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The major goal in the treatment of type 2 diabetes mellitus is to control the hyperglycaemia characteristic of the disease. However, treatment
with common therapies such as insulin or insulinotrophic sulphonylureas (SU), while effective in reducing hyperglycaemia, may impose a greater
risk of hypoglycaemia, as neither therapy is self-requlated by ambient blood glucose concentrations. Hypoglycaemia has been associated with
adverse physical and psychological outcomes and may contribute to negative cardiovascular events; hence minimization of hypoglycaemia
risk is clinically advantageous. Stimulation of insulin secretion from pancreatic g-cells by glucagon-like peptide 1 receptor (GLP-1R) agonists
is known to be glucose-dependent. GLP-1R agonists potentiate glucose-stimulated insulin secretion and have little or no activity on insulin
secretion in the absence of elevated blood glucose concentrations. This ‘glucose-requlated” activity of GLP-1R agonists makes them useful and
potentially safer therapeutics for overall glucose control compared to non-requlated therapies; hyperglycaemia can be reduced with minimal
hypoglycaemia. While the inherent mechanism of action of GLP-1R agonists mediates their glucose dependence, studies in rats suggest that
SUs may uncouple this dependence. This hypothesis is supported by clinical studies showing that the majority of events of hypoglycaemia in
patients treated with GLP-1R agonists occur in patients treated with a concomitant SU. This review aims to discuss the current understanding of

the mechanisms by which GLP-1 receptor signalling promotes insulin secretion from pancreatic g-cells via a glucose-dependent process.
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Introduction

Plasma glucose is tightly regulated by the coordinated actions
of the pancreatic hormones insulin and glucagon, which act
in opposition to keep plasma glucose levels constant. Patients
with type 2 diabetes (T2D) often experience S-cell failure
leading to reduced production and secretion of insulin. The
reduced insulin secretion is compounded by increased insulin
resistance, excessive glucagon-mediated release of glucose from
hepatic stores, and rapid glucose influx during meals [1].
Together, the inability to maintain glucose homeostasis leads
to a perpetual state of hyperglycaemia. Exogenous insulin or
sulphonylurea (SU)-based therapies, while valuable in reducing
hyperglycaemia, continue to act even after an ideal glucose
concentration has been met and therefore pose the risk of
over-correction and hypoglycaemia [2]. The symptoms of
hypoglycaemia can range from trembling and weakness to
poor coordination and impaired cognition. Studies of the
effects of hypoglycaemia on patient quality of life (QoL)
suggest that QoL is reduced in patients experiencing moderate
to profound hypoglycaemia compared to patients reporting
mild or no symptoms of hypoglycaemia [3]. In addition
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to unwanted symptoms, hypoglycaemia has been associated
with QT interval prolongation, arrhythmias and other
adverse cardiovascular events [4—9]. Thus, hypoglycaemia is
a significant clinical concern for patients with diabetes and
minimizing the risk of hypoglycaemia is important in any
diabetes therapy.

The glucose-dependent T2D therapies such as glucagon-
like peptide-1 receptor (GLP-1R) agonists and dipeptidyl
peptidase-4 inhibitors, promote glucose control by minimizing
both hyperglycaemia and hypoglycaemia. Glucagon-like
peptide 1 (GLP-1; 7—36 amide), an incretin hormone secreted
by intestinal L-cells in response to glucose and other ingested
nutrients, induces insulin secretion via the GLP-IR in a
glucose-regulated manner. While effects of GLP-1R signalling,
such as suppression of glucagon secretion, slowed gastric
emptying, and increased satiety, are also involved in glucose
control by GLP-1R agonists, pancreatic S-cell-mediated
insulin secretion is the best characterized GLP-1R activity
(for additional review see Ref. [10]). The ability of GLP-1 and
GLP-1R agonists to promote insulin secretion depends upon
elevated blood glucose levels. As such, the activity of GLP-1
and its receptor agonists is self-limiting, ceasing when blood
glucose levels fall in response to the secreted insulin. With
the increasing use of GLP-1R agonists for treatment of T2D,
a clarification of the current understanding of the mechanisms
by which GLP-1R signalling promotes insulin secretion and
the dependence of this process on glucose is warranted.
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GLP-1 Receptor Agonists Gucose Clamp Steps

The GLP-1 peptide itself is short-lived (t;, =1.5 to 5 min) . (mmol: >0 40 82 {27} Recowry

[11]. However, longer-acting, synthetic, GLP-1R agonists have
been developed for clinical use and others are currently in
development. The first-in-class GLP-1R agonist, exenatide
[BID (twice daily)] is a 39-amino-acid peptide that is a
synthetic version of exendin-4. Exenatide has 53% amino
acid homology to GLP-1 and binds to the GLP-1R with ;
similar affinity as GLP-1 (for a more detailed review see Ref.
[12]). Lacking the dipeptidyl peptidase-4 (DPP-4) cleavage
site, exenatide has a much longer half-life than endogenous
GLP-1 [13]. A second GLP-1R agonist, liraglutide (once daily) i i 1 0%
is a GLP-1 analogue with an albumin binding, fatty acid side . é P A 1éo 100 1g0 210 2i° 2;0 300 330 360
chain. The peptide itself has an amino acid sequence that Time (min)

shares 97% identity with the human GLP-1 peptide [14].

With its extensive similarity to hl}man GLP-1, liraglutide is Figure 1. Insulin secretion. Basal timepoints from —30 to 0 min. Infusion
a substrate for DPP-4 although with a much reduced rate of of exenatide or placebo commenced at O min as indicated by arrow.
cleavage compared to endogenous GLP-1 [13]. Exenatide BID, From 0 to 120min, plasma glucose was ~5.0 mmol/l (euglycaemia).
its once-weekly formulation (exenatide QW [once weekly]) At 120-180min, plasma glucose was ~4.0 mmol/l (hypoglycaemia).
and liraglutide have all been clinically demonstrated to reduce At 180-240min, plasma glucose was ~3.2mmol/l ending in nadir of
hyperglycaemia, as evidenced by a reduction in the percent of ~ ~2.8mmol/l (hypoglycaemia). Recovery phase from 270 to 360 min. O,
hacmoglobin A1 procin s ghted (HIAL) i ptets  Psbsmer @ e am . baseancs o
with T2D [15-23]. Fur.thermore, al.I three G_LP_IR agomsts state ofpa glycaemic interval?Reprod’uced with perrlzlission from %egn e);
have been shown to assist people with T2D in achieving the ~ ; (31].

recommended American Diabetes Association target HbAlc

goal of <53 mmol/mol (<7%) [24].
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conditionally expressing exendin-4 revealed that even under

. _ relatively high exendin-4 expressing conditions, fasting blood
Evidence for Glucose Dependence of GLP-1R glucose levels were normal and no hypoglycaemia was

Agonist-Stimulated Insulin Secretion observed [32].

The glucose dependence of the insulin secretory activity of Human studies using GLP-1R agonists have provided the

GLP-1R agonists has been demonstrated by a variety of in vitro ~ best support for the dependence of GLP-1R activity on glucose
and in vivo studies such that it is well-accepted by those in concentrations. As exenatide was the first widely used synthetic

the field [25—33]. Early in vitro studies in a rat insulinoma  GLP-1R agonist in humans, much of the work examining the
cell line demonstrated that induction of insulin secretion by ~ glucose dependence of GLP-1R-mediated insulin secretion was
GLP-1 was glucose-dependent. Insulin secretion mediated by ~ completed with exenatide. One study, in which exenatide or
GLP-1 (10 nM) in the absence of glucose or by the presence  placebo was continuously infused intravenously into healthy,
of 10mM glucose alone was maximally induced by between  fasted individuals, demonstrated that subjects infused with
1.5- and 2.5-fold. However, in the presence of 10 mM glucose, ~ exenatide while clamped at euglycaemic concentrations of
GLP-1 (10 nM) maximally induced insulin secretion by  glucose (~5.0mmol/l), secreted much greater amounts of
approximately six-fold over baseline [33]. Similarly, in the  insulinthan the placebo-infused counterparts (~350 pmol/min
perfused rat pancreas, GLP-1 (25nmol/l) mediated a slight ~ vs. ~100 pmol/min). Demonstrating glucose dependence,
insulin secretion at basal glucose concentrations (2.8 mmol/l)  insulin secretion in the same subjects infused with exenatide
but when glucose concentrations were raised to 5mmol/l, a  rapidly decreased to levels similar to the placebo counterparts
strong GLP-1-mediated stimulation of insulin secretion, which ~ when plasma glucose concentrations were dropped to
exceeded the effects observed with glucose alone, was observed ~ hypoglycaemic levels (~4.0 mmol/l; figure 1) [31]. Similar
[28]. This glucose dependence of GLP-1’s insulin secretagogue ~ studies in which exenatide was administered to subjects
function was likewise demonstrated during in vivo studies.  via subcutaneous injection or intravenous infusion likewise
Fasting healthy human subjects treated with pharmacological ~ demonstrated the glucose dependence of exenatide-mediated
intravenous doses of GLP-1 (7—36 amide) exhibited no hypo- insulin secretion [34,35].

glycaemia despite their fasted state [30]. Together, these data As might be expected of a glucose-dependent therapy,
provided evidence of a requirement for glucose in the insulin-  low incidences of hypoglycaemia were observed in clinical
stimulatory action of GLP-1 and suggested that a threshold trials of exenatide QW, despite continuous exposure to the
glucose concentration was required for GLP-1 activity. GLP-1R agonist due to extended release [16,36]. In other

Similar to the natural GLP-1 peptide, GLP-1R agonists  clinical trials, GLP-1R agonists were associated with rates of
such as exendin-4 have likewise been shown in animal  hypoglycaemia similar to those of placebo. Indeed, results
models and humans to require glucose concentrations above  from clinical studies examining the efficacy of exenatide or
basal levels to promote insulin secretion. Studies of mice  liraglutide as monotherapies or in combination with oral

16 | Meloni et al. Volume 15 [ No. 1| January 2013



DIABETES, OBESITY AND METABOLISM

antidiabetes medications in patients with T2D have shown that,
at concentrations sufficient to reduce HbAlc, no significant
differences in the incidence of major [events that resulted in
loss of consciousness, seizure, coma or other mental status
change consistent with neuroglycopaenia which resolved after
administration of glucagon or glucose or events those that
required third party assistance because of severe impairment
in consciousness or behaviour and had a glucose value
of less than 54 mg/dl (3 mmol/l)] or minor [events that
had symptoms consistent with hypoglycaemia and glucose
values of less than 54 mg/dl (3 mmol/l) prior to treating the
episode] hypoglycaemia compared to placebo were observed
(Table 1) [15,21,37—-40]. Moreover, patients using exenatide
BID together with titrated insulin glargine (with or without
metformin or pioglitazone or both) observed similar rates of
hypoglycaemia but significantly greater reductions in HbAlc
compared to patients using placebo and insulin (Table 1) [41].

Many antidiabetes therapies have demonstrated effective
reductions in HbAlc. However, the glucose-independent
activity of some common therapies such as insulin glargine
and glimepiride is associated with increased rates of
hypoglycaemia compared to GLP-1R agonists (Table 1)
[18,20,42]. Interestingly, SU-based compounds (such as
glimepiride) have been observed to uncouple the glucose
dependence of GLP-1R agonists and promote increased rates
of hypoglycaemia in patients using GLP-1R agonists together
with SU (Table 1) [17,19,43—-45].

An understanding of the molecular pathways involved
in insulin secretion is useful in explaining such clinical
observations as the ability of GLP-1R agonists to reduce
hyperglycaemia with a low likelihood of hypoglycaemia.
Detailed mechanistic studies have shown that insulin secretion
stimulated by high glucose concentrations (or SU use) and
augmented by GLP-1R agonists, occurs via common and
inter-related molecular pathways, which will be subsequently
described.

Glucose-Induced Insulin Secretion
from g-Cells

Glucose Sensing

Glucose itself plays a primary role in mediating insulin
secretion. Pancreatic 8-cells initially sense elevated extracellular
glucose and allow its cellular entry through the GLUT
facilitative glucose transporters [46]. Phosphorylation of the
transported glucose promotes the conversion of glucose into
pyruvate, which is then shuttled to the mitochondria to
participate in the tricarboxylic acid cycle [47,48]. This process
of transporting extracellular glucose into the pancreatic g-cell
and its conversion into ATP leads to increases in the cellular
ATP/ADP ratio (increases in ATP at the expense of ADP)
and promotes the initial triggering event for insulin secretion,
the closure of the ATP-sensitive, potassium channels (KT rp
channels) [49].

K+arp and Voltage-Dependent CaZ+ Channels

The major triggering step to insulin secretion is the inactivation
of Kt otp channels and the resulting depolarization of the B-cell
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(figure 2). The K™ z1p channel is made up of four pore-forming
Kir2 subunits and four sulphonylurea receptor (SURI)
regulatory subunits that together regulate pore permissibility.
The Kj6.2 subunits act as glucose/ATP sensors by binding ATP
in a Mg?"-dependent manner to undergo a conformational
change that closes the channel [50]. In opposition, Mg**-
ADP opens the channel by binding to the SURI subunits
[51]. The action of ATP to close KT orp channels and its
counteraction by ADP highlights the important role of glucose
metabolism in regulating channel activity. At low glucose
concentrations and low ATP/ADP ratios, the channel is open,
allowing K™ ions to flow out of the cell along their concentration
gradient to maintain a hyperpolarized membrane potential
of between —65 and —53 mV [48]. However at high glucose
concentrations, the ATP/ADP ratio increases leading to channel
closure and membrane depolarization. The sulphonylurea
family of antidiabetes drugs acts at this step in the pathway.
By binding to SURI subunits, sulphonylureas such as
glimepiride alter the pore conformation causing pore closure
and subsequent depolarization of the B-cell independent of
ATP/ADP concentrations.

The primary downstream effect of this depolarization eventis
a change in 8-cell membrane potential and activation of L-type
voltage-dependent Ca?* channels (VDCC). Depolarization
through inactivation of K'arp channels, followed by the
ensuing activation of VDCC channels, leads to an influx of
Ca’" from the extracellular environment. It is this increase
in intracellular Ca’* in the B-cell that facilitates exocytosis,
promoting insulin secretion.

Glucose-Mediated Exocytosis of Insulin

The insulin hormone itself is synthesized in the endoplasmic
reticulum and both stored and transported in large dense core
vesicles that become the secretory granules [52]. Insulin is
released from pancreatic B-cells via exocytotic processes that
are reminiscent of those identified for synaptic vesicles of
neuronal cells. However, while the processes of exocytosis are
similar to those in neuronal cells, the kinetics of release are quite
different. It has been known for some time that insulin secretion
in response to glucose occurs in a biphasic pattern with an initial
first-phase secretion that is rapid and transient followed by a
second-phase of secretion that is slower but sustained at a level
above the pre-stimulatory rate (figure 3) [53]. Interestingly, the
second phase can only be elicited by secretagogues that generate
ATP, suggesting that the second-phase is an energy-dependent
process [54].

The process of exocytosis involves the docking and
fusion of secretory vesicles to the plasma membrane. This
process is mediated by a group of complementary proteins
called SNARE proteins [SNAP (soluble NSF attachment
protein) receptor]. The vesicle membrane SNARE (v-SNARE)
synaptobrevin interacts with plasma membrane SNAREs
(t-SNAREs) syntaxinl and SNAP 25 to form a stable complex in
close proximity with the plasma membrane, positioning it for
membrane fusion [53,55]. Fusion of the vesicular membrane to
the plasma membrane is necessary for the secretion of insulin
from the B-cell. While the exocytosis process is well known to
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Table 1. Percent of patients experiencing hypoglycaemia during study period.

GLP-1R agonists vs. placebo

Treatment DeFronzo* Morettot Zinmani Liutkus$ Vilsboll§
GLP-1RA ExBID 5% 4% 11% 4%

LIRA 0%

Placebo 5% 1% 7% 2% 0%

Significance ND NS NS NS ND

GLP-1R agonists + insulin vs. placebo + insulin

Treatment Buse||
GLP-1RA ExBID 25%

+ Insulin

Placebo 29%

+Insulin

Significance ND

GLP-1R agonists vs. insulin or glimepiride

Treatment Diamant** { Garberft Gallwitz§$§
GLP-1RA ExQW ~4%

ExBID 7%

LIRA 10%

Insulin ~19%

Glimepiride 26% 12%

Significance p < 0.0001 p < 0.0001 p=0.002

GLP-1R agonists = sulphonylurea

Treatment Drucker99 Buse]||| Blevins#+* Buset T Diamant**

ExQW 0% 4% ~4%

ExQW + SU 15% 15% ~20%
GLP-1RA ExBID 1.1% 16% 11%

ExBID + SU 15% 53% 42%

LIRA 3% 6%

LIRA + SU 12% 33%

Insulin 32% ~19%

Insulin + SU 56% ~44%

Significance ND ND Pt F £< 0.05, NSS§§$§ ND pSSS = 0.009

Dosage: LIRA 1.8 mg QD; ExBID 10 ug BID; ExQW 2.0 mg QW. CI, confidence interval; ExBID, exenatide twice daily; ExQW, exenatide once weekly;
hypo, hypoglycaemia; LIRA, liraglutide; ND, not determined; NS, not significant; SU, sulphonylurea.

*Mild to moderate hypo (no major hypo); 30 weeks; ExBID n = 113, placebo n=113 [38].

+Signs or symptoms associated with hypo or SMBG of <3.6 mmol/l (no major hypo); 24 weeks; ExBID n =78, placebo n =78 [39].

$Signs or symptoms associated with hypo or glucose monitor reading of <3.3 mmol/l (no major hypo); 16 weeks; ExBID n =121, placebo n =112 [40].
§Confirmed minor hypo with blood glucose <3.0 mmol/l (no major hypo); 26 weeks; ExBID n =111, placebo n =54 [21].

$Major or minor hypo; 14 weeks; LIRA n =41, placebo n =40 [37].

[[Minor hypo (1 major hypo [placebo]); 30 weeks; ExBID n =137, placebo n =122 [41].

#Confirmed minor hypo with blood glucose <3.0 mmol/l (3 major hypo [1 ExQW, 2 insulin]); 26 weeks; ExXQW n=164/69, insulin n=157/66
(without/with SU) [18].

ttSubjects not using concomitant SU.

F$Minor hypo with self-treated blood glucose <3.1 mmol/I (1 major hypo [LIRA]); 2 years; LIRA n = 247, glimepiride n = 248 [20].

§$Documented symptomatic hypo with blood glucose <2.8 mmol/l; 234 weeks; ExBID n =511, glimepiride n =508 [42].

99Minor hypo with blood glucose <3.0 mmol/l (no major hypo); 30 weeks; ExQW n = 93/55, ExBID n = 93/54 (without/ with SU) [19].

[lIMinor hypo with blood glucose <3.0 mmol/l (no major hypo); 26 weeks; ExXQW n =461, LIRA n =450 [44].

#+Symptomatic hypo (19 severe hypo with SU [8 ExBID, 11 insulin], 3 severe hypo without SU [1 ExBID, 2 insulin]); 26 weeks; ExBID n = 54/648, insulin
n=>56/665 (without/with SU) [45].

T T tSelf-treated minor hypo with blood glucose <3.1 mmol/l (2 major hypo with SU [ExBID]); 26 weeks; ExBID n =63/169, LIRA n = 64/171 (without/
with SU) [95].

+ F $Compares exenatide with insulin.

§§SCompares exenatide + SU with insulin + SU.
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Figure 2. Signalling cascade of first-phase insulin secretion in the B-cell
in response to glucose, without the contributions of GLP-1. Glucose
metabolism triggers a cellular increase in the ATP/ADP ratio which inhibits
K" arp channels leading to depolarization. Depolarization triggers both the
opening of the voltage-dependent K™ channels (Ky) to repolarize the B-cell
and the activation of VDCCs. The resulting inward Ca** influx triggers
exocytosis of insulin-containing granules leading to insulin secretion.

be regulated by Ca®", the exact mechanisms by which Ca?*
triggers exocytosis through the SNARE protein complex has
not been fully elucidated.

It has been estimated that approximately 50—200 of the
B-cell’s 10,000 insulin-containing granules are released in the
rapid, first phase of insulin release [56—58]. This is in contrast
to a release rate of 5-40 granules/min from a single B-cell
during the prolonged second phase of insulin secretion [56].
Given that the second phase can persist for up to several hours
depending on glucose blood levels, the second phase of insulin
secretion can contribute significantly to the overall insulin
release [56—60].

The rate at which insulin can be secreted depends largely on
the number and competency of the insulin containing granules
available. It is thought that the granules exist in distinct pools
within the B-cell, in either a readily-releasable pool or a reserve
pool (figure 4). The difference between the two pools is the
releasability of the granule contents. Only granules that are
‘primed’ for exocytosis will release their contents in response to
Ca** signals. Most of the insulin granules (~95-99%) belong
to the reserve pool while a smaller fraction (only ~1-5%)
belong to the readily releasable pool that is thought to reside
closer to the plasma membrane than the reserve pool [54]. The
readily-releasable pool is further subdivided into a third pool of
granules, the immediately-releasable pool, which is physically
docked at the plasma membrane in association with VDCC
and primed for immediate release of insulin upon VDCC
channel opening and initial Ca®* entry [49]. The release of the
contents of the readily releasable pool is largely responsible
for the first-phase of insulin secretion while the slower
second-phase reflects the refilling of the readily-releasable pool
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Figure 3. Phases of insulin secretion in response to a square wave of
hyperglycaemia. Initial levels of basal insulin production are low. With the
induction of hyperglycaemia, a large and rapid insulin secretion occurs that
quickly peaks and then falls to levels above basal for an extended period of
time.

via mobilization and priming of granules from the reserve
pool [60].

In order for granules from the reserve pool to become
competent for release, they must ‘move to’ the readily-
releasable pool (figure 4). Acidification of the insulin granule
is one of the steps in this process. Although the precise role
of granule acidification in priming granules for exocytosis is
unknown, it is hypothesized that a low granular pH may induce
a conformational change in the SNARE proteins that facilitate
membrane fusion [56].

Granule acidification occurs through V-type H-ATPases
that facilitate H-pumping into the granules, reducing the
intragranular pH. In concert with the H"-ATPase, Cl~ channels
localized to the granules (CIC-3) also play an essential role
in granule acidification by allowing influx of CI™ ions [59].
Without the entry of the CI~ counter ion, a large electrical
gradient would develop from the accumulation of H" ions,
halting further H" pumping and preventing acidification
[59,61]. That acidification of granules is required for Ca**
induced exocytosis is suggested by the finding that exocytosis
is inhibited by protonophores or inhibitors of the vesicular
H* pump [59]. Similarly, depolarization-evoked exocytosis
is decreased in B-cells of CIC-3 knockout mice and by CI™
channel blockage with DIDS (4, 4'-diisothiocyanatostilbene-2,
2/-disulfonic acid) [59,62].

Glucose-Mediated Transcription of the Insulin Gene

Only a small portion of the total intracellular insulin pool is
released during glucose-mediated insulin secretion, thus insulin
availability depends more upon the regulation of secretion
than on the rate of insulin biosynthesis [52]. Nonetheless,
it has been demonstrated in foetal rat islets that the insulin
transcriptional promoter is glucose-responsive, inducing gene
expression almost seven-fold in response to 16 mM glucose
[63]. Further, glucose has been shown to increase the stability
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Figure 4. Putative vesicle priming events that allow vesicles to become competent for exocytosis. Once primed, vesicles ‘move’ from the reserve pool to
the readily releasable pool where the increase in Ca?* influx through activated VDCCs promotes exocytosis. GLP-1 may promote Cl” ion pumping into a
vesicle through Epac and a putative granule SUR protein that may regulate CIC-3 chloride channels. The influx of Cl" ions counters the charge promoted
by the action of the H* -ATPase pump. The increase in H' allows the decrease in intragranular pH necessary for exocytosis.

of insulin mRNA [64]. Accordingly, in addition to promoting ~ When activated by ligand binding, the GLP-1R couples to the
the secretion of premade and stored insulin, glucose also actsto  trimeric G-protein complex and facilitates the release of the
ensure that appropriate amounts of insulin are available when  activated Gas subunit of the complex which then, in turn,
needed. activates plasma membrane-bound adenylyl cyclase (AC) to
produce cAMP [48].

As it is synthesized from ATP, cAMP, the primary second
GLP-1 Receptor Signalling Augments messenger of the GLP-1R is necessarily dependent on the
Glucose-Mediated Insulin Release availability of the product of glucose metabolism, ATP.
However, the question of whether increases in cellular ATP
lead to increased cAMP production is controversial [66,67].
In addition to triggering insulin secretion directly through the =~ As euglycaemia is not a requirement for all cAMP-regulated
above-described series of events, ingested glucose also stimu-  signalling, it is unlikely that increases in cAMP due to increases
lates the transcription and release of the insulin secretagogue,  in ATP concentration play a role in the glucose dependence of
GLP-1 (figure 5) [65]. Orally-consumed carbohydrates, pro- GLP-1R-mediated insulin secretion.

The Relationship of GLP-1 and Glucose

teins, and lipids induce the secretion of GLP-1 from intestinal As is common for GPCR biology, the GLP-1R activates
L-cells; however, GLP-1-mediated stimulation of insulin secre-  plasma membrane-bound AC (tmAC; transmembrane AC)
tion from B-cells is only observed in the presence of elevated ~ leading to rapid cAMP production. However, other distinct
glucose concentrations. ACs of the soluble AC (sAC) family have also been shown

to contribute to the overall concentration of cAMP in
. the presence of high glucose concentrations, albeit with
CAMP Production slowelt)r kinetics thar;g wi%h the GLP-1R [68]. It is possible
GLP-1 signalling is initially transduced through binding to  that, in the presence of elevated glucose concentrations, the
and activation of the GLP-1R found on the S-cells of the  combined activity of the tmAC and the sAC may potentiate
pancreas (figure 6). The GLP-1R is a ligand-specific, seven- ~ GLP-1R-induced insulin secretion through higher cellular
transmembrane domain, G-protein coupled receptor (GPCR).  cAMP levels.

20 | Meloni et al. Volume 15 [ No. 1| January 2013



DIABETES, OBESITY AND METABOLISM

GLUCOSE---... i
/GLP-]RMJI‘miS:-L_‘\iP'Ilﬂ’!arfmmLcells

GLP-1R activation
ATP synthenst [ATPFADP ratio)

cAMP

v

ihdbis fiadin FRAEpac
—— K, channels closed (depolarization) + it chandwels

K, channels open VDOC channels i

Facilitates charmel apening

(repolarization) OpEn
B ok 1

- .L Prevents repolanization
5
z Ca™ influx
] _-_"'""--—...__._
= ren
E IP R open RYR apen

\ / ¥ Facllnaves channel opening
Cofr-induced Ca’ in{rcasf--..._,______*

— AP ::,'n'lhr.".\i:-T

Figure 5. Signalling cascade of insulin secretion in the B-cells in response
to glucose and GLP-1. Glucose triggers the cascade of events outlined in
figure 1. GLP-1 potentiates the activity of glucose by inhibiting K xtp
channels, facilitating the opening of VDCCs, and inhibiting membrane
repolarization via K, channels. GLP-1 also sensitizes IP; (IP3R) and
ryanodine (RYR) receptors to the effects of Ca>*, facilitating Ca?*-induced
Ca** release (CICR). CICR promotes enhanced insulin secretion and
enhanced ATP production, the latter of which facilitates a feed-forward
loop to promote further rounds of depolarization and insulin secretion.

Consequences of CAMP Generation

The two primary downstream effectors of GLP-1R-induced
cAMP are protein kinase A (PKA) and the cAMP-regulated
guanine nucleotide exchange factor (cAMP-GEF), Epac. That
PKA and Epac each play critical roles in GLP-1-mediated
insulin release is evidenced by the ability of Epac or PKA specific
activators (or inhibitors) to potentiate (or inhibit) glucose-
dependent insulin secretion [69—72]. Thus, the activity of the
GLP-1R is transmitted through the actions of PKA and Epac.

PKA is a holoenzyme composed of regulatory subunits and
catalytic subunits. The binding of cAMP to the regulatory
subunits releases the catalytic subunits which then act to
phosphorylate downstream substrates. The single polypeptide
protein, Epac, is similarly activated by cAMP. Upon cAMP
binding, Epac undergoes a conformational change that prevents
the interaction between its regulatory and catalytic domains.
Epac primarily functions as a guanine nucleotide exchange
factor for small Ras-like G-proteins, thereby regulating their
activity; however, direct Epac protein/protein interactions have
also been identified [13,48,73].

Convergence of Glucose-Stimulated
and GLP-1R-Stimulated Insulin Secretion

As mentioned previously, the initial triggering step in glucose-
mediated insulin secretion is the inhibition of K™ op channels
and depolarization of the B-cell. Glucose and GLP-1R agonist
activities cooperatively converge at this initial step. As discussed
above, the K, subunits of the K™ stp channel bind ATP,
facilitating channel closure and depolarization of the cell
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while the SURI subunits counter channel closure by binding
ADP, promoting channel permeability. Phosphorylation of the
SURI subunits by one of the GLP-1R effector proteins, PKA,
disrupts the binding of ADP thereby tipping the balance of
pore regulation towards channel closure and depolarization of
the cell [67,74]. The coordinated actions of channel inhibition
through glucose metabolism and the inhibition of channel
activation via phosphorylation of SURI subunits lead to a
synergistic closure of K yp channels. Interestingly, in addition
to providing synergistic assistance in K* stp channel closure,
the activity of PKA to regulate K™ sp channels is also truly
glucose-dependent [67]. Studies by Light et al. suggest that
K" atp channel closure via PKA is dependent on reduced ADP
concentrations as occurs under conditions of high glucose;
at elevated ADP levels, as in times of low glucose, the effect
of PKA on channel closure is negligible [48,67]. The glucose
dependence of this critical triggering step prevents GLP-1R
agonists from potentially initiating S-cell depolarization in the
absence of glucose.

The other key regulator of GLP-1R activity, Epac, also
modulates K™ s1p channels. Experiments using patches of
plasma membrane from human S-cells or rat insulinoma
cell lines (INS-1) demonstrated that an Epac-selective cAMP
analogue significantly reduced the concentration of ATP
necessary for 50% inhibition of K*zrp channels [75]. These
experiments suggest that Epac enhances channel inhibition
by increasing the effectiveness of ATP on channel closure
[10,75]. Consequently, activities of the GLP-1R effectors, PKA
to inhibit channel activation (through ADP binding), and
Epac to facilitate channel inhibition (through ATP binding),
result in a coordinated potentiation of glucose-initiated cell
membrane depolarization. Together, these activities facilitate
the next step in the cascade towards insulin secretion, the
opening of VDCCS.

In addition to aiding in KT zrp channel inhibition, GLP-
IR signalling also inhibits a compensatory repolarization
event mediated by the opening of voltage-dependent K™
channels (K,). In response to membrane depolarization,
voltage-dependent Kt channels open to restore the resting
membrane potential through an increase in the outward flow
of K ions. GLP-1R agonists (GLP-1 and exendin-4) opposed
this efflux of K as demonstrated by experiments conducted in
rat B-cells which showed an inhibitory effect of exendin-4 on
voltage-dependent outward K+ currents [76]. This inhibition
of K* efflux delays membrane repolarization, allowing a longer
period of Ca?* influx through VDCCs and ultimately greater
insulin secretion [77,78].

Effects of GLP-1 on Voltage-Dependent Ca%* Channels

Data from several groups has suggested that GLP-1 also
potentiates glucose-mediated insulin secretion by increasing
the magnitude of the inward Ca** current produced by VDCCs
[49,79-81]. This effect is suggested to be PKA-dependent
as PKA inhibition blocked GLP-1-mediated augmentation
of the Ca®** current [81]. Phosphorylation of channel
components by PKA is likely responsible for modulating pore
activity [49,82,83]. Accordingly, as glucose activates VDCCs
through S-cell depolarization, GLP-1 potentiates this activity
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Figure 6. A schematic overview of the main signalling cascades involved in insulin secretion. Glucose enters the 8-cell through the GLUT1/2 transporters
and is converted to ATP. GLP-1 secreted from L-cells in response to glucose and other nutrients, binds to the GLP-1 receptor, triggering an increase in
cAMP and activation of Epac and PKA; cAMP is also produced from soluble adenylate cyclase adding to the overall concentration of cAMP. Glucose
metabolism leads to an increase in ATP/ADP concentrations which act to inhibit K™ zrp channels. The inability to pump K* from the B-cell leads to
membrane depolarization and opening of VDCC. GLP-1-activated PKA and Epac potentiate the effects of glucose by further inhibiting both the K* o1p
and the K, channels, preventing repolarization of the S-cell. PKA and Epac also sensitize multi-subunit calcium channels on the endoplasmic reticulum
(ER) allowing the release of calcium from intracellular stores. This increase in free calcium concentration further aids in exocytosis of insulin.

by further altering the permeability of the VDCC, allowing  promote CICR in a Ca’*-dependent manner, requiring a

greater influx of Ca**. rapid increase in intracellular free Ca’™ concentration to
mediate Ca®T release from intracellular stores [85,89]. Indeed,
GLP-1 and Ca%* Induced Ca%t Release exendin-4 is unable to induce CICR in INS-1 cells in the

presence of caged Ca?* (calcium that is not free) but potently
induces CICR when Ca?* is uncaged [87]. Endogenously, the
rapid Ca’" increase required for GLP-1R-stimulated CICR
can be provided by glucose-induced VDCC opening. This

Once Ca** enters the B-cell, it plays several roles in insulin
secretion. One role, as mentioned previously, is in the initiation
of exocytosis of insulin via membrane fusion of the readily-
releasable granules during the first phase of insulin secretion. A
second role of Ca?* isina Ca*t-induced release (CICR) of more hypothesis is supported by the finding that GLP-1 induced
Ca®* from intracellular stores in the endoplasmic reticulum ~ CICR does not occur in the presence of a VDCC-inhibitor,
[84,85] and secretory granules [85,86]. This increase in free nifedipine [49]. In this manner, GLP-1R-promoted CICR is
intracellular Ca?* from intracellular stores permits enhanced ~ dependent upon glucose-initiated events and cannot mediate

granule exocytosis leading to enhanced insulin secretion. enhanced insulin secretion without the downstream function
The inositol triphosphate receptor (IP3R) and the ryanodine  of glucose.
receptor (RYR) control this release of Ca>* from intracellular GLP-1R activation participates in CICR by sensitizing the

stores and antagonists to these receptors inhibit CICR [87].  intracellular Ca**channels (IP3R and RYR) to the stimulatory
These two receptor families are multi-subunit Ca?* channels  effects of Ca®*. This cAMP-dependent effect is mediated via
that alternate between conformations that permit or inhibit the ~ both PKA and Epac [48,90] and cAMP analogues that activate
release of Ca?* from intracellular stores [88,89]. The regulatory ~ both PKA and Epac can substitute for GLP-1 by inducing
domain of the IP3R contains binding sites for Ca>* that control ~ CICR in the presence of Ca®t [87]. The use of specific
the activity of the channel dependent in part on free Ca>*  cAMP analogues and ryanodine or IP; receptor antagonists
concentration [88]. Likewise, the RYR is similarly regulated by =~ demonstrated that Epac sensitizes the ryanodine receptors and
Ca®* binding to cytosolic sites on the complex. GLP-1Ragonists ~ PKA the IP; receptors [85,87,91].
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In addition to increasing the free intracellular Ca?* that trig-
gers enhanced insulin exocytosis, GLP-1R-stimulated CICR
also facilitates the production of ATP. Using dynamic biolu-
minescence imaging to record ATP and Ca?*concentrations,
Tsuboi et al. detected GLP-1-evoked increases in both Ca**
and ATP concentration. However, chelation of intracellular
Ca®* inhibited the ability of GLP-1 to increase ATP concentra-
tions, suggesting that CICR is essential for elevation of ATP by
GLP-1 [91]. The group proposed that increased Ca’>* activates
mitochondrial dehydrogenases (i.e. pyruvate, isocitrate and 2-
oxoglutarate dehydrogenases [48]) to promote increased ATP
production in the presence of glucose [91]. This production of
ATP and modulation of the cellular ATP/ADP ratio may lead to
continued closure of K™ z1p channels and further depolariza-
tion. In this manner, GLP-1R stimulation promotes continued
insulin secretion until extracellular glucose concentrations fall
in response to insulin.

Granule Recruitment and Replenishment

The activation of PKA through the GLP-1R not only facilitates
the secretion of insulin contained in granules competent
for exocytosis, but also modulates the refilling of the
readily-releasable pools, an event important for the second
phase of insulin secretion [49,92]. Using perforated-patch
whole-cell recordings of mouse p-cells, intense trains of
depolarizations were repeated to induce Ca** influx leading
to exocytosis. Over time, Ca’" influx eventually failed to
produce exocytosis suggesting that the readily-releasable pool
can be depleted. Sustained induction of cAMP by forskolin
allowed depolarization-promoted exocytosis to continue
significantly longer, suggesting that cAMP accelerates the
mobilization or priming of vesicles from the reserve pool
into the release-competent readily-releasable pool [92]. PKA
inhibitors only partially counteracted this effect suggesting that
the action of cAMP to promote Ca®*-dependent exocytosis
has both PKA-dependent and -independent components.
Further studies examining the PKA-independent compo-
nent of Ca?*-induced exocytosis suggested that part of the
cAMP-mediated activity was Epac-dependent. In murine 8-
cells, exocytosis mediated by a train of depolarizations could
be increased by the selective Epac agonist 8CPT-2Me-cAMP.
This effect was most pronounced during early exocytosis
suggesting that Epac may increase the size of the immediately-
releasable/readily-releasable pools that rapidly respond to Ca?*
influx [93]. The combined effects of Epac and PKA to promote
both larger releasable insulin pools and the refilling of depleted
pools are consistent with the observed increases in first and sec-
ond phase insulin secretion in response to GLP-1R activation.
In addition to assisting with the release of already stored
insulin, GLP-1 also acts to replenish the insulin hormone after
secretion by inducing transcription from the insulin gene in a
CREB-, CREM-, and ATF-1-independent manner [94].

Promotion of Vesicle Priming

Both the increase in the readily-releasable insulin pool size
and enhanced insulin pool refilling depend upon the ability of
GLP-1 to promote priming events necessary to allow granules
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from the releasable pool to ‘move to’ the readily-releasable pool.
Granule priming is a multi-step process requiring ATP, Ca?*,
and undefined temperature-dependent events [56]. Although
the mechanisms are far from clear, granule acidification is a
metabolically regulated priming step that may be modulated
by GLP-1R effectors.

As described previously, acidification of insulin granules
requires H"-ATPases that facilitate HT pumping into the
granules and Cl~ channels that allow entry of the CI~ counter
ion. The influx of Cl~ ions may be endogenously regulated
by the actions of SURI localized to granules. The influx of
Cl" ions was observed to be accelerated by cAMP and this
effect was abolished in SUR1-deficient 8-cells [93]. Supported
by the observation of a direct interaction of Epac with SUR1
[73], cAMP may accelerate Cl™ influx via Epac acting on
granular SUR1 (figure 4). Consistent with the finding that
Epac enhances granule pool size, increased influx of CI™ may
facilitate granule acidification and priming, thereby increasing
the insulin pool size [48,72,93]. Indeed, the Epac-dependent
augmentation of early exocytosis (resulting from increased pool
size) was diminished in 8-cells from SUR1-deficient mice [93].

The step of granule acidification may additionally be glucose-
regulated. By monitoring granule pH, it was observed that ADP
abolished granule acidification (even in the presence of ATP)
much like a CI™ channel blocker. The authors suggested that
ADP might act to inhibit acidification by directly or indirectly
inhibiting granular CI~ uptake through the CI~ channel [59].
Thus, at times of low glucose, ADP would inhibit granule
acidification and vesicle priming, thereby preventing GLP-1R
agonist-mediated enhancement of early insulin pools or the
recruitment of reserve pools.

The Interaction of GLP-1 and Sulphonylureas

The role of the SURI receptor in first-phase insulin secretion,
and potentially in granule acidification required for second-
phase secretion, provides a possible explanation for the
observed clinical interaction between GLP-1R agonists and
SUs. Several human clinical trials have demonstrated that
patients using GLP-1R agonists and SU co-therapies have a
greater incidence of hypoglycaemia than those not using SU
(Table 1) [18,19,44,45,95]. It is possible that co-treatment with
an SU and a GLP-1R agonist overrides the inherent ability of
the GLP-1R agonist to minimize hypoglycaemia. Indeed, SU-
based compounds have been shown to uncouple the glucose
dependence of GLP-1R agonist activity in the rat pancreas [96].
This uncoupling effect is additionally suggested by a clinical
study in Japanese patients with T2D in which significantly fewer
patients treated with placebo on a background SU therapy (with
or without other oral therapies) experienced hypoglycaemia
than patients treated with exenatide BID and background
SU (10 and 54%, respectively; p <0.001)[97]. Although the
mechanism of this proposed uncoupling event has not been
fully elucidated, our understanding of the GLP-1R signalling
cascade suggests that SUs may allow GLP-1R agonists to bypass
glucose dependence by triggering S-cell depolarization even in
the absence of glucose. Thus, SUs that bind SUR1 to modulate
K* arp channels independently of glucose may also allow GLP-
1R agonists to bypass their inherent glucose requirement by
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stimulating the downstream effects ordinarily associated with Several steps in the cascade are also glucose-dependent by
increased glucose. virtue of the fact that the GLP-1-mediated events cannot occur

in the absence of earlier, glucose-mediated events. For example,
Limitations of Current Knowledge both the GLP-1-mediated augmentation of the Ca?*current

through the VDCC and the GLP-1-mediated induction of
CICR first require the activation of the VDCC, an event that
occurs as a result of glucose-stimulated, B-cell depolarization.
By facilitating glucose-initiated signalling events at many steps
along the path toward insulin secretion, GLP-1 and, similarly,
GLP-1R agonists act as enhancers of glucose-induced activities
and have little to no effect on insulin secretion in the absence
of glucose. Accordingly, GLP-1R agonists, known to possess
glucose-dependent activity, can also be seen as synergistic
partners of glucose during glucose-stimulated insulin secretion.

Glucose in the body is controlled by an intrinsically balanced
system of overlapping and interconnected signalling pathways
such that signalling from the GLP-1R both regulates glucose
and is regulated by glucose. For patients with diabetes, GLP-1R
agonists have been shown to improve glycaemic control in
a regulated manner; lowering elevated blood glucose while

Although studied for decades, our understanding of the cascade
of events beginning at glucose stimulation and leading to
insulin secretion remains to be fully understood. The molecular
mechanisms of glucose-stimulated first-phase insulin secretion
and the role of GLP-1 in the potentiation of glucose-mediated
events have been characterized to a much greater extent
than mechanisms involved in second-phase insulin secretion.
Currently, the accepted model of insulin secretion is that of
a separate first and second-phase of insulin secretion due to
the release of insulin from functionally distinct and regulatable
pools [54]. However, much remains to be elucidated regarding
the timing, priming, localization, mobilization and membrane
fusion of the insulin granules as well as the proteins involved
in these events.

Summary maintaining sufficient concentrations for optimal metabolic
The treatment of T2D focuses on glucose control, which is function.

essentially the reduction of hyperglycaemia while minimizing

hypoglycaemia. Although many diabetes therapies success- Acknowled gements

fully manage the hyperglycaemia, non-self-regulating therapies
occasionally tlp the balance towards hypoglycaemia_ Hypo_ The authors would like to thank Carmelle V. Remillard, Diane
glycaemia carries with it several undesirable outcomes and ~ R. Yuskin, and Peter S. Griffin for editorial assistance.
its avoidance is an important clinical concern. Comparisons
between the GLP-1R agonists and other insulinotropic drugs  Conflict of Interest
such as insulin glargine or the sulphonylurea, glimepiride,
have demonstrated that, in addition to better reduction in
HbAlc, patients using GLP-1R agonists experience a signifi-
cantly lower incidence of overall hypoglycaemia, [18,20,23,42]
consistent with the glucose-dependent nature of GLP-1R ago-
nists. The glucose dependence of the GLP-1R agonist class of
T2D therapies provides an intrinsic measure of glycaemic con-  References
trol. As self-regulating therapies, they possess built-in monitors
of blood glucose, signalling to boost insulin secretion at times 1. DeFronzo RA. Banting lecture. From the triumvirate to the ominous octet:
of high glucose and halting action as glucose levels fall below a new paradigm for the treatment of type 2 diabetes mellitus. Diabetes
. . . . . 2009; 58: 773-795.
euglycaemic levels in response to insulin. In this manner, GLP- _ _
IR agonist therapies provide glucose lowering effects with the 2. !ﬂZUCChI SE, vBergenstaI RM/ Buse JB et al. I\/\anagement. Qf hyperglycemia
additional benefit of a lower limit for glucose concentrations, In type 2 diabetes: 3 patient-centered approach: position statement of
istent with elvcaemic safet the American Diabetes Association (ADA) and the European Association
consis . . ! . ; Y. . for the Study of Diabetes (EASD). Diabetes Care 2012; 35: 1577-1596.
The insulinotropic action of GLP-1R agonists has been _ ‘
R . . K . 3. Pettersson B, Rosenquist U, Deleskog A, Journath G, Wandell P. Self-
shown in vitro and in vivo to depend on B-cell detection . : ; ,
¢ . R reported experience of hypoglycemia among adults with type 2 diabetes
of elevated glucose concentrations (above approximately mellitus (Exhype). Diabetes Res Clin Pract 2011; 92: 19-25.
3.9 mmol/l). Indeed, although the basic GPCR activation ) ! : .

d likel wvated by GLP-1 licand bindi . 4. Christensen TF, Randlgv J, Kristensen LE, Eldrup E, Hejlesen OK, Struijk JJ.
cascades are 1L eY actl.vate Y -1 ligand binding FO 1ts QT measurement and heart rate correction during hypoglycemia: is there
receptor, several signalling blockades halt the message prior to a bias? Cardiol Res Pract 2010; 2010: 961290.
insulin secretion in the absence offlucose. The most important 5. Eckert B, Agardh CD. Hypoglycaemia leads to an increased QT interval in
of these blocks occurs at the K ATp.channeI where GLP-.l normal men. Clin Physiol 1998; 18: 570-575.

'prorr;otes PIEA—me(;hated phospl}orylatlo:jlzg?e SURI sub}mlt 6. Meinhold J, Heise T, Rave K, Heinemann L. Electrocardiographic changes
Inaglucose-dependent manner. Increase C(?ncentratlons during insulin-induced hypoglycemia in healthy subjects. Horm Metab Res
prevent SUR1 phosphorylation by PKA, repressing the effect 1998; 30: 694-697.

of GPP_I at this important st?p. Similarly, l_t s speculated 7. Johnston SS, Conner C, Aagren M, Smith DM, Bouchard J, Brett J. Evidence
that .1ncreased ADP concentrations may also 1nh¥b1t GLP-1- linking hypoglycemic events to an increased risk of acute cardiovascular
mediated granule acidification and thus prevent vesicle priming events in patients with type 2 diabetes. Diabetes Care 2011; 34:
events. 1164-1170.

A.R. M, M. B.D. Y, C. L. and D. G. P. contributed to the
design, writing and editing of the manuscript.

A.R.M.,, M.B.D. Y., C. L. and D. G. P. are employees and
stockholders of Amylin Pharmaceuticals, Inc.

24 | Meloni et al. Volume 15 [ No. 1| January 2013




DIABETES, OBESITY AND METABOLISM

8.

20.

21.

22.

23.

24.

25.

26.

Yakubovich N, Gerstein HC. Serious cardiovascular outcomes in diabetes:
the role of hypoglycemia. Circulation 2011; 123: 342-348.

. Cryer PE. Death during intensive glycemic therapy of diabetes: mechanisms

and implications. Am J Med 2011; 124: 993-996.

. Leech CA, Dzhura I, Chepurny 0G et al. Molecular physiology of glucagon-

like peptide-1 insulin secretagogue action in pancreatic B cells. Prog
Biophys Mol Biol 2011; 104: 236-247.

. Hui H, Farilla L, Merkel P, Perfetti R. The short half-life of glucagon-like

peptide-1 in plasma does not reflect its long-lasting beneficial effects. Eur
J Endocrinol 2002; 146: 863-869.

. Baggio LL, Drucker DJ. Biology of incretins: GLP-1 and GIP. Gastroenterology

2007; 132: 2131-2157.

. Kim W, Egan JM. The role of incretins in glucose homeostasis and diabetes

treatment. Pharmacol Rev 2008; 60: 470-512.

. Garber AJ. Long-acting glucagon-like peptide 1 receptor agonists: a

review of their efficacy and tolerability. Diabetes Care 2011; 34(Suppl
2): S279-5284.

. Apovian CM, Bergenstal RM, Cuddihy RM et al. Effects of exenatide

combined with lifestyle modification in patients with type 2 diabetes. Am
J Med 2010; 123: 468.e9-468.e17.

. Bergenstal RM, Wysham C, MacConell L et al. Efficacy and safety of

exenatide once weekly versus sitagliptin or pioglitazone as an adjunct to
metformin for treatment of type 2 diabetes (DURATION-2): a randomised
trial. Lancet 2010; 376: 431-439.

. Blevins T, Pullman J, Malloy J et al. DURATION-5: exenatide once weekly

resulted in greater improvements in glycemic control compared with
exenatide twice daily in patients with type 2 diabetes. J Clin Endocrinol
Metab 2011; 96: 1301-1310.

. Diamant M, Van Gaal L, Stranks S et al. Once weekly exenatide

compared with insulin glargine titrated to target in patients with type
2 diabetes (DURATION-3): an open-label randomised trial. Lancet 2010;
375: 2234-2243.

. Drucker DJ, Buse JB, Taylor K et al. Exenatide once weekly versus twice

daily for the treatment of type 2 diabetes: a randomised, open-label,
non-inferiority study. Lancet 2008; 372: 1240-1250.

Garber A, Henry RR, Ratner R, Hale P, Chang (T, Bode B. Liraglutide, a
once-daily human glucagon-like peptide 1 analogue, provides sustained
improvements in glycaemic control and weight for 2 years as monotherapy
compared with glimepiride in patients with type 2 diabetes. Diabetes Obes
Metab 2011; 13: 348-356.

Liutkus J, Rosas Guzman J, Norwood P et al. A placebo-controlled trial of
exenatide twice-daily added to thiazolidinediones alone or in combination
with metformin. Diabetes Obes Metab 2010; 12: 1058-1065.

Nauck M, Frid A, Hermansen K et al. Efficacy and safety comparison of
liraglutide, glimepiride, and placebo, all in combination with metformin,
in type 2 diabetes: the LEAD (liraglutide effect and action in diabetes)-2
study. Diabetes Care 2009; 32: 84-90.

Russell-Jones D, Vaag A, Schmitz O et al. Liraglutide vs insulin glargine
and placebo in combination with metformin and sulfonylurea therapy in
type 2 diabetes mellitus (LEAD-5 met + SU): a randomised controlled trial.
Diabetologia 2009; 52: 2046-2055.

Esposito K, Mosca C, Brancario C, Chiodini P, Ceriello A, Giugliano D.
GLP-1 receptor agonists and HBAq. target of <7% in type 2 diabetes:
meta-analysis of randomized controlled trials. Curr Med Res Opin 2011;
27: 1519-1528.

Creutzfeldt W. Insulinotropic factors of the qut—the broadening incretin
concept. Gastroenterology 1980; 78: 1631-1632.

Creutzfeldt W, Ebert R. New developments in the incretin concept.
Diabetologia 1985; 28: 565-573.

Volume 15 | No. 1 |January 2013

27

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Fridolf T, Bottcher G, Sundler F, Ahrén B. GLP-1 and GLP-1(7-36) amide:
influences on basal and stimulated insulin and glucagon secretion in the
mouse. Pancreas 1991; 6: 208-215.

Goke R, Wagner B, Fehmann HC, Goke B. Glucose-dependency of the
insulin stimulatory effect of glucagon-like peptide-1 (7-36) amide on the
rat pancreas. Res Exp Med (Berl) 1993; 193: 97-103.

Nauck MA, Sauerwald A, Ritzel R, Holst Jj, Schmiegel W. Influence of
glucagon-like peptide 1 on fasting glycemia in type 2 diabetic patients
treated with insulin after sulfonylurea secondary failure. Diabetes Care
1998; 21: 1925-1931.

Qualmann C, Nauck MA, Holst JJ, Orskov C, Creutzfeldt W. Insulinotropic
actions of intravenous glucagon-like peptide-1 (GLP-1) [7-36 amide] in
the fasting state in healthy subjects. Acta Diabetol 1995; 32: 13-16.

Degn KB, Brock B, Juhl (B et al. Effect of intravenous infusion of exenatide
(synthetic exendin-4) on glucose-dependent insulin secretion and
counterrequlation during hypoglycemia. Diabetes 2004; 53: 2397-2403.

Baggio L, Adatia F, Bock T, Brubaker PL, Drucker DJ. Sustained expression
of exendin-4 does not perturb glucose homeostasis, B-cell mass, or food
intake in metallothionein-preproexendin transgenic mice. ] Biol Chem
2000; 275: 34471-34477.

Montrose-Rafizadeh C, Egan JM, Roth J. Incretin hormones regulate
glucose-dependent insulin secretion in RIN 1046-38 cells: mechanisms
of action. Endocrinology 1994; 135: 589-594.

Egan JM, Clocquet AR, Elahi D. The insulinotropic effect of acute exendin-4
administered to humans: comparison of nondiabetic state to type 2
diabetes. J Clin Endocrinol Metab 2002; 87: 1282-1290.

Linnebjerg H, Park S, Kothare PA et al. Effect of exenatide on gastric
emptying and relationship to postprandial glycemia in type 2 diabetes.
Requl Pept 2008; 151: 123-129.

Russell-Jones D, Cuddihy RM, Hanefeld M et al. Efficacy and safety of
exenatide once weekly versus metformin, pioglitazone, and sitagliptin
used as monotherapy in drug-naive patients with type 2 diabetes
(DURATION-4): a 26-week double-blind study. Diabetes Care 2012; 35:
252-258.

Vilsbell T, Zdravkovic M, Le-Thi T et al. Liraglutide, a long-acting human
glucagon-like peptide-1 analog, given as monotherapy significantly
improves glycemic control and lowers body weight without risk of
hypoglycemia in patients with type 2 diabetes. Diabetes Care 2007;
30: 1608-1610.

DeFronzo RA, Ratner RE, Han J, Kim DD, Fineman MS, Baron AD. Effects
of exenatide (exendin-4) on glycemic control and weight over 30 weeks
in metformin-treated patients with type 2 diabetes. Diabetes Care 2005;
28: 1092-1100.

Moretto TJ, Milton DR, Ridge TD et al. Efficacy and tolerability of exenatide
monotherapy over 24 weeks in antidiabetic drug-naive patients with type
2 diabetes: a randomized, double-blind, placebo-controlled, parallel-group
study. Clin Ther 2008; 30: 1448-1460.

Zinman B, Hoogwerf B, Duran Garcia S et al. The effect of adding exenatide
to a thiazolidinedione in suboptimally controlled type 2 diabetes: a
randomized trial. Ann Intern Med 2007; 146: 477-485.

Buse JB, Bergenstal RM, Glass LC et al. Use of twice-daily exenatide
in Basal insulin-treated patients with type 2 diabetes: a randomized,
controlled trial. Ann Intern Med 2011; 154: 103-112.

Gallwitz B, Guzman |, Dotta F et al. Exenatide twice daily versus glimepiride
for prevention of glycaemic deterioration in patients with type 2 diabetes
with metformin failure (EUREXA): an open-label, randomised trial. Lancet
2012; 379: 2270-2278.

Pencek R, Brunell SC, Li Y, Hoogwerf BJ, Malone J. Use of concomitant
glucose-lowering therapies and associated treatment results observed in
clinical trials of exenatide twice-daily. Endocr Pract 2012; 18: 227-237.

doi:10.1111/j.1463-1326.2012.01663.x | 25




44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Buse JB, Nauck M, Forst T et al. Efficacy and safety of exenatide once
weekly versus liraglutide in subjects with type 2 diabetes (DURATION-6):
a randomized, open-label study. Diabetologia 2011; 54: 538.

Blevins T, Han J, Nicewarner D, Chen S, Oliveira JH, Aronoff S. Exenatide is
non-inferior to insulin in reducing HbA1c: an integrated analysis of 1423
patients with type 2 diabetes. Postgrad Med 2010; 122: 118-128.

Leturque A, Brot-Laroche E, Le Gall M. GLUT2 mutations, translocation, and
receptor function in diet sugar managing. Am J Physiol Endocrinol Metab
2009; 296: E985-£992.

De Vos A, Heimberg H, Quartier E et al. Human and rat beta cells differ in
glucose transporter but not in glucokinase gene expression. J Clin Invest
1995; 96: 2489-2495.

Doyle ME, Egan JM. Mechanisms of action of glucagon-like peptide 1 in
the pancreas. Pharmacol Ther 2007; 113: 546-593.

Gromada J, Brock B, Schmitz O, Rorsman P. Glucagon-like peptide-
1: requlation of insulin secretion and therapeutic potential. Basic Clin
Pharmacol Toxicol 2004; 95: 252-262.

Gribble FM, Proks P, Corkey BE, Ashcroft FM. Mechanism of cloned ATP-
sensitive potassium channel activation by oleoyl-CoA. | Biol Chem 1998;
273: 26383-26387.

Baukrowitz T, Fakler B. KATP channels gated by intracellular nucleotides
and phospholipids. Eur ] Biochem 2000; 267: 5842-5848.

Lang J. Molecular mechanisms and regulation of insulin exocytosis as a
paradigm of endocrine secretion. Eur | Biochem 1999; 259: 3-17.

Rorsman P, Renstrom E. Insulin granule dynamics in pancreatic g cells.
Diabetologia 2003; 46: 1029-1045.

Rorsman P, Eliasson L, Renstrom E, Gromada J, Barg S, Gopel S. The
cell physiology of biphasic insulin secretion. News Physiol Sci 2000; 15:
72-77.

Planells-Cases R, Ferrer-Montiel A. TRP channel trafficking. In: Liedtke WB,
Heller S, eds. Source TRP lon Channel Function in Sensory Transduction
and Cellular Signaling Cascades. Frontiers in Neuroscience. Boca Raton, FL:
(CRC Press, 2007; Chapter 23.

Barg S, Eliasson L, Renstrom E, Rorsman P. A subset of 50 secretory
granules in close contact with L-type Ca?* channels accounts for first-
phase insulin secretion in mouse B cells. Diabetes 2002; 51(Suppl 1):
S74-S82.

Straub SG, Shanmugam G, Sharp GW. Stimulation of insulin release by
glucose is associated with an increase in the number of docked granules
in the B cells of rat pancreatic islets. Diabetes 2004; 53: 3179-3183.

Wang Z, Thurmond DC. Mechanisms of biphasic insulin-granule
exocytosis—roles of the cytoskeleton, small GTPases and SNARE proteins.
J Cell Sci 2009; 122: 893-903.

Barg S, Huang P, Eliasson L et al. Priming of insulin granules for exocytosis
by granular CI" uptake and acidification. J Cell Sci 2001; 114: 2145-2154.

Bratanova-Tochkova TK, Cheng H, Daniel S et al. Triggering and
augmentation mechanisms, granule pools, and biphasic insulin secretion.
Diabetes 2002; 51(Suppl 1): $83-590.

Thevenod F. lon channels in secretory granules of the pancreas and their
role in exocytosis and release of secretory proteins. Am J Physiol Cell
Physiol 2002; 283: (651-(672.

Li DQ, Jing X, Salehi A et al. Suppression of sulfonylurea- and glucose-
induced insulin secretion in vitro and in vivo in mice lacking the chloride
transport protein CIC-3. Cell Metab 2009; 10: 309-315.

German MS, Wang J. The insulin gene contains multiple transcriptional
elements that respond to glucose. Mol Cell Biol 1994; 14: 4067-4075.

Wicksteed B, Alarcon C, Briaud I, Lingohr MK, Rhodes (J. Glucose-
induced translational control of proinsulin biosynthesis is proportional to
preproinsulin MRNA levels in islet B cells but not requlated via a positive
feedback of secreted insulin. ) Biol Chem 2003; 278: 42080-42090.

26 | Meloni et al.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

DIABETES, OBESITY AND METABOLISM

MacDonald PE, El-Kholy W, Riedel M|, Salapatek AM, Light PE, Wheeler
MB. The multiple actions of GLP-1 on the process of glucose-stimulated
insulin secretion. Diabetes 2002; 51(Suppl 3): $434-5442.

Dyachok 0, Idevall-Hagren O, Sagetorp J et al. Glucose-induced cyclic
AMP oscillations regulate pulsatile insulin secretion. Cell Metab 2008;
8:26-37.

Light PE, Manning Fox JE, Riedel M), Wheeler MB. Glucagon-like peptide-1
inhibits pancreatic ATP-sensitive potassium channels via a protein kinase
A- and ADP-dependent mechanism. Mol Endocrinol 2002; 16: 2135-2144.

Ramos LS, Zippin JH, Kamenetsky M, Buck J, Levin LR. Glucose and
GLP-1 stimulate cAMP production via distinct adenylyl cyclases in INS-1E
insulinoma cells. ] Gen Physiol 2008; 132: 329-338.

Chepurny 0G, Leech CA, Kelley GG et al. Enhanced Rap1 activation
and insulin secretagogue properties of an acetoxymethyl ester of an
Epac-selective cyclic AMP analog in rat INS-1 cells: studies with 8-pCPT-
2'-0-Me-cCAMP-AM. J Biol Chem 2009; 284: 10728-10736.

Hashiguchi H, Nakazaki M, Koriyama N, Fukudome M, Aso K, Tei C. Cyclic
AMP /cAMP-GEF pathway amplifies insulin exocytosis induced by (a2+
and ATP in rat islet g-cells. Diabetes Metab Res Rev 2006; 22: 64-71.

Kelley GG, Chepurny 0G, Schwede F et al. Glucose-dependent potentiation
of mouse islet insulin secretion by Epac activator 8-pCPT-2'-0-Me-cAMP-
AM. Islets 2009; 1: 260-265.

Seino S, Takahashi H, Fujimoto W, Shibasaki T. Roles of cAMP signalling in
insulin granule exocytosis. Diabetes Obes Metab 2009; 11: 180-188.

0zaki N, Shibasaki T, Kashima Y et al. CAMP-GEFII is a direct target of CAMP
in requlated exocytosis. Nat Cell Biol 2000; 2: 805-811.

Béguin P, Nagashima K, Nishimura M, Gonoi T, Seino S. PKA-mediated
phosphorylation of the human Kare channel: separate roles of Kir6.2 and
SURT subunit phosphorylation. EMBO | 1999; 18: 4722-4732.

Kang G, Leech CA, Chepurny 0G, Coetzee WA, Holz GG. Role of the cAMP
sensor Epac as a determinant of Karp channel ATP sensitivity in human
pancreatic B-cells and rat INS-1 cells. ) Physiol 2008; 586: 1307-1319.

MacDonald PE, Wheeler MB. Voltage-dependent K* channels in pancreatic
B cells: role, requlation and potential as therapeutic targets. Diabetologia
2003; 46: 1046-1062.

MacDonald PE, Ha XF, Wang ] et al. Members of the Kv1 and Kv2 voltage-
dependent K* channel families reqgulate insulin secretion. Mol Endocrinol
2001; 15: 1423-1435.

MacDonald PE, Salapatek AM, Wheeler MB. Glucagon-like peptide-1
receptor activation antagonizes voltage-dependent repolarizing K+
currents in B cells: a possible glucose-dependent insulinotropic
mechanism. Diabetes 2002; 51(Suppl 3): S443-5447.

Gromada J, Bokvist K, Ding WG, Holst JJ, Nielsen JH, Rorsman P. Glucagon-
like peptide 1 (7-36) amide stimulates exocytosis in human pancreatic
B cells by both proximal and distal requlatory steps in stimulus-secretion
coupling. Diabetes 1998; 47: 57-65.

Salapatek AM, MacDonald PE, Gaisano HY, Wheeler MB. Mutations to the
third cytoplasmic domain of the glucagon-like peptide 1 (GLP-1) receptor
can functionally uncouple GLP-1-stimulated insulin secretion in HIT-T15
cells. Mol Endocrinol 1999; 13: 1305-1317.

Suga S, Kanno T, Nakano K, Takeo T, Dobashi Y, Wakui M. GLP-I(7-36)
amide augments Ba?* current through L-type Ca?* channel of rat
pancreatic beta-cell in 3 cAMP-dependent manner. Diabetes 1997; 46:
1755-1760.

Fraser ID, Tavalin SJ, Lester LB et al. A novel lipid-anchored A-kinase
anchoring protein facilitates cAMP-responsive membrane events. EMBO |
1998; 17: 2261-2272.

Lester LB, Langeberg LK, Scott JD. Anchoring of protein kinase A facilitates
hormone-mediated insulin secretion. Proc Natl Acad Sci U S A 1997; 94:
14942-14947.

Volume 15 [ No. 1| January 2013




DIABETES, OBESITY AND METABOLISM

84.

85.

86.

87.

88.

89.

90.

91.

Graves TK, Hinkle PM. Ca?t-induced Ca?* release in the pancreatic g-cell:
direct evidence of endoplasmic reticulum Ca’* release. Endocrinology
2003; 144: 3565-3574.

Kang G, Holz GG. Amplification of exocytosis by Ca?*-induced Ca?+ release
in INS-1 pancreatic B cells. | Physiol 2003; 546: 175-189.

Nakagaki I, Sasaki S, Hori S, Kondo H. Ca’* and electrolyte mobilization
following agonist application to the pancreatic B cell line HIT. Pflugers
Arch 2000; 440: 828-834.

Kang G, Chepurny 0G, Rindler MJ et al. A cAMP and Ca’* coincidence
detector in support of Ca’*-induced Ca?* release in mouse pancreatic g
cells. J Physiol 2005; 566: 173-188.

Hagar RE, Ehrlich BE. Regulation of the type Il InsP3 receptor and its role
in B cell function. Cell Mol Life Sci 2000; 57: 1938-1949.

Islam MS, Rorsman P, Berggren PO. Ca’*-induced Ca’* release in insulin-
secreting cells. FEBS Lett 1992; 296: 287-291.

Kang G, Chepurny 0G, Holz GG. cAMP-requlated guanine nucleotide
exchange factor Il (Epac2) mediates Ca’*-induced Ca’* release in INS-1
pancreatic B-cells. J Physiol 2001; 536: 375-385.

Tsuboi T, da Silva Xavier G, Holz GG, Jouaville LS, Thomas AP, Rutter
GA. Glucagon-like peptide-1 mobilizes intracellular Ca’* and stimulates
mitochondrial ATP synthesis in pancreatic MIN6 B-cells. Biochem J 2003;
369: 287-299.

Volume 15 | No. 1 |January 2013

93.

94.

95.

96.

97.

. Renstrom E, Eliasson L, Rorsman P. Protein kinase A-dependent and

-independent stimulation of exocytosis by cAMP in mouse pancreatic
B-cells. ) Physiol 1997; 502(Pt 1): 105-118.

Eliasson L, Ma X, Renstrom E et al. SURT requlates PKA-independent
cAMP-induced granule priming in mouse pancreatic B-cells. ) Gen Physiol
2003; 121: 181-197.

Kemp DM, Habener JF. Synergistic effect of dimethyl sulfoxide on glucagon-
like peptide 1 (GLP-1)-stimulated insulin secretion and gene transcription
in INS-1 cells: characterization and implications. Biochem Pharmacol 2002;
64: 689-697.

Buse JB, Rosenstock ), Sesti G et al. Liraglutide once a day versus
exenatide twice a day for type 2 diabetes: a 26-week randomised,
parallel-group, multinational, open-label trial (LEAD-6). Lancet 2009; 374:
39-47.

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

Kadowaki T, Namba M, Yamamura A, Sowa H, Wolka AM, Brodows
RG. Exenatide exhibits dose-dependent effects on glycemic control
over 12 weeks in Japanese patients with suboptimally controlled type
2 diabetes. Endocr J 2009; 56: 415-424.

doi:10.1111/j.1463-1326.2012.01663 .x | 27




