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SYMPOSIUM REPORT

Nutritional regulation of glucagon-like peptide-1 secretion

Gwen Tolhurst, Frank Reimann and Fiona M. Gribble

Cambridge Institute for Medical Research and Department of Clinical Biochemistry, Addenbrooke’s Hospital, Hills Road, Cambridge CB2 0XY, UK

Glucagon-like peptide-1 (GLP-1), released from L-cells in the intestinal epithelium, plays an
important role in postprandial glucose homeostasis and appetite control. Following the recent
therapeutic successes of antidiabetic drugs aimed at either mimicking GLP-1 or preventing its
degradation, attention is now turning towards the L-cell, and addressing whether it would be
both possible and beneficial to stimulate the endogenous release of GLP-1 in vivo. Understanding
the mechanisms underlying GLP-1 release from L-cells is key to this type of approach, and the
use of cell line models has led to the identification of a variety of pathways that may underlie
the physiological responses of L-cells to food ingestion. This review focuses on our current
understanding of the signalling mechanisms that underlie L-cell nutrient responsiveness.
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It is widely recognized that the oral ingestion of glucose
triggers more insulin release than a similar plasma glucose
profile delivered intravenously — a phenomenon known
as the ‘incretin effect’ It is largely attributable to two
hormones, glucose-dependent insulinotropic polypeptide
(GIP) and glucagon-like peptide-1 (GLP-1), which are
released from the intestine in response to food ingestion,
and have direct stimulatory effects on the pancreatic -cell.
The combined action of GLP-1 and GIP is believed to
account for up to 70% of the total insulin secretory
response after a meal.

Recent years have witnessed the development and
licensing of a number of antidiabetic agents targeted
towards the GLP-1 axis, both in the form of GLP-1
mimetics and inhibitors of dipeptidyl peptidase-IV
(DPP-IV) (Drucker & Nauck, 2006), the enzyme
responsible for the rapid inactivation of GLP-1 in the
circulation. These agents improve blood glucose control
because they increase insulin release, reduce glucagon
secretion and slow gastric emptying, and as the stimulation
of insulin secretion is glucose dependent they carry a lower
risk of provoking hypoglycaemic side-effects than many
of the existing oral therapies. With prolonged treatment,
GLP-1 mimetics also have beneficial effects on appetite
and body weight, and have been shown to enhance S-cell
mass as a consequence of promoting f-cell growth and
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preventing S-cell apoptosis (Brubaker & Drucker, 2004;
Edwards, 2004). In view of the therapeutic success of the
current GLP-1-based strategies, attention is now shifting
towards the L-cells that naturally produce GLP-1, and
whether it would be possible to harness the endogenous
stores of GLP-1 in the gut using a targeted therapeutic
approach.

Regulation of secretion

GIP and GLP-1 are secreted from open-type intestinal
endocrine cells that make direct contact with the gutlumen
(Eissele et al. 1992) and are therefore believed to sense the
arrival and passage of nutrients along the gastrointestinal
tract. Like other enteroendocrine cells, the K-cells that
produce GIP and L-cells that produce GLP-1 lie scattered
along the length of the intestinal epithelium. The highest
density of K-cells is found in the duodenum, whereas
L-cells increase in density along the length of the gastro-
intestinal tract, with the highest numbers being found in
the distal ileum and colon. The cells form part of a larger
enteroendocrine system, secreting a range of hormones
including cholecystokinin, serotonin and secretin. Whilst
enteroendocrine cells have been classified according to
their hormonal content, it is now apparent that many cells
produce more than one hormone. L-cells, for example,
produce glucagon-like peptide-2 (GLP-2) and peptide YY,
in addition to GLP-1.

Unfortunately, studies into the cellular physiology of
enteroendocrine cells have been held back by difficulties
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in culturing primary intestinal cells, and the inability to
distinguish the different cell types morphologically for
single cell analysis. Experiments on GLP-1 release have
therefore been largely confined to work on model cell
lines, immunohistochemical analysis of fixed tissue and
dynamic studies on the intact intestine either in vivo or
ex vivo. This review focuses on what is currently known
about the mechanisms of GLP-1 release from in vitro
models, and the potential future developments on the
horizon.

(i) A proximal-distal loop

Plasma GLP-1 levels rise within 10-15min of food
ingestion and reach peak levels of 15-50 pmoll~' by
40 min (Holst, 2007). As the L-cell density is low in the
upper intestine, it was originally believed that the direct
stimulation of L-cells by nutrients could not account for
the observed early postprandial rise in plasma GLP-1.
To explain this phenomenon a proximal—distal loop was
proposed, involving nutrient detectors located in upper
regions of the GI tract which would control the release
of GLP-1 from distal L-cells by neural or hormonal
circuitry (reviewed in Holst, 2007). Whilst this type of
pathway almost certainly contributes to the global profile
of postprandial GLP-1 release, it is now recognized that
the density of L-cells in the human duodenum may be
sufficiently high to account for the early phase of GLP-1
secretion (Theodorakis et al. 2006).

(ii) The glucose sensor

Evidence that L-cells are themselves nutrient sensitive
comes from the study of model GLP-1-secreting cell lines:
GLUTag, STC-1 and NCI-H716 (Drucker et al. 1994;
Abello et al. 1994; Reimer et al. 2001). Whilst GLUTag
cells appear to be a good model for murine GLP-1 release,
NCI-H716 cells have the advantage of being of human
origin, and STC-1 cells are probably a less specific model
for the L-cell, as they also secrete a range of other intestinal
hormones, including cholecystokinin and secretin. As
these cell lines have different origins and properties, it
is perhaps not surprising that they are not identical in
their responsiveness to nutrient stimuli. The consensus
view from all three lines, however, is that hormone
secretion is dependent on a rise in the cytoplasmic calcium
concentration ([Ca”"];), which could arise either by Ca®*
release from intracellular stores or by influx across the
plasma membrane. At least in GLUTag and STC-1 cells,
the Ca’" influx pathway can be attributed to the activation
of voltage-gated calcium channels, suggesting in turnarole
for membrane depolarization in the initiation of GLP-1
secretion.

Although GLP-1 release in vivo is strongly stimulated
by glucose ingestion, the underlying mechanism is still
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debated, both in terms of the relative contributions of
direct versus indirect glucose-sensing pathways, and the
identity of the signalling pathways within the L-cells. The
finding that GLUTag and NCI-H716 cells are themselves
glucose sensitive (Reimann & Gribble, 2002; Jang et al.
2007) supports the idea that at least a component of
oral glucose-stimulated GLP-1 release arises from the
direct stimulation of L-cells by luminal sugars. However,
a variety of signalling mechanisms have been proposed
to explain how L-cells might sense glucose, including
ATP-sensitive potassium (Karp) channel closure, sodium
glucose cotransporter (SGLT) activity and activation
of sweet taste receptors. These different alternatives
are illustrated in Fig. 1, and discussed in more detail
below.

Karp channel-dependent glucose sensing. K,pp channels
are perhaps the best characterized glucose sensors, having
been described originally as metabolism-dependent ion
channels in cardiac muscle and pancreatic B-cells, but
subsequently found in a number of glucose-responsive
tissues, including the brain and other islet cell types.
Closure of Kurp channels in B-cells is brought about by
the increasing ATP and falling MgADP concentrations that
accompany an elevated rate of glucose metabolism. The
consequent reduction of the background K* flux enables
small inward currents to drive membrane depolarization,
which in turn triggers action potentials, entry of Ca’*
via voltage-gated Ca’* channels and the stimulation
of insulin secretion (Rorsman, 1997). GLUTag cells are
similarly electrically active, exhibiting an enhanced rate of
action potential firing, Ca’* entry and secretion of GLP-1
in response to glucose and the Kurp channel inhibitor,
tolbutamide (Reimann & Gribble, 2002). Whereas in
B-cells, glycolytic flux under the control of glucokinase is
believed to fix the set-point of the cell close to the plasma
glucose concentration, the glucose sensitivity of GLUTag
cells is comparatively left-shifted, raising questions about
whether it is similarly glucokinase dependent. It also
remains to be established whether the glucose dependence
of GLUTag cells faithfully reflects the behaviour of L-cells
in situ.

Despite the clear expression and functional
demonstration of Kurp channels in GLUTag cells,
the role of Kupp channels in GLP-1 secretion in vivo
has been questioned, largely because sulphonylureas,
which stimulate insulin release in type2 diabetes as a
consequence of their inhibitory action on Kurp channels,
have not been shown to trigger GLP-1 secretion in
humans. In support of a role for Kurp channels in L-cells,
however, it was recently demonstrated that Kir6.2, which
forms the pore of the Kurp channel, can be identified
in human L-cells by immunohistochemistry (Nielsen
et al. 2007). Furthermore, we have also demonstrated
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high expression levels of Ksrp channel subunits and
glucokinase in murine L-cell populations separated by
flow cytometry from transgenic mice with fluorescently
tagged L-cells (Habib et al. 2007).

Sodium-glucose cotransporter activity. It has been
known for some years that non-metabolizable, as well
as metabolizable, sugars can stimulate GLP-1 release,
provided that they are substrates of the intestinal
glucose uptake pathway and applied in the presence
of sodium (Herrmann et al. 1995; Ritzel et al. 1997).
In support of this finding, we identified an additional
glucose-sensing pathway in GLUTag cells, whereby sugars
trigger membrane depolarization and GLP-1 secretion via
the electrogenic action of SGLT1 (Gribble et al. 2003).
SGIT1 is the principal sugar transporter responsible
for glucose absorption at the luminal surface of the
intestinal epithelium, and uses the inwardly directed
sodium gradient to drive glucose uptake into cells, even
at low luminal glucose concentrations. In GLUTag cells,
we showed that the electrogenic activity of SGLT1 was
itself sufficient to drive membrane depolarization and
GLP-1 release. Indeed, the ECs, of glucose-induced GLP-1
secretion from GLUTag cells (0.2-0.5 mm) is closer to the
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half-maximally effective substrate concentration of SGLT1
(Ky = 0.2 mM; Diez-Sampedro et al. 2000) than to that
of glucokinase (Sps ~8 mm; Matschinsky, 2002), raising
the possibility that SGLT1 activity itself determines the
concentration dependence of glucose-stimulated GLP-1
release.

It is generally agreed that the facilitative glucose trans-
porter GLUT2 plays a role in basolateral glucose flux in
small intestinal epithelial cells, and if similarly expressed
in L-cells could provide both a glucose efflux pathway
and a potential means of responding to blood glucose
levels. Although GLP-1 release is generally considered
to be insensitive to plasma glucose levels, GLUT2™/~
mice were found to display impaired GLP-1 responses
to oral glucose (Cani et al. 2007). Furthermore, GLP-1
release from porcine intestine, perfused both via the
lumen and the vasculature, was shown to be responsive
to physiological changes in the vascular glucose
concentration (Hansen ef al. 2004). These findings raise
the possibility that a metabolism-dependent pathway,
responding to the plasma glucose concentration via
GLUT2, glucokinase and Kurp channels, could set the
responsiveness of the L-cell to luminal nutrients. As
the inward currents generated by electrogenic nutrient

Carbohydrate
Fat )
Protein Paracrine R
: Hormonal

Neural

Figure 1. A working model for nutrient-stimulated GLP-1 release

Upper panel: enteroendocrine cells in the intestinal epithelium (grey) detect nutrients passing in the lumen, but
also respond to paracrine, neural and hormonal stimuli. Lower panel: potential nutrient-sensing pathways in an
individual L-cell include electrogenic uptake pathways, such as SGLT1, metabolic closure of Karp channels and
activation of G protein-coupled receptors (GPCRs). Downstream signalling pathways include elevated cAMP and
[CaZt], which stimulate vesicle fusion and the consequent release of GLP-1.
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transporters are very small, their ability to stimulate
electrical activity would be strongly influenced by the
magnitude of background currents like Krp.

Sweet taste receptor pathways. The sweet taste receptor
found in lingual taste buds is a heteromer of TasIR2
and Tas1R3 subunits, acting through signalling pathways
coupled to a-gustducin and cAMP changes as well
as to activation of phospholipase-C82 and TRPM5
channels (Rozengurt & Sternini, 2007). Recent reports
have proposed that sweet taste receptors might similarly
act as the glucose sensors in enteroendocrine cells. This
is based partly on immunohistochemical studies, which
showed that components of the sweet taste machinery
were found in scattered enteroendocrine cells (Rozengurt
& Sternini, 2007). Furthermore, mice with targeted
knockdown of Tas1R3 or «-gustducin exhibited impaired
glucose-stimulated GLP-1 secretion in vivo, and did
not show the characteristic increase in intestinal SGLT1
expression normally triggered by a high carbohydrate diet
(Margolskee et al. 2007). Taken together with the finding
that artificial sweeteners triggered GLP-1 release from
cell lines, the data have been interpreted as indicating
that sweet taste receptors in L-cells underlie the glucose
responsiveness of GLP-1 release, and that this has
downstream effects on SGLT1 expression. Although
potentially exciting, it remains to be demonstrated that
artificial sweeteners can substitute for glucose as an acute
stimulus for GLP-1 release in humans or animals.

(iii) Other stimuli

Fats and protein are other well-known stimuli of GLP-1
release in vivo (Elliott et al. 1993; Herrmann et al. 1995;
Hall et al. 2003). The mechanism of protein-triggered
GLP-1 release remains unclear, but it has been reproduced
by peptones in humans (Layer et al. 1995), rodents
(Dumoulin et al. 1998) and cell models (Cordier-Bussat
et al. 1998), as well as by amino acids (Herrmann et al.
1995; Reimann et al. 2004). In GLUTag cells, we found
that glutamine was a potent trigger of GLP-1 release,
acting in part via the sodium-dependent amino acid
transporter SLC38A2 (Reimann et al. 2004). This supports
the idea that small inward currents carried by electro-
genic nutrient transporters can trigger L-cell excitability,
and raises the possibility that other electrogenic
transporters might have similar depolarizing effects.
An interesting candidate is the proton-coupled di- and
tri-peptide transporting system (PEPT1 or PEPT2;
SLC15A1,2), the activity of which could potentially
account for the stimulation of GLP-1 release by peptones.
Although this remains to be demonstrated experimentally,
STC-1 cells with enhanced expression of PEPT1 brought
about by heterologous transfection, indeed exhibited
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membrane depolarization and secretion triggered by
dipeptides (Matsumura et al. 2005).

G protein-coupled receptors (GPCRs) are regarded
as potentially important components of the signalling
pathways in L-cells, as they may underlie the regulation
of L-cells by certain neurotransmitters and hormones
(Abello et al. 1994; Herrmann-Rinke et al. 1995; Balks
et al. 1997), as well as by some luminal nutrients. Studies
in a variety of incretin-releasing models have shown the
importance of Gg-coupled pathways that elevate cyclic
AMP (cAMP), as well as G,q, which triggers cascades
leading to IP;-mediated Ca’' release from intracellular
stores and activation of protein kinase C (Brubaker,
1988; Dambholt et al. 1998; Reimer et al. 2001; Reimann
et al. 2006). Studies in cell lines have shown that
cAMP not only stimulates GLP-1 secretion, but also
enhances proglucagon biosynthesis (Brubaker et al. 1998).
Interestingly, elevated cAMP has a direct depolarizing
action on GLUTag cells, resulting from the modulation
of membrane ion channels, which enables G,,-coupled
receptor activation to stimulate GLP-1 release even in the
absence of an alternative depolarizing stimulus (Simpson
et al. 2007).

Although yet to be demonstrated definitively, one
potential mechanism by which lipids, fatty acids
and bile acids might stimulate GLP-1 release is via
activation of specific GPCRs on L-cells, such as GPR40,
GPR120, GPR119 and TGR5. GPRs 40 and 120 are
Geq coupled and responsive to long chain unsaturated
fatty acids (Hirasawa et al. 2005; Edfalk et al. 2008).
GPR119 and TGR5 are believed to be G, coupled
and responsive to oleoylethanolamide and bile acids,
respectively (Katsuma et al. 2005; Overton et al. 2006).
There is also convincing evidence, however, that other
fatty acid-responsive pathways, such as activation of PKCg¢,
may contribute to the stimulatory action of fatty acids
on GLP-1 release (Iakoubov et al. 2007). Nevertheless,
these G protein-coupled receptors have raised particular
interest, because if expressed specifically in the L-cells,
they would provide potential therapeutic targets for novel
antidiabetic agents. Indeed, the first agents targeting
GPR119 have been shown to stimulate beneficial
metabolic effects in vivo (Chu et al. 2008).

The future

The use of model cell lines and fetal rat intestinal
cultures (FRICs) has undoubtedly progressed research
into the stimulus—secretory pathways in enteroendocrine
cells. However, cell lines commonly differ in their
genetic makeup and regulation, and may have undergone
functional changes during the immortalization process.
Although FRIC cultures contain primary L-cells, they
are necessarily derived from fetal gut that has not yet
been exposed to alimentation, perhaps accounting for
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their reported lack of responsiveness to glucose (Brubaker
& Vranic, 1987). As the existing models are few in
number and variable in their nutrient responsiveness, their
validity for studying the adult incretin system needs to
be addressed. In addition, L-cells in situ are polarized
and integrated within an epithelial cell layer, and are
therefore differentially exposed to luminal and plasma
constituents at their apical and basolateral membrane
surfaces. This environment almost certainly has profound
effects on L-cell function but will be very difficult to
replicate in vitro. To try to overcome some of these
problems, and to provide standards against which to
assess the existing models, we are currently working with
transgenic mice expressing fluorescent markers in specific
enteroendocrine cell types, in combination with studies on
adult murine primary intestinal cultures (Parker et al. in
press; Reimann et al. in press). These techniques allow the
identification and purification of primary L-cells for single
cell functional studies and gene expression analysis, and
may enable the characterization of L-cells in a polarized
environment. In the light of the emerging importance
of the enteroendocrine system in the control of basic
processes such as appetite and blood glucose homeostasis,
and the probability that novel pharmacological tools will
be developed to target specific pathways in L-cells, this
field promises exciting new developments over the next
few years.
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