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The incretin hormone glucagon-like peptide-1 (GLP-1) is inactivated by the enzyme
dipeptidyl peptidase-4 even before it leaves the gut, but it seems to act predominantly
via activation of intestinal sensory neurons expressing GLP-1 receptors. Thus, activa-
tion of vagal afferents is probably responsible for its effects on appetite and food
intake, gastrointestinal secretion and motility, and pancreatic endocrine secretion.
However, GLP-1 receptors are widely expressed in the gastrointestinal (GI) tract,
including epithelial cells in the stomach, and the Brunner glands, in endocrine cells of
the gut epithelium, and on mucosal lymphocytes. In this way, GLP-1 may have impor-
tant local actions of epithelial protection and endocrine signalling and may interact with
the immune system. We review the formation and release of GLP-1 from the endocrine
L cells and its fate after release and describe the localization of its receptor throughout
the Gl tract and discuss its direct or indirect actions in the Gl tract.

LINKED ARTICLES: This article is part of a themed issue on GLP1 receptor ligands
(BJP 75th Anniversary). To view the other articles in this section visit http://

1 | GLP-1INTHEGUT

Glucagon-like peptide-1 (GLP-1) is, apart for the expression in some of
the neurons in the nucleus of the solitary tract in the brain stem (Larsen
et al,, 1997), a gut hormone. It was discovered later than the classical gut
and pancreatic hormones (secretin, the first hormone to be discovered, in
1902, gastrin in 1905; and insulin, glucagon and cholecystokinin [CCK] in
the 1920s), but it was reported in the late 1940s that a possibly glucagon-
like, hyperglycaemic substance might be produced in the stomach (Suther-
land & De Duve, 1948). With the advent of the glucagon radioimmunoas-
say (almost simultaneously with the development of the insulin
radioimmunoassay by Berson and Yalow in 1959) and therefore antisera
against the glucagon molecule (Unger et al.,, 1959), it became possible to
show that a quite abundant endocrine cell type occurring especially in the
distal intestinal epithelium stained with the glucagon antisera (Orci
et al,, 1968; Unger et al., 1966). A function for these cells was not deduced,
but a variety of experimental observations indicated that the responsible

onlinelibrary.wiley.com/doi/10.1111/bph.v179.4/issuetoc

immunoreactive molecule was not glucagon itself (Unger et al., 1968). Fur-
ther experiments in several laboratories led to the conclusion that the
responsible protein was likely to be proglucagon (or at least a fragment of
this peptide), the assumed precursor to the pancreatic hormone glucagon
(Holst, 1983). In the gut, proglucagon would undergo differential
processing, leading to the formation of glicentin, a peptide of 69 amino
acids, of which the glucagon sequence would occupy residues no 33-61,
and oxyntomodulin, corresponding to residues no 33-69, whereas in the
pancreas, it would be processed to glucagon, corresponding to residues no
33-61 (Holst, 1983). All of these peptides, including proglucagon 1-30,
were also found in the pancreas supporting the common origin of the
products (Moody et al., 1981). Although these peptides fully explained the
reactivity of the cells with antisera against glucagon, their discovery did not
contribute much to reveal the functions of these cells. The cells were called
L cells by the electron microscopists who attempted to classify the various
gut endocrine cells according to their electron microscopical morphology
and assigned a letter to the cells more or less alphabetically (A and B cells

Abbreviations: CCK, cholecystokinin; DPP-4, dipeptidyl peptidase-4; FISH, fluorescent in situ hybridization; GI, gastrointestinal; GIP, glucose-dependent insulinotropic polypeptide; GRPP,
glicentin-related pancreatic peptide; IELS, intraepithelial lymphocytes; IGLE, intraganglionic laminar endings; IHC, immunohistochemistry; LPL, lamina propria lymphocytes; nNOS, neuronal nitric
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in the pancreas and so forth) (Solcia et al., 1981). However, it was clear
from cell-free translation experiments that the proglucagon molecule was
considerably larger than the 69 residues of glicentin (Patzelt &
Schug, 1981). Eventually, cloning of the glucagon gene revealed that mam-
malian proglucagon had 160 residues (see Figure 1) and that the larger C-
terminal fragment, the so-called major proglucagon fragment (MGF), con-
tained two glucagon-like sequences (GLP-1, corresponding to proglucagon
72-108 or GLP-1(1-37)), (GLP-2,

corresponding to proglucagon framed by consensus

and glucagon like-peptide-2
126-160),
prohormone cleavage sites (pairs of basic amino acid residues) (Bell
et al, 1983). Finally, it was discovered that a truncated form the GLP-1
sequence, isolated from both pig and human intestine, was a very powerful
and potent stimulator of insulin secretion from isolated perfused pancreas
(Holst et al., 1987). It was also demonstrated that the secretion of GLP-1
was stimulated by carbohydrate ingestion (Kreymann et al., 1987; Orskov
& Holst, 1987). Thus, the L cell was apparently producing an incretin hor-
mone, GLP-1, which contributed to the amplification of insulin secretion,
which occurs upon ingestion of nutrients including, but not restricted to,
carbohydrates. Indeed, so-called mimicry studies in humans, where GLP-1
plasma concentrations were mimicked by intravenous infusions of syn-
thetic GLP-1, confirmed its ability to stimulate insulin secretion, with even
greater potency and efficacy than the already discovered incretin hormone,
(GIP)
et al,, 1987). The relative contribution of these two incretin hormones to

glucose-dependent insulinotropic  polypeptide (Kreymann
postprandial insulin secretion was recently established in human studies
involving receptor antagonists for both the GIP receptor and the GLP-1
receptor, which showed that GIP contributed with 44%, GLP-1 with 24%
and glucose alone with 33% (Gasbjerg et al., 2019).

The L cell is thus the origin of several secreted products of
proglucagon. Glicentin is secreted in parallel with GLP-1 and GLP-2

(Nielsen et al., 2020; Orskov et al., 1986), and part of the glicentin

molecule is cleaved to proglucagon 1-30 (also called glicentin-related
pancreatic peptide, GRPP) and oxyntomodulin (Holst, 2007) (see
Figure 1). To this date, neither glicentin nor GRPP has been attributed
a definitive function. However, oxyntomodulin turned out to be a full
agonist of both the glucagon and the GLP-1 receptors, but with a
somewhat lower affinity (100-fold), which raises doubt about its phys-
iological function (Holst et al., 2018) (whereas in pharmacological
amounts, it is a glucagon-GLP-1 co-agonist with interesting proper-
ties, Day et al., 2009). Is glucagon also formed in the L cells? This is
one of the current research controversies, but it may be secreted from
the gut under certain circumstances (Lund et al., 2016). Unlike the
pancreas, the gut does not seem to produce and secrete the inactive
full-length GLP-1 (proglucagon 72-108 or GLP-1 1-37), and nothing
is known about a possible role of the fragment corresponding to
proglucagon 72-76. The structure of fully processed GLP-2 was iden-
tified as proglucagon 126-158 (Buhl et al., 1988), and this peptide
was later identified as a growth hormone for the gut, acting via a sep-
arate receptor, and apparently having a metabolic role completely
separate from that of GLP-1 (Brubaker, 2018), but it should be borne
in mind that whenever a molecule of GLP-1 is secreted, a GLP-2 mole-
cule is also released (Orskov et al., 1986). The fragment between
GLP-1 and GLP-2
proglucagon 111-123) is probably amidated and is likely to be

(sometimes called intervening peptide-2,
secreted (unpublished observations in the author's lab), but nothing is
known about its possible actions, if any. Thus, the L cell is a classical
gut endocrine cell that, when stimulated by nutrient intake, releases
two hormones with defined functions, GLP-1 and GLP-2 (and a minor
amount of the glucagon/GLP-1 co-agonist, oxyntomodulin). Today,
the L cells are known to also express, in varying amounts, other pep-
tides, most importantly peptide YY (PYY), but expression of GIP, CCK

and neurotensin has also been reported. This promiscuous expression
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FIGURE 1

Proglucagon processing. Proglucagon is the precursor of at least six peptides with known biological activity (glucagon,

oxyntomodulin, GLP-1, GLP-2, the last in both amidated and Gly-extended forms) and the particular peptides formed vary with the tissue
analysed (brain, gut or pancreas). Note that the formation of GLP-1 is always accompanied by an equal production of GLP-2. This Figure is based

on data reviewed in Holst (2007)
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is, however, not reflected in a parallel secretion of all these peptides
upon a given stimulus (Svendsen et al., 2015). For instance, free fatty
acids will still release CCK but not GLP-1, whereas glucose will release
GLP-1 but not CCK.

Insulin secretion was among the earliest targets investigated for
this new peptide, partly because of the similarity to glucagon, which
is a known stimulator of insulin secretion, and because GLP-1 was
discovered at a time when there was a huge interest in the incretin
function and for identifying the responsible incretin hormones. It
was soon discovered that it also inhibits glucagon secretion (Orskov
et al., 1988), which turned out to be of particular importance for its
future application as a pharmaceutical agent, but otherwise there
was no indication that GLP-1 was anything else than a classical
insulinotropic circulating hormone. It was a problem that most of
the L cells were located in the distal small intestine and in the
colon, contrasting to a function as an incretin hormone released in
response to absorption of glucose which would occur in the proxi-
mal gut. For GLP-2, the situation was even more complicated—there
was no immediate effect on insulin secretion (it was later found to
stimulate glucagon secretion, the functional consequences of which
remain unknown) (de Heer et al., 2007). Its receptor was cloned and
was found to be expressed mainly in the gut (Munroe et al., 1999),
especially in the subepithelial myofibroblasts and in enteric neurons,
suggesting that the targets for GLP-2 action might be local within
the gut, questioning the importance of GLP-2 as a circulating hor-
mone. Recognizing the local actions of GLP-2 as an intestinal
growth hormone, it would be natural to also look for actions of
GLP-1 locally in the gut. Indeed, there is strong evidence that physi-
ologically most of the actions of GLP-1 are exerted locally via
receptors in the gut. The remaining part of this article deals with
these local interactions.

2 | BIOSYNTHESIS, PROCESSING AND
SECRETION OF GLP-1

The L cell is a classical enteroendocrine cell of the intestinal epithe-
lium of the open type. This means that the cells are flask shaped and
have an apical process which reaches the gut lumen (Eissele
et al., 1992). The process is equipped with microvilli that apparently
express sensing molecules (at least the presence of the sodium-
glucose co-transporter 1 (SGLT1) has been shown rather convinc-
ingly to localize to this apical process, Reimann et al., 2008), enabling
the cells to react to the various nutrients in the lumen. Basolaterally,
it contains relatively large, relatively homogeneous granules known
to contain the proglucagon products (Orci et al, 1968; Ravazzola
et al., 1979). Secretion thus occurs via exocytosis with emptying of
the granular content into the interstitial space, followed by diffusion
of the products across the basal lamina and into the lamina propria,
where the molecules are taken up by the capillaries and delivered to
the circulation. Analysis of mucosal biopsies, immediately frozen and
extracted using acid ethanol whereby enzymic activity is thought to

be completely inhibited, shows that here GLP-1 is present in its
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active, truncated form, that is, corresponding to proglucagon 78-107
(GLP-1 7-36) (Hansen et al, 1999); see Figure 1. Presumably,
intragranular cleavage by prohomone convertase 1/3 occurs at the
basic amino acid residues at position 109 and 110 in proglucagon,
leaving a C-terminal structure with arginine in position 109 (Rouille
et al, 1995). By the action of another processing enzyme,
carboxypeptidase E, the Argl09 is then removed (Friis-Hansen
et al.,, 2001), exposing Gly108, which is now oxidized by the PAM
enzyme complex, whereby the preceding amino acid, no 107 is
amidated (Kumar et al., 2016). The amidation efficiency varies
between species, but in humans, virtually no Gly-extended GLP-1 is
found in the intestines, indicating a very high amidation efficiency,
whereas in rats and pigs, between a third and half is Gly extended
(Kuhre et al., 2014). The amidation is thought to contribute positively
to the stability of the hormone but does not otherwise seem to influ-
ence its biological activity (Orskov et al., 1993).

Thus, stored GLP-1 corresponds to amidated proglucagon
78-107 amide, also called truncated GLP-1 or GLP-1
(Bang-Berthelsen et al., 2016; Bell et al., 1983; Billeschou et al., 2021;
Billing et al., 2018, 2019; Billings et al., 2018; Brookes et al., 2013;
Brubaker, 2018; Bucinskaite et al., 2009; Buckley et al., 2019; Buhl
et al., 1988; Canfora et al, 2017; Chen et al.,, 2017; Christiansen
et al., 2018, 2019; Daniel et al., 2002; Day et al., 2009; de Heer
et al, 2007; Deacon et al, 1995; Drucker & Yusta, 2014; Eissele
et al, 1990, 1992; Fehmann et al., 1995; Friis-Hansen et al., 2001,
Gabery et al., 2020; Gasbjerg et al., 2019; Glass et al., 2017; Gouyer
et al., 2010; Hanby et al., 1999) and amide (Hansen et al., 1999). How-
ever, studies with isolated perfused pig ileum have indicated that in
the venous effluent from this model at least 2/3 of newly released
GLP-1 is already metabolized, that is, on its way from the granules of
the cells to the venous drainage (Hansen et al., 1999). Thus, only
about 33% and 25% of newly released GLP-1 survives in the intact
form after release from the gut. The metabolite formed in the gut cor-
responds to the main metabolite formed in the circulation, namely,
GLP-1 (9-36) amide, and studies using specific antagonists have
shown that this cleavage is catalysed by the enzyme dipeptidyl-
peptidase-4 (DPP4), which is also responsible for causing the whole
body half-life of the peptide in the circulation of only about 1-2 min
(Deacon et al., 1995; Hansen et al., 1999; Vilsboll et al., 2003). This
again corresponds to a plasma clearance that exceeds the cardiac out-
put by a factor of 2-3. Clearly no single organ can be responsible for
this, and these data indicate that the peptide is continuously broken
down everywhere in the body and that a steady state is never
obtained (which also means that the apparent half-life has no mean-
ing). Further studies searching for the localization of DPP-4 in the gut
showed that, in addition to the presence in the brush border, where it
acts as a digestive enzyme processing oligopeptides, it is also
expressed on the membranes of the endothelial cells of the gut capil-
laries (Hansen et al., 1999). Thus, newly released GLP-1, still in the
intact form, diffuses into the lamina propria, and is taken up by the
local capillaries, only to be degraded by DPP-4 sitting on the luminal
surface of the endothelium. The fraction of the GLP-1, which reaches
the liver in the intact form (1/3-1/4), is further degraded in the liver,


https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=915
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=915
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=743%26objId=1595#1595
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1612
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1612

HOLST ET AL

BRITISH
730 PHARMACOLOGICAL
SOCIETY

where DPP-4 is expressed in the sinusoids, whereby half of what
arrives to the liver is degraded (Pridal et al., 1996), leaving 12%-15%
to reach the systemic circulation. Here, the molecules meet a soluble
circulating form of DPP-4, which is known to cause further degrada-
tion (the half-life of GLP-1 in isolated plasma is about 20 min at 37°C
and even less in whole blood) (Wettergren, Pridal, et al., 1998). This
means that very little GLP-1 actually reaches the pancreas in an intact,
active form (Hjollund et al., 2011). This extensive degradation would
seem incompatible with a classical endocrine role for GLP-1 as an
incretin hormone secreted from the gut and reaching the pancreas via
the circulation. However, it must be considered that the beta cells
appear to be the cell type in the body with the highest expression of
the GLP-1 receptor (Wei & Mojsov, 1995), and it is likely that the
small fraction of newly released GLP-1 that actually reaches the pan-
creas in the active form (around 10%) may stimulate insulin secretion.
Experimental support for this assumption will be extremely difficult to
provide, given that the experiment would involve elevations of plasma
concentrations of GLP-1 around 2.5 pmol L~ (with fasting levels usu-
ally ranging from 1-10 pmol L™1), which can even be difficult to mea-
sure. It may be argued that the importance of the endocrine route
might be revealed using the GLP-1 receptor antagonist, exendin
9-39, which has an appropriate affinity and specificity for this (Schirra
et al., 1998), and this has been attempted on numerous occasions, but
the approach has an inherent problem: in vivo, glucagon secretion
from the pancreas is invariably stimulated by exendin 9-39, resulting
in elevated glucose concentrations and as a result insulin secretion
may actually increase during exendin 9-39 administration (Gasbjerg
et al., 2019). The precise role of circulating GLP-1 for beta cell func-
tion is therefore difficult to gauge using exendin 9-39. However, dur-
ing administration of DPP-4 inhibitors, such as sitagliptin or
saxagliptin, the plasma concentrations of intact GLP-1 rise to levels
(10-20 pmol LY that are likely to directly influence beta cell secre-
tion (Mari et al., 2005) and experiments with co-administration of
exendin 9-39 are consistent with this (Aulinger et al., 2014). Also,
individuals with accelerated nutrient passage into the small intestine
or with surgical rearrangements exposing the more distal small intes-
tine to nutrients (e.g., gastric bypass operations) may show postpran-
dial concentrations of intact GLP-1 (Holst, Albrechtsen, et al., 2019)
that are sufficient to activate the beta cells directly.

It has been speculated that the lymph drainage of the
intestine might serve as a route for delivery of GLP-1 to the circu-
lation (Lu et al., 2012), but the lymph flow is very limited; there
may be species differences, and the amounts delivered to the
blood stream are probably very small (Hansen et al., 2015; Jejelava
et al., 2018).

3 | GASTROINTESTINAL EXPRESSION OF
THE GLP-1 RECEPTOR

One may wonder why this useful metabolic hormone is inactivated so
rapidly and extensively after its release. This raises the question

whether it might exert local actions after its release. This would

require local expression of the GLP-1 receptor, because we consider
any non-receptor-mediated effects physiologically irrelevant.

The apparently single GLP-1 receptor gene was cloned in 1992
(Thorens, 1992), and nothing is known about isoforms generated by
differential splicing. There are numerous genetic variants
(Michatowska et al., 2021) in humans (more than 50), some of them
showing widely differing binding and signalling characteristics
(unpublished studies in the authors' lab), but all forms with clearly
abnormal signalling are rare and unlikely to explain common patholog-
ical traits, such as obesity and Type 2 diabetes.

Accurate mapping of GLP-1 receptors outside the beta cells of
the islets, where expression levels are lower, has turned out be to be
difficult. The first attempts at demonstrating a GLP-1 receptor relied
on binding of radioactively labelled GLP-1 to cells or tissue sections
(Fehmann et al., 1995), and after the cloning of the receptor, northern
blotting and PCR became possible (Wei & Mojsov, 1996), but gener-
ally results obtained with these methods have poor spatial resolution.
The early reports included expression in skeletal muscle, white adi-
pose tissue and liver, but better methodology excluded expression in
myocytes, adipocytes and hepatocytes (Pyke et al., 2014; Richards
et al., 2014). For several years, attempts at visualizing the GLP-1
receptor with immunohistochemistry (IHC) were plagued by poor anti-
bodies with either low sensitivity or inadequate specificities (McLean
et al., 2021; Pyke & Knudsen, 2013), and clearly erroneous localiza-
tions were reported with various commercial antisera (Mclean
et al,, 2021). At NovoNordisk, a series of new antibodies was raised
against the cloned recombinant and crystalized ectodomain of the
receptor, and these antibodies (e.g., 7F282A, Jensen et al., 2018)
appear to have the required specificity and, remarkably, show recep-
tor staining on the cell surface as opposed to diffuse cytosolic
staining. These antibodies stain receptors transfected into various
cells lines, do not show staining in tissue/cells from animals with
genetic deletion of the receptor, and label only a single band upon
western blotting (no bands in knockout animals), corresponding in size
to the cloned receptor. Autoradiographical demonstrations of the
receptor have also been greatly improved with the use of labelled
exendin-4, which is a stable, full and equipotent agonist of the recep-
tor and even better with the antagonist exendin 9-39 (Jensen
et al., 2015), which is not only stable but also does not get internalized
after binding, but stays on the membrane surface. It has previously
been shown in vitro that human, rat and mouse GLP-1 receptors are
internalized upon agonist binding (Jorgensen et al., 2007; Widmann
et al., 1995), but not upon antagonist binding. It is also possible to
treat the animals with the antagonist before injection of the tracer
(for in vivo binding) thereby keeping GLP-1 expression at the cell sur-
face, which enhances the chances of visualization the receptor. This
localization technology still does not have the best spatial resolution
but, on the other hand, reflects the actual binding of the hormonal
ligand, which is, after all, the physiologically relevant parameter
(Jensen et al., 2015). In situ hydribization techniques have also been
improved, increasing the sensitivity and resolution of the technique
(Andersen et al., 2021) but do not reflect presence of the actual

receptor protein, which may represent a problem, for example, in
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studies of neural tissue. In addition, various transgenic mouse models
have been developed, with which receptor expression can be followed
by fluorescence generated by a co-expressed fluorescent reporter
protein (Richards et al., 2014). If the expression level of the reporter is
simultaneously linked to a very active promotor, one may obtain
strong signals in any cell, which ever expressed the receptor
(Andersen et al., 2021) (which may create the problem that the cell is
stained but no longer expresses the receptor). Thus, all of these
methods have their advantages and disadvantages, and combinations
therefore represent the best approach in a search for receptor
expression.

The following account is based on the findings made using trans-
genic mice in which cells with receptor expression were visualized
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with the reporter protein tdTomato activated in a receptor promotor
specific manner (by Cre-recombinase), either by fluorescence or after
immunostaining for the reporter protein (see Table 1 and Figure 2)
(Andersen et al., 2021). We are seeking to confirm these findings in
mouse gut, using a combination of methods (fluorescent In situ
hybridization (FISH), in situ ligand binding (autoradiography) and
immunohistochemistry (IHC).

In the stomach, tdTomato-positive cells were observed primarily
around the base of the gastric glands, primarily in corpus chief cells,
but also, albeit weak, in parietal cells, as well as in antral mucus-
producing cells. Using autoradiography, but also IHC, clear staining
was observed at the mucous neck cells of the gastric corpus. Weak
tdTomato was detected towards the pit of the gastric glands, but no

TABLE 1 Expression and effects of the GLP-1 receptor in gastrointestinal tissues and cells
Population Submucosal Myenteric
Mucosa and submucosa size plexuses® plexuses®” Physiological effects
Gastric: z>° ] 2} @
forestomach
Gastric: corpus Parietal cells? + [] * hrGastric emptying]
Chief cells® ++ hPAcid secretion|
Mucous neck cells*® ++ hrEood intake|
"Stomach protection|
'Somatosatin{
"Gastrin|
Gastric: antrum Mucous cells? ++ [] * PMotility|
Duodenum Enteroendocrine cells®” o [] * hr'Motility |
Intraepithelial +++ "Intestinal
lymphocytes®® + protection(
Lamina propria lymphocytes® "Mucus secretion?
Brunner glands®® '5-HT -
"Secretin -
'Somatostatin{
MPYY |
Jejunum Enteroendocrine cells® ++ * > '5-HT -
Intraepithelial lymphocytes® ++ "Secretin -
Lamina propria lymphocytes®  + "Somatostatin{
MPYY|
Distal ileum Enteroendocrine cells®P * + * e
Intraepithelial lymphocytes® +
Lamina propria lymphocytes®  +
Caecum a° * *
Proximal colon Enteroendocrine cells® * + * o "Intestinal
Intraepithelial lymphocytes® + protection{
Lamina propria lymphocytes®  + "Regulate microbiota
"Motility |
"Intestinal growth?
Distal colon @b @ ** "Intestinal

protection]
"Regulate microbiota
"Motility |
"Intestinal growth?

Hokok

Note: +, few; ++, moderate number; +-++, numerous; @, no expression; *, minor GLP-1 receptor expression; ** moderate GLP-1 receptor expression; ***,
strong GLP-1 receptor expression; superscript h, effects in humans; superscript r, effects in rodents; superscript p, effects in pigs; 1, increase; |, decrease;

-, unknown effects.
#Anderson et al. (2021).
KV Grundahl et al., submitted
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FIGURE 2 Representative images of gastrointestinal cells expressing GLP-1 receptors (GLP-1R) cells. (a) Sections from mouse Glp1r.
tdTomato gastric corpus showing Glp-1r expression in chief cells (white arrow) and parietal cells (white dashed arrow). (b) Sections from mouse
Glp1r.tdTomato gastric antrum showing Glp1r-positive deep mucous cells (white arrow). (c) Sections of rat gastric corpus showing mucous neck
cells (black arrow) stained with GLP-1r antibodies (brown). (d) Glp1r.tdTomato expressing enteroendocrine cells (red cells) in the proximal small
intestine co-localizing (white arrows) with antibodies (green cells) specific for somatostatin, peptide-YY, 5-HT (serotonin), and neurotensin, but
not GLP-1 and CCK (green and red arrows) with merged pictures. (€) GLP-1 receptor antibody staining (brown) in the rat proximal small intestine
shows this receptor localizing to the lateral membrane of enteroendocrine cells (arrowheads). (f) Murine large intestine myenteric plexuses
stained with Glp1r.tdTomato (red) or GLP-1 receptor antibodies (brown). Note that expression of GLP-1 receptors is exclusively found on fibres

around the neurons, but not in their soma. Counterstaining performed with either DAPI or haematoxylin

Glp-1r signal was found here by in situ hybridization or antibody
staining. Staining with antibody to GLP-1 receptors confirmed the
presence of these receptors in chief cells and parietal cells, whereas in
situ hybridization demonstrated expression in Brunner's glands.
Numerous tdTomato-positive cells were identified in the epithe-
lium of the duodenum and jejunum, whereas fewer positive cells were
detected in the distal small intestine, and none in the colon. Notably,

receptor expression was never seen in enterocytes, goblet cells or

Paneth cells. Immunofluorescence counterstaining identified these
proximal receptor-positive cells to be N cells (neurotensin positive), L
cells (peptide YY positive), enterochromaffin cells (5-HT positive) and
delta cells (somatostatin positive). Glp-1r expression only occurred in a
subset of L cells, as GLP-1 staining showed no co-localization with
tdTomato, whereas PYY staining did. A general finding was staining of
nerve fibres in the myenteric plexus throughout the Gl tract, while

fewer fibres were seen in the submucous plexuses. Positive nerve
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fibres were not observed in the villi. Glp-1r was also expressed on
intraepithelial lymphocytes (IELs) located not only in villi of the intesti-
nal epithelium but also in the lamina propria (particularly by autoradi-
ography, but not by IHC), whereas there were no tdTomato signals in
the lymphocytes in the colon. The main sites of expression are
in agreement with those described in previous reports (Heppner
et al,, 2015; Pyke et al., 2014; Richards et al., 2014), but many more
details have been revealed in these recent studies.

It should be mentioned that GLP-1 receptors are also clearly
expressed in the acini of the pancreas with all methods, although the
staining intensity is much less that it is in for instance the Brunner
glands.

4 | FUNCTIONAL SIGNIFICANCE OF GI
EXPRESSION OF THE RECEPTOR

41 | Stomach

The expression of receptors in the stomach raises the question
whether there is a local production of GLP-1 in the stomach. Produc-
tion of gastric glucagon was suggested already in 1948, when
Sutherland and de Duve found a hyperglycaemic substance in gastric
extracts (Sutherland & De Duve, 1948). The possibility of extra-
pancreatic production of glucagon has been discussed ever since and,
whereas there seems to be little glucagon expression in the human
(Holst et al., 1983) and rodent stomach, dogs and cats were reported
to harbour A-like cells and to secrete glucagon from the gastric
mucosa (Holst, 1978). From the current point of view, the interest in
glucagon is of course that if there is glucagon, then there is also
proglucagon and therefore a possibility for GLP-1 production.
Although some production of proglucagon seems possible especially
in the fundic regions of the stomach of most species, this is not imme-
diately evident in humans and certainly not in the corpus. The many
receptors described in the stomach would therefore be expected to
be targets for circulating GLP-1, and this raises a number of problems
as discussed above.

Functional GLP-1 receptors were described early on in relation to
the parietal cells, and the cells were reported to respond to GLP-1
with acid secretion in a cAMP-dependent manner (Schmidtler
et al., 1994). However, infusion of GLP-1 in vivo clearly inhibits acid
secretion as well as gastric fluid secretion and motility (Wettergren
et al., 1993). The inhibitory action was studied in detail by Wettergren
et al. in humans, who found that infusions of GLP-1 giving rise to near
physiological levels strongly inhibit both gastric emptying and stimu-
lated acid secretion as well as pancreatic exocrine secretion
(Wettergren et al., 1993). A strong inhibitory effect was also observed
when secretion was stimulated by sham-feeding (ingestion of an
appetizing meal followed by spitting out during aspirations of gastric
secretions), that is, a mechanism exclusively mediated by vagus nerve
activity (and completely abolished by vagotomy) (Wettergren
et al., 1994). Conversely, the GLP-1 induced inhibition of stimulated
acid secretion was completely lost after truncal vagotomy
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(Wettergren et al., 1997). Thus, the vagal mechanism completely over-
rules any effects that might have been exerted on parietal cells by cir-
culating GLP-1 (and also rules out mechanisms depending on the local
release of somatostatin in the stomach, which might inhibit both gas-
trin and parietal cell secretion, Eissele et al., 1990). In further experi-
ments in chloralose-sedated pigs subjected to insulin-induced
hypoglycemia (a powerful central stimulus of vagal activity), short
infusions of GLP-1 (2 pmol kg~! min~%) strongly and immediately
suppressed antral motility, gastric and pancreatic secretion, revealing
a powerful inhibitory effect of GLP-1 on efferent vagal activity
(Wettergren, Wojdemann, & Holst, 1998). Inhibition of recorded
efferent vagal activity after GLP-1 infusion was also reported by
Nakabayashi et al. (Nakabayashi et al., 1996). In further experiments,
involving isolated models (stomach, antrum, pancreas) with fully pre-
served vagal innervation, GLP-1 did not influence the peripheral trans-
mission of the vagal effects (which were accurately reproducing the
effects of centrally induced activity in these models), and it was con-
cluded that the effect of GLP-1 was exerted centrally (Wettergren,
Wojdemann, & Holst, 1998). In experiments in rats, recordings were
made from afferent branches of the vagus nerve during brief infusions
of GLP-1, and in these experiments, a dose-related increase in firing
frequency was demonstrated (Bucinskaite et al., 2009), supporting
that GLP-1 would stimulate the activity of sensory afferents of the
vagus and suggesting that the effect on efferent vagal activity was
the result of inhibition of long, inhibitory vago-vagal reflexes. Taken
together with strong expression of GLP-1 receptors in numerous cell
bodies of the nodose ganglion (the soma of the vagal sensory affer-
ents) (Bucinskaite et al., 2009; Nakagawa et al., 2004), it seemed that
GLP-1 acts to inhibit gastric functions via activation of sensory vagal
afferents relaying to vagal motorneurons in the brain stem or in the
hypothalamus. This important mechanism and further evidence in
support of this mechanism accumulated subsequently will be dis-

cussed further in the contribution by Stefan Trapp (2021) in this issue.

4.2 | GLP-1 and mucus producing cells

The dense expression of GLP-1 receptors in the mucus secreting epi-
thelial cells of the stomach suggests that GLP-1 could play a role
mucosal protection. Similar to the so-called ‘reparative lineages’ in
the gut (Gouyer et al., 2010), the mucous neck cells of the gastric cor-
pus produce mucins (MUC6 and MUC1, Hanby et al., 1999; Gouyer
et al., 2010) and growth factors (TFF1, TFF2 and EGF proteins,
Gouyer et al., 2010), which are believed to protect the other glandular
cells from the acid secreted by neighbouring parietal cells. In accor-
dance, Chen et al. recently showed that administration of the GLP-1
receptor agonist, exendin-4, accelerated healing of stomach ulcers in
diabetic rats (Chen et al, 2017). The strong tdTomato signal in
Brunner's glands, which was confirmed by IHC (Baggio et al., 2018;
Hepprich et al., 2020; Pyke et al., 2014) and quantitative polymerase
chain reaction (qPCR) (Bang-Berthelsen et al., 2016), is in accordance
with earlier findings in humans and monkeys (Orskov & Poulsen, 1991;

Qu et al., 2008), and functional studies in mice have shown that
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liraglutide causes an upregulation of genes in Brunner's glands associ-
ated with protection of the intestinal epithelial layer (Glass
et al., 2017). The Brunner's glands secrete bicarbonate, glycoproteins
and mucus that coat the duodenal epithelium and thereby protects
against the pepsin-rich and acidic chyme from the stomach
(Krause, 2000). In vivo treatment of mice with exendin-4, the GLP-1
receptor full agonist led to intracellular translocation of the GLP-1
receptors in glandular cells of the Brunner glands and was accompa-
nied by mucin emptying from the apical secretory granules (own
unpublished studies). Furthermore, Bang-Bertelsen et al. observed
that administration of GLP-1 receptor agonists led to transcriptional
upregulation of the chemokine CCL20, IL-33 and mucin 5b in the
mouse Brunner's glands, as well as improvement in murine colitis
models (Bang-Berthelsen et al., 2016). Taken together, these studies
indicate that GLP-1 may not only induce mucin secretion but also pro-
mote release of other important factors that may protect and facilitate

healing of the gastrointestinal mucosa.

4.3 | Enteroendocrine cells

By co-staining, the many GLP-1 receptor-positive enteroendocrine
cells were identified as secretin, 5-HT, PYY and somatostatin
expressing cells in the studies cited above. An account of the difficul-
ties in mapping receptor expression in different cells and tissues based
on recent single cell RNA profiling studies was recently given by
McLean et al. (2021). In perfused mouse intestine, GLP-1 has been
shown to markedly stimulate somatostatin secretion, and this effect
could be blocked with the GLP-1 receptor antagonist, exendin 9-39
(Jepsen et al., 2019), indicating that the two hormones are locked in a
mutual feedback loop. However, with regard to the GLP-1 receptors
on the intestinal PYY and secretin cells, the functional implications
remain to be determined. Secretin has been shown to both inhibit gas-
tric emptying (Raybould & Holzer, 1993) and stimulate the exocrine
pancreas to release bicarbonate and water into the intestinal lumen
thus neutralizing and reducing the acidic chyme coming from the
stomach following a meal (Kirk et al., 2017; Kirkegaard et al., 1984).
Assuming that GLP-1 stimulates secretin release, combined with the
stimulatory effects on the Brunner glands, GLP-1 may play an under-
appreciated role in modulating the intraluminal pH of the small intes-
tine. The finding of receptors in 5-HT-secreting enterochromaffin
cells in mice suggest that GLP-1 participates in the regulation of their
monoamine secretion (Kirk et al., 2017). In human studies, antagonism
of GLP-1 receptors led to an increase in PYY release that could be
explained by an auto-inhibitory feedback axis of GLP-1 (Svane
et al., 2016) but could also result from prevention of GLP-1 stimulated

somatostatin release.

4.4 | Intestinal neuronal structures

The dense network of nerve fibres expressing GLP-1 receptors

throughout the gut strongly support that these fibres might be the

targets for GLP-1, newly released from the L cells. The idea would be
that GLP-1 diffusing from the L cells to the capillaries interacts with
sensory nerve fibres before it is broken down and inactivated by
DPP-4 in the capillaries (Hansen et al., 1999). This has important
implications for the measurements of GLP-1. As mentioned above,
the extensive degradation of GLP-1 by DPP-4 means that most of the
circulating GLP-1 is composed of the inactive metabolite GLP-1 9-36
amide, whereas only a small fraction corresponds to intact GLP-1
(7-36) amide (Pedersen et al., 2008). If, however, the major target for
newly released GLP-1 is a receptor expressed on enteric nerve fibres,
then the metabolized GLP-1 probably represents GLP-1 that already
has exerted its activity via the sensory nerve fibres (Holst & Dea-
con, 2005). This means that the effects of L-cell secretion is better
reflected by the plasma concentration profile of the GLP-1 metabolite
or, more accurately, the sum of intact GLP-1 and the metabolite, usu-
ally designated ‘total GLP-1’. At any rate, total GLP-1 is also a better
indicator of secretion of GLP-1 than the profile of intact GLP-1, which
often includes measurements below the detection limit of the assays
and does not show clear relation to the stimuli (Holst, Wewer
Albrechtsen et al., 2019).

The nature of the GLP-1 receptor-positive fibres in the intestinal
wall is not clear. The strongest antibody staining for GLP-1 receptors
and the greatest accumulation of *2°I-exendin (Billeschou et al., 2021;
Billing et al., 2018, 2019; Billings et al., 2018; Brookes et al., 2013;
Brubaker, 2018; Bucinskaite et al., 2009; Buckley et al., 2019; Buhl
et al, 1988; Canfora et al., 2017; Chen et al., 2017; Christiansen
et al, 2018, 2019; Daniel et al., 2002; Day et al., 2009; de Heer
et al., 2007; Deacon et al., 1995; Drucker & Yusta, 2014; Eissele
et al,, 1990, 1992; Fehmann et al., 1995; Friis-Hansen et al., 2001;
Gabery et al., 2020; Gasbjerg et al., 2019; Glass et al., 2017; Gouyer
et al., 2010; Hanby et al, 1999; Hansen et al., 1999, 2015; Hayes
et al., 2011) grains were observed in and around myenteric plexuses
located in the distal intestine, namely, in the distal ileum and in the
proximal and distal large intestine. Myenteric ganglia of the duodenum,
jejunum and gastric pylorus also displayed staining for GLP-1 receptors,
whereas the nerve fibres in the gastric corpus and caecum were very
weakly stained. In the submucosal plexuses, the strongest GLP-1 recep-
tor staining was observed in the distal ileum, caecum and proximal large
intestine, with weak staining in the jejunum. On the other hand, the
submucosal plexuses of the gastric corpus, pylorus, duodenum and dis-
tal large intestine were devoid of staining. Interestingly, the GLP-1
receptor antibody primarily appeared to stain nerve fibres around the
somas of the myenteric and submucosal neurons, rather than the actual
cell bodies of the enteric neurons. This could be because the GLP-1
receptor-producing neurons mainly express ligand receptors on axons
and dendrites. However, it has been difficult to find GLP-1 receptor-
positive nerve cell bodies using FISH, and also the Glp-1r reporter mice
did not reveal such cell bodies. These findings may suggest that at least
some of these fibres are extrinsic, for example, vagal.

In the mouse small and large intestine, the majority of the
myenteric neurons contain either neuronal nitric oxide synthase
(nNOS) or choline acetyl transferase (ChAT), accounting for 95% of
myenteric neuron population (Jiang et al., 2017; Qu et al., 2008).


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=summary%26ligandId=1133
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=808
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5880
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1251
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1251
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2480

HOLST ET AL

ChAT is the synthesizing enzyme for the excitatory neurotransmitter
acetylcholine, whereas nNOS is the synthesizing enzyme for the
inhibitory neurotransmitter nitric oxide (NO) in motor neurons (Daniel
et al, 2002). GLP-1 receptors co-localize with nNOS-positive
(i.e., inhibitory) and CHAT-positive (excitatory) motor neurons (Amato
et al., 2010; Richards et al., 2014), but the specificity of the staining
was not evaluated. Patch clamp studies on small intestinal primary cul-
tures of GLP-1 receptor-fluorescent myenteric neurons derived from
the mouse (and therefore likely to represent intrinsic enteric neurons)
showed that they were electrically active and that administration of
GLP-1 increased the frequency of their action potentials (Richards
et al., 2014). Furthermore, GLP-1 reduced electrically induced, cholin-
ergic contraction of circular, but not longitudinal, smooth muscle in
both duodenum and colon in a concentration-dependent fashion, an
effect that appeared to involve NO signalling (Amato et al., 2010). As
the ascending contractions of circular muscle are an important ele-
ment of peristalsis, this has also been suggested to be the mode of
action by which GLP-1 inhibits peristalsis (Amato et al., 2010). The
migrating motor complex (MMC) represents a fasting pattern of elec-
trical activity in the GI tract that elicits strong peristaltic activity,
stretching all the way from the stomach to the colon, with intervals of
about 1.5 h in humans. Interestingly, GLP-1 has been shown to inhibit
MMC and the associated motor activity in the Gl tract (Tolessa
et al., 1998a, 1998b), although physiologically there is little secretion
of GLP-1 in the fasting state. As discussed above, GLP-1 strongly
inhibits gastric motor activity and emptying, but this effect seems to
depend on inhibition of long vago-vagal reflexes and is lost after
truncal vagotomy (Plamboeck et al., 2013). In addition, GLP-1 did not
appear to inhibit contractions of isolated smooth muscle preparations
derived from rat gastric fundus, corpus or duodenum, stimulated with
either muscarinic agonists or electric field stimulation (Tolessa
et al., 1998a), suggesting that the effect of GLP-1 on Gl motility is

mediated via the vagus.

45 |
endings

GLP-1 receptors on extrinsic afferent nerve

The weak or variable staining for GLP-1 receptors in the somas of the
nerve cells suggests that these fibres could be extrinsic afferent or
efferent nerve endings. Vagal and rectal afferent nerve endings have
been shown to form complex, flattened expansions within the
myenteric ganglia known as intraganglionic laminar endings (IGLEs),
and these are found throughout the Gl tract (Brookes et al., 2013).
Williams et al. (2016) demonstrated that a cohort of vagal GLP-1
receptor-positive neurons with soma located in the nodose ganglia
formed IGLEs in the stomach and proximal duodenum and that they
specifically responded to saline-induced Gl distension. Consistent
with these findings, GLP-1 receptors have been suggested to be syn-
thesized in the nodose ganglion neurons and transferred to the
periphery (the IGLEs) via axonal transport (Bucinskaite et al., 2009). In
further support of these observations, the suppressive effects of

intraperitoneal injections of GLP-1 on food intake and blood glucose
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levels were attenuated by complete sub-diaphragmatic vagal de-
afferentation in rats (Hayes et al., 2011), indicating that these sys-
temic effects are mediated in part through activation of GLP-1 recep-
tors on the vagal afferent nerve terminals. In accordance,
intraperitoneal administration of 125|_exendin (Billeschou et al., 2021;
Billing et al., 2018, 2019; Billings et al., 2018; Brookes et al., 2013;
Brubaker, 2018; Bucinskaite et al., 2009; Buckley et al., 2019; Buhl
et al.,, 1988; Canfora et al, 2017; Chen et al.,, 2017; Christiansen
et al., 2018; Christiansen et al., 2019; Daniel et al, 2002; Day
et al., 2009; de Heer et al., 2007; Deacon et al., 1995; Drucker &
Yusta, 2014; Eissele et al., 1990, 1992; Fehmann et al., 1995; Friis-
Hansen et al., 2001; Gabery et al., 2020; Gasbjerg et al., 2019; Glass
et al., 2017; Gouyer et al., 2010; Hanby et al., 1999; Hansen
et al., 1999, 2015; Hayes et al, 2011) resulted in labelling of
myenteric ganglia of the distal ileum, thus supporting the interpreta-
tion of experiments involving intraperitoneal administration of GLP-1
to reflect interactions with nerve fibres within the myenteric plexus
(Hayes et al., 2011).

4.6 | GLP-1 receptors on mucosal lymphocytes
Autoradiography and IHC have showed GLP-1 receptor-positive IELs
and few and scattered lamina propria lymphocytes (LPLs) in the duo-
denum, distal ileum and proximal colon, whereas caecum and distal
colon largely were devoid of mucosal staining. Yusta et al. (2015) also
found Glp-1r mRNA on isolated murine IELs by gPCR, and in vitro
studies led the group to conclude that GLP-1 in the gut may play a
role in innate immunity, mucosal integrity and host microbial
responses (McLean et al., 2021). Curiously, both the GLP-1 receptor-
positive IELs and LPLs appear to be scarce or non-existent in the cae-
cum, proximal or distal large intestine, despite being the primary area
where the gut microbiota reside. Deletion of Glp-1r expression led to
an imbalance in the microbiota, as well as increased sensitivity
to intestinal injury in mice (Billing et al., 2019), suggesting that interac-
tion with these receptors is involved in a protective role of GLP-1 for
the intestinal mucosa.

4.7 | Therole of GLP-2

The sister peptide, GLP-2, which enhances intestinal mucosa growth
and repair, is thought to play an important role in the local mainte-
nance of the intestinal mucosa (Drucker & Yusta, 2014), although
the fact that receptor expression is most prominent in the upper
small intestine (Munroe et al., 1999), where L-cell density is less
pronounced, and transposition (Thulesen et al.,, 2001) experiments
have pointed to the existence of both local and remote (endocrine)
actions of the hormone. The exact GLP-2 receptor localization has
also been a matter of dispute (Pedersen et al., 2015), but there
seems to be consensus that it is expressed on enteric neurons and
on sub-epithelial myofibroblasts that produce growth factors that

seem to be responsible for the mucosal growth and maintenance
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effects of GLP-2 (Yusta et al., 2019). An essential role for GLP-2 in
repair processes after chemotherapy-induced mucosal damage has
been documented in studies involving, for example, GLP-2 receptor
knockout animals (Billeschou et al., 2021). However, there is clear
evidence that also GLP-1 may participate in the repair mechanism
(Kissow et al., 2013). The localization of the GLP-1 receptor respon-
sible for these beneficial actions is not clear, because expression has
not been observed in the subepithelial myofibroblasts, but perhaps
interactions with the enteric nervous system are involved, as dis-

cussed above.

48 | GLP-1inthe colon

The role of GLP-1 in the colon remains un-defined. The GLP-1 meal
responses are unimpaired by total colectomy in man (Palnaes
et al, 1997), suggesting that these responses are independent of
colonic GLP-1 secretion. but of course colonic secretion, at least if
elicited by luminal factors, would not be expected to be observable
concomitantly with meal ingestion, but to be much delayed. The only
reliable stimulus to colonic secretion identified so far appears to be
that exerted by malabsorbed bile acids (Adrian et al., 2012;
Christiansen et al., 2019), but the timing of such a response in vivo, if
existing, is unclear. The gene for angiotensin AT, receptors, Agtrla,
was expressed in colonic L cells and to stimulate GLP-1 secretion
when activated (Billing et al., 2018, 2019) although the significance of
this is unclear. Interestingly, ghrelin was reported to sensitize extrinsic
and intrinsic colonic neurons to a GLP-1 agonist (Buckley et al., 2019)
pointing to a possible link between the stomach and the colon
(perhaps contributing to the so-called gastro-colonic reflex?). In
addition, colonic nitrergic and purinergic neurons respond to GLP-1
(Yan et al., 2019). It is still perplexing that the number of L cells
increases towards the distal parts of the gut with a maximum in the
distal colon and the rectum (Knudsen et al., 1975). Perhaps this fits
best with a local, perhaps mucosal protective role for GLP-1
(Bang-Berthelsen et al, 2016). GLP-1 has been reported to
promote growth (and tumorigenesis) in the distal gut (Koehler
et al., 2015). Numerous studies of colonic fermentation with forma-
tion of short chain fatty acids (SCFAs, mainly acetate, propionate
and butyrate) rely on the assumption that the SCFAs stimulate
local GLP-1 secretion with subsequent expedient metabolic effects.
But actually, the evidence for this is weak. In studies of isolated
perfused colon, SCFAs had no effect on GLP-1 or PYY secretion
unless cAMP levels were enhanced by IBMX addition (Christiansen
et al, 2018). In vivo, in humans, documented enhancement of
colonic fermentation (as demonstrated by H,-exhalation) was not
associated with measurable release of GLP-1 (Olesen et al., 1999)
and local colonic instillation of acetate resulted in weak stimulation
of PYY when instillation occurred in the ascending colon (Canfora
et al, 2017; van der Beek et al., 2016). However, these observa-
tions do not exclude that a local GLP-1 release would lead to
activation of neurons that could be responsible for both local and

central actions.

4.9 | The gastrointestinal effects of GLP-1
receptor agonists

Interestingly, a selective genetic deletion of GLP-1 receptors in the
neurons of the Gl tract was not associated with a clear phenotype
(McLean et al., 2021; Varin et al., 2019). Perhaps the sensitivity of
such an experiment is inappropriate. Nevertheless, the rather dense
expression of the receptors here, as outlined above, raises the ques-
tion whether administration of GLP-1 receptor agonists, which pro-
vide circulating plasma concentrations of the exogenous agonist that
are considerably higher than that of the endogenous ligand, have gas-
trointestinal effects. The most prominent side effects of the GLP-1
receptor agonists are the so-called gastrointestinal side effects, that
is, nausea, vomiting and diarrhoea. It is often assumed that the nausea
is related to the inhibition of gastric emptying, but the association
between these effects is weak. The effects on gastric emptying show
rapid tachyphylaxis (Nauck et al., 2011), whereas the nausea may
remain. In addition it is possible to create a total arrest of gastric emp-
tying without any nausea (Willms et al., 1996). Most likely, these
effects are not elicited by the gastrointestinal receptors, but rather by
interference of the GLP-1 receptor agonist with central receptors in
the circumventricular organs, particularly in the area postrema, areas
that are not normally exposed to such high concentrations of the
ligand. The area postrema is known to transmit signals that elicit nau-
sea and vomiting to the brain. One may also ask whether the GLP-1
receptor agonists act on food intake via the intestinal receptors dis-
cussed above or via a similar pathway. Both liraglutide and
semaglutide (long-acting GLP-1 receptor agonists) are able to reach
hypothalamic nuclei associated with the fenestrated regions of the cir-
cumventricular organs (Gabery et al., 2020; Secher et al., 2014), and
indeed, in experiments with genetic deletion of vagal afferents, the
GLP-1 receptor agonist liraglutide retained full anorectic activity
whereas central deletion of GLP-1 receptors was associated with a
complete loss of activity (Sisley et al., 2014).

However, it seems likely that GLP-1 and the GLP-1 receptor ago-
nists have prominent direct effects on the Gl tract, especially regarding
secretion (of mucus) and motility (whereas the effects on gastric emp-
tying is mainly depending on vagal mechanisms). It has also been
reported that GLP-1RAs promote both normal and neoplastic intestinal
growth through mechanisms requiring fgf7 (Koehler et al., 2015),
although the preproglucagon system was found not to play an essential
role in normal gut development in mice (Wismann et al., 2017). The
clinical use of the GLP-1 receptor agonists has not been associated
with an increase in intestinal neoplasms. There is consensus that the
effect on motility is inhibitory as discussed above, and the effects may
be pronounced producing extensive relaxation of the intestine, which
would explain the tendency to diarrhoea, although there is no evidence
that the diarrhoea has a secretory component. At any rate, at least
some of the ‘gastrointestinal’ adverse effects show pronounced escape
with, for instance, the effects on gastric emptying almost disappearing
after a short time (hours) of continuous exposure (Nauck et al., 2011),
and the nausea and vomiting may be nearly abolished by slow up titra-
tion of the GLP-1 receptor agonist (Billings et al., 2018). In this way, it
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is possible to reach even very high concentrations that were previously
considered unattainable because of these side effects. Therapy with
GLP-1 receptor agonists was recently reported not to change the com-

position or amount of the intestinal microbiome (Smits et al., 2021).

5 | CONCLUDING REMARKS

The key objective of this review of the actions of GLP-1 receptor
ligands in the gut has been to point out that the gut may be viewed as
the primary target for newly released GLP-1, unlike the general trend
in earlier reviews and articles, where the focus is mostly on the brain
and the pancreas. The fundamental premise for this is the extremely
rapid degradation and inactivation of GLP-1 in the body, whereby
only about 10% or less of what was released in the gut makes it to
other targets including the pancreas in the intact, active form. There-
fore, the circulating concentrations of intact GLP-1 are generally very
low, in the single digit pmolar range, and it has proven difficult, if not
impossible, to demonstrate effects of such low concentrations on any
organ system in the body. In conditions with accelerated gastric emp-
tying/intestinal nutrient exposure (e.g., gastric bypass), higher plasma
concentrations may be reached, and under these circumstances, the
levels of active GLP-1 may be sufficient to activate receptors in
the circumventricular organs of the brains and in the pancreatic islets.
Thus, it seems more likely that GLP-1 physiologically targets receptors
situated locally, in the gastrointestinal tract, including those expressed
by enteroendocrine epithelial cells, intra-epithelial and sub-epithelial
lymphocytes and, in particular, numerous intestinal nerve fibres. Acti-
vation here may be associated with local effects as well as central
transmission of signals via sensory afferents of the vagus. This would
be consistent with the view that, physiologically, GLP-1 mainly acts as
an ileal brake hormone, signalling nutritional abundance to the brain
and limiting further intake and processing by reducing appetite and
gastrointestinal secretions and motility. Synthetic GLP-1 receptor ago-
nists, which are resistant to DPP-4 mediated degradation, may reach
higher concentrations in the body fluids and reach receptors
indiscriminately, resulting in preferential effects on the brain and the
pancreas, although side effects related to activation of the gastroin-

testinal receptors are common.

5.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the [IUPHAR/BPS Guide to PHARMACOL-
OGY (http://www.guidetopharmacology.org) and are permanently
archived in the Concise Guide to PHARMACOLOGY 2019/20
(Alexander, Christopoulos, et al., 2019; Alexander, Fabbro et al., 2019;
Alexander, Kelly et al., 2019)
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