation. Together these results indicate that Ex-4 may
promote IRS2 phosphorylation of Serine 473 on PKB. The possibility that IRS2 could stimulate
ERK1/2 activation via the mSOS→Raf→Mek1→ERK cascade (Saltiel and Kahn, 2001) was
also explored by Park and colleagues in their paper and siRNA to IRS2 was found to have no
effect on ERK activation. However, Trumper and colleagues were able to show an association
between Rap and PI3 kinase following treatment of human islets by GLP-1 (Trumper et al.,
2005). Rap activation of PI3 kinase is dependent on phosphorylation of p85α by tyrosine
kinases. An additional GLP-1R-stimulated mechanism for activation of the PI3 kinase pathway
by Src tyrosine kinase activation (Buteau et al., 2003), which is known to be a direct effector
of Gβγ (Gentili et al., 2006), was found to be an important mechanism in GLP-1-induced β cell
proliferation and we discuss this in section 6.1.

A PI3 kinase signaling molecule mammalian target of rapamycin (mTOR) can be activated
directly by PKB but there is evidence of a more complicated system of regulation of this
molecule in β cells (Kwon et al., 2004a). mTOR is known to phosphorylate and activate a 70
kDa ribosomal protein S6 kinase (S6K1) in response to elevation of cAMP levels by FSK or
Ex-4 in β cells of rat islets. This occurs largely as a consequence of increased ATP production,
which deactivates the KATP channels, channels that are implicated in directly regulating mTOR
activation. The effect of mTOR in general is complex however it is implicated in GLP-1 R
mediated increases in β cell proliferation (Kwon et al., 2004a).
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4. Acute effects of GLP-1 on glucose sensing and insulin secretion
Glucose-induced insulin secretion

When blood glucose increases postprandially, it equilibrates across the membrane of the β cell
through GLUT2 and GLUT1 transporters. It is rapidly phosphorylated to glucose 6-phosphate
by glucokinase, which thereafter determines the rate of glycolysis, i.e., acts as the glucose
sensor, and pyruvate generation for entry into the tricarboxylic acid (TCA) cycle in
mitochondria. Subsequent oxidative metabolism provides the link between the products of
glucose metabolism and insulin secretion. The resultant increase in the ATP/ADP ratio in the
cytosol causes depolarization of the plasma membrane by closure of the ATP-sensitive K+

channels (KATP channels). This permits opening of voltage-dependent Ca2+ channels
accompanied by release of Ca2+ from intracellular stores. This increase in cytosolic Ca2+

([Ca2+]i) triggers fusion of insulin-containing secretory vesicles to the plasma membrane, and
exocytosis of insulin follows rapidly. The process of acute insulin exocytosis is thereby divided
into two pathways; 1) the triggering pathway which is the closure of the KATP channels,
depolarization and the rise in [Ca2+]i and 2) an amplifying pathway which is an augmentation
of Ca2+-induced insulin secretory vesicle exocytosis (Henquin, 2000). Here we will discuss
how GLP-1 enhances both of these pathways.

4.2 Glucose sensing
In studies on rodents it has been observed that glucose is rapidly transported into the β cell by
the high capacity, low Km glucose transporter GLUT2. In 1996 Thorens and co-workers
reported a PKA-dependent phosphorylation of the C-terminal region of GLUT2 consequent
upon GLP-1 (10 nM) treatment in single β cells sorted from rodent islets (Thorens et al.,
1996). This was abrogated by treatment with H89 and the phosphorylation sites determined
from mutation studies in vitro were found to be S489, S501/503 and T510 on the cytoplasmic tail
of GLUT2. Surprisingly, this led to a reduction in the rate of glucose uptake. However, two
facts must be taken into consideration: 1) the rate of glucose transport in cells is 50–100 times
faster than that of phosphorylation, and, 2) glucokinase is the rate-limiting enzyme in the
metabolism of glucose. Furthermore as human islets most likely utilize GLUT1 and not GLUT2
in the maintenance of glucose transport into the cell (De Vos et al., 1995). GLUT2-null rodent
islets do not display first phase insulin secretion (Thorens et al., 2000). However replacing
GLUT2 with GLUT1 corrected this defect in insulin secretion (Thorens et al., 2000). Thus it
is likely that in humans glucokinase activity (De Vos et al., 1995) is a more important glucose
sensor than the rate of glucose transport into the β cell (Matschinsky, 2002).

GLP-1 not only increases the amount of insulin secreted per cell (Montrose-Rafizadeh et al.,
1994) but also sensitizes more β cells to increases in ambient glucose (Holz et al., 1992). This
arises from the ability of GLP-1 to modulate the activity of the KATP channels and is discussed
in the next section.

4.3 Potassium channels
Of the many potassium channels present in the pancreatic β-cell the ones critical to insulin
secretion are the ATP-sensitive K+ channel (KATP channel), the KCa2+ channel and the delayed
rectifier channel, Kv (Dukes and Philipson, 1996). The KATP channel and the Kv channel have
been found to be under the direct modulation of GLP-1R signaling and they are discussed here.

4.3.1 KATP channels—Pharmacological deactivators of KATP channels have been in clinical
use for many years, consequently they have been extensively characterized in terms of their
structure, electrophysiology, and their mechanism of action and we refer the reader to these
recent reviews (Ashcroft, 2000;Gribble and Reimann, 2003;Matsuo et al., 2005;Nichols,
2006). Briefly, as illustrated in Fig. 2 the KATP channel consists of four pore forming units,
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Kir6.2 and four SUR1 (140 kDa) regulatory subunits. ATP binds to the cytoplasmic side of
Kir6.2 subunit in an Mg2+-dependent manner initiating a conformational change that results in
closure of the channel (Gribble et al., 1998). Depolarization and deactivation of the KATP
channels are entirely responsible for the first phase of insulin secretion as illustrated by the
KATP knockout mice (Miki et al., 2005) and separately by the SUR1 knockout mice (Miki et
al., 2005;Shiota et al., 2002). In humans, mutations in either Kir6.2 or KATP result in a severe
form of persistent hyperinsulinemic hypoglycemia of infancy (PHHI; Glaser et al., 1994). By
contrast, absence of KATP channels in mice results in less severe symptoms where the mice
are normoglycemic, displaying glucose intolerance only upon feeding or glucose challenge
(Miki et al., 2005;Shiota et al., 2002).

GLP-1 has been demonstrated to enhance glucose-induced insulin secretion by facilitating
closure of KATP channels in what is commonly believed to be a PKA-dependent mechanism
(Gromada et al., 1997;Holz et al., 1992;Light et al., 2002). At sub-stimulatory glucose
concentrations (5mM) the resting membrane potential of the rat β cell lies between −65 and
−53 mV. Electrical activity is initiated at glucose concentrations in the range of 7–8 mM where
the membrane potential has reached −50 to −40 mV (Rorsman and Renstrom, 2003). In the
β cell this is a characteristic pattern of cyclic oscillations in membrane potential, with
superimposed action potentials on the depolarized plateau, followed by repolarized electrically
silent intervals. These oscillations between active and silent phases are referred to as bursts.
As the glucose concentration is raised further the duration of the active phase of the burst is
increased and the repolarized interval between them decreases, until at glucose concentrations
above 20 mM the membrane potential is permanently depolarized and the action potentials
appear continuous. The application of GLP-1 in the presence of glucose causes a 5–10 mV
shift in the membrane potential depending on the glucose concentration (Gromada et al.,
1997;Holz et al., 1993;Holz et al., 1992;Light et al., 2002). The reports of the effects of GLP-1
on membrane potential in the various β cell systems are outlined in Table 2. The effect of
GLP-1 is not dependent on the time of application and diminishes 5 min after removal of the
peptide (Gromada et al., 1997;Holz et al., 1993). As a consequence of GLP-1 increasing the
glucose induced membrane depolarization, the interburst membrane potential does not fall back
to resting membrane potential, so the cells can begin depolarizing even before they completely
recover from inactivation. Therefore, the silent interburst intervals are shorter allowing for
greater activation of the Ca2+ channels and increased exocytosis. Pre-incubation with the PKA
inhibitor Rp-8-Br-cAMPS (100 μM) for 20 min (Gromada et al., 1997) or H89 (1 μM) for 5
min (Light et al., 2002) abolished GLP-1 induced inhibition of the KATP channels. The
mechanism of this glucose dependent action of GLP-1 is now believed to be via
phosphorylation of the KATP channel by PKA. Initial experiments indicated that PKA
phosphorylation of Kir6.2 (S372) increased channel activity and that phosphorylation of SUR1
(S1571) decreased burst duration and open probability (Beguin et al., 1999). However point
mutation analysis has also targeted 1448S as a specific residue on SUR1 that is phosphorylated
in response to GLP-1 treatment (Light et al., 2002).

It must be noted that while the membrane of the β cell repolarizes within 5 min of the withdrawal
of GLP-1 from the patch clamp the effect on exocytosis remains for 10 min after removal. This
implies that GLP-1 has some long-term effect on insulin exocytosis distal to that on the
KATP channel and increases in [Ca2+]i influx and the nature of this is discussed in section 4.7.

4.3.2 KV channels—While closure of the KATP channel leads to depolarization of the cell
membrane re-polarisation is accomplished by the voltage-dependent K+ or Kv channel. Eleven
subfamilies of this channel are known to exist in mammals. In a detailed study by Yan and co-
workers Kv2.1, Kv3.2, Kv6.2, and Kv9.3 were found on β cells whereas Kv3.1 and Kv6.1 were
found on α cells and Kv2.2 on δ cells of human islets (Yan et al., 2004). A summary of expression
the various Kv families in insulinoma cells and rat islets has been compiled by MacDonald and
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Wheeler (MacDonald and Wheeler, 2003). In the resting β cell the Kv channels are closed and
they open in response to membrane depolarization following glucose-induced insulin secretion
(Roe et al., 1996). In relation to insulin secretion the effects of the Kv2.1 channel has been the
one most studied in cellular models as it possibly is the major contributor to the voltage-
dependent outward K+ current. Reduction of this channel’s activity by 60–70 %, using a
dominant negative form, in rat β cells, resulted in a 60% increase in insulin secretion
(MacDonald et al., 2001).

Patch-clamped experiments in rat islets have shown that GLP-1 (10 nM) and Ex-4 (10 nM)
can antagonize Kv currents (MacDonald et al., 2002). GLP-1 and Ex-4 treatment induces a 20
mV hyperpolarizing shift in the voltage dependence of steady-state activation of Kv channels.
Inclusion of the non-hydrolyzable GTP-analogue GMP-PNP (10 nM) a G-protein activator
alone (MacDonald et al., 2002;MacDonald et al., 2003) replicated the effect of Ex-4 whereas
the GLP-1R antagonist exendin (9–39) (10-8M; MacDonald et al., 2002) failed to have an
impact on the Kv current, indicating a receptor specific effect. This effect is cAMP/PKA-
dependent as pre-treatment with the cAMP pathway antagonist Rp-cAMPS (100μM;
MacDonald et al., 2002;MacDonald et al., 2003) or the PKA inhibitor H89 (1μM; MacDonald
et al., 2003) reduced the effect of GLP-1R agonists on the Kv current. GLP-1R-mediated
antagonism of Kv was found not to depend on Epac as inclusion of the Epac activator
8CPT-2Me-cAMP (50 μM) had no effect on the delayed-rectifying current (MacDonald et al.,
2003). However treatment with cAMP analog (100 μM) or the constitutively active PKA
catalytic subunit (200 units/ml) alone, were both insufficient to replicate the effects of GLP-1R
activation. Therefore MacDonald and colleagues concluded that there was an additional
signaling pathway activated by GLP-1 required for antagonism of the Kv current. They found
this to be the PI3 kinase pathway with subsequent activation of the atypical PKCζ. The
activation of PI3 kinase did not occur via direct activation by the G-protein regulated isoform
p110γ as Ex-4 was still able to inhibit Kv in p110γ −/− mice. By applying betacellulin or in
separate experiments the EGF receptor antagonist AG1428 or the Src kinase inhibitors they
were able to demonstrate that this occurred via GLP-1 trans-activation of the EGF receptor
(see section 6.1). However, as with PKA, this mechanism was necessary, though not sufficient,
to produce a reduction in Kv current, i.e. both pathways synergize to deactivate the Kv channel.
Exactly how this occurs still remains to be investigated.

4.4 Elevation of [Ca2+]i
Intracellular Ca2+ [Ca2+]i levels oscillate in response to GLP-1 treatment in INS-1 cells at a
frequency that coincides with oscillating intracellular cAMP concentrations (Dyachok et al.,
2006). The two signals reinforce one another such that removal of Ca2+ results in loss of signal
coherence and cAMP oscillation. Activation either of AC or GLP-1 signaling employs two
known methods of increasing Ca2+; firstly by partial activation of the VDCCs thereby causing
them to open and allowing influx of calcium and secondly by enhancing calcium-induced
Ca2+ release (CICR) from the intracellular stores. Insulin exocytosis is believed to be efficiently
coupled to Ca2+ entry through the Ca2+ channel with, as will be outlined in section 4.6,
extensive formation of complexes between the channel and the insulin vesicle. However,
recently it has been demonstrated that intercellular Ca2+ increases distal to the Ca2+ channel
are instrumental in the exocytosis of a subset of highly Ca2+ sensitive pool of insulin secretory
vesicles. This subset of insulin secretory vesicles have been clearly defined by two laboratories
using both membrane capacitance (Wan et al., 2004;Yang and Gillis, 2004) and carbon-fibre
amperometry measurements (Wan et al., 2004;Yang and Gillis, 2004). They are responsive to
global rather than localized increases in Ca2+ and are mobilized concurrently with low Ca2+

sensitivity vesicles that are closely associated with voltage-dependent Ca2+ channels.
Interestingly Wan and colleagues were able to demonstrate that PKA was able to increase the
Ca2+ sensitivity of these vesicles. Under basal conditions as few as ten vesicles are highly
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Ca2+ sensitive, however Wan and colleagues were able to demonstrate that activation of PKA
or PKC by the application of forskolin or PMA respectively in the presence of glucose could
increase the numbers of highly Ca2+ sensitive vesicles by up to four-fold. Considering this
observation, it is of importance to understand how GLP-1 stimulates release of Ca2+ from the
intercellular stores as this would stimulate these highly sensitive Ca2+ vesicles and thus
contribute to first phase insulin secretion.

GLP-1 treatment stimulates release of Ca2+ from the endoplasmic reticulum primarily by two
mechanisms; one as a result of PKA activation and the second as a result of Epac activation.
Both of these are, of course, downstream of cAMP, and CICR fails to occur in the absence of
cAMP-elevating agents even when [Ca2+]i levels are high (Kang et al., 2005). The concept
that there may be a component of CICR that is not PKA-dependent was first posed by Bode
and colleagues who observed the failure of certain specific PKA inhibitors to completely block
GLP-1 (10nM; Bode et al., 1999)-and Ex-4 (10nM; Kang et al., 2001)-induced rise in cytosolic
free Ca2+. There are two main families of intracellular Ca2+ channels: the inositol 1,4,5
triphosphate receptors (IP3R) and the ryanodine receptors (RyR). Recently it has been
suggested that activation of IP3R in response to GLP-1 is PKA-dependent and activation of
RyR is a PKA-independent mechanism occurring via Epac 2 (Kang et al., 2003;Tsuboi et al.,
2003). There are three distinct mammalian IP3R I, II and III that share considerable sequence
homology encoding proteins that are ~300 kDa that exist as tetrameric structures localized in
the endoplasmic reticulum (Patel et al., 1999). IP3RI appears to be the most abundant isoform
in rodent islets (Lee et al., 1999;Lee and Laychock, 2001). GLP-1 treatment of isolated β cells
results in a biphasic response in [Ca2+]i levels; an initial fast transient peak followed by a
prolonged effect (Holz et al., 1999). The fast transient increase in [Ca2+]i is inhibited by
blocking the L-type VDCC with nimodepine and by pretreatment with ryanodine. The GLP-1-
induced fast transient increase in [Ca2+]i also was observed when the membrane potential was
clamped at −50 mV but not at −80 mV. This implies that GLP-1 mobilizes the intracellular
Ca2+ stores by triggering partial activation of the L-type Ca2+ channel. The RyR is a Ca2+

channel composed of four ~550 kDa ryanodine protomers and four 12 kDa FK506 binding
proteins that are the regulatory units FKBP12 or FKB12.6 (Thearle and Brillantes, 2005). There
are three distinct genes encoding three ryanodine receptors, types 1, 2, and 3, RyR1, RyR2 and
RyR3 respectively and there is some debate over the most prevalent and the most important
types in the β cell (reviewed in Bruton et al., 2003). It appears from RNAse protection assays
and RT-PCR that RyR2 is the most prevalent form (Islam et al., 1998). Binding of a fluorescent
derivative of ryanodine was observed in rodent and human β cells (Holz et al., 1999). The
application of the specific Epac activator 8CPT-2Me-cAMP (100μM for 10s) successfully
resolved the PKA-independent component as being due to the action of the Epac moieties
(Kang et al., 2003). Expression of a dominant negative Epac 2 (Kang et al., 2001;Kang et al.,
2003) or use of Epac 2-directed anti-sense oligonucleotides (Kashima et al., 2001) resulted in
a loss of insulin secretion and implicated this isoform of the cAMP exchange protein in the
activation of CICR. However the role of Epac 1 in this process has not yet been investigated
(Holz, 2004). Confirmation that Epac acts predominantly through the RyR was achieved by
pre-incubation of INS-1 cells with ryanodine which resulted in blockage of the 8CPT-2Me-
cAMP CICR (Kang et al., 2003).

4.5 Metabolic rate
Oxidation of pyruvate by β cell mitochondria is a critical step for the activation of insulin
secretion. Increases in mitochondrial concentrations of Ca2+ enhance the metabolic and
secretory response of β cells to subsequent challenges with glucose (Wiederkehr and Wollheim,
2006). Calcium activates several matrix dehydrogenases in the TCA cycle including pyruvate
dehydrogenase, isocitrate dehydrogenase, and 2-oxoglutarate dehydrogenase.
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Using bioluminescence imaging Tsuboi and co-workers have shown that GLP-1-induced CICR
increases free intra-mitochondrial concentrations of both Ca2+ and ATP in the MIN6 cell line
(Tsuboi et al., 2003). They were able to measure cytosolic and mitochondrial levels of ATP
using adenoviruses that expressed mitochondrially targeted luciferase. Similarly the same
research group measured mitochondrial Ca2+ concentrations by adenovirus mediated
expression of a Ca2+-dependent photoprotein, mitochondrial aequorin (Ainscow and Rutter,
2001). GLP-1 (100 nM) promoted increases in mitochondrial Ca2+ and ATP levels above those
seen with glucose alone (Tsuboi et al., 2003). The increases were equivalent either at high (30
mM) or low (3 mM) glucose concentrations but did not occur in the complete absence of
glucose. The action was dependent on the mitochondrial metabolism of glucose and not on a
stimulation of glycolysis as was confirmed by the addition of oligomycin an inhibitor of
mitochondrial F1FoATP synthase. This action was also completely blocked by the addition
Rp-cAMP. Forskolin was capable of producing large and more transient increases in
mitochondrial Ca2+ that were followed by sustained increases in mitochondrial ATP. This
indicated a dependence on intracellular increases in cAMP and the authors then investigated
the involvement of Epac2 by transfecting a dominant negative form of this cAMP sensor. The
effect of GLP-1 on mitochondrial ATP increases in the presence of glucose under these
conditions was halved. This would seem to imply that a second cAMP sensor, namely PKA,
and use of H89 also showed a reduction in GLP-1 induced ATP increases. As stated in section
3.5 the increases in ATP are believed to be largely responsible for the activation of the mTOR.

4.6 Exocytosis of insulin secretory vesicles
The process of exocytosis of insulin secretory vesicles has been studied extensively in various
β cell cellular systems. We refer the reader to comprehensive reviews on the topic for insulin
secretion specifically (Lang, 1999;Rorsman and Renstrom, 2003) and for the general
mechanism of exocytosis (Seino and Shibasaki, 2005;Ungermann and Langosch, 2005).
However, as GLP-1 exerts effects at various stages of this process we present a brief summary
of what is known about the mechanism. As stated above, insulin secretory vesicles must fuse
with the plasma membrane in order to discharge their contents. Docking of vesicles is facilitated
by a set of SNARE proteins (soluble N-ethylmaleimide sensitive factor attachment protein
SNAP receptors) originally described in synaptic vesicle-membrane fusion (Rossetto et al.,
1994). SNARE proteins form a superfamily of proteins that consists of 36 members in humans
(Jahn and Scheller, 2006). The distinguishing feature of these proteins is a structural motif
consisting of an α-helical coiled-coil domain of approximately 60 amino acids, the eponymous
SNARE motif (Jahn and Sudhof, 1999). Originally SNARE proteins were subdived into two
classes those associated with the transport vesicle (v-SNAREs) and those attached to the
membrane of the target compartment or t-SNAREs (Gerst, 1999). More recent classifications
reflect the structural differences in the ionic core of the SNARE motif that contains either three
highly conserved glutamine (Q) residues and one highly conserved arginine (R) residue (Jahn
and Scheller, 2006). Correspondingly the different SNARE motifs are classified into Qa-, Qb-,
Qc-, and R-SNARES. The SNARE complex associated with exocytosis of endocrine vesicles
is comprised of the v-SNARE proteins synaptobrevin-2/VAMP-2 (vesicle associated
membrane protein-2) and syntaxin 1 and the membrane associated v-SNARE SNAP-25 (25
kDa synaptosomal-associated protein). VAMP-2 and syntaxin 1 each contain a single SNARE
motif and are classified as belonging to the R and Qa families respectively. The SNAP proteins
comprise a small subfamily that contain one Qb-SNARE motif and one Qc-SNARE motif
known as the Qbc-SNARES. Together these three SNARE proteins form a very stable complex
that is believed to provide the energy required to produce membrane fusion. This complex also
facilitates tethering to an adjacent VDCC in the cell membrane and a localized increase in
[Ca2+]i consequent upon opening of the VDCC stimulates release of insulin (Rorsman and
Renstrom, 2003). SNAP-25 has been observed to undergo phosphorylation by PKC (at Thr138
and Ser187) in PC12 cells (Hepp et al., 2002) and by PKA (at Thr138) in PC12 (Hepp et al.,
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2002) and adrenal chromaffin cells (Nagy et al., 2004). PKC phosphorylation of Ser187 was
also observed in response to glucose and phorbol ester in INS-1 cells (Gonelle-Gispert et al.,
2002). There is no correlation between levels of SNAP-25 phosphorylation in large dense-core
vesicle exocytosis in PC12 (Hepp et al., 2002) or INS-1 cells (Gonelle-Gispert et al., 2002).
Similarly, we demonstrated that tyrosine phosphorylation of SNAP-25 and, correspondingly,
GLP-1-induced insulin secretion are attenuated by the tyrosine kinase inhibitor genistein and
enhanced by vanadate, a tyrosine phosphatase inhibitor (Zhou and Egan, 1997). Thus, while
there is an association between phosphorylation of SNAP-25 and insulin secretion there is as
yet no direct evidence of a regulatory role for glucose- or GLP-1- induced phosphorylation of
SNAP-25. Further investigation to establish the existence and physiological relevance of PKA
phosphorylation of SNAP-25 is required.

Complex adhesion to the VDCC is aided by participation of certain Rab proteins, a subclass
of the Ras superfamily of small G-proteins that have been demonstrated to regulate insulin
vesicle exocytosis (Yaekura et al., 2003). Rab proteins cycle between an active GTP bound
form associated with vesicles and an inactive GDP bound cytosolic form. In particular,
transgenic mice lacking the isoform Rab3A are glucose intolerant and exhibit decreased first
phase insulin secretion, consistent with a role for Rab3A in exocytosis (Yaekura et al., 2003).
Rab3A has been shown by fractionation of cell organelles from INS-1 cells to be localized
with the insulin secretory vesicles. There are four structurally related isoforms of Rab, known
as Rab3A, B, C, and D, and while Rab3A is not found in human islets, Rab3B and 3C are
(Regazzi et al., 1996). The function of Rab3A in insulin exocytosis is very poorly understood
and its importance here is in the context of the complex that it forms with Epac2 and Rim2
(Rab3 interacting molecule Ozaki et al., 2000) linking Rim2 with the insulin secretory vesicle
(Shibasaki et al., 2004). While generically many actions of Epac are believed to be Rap1
mediated in the specific case of insulin exocytosis there is evidence that Epac2 interacts directly
with this granular protein (Holz, 2004). Rab27A was also recently linked to cAMP modulation
of insulin vesicle recruitment to the cell membrane and is discussed in greater detail in section
4.7 (Kasai et al., 2005b).

Rim proteins are a class of multidomain scaffolding proteins encoded by four main genes
(RIM1α, 2α, 2β, 2γ, 3γ, 4γ) that regulate exocytosis by direct or indirect interaction with other
synaptic proteins (Kaeser and Sudhof, 2005). Transcripts of Rim1 & 2 have been found in
pancreatic islets although Rim1 was not found to be expressed in MIN6 cells (Ozaki et al.,
2000). A GST tagged form of Rim2 co-immunoprecipitated with Epac2 from MIN6 cells.
Kashima and colleagues followed up on this observation and expressed a dominant negative
form of Rim2 (lacking certain critical domains) in MIN6 cells to highlight the involvement of
this molecule in cAMP-induced insulin secretion (Kashima et al., 2001). Use of this mutant
form of Rim2 in MIN6 cells expressing the human preproinsulin gene, inhibited the secretion
of human C-peptide in response to the cAMP analog 8-Br-cAMP in 16.7 mM glucose. In
conjunction with this, they also used anti-sense oligodeoxynucleotides (ODN) directed at
Epac2 to suppress Epac2 expression in mouse islets. While anti-sense ODN treatment alone
significantly diminished first and second phase insulin secretion response from islets perifused
with 8-Br-cAMP (100 μM) it had no effect on insulin secreted in response to high glucose
concentrations. However the effects on first phase and second phase insulin secretion of
downregulating Epac2 were only conducted using superphysiological concentrations of
glucose (16.7 mM) or 8-Br-cAMP and glucose, no experiments were conducted to examine
the effects of GLP-1 perifusion with glucose. So although the authors do invoke these effects
for the incretin hormones their relevance has to be questioned given the manner in which the
experiments were conducted. The application of 8-Br-cAMP is not the same as treatment with
GLP-1 as the former will cause greater global increases in cAMP that could potentially activate
Epac in favor of PKA and thus skew the results in favor of an Epac dependent mechanism.
Additionally, although the authors do show decreases in static insulin secretion in response to
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GLP-1 in islets treated with anti-sense to Epac2, this was reported for the 30 min timepoint
after GLP-1 treatment. Therefore, no assessment can be made regarding the specific response
to GLP-1 in first and second phase insulin secretion in the context of suppressing Epac2. These
experiments, while providing evidence that Epac2 is involved in bulk insulin release resulting
from incubation of isolated islets with GLP-1, do not yet illustrate the extent of the importance
of Epac 2 in GLP-1 action in either early or late phase insulin secretion. Recently Kang and
colleagues from the Holz laboratory have demonstrated regulation by both Epac isomers of
KATP channel closure through a proposed direct interaction of both Epac isomers with the
SUR1 subunit (Kang et al., 2006). Applying the Epac selective cAMP analog 8CPT-2Me-
cAMP (100 μM for 30 s) in patch clamp analysis they demonstrated inhibition of whole-cell
KATP current of both primary human β cells and INS-1 cells. Transfection of INS-1 cells with
a dominant negative form of Epac1 nearly abolished this effect. They also found that myc-
epitope tagged forms of both Epac isomers co-immunoprecipitated with full-length FLAG
tagged SUR1 in transfected HEK cells which implies direct association with between Epac
and the SUR1 subunit. Interestingly, while the specific PKA activator N6-Bnz-cAMP failed to
have an effect on the KATP channel the application of either H89 or PKI alone was sufficient
to inhibit KATP current.

Epac2 has also been found to be associated with the Ca2+ sensor Piccolo (Shibasaki et al.,
2004). Downregulation of Piccolo in MIN6 cells using specific anti-sense ODN treatment
results in a decrease in 8-Br-cAMP-induced insulin secretion (Fujimoto et al., 2002). However,
as above this has not yet been investigated in the context of GLP-1 induced insulin secretion.

4.7 GLP-1 effects on the readily releasable pool (RRP)
There are believed to be three functionally different pools of insulin secretory vesicles in β
cells (Barg et al., 2002;Straub and Sharp, 2004). These are the reserve pool (RP) located deep
in the cytoplasm, and two pools located close to the membrane, the readily release pool (RRP)
and the immediately releasable pool (IRP). It is estimated that about 5% of insulin vesicles in
a cell are actually docked to the membrane and constitute the RRP that undergo exocytosis
upon elevation of [Ca2+]i. Of these, approximately 50 vesicles are primed and ready for
immediate release; they are referred to as the IRP and are believed to be directly adjacent to
the L-type VDCCs. The remaining vesicles within the cytosol further from the membrane
comprise the RP of insulin vesicles (Bratanova-Tochkova et al., 2002). Insulin secretion from
the β cell in response to a square wave stimulatory increase in glucose concentration from the
resting state occurs in two phases both in vitro and in vivo (Cerasi and Luft, 1963;Curry et al.,
1968). The first phase is rapid, lasts for about 10–15 min, and reaches a peak within 10 min in
the mouse (Barg et al., 2002). In contrast the second phase begins once the IRP has been
depleted and recruitment from the RP begins, this plateaus and lasts for the duration of glucose
stimulation. The rate-limiting step in the second phase of insulin secretion is the mobilization
of vesicles from the RP to the RRP and subsequently to IRP. The kinetics of insulin secretion
is slightly different between human and mouse. Termination of the first phase in humans is
recognized as a nadir and then insulin secretion gradually increases until it reaches a plateau;
thus the rate of transition from RP to IRP changes over this gradual increase.

As pointed out in the discussion on the patch-clamp experiments in section 4.3.1 there is a
delayed effect of GLP-1 on insulin exocytosis that remains even after the stimulating effect of
the peptide is terminated. This is due to the ability of the peptide to increase the number of
insulin secretory vesicles in the RRP. This can be explained in terms of the action of GLP-1
signaling to prolong the activation of the Ca2+ channels. As outlined in section 4.3.1 GLP-1
induces greater depolarization of the β cell membrane thus increasing the number of KATP
channels that are closed. Consequently the current undergoes more extensive inactivation
before the cells start repolarising. This means that the interburst membrane potential does not
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fall back to resting membrane potential, so the cells start depolarizing even before they have
completely recovered from inactivation (Gromada et al., 1998).

GLP-1 may also potentially mobilize vesicles from the RP via cAMP-dependent activation of
Rab27A, a secretory vesicle-associated molecule that has been studied extensively by the Izumi
laboratory (Kasai et al., 2005b). Rab27A is one of two isoforms of the Rab27 subfamily - the
other being Rab27B. Mice deficient for Rab27A exhibit defects in intracellular migration of
melanosomes along the actin filaments (Futter et al., 2004) producing a phenotypic coat color
referred to as ashen. The equivalent mutation in humans results in hypopigmentation that co-
presents with a severe immune disorder, collectively referred to as Griscelli syndrome 2
(Menasche et al., 2003). Rab27A −/− mice are euglycemic in the fasted state but exhibit glucose
intolerance postprandially showing reduced responses in both the first and second phases of
insulin secretion (Kasai et al., 2005b). This is a consequence of a reduced number of docked
vesicles because of diminished capacity of glucose-stimulated mobilization of vesicles from
the RP. Glucose metabolism and ATP production are normal in these mutant mice. The Izumi
laboratory have also demonstrated that granuphilin, a specific Rab27A effector molecule
showing low affinity for Rab3A in vitro (Yi et al., 2002) forms a complex with the SNARE
protein syntaxin 1a thereby facilitating the docking process (Torii et al., 2004). Granuphilin
immunostaining shows an aberrant sub-cellular expression pattern in the islets of ashen mice
when compared to wildtype controls (Kasai et al., 2005b). Although the ashen mice exhibit
normal insulin secretory responses to forskolin this could be due to the massive increase in
cAMP produced by this agent that may override the impairment in vesicle mobilization. It is
probable, although not yet examined, that the Rab27A/granuphilin complex may also
participate in GLP-1 modulation of glucose-induced insulin secretion via the cAMP/Epac
pathway.

4.8 PKA-dependent versus PKA-independent effects on insulin exocytosis
We have discussed in various points above the relevant importance of Epac and PKA in GLP-1-
modulated insulin exocytosis. However we feel it important to reserve a separate section for a
discussion of the literature regarding their relevant contributions to fast exocytosis of insulin
secretory vesicles that is directly related to the fast release of Ca2+ from the intracellular
Ca2+ stores. There are two basic and opposing theories on this: one is that Epac is solely
responsible for the rapid increase in [Ca2+]i and insulin exocytosis and the second, in contrast,
emphasizes the importance of residual PKA levels to prime the β cell for rapid insulin release.

Rorsman and colleagues have proposed a mechanism by which a 65 kDa vesicle-associated
form of SUR (gSUR) is directly involved in PKA-independent exocytosis (Eliasson et al.,
2003;Renstrom et al., 2002). They have based their premise on three main observations: 1)
known interactions between SUR1 and Epac2 in a yeast-two-hybrid screen (Ozaki et al.,
2000), 2) sulfonylureas are capable of stimulating insulin exocytosis even in β cells from SUR1
−/− mice (Eliasson et al., 2003), and, 3) the application of glibenclamide to islets results in
vesicle acidification thus aiding insulin exocytosis (Renstrom et al., 2002). The importance of
this for GLP-1-mediated exocytosis is that Rorsman and colleagues postulate that this is the
main mechanism by which Epac directs fast insulin exocytosis. They believe that the 65kDa
protein, via indirect interaction with Epac2, stabilizes the Epac2/Rim2 complex and thus
increases association with the ClC-3 chloride channel found on endosomes and vesicles
(Jentsch et al., 2002). Acidification of insulin secretory vesicles is an essential part of vesicle
release and, as the concentration of H+ increases, the positive charge is offset by a negative
charge in order to preserve vesicle stability. The preservation of stimulatory action of
sulfonylureas in SUR1−/− β cells led the investigators to postulate that the gSUR was entirely
different from that of the KATP SUR1 form.
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By contrast Takahashi and colleagues have presented experimental evidence for the importance
of PKA in fast glucose-induced exocytosis (Kasai et al., 2002;Takahashi et al., 1999). The
model they have developed is a rapid and reversible post-priming step in which ATP acts
independently of its effects on [Ca2+] or the KATP channels but requires PKA. Takahashi used
amperometry to measure secretion resulting from fusion with the cell membrane combined
with a controlled release of Ca2+ using photolysis of a caged calcium compound to initiate
Ca2+-dependent secretion from isolated mouse islets. Raising the intracellular ATP levels from
0.1 mM to 3 mM dramatically increased Ca2+-dependent fast insulin exocytosis. This step was
not dependent on hydrolysis of ATP as inclusion in the β cell of a hydrolysis-resistant analog
of ATP actually potentiated fast exocytosis. Use of a form of ATP that could not support
phosphorylation, by contrast, did not exhibit the potentiating effect of ATP. Furthermore, ATP
action was dependent on intracellular Mg2+ but was not inhibited by ADP, which is
characteristic of phosphorylation reactions. Dependence on cAMP was established using the
competitive antagonist of cAMP, Rp-cAMP and on PKA by using H89 (10 μM) both of which
blocked the action of ATP on the fast insulin exocytosis. The downstream substrates for the
PKA phosphorylation are not known but a potential candidate are the SNAP proteins (Zhou
and Egan, 1997). Basal levels of cAMP (and presumably PKA) were sufficient to prime the
β cell for this initial burst of vesicle release as FSK, even the presence of high ATP
concentrations, did not augment insulin release whereas low concentrations did so. However,
as Takahashi and colleagues point out, it is still not possible to rule out that a component of
this Ca2+-dependent fast exocytosis could be dependent on another cAMP sensor such as Epac
(Kasai et al., 2002).

5. Chronic effects of GLP-1 on insulin synthesis and secretion
Drucker and co-workers initially demonstrated the effect of GLP-1 on increasing insulin
mRNA levels in 1987 (Drucker et al., 1987). In 1992 Fehmann and Habener showed that GLP-1
(10 nM) treatment induced the proinsulin gene using a chloramphenicol-acetyltransferase
(CAT) reporter gene assay, and it increased insulin mRNA levels and insulin content in the
βTC-1 cell line following 24 hr of treatment (Fehmann and Habener, 1992). In 1995 it was
shown that prolonged treatment of rat insulinoma cells with GLP-1 (1 or 10 nM for 24 hr)
resulted in a 1.5-fold increase in intracellular insulin (Wang et al., 1995). Use of the general
transcription inhibitor actinomycin D and the protein synthesis inhibitor cyclohexamide
showed that the increase in insulin transcription and consequently insulin translation accounted
for the increase in insulin content. However the effect of actinomycin D inhibition did not
completely eliminate the GLP-1-induced increases in the levels of insulin transcript. This was
the first evidence of an important role for stabilization of the insulin transcript in the GLP-1-
mediated increase in intracellular β cell insulin levels, at least in insulinoma cells, during
prolonged treatment. By contrast actimomycin D treatment did significantly reduce the effect
of GLP-1 upon induction of GLUT1 and hexokinase I genes. Thus it became apparent that the
beneficial effects of GLP-1 on insulin secretion arose from the stimulation of transcription in
the β cell as well as enhancement of acute insulin secretory responses to glucose. The ability
of GLP-1 to induce transcription of the insulin gene was later demonstrated using a luciferase
reporter gene assay for the rat insulin I gene in INS-1 cells (Skoglund et al., 2000) where a
maximum 2-fold increase in luciferase activity was noted. More recently similar results were
also obtained when the luciferase-linked human insulin promoter was transfected into INS-1
cells (Hay et al., 2005).

Here we discuss how GLP-1 treatment increases insulin transcription through stabilization of
the insulin transcript and cAMP-dependent and -independent upregulation of the insulin gene.
A second mechanism utilized by GLP-1 is the activation of the key β cell transcription factor
PDX-1 that binds to the A1, A4/A3 and GG2 regulatory elements of the insulin promoter (see
Fig. 3) to stimulate transcription.
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5.1 Stabilization of the insulin mRNA transcript
The rapidly increased translation of insulin mRNA in response to increasing levels of glucose
depends on its 5′ and 3′ untranslated regions (Wicksteed et al., 2001). Polypyrimidine tract
binding protein (PTB) binds to the U-rich polypyrimidine tract of mRNAs encoding insulin
and insulin secretory vesicle proteins thereby stabilizing them (Knoch et al., 2004;Knoch et
al., 2006;Tillmar et al., 2002). Both glucose and GLP-1 stimulate nucleocytoplasmic
translocation of PTB1 in INS-1 cells (Knoch et al., 2006). Cytosolic PTB1 quickly upregulates
the expression of insulin and the secretory vesicle protein ICA512 a receptor tyrosine protein-
phosphatase-like protein associated with insulin secretory vesicles (Knoch et al., 2004). Knoch
and colleagues also uncovered a PKA-dependent phosphorylation of PTB1 in INS-1 cells. They
confirmed this by showing that inhibition of PKA with H89 (10 μM) as well as inhibition of
expression of the α-catalytic subunit and regulatory subunits of PKA by siRNA, resulted in a
reduction in phosphorylation at serine 16 (location of the consensus motif for PKA
phosphorylation) of PTB1. Selective inhibitors of MEK1/2 and ERK1/2 did not inhibit GLP-1-
induced phosphorylation and translocation of PTB1.

5.2 GLP-1 regulation of insulin transcription
The cAMP response element (CRE, TGACGTCA) was initially recognized as an inducible
enhancer of genes that can be transcribed in response to elevated cAMP levels (Comb et al.,
1986;Montminy et al., 1986). This regulatory element has been characterized as being
responsive to a number of basic region leucine zipper transcription (bZIP) factors; however
the most studied is the cAMP response element binding (CREB) protein. Phosphorylation of
CREB at serine133 induces a conformational change in the CREB molecule permitting it to
bind to the co-activator CREB binding protein (CBP; Gonzalez and Montminy, 1989). The
resulting complex can regulate transcription of genes containing the palindromic CRE
sequence. There are four CRE regions in the human insulin gene (Fig. 3), two sites upstream
of the transcription start site (CRE1 and CRE2), one site in the first exon (CRE3) and one site
in the first intron (CRE4; Inagaki et al., 1992). Of these CRE2 is the only one conserved between
humans and rodents (Inagaki et al., 1992;Philippe and Missotten, 1990). The participation of
these CRE sites in GLP-1-induced insulin transcription was studied by transfecting INS-1 cells
with constructs containing fragments of the human insulin promoter lacking one or more CRE
site, or with constructs having mutations in one or more of the CRE sites, linked to the luciferase
reporter gene (Hay et al., 2005). Mutation of all CRE sites except for CRE1 resulted in reduced
luciferase activity of the human insulin promoter in response to GLP-1 treatment of the
transfected cells. Also interesting is the fact that H89 (10 μM), while completely abolishing
the effect of FSK on the luciferase activity representing all four CRE sites, did not completely
diminish the effect of GLP-1 at CRE3 and CRE4. This would indicate that CRE3 and CRE4
utilize a cAMP/PKA-independent pathway to modulate insulin transcription at these regulatory
elements. Electrophoretic mobility shift assays (EMSA) performed with nuclear extracts from
GLP-1 (10 nM)- or FSK (10 μM)- treated INS-1 cells (11.1 mM glucose for 4 hr) incubated
with four different oligonucleotides containing one each of the human insulin CRE sites
revealed a differential regulation of the CRE sites. In particular a supershift assay using an
antibody to PDX-1 was capable of abolishing a major complex formed in the CRE1 reaction
mix of nuclear extracts treated with GLP-1. The authors hypothesized therefore that the close
proximity of CRE1 to the A3 binding site for PDX-1 could preclude binding of a CRE
regulatory complex (Fig. 3).

Most of the work examining elements important in insulin transcription has been performed
on the rat insulin I promoter (RIP). The promoter region of the human insulin gene exhibits a
75 % homology with the rat insulin I gene promoter up to bp −240 and then they diverge
markedly (Walker et al., 1983). The single RIP (RIP1) CRE site is not palindromic
(TGACGTCC) and differs from the canonical CRE site by one C/A nucleotide substitution
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(Oetjen et al., 1994). In separate studies, the Habener (Kemp and Habener, 2001) and Holz
laboratories (Chepurny et al., 2002;Skoglund et al., 2000), using luciferase reporter gene assays
in INS-1 cells, found that GLP-1 (10 nM or 100 nM) and Ex-4 (10 nM) induction of rat insulin
I gene was not inhibited by H89 (10 μM). In both instances the results obtained are quite clear
with no statistical difference between reporter assay results in the presence and absence of H89.
Chepurny and colleagues performed further studies to examine this phenomenon and found
that simultaneous treatment with the membrane permeable PKA inhibitors 8-Br-Rp-cAMPS
(200 μM) or KT 5720 and Ex-4 did not affect transcription. In contrast H89 (1 μM and 10
μM) does have highly significant effects on the induction by FSK (2 μM). Therefore
transcriptional regulation of the rat insulin I gene downstream of GLP-1R/cAMP activation
would appear to be PKA-independent. However co-transfection with a dominant negative
isoform of Epac2 had no effect on Ex-4-mediated activation of RIP1 (Chepurny et al., 2002).
Furthermore co-transfection with a dominant negative Gαs did not alter the response of the
RIP1 luciferase reporter gene (Kemp and Habener, 2001;Skoglund et al., 2000). In a further
dissection of the regulation of the RIP1 by GLP-1 the Holz research team showed that the
serine/threonine inhibitor Ro 31-8220 that targets PKC, S6K1, and mitogen- and stress
activated protein kinase family of CREB binding proteins blocked the action of Ex-4 on RIP1
(Chepurny et al., 2002). However a role for PKC in the mechanism was eliminated as neither
the PKC inhibitor K-252c, downregulation of PKC by pre-treatment with phorbol ester or use
of a dominant negative PKCζ had an effect on the action of Ex-4. Inhibition of P38MAPK
using SB 203580 was found to lead to an increase in insulin transcription in the presence of
either GLP-1 or Ex-4 (Chepurny et al., 2002;Kemp and Habener, 2001). This effect was
mediated by the CRE site as deletion of this site reversed the effect of the P38MAPK inhibitor
on GLP-1 activation of RIP1.

Further studies by Chepurny and colleagues found that elimination of the A4/A3 site did not
result in a reduction in Ex-4-mediated induction of the RIP gene whereas removal of the CRE
site did (Chepurny et al., 2002). Therefore the authors called into question the relevance of
GLP-1R/PDX-1 mediated regulation of insulin transcription via the A4/A3 site (vide infra).
However there are two important aspects to be borne in mind when considering this data.
Firstly, PDX-1 also binds to the A1 element of the insulin promoter and Chepurny and
colleagues did not examine activity in a rat insulin promoter lacking the A1 element. Secondly,
regulation of the rat and human insulin promoters is very different as illustrated by the following
example. Co-transfection with dominant negative CREB (A-CREB), a genetically engineered
form of CREB that binds to bZIP transcription factors, abolished the effect of GLP-1 (Skoglund
et al., 2000) and Ex-4 (Chepurny et al., 2002) at the RIP1. However, co-transfection with a
dominant negative form of a related bZIP protein activating transcription factor 2 (ATF-2) did
not have an effect on RIP1. This is interesting as ATF-2 was previously demonstrated to
mediate human insulin gene transcription via CRE (Ban et al., 2000). Thus a comparison of
the studies on the occupancy of the regulatory elements on rat and human insulin promoters
in response to GLP-1 treatment should serve a caution to transferring knowledge between the
two species. The human insulin promoter is indeed distinct from that of the rodent.

NFAT (nuclear factor of activated T cells) a Ca2+/calmodulin-dependent transcription factor,
is activated by dephosphorylation (on multiple serines) by PP-2B, hence is translocated to the
nucleus (Rao et al., 1997). PP2-B is a serine/threonine phosphatase (Rusnak and Mertz,
2000) and is unique among other phosphatases of its family (PPI and PP2) in its dependency
on Ca2+/calmodulin for its activation. NFAT is expressed in the rat pancreatic β cell (Lawrence
et al., 2002) and the dephosphorylated NFAT complex is maintained in the nucleus as long as
Ca2+ concentrations are elevated, thus maintaining calcineurin in the activated state
(Timmerman et al., 1996). The participation of PP2-B and NFAT in multiple aspects of insulin
secretion has been highlighted by the use of the PP2-B inhibitor FK506 (also known as
tacrolimus) and cyclosporin A (reviewed in Doyle and Egan, 2003).
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Lawrence and colleagues used INS-1 cells to study the effect of PP-2B inhibition and
consequently absence of activated NFAT on GLP-1 induction of the insulin gene (Lawrence
et al., 2002). After employing a wash out-period of 18 hr in 2 mM glucose they were able to
demonstrate a 71-fold increase in rat insulin I reporter gene activity (luciferase reporter gene
assay) in response to 100 nM GLP-1 over 6 hr in the presence of 11 mM glucose. This was
almost completely inhibited by the addition of FK506 (10 μM) to the medium. Addition of
H89 (1–50 μM) in this instance lead to a reduction in the luciferase reporter gene assay
(maximal 70% inhibition at 10 μM H89) in INS-1 cells, in contrast to the results obtained by
the Holz and Habener laboratories (vide supra). Also interesting was the fact that FSK-
mediated activation of the insulin gene was not completely inhibited by PKA inhibitors
(maximum 80% inhibition) in the studies by Lawrence and co-workers. This would suggest,
as has been found for other GLP-1 actions on the β cell (Kwon et al., 2004b), that PKA is a
major regulator of insulin transcription when the levels of cAMP are lower and more localized.
There are three putative binding sites [(T/A)GGAAA(A/N)(A/T/C) where N=nucleotide] for
NFAT on RIP1 (see Fig. 3). Site directed mutagenesis in each of the individual sites revealed
that all three NFAT sequences are important for glucose-dependent GLP-1 induction of the
insulin gene (Lawrence et al., 2002). There was a difference in responsiveness with the NFAT1
site being the most responsive to either GLP-1 alone or the combination of glucose and GLP-1,
NFAT3 to a lesser extent and finally NFAT2, although responsive to glucose and GLP-1
together, was relatively insensitive to GLP-1 alone. GLP-1 and glucose induction of insulin
transcription was abolished by the intracellular calcium chelator BAPTA but only partially
inhibited by the L-type VDCC blocker verapamil. These observations would imply that,
calcium released from the intracellular stores is important in induction of insulin transcription
and is modulated by calcium influx via non-selective ion channels, that GLP-1 is known to
activate (Leech and Habener, 1997).

5.3 Regulation of PDX-1
The homeobox transcription factor pancreatic duodenal homeobox-1 (PDX-1, also known as
IDX-1, STF1 and IUF1) is essential for pancreatic development and for conserved regulation
of insulin transcription. Mice (Jonsson et al., 1994) and humans (Stoffers et al., 1997)
completely lacking PDX-1 do not have a pancreas. Mutations in the PDX-1 gene are associated
with a form of maturity onset diabetes of the young, MODY4 (Stoffers et al., 1997). PDX-1
expression (Wang et al., 2001), intracellular location (Moede et al., 1999;Rafiq et al.,
2000;Rafiq et al., 1998), and DNA binding (Petersen et al., 1998) are known to be responsive
to glucose metabolism in the β cell. Indeed PDX-1 is known to regulate acute glucose induction
of the insulin gene (Rafiq et al., 1998). Despite earlier reports of PDX-1 knockdown
experiments performed in insulinoma cells showing no effect on insulin gene expression
(Kajimoto et al., 1997), the central importance for PDX-1 in maintenance of sufficient β cell
mass, function, growth and insulin transcription is now clear based on results from both in
vivo transgenic models (Kushner et al., 2002;Li et al., 2005c) and from transfection of the
human insulin promoter into insulinoma cell lines (Le Lay and Stein, 2006). PDX-1 is also a
key effector for the GLP-1R responsive pathways and is critical for the positive effects of
GLP-1R agonists on differentiation, proliferation, survival and function of the β cell (Li et al.,
2005c). PDX-1 binds to the A1 and A3/A4 elements of the rat and human insulin promoters
(Le Lay and Stein, 2006;Ohlsson et al., 1993) (see Fig. 3) via the homeodomain factor TAAT
core binding motif. It also binds to the GG2 element of the human promoter which is apparently
more critical for the activation of the human insulin gene (Le Lay and Stein, 2006).

We and the Prentki laboratory showed that PDX-1 mRNA and protein levels are increased in
response to GLP-1 treatment in rat insulinoma cell lines (Buteau et al., 1999;Wang et al.,
1999). In the case of the RIN 1046-38 cells cultured with GLP-1 (10 nM) there was a maximum
1.4-fold increase in PDX-1 mRNA at 3 hr coupled to maximum protein levels at 2–3 hr (Wang
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et al., 1999). Later we found that chronic treatment with GLP-1R agonists led to upregulation
of PDX-1 levels in the endocrine and exocrine pancreas and also to increased nuclear
localization of PDX-1 in the β cell (Stoffers et al., 2000). We also found in our experiments in
RIN insulinoma cells that GLP-1-induced, but not glucose-induced, nuclear localization of
PDX-1 is PKA dependent (Wang et al., 2001). Using a concentration (10 μM) of the PKA
inhibitor H89 that we found completely abolished GLP-1-induced insulin secretion in this cell
line, (we note this is different from that observed with islets which show a PKA independent
component to GLP-1 induced insulin secretion, see section 3.3) we observed a reduction in
PDX-1 mRNA and protein levels, nuclear translocation, and, in EMSA assays, a reduction in
binding to the A1 element of the rat I insulin promoter in response to simultaneous treatment
with GLP-1 and glucose. As the effect of GLP-1 on these parameters of PDX-1 activity in the
β cell were not completely abolished it is possible that there may be some dependency of the
GLP-1 activation of PDX-1 on PI3 kinase that has been shown to be involved in glucose-
induced PDX-1 translocation (Rafiq et al., 2000). Buteau and colleagues did observe a
reduction in GLP-1 (10 nM)-induced association of PDX-1 with the rat I insulin promoter when
the insulinoma cells were treated with the PI3 kinase inhibitor LY294002 (50μM) (Buteau et
al., 1999).

The increases in PDX-1 mRNA and protein levels that we observed in the RIN cells were
observed also in normoglycemic mice and in two rodent models of T2DM (Perfetti et al.,
2000;Stoffers et al., 2000). Northern blot analysis of total RNA extracted from islets or whole
pancreata from 6 and 22 month old Wistar rats treated with GLP-1 (continuous subcutaneous
infusion of GLP-1, 1.5 pM/kg·min, for 48 hr) showed that there was a comparable increase in
both old and young rats even though the older rats showed a significantly decreased basal level
compared to young (Perfetti et al., 2000)

There was a corresponding 4-fold increase in PDX-1 expression in whole pancreatic extracts
from old animals treated with GLP-1 as above for 2 days. In contrast GLP-1R−/− mice injected
with Ex-4 or treated subcutaneously with GLP-1 did not show an increase in PDX-1 protein
levels when compared to wild-type controls (Stoffers et al., 2000). Semi-quantitative analysis
of fluorescence intensity of PDX-1 immunoreactivity in C56B16 and diabetic db/db mice
revealed an increase in PDX-1 expression not only in the islets but also intense staining in the
ductular network.

The mechanism of GLP-1-induced nuclear localization of PDX-1 involves the phosphorylation
of a member of the forkhead transcription factors (Fox) of the O subclass, namely FoxO1
(Buteau et al., 2006). FoxO1 is deactivated by phosphorylation (Ser256 in rodents and Ser253
in humans) by the PI3 kinase/PKB pathway a process previously observed in the β cell
(Kitamura et al., 2002). In its phosphorylated state FoxO1 is cytoplasmic. FoxO1 and PDX-1
mutually exclude each other from the nucleus of the β cell. Buteau and colleagues recently
showed that GLP-1-induced phosphorylation and nuclear exclusion of FoxO1 via
transactivation of the EGFR (see section 6.1 for description of this mechanism) in an
insulinoma cell line (Buteau et al., 2006). Kawamori and colleagues have found a nuclear
export signal on PDX-1 that is activated in response to oxidative stress by the c-Jun NH2-
terminal kinase (JNK; Kawamori et al., 2003). Oxidative stress leads to the exclusion of PDX-1
from the nucleus by increasing FoxO1 nuclear expression that is downstream of JNK
inactivation of PKB. JNK overexpression reduces the phosphorylation of PKB at serine473
and thereby reduces the extent of FoxO1 phosphorylation (Kawamori et al., 2006). FoxO1 also
apparently represses PDX-1 promoter activity by binding to the Foxa2 binding site in the
PDX-1 promoter (Kitamura et al., 2002).
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6. Regulation of β cell mass
β cell mass is regulated by a balance between β cell proliferation and death. Islet neogenesis
is a controversial subject as there is no direct evidence for the existence of a specific pancreatic
endocrine stem cell and we reserve discussion of this topic for section 6.2.1. Studies in rodents
and humans have and continue to illustrate that the incretin hormones play a central role in the
homeostasis of pancreatic β cell mass as well as function and that these two parameters are
closely intertwined. Chronic treatment of both normal and diabetic rodents with GLP-1R
agonists can result in an increase in β cell mass due to increases in β cell 1) proliferation, 2)
neogenesis and/or, 3) decreases in β cell apoptosis. However there are at least two instances
in which GLP-1R stimulation alleviated diabetes in rodent models in which there was a
decrease in β cell mass. This can be attributed to the improvement in β cell function (Li et al.,
2006) and/or a decrease in insulin resistance (Gedulin et al., 2005) therefore less β cell mass
is required. Here we review in chronological order the studies in rodents where pancreatic
endocrine mass has been modulated by treatment with GLP-1R agonists and studies in cell
lines and isolated β cells that outline the mechanism by which this may occur (Fig. 2 & 4).
Finally we summarize the data from the rodent studies in which the effects of a GLP-1R agonist
were examined in Table 3.

6.1 β cell proliferation
GLP-1 (10 nM) was shown to induce an increase in DNA synthesis as measured by tritiated
thymidine incorporation in the INS832/13 insulinoma cell line and in rat pancreatic islets,
following a 24 hr incubation (Buteau et al., 1999). 3[H]uptake in the INS-1 cells was concurrent
with an increase in PI3 kinase activity and was blocked by the PI3 kinase inhibitors wortmannin
and LY 294002. Subsequently, Buteau and colleagues demonstrated that the atypical isoform
zeta of protein kinase C (PKCζ) a downstream effector of PI3 kinase, is rapidly (within 5 min)
translocated to the nucleus of INS-1 cells in response to GLP-1 treatment (Buteau et al.,
2001). Inhibition of p38 MAPK with SB203580 and use of a PKCζ pseudosubstrate but not
classical PKC (α, β, and γ) pseudosubstrates significantly decreased the effect of GLP-1 on
INS-1 cell proliferation. Adenoviral-mediated overexpression of wild type PKCζ led to a small
but significant increase in β cell proliferation but expression of the kinase dead dominant
negative form decreased the proliferative response by 60%. Furthermore, in a third publication
from the Prentki laboratory it was shown that GLP-1 activation of PI3 kinase could be inhibited
by PP1, a c-Src inhibitor as well as AG1478, an EGFR inhibitor (Buteau et al., 2003). They
hypothesized that c-Src stimulated tyrosine phosphorylation of EGFR by cleavage and
ectodomain shedding of the membrane anchored betacellulin (BTC), an EGFR ligand. Using
fluorescence activated cell sorting (FACS) they showed that cell surface levels of BTC were
decreased following GLP-1 treatment of INS-1 cells. They also demonstrated that a
metalloproteinase inhibitor GM6001 and an anti-BTC neutralizing antibody both suppressed
the GLP-1 proliferative effect. The authors concluded that GLP-1 increased INS-1 cell
proliferation by transactivation of the EGFR with subsequent activation of PI3 kinase (Fig. 2
and 4). This is followed by activation and translocation to the nucleus of PKCζ. How exactly
PKCζ exerts its downstream effects on β cell proliferation is not known but in other cell types
it is known to modulate the phosphorylation state and consequently the activity of PKB
(Shizukuda and Buttrick, 2002). Thus, as discussed above in section 5.3, PKB will deactivate
FoxO1 that will, in turn, facilitate acute nuclear translocation of existing PDX-1 and the
synthesis of further PDX-1 by displacing this inhibitor of PDX-1 transcription from the
promoter region of the homeodomain transcription factor. Five to six week old IRS2−/− mice
treated with Ex-4 failed to demonstrate increases in BrdU incorporation into β cells (Park et
al., 2006). Mice with a β cell specific inactivation of PDX-1 also do not display a proliferative
response to Ex-4 treatment (Li et al., 2005c). Together all of these reports would suggest the
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proposed mechanism for proliferation that is shown in Fig. 3 where IRS2 leads to activation
of PI3 kinase that in turn will regulate PDX-1 via deactivation of FoxO1.

The first evidence that GLP-1R agonists could act as mitogenic factors for β cells in vivo came
with treatment of rats that had undergone a partial pancreatectomy, with Ex-4 (Xu et al.,
1999). Following a 90–95 % pancreatectomy, Ex-4 (1 nmol/kg body weight) was administered
to one group of animals for 10 days, another group received saline injections. They also had
two sham operated groups that received either saline or Ex-4. Partially pancreatectomized
animals that received treatment showed improved tolerance to an oral glucose challenge, a
lower HbA1c and a greater β cell mass than those that underwent surgery and received saline.
Proliferation was quantified by the extent of incorporation of the thymidine analog,
bromodeoxyuridine (BrdU) into DNA synthesizing cells. An increase in β cell BrdU labeling
index was not observed in pancreatectomized rats that received Ex-4 relative to
pancreatectomized animals that received saline injections. However there was an increase in
β cell proliferation in the pancreata of sham operated animals that received the peptide relative
to those receiving saline alone. The β cells had not hypertrophied as the mean cross-sectional
area of the pancreatectomized group receiving Ex-4 was not significantly elevated from the
sham operated or sham operated that received Ex-4. Insulin content in the whole pancreas was
greater in both groups of Ex-4-treated animals. Considerable regeneration occurs in the 90%
partial pancreatectomy model that was enhanced by treatment with Ex-4. The results would
imply that neogenesis or differentiation was the major contributor to formation of new β cells
(see section 6.2.2). However, the improved insulin granulation, synthesis and β cell function
were also major contributors to the overall improvement in glucose tolerance. What is also
interesting is that the number of glucagon-positive cells also increased in the sham operated
animals that received Ex-4 although the BrdU labeling index of α cells was not determined.
This would imply that GLP-1R agonists are capable of stimulating regrowth of α cells either
directly or indirectly through a paracrine mechanism.

A model of spontaneous T2DM and a model that has been very well studied by people in the
diabetes field is the Zucker diabetic fatty rat (ZDF/GmiTM-fa/fa). These rats have a defect in
their leptin receptor and therefore overeat, become obese, hence are insulin resistant and at
about 10 weeks of age they develop diabetes. The lesion in the endocrine pancreas is
comparable to T2DM and is characterized by an inadequate β cell mass to meet requirement
for insulin caused by increased rate of β cell apoptosis and a decrease in β cell proliferation.
Farilla and colleagues treated these rats with a continuous 2-day infusion of GLP-1 (30 pmol/
kg·min) via an Alzet microosmotic pump implanted in the interscapular region (Farilla et al.,
2002). They measured proliferation of the β cells by co-staining for Ki-67 (labels cells in all
phases of growth) and insulin and found a 1.6-fold increase in labeling index of β cells relative
to untreated animals. Histopathology analysis of the staining revealed qualitative differences
in location and distribution of proliferating cells in the pancreata of the control and treated
groups. In the control animals the Ki-67 positive cells were individual cells randomly
distributed throughout the endocrine, exocrine and ductal compartments of the pancreas. In the
pancreata of the GLP-1-treated animals there were two distinct patterns of Ki-67
immunostaining; a) individual cells alone that co-stained for insulin and Ki-67 located within
the islets as well as individual insulin- and Ki-67-positive cells throughout the pancreatic tissue,
and, b) aggregates of islet-like but insulin-negative proliferating cells of about 10 cells in size
were observed in the exocrine pancreas and not in untreated controls. At about the same time
the Brubaker laboratory (Wang and Brubaker, 2002) also observed an increase in β cell area
(1.35-fold) and proliferation (2.3-fold) in mice exhibiting a defect in the leptin receptor
following treatment with Ex-4 (1 nmol/kg, ip, daily for 2 weeks).

A recent review has discussed many of the important cell cycle proteins in the G1/S phase
transition, the checkpoint in cell cycle progression critical for postnatal β cell growth hence
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maintenance of β cell mass (Cozar-Castellano et al., 2006). Two of the three Cyclin D proteins,
namely Cyclin D1 and D2, are expressed in β cells and the absence of Cyclin D2 results
eventually in overt diabetes in Cyclin D2−/− mice (Georgia and Bhushan, 2004;Kushner et al.,
2005). The cyclins coordinate with the cyclin-dependent kinases (cdks) to phosphorylate pRB,
a member of the retinoblastoma family of proteins, thus releasing them from the E2F
transcription factors (Cozar-Castellano et al., 2006). Members of E2F family of transcription
factors are the effectors that control the G1/S transition and in particular transgenic mice lacking
E2F1 display defective insulin secretion in response to a glucose challenge due to inadequate
β cell mass and a disregulation in PDX-1 (Fajas et al., 2004). In two separate recent publications
GLP-1R activation has been shown to regulate Cyclin D expression in models of β cell growth
(Friedrichsen et al., 2006;Kim et al., 2006). Surprisingly both reports demonstrated that GLP-1
or Ex-4 treatment in the INS-1 insulinoma cell line caused significant increases in Cyclin D1
mRNA expression but had little effect on Cyclin D2 expression. Friedrichsen and colleagues
investigated GLP-1-induced proliferation in monolayers of freshly isolated neonatal rat islets
as well as INS-1 cells. Using pharmacological inhibition they showed that this process was
PKA-, PI3 kinase- and MEK/ERK-dependent (Friedrichsen et al., 2006). They examined
Cyclin D1 expression in GLP-1 (100 nM) treated INS-1 cells at 6 and 12 hr and found it to be
increased 100 and 37% respectively above basal levels using qRT-PCR analysis. They
transfected the cell line with a luciferase linked Cyclin D1 promoter and found GLP-1 (100
nM for 24 hr) activation of transcription of Cyclin D1 to be PKA-, PI3 kinase-, and MEK/
ERK-dependent. Kim and co-workers examined protein levels of Cyclin D1 in response to
Ex-4 treatment (10 nM for up to 6 hr) and demonstrated a PKA dependency but no inhibition
of Cyclin D1 expression by ERK inhibition or increase in response to the inclusion of
exogenous ERK during the Ex-4 treatment (Kim et al., 2006). This might indicate alternate
pathways of activation by the two GLP-1R agonists; however activation by both peptides would
need to be examined in the same system using identical detection techniques for Cyclin D1
gene expression at both the transcriptional and translational level to confirm. Kim and co-
workers found that a CRE binding site on the Cyclin D1 promoter was induced by treatment
with Ex-4 (Kim et al., 2006). They investigated this further using EMSA and ChIP analysis
and provided convincing evidence for increased association of phosphoCREB in response to
Ex-4 treatment. We have also observed an increase in Cyclin D1 protein expression in response
to Ex-4 treatment of the RIN insulinoma cell line and our preliminary data indicates that the
Notch system is also involved in regulation of this protein by GLP-1R activation (Doyle et al.,
2006).

Preliminary data presented by Rankin and colleagues from the Kushner laboratory in which
14 and 20 month old, partially pancreatectomized (50%) mice were exposed chronically to
BrdU by addition of the compound to their drinking water, showed that Ex-4 did not cause a
significant increase in β cell proliferation (Rankin et al., 2006). The Kushner laboratory had
earlier used this labeling technique to show that β cell proliferation was very low in one year
old mice (Teta et al., 2005). Given the slow proliferation rate of β cells this would have to be
considered to be a very accurate method of analysis. This is probably why they did observe
increased proliferation in response to Ex-4 treatment in the younger pancreatectomized mice,
in contrast to the earlier experiment with rats from Bonner-Weir’s laboratory. However it
remains to be determined if the absence of response in the older animals is a strain or species
dependent effect as increases in β cell proliferation have clearly been demonstrated in glucose
intolerant rats as outlined above. Table 3 outlines the studies on rodent models in which the
impact of GLP-1R agonist treatment on β cell mass has been assessed. While the ability of
chronic GLP-1R stimulation to promote new formation of β cells (next section) and to prevent
apoptosis (section 6.4) is not always consistent there is little debate over its effects on
proliferation in young mice.
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6.2 GLP-1 and β cell neogenesis
6.2.1 Islet neogenesis: the current hypotheses To discuss this second possible
regenerative pathway initiated by chronic GLP-1R activation it is necessary to give some
background on islet neogenesis in the adult pancreas and the current state of the field. The de
novo formation of islet cells in the adult pancreas and in particular β cell neogenesis is a
controversial process with evidence indicating that it can occur, especially in the rodent and
some recent evidence from transgenic mice showing otherwise.

In 1993 Bonner-Weir and colleagues performed a 90% partial pancreatectomy on rats and
documented by immunohistochemistry, the presence of insulin-positive cells from the ductular
network in the remnant of the pancreas (Bonner-Weir et al., 1993). This led Bonner-Weir to
develop a model of a facultative pancreatic stem cell, not necessarily a ductal cell per se, but
one that resides in the ductular network and is responsive to metabolic demands. That there
are no specific markers for this cell has remained the crux of the debate since then. Many adult
in vivo models have been used to demonstrate the potential for the ductular network to give
rise to new β cells, including interferon gamma (IFN-γ) overexpression, plastic wrapping of
the pancreatic duct (in order to induce mild pancreatitis) and administration of gastrin and EGF
(Bonner-Weir and Weir, 2005;Trucco, 2005). In 2004 Dor and co-workers reported work using
a partial pancreatectomy on transgenic mice in which insulin producing cells were indelibly
labeled using a Cre/Lox system (Dor et al., 2004). Insulin-positive cells arising directly from
the putative stem cell (or any cell that was not previously producing insulin) in the duct would
not be labeled. However, no β cells (i.e. insulin-containing cells) were observed that did not
also contain the label, pointing to mitosis of existing β cells as the sole method of endocrine
pancreatic regeneration in the mouse. However as Dor performed only a 70% partial
pancreatectomy it is questionable if the extent of the insult on the pancreas was sufficient to
induce the putative pancreatic stem cell to differentiate. Bulter and co-workers have
investigated β cell mass in pancreatic tissue from autopsies of lean and obese patients in
normoglycemic and glucose intolerant states and patients diagnosed with T2DM (Butler et al.,
2003). Rates of β cell apoptosis were increased in T2DM patients (3-fold in obese and 10-fold
in lean cases) compared to normoglycemic individuals with no compensatory increase in
proliferation rates, which was similar in all groups. The extent of islet neogenesis as measured
by the appearance of insulin-positive cells in the ductular network was equivalent in the
normoglycemic and diabetic individuals. Butler and co-workers have also demonstrated
evidence of new β cell formation in pancreatic biopsies from patients that had been diagnosed
with type 1 diabetes (T1DM) many years prior to the biopsy (Meier et al., 2005). Indeed, they
found no correlation between duration of the diabetes and extent of insulin-positive cells. They
observed occasional insulin-positive cells in the ducts as well as T lymphocyte and macrophage
infiltrates and periductal fibrosis, consistent with on-going destruction of β cells as they appear
from ducts. Thus they hypothesized that regeneration of insulin-positive cells from cells
residing in ducts was a continuous process in T1DM. Unfortunately this was not clinically
relevant as the new β cells were susceptible to autoimmune destruction. These observations
raise the issue of the relevance of the observations by Dor and co-workers in the mouse pancreas
to the human context, given the differences in mouse and human islet architecture, and milieu
(Bouwens and Pipeleers, 1998), together with the greater overall heterogeneity in the endocrine
cell patterning of the human islet (Brissova et al., 2005).

In 2000 Peck and colleagues showed that it was possible to cultivate and expand a cell with
neuroendocrine-type morphology from the mouse pancreas that could then give rise to islet-
like clusters expressing insulin and glucagon (Ramiya et al., 2000). When implanted into the
subcapsular region of the kidney of diabetic female NOD/Uf mice, (although they had slightly
elevated blood glucose levels relative to controls) they survived insulin-free for up to 55 days.
Due to the method of isolation (whole pancreas digestion with sucrose fractionation to isolate
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an islet rich population) it is impossible to identify the origin of this specific cell type. Whether
in the native pancreas they reside in the islet or the exocrine tissue will be unknown until a
specific marker has been identified. Since this work was published a number of groups have
repeated and confirmed that a such a precursor cell exists in both rodent (Ta et al., 2006) and
human (Seeberger et al., 2006;Todorov et al., 2006) pancreata. One study would seem to
corroborate the work by Dor and colleagues as it showed that human insulin-positive cells
undergo an epithelial to mesenchymal transition when kept in culture (Gershengorn et al.,
2004). These cells are isolated in a manner similar to that of Peck and co-workers and also
undergo long-term culture, followed by a re-differentiation procedure to produce insulin-, C-
peptide- and glucagon-positive clusters. As yet no extensive studies have been conducted to
define the ability of these cells to reverse diabetes in an animal model. Also, whether β cells
can undergo such a dedifferentiation process in vivo is highly questionable; the transition that
Gershengorn and co-workers observe is most likely unique to the in vitro conditions. Of
particular interest is the recent paper from Levine’s laboratory (Hao et al., 2006) in which they
isolated and heritably marked a fairly homogeneous population of CK19 cells (a marker for
pancreatic ductal cells) from digested human pancreata with a lentiviral vector expressing
EGFP or ddsRed. Using antibiotic resistance to selectively culture the labeled cells they
expanded the CK19-positive pool of cells and then implanted them under the kidney capsule
of mice and left them for 3 months. Not much insulin immunoreactivity was observed in
implants in normoglycemic mice. This apparently was not further improved by treatment of
the recipient mice with Ex-4. However 10% of the labeled cells were insulin-positive when
the mice received a graft also containing clusters of immortalized human fetal cells. This is the
first convincing evidence using lineage tracing to demonstrate that insulin-positive cells could
arise from the duct cells in the pancreas. In section 6.2.3 we discuss the potential of GLP-1R
agonists to differentiate such precursor cells in vitro.

6.2.2 GLP-1R agonist effects in vivo on β cell differentiation—Determining the
effects of GLP-1R on differentiation is assessed indirectly by a) investigating for the presence
of insulin-positive cells in the ductular network and/or b) comparing increases in β cell mass
with rates of proliferation to see if they can be entirely responsible for increases in the mass.
Xu and colleagues showed that there was an increase in β cell area following the combination
of partial pancreatectomy and Ex-4 treatment (as discussed in section 6.1) in rats but did not
observe an increase in β cell proliferation relative to pancreatectomized animals that did not
receive Ex-4 treatment (Xu et al., 1999). It is possible that β cell growth in the pancreas of the
pancreatectomized animals was already at its maximum and further treatment with Ex-4 could
not improve upon this. To find an explanation for the increase in β cell mass in the Ex-4 treated
rats Xu and colleagues looked for endocrine hormone expression in the ducts of the injured
pancreas. The number of extra-islet insulin and glucagon positive cells in the ductular network
in the sham operated animals that received Ex-4 was assessed as being greater at 7-days post
the operation than in the untreated sham operated animals. Therefore they concluded that
neogenesis of islets from the ductal network was a major contribution to expansion of
pancreatic endocrine mass following Ex-4 treatment.

In 22 month old Wistar rats treated for 5 days with a subcutaneous infusion of GLP-1 we
observed an increased β cell area (Perfetti et al., 2000). We also observed an obvious increase
in clusters of insulin-positive cells in the pancreatic ductular network of the treated rats. The
size of the insulin-positive cluster was inversely proportional to the size of the ducts in which
they were located. We also found a significant increase in β cell area and in total PDX-1 isolated
from the whole mouse pancreas of treated versus controls. Levels of PDX-1 are known to
increase during pancreatic regeneration and it also seems to be essential for GLP-1R mediated
differentiation of endocrine precursors (see next section and Table 3). Tourrel and colleagues
actually performed a quantitative analysis of the number of insulin-positive clusters in ducts
in an animal model of diabetes that received GLP-1R agonist treatment (Tourrel et al., 2001).
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They treated newborn Wistar rats with STZ (100 μg/g body weight). Then they immediately
began treatment for 5 days with an sc injection of GLP-1 (400 μg/kg body weight) or Ex-4 (3
μg/kg body weight) and subsequently examined β cell neogenesis in the rat pancreata at day 7
of the experiment. Both the number of isolated β cells in the ductular epithelium and the number
of β cell clusters (2–10 cells in size) proximal to ducts, was increased significantly in the STZ
mice that received the GLP-1R agonists. Similar to recent observations by Xu and colleagues
(Xu et al., 2006) in STZ treated Sprague Dawley rats Tourrel and co-workers did not observe
any effect of GLP-1 or Ex-4 on apoptosis.

6.2.3 In vitro determination of the mechanism of β cell differentiation by GLP-1R
agonists—In vitro studies have been conducted on acinar and ductal cell lines to assess the
ability of GLP-1R agonists to stimulate endocrine hormone production in these cell types.
These also provide an easier model to study the underlying mechanism in neogenesis as
stimulated by GLP-1 treatment. We have examined the effect of chronic GLP-1 R activation
in both a rat acinar cell line, AR42J cells (Zhou et al., 1999b) and a human ductal cell line,
Capan-1 cells (Zhou et al., 2002).

When AR42J cells were treated for 3 days with GLP-1 (10 nM) or Ex-4 (1 nM) approximately
20% were insulin-positive and 50% were glucagon-positive with 20% exhibiting co-staining
for both hormones. This conversion was blocked by the addition of the MEK inhibitor PD98059
and partially hindered by the addition of H89. However cultivation in FSK (10 μM) for 3 days
did not result in the same degree of insulin expression (2%) as did GLP-1 or Ex-4. This would
imply a differentiation mechanism that is co-dependent on the MEK/ERK and PKA pathways.
It is possible that since the Epac moieties can, in combination with the Ca2+ calmodulin kinases,
activate the MEK/ERK pathways, that they may also be implicated. However the inability of
FSK to cause differentiation to the same degree as GLP-1 or Ex-4 implies the involvement of
pathways other than those activated by cAMP. Simultaneous treatment with the PKC inhibitor
1-O-hexadecyl-2-O-methyl-rac-glycerol and Ex-4 completely blocked differentiation. This
PKC inhibitor is a diether analogue of diacylglycerol and therefore it should inhibit only the
classical and novel isoforms of PKC and not affect the atypical form of PKC, PKCζ that has
been implicated in GLP-1R-mediated proliferation (section 6.1). However the precise
involvement of PKC, and which isoforms are involved in differentiation of the AR42J cells
has not yet been investigated. AR42J cells were maintained in media supplemented with fetal
bovine serum (FBS, 10%) that certainly contains some insulin. However we confirmed, 1)
expression of insulin in the cells by RT-PCR, 2) demonstrated glucose (10 mM)-responsive
insulin release (0.65 versus 0.05 pg insulin/μg protein, treated versus control), and, also, 3)
found that protein levels of PDX-1 were increased by immunoblotting. Thus uptake of insulin
from the medium was not a major contribution to the insulin-positivity observed in the
immunostaining assay (Rajagopal et al., 2003).

The Gittes laboratory (Yew et al., 2004) have expanded on these observations and performed
a dose-response curve for Ex-4 (1 pM – 100 nM) conversion by quantifying insulin II,
pdx-1, and IAPP mRNA levels (Yew and colleagues supplemented their media with 20% FBS).
They found that 5 pM of Ex-4 was the most effective dose over a 3 day treatment period. In
contrast to our results they did find a few untreated cells expressing insulin. Surprisingly, levels
of Foxa2 (HNF3β) a known transcription factor regulator of pdx-1 (Wu et al., 1997), were
suppressed in response to Ex-4 treatment, indicating that it is not necessary for expression of
pdx-1 in this context (vide infra). The combination of activin and betacellulin has also been
shown to induce differentiation of the AR42J cells (Mashima et al., 1996). Activin binds to
and activates the transforming growth factor-β (TGFβ) receptors (Fleisch et al., 2006). There
are three mammalian forms of TGFβ, 1, 2, and 3, that can potentially bind three ubiquitously
expressed TGFβ receptors, TβR I, II and III. TβRI and TβRII are serine-threonine kinases.
Almost all cells secrete latent TGFβ and therefore activation of TGFβ acts as the checkpoint
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for regulation. Following activation of TGFβ the TβRI and TβRII receptor dimers form a
hetero-tetrameric complex, and subsequently TβRI phosphorylates receptor-regulated Smad
proteins 2 and 3 which mediate activin signaling. Gittes and colleagues found evidence of
synergy between the TGFβ and GLP-1R pathways in Ex-4-induced differentiation of this cell
line. Ex-4 treatment increased Smad 3 but decreased Smad 2 mRNA and protein levels in the
AR42J cell line. Levels of Smad 4, a binding partner of both Smads 2 and 3, remained
unchanged. Morpholine ring anti-sense directed against Smad 2 significantly blocked Ex-4-
induced increases in insulin II, pdx-1, pax4, and pax 6, mRNA. This inhibition of Smad 2
expression prevented the Ex-4 induced increases in Smad 3 mRNA in this cell line. Use of
anti-sense against Smad 3 during Ex-4 treatment dramatically increased insulin and Pax6 levels
but decreased the amount of pdx-1 and IAPP transcripts. Finally simultaneous use of anti-sense
against both Smad 2 and 3 was equivalent to inhibition of Smad 2 alone. Based on these
knockdown experiments Yew and co-workers concluded that Smad 2 is essential for early
commitment to an endocrine fate and that Smad 3 is instrumental in advancing the
differentiation of the cells (Fig 4). Next the authors investigated AR42J cells for expression of
activin ligands and TGFβ isoforms and found very little expression of inhibin A and B (activin
monomers). However TGFβ1 and TGFβ2 were expressed and TGFβ1 was upregulated
following Ex-4 treatment. Use of a TGFβ pan-neutralising antibody completely blocked Ex-4
differentiation of the AR42J cells decreasing levels of Smad 2 and Smad 3 mRNA. This
indicates the ability of Ex-4 to decrease Smad 2 levels is probably independent of TGFβ
signaling. Antisense against the TβR type I form, Alk 5, which is upregulated following Ex-4
treatment inhibited differentiation. Finally, simultaneous treatment with exogenous TGFβ1
(10 ng/ml) increased insulin mRNA levels 10- to 15- fold over Ex-4 induced insulin-
transcription alone. Gittes and colleagues have also demonstrated this synergy between the
GLP-1R and TGFβ pathways in the developing pancreas using mouse e11.5 pancreas treated
with exogenous TGFβ1 and Ex-4 (Tei et al., 2005). When administered together there was a
4.5-fold increase in insulin-positive differentiation, greater than that seen with either compound
alone. Of note Ex-4 (100 pM for 6 days) alone, caused only a slight increase in the numbers
of cells immunoreactive for insulin but no increase in those positive for glucagon.

In a follow-up study the Gittes laboratory found evidence that GLP-1R-induced differentiation
of AR42J cells involves activation of the bone morphogenetic protein (BMP) signaling
pathway first, followed by the TGFβ isoform signaling mechanism (Fig 4; Yew et al., 2005).
BMPs are cytokines that also form part of the TGFβ superfamily (Zhang and Li, 2005). Yew
and co-workers found endogenous expression of transcripts for the BMP Smads 1 and 8, the
BMP-2 ligand and activin receptor-like kinase-1 (ALK-1, which activates Smads 1 and 5) were
increased and Smad 5 decreased, following Ex-4 treatment of the AR42J cell line. When the
cells were also exposed to BMP ligand inhibitors there was a suppression of the increase in
both the BMP Smads 1 and 8, as well as Smad 3 in the TGFβ pathway observed in response
to Ex-4 treatment. Inhibition of the BMP pathway did not prevent the Ex-4-induced decrease
in Smad 2 and 5 transcript levels. Morpholino anti-sense against ALK-1 blocked Ex-4 induced
expression of insulin II, pdx-1, and pax 4 seemingly by blocking the increase in Smad 3 mRNA
levels. As in the case with BMP-ligand inhibition Smad 2 levels were unaffected. Use of anti-
sense against the ALK-1 activator BMP-2 also did not effect Smad 2 or 5 expression but did
reduce insulin II, pdx-1 and pax-4 mRNA levels. Based on these results Gittes proposed a
possible mechanism (see Fig 4) by which BMP protein ALK-1, was activated by BMP-2
heterodimer formation with either BMP4 or 7. ALK-1 in turn upregulates Smad1, which leads
to a suppression of Smad2 and commitment to the endocrine hormone differentiation pathway.
Upregulation of Smad3 was required for the progression to a more mature phenotype.

The importance of PDX-1 in GLP-1R mediated differentiation of ductal cells has been
demonstrated by us and investigators in the Perfetti laboratory. Using the human ductal cell
line Capan-1 we demonstrated that Ex-4 treatment (0.1 nM for up to 5 days) increased the
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percentage of hormone-positive cells from 8% (in medium supplemented with 10% serum) to
40% (Zhou et al., 2002). Ex-4 treatment increased both the total level, as measured in
immunoblots of whole cell extracts, as well as nuclear levels of PDX-1, following incubation
for 72 hrs. Overexpression of PDX-1 increased the number of insulin-positive cells to 80% of
the total population. Correspondingly use of anti-sense against pdx-1 completely blocked the
effect of Ex-4. Using EMSA we observed that there was a 12-fold increase in association of
Foxa2 with the PDX-1 promoter region (oligonucleotide equivalent to −2109 to −2088) in
nuclear extracts from cells treated with Ex-4 for 24 hr. However we did not determine whether
Foxa2 was absolutely essential for upregulation of PDX-1 and differentiation of this cell line,
a question that arises given the results presented by Yew and colleagues in the differentiation
of the AR42J cells (vide supra). Perfetti and colleagues compared GLP-1-mediated
differentiation of ARIP cells, a rat ductal cell line expressing PDX-1, with a human ductal cell
line PANC1 that does not express PDX-1 (Hui et al., 2001). They found that the PANC1 cells
were unaltered by GLP-1 treatment alone but upon transfection of PDX-1 were capable of
expressing both insulin and glucagon positivity.

Finally, with the interest in generating new sources of β cells there have been several papers
published examining the effects of GLP-1 or Ex-4 on precursor cells isolated from a number
of different mammalian pancreata and these studies are summarized in Table 4. The main
observation of all these papers is that GLP-1R-mediated differentiation requires cells that are
progressively more mature. There are several papers included in this list that suggest that
PDX-1 expression is a prerequisite for GLP-1R signaling to cause differentiation.

6.3 Potential GLP-1R effects after gastric bypass surgery
New observations related to gut factors and the control of β cell mass have recently been made
in patients following bariatric surgery, implicating endogenous GLP-1 as a possible pathogenic
factor. Service and colleagues reported that six patients after Roux-en-Y gastric bypass surgery
had postprandial hypoglycemia and neuroglycopenia with elevated insulin levels that led
surgeons to perform partial pancreatectomies for control of symptoms (Service et al., 2005).
Therefore pancreatic specimens were available for histological evaluation and the patients were
diagnosed as having nesidioblastosis and enlarged islets. The authors interpreted their findings
as possibly resulting from large amount of trophic (humoral) factors i.e. GLP-1, being released
as a result of the dumping of food into the lower small bowel leading to islet overgrowth.
However, the control pancreata used for histological comparison and from whom islet sizes
were reported to be smaller were from obese subjects that were not nearly as heavy as the
subjects who had undergone surgery (BMIs of 34 versus 50). The staining appeared to have
been done at a different time and/or with different methodology or under different fixative
conditions than the staining of the patients that had bariatric surgery. It is quite possible that
the conditions of the pancreata from the bariatric-treated patients resulted from the preceding
obesity and were not post-surgical events. None of the six were reported to have diabetes prior
to their bypass and so must have had robust insulin secretory capacity. The six patients had a
median loss of 44 % of their pre-operative weight (they are roughly half the weight they were
before surgery): this is a massive weight loss and could mean that the β cell mass/islet secretory
capacity had not yet re-set itself from its previous capacity.

The Service report was followed a few months later by a similar short communication from
Patti and colleagues, who reported on three Roux-en-Y gastric bypass patients who had severe
postprandial hypoglycemia, again with hyperinsulinemia, on whom surgeons performed partial
pancreatectomies, in one case a drastic 80% pancreatectomy (Patti et al., 2005). Their
pathological examination led them to conclude that islet hyperplasia was present in all three
patients and they postulated that high GLP-1 plasma levels post-surgery were causative.
However, the data from Patti and co-workers is open to interpretation. Their reasons for
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claiming there was islet hyperplasia present were based on the following: 1) that islets appeared
close to ducts (suggesting that islets were being induced to form from ducts), 2) occasional
insulin-positive cells were present in ducts, and 3) β cell area in one patient was considered to
be high (3.3 % of total pancreatic area). However, the observation of islets in close proximity
to ducts is a perfectly normal anatomical finding in humans (Bouwens and Pipeleers,
1998;Watanabe et al., 1999), insulin-positive cells are a frequent occurrence in human
pancreatic ducts and 3.3 % is in fact within the normal range for total pancreatic islet area
(Butler et al., 2003). Indeed, if islet hyperplasia were pathologic, one would expect fasting
hypoglycemia to be the most problematic clinical finding and not postprandial hypoglycemia.
The patient who underwent 80 % pancreatectomy and one of the patients who underwent distal
pancreatectomy, had little or no relief from their symptoms. This is contradictory to increased
β cell mass being the cause of the hypoglycemia and leads to the conclusion that surgery should
probably not have been performed. Another interpretation of the data from Patti and colleagues,
as well from Service and colleagues, is that the substantial weight loss due to the bypass surgery
causes marked reductions in insulin resistance, occurring in the setting of β cell hypertrophy
as a result of the preceding obesity. None of the three patients were reported to have suffered
from diabetes prior to their gastric bypass and therefore, as with the Service report, they must
be presumed to have had robust hypertrophic and hyperactive islets leading up to the bypass.
It would not be unrealistic to expect that it may take months to years for the full homeostatic
mechanism controlling insulin secretion/insulin sensitivity to re-set itself after profound weight
loss. It must be remembered that it took years for the patients to reach their levels of obesity
and so re-setting their homeostatic mechanisms is not likely to be quickly accomplished. Two
recent publications comparing postprandial levels of the gut peptides PYY and GLP-1 in
humans before and after Roux-en-Y gastric bypass surgery have demonstrated significant
increases in both hormones (le Roux et al., 2006;Morinigo et al., 2006). In light of the results
produced by Patti and co-workers, any type of pancreatectomy should be avoided in patients
who have postprandial hypoglycemia following gastric bypass surgery.

Butler and colleagues carried out a histological evaluation of the same six pancreata as in the
Service report and concluded that there was no evidence of increased β cell formation (either
islet neogenesis or β cell replication) or decreased β cell loss in the patients after gastric bypass
surgery. Their only positive finding was that in patients with post-gastric bypass surgery
hypoglycemia, β cell nuclear diameter was greater than that of BMI-matched control subjects
but appeared appropriate for the BMI of the patients before surgery (Meier et al., 2006a). It
therefore now appears more certain that in some patients there is failure of insulin secretory
mechanisms (and possibly β cell mass) to reset to the decreased requirement for insulin
secretion as a consequence of massive and precipitous weight loss after gastric bypass surgery.

6.4 β cell toxicity and death: protective effects of GLP-1R agonists
GLP-1-induced protection against the deleterious effects of the diabetic milieu, (i.e. increased
cytokine-, glucose- and lipo-toxicity) shown in both T1- and T2DM is an aspect of the
preservation of β cell mass observed in rodent models of both major forms of diabetes. GLP-1R
activation has been demonstrated both in human islets in vitro and in rodent models in vivo to
reduce β cell apoptosis. The rate of β cell apoptosis is very low (Scaglia et al., 1997) and
therefore models of injury to the endocrine pancreas have to be used to measure potential
protective effects of GLP-1R agonists against the demise of the β cell. The first published
model was the inbred Zucker diabetic fatty rat (ZDF/GmiTM-fa/fa, previously described in
section 6.1) to which GLP-1 was infused over 2 days (Farilla et al., 2002). Perfetti and
colleagues used Alzet microosmotic pumps implanted in the interscapsular region of the ZDF
rats to slowly infuse GLP-1 (30 pmol/kg·min) for 2 days. Following this period the pumps
were removed and then the rats were left for 4 days. Six days after the beginning of the infusion
an intraperitoneal glucose tolerance test (IPGTT) was performed (Farilla et al., 2002). The rats
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were euthanized on day 7 and their pancreata excised. Perfetti and colleagues assessed the
degree of terminal deoxynucleotidyl transferase-mediated dUTP-digoxigenin nick end labeling
(TUNEL) as a measure the number of apoptotic cells in the islets of untreated controls versus
in those of the ZDF rats receiving the incretin hormone. In the control group they observed
several aggregates of apoptotic cells in the exocrine parenchyma and in close proximity to the
islets and fragmented nuclear apoptotic cells within the islets themselves. In the GLP-1-treated
animals there was no clustering of apoptotic cells and the islets were virtually free of apoptotic
cells. Correspondingly there was a reduction in immunostaining for the cysteine-aspartic-acid-
protease involved in initiation of apoptosis, i.e. caspase-3, in the GLP-1-treated rats. In
summary, GLP-1 produced a 3.6-fold drop in the total number of apoptotic β cells, a 1.4-fold
increase in the number of Ki-67 positive or dividing β cells, and a 1.6-fold expansion of β cell
mass relative to controls. This was reflected in an improvement of the parameters of the IPGTT.
Drucker and colleagues used the low dose streptozotocin (STZ) model of β cell destruction in
mice to examine the effects of Ex-4 on β cell apoptosis (Li et al., 2003). In a detailed set of
experiments, STZ either alone, or combination with Ex-4, was administered to GLP-1R−/−
mice, and wildtype-, CD1 and C57BL/6 mice. Co-administration of Ex-4 to the wildtype mice
reduced morning fed blood glucose levels and glycemic excursions following an oral glucose
tolerance test. The STZ/GLP-1R−/− mice displayed increased fasting blood glucose relative
both to wildtype receiving STZ alone or combination with Ex-4. This indicates that endogenous
GLP-1 has a protective effect as the wildtype mice exhibited higher levels of endogenous
GLP-1 production. Indeed increased levels of apoptosis were shown in the islets of the GLP-1R
−/− mice relative to the wildtype STZ treated and control mice. Ex-4 (100 nM) also induced a
cytoprotective effect in monolayers of β cells derived from mouse islets, incubated with the
combination of cytokines interleukin 1 β (IL-1β, 1 ng/ml) and tumour necrosis factor α (TNF-
α, 5 ng/ml). Both of these cytokines are released by T cells and macrophages during an
autoimmune response and are instrumental in the destruction of β cells (Cnop et al., 2005).

Perfetti and colleagues examined the mechanism of reactive oxygen species (ROS)-induced
apoptosis in vitro in the MIN6 cell line (Hui et al., 2003). The extent of hydrogen-peroxide (50
μM for 30 min) induced apoptosis was reduced by prior GLP-1 (10 nM for 16 hr) administration
as demonstrated by 1) reduced number of fragmented/damaged nuclei (from 60 % to 20 %,
measured by Hoechst staining), 2) reduction in DNA fragmentation, 3) reduced cleavage by
caspase 3 of the proenzyme form of the repair enzyme, poly-(ADP-ribose)-polymerase (PARP)
and 4) increased levels of the mitochondrial membrane stabilizers and anti-apoptotic Bcl-2
family of proteins. Specificity to the GLP-1R was indicated as some of the experiments were
performed using the GLP-1R antagonist exendin (9-39) (100 nM) and it was found to have no
effect on reducing DNA fragmentation whereas Ex-4 had such an effect. Mechanistically, Hui
and colleagues found that the PI3 kinase and cAMP pathways were both instrumental in GLP-1-
mediated preservation of cell viability in the presence of ROS. The pharmacological inhibitors
of PI3 kinase and cAMP, LY294002 (50 μM) and Rp-cAMP (50 μM) respectively, were found
to significantly reduce the effect of GLP-1, whereas the MAPK inhibitor, PD098059 (50 μM)
did not do so. Similar results were recently obtained using the long acting GLP-1R agonist
liraglutide that has a modification so as to eliminate proteolysis by DPP-IV (Bregenholt et al.,
2005). In a later study from the Perfetti group GLP-1 (10 nM) was shown to reduce caspase 3
and increase Bcl-2 expression in human islets cultured over 3–5 days (Farilla et al., 2003). This
was also accompanied by an increase in immunoreactivity in the individual β cells for insulin,
insulin mRNA levels and in glucose stimulated insulin secretion.

Buteau and colleagues examined the ability of GLP-1 to protect human islets against
glucolipotoxicity (Buteau et al., 2004). Dispersed human islet cells plated on poly-ornithine
treated glass coverslips and cultivated for a period of 24 hr in the presence of 25 mM glucose
and/or palmitate (0.4 mM) were completely protected against the gluco- or lipotoxicity,
respectively, by simultaneous incubation with GLP-1 (10 nM) as assessed by Hoechst and
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TUNEL staining. In the same study Buteau and co-workers then explored the mechanism of
protection by using INS832/13 cells. In particular they examined the contribution of the PI3
Kinase/PKB pathway. PKB has been shown to exhibit protective effects against FFA-induced
apoptosis and to be a key survival gene for β cells (Tuttle et al., 2001;Wrede et al., 2002).
Expression of a dominant negative form of PKB in INS832/13 cells completely reversed the
protective effect of GLP-1 against both glucose and palmitate induced apoptosis whereas
overexpression of a constitutively active form of PKB completely eliminated the toxic effects
of both treatments both in the presence and absence of GLP-1 (Buteau et al., 2004). A
downstream target of PKB is the nuclear factor-κB (NF-κB)/Rel family of transcription factors
that have been shown to regulate anti-apoptotic proteins including Bcl-2 (Mattson, 2005). A
pharmacological inhibitor of NF-κB, BAY 11-7082 ((E)-3-[4-methylphenylsulfonyl]-2-
propenenitrile, 20 μM) increased both the basal and combined, glucose and palmitate-induced
apoptosis (Buteau et al., 2004). The inhibitor also blocked the action of GLP-1 in protecting
the insulinoma cells. EMSA assays showed that GLP-1 increased NF-κB DNA binding activity
in the clonal β cells by about 80 % over a 2 hr incubation period, a value that remained
unchanged in the presence of high glucose and/or palmitate. The significance of these
observations on NF-κB binding activity is not clear as the exact role of NF-κB in the β cell is
not completely delineated at present and may vary during development compared to the
situation in adult islets. NF-κB is activated by phosphorylation and subsequent degradation of
its inhibitor κB (IκB). Once phosphorylated NF-κB enters the nucleus and acts as a transcription
factor regulating the transcription of genes associated with both pro- and anti-apoptotic
processes depending on the cell context (Mattson, 2005). This activation step has been
demonstrated to occur in MIN6 cells in response to Ca2+ influx (Bernal-Mizrachi et al.,
2001). Attenuation of NF-kB activation in β cells by overexpression of IκBα under control of
the PDX-1 promoter leads to glucose intolerance and a downregulation of GLUT2, uncoupling
protein 2 and the vesicle protein Rab3c (Norlin et al., 2005). Therefore it seems that NF-κB
plays a positive role in insulin secretion; however whether it mediates or prevents cytokine-
induced β cell death is subject to debate and further investigation (Baker et al., 2001;Chang et
al., 2003;Heimberg et al., 2001;Park et al., 2003). It is known that nutrients and cytokines
employ two different pathways to initiate apoptosis (Cnop et al., 2005). Glucose and free fatty
acids (FFAs) trigger apoptosis by causing ER stress, which is NF-κB independent. Cytokines
initiate β cell death via an NF-κB dependent mechanism that results in caspase 3 activation,
raising the question of the relevance of the observations of Buteau and co-workers. Of course
it should always be remembered that the findings in insulinoma cells may not reflect what
occurs in primary β cells and results obtained using insulinoma cells in turn will vary from cell
line to cell line.

The Brubaker laboratory has also studied the involvement of PKB in GLP-1R-mediated
protection from cytokine induced apoptosis and necrosis in INS-1E cells (Li et al., 2005a;Wang
et al., 2004). Regulation of PKB activity is achieved by two regulatory phosphorylation sites
one in the activation loop within the kinase domain Thr 308 and Ser 473 in the C-terminal of
the regulatory domain (Li et al., 2005a). Phosphorylation at both sites is required for complete
activation. Brubaker and colleagues first demonstrated that PKB was rapidly (5 min)
phosphorylated at Ser 473 (2.7-fold above basal) in response to GLP-1 (10 nM) treatment, a
process reversed by treatment with the PI3 kinase inhibitor wortmannin (Wang et al., 2004).
Then they examined the dependency of anti-apoptotic properties of Ex-4 (10 nM for 18 hr) on
PKB activation in this insulinoma cell line (Li et al., 2005a). They used adenovirus-mediated
expression of a constitutively active PKBα or a kinase dead PKBα and monitored, 1) apoptosis
as assessed by Hoechst 33342 expression 2) caspase 3 activation, 3) degree of necrosis as
determined by iNOS levels, and 4) total glycogen synthase kinase β (GSK3β) levels, when the
cells were treated with a mixture of cytokines, IL-1β, TNF-α and interferon-γ (10–50 ng/ml)
in the absence or presence of Ex-4 (Li et al., 2005a). In all of the assays it was demonstrated
that the presence of the active form of PKB enhanced the pro-survival properties of Ex-4
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whereas this function of GLP-1R activation was lost in cells expressing the kinase dead form
of PKB. Park and colleagues (Park et al., 2006) also found that IGF1 (10 nM for 1–10 min)
increases in phosphorylated PKB (Ser 473) were increased about 2-fold in human islets in
response to treatment with Ex-4 (5 nM for 8 hr) although total expression levels remained
unchanged. This has further implications for β cell survival dependent on downstream signaling
to IRS2 and is discussed below.

Perfetti and co-workers expressed the GLP-1 fragment of the proglucagon gene under control
of the rat insulin II promoter in MIN6 cells (D’Amico et al., 2005) and showed that this
conferred protection against a cocktail of immunosuppressive reagents (sirolimus 25 ng/ml,
mycophenolate 17.5 μg/ml and FK506 75 ng/ml) a commonly used regimen in organ
transplantation. As discussed above in section 5.2, FK506 inhibits insulin synthesis but it has
also been shown to cause reversible toxic effects to pancreatic islets. In biopsies taken from
pancreata in 20 simultaneous kidney-pancreas transplant recipients on immunosuppressive
regimens including FK506 and cyclosporin A, islet cell toxicity was observed in the form of
cytoplasmic swelling, vacuolization and loss of secretory vesicles (Drachenberg et al., 1999).
In the MIN6 cells D’Amico and colleagues (D’Amico et al., 2005) did observe increased
necrosis and apoptosis, caspase 3 levels and levels of the proapoptotic markers PARP and
Smac/Diablo in response to the cocktail of immunosuppressive drugs that they administered.
The cells expressing GLP-1 exhibited high levels of Bcl-2 and were resistant to the effects of
the immunosuppressive drugs. To distinguish between the ability of GLP-1 to increase insulin
content and secretion and effects on β cell survival they treated cells simultaneously with
diazoxide to inhibit insulin secretion. They found that, while diazoxide treatment of MIN6 cells
reduced insulin secretion considerably, it did not significantly diminish the resistance of the
GLP-1-transfected cells to the immunosuppressive drugs.

Glucocorticoids are another class of drugs known to affect insulin secretion and to induce
hyperglycemia which can lead to steroid-induced diabetes. Previously it was not known
whether these drugs could actually cause β cell death. A recent paper by Ranta and co-workers
showed that dexamethasone (0.1 μM) administration to INS-1 cells resulted in increased
apoptosis as measured by 1) TUNEL assay, 2) increased caspase 3 activity, 3) PARP cleavage
and 4) decreased Bcl-2 expression (Ranta et al., 2006). As in the models described already
Ex-4 (10 nM) protected against dexamethasone-induced death. In agreement with the concept
of a cAMP component to the mechanism of protection forskolin (10 μM) was also found to
inhibit the apoptotic effects of dexamethasone. The authors used H89 (10 μM) and KT5720 (5
μM) to pharmacologically inhibit PKA in order to show that Ex-4 protected against cell death
in a PKA-dependent manner. The specific Epac activator 8CPT-Me-cAMP (50 μM) did not
mimic the effects of Ex-4. This implied that the cAMP/PKA pathway is important for the anti-
apoptotic pathway stimulated by GLP-1R activation. As discussed earlier in section 3.3 under
conditions of low and localized subcellular increases in cAMP as in those stimulated by
GLP-1R activation of AC the preferred pathway appears to be via PKA activation rather than
through Epac2. Kwon and co-workers have demonstrated that this is the case for the anti-
apoptotic properties of GLP-1 in which they also found a PKA-dependent component of the
mechanism in the prevention of FFA-induced apoptosis in RINm5F cells (Kwon et al.,
2004b).

The importance of cAMP/CREB mediated survival of β cells downstream of GLP-1R and
forskolin activation of AC was established in vivo by the White and Montminy laboratories
using a transgenic mouse expressing a dominant negative form of CREB (referred to as A-
CREB) specifically in the β cell (Jhala et al., 2003). Initially they demonstrated in vitro using
MIN6 cells expressing A-CREB that GLP-1R activation led to transcriptional upregulation of
IRS2 in a CREB-dependent fashion. They found that the IRS2 promoter contains a CREB half-
site (TGACG) and they were successfully able to recover the IRS2 promoter in genomic DNA
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following a chromatin immunoprecipitation assay using an anti-CREB antibody. Furthermore
in vivo functional significance for cAMP/CREB in β cell survival was established in the A-
CREB transgenic mice which demonstrated reduced β cell area and increased staining for
caspase 3 and 6 exclusive to the β cell compartment of the islet.

IRS2 −/− mice, while developing normally, display increased insulin resistance and decreased
compensatory β cell hyperplasia, increasing apoptosis and therefore become diabetic (Kubota
et al., 2000;Withers et al., 1998). The age of onset of diabetes in the transgenic mice is strain-
dependent, with C57B6 mice on the SBA background developed by the Kadowaki laboratory
(Kubota et al., 2000) showing a later age of onset (10 weeks) than those developed on the 129/
Sv background used by the White laboratory (6–8 weeks; Withers et al., 1998). There are also
strain-dependent differences in PDX-1 mRNA levels, and β cell area with the C57B6/SBA
mice showing less severe reductions in both parameters possibly explaining their reduced
propensity to diabetes at an earlier age. PDX-1 was shown by the White group to be
significantly ablated in the IRS2−/− mice (Kushner et al., 2002) leading them to hypothesize
that this was the central lesion in the reduced β cell mass observed in their mice. When PDX-1
expression was increased in the IRS2 −/− mice developed on the C57B6/129/Sv background
by crossing them with mice expressing multiple copies of PDX-1 under control of the PDX-1
promoter their, β cell area was restored and the severity of their diabetes was reduced (Kushner
et al., 2002).

As stated above in section 5.3 when IRS2 is activated FoxO1 will be deactivated by
phosphorylation by PI3 kinase and thus will no longer inhibit PDX-1 transcription or nuclear
translocation. The involvement of IRS2 in Ex-4-mediated protection against apoptosis was
illustrated in vivo by the White group. When IRS2−/− mice were treated with Ex-4 (via osmotic
pump 300 pmol/kg of body weight per day or 150 pmol ip injection every 12 hr) Ex-4 did not
prevent the progressive β cell loss that occurs in this phenotype (Park et al., 2006). It would
seem from the experiments in these mice that increased GLP-1R-mediated β cell survival is
dependent on an intact IRS2 signaling cascade. Transgenic mice heterozygous for PDX-1
expression exhibit a greater degree of β cell apoptosis and caspase activity (Johnson et al.,
2003). When mice with a β cell specific defect in PDX-1 were treated with Ex-4 there was no
decrease in apoptotic nuclei compared with wild-type littermates (Li et al., 2005c). Therefore
both IRS2 and PDX-1 appear to be important for β cell survival and for the ability of GLP-1R
agonists to protect against apoptosis and β cell death in general.

Finally a recent paper (Chen et al., 2006) presents evidence that Ex-4 downregulates
thioredoxin-interacting protein (TXNIP) an apparent pro-apoptotic factor in the β cell (Minn
et al., 2005). INS-1 cells treated with Ex-4 (100 nM for 24 h) exhibited a reduction in TXNIP
mRNA with a concomitant decrease in caspase-3 and Bax transcript levels (Chen et al.,
2006). Correspondingly viral-mediated overexpression of TXNIP in INS-1 cells reduced the
capacity of Ex-4 to protect against hydrogen peroxide induced apoptosis. Finally islets isolated
from C3H/HeJ mice treated daily for one week with Ex-4 (24 nmol/kg) exhibited significantly
lower amounts of TXNIP transcript by RT-PCR when compared to saline treated controls.

6.5 GLP-1 effects on β cell lipolysis
Increased plasma levels of free fatty acids (FFAs) are a risk factor for T2DM leading to
formation of triglycerides in adipocytes (Kashyap et al., 2003). Increased intracellular levels
of FFAs in the long-term are detrimental to β cell function (Zhou et al., 1998). In contrast, in
low levels of glucose and FFA, fat storage is an important source of energy for β cells (Malaisse
et al., 1985). GLP-1 has been shown to stimulate fatty acid synthesis from triglyceride stores
in both clonal β cell lines and in rat islets. Yaney and colleagues showed that acute treatment
of the HIT cell line with GLP-1 (10 nM for 1 hr) increased formation of FFA via a PKA-
dependent activation of hormone sensitive lipase which led to the rapid breakdown of internal
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stores of triglycerides (Yaney et al., 2001). Treatment with the acyl synthetase (acyl CoA)
inhibitor Triacsin C (which will inhibit FFA conversion to long chain (LC)-acyl CoA) increased
the efflux of FFA in response to GLP-1. Treatment with the lipase inhibitor, orlistat inhibited
the effect of forskolin on insulin secretion thereby leading the authors to hypothesize that LC-
acyl CoA plays an influential role in cAMP mediated augmentation of insulin secretion. They
propose that LC-CoA accumulate in the cytosol due to increased malonyl CoA production.
Malonyl CoA will inhibit carnitine palmitoyl transferase thus inhibiting mitochondrial uptake
and oxidation of LC-CoA. Corkey and colleagues had previously shown evidence for the ability
of LC-CoA to regulate various steps in insulin secretion ranging from ion channel activation,
calcium flux, to regulation of PKC (Deeney et al., 1992;Larsson et al., 1996;Yaney et al.,
2000).

In contrast to the Corkey laboratory, Winzell and Ahrén did not find any evidence of acute
effects of GLP-1 (100 nM for 1 hr) on palmitate oxidation or islet lipolysis in isolated normal
mouse islets (Winzell and Ahrén, 2004). However islets isolated from animals fed a high fat
diet and treated with Ex-4 over a period of 16 days did show increased palmitate oxidation and
islet lipolysis relative to those on a high fat diet not receiving Ex-4 treatment (Winzell and
Ahrén, 2004). Bulotta and colleagues showed that GLP-1R-mediated stimulation of de novo
fatty acid palmitate synthesis in a rat and a human pancreatic ductal cell line was an important
aspect of the differentiation of these cells into endocrine hormone cells (Bulotta et al., 2003).
Nauck and co-workers recently studied the effect of administering GLP-1 (1.2 pmol kg−1

min−1) to healthy fasted male human volunteers over a 390 min period starting 30 min prior
to eating a solid meal on postprandial triglyceride plasma levels (Meier et al., 2006b). They
found that triglyceride levels were significantly increased in the control placebo group relative
to the group receiving GLP-1. Thus long-term treatment with GLP-1 may prevent the formation
of triglycerides in β cells and thereby reduce β cell toxicity in the diabetic state, which would
be an added bonus to the use of GLP-1R in the treatment of diabetes.

6.6 Effects of GLP-1R activation during pancreatic development and in the neonatal pancreas
Pancreatic endocrine cell development and islet formation in rodents has undergone intensive
investigation recently. One of the prime motivating factors is the potential application of
ontogenic factors and specific pancreatic progenitor cell markers to the differentiation of islet
cells precursors to treat diabetes. Transgenic mouse models applying both cell- and time-
specific expression of lineage markers and/or repression or overexpression of various
pancreatic transcription factors and regulators thereof, have led to a temporal model for
transcription factor expression in the various pancreatic cell lineages (Wilson et al., 2003). In
the rodent there are two phases of islet cell expansion in utero. The first occurring at mouse
embryonic day 9 consists almost entirely of glucagon-positive cells (Pictet et al., 1972). The
second wave of expansion of endocrine cells is noted at day 15 (Han et al., 1986). There is
evidence of considerable restructuring of the endocrine pancreas through islet cell apoptosis
in neo-nates (Trudeau et al., 2000). The GLP-1R transcript has been detected in rat fetal islets
taken at embryonic day 21 and in neonate suckling rats (Garcia-Flores et al., 2001). In addition
GLP-1 itself is produced in adult α cells that express low levels of PC1/3 convertase resulting
in the processing of proglucagon to GLP-1 and GLP-2. Similarly PC1/3 has been found in the
first wave of glucagon-positive cells in the endocrine pancreas indicating the possibility of
GLP-1 production in these cells (Wilson et al., 2002).. The number of glucagon/PC1/3 positive
cells decreased with embryonic age of the pancreas. PC1/3 is expressed in all islet cells and
acts in concert with PC2 in the β cell to cleave pro-insulin into insulin however it is the virtually
exclusive presence of PC1/3 that is responsible for the conversion of proglucagon into GLP-1,
GLP-2 and glicenten in the L cells of the gut (Scopsi et al., 1995). It is not certain (as nearly
all antibodies raised against GLP-1 and available for use at the time of Wilson and colleagues’
publication were also immunoreactive for proglucagon) whether GLP-1 is present but the
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presence of the enzyme responsible for conversion implies the possibility that GLP-1 is present
and could therefore exert an effect on endocrine development in the pancreas.

Incubation of rat islets from the 21 day old fetuses in normoglycemic glucose concentration
(5.5 mM) results in an increase in mRNA levels of GLP-1R relative to the levels seen with low
(2.8 mM) or high concentrations of glucose (>20mM; Garcia-Flores et al., 2001). A similar
phenomenon has been observed in adult islets (Abrahamsen and Nishimura, 1995). Fetal islets
were more effective than adult islets at utilizing and oxidizing glucose but were less sensitive
to glucose induced insulin secretion (Garcia-Flores et al., 2001). GLP-1 treatment (100 nM)
of the 21-day old fetal islets was able to significantly enhance insulin response to both, low
(1.67 mM), normoglycemic (5.5 mM) and supraphysiologic (16.7 mM), concentrations of
glucose. However the rat fetal islets secrete significantly less insulin in response to glucose
alone than do the adult islets in the same conditions. As GLP-1 is presumed to be present in
the embryonic pancreas the lack of robust response was considered by Garcia-Flores and
colleagues to be due to the immaturity of the glucose sensing or insulin secretory machinery
of the fetal β cells. Considering that exposure of the pancreas to gut-derived GLP-1 will occur
upon the first ingestion of food it is probable that GLP-1 could play a major part in sensitizing
the neonatal islets to glucose when first ingested. It would be very interesting to know absolute
levels of GLP-1 present in the pancreas and/or embryo per se and to compare them with levels,
post-partum, and upon first weaning to gauge the relative importance of GLP-1 at these
particular timepoints in islet development. As discussed in section 6.2.3 treatment of mouse
embryonic pancreas e11.5 with Ex-4 (100pM for 6 days) results in increased numbers of insulin
positive cells (Tei et al., 2005).

A role for GLP-1 in neonatal regenerative responses to insult has been established using
streptozotocin (STZ, 70 mg/kg) treatment of 4 day old rats that were then monitored for a total
of 40 days (Thyssen et al., 2006). This is a well-characterized model showing a 60 % reduction
in the number of insulin-immunoreactive cells. The insertion of microosmotic pumps slowly
releasing GLP-1 (9-39) (an apparent antagonist at GLP-1R; Montrose-Rafizadeh et al.,
1997b) over a 2 week period (terminating on day 19) allowed the authors to define the
contribution of this incretin to the regenerative process. Some interesting observations arose
out of this study. Firstly there was an increase in circulating levels of GLP-1 on day 8 of the
experiment due to an increase in the number of pancreatic glucagon positive cells (over days
8 to 14) obviously capable of processing and secreting GLP-1. Four days following treatment
with STZ an increased number of insulin positive cells adjacent to pancreatic ducts was
observed. Untreated controls showed a substantial increase in islet volume-weighted mean islet
volume between days 4 and 8 but a decline between days 8 and 20 due most probably to
remodeling by apoptosis. Animals receiving the STZ treatment were euglycemic and displayed
normal levels of insulin mRNA by the end of the observation period. However the addition of
the GLP-1R antagonist Ex (9-39) retarded the recovery of the endocrine pancreas from STZ
treatment exhibiting intolerance to glucose. Similarly adult rats in a low dose STZ protocol
also exhibited higher levels of circulating GLP-1 and intraislet GLP-1 immunoreactivity (Nie
et al., 2000).

Postnatal administration of Ex-4 has been shown to alleviate diabetes linked with
uteroplacental insufficiency and fetal growth retardation in a rodent model of same (Stoffers
et al., 2003). Simmons and colleagues previously used a rat model of intra-uterine growth
retardation by ligation of the bilateral uterine artery in late gestation period of the rat (Simmons
et al., 2001). This results in the development of diabetes at 15–26 weeks of age due to a
progressive decline in β cell mass with accompanying insulin secretory defects. Treatment of
the intrauterine growth retarded (IUGR) rats with Ex-4 (1 nmol·kg body wt−1·day−1) on
postnatal days 1–6 prevented the development of diabetes seen in the IUGR rats at 8 months
of age. The IUGR rats treated with Ex-4 remained healthy and normoglycemic up to 18 months
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of age by which time all of the IUGR rats had expired (Stoffers et al., 2003). This was due to
the ability of Ex-4 to preserve the pancreatic β cell mass that declined in the IUGR rats
beginning at 7 weeks of age. This decrease in islet cell mass is not due to apoptosis but to a
reduced β cell proliferation rate and reduced β cell differentiation. Treatment with Ex-4
normalized the proliferation rate in the IUGR rats. In humans there is a statistical correlation
between poor fetal growth and the development of T2DM later in life (de Rooij et al.,
2006;Hales et al., 1991;Ravelli et al., 1976). Therefore knowledge of the potential of Ex-4 to
counteract this problem in rodents could be a precedent for the treatment of human beings. It
is interesting to note that ex vivo perfusions of the human placenta with Ex-4 indicated
negligible transfer of the peptide across the placenta; thus maternal use of the peptide during
gestation would seem not to result in the fetus coming into contact with modulating
concentrations of the insulinotrope (Hiles et al., 2003).

7. Effects on glucagon secretion, are they direct or indirect?
As already explained above (section 2) there is controversy about the presence of GLP-1Rs on
α cells and if present, they are on but a few cells. The functional assays examining effects of
GLP-1 on α cells vary. Heller and Aponte performed dose response analysis of GLP-1 treatment
of whole islets and did not see any increase in glucagon secretion (Heller and Aponte, 1995).
Moens and colleagues also failed to elicit cAMP production in rat α cells in response to 1 nM
GLP-1 (Moens et al., 1996): but it should be remembered that it can be difficult to measure
intracellular cAMP in small numbers of primary cells. Likewise when Franklin and co-workers
measured glucagon secretion from fluorescence activated cell sorted (FACS) individual rat α
cells GLP-1 was shown to have no effect on pyruvate-stimulated glucagon secretion (Franklin
et al., 2005). They also stated that no transcripts for GLP-1R were found in the cells. However
capacitance measurements and glucagon secretion experiments in response to GLP-1
performed by Ding and co-workers showed a potentiation of glucagon secretion evoked by
voltage-clamp depolarizations indicating a functional GLP-1R on FACS sorted rat α cells
(Ding et al., 1997). In glucagonoma cells (INR1-G9) that have been transfected with human
GLP-1R, GLP-1 stimulation leads to glucagon secretion and increases in intracellular cAMP
not inhibition (Dillon et al., 2005). The wild-type INR1-G9 cells do not contain transcripts for
GLP-1R (Dillon et al., 2005;Fig 5). Matsumura and colleagues (Matsumura et al., 1992) have
shown that GLP-1 decreased cAMP and suppressed glucagon secretion in INR1-G9 cells.
However, given that we and the Dillon laboratory do not observe the expression of GLP-1R
in this cell line, the mechanism for this is difficult to comprehend.

GLP-1 infusions suppress glucagon secretion i.e. are glucagonostatic, in both healthy subjects
as well as subjects with T1DM and T2DM (Gutniak et al., 1992). The suppression of glucagon
secretion in vivo, therefore, especially in humans where δ cells are present throughout islets,
is likely due to increased intra-islet release of somatostatin and/or insulin by GLP-1 (Fehmann
et al., 1995). Increased somatostatin secretion in response to GLP-1 has been shown in both
perfused rat pancreas (Schmid et al., 1990) and isolated islets (Fehmann et al., 1995). GIP, in
contrast, actually increases glucagon secretion in healthy subjects under normoglycemic
conditions (Meier et al., 2003) while having no effect in T2DM (Creutzfeldt and Nauck,
1992). The inference is that GIP is not glucagonotropic under hyperglycemic conditions. No
one has yet looked for the presence of GIP receptors on α cells, but it is likely that they are
present, accounting for the increased glucagon secretion seen under normoglycemic
conditions. If the GIPR is present on α cells then GIP infusions would be expected to increase
cAMP levels and induce glucagon secretion. The experiments described above illustrate the
diversity of action apparent between GIP and GLP-1 on the pancreas. Our assessment of the
literature to date is that GLP-1R is not expressed on α cells in vivo. Expressing GLP-1R in α
cells in vitro causes glucagon secretion and increases in intracellular cAMP levels in response

Doyle and Egan Page 42

Pharmacol Ther. Author manuscript; available in PMC 2008 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



to GLP-1. Therefore any effects of GLP-1 on glucagon secretion in vivo are likely due to
secondary effects, consequent to β and/or δ cell activation.

8. Effects on exocrine and ductal pancreatic cells
8.1 Exocrine pancreatic secretion

Fehmann and colleagues were the first to study the effect of GLP-1 on pancreatic acinar
secretions (Fehmann et al., 1990). They examined the synergistic action of GLP-1 (10 pM)
and cholecystokinin-8 (CCK-8, 1 nM–1 pM) on isolated rat pancreatic acini and found that
GLP-1 had no impact on CCK-induced amylase secretion. Eng and colleagues performed a
dose response curve and found that both Ex-4 and GLP-1 could increase cAMP levels in
dispersed guinea pig acini but did not actually increase amylase release independent of
treatment with CCK-8 (Eng et al., 1992;Raufman et al., 1992). The observed increases in cAMP
seen with both peptides in the guinea pig acini were inhibited by Ex (9-39) indicating that the
GLP-1R did indeed mediate the effects (Eng et al., 1992;Raufman et al., 1992). In contrast to
the results of Fehmann and colleagues, Eng did see an increase in amylase secretion when
either GLP-1 or Ex-4 were applied simultaneously with CCK-8. Eng and colleagues explain
the differences as resulting from the low concentration of GLP-1 used by Fehmann and an
apparent greater sensitivity of the guinea pig to GLP-1. Eng and co-workers state that they did
not observe a very strong synergistic action of GLP-1 and CCK-8 in rat pancreatic acini. Also
at 10 pM of GLP-1 Eng did not observe an effect on CCK-8 induced amylase release, but the
potentiating action of GLP-1 was observed at 1 nM or greater in either guinea pig or rat
pancreatic acini.

We have used the AR42J cell line derived from a rat pancreatic tumor to examine the effect of
GLP-1 on exocrine cells (Zhou et al., 1999a). We confirmed the presence by RT-PCR of the
GLP-1R on these cells and examined cAMP stimulation, [Ca2+]i, and amylase release.
Treatment for 10 min with GLP-1 (10 nM) or Ex-4 (0.1 nM) caused a 1.5-fold and a 3-fold
increase in intracellular cAMP levels, respectively. These results are compatible in magnitude
with those observed by Eng and colleagues. We found in contrast to earlier results from the
Eng group performed in guinea pigs (Malhotra et al., 1992) that GLP-1R stimulation did
increase [Ca2+]i levels. Exposure of the AR42J cells to GLP-1 of which 1 nM achieved
maximum amplitudes, elicited [Ca2+]i responses in approximately 50% of the cells. These
responses occurred at a slower rate and showed smaller amplitudes than were observed with
CCK treatment. We also found that there was no effect of GLP-1 on CCK-induced amylase
secretion. We further examined the mechanism and observed that while CCK-8 produced
extensive tyrosine phosphorylation of several cellular proteins, GLP-1 did not. Genestein
blocked CCK-induced phosphorylation events and amylase secretion, and vanadate increased
amylase secretion. This would imply that tyrosine phosphorylation is required for amylase
release in rat acinar cells and that GLP-1 does not stimulate this pathway sufficiently to elicit
amylase secretion. Therefore we conclude that guinea pig pancreatic acinar physiology is
substantially different from that of the rat.

8.2 Pancreatic exocrine and ductal cell growth
GLP-1R activation either in vitro in ductal or acinar cell lines or in vivo in rodents causes an
initial burst of proliferation followed by cell cycle arrest leading to differentiation of a large
fraction of these cells into pancreatic hormone expressing cells. Specifically treatment of
AR42J cells with GLP-1 (10 nM) for 24 hr resulted in 80 % of the cells exhibiting uptake of
BrdU versus 12% on day 3 of treatment (Zhou et al., 1999b). In contrast following three days
of treatment 60 % of the control cells were still proliferating. At this point almost 70 % of the
treated cell population exhibited hormone immunoreactivity. Using proliferating cell nuclear
antigen (PCNA) as a marker of exocrine proliferation in 6 and 22 month old wistar rats treated
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with GLP-1 (described in section 5.3) we observed an obvious (16.6 versus 6.2% of acinar
cells, treated versus control) increase in acinar cell growth following 48 hr of treatment that
dissipated by the fifth day of treatment at which point there was a 1.4-fold increase in β cell
mass (Perfetti et al., 2000).

Bulotta and colleagues in the Perfetti laboratory quantified increases in cell number and cell
cycle distribution in a rat pancreatic ductal cell line, ARIP, treated with GLP-1 (10 nM for 12
hr, 24 hr or 48 hr) following induction of cell cycle arrest (Bulotta et al., 2002). Unlike the
observations in the acinar cells no initial increase in cell proliferation was observed as measured
by the number of cells in cultures treated with GLP-1 (17 % lower than in untreated controls).
This was accompanied by an increase in the number of cells in G0-G1 phase and reduction of
those in the G2-M and S phases. They demonstrated that this was due to decrease in G1 cyclin-
dependent-kinase inhibitors p27Kip1 and p21Cip1 following 24 hr of treatment. Immunostaining
and semi-quantitative RT-PCR analysis of the treated and control populations of cells showed
that at this stage of cultivation the cells in medium with GLP-1 were expressing insulin. What
is interesting about this study is that the induction of insulin gene expression and loss of the
ductal marker CK20 correlated very well. CK20 immunostaining was absent from the GLP-1
treated cells at 48 hr when levels of insulin mRNA were shown to be at their highest. This
indicates a well orchestrated GLP-1 induced conversion of the progenitor cells reminiscent of
the plasticity of these cells and their ability to respond to metabolic demand, in the milieu of
the pancreas.

Should chronic activation of GLP-1R in pancreatic ductal cells increase proliferation of the
cells as our studies in the AR42J cells and in the Wistar rat would seem to suggest then the
potential for GLP-1 agonists to induce pancreatic adenocarcinoma arises (Hezel et al., 2006).
This was addressed by Koehler and Drucker who recently reported a comprehensive study
examining the proliferative effects of Ex-4 on human pancreatic cancer cell lines both in
vitro and following transplantation in nude mice (Koehler and Drucker, 2006). They found the
presence of GLP-1R in three human pancreatic ductal adenocarcinoma (CAPAN-1, CFPAC-1,
and PL 45) and two carcinoma cell lines (PANC-1 and Hs 766T) but not in HPAC cells. When
treated with Ex-4 (5 or 50 nM for up to 5 days) there was no increase in proliferation above
that seen in the presence of 10% FBS. The CF-PAC-1 and PL 45 cell lines were the only ones
studied that exhibited increases in intra-cellular cAMP and PI3 kinase activity respectively in
response to Ex-4 treatment. When these two cells lines were implanted subcutaneously into
nude mice that were subsequently treated with Ex-4 (24 nmol/kg) for four weeks there was no
increase in the weight of the tumors. Neither was there an increase in BrdU incorporation in
the implants. Therefore the Drucker group concluded that Ex-4 did not activate proliferation
in these cell lines. It must be noted that although the conditions for the assay were similar in
both cases Koehler and colleagues did not observe an increase in cAMP in CAPAN-1 cells in
response to Ex-4 treatment although this has been reported (Fig. 4;Zhou et al., 2002). However
upon closer examination of the data presented by Koehler and colleagues (Fig 2B;Koehler and
Drucker, 2006) there is an elevation of cAMP observed at concentrations of Ex-4 at 10 nM
and above when sampled at 10 min. Finally Koehler and colleagues also did not observe a
protective effect of Ex-4 against drug-induced apoptosis in any of the cell lines.

9. GLP-1R−/− Mice
GLP-1R−/− mice display abnormally high blood glucose levels after an intraperitoneal glucose
challenge demonstrating that GLP-1 is important for clearance of the glucose load, irrespective
of the site of glucose entry into the circulation (Scrocchi et al., 1996). As anticipated from the
known actions of GLP-1, they also exhibit mild fasting hyperglycemia and glucose intolerance
after oral glucose that is associated with reduced glucose-stimulated insulin secretion. Despite
evidence that pharmacological GLP-1 levels potently inhibit short-term food intake, GLP-1R
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−/− mice have normal body weight and food intake. Moreover, GLP-1R signaling is not
required for maintenance of glucose competence in pancreatic β cells as glucose-induced
insulin release is normal in islets isolated from GLP-1R −/− mice (Flamez et al., 1998) but the
islets demonstrate abnormalities in basal and glucose-stimulated cytosolic Ca2+ (Flamez et al.,
1999). In line with normal glucose-induced insulin secretion from isolated islets, fasted animals
have no significant changes in fasting insulin mRNA and content in their pancreata (Scrocchi
et al., 1998). There are non-significant reductions in insulin mRNA and pancreatic insulin
content in the fed state. Although pharmacological levels of GLP-1 inhibit glucagon secretion,
GLP-1R −/− mice have normal fasting and postprandial levels of glucagon and display normal
whole-body glucose utilization (Scrocchi et al., 1998).

Lack of GLP-1R signalling is partially compensated for by GIP as both GIP secretion and GIP
action are up-regulated in GLP-1R −/− mice (Pederson et al., 1998). This probably explains
the mild phenotype of these animals. Interestingly, despite evidence implicating GLP-1R
signaling as an important pathway for regulating β-cell proliferation and survival β cell mass
is reported to be normal in GLP-1R −/− mice (Li et al., 2003). However, GLP-1R−/− mice
exhibit morphological abnormalities: the pancreata display less of the large sized islets and the
distribution of β cells is no longer solely in the periphery of islets (Ling et al., 2001).

10. GLP-1R agonists and GLP-1 analogs in the treatment of diabetes
10.1 GLP-1 as an insulinotropic agent

In 1986 and 1987 GLP-1 was shown to have insulinotropic properties in rodents (Holst et al.,
1986;Mojsov et al., 1987) and there was little if any doubt about its potency from these early
experiments. The first human experiments were performed by Bloom and co-workers in 1987
(Kreymann et al., 1987). They showed that infusing GLP-1 intravenously so as to reach plasma
concentrations in the apparently physiological range lead to increased glucose-dependent
insulin secretion. This glucose-dependency was reminiscent of what was known at that time
about GIP, the other incretin. It also only stimulates insulin secretion when plasma glucose
concentrations were in the rising phase of the curve (Elahi et al., 1984)

10.2 Native GLP-1 and treatment of diabetes
There was a hiatus of a few years following the discovery that GLP-1 is insulinotropic before
the peptide was administered to diabetic subjects. This arose from the assertion that it would
not be insulinotropic in that disease, the disappointing results with infusing GIP in diabetic
subjects remaining uppermost in the minds of clinical researchers. GIP, even when given at
very high concentrations did not increase insulin secretion or lower blood glucose in diabetic
patients. However, it was soon obvious that GLP-1 did not mimic the pharmacologic profile
of action of GIP. In 1992, exogenous administration of GLP-1 as a continuous intravenous
infusion at a dose rate of 0.75 pmol/kg/min was anti-diabetogenic in both type 1 and type 2
diabetic subjects (Gutniak et al., 1992). The interpretation of the data was that GLP-1 lowered
post-prandial glucose levels in type 1 subjects because it delayed gastric emptying. It lowered
fasting and post-prandial glucose levels in type 2 diabetic patients because it increased insulin
secretion and decreased glucagon secretion, as well as decreasing gastric emptying. Further
studies showed that the effects in humans were consistent (Elahi et al., 1994;Nathan et al.,
1992;Nauck et al., 1993a;Nauck et al., 1993b). Furthermore, GLP-1 was capable of lowering
blood glucose even in patients with long-standing and severe T2DM and even in patients who
no longer responded to sulfonylureas.

These exciting findings stimulated clinical researchers to explore the potential use of the
peptide in the treatment of T2DM. It immediately became clear that simple subcutaneous
injections gave but a weak and transient effect in insulin secretion and plasma glucose levels
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(Nauck et al., 1996): the reason being the cleavage of the histidine and alanine within 1–2
minutes from the N-terminus of GLP-1 by DPP-1V; the remaining fragment does not activate
the GLP-1R (Hansen et al., 1999). Nonetheless, 7 days of bolus subcutaneous administration
of GLP-1 before breakfast, lunch and dinner significantly improved post-prandial glucose
levels and decreased plasma lipid levels (Juntti-Berggren et al., 1996). In another study,
overnight intravenous GLP-1 lowered fasting and post-prandial plasma glucose levels to near-
normal levels in subjects with T2DM (Rachman et al., 1997). It even reduced fasting and
postprandial glucose levels after buccal absorption of a tablet containing 119 nmol of GLP-1
(Gutniak et al., 1997). Of particular importance were two studies of the effects of 6 weeks and
3 months continuous subcutaneous infusion of GLP-1 via MiniMed pumps in subjects with
T2DM (Meneilly et al., 2003;Zander et al., 2002). In the first study GLP-1 at a dose of 4.9
pmol/kg.min caused a reduction in fasting glucose (by approximately 80 mg/dl) and
hemoglobin A1c (by 1.3%) (Zander et al., 2002). Body weight was slightly decreased, fasting
free fatty acids were also reduced, and the treatment was well tolerated with few adverse events.
Fasting plasma glucagon levels, however, were not lower. In the second study of elderly
patients (mean age 72 years), some of whom had diabetes for up to 13 years, half the patients
had their oral diabetic agents withheld and were given GLP-1 infusion of up to 3.2 pmol/kg.min
for 3 months (Meneilly et al., 2003). The other half continued with their usual diabetic
medications. At the beginning and end of the study, the patients were subjected to a glucose
clamp in order to study any improvements in insulin secretion. The GLP-1 infusion clearly
restored first phase insulin secretion and improved plateau phase secretion. Hemoglobin A1c
levels were equally maintained in both groups of patients. Body weights did not change in
either group, and no adverse event occurred. Once again, however, plasma glucagon levels
were not significantly lower in the subjects that received GLP-1 infusion. Additionally, insulin
pulse mass and pulsatile insulin secretion were significantly increased by the chronic
subcutaneous infusion of GLP-1. Approximate entropy, a measure of irregularity of insulin
release, was also greatly improved by GLP-1 treatment (Meneilly et al., 2005).

Collectively, these studies using native GLP-1 show the potential of this agent to treat subjects
with T2DM. They also show that the GLP-1R was not downregulated even by long-term
stimulation with its native ligand and provide ‘proof-of-concept’ for the pharmaceutical
industry to develop GLP-1R-based therapy. Continuous GLP-1 infusion is not a practical way
of lowering blood glucose levels. There are therefore two obvious options remaining: use
GLP-1 analogs or GLP-1R agonists that are resistant to DPP-1V activity and/or inhibit the
enzymatic activity of DPP-1V.

10.3 GLP-1R agonists and DPP-1V inhibitors
One such agonist, Ex-4 (exenatide), is now a treatment for T2DM. As stated in the introduction
this is a 39 amino acid peptide isolated from the salivary gland of the Gila monster lizard and
it has 50 % amino acid homology to GLP-1 (see Table 1). It is not lizard GLP-1 (the lizard
also synthesizes GLP-1; Chen and Drucker, 1997) and is encoded by a distinct Ex-4 gene. Ex-4
is not a substrate for DPP-IV because it contains histidine-glycine at its N-terminus and has a
half-life of 4–5 hrs due to renal elimination. It binds and activates the GLP-1R with greater
potency than native GLP-1 (Montrose-Rafizadeh et al., 1997b) and it has long-term
antihyperglycemic actions in diabetic mice (Greig et al., 1999). In acute experiments it was
found to be insulinotropic and glucagonostatic in both non-diabetic and type 2 diabetic subjects
(Egan et al., 2002). Additionally, similar to native GLP-1, it restores first phase insulin secretion
in type 2 diabetic subjects in response to glucose (Fehse et al., 2005). Furthermore, in subjects
with T2DM, twice-daily subcutaneous injections of Ex-4 (daily dose 12 to 96 pmol/kg) for 1
month reduced post-prandial glucose levels and stimulated insulin secretion, leading to a
reduction in HbA1c from 9.1 % to 8.3 % (Egan et al., 2003). Ex-4 is a potent inhibitor of gastric
emptying (Egan et al., 2003) and it causes a progressive decline in weight in subjects that have
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been followed out to 82 weeks (Blonde et al., 2006;Buse et al., 2004;DeFronzo et al.,
2005;Kendall et al., 2005). Attempts to develop DPP-1V-resistant GLP-1 analogs are well
under way but none are yet approved by regulatory agencies for long-term use (see Table 5).

Oral DPP-1V inhibitors are being developed. Human data for vildagliptin (Ahren et al.,
2005) has been submitted under New Drug Applications for review by the FDA. Sitagliptin
(Bergman et al., 2006;Herman et al., 2005) was approved for marketing in October 2006.
Saxagliptin (Augeri et al., 2005) and denagliptin are in phase III and phase II clinical trials
respectively. As DPP-1V is involved in activating and inactivating many peptides (Augustyns
et al., 1999), besides both GLP-1 and GIP, its long-term effects in humans are hard to fully
predict.

11. Summary
GLP-1R activation has many beneficial effects on acute insulin secretion and the maintenance
of correct β cell glucose sensing, transcriptional synthesis, proliferation and survival. This is
most likely due to the activation and integration of multiple pathways consequent upon
engagement of GLP-1 agonists with the receptor. Therefore for clinicians the use of GLP-1R
agonists would seem to be the perfect treatment for chronic β cell failure in T2DM. However
there is as yet only one GLP-1R agonist, exenatide, on the market.

GLP-1 increases the amount of insulin secreted by each β cell in response to glucose, and in
addition, it increases the number of glucose responsive β cells: both effects are a consequence
of its ability to enhance cAMP production. Agents such as forskolin also have this ability but
it has become apparent that the regionalized nature of the increases induced by GLP-1 confers
specificity and efficacy for the signaling mechanisms that modulate the machinery of insulin
secretion. A major question for biochemists is precisely which of the pathways activated are
the critical ones for GLP-1 to exert its specific effects on the β cell. Some effects require
integration of multiple pathways and others are highly dependent on one major pathway in
particular. This is particularly important for pharmacological harnessing of activators of these
pathways if modulation of only one or a few aspects of β cell biology is desired. It should be
apparent from our review that there is still some debate in the literature on this issue. Therefore
what seems to be emerging from the analysis of the literature reviewed here is that 1) a high-
codependency of multiple pathways to enhance β cell function, and 2) the spatial and temporal
patterning of cAMP production in the β cell, are two important aspects of GLP-1 regulation of
β cell function.

The relative contributions of the effect of GLP-1R activation on proliferation, differentiation
and apoptosis to either preserving or increasing β cell mass are not known. Inability to
accurately measure apoptosis will also hinder the acquisition of a complete picture. The effect
of GLP-1 on β cell function also impacts on its contribution to β cell mass as improved function
requires less β cell mass to respond to demand for insulin. All of the studies so far performed
have used a variety of rodent models of diabetes and generally have examined only one or two
aspects of GLP-1R regulation of β cell mass and function. Therefore it is difficult to quantify
the exact contributions of the individual effects of chronic GLP-1 treatment on the dynamics
of β cell mass. Also the extent to which GLP-1 stimulates these cell cycle mechanisms in the
remaining four hormonal cell types within the islet is not known. Of course as pointed out in
the Introduction as we cannot measure β cell mass in humans it is impossible at present to
gauge the contribution of this aspect of β cell regulation to the improvement in diabetes at
present.
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Fig 1.
Amino acid sequence of the rat GLP-1R showing the predicted domains, the N-terminal
domain, the 7 transmembrane domains (TM1-TM7), the three extracellular domains (EC1,
EC2, EC3) and the three intracellular domains (IC1, IC2, IC3). Assignment of these domains
is after Thorens (Thorens, 1992). Amino acids that are critical for agonist binding are displayed
in blue. The six cysteine residues highly conserved in the Class B receptor family in the N-
terminal extracellular region (Thorens et al., 1993) are highlighted in yellow. Amino acids
important in binding are shown in blue and are mostly located in the extracellular N-terminal
region, in the TM1, TM2, and one in TM4. Glycosylation sites are shown in gray (Goke et al.,
1994;Thorens, 1992). Residue H180 is shown is brown as an arginine substitution at this
particular point causes both a reduction in affinity for the native ligand and in cAMP production
(Heller et al., 1996). Residues known to have a functional importance in binding and/or cAMP
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activation are highlighted in green and those important in receptor internalization are shown
in purple.
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Fig 2.
A schematic drawing outlining the main signaling pathways activated in response to ligand
engagement with the GLP-1R and their major downstream effects on acute insulin secretion,
insulin synthesis, preservation of β cell function and mass and regulation of proliferation.
Pathways are glucose dependent hence the inclusion of glucose metabolism. GLP-1/Ex-4 bind
to GLP-1R causing an increase in cAMP (Drucker et al., 1987); this leads to activation of both
PKA (Wang et al., 2001) and EPAC (Holz, 2004). Localized low concentrations of cAMP lead
to preferential activation of PKA. Higher cell-wide increases of cAMP by the AC stimulator
forskolin (FSK) or the phosphodiesterase (PDE) inhibitor IBMX favor the EPAC pathway.
cAMP is compartmentalized by PDEs most notably the PDE3B isoform as shown (Harndahl
et al., 2004). PKA anchoring proteins (AKAPs) influence the specificity of cAMP response by
anchoring the PKA to specific intracellular sites (Lester et al., 1997). Shown here also is the
Ca2+/calmodulin binding protein IQGAP1 which co-immunoprecipitates with PKA and
AKAP79 (Nauert et al., 2003). cAMP levels are increased as a consequence of ATP activation
of AC consequent upon glucose metabolism. Binding of cAMP to the regulatory units of PKA
results in release of the catalytic units from PKA and its activation. Sustained oscillatory
increases in cAMP by GLP-1R activation lead to translocation of PKA to the nucleus (Dyachok
et al., 2006;Gao et al., 2002) where it regulates PDX-1 (Wang et al., 2001) and CREB activation
and subsequently insulin transcription (Chepurny et al., 2002;Hay et al., 2005;Kemp and
Habener, 2001). Downstream targets of PKA and Epac in acute insulin secretion, include the
KATP and Kv channels, the insulin secretory vesicles and the IP3 Ca2+ channels on the
endoplasmic reticulum (ER). P38 MAPK, although activated by GLP-1R agonists (Kemp and
Habener, 2001;Montrose-Rafizadeh et al., 1999) is not included as the exact mechanism of
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activation has not been described. Activation of the MEK/ERK pathway is coordinated through
both the Epac moieties and the Ca2+/calmodulin kinases (Arnette et al., 2003;Gomez et al.,
2002). The effect of PKA on CREB mediated induction of the IRS2 gene is shown, this is a
prolonged effect of GLP-1R activation (Jhala et al., 2003). Acutely PI3 kinase is also stimulated
by transactivation of the EGF receptor by cSrc-activated betacellulin (BTC; Buteau et al.,
2003). Downstream of PI3 kinase are PKB and PKCζ both of which are implicated in β cell
proliferation and PKB in prevention of β cell death (Buteau et al., 2001;Wang and Brubaker,
2002). FoxO1 is regulated by phosphorylation by PKB which results in its exclusion from the
nucleus thus permitting the nuclear translocation of PDX-1 (Buteau et al., 2006). Finally
enhanced ATP production due to increased mobilization of Ca2+ which in turn upregulate
mitochondrial dehydrogenases leads to upregulation of mTOR activity and its downstream
effector S6K1 (Kwon et al., 2004a). mTOR is implicated in increased β cell mitosis and may
also be activated by PKB. GLP-1R activation also leads to stabilization of the insulin transcript
by stimulating nucleocytoplasmic translocation of polypyrimidine tract binding protein (PTB)
which binds to the U-rich polypyrimidine tract of insulin and insulin secretory vesicle mRNA
transcripts thereby stabilizing them (Knoch et al., 2006). Mechanisms that have not been clearly
demonstrated are shown by broken arrows.
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Fig 3.
Simplified schema of the human (A) and rat I (B) insulin promoters. The elements known to
be regulated downstream of GLP-1R activation are shown in blue. There are four CRE sites
in the insulin gene two upstream (CRE1 and CRE2) and two downstream (CRE3 and CRE4)
of the transcription start site. With the exception of the first one (CRE1) all were shown to be
induced when constructs containing fragments representing the individual sites were
transfected into INS-1 cells (Hay et al., 2005). It is probable that the close proximity of the
CRE1 site to the A3 element to which PDX-1 binds actively prohibits complex formation at
this CRE site. All of the NFAT sites studied in the rat I insulin promoter are responsive to the
combination of glucose and GLP-1, although NFAT2 was relatively insensitive to GLP-1 alone
(Lawrence et al., 2002)
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Fig 4.
Schema outlining the signaling mechanisms reported to be involved in GLP-1R-induced
differentiation/neogenesis of pancreatic precursor cells, proliferation and in the prevention of
apoptosis. Dashed lines indicate mechanisms that are either not fully delineated or in the case
of the cAMP activation of the MEK pathway are complex and are shown completely in Fig 2.
The mechanism shown for involvement of BMP and TGFβ signaling pathways in
differentiation is after Gittes and co-workers (Yew et al., 2005;Yew et al., 2004). PKB is shown
as inhibiting FoxO1 (by phosphorylation). When FoxO1 is in its active and unphosphorylated
state it inhibits the transcription of PDX-1 and its translocation to the nucleus (Kitamura et al.,
2002).
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Fig 5.
INRI G9 cells were transfected with the rat GLP-1R. (A), (B), RT-PCR and western blot of
INR1 G9 cells demonstrate the absence of GLP-1R gene and protein in native cells but its
presence in transfected cells. CHO and RIN cells serve as negative and positive controls,
respectively. (C), Intracellular cAMP levels in transfected cells in response to GLP-1(10 nM).
(D), GLP-1-mediated glucagon (30 min) secretion into the medium of transfected cells shows
no glucose-dependency.
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Table 4
In vitro cell systems used to study the differentiation properties of GLP-1R agonists in various cell types.

AR42J
Rat adenocarcinoma cell line

GLP-1 (10 nM)
Ex-4 (1 nM)

3 day treatment resulted in insulin, glucagon and PP
positive cells, co-staining for insulin and glucagon
observed, glucose responsive insulin secretion seen
at 10 mM glucose, PKC, MEK and PKA dependent
process.

(Zhou et al., 1999b)

ARIP
Rat ductal cell line
PANC-1
Human ductal cell line

GLP-1 (10 nM) PDX-1 essential for the conversion of the cells as
PANC-1 cells lacking PDX-1 did not exhibit insulin
expression

(Hui et al., 2001)

βlox5
Immortalized cell line derived
from purified population of
human islets

Ex-4 (10 nM) Transfection of PDX-1, spherical cell-cell contact
and GLP-1R stimulation required for optimal insulin
expression

(de la Tour et al.,
2001)

Immortalized pancreas cells from
the H-2kb-tsA58 transgenic
mouse

GLP-1 NN2211
derivative (250 nM)

Expression of insulin and Ngn3 prior to treatment
with GLP-1, GLP-1 did not augment insulin
expression, authors concluded that cells were too
immature, see (Koizumi et al., 2005)

(Klein et al., 2001)

AR42J
Rat adenocarcinoma cell line

GLP-1 (10 nM) Increase in insulin, PDX-1, NeuroD/β2 and Nkx6.1 (Zhu et al., 2002)

Capan-1 Human ductal cell line Ex-4 (0.1 nM) Insulin, glucagon and PDX-1 expression, cAMP
increased, MEK dependent

(Zhou et al., 2002)

Expanded human islet cells of
neuroendocrine phenotype

Ex-4 (10 nM) Increase in insulin expression decrease in nestin
express

(Abraham et al.,
2002)

Fetal Porcine islet-like clusters GLP-1 (100 nM) Increase in PDX-1 expression, glucose sensitivity,
no increase in the size of the clusters

(Hardikar et al.,
2002)

AR42J Ex-4 (5 pM) Differentiation for 3 days produced insulin II, pdx-1,
IAPP and Pax4 positive cells TGFβ and BMP
dependent process

(Yew et al.,
2005;Yew et al.,
2004)

Sca-1+/c-Kit+ sorted cells from
adult mouse salivary glands

GLP-1 (20 nM) Spherical cell-to-cell contact required for GLP-1-
mediated differentiation, insulin and glucagon co-
expression.

(Hisatomi et al.,
2004)

Immortalized pancreas cells from
the H-2kb-tsA58 transgenic
mouse

GLP-1 (20 nM) Adenovirus mediated expression of PDX-1 required
before GLP-1 treatment is effective

(Koizumi et al.,
2005)

Monkey Embryonic Stem Cells Ex-4 (1 nM) C-peptide, PDX-1 and NeuroD expressed in treated
cells

(Lester et al., 2004)

Expanded clonal population of
mouse pancreatic
neuroendocrine-

Ex-4 (10 nM) Used in the culture medium along with other
pancreatic hormone differentiation factors, 130
bFGF, EGF and Activin-A

(Seaberg et al.,
2004)
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Table 5
GLP-1R agonists currently in clinical use or in development for clinical use. Information is current from the
websites of the companies developing the drugs at the time of writing.

Company Name Compound Indication Stage of Development Date
Amylin/Eli Lilly Byetta Ex-4 Adjunctive therapy with

metformin for type 2
diabetes

Marketed 29th April 2005
FDA approval

Amylin/Alkermes/
Eli Lilly

Exenatide LAR Ex-4 long acting
peptide for
weekly SC
injection

T2DM Phase III 24th March 2006

Amylin AC2592 Continuous
infusion of
GLP-1

Congestive heart failure Phase II Late 2004

Conju Chem PC-DAC™:Ex-4 Exendin-4 T2DM; HbA1c 6.5–11% Phase I/II Clinical
Trials

25th January
2006

Roche/Ipsen BIM 51077 GLP-1 Analogue T2DM Phase I Clinical Trials 21st October
2003

Novo Nordisk Liraglutide /NN2211 Modified GLP-1
compound
(Knudsen et al.,
2000)

T2DM Phase II Clinical Trials On-going

Zealand Pharma/Sanofi-
Aventis

ZP10 Modified GLP-1
compound for
SC injection

T2DM Phase II Clinical Trials
completed

March 2005

Theratechnologies TH0318 Modified GLP-1
compound for
SC injection

T2DM Phase I Clinical Trials
completed

23rd March 2005

Transition Therapeutics/
Novo Nordisk

GLP1-I.N.T™. GLP-1 in
combination
with gastrin

Islet regeneration Pre-clinical 16th June 2005

Human Genome Sciences/
GlaxoSmithKline

GSK716155, Albugon GLP-1 –
derivatised with
albumin (Baggio
et al., 2004a)

T2DM Phase I Clinical Trials 10th January
2006
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