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Abstract

Glucagon-like peptide-1 (GLP-1) is an endogenous glucose-lowering hormone and
GLP-1 receptor agonist are currently being used as antidiabetic drugs clinically. The
canonical signalling pathway (including cCAMP, Epac2, protein kinase A (PKA) and
Karp channels) is almost universally accepted as the main mechanism of GLP-1-
stimulated insulin secretion. This belief is based on in vitro studies that used nanomolar
(1-100 nM) concentrations of GLP-1. Recently, it was found that the physiological
concentrations (1-10 pM) of GLP-1 also stimulate insulin secretion from isolated islets,
induce membrane depolarization and increase of intracellular [Ca?*] in isolated B-
cells/pancreatic islets. These responses were unaffected by PKA inhibitors, and occurred
without detectable increases in intracellular cCAMP and PKA activity. These PKA-
independent actions of GLP-1 depend on protein kinase C (PKC), involve activation of
the standard GLP-1 receptor (GLP1R) and culminate in activation of phospholipase C
(PLC), leading to an elevation of diacylglycerol (DAG), increased L-type Ca®* and
TRPM4/ TRPMS5 channel activities. Here we review these recent data and contrast them
against the effects of nanomolar concentrations of GLP-1. The differential intracellular
signalling activated by low and high concentrations of GLP-1 could provide a clue to
explain how GLP-1 exerts different function in the central nervous system and
peripheral organs.
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Background
Glucagon-like peptide-1 (GLP-1), an endogenous glucose-lowering hormone, is

released from L-cells in distal intestine and colon after meal. It stimulates insulin
secretion in the pancreatic B-cells, and its effect is known to be glucose-dependent. The
active form of glucagon-like peptide-1(7-36) (GLP-1) is broken down into its inactive
form (GLP-1(9-36)) by dipeptidyl peptidase-4 (DPP-4) in the intestine [1], liver and
lung [2]. The plasma concentration of GLP-1 is the highest in ileum (92 pM) [3] but
falls to less than 10 pM in peripheral blood [4, 5]. Its physiological concentrations are
not over 30 pM even after meal [6-8]. DPP-4 inhibitors, used widely as antidiabetic
drugs, increase the peripheral blood concentration of GLP-1 by only a few picomolar,
yet significantly enhances insulin secretion [9, 10]. In a clinical study, short-term
intravenous infusion of picomolar GLP-1 achieved a full normalization of glucose
concentrations in type-2 diabetic patients [11]. In contrast, high peripheral blood



concentrations of GLP-1 after subcutaneous injections caused several adverse effects,
such as nausea [11].

Although picomolar concentrations of GLP-1 are physiologically relevant,
most in vitro studies on pancreatic islets have been performed at nanomolar
concentrations (1-100 nM) [12-15]. The use of such high concentrations was based on
receptor binding assays or measurements of intracellular cAMP accumulation, which
suggested an ECso of 0.1-6.1 nM [16-19]. Because of this discrepancy, we asked the
following questions: First, can the results obtained with nanomolar GLP-1 in vitro
experiments reflect physiological functions in vivo? Secondly, is it correct to assume
that picomolar concentrations of GLP-1 are insufficient to induce insulin secretion in
experiments?

We have examined effective concentration of GLP-1 in MING [20], freshly
isolated pancreatic islets or dispersed B-cells of mice or humans [21], and found that 1-
10 pM GLP-1 stimulate insulin secretion as strongly as ~10,000-fold higher
concentrations. These results indicate that the mechanism of GLP-1 can and should be
investigated at its physiologically relevant concentrations. Here, we review these recent
observations and the underlying signalling pathways in pancreatic B-cells. We also
summarize data obtained by applying nanomolar concentrations of GLP-1 on primary f3-
cells and briefly compare these with the mechanisms of picomolar levels of the
hormone. For more exhaustive summaries of the signalling pathways activated by
nanomolar GLP-1, readers are referred to previously published review articles [12, 14,
15].

cAMP/PKA dependent pathway

It is well established that nanomolar GLP-1 enhances insulin secretion via elevation of
CAMP and subsequent activation protein kinase A (PKA). High CAMP also promotes
insulin secretion via the cAMP-sensor Epac2 (exchange protein directly activated by
cyclic adenosine monophosphate 2) [6, 12, 14, 15]. This is supported by the observation
that whereas H89 (a PKA inhibitor) inhibited insulin secretion induced by 100 nM GLP-
1 by half, a much stronger inhibition (80-90%) was seen when Epac2 was also inhibited
[22]. Since PKA and Epac2 stimulate insulin secretion independently or in cooperation,
the signalling pathways are complex (Figure 1). However, most studies agree that the
cAMP/PKA-dependent pathways are critical for signalling of nanomolar GLP-1.

Unlike high concentration, picomolar GLP-1 induced no detectable increase in

intracellular cAMP level [17, 19, 23], but nevertheless significantly stimulated insulin
secretion [20, 21, 24]. In MING cells, the stimulatory effect of low concentrations of




GLP-1 was completely resistant to the PKA inhibitor, KT5720 [20]. In primary mouse
islets, PKA inhibitors, Rp-8-Br-cAMPS or myristoylated protein kinase inhibitor (myr-
PKI), reduced insulin secretion but a PKA-resistant component persisted [21]. Using the
same conditions, the PKA-inhibitor Rp-8-Br-cAMPS almost completely suppressed
insulin secretion induced by nanomolar GLP-1. Physiological concentrations of GLP-1
(1 pM) evoked high-frequency action potentials in isolated -cells both under control
conditions and in the presence of Rp-8-Br-cAMPS or myr-PKI [21]. To summarize,
these results suggest that picomolar concentrations of GLP-1 stimulate electrical
activity and insulin secretion by cAMP/PKA-independent mechanisms. Additionally, it
should be mentioned that picomolar GLP-1 increased CAMP in renal COS-7 cells
transfected with human GLP-1 receptors [25], which suggests that it remains possible
that low concentrations of GLP-1 also signal via cAMP in pancreatic -cells.

PLC/PKC dependent pathway
While the cAMP/PKA-dependent signalling has long been recognized as a main

regulator of insulin secretion, protein kinase C (PKC) has been implicated with p-cell
proliferation rather than insulin secretion in GLP-1 actions [12, 15, 26, 27]. To date,
there are only a few studies that have examined the PKC-dependent signalling in
response to nanomolar concentrations of GLP-1. The results have been quite variable.
Whereas some studies indicate that phospholipase C (PLC) or PKC inhibitors do not
affect insulin secretion induced by GLP-1 at all [12-15, 28] other studies led to a
slightly different picture. For example, Suzuki et al. reported that PKC inhibitors, such
as bisindolylmaleimide (BIM), reduced insulin secretion stimulated by 100 nM GLP-1
in INS-1 cells [29]. They also observed that forskolin-induced insulin secretion was
suppressed by BIM. Since forskolin increases intracellular cCAMP, they proposed that
high concentrations of CAMP activate Epac2 and, in turn, stimulates PKC. Jacobo et al.
[30] also showed that 50 nM GLP-1 stimulated insulin secretion in INS-1cells, an effect
that was sensitive to BIM (~60% reduction) but resistant to the PLC inhibitor U73122.
Our own studies with freshly isolated mouse islets [21] demonstrated that the
augmentation of insulin secretion by picomolar GLP-1 was almost entirely abolished by
the PKC inhibitors BIM and calphostin C. Moreover, the stimulation of action potential
firing by 1 pM GLP-1 was prevented by U73122. Direct evidence for the involvement
PLC/PKC comes from our imaging of cytosolic/submembrane diacylglycerol (DAG),
an activator of PKC. We found that 1 pM GLP-1lincreased DAG more strongly than a
10,000-fold higher concentration. In western blot analysis, protein kinase D1 (PKD1), a
downstream product of PKC, was increased by 1 pM GLP-1, whereas phosphorylation



of PKA was not detected. The level of phosphorylation of PKD1 by 1 nM GLP-1 was
lower than that produced by a 1000-fold lower concentration although this difference
did not attain statistical significance. Collectively, these observations argue that
PLC/PKC pathway plays a major role in the stimulation of insulin secretion produced
by physiological/picomolar GLP-1 levels.

GLP-1 receptor and activation of G-proteins

It is well known from experiments using nanomolar concentrations of GLP-1 that the
GLP-1 receptor interacts with the GTP-binding protein subunit Gas, which activates
adenylate cyclase (AC) with resultant stimulation of CAMP production [31]. Since
picomolar GLP-1 activates PLC and PKC that were generally known as downstream

substrates of Gagq, the possible involvement of an alternative GLP-1 receptor was
suggested. To date, however, only one GLP-1 receptor has been identified (GLP-1R). In
support of the involvement of GLP-1R, exendin9-39, a blocker of GLP-1R, completely
inhibited the 1 pM GLP-1-induced insulin secretion [21]. Our own unpublished data
(Ramracheya, Shigeto, Rorsman & Thorens) indicate that both pico- and nanomolar
concentrations of GLP-1 are without stimulatory effect on insulin secretion in islets
from GLP-1R knockout mice. Interestingly, several groups have reported that the GLP-
1 receptor is capable of coupling to Gaq and Gai in addition to Gas [21, 32-35].
Collectively, these data suggest that both low and high concentrations of GLP-1 activate
the same type of receptor, but differential downstream signalling pathways are
activated. Gagq could be involved in the activation of PLC/PKC-dependent pathways by
low concentrations of GLP-1. However, most of direct G-protein binding assays have
been performed with nanomolar concentrations of GLP-1 [32-35], or the level of
activity were too low to measure the activation of Ga subtypes in the picomolar range
[21]. At present, there remains a possibility that GLP-1R activates PLC/PKC pathway in
Gag-independent way, and further technical improvement will allow us to elucidate this
issue.

Calcium channels and Ca?* dynamics

An elevation of [Ca?*]iis essential for insulin secretion and application of GLP-1
produces a concentration-dependent increase in [Ca®']i . However, previous studies
based on the use of nanomolar concentration of GLP-1 produced conflicting results
regarding the effect of nanomolar GLP-1 on Ca?* dynamics. Some studies reported only
subtle increases in [Ca?*]i in response to GLP-1 [36-38], whereas other studies
suggested more dramatic increases in [Ca?'];, which disappeared when Ca?*-free




extracellular solution or L-type Ca?*-channel blockers were applied [38-41]. The latter
data suggest that activation of L-type Ca?*-channels mediate the increase in [Ca?"];
evoked by GLP-1. However, from studies of this type it was not possible to discriminate
between a direct effect of GLP-1 on the Ca?* channels and a more indirect effect
mediated by membrane depolarization due to Karp channel closure, and GLP-1 (10 nM)
has been reported only to exert a marginal increasing effect on the amplitude of whole-
cell Ca?* current [42]. Nanomolar concentrations of GLP-1 have also been reported to
promote calcium-induced calcium release by activation of ryanodine or inositol 1,4,5-
trisphosphate (IPs) receptors [12, 14, 15, 43]. The Ca?* increase evoked by nanomolar
GLP-1 in HEK 293 cells expressing cloned human GLP-1 receptor was totally
suppressed by Rp-8-Br-cAMPS but unaffected by U73122 [44].

By contrast, picomolar concentrations of GLP-1 were found to consistently
increase [Ca2*]i [21, 28, 45] and to produce a small but statistically significant increases
of the voltage-gated Ca?* current in primary p-cells [21]. The increase in Ca®* current
was not seen in the presence of exendin9-39, PKC inhibitors (BIM and calphostin) and
L-type Ca?*-channel blocker (isradipine) but persisted in the presence of Rp-8-Br-
cAMPS [21]. Taken together, these findings indicate that the L-type Ca?*-channel is one
of the targets of PKC and GLP-1. Additionally, activation of PLC will generate IP3 in
addition to DAG and it should therefore be considered whether GLP-1 also triggers
Ca?* release from intracellular stores (Fig. 2). Indeed, the capacity of GLP-1 to increase
[Ca?"]i persisted in hyperpolarized B-cells, i.e. when plasmalemmal Ca?* entry through
the voltage-gated Ca?* channels was prevented. In summary, Ca?* channel activation
and intracellular Ca®* dynamics are differentially regulated by GLP-1 in a
concentration-dependent fashion and this may explain some of the earlier discrepant
data.

Karp_channels
ATP-sensitive K™ (Karp) channels play a key role in controlling glucose-induced

insulin secretion. They provide — via changes in the cytoplasmic ATP/ADP-ratio — a link
between the metabolic state of the B-cell and electrical excitability. Importantly, some of
Kartp channels remain open at physiological glucose levels (=6 mM) and this accounts
for the maintenance of a negative membrane potential which is just subthreshold for the
initiation of electrical activity and insulin secretion (~ -70 to -60 mV). Closure of these
Karp channels leads to depolarization, which in turn triggers action potential firing and
then enhances insulin secretion in B-cells [46-48]. Additionally, the activity of Karp



channels is reduced by cCAMP [42]. This provides a potential mechanism explaining the
capacity of GLP-1 to evoke electrical activity, [Ca?*]i increases and insulin secretion.

In electrophysiology, a widely used experimental paradigm to examine the
effect of GLP-1 on Karp channel activity is to measure the basal whole-cell conductance
by application of small voltage pulses from the resting membrane potential (-70 mV)
[42]. It has previously been reported that addition of 10 nM GLP-1 decreases the whole-
cell conductance in primary B-cells by ~30% [24, 42]. This decrease was mediated via
both PKA- [42, 49] and Epac2-dependent mechanisms [43]. However, it should be
noted that this method assumes that only Karp channels are active under the resting
conditions, which need not be the case. Thus, the ~30% decrease may underestimate the
actual change of Kare conductance alone.

Surprisingly, and in contrast to the earlier studies using nanomolar
concentrations, 1 pM GLP-1 did not decrease the resting membrane conductance [21].
To examine whether activation of another conductance could obscure the decrease in
Kartp channel activity, we applied GLP-1 in the presence of the Karp channel blocker
tolbutamide. Any change in membrane conductance under these conditions must reflect
changes in the activity of channels distinct from the Kare channel. Indeed, in the
presence of tolbutamide, GLP-1 increased the remaining conductance by ~30% [21].
These data suggest that picomolar GLP-1 decreases Karp channel activity, but a
simultaneous increase of Karp-independent conductance obscured the change. However,
it is important to note that the two effects may co-operate to increase f-cell excitability
and insulin secretion.

TRP channels

Using an electrophysiological technique, we could demonstrate that picomolar
concentrations of GLP-1 remains capable of depolarizing even in the presence of
tolbutamide [21]. In both human and mouse B-cells, tolbutamide resulted in membrane
excitation which was suppressed by injecting a hyperpolarizing current. In such
hyperpolarized p-cells, GLP-1 could induce Karp-independent depolarization.

Taken together with the data reviewed in the preceding section, these results
suggest that physiological GLP-1 stimulates B-cell electrical activity by a combination
of two effects: it inhibits the Karp channels and activates an inward depolarizing
current. Clearly, this additional inward current is an important target of GLP-1’s action
but its identity was not known. The electrophysiological properties of this current
implied that it is likely carried by Na* and/or Ca?*, in line with earlier data [50, 51].
Since 1 pM GLP-1 could evoke membrane depolarization and action potential firing in



the presence of PKA inhibitors [21] and given that the effect of the hormone was
abolished by PKC inhibitors, it appears that these channels may be regulated by PKC.

GLP-1 was found to remain capable of depolarizing -cells in the presence of
isradipine and tetrodotoxin, implying involvement of other cation-conducting channels
than the voltage-gated L-type Ca?* and Na*-channels. The GLP-1 induced
depolarization was fully reversed upon lowering of extracellular Na* concentration [21],
consistent with the proposal that GLP-1 activates a Na*-permeable conductance [13,
50]. Thus, we propose that transient receptor potential (TRP) channels mediate the
effects of GLP-1. Several TRP channels are expressed in pancreatic p-cells and
influence insulin secretion. These include TRPM2, TRPM4 and TRPM5 [43].

TRPM2 is a non-selective cation-conducting channel, and it is activated by
heat, ADP-ribose and PKA in B-cells [52, 53]. Based on experiments with Trpm2 "/~
mice TRPM2 was suggested to mediate the PKA-dependent stimulatory effect of
nanomolar concentrations of GLP-1 on insulin secretion [54]. The involvement of
TRPM2 in the signalling of picomolar GLP-1 has not been investigated yet.

TRPM4 and TRPMS5 are Ca?*-sensitive cation-conducting channels that are
also regulated by PKC and ATP. TRPM4 and TRPMS5 are structurally and functionally
related to each other, sharing ~40 percent amino acid identity [55]. TRPM4 is
influenced by PKC [55-57] and has been suggested to control membrane potential and
electrical activity in insulin secretion stimulated by glucose and arginine-vasopressin
[58, 59]. We found that the effects of picomolar GLP-1 on insulin secretion and
membrane depolarization were strongly suppressed in Trpm4~~ mice and Trpm5™ mice
[21]. Thus, we concluded that picomolar concentrations of GLP-1 influence B-cell
membrane potential by a combination of activation of a background Na* current through
TRPM4 and TRPMS5 channels and reduction of Katp channel activity. The both effects
are mediated by PKC- and PKA-pathways, respectively.

Conclusion

Here, we highlight some aspects of GLP-1’s action on the insulin secretion that are of
immediate relevance to the understanding of its physiological and pharmacological
regulation.

First, the action of GLP-1 requires the presence of physiological glucose
concentrations [60]. Under low glucose conditions, the B-cell membrane potential is
extremely hyperpolarized due to massive opening of Kare channels. In this condition,
the GLP-1-induced depolarization will not be enough to exceed the threshold of
membrane excitation for insulin secretion. When the glucose concentration approaches



the threshold for initiation of glucose-induced electrical activity/insulin secretion, the
small changes in membrane conductance produced by GLP-1 will have a dramatic
stimulatory effect on B-cell electrical activity that translates into enhanced insulin
secretion. Therefore, small variations of the metabolic state of the B-cells, especially
near the normal glucose level, will have significant effects on the responses to GLP-1,
which may account for why different groups have reported discrepant findings
concerning GLP-1 effects.

Second, both GLP-1 and glucose share the same signalling mechanisms (PKA
or PKC-dependent pathways) to control the B-cell activity [61, 62]. Since the both
pathways are already activated to some degree by glucose, it is difficult to determine
whether responses to pharmacological kinase inhibitors result from the reduction of
GLP-1-induced signalling processes or simply from inhibiting substrate activities that
already exist.

Third, there are several types of endocrine cells in the pancreatic islets that
communicate via paracrine mechanisms. Thus, an effect on insulin secretion might be
mediated by a direct effect on the B-cell, via changes in the release of other hormones or
a combination of both, making the experimental data difficult to interpret.

Fourth, results obtained in vitro experiments do not necessarily reflect the
behavior of in vivo and caution is warranted when interpreting the results.

Finally, the concept that different concentrations of one agonist signal by
distinct intracellular second messenger systems is not without precedent. Glucagon is
processed from proglucagon, like GLP-1, and stimulates hepatic glucose output. The
conventional wisdom is that glucagon receptors activate CAMP/PKA pathways, but
Rodgers demonstrated that physiological concentrations of glucagon (<100 pM) induce
glycolysis without increasing CAMP in hepatic cells and it is rather mediated through
PLC and IP3 [63]. In addition, the concentration-dependent action of GLP-1 has also
been observed in cultured human primary adipose cells: picomolar GLP-1 promoted
lipogenesis without elevating intracellular cAMP, whereas nanomolar GLP-1 induces
lipolysis by increasing cCAMP [64]. Ghrelin, a hormone regulating energy homeostasis,
stimulates insulin secretion at 1 pM concentration but inhibits at 10 nM in insulin-
secreting cells [65, 66]. These examples show that concentration-dependent regulation
of GLP-1 is not extraordinary in signalling processes. However, further investigations
are needed to clarify molecular mechanisms by which different concentrations of GLP-1
can activate different signalling pathways via the same receptor. The receptor may have
two distinct binding sites with different affinities, or a conformational change may
switch the binding affinity. Once GLP-1 receptor has been crystallized [67, 68], it will



allow more direct assessment of this tantalizing possibility.

These observations raise the question as to why GLP-1 employs two different
mechanisms depending on its concentration. One possible reason is that GLP-1, by
analogy to ghrelin, has dual roles: stimulation of insulin secretion in pancreatic -cells,
and function as a neuropeptide in brain. The capacity to function as a neuropeptide was
suggested by GLP-1 synthesis in preproglucagon-expressing neurons in the brain [69].
It is conceivable that nanomolar concentrations may occur in the narrow synaptic clefts
and we speculate that GLP-1 relies on the PKA-dependent pathway in its capacity as
neuropeptide, whereas its endocrine/hormonal effects are mediated by PKC-dependent
pathway in response to picomolar concentrations. It is important to separate the function
of GLP-1 as a neuropeptide and as a circulating hormone [70, 71], and employing
distinct intracellular signalling pathways provides a possible and elegant solution. This
might explain some of side effects of GLP-1 analogues in the clinic [11]. Liraglutide, a
GLP-1 analogue that can cross the blood brain barrier, causes headache, at nanomolar
peripheral blood concentrations [72]. On the other hand, DPP-4 inhibitor increases only
a few picomolar of GLP-1 [10] and is not associated with these undesired side effects.
This can also provide an explanation why only GLP-1 analogues reduce appetite and
weight of obese patients.

We acknowledge that many of the details of GLP-1 actions in the islets or the
brain are not fully understood and more work is certainly needed. The data that will
emanate from such studies may ultimately help to fully define and exploit GLP-1’s
therapeutic potential.
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Figure 1
The conventional cCAMP/Epac2/PKA pathway for insulin secretion triggered by
nanomolar GLP-1.
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Figure 2
The PKC-dependent pathway for insulin secretion stimulated by physiological
concentration of GLP-1.
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