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Introduction: General
Aspects of Gastrointestinal
Hormones

7.1

Gastrointestinal (GI) hormones are produced by
specialized enteroendocrine cells that are located
in the epithelial layer throughout the whole GI
tract. All together, these cells form the biggest
endocrine organ of the body and produce the
largest number of hormones (Ahlman and Nilsson
2001; Valle 2014). Enteroendocrine cells are
characterized as being either open- or closed-
type. Open-type cells display direct contact with
the GI lumen and are able to sense molecules
present in the luminal content, such as nutrients,
which play a major regulatory role on hormone
secretion. In contrast, closed-type cells lack con-
nection with the lumen because their apical side
is enclosed by epithelial cells. Closed-type cells
are mainly regulated by molecules coming from
the GI capillaries or by autonomic activity.
Interestingly, some enteroendocrine cells display
long cytoplasmic basal processes that are filled
with secretory granules and extend beneath the
absorptive epithelium in order to facilitate the
communication with adjacent cells.

The biosynthesis of GI hormones is a complex
cellular process, which involves the initial bio-
synthesis of polypeptide precursors that are fur-
ther cleaved, sorted, and post-translationally
modified within the regulated secretory pathway
in order to generate the bioactive peptides
(Perello and Nillni 2007; Wren and Bloom 2007).
Initially, pre-prohormones are synthesized on
membrane-bound ribosomes, by which they are
translocated into the lumen of the rough endo-
plasmic reticulum. In the endoplasmic reticulum,
the signal peptide of the pre-prohormone is
removed by a signal peptidase. Then, the newly
synthesized prohormone is transported to the
Golgi complex, which is the branch point where
trafficking pathways emanate in order to generate
the mature secretory granules that store the
mature GI hormones. During this vectorial trans-
port, the prohormones are subjected to post-
translational modifications, which vary for the
different GI hormones, in order to generate the
bioactive peptides. Some frequent post-

translational modifications affecting GI hor-
mones include (1) the cleavage of the
prohormones at the C-terminus of paired basic
residues by proteases named prohormone conver-
tases (PC), such as PC1/3 or PC2; (2) trimming
of the C-terminal basic residues of the
prohormone-derived peptides by exopeptidases,
such as carboxypeptidases; and (3) carboxy-
terminal amidation by the peptidylglycine
a-amidating monooxygenase enzyme (PAM). In
addition, the biosynthesis of some GI hormones
involves specific post-translational modifica-
tions, such as sulfation or octanoylation, which
are described below for each case. The post-
translational modifications of the GI hormones
are essential not only for peptide stability but also
to ensure specific binding to their corresponding
receptors.

GI hormones stored in secretory granules are
released upon cell stimulation. GI hormone
secretion mainly occurs in the basolateral side of
enteroendocrine cells and seems to be regulated
by nutrients, which activate specific nutrient
receptors or transporters, as well as by different
hormones and neurotransmitters (Steinert et al.
2017; Valle 2014). The secretion of all GI hor-
mones is a reciprocally coordinated process, and
their local action strongly controls the secretion
of each other, as described below. In addition, the
GI motility affects the secretion of some GI hor-
mones. Secreted GI hormones can act locally on
either vagal afferents and/or nearby cells or dif-
fuse into GI capillaries to further reach the sys-
temic circulation and act on distant tissues.
Notably, the GI hormone levels acting locally are
much higher than the levels in other organs, such
as the brain. In addition, it is important to note
that the half-life of most GI hormones is very
short (ranging between 1 and 20 min), suggesting
that their inactivation is another level that regu-
lates their concentration.

The action of the GI hormones described in
this chapter is mediated through G protein-
coupled receptors (GPCRs), which contain an
extracellular amino terminus, seven lipophilic
transmembrane domains, and an intracellular
carboxyl terminus (Mace et al. 2015; Valle 2014).
Upon binding of the specific GI hormone, the
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GPCR increases its affinity for a downstream G
protein that transduces the signal to an intracel-
lular event. G proteins consist of a trimer of
alpha, beta, and gamma subunits and are classi-
fied according to their alpha subunit type in G,
Guios Gog1> and Gyip13 G proteins. Upon GPCR
activation, the beta and gamma subunits dissoci-
ate from the alpha subunit, which exchanges a
molecule of guanosine diphosphate for guano-
sine triphosphate (GTP). The GTP-bound alpha
subunit regulates specific downstream signaling
cascades. The G, or G, pathways display a
stimulatory or inhibitory effect, respectively, on
the activity of adenylate cyclases that catalyze
the conversion of cytosolic adenosine triphos-
phate to cyclic adenosine monophosphate
(cAMP), a second messenger that activates the
protein kinase A. The target of the Gy, pathway
is phospholipase C, which cleavages phosphati-
dylinositol 4,5-bisphosphate into the second
messengers inositol (1,4,5)-trisphosphate (IP3)
and diacylglycerol (DAG). IP3 acts at the endo-
plasmic reticulum to elicit Ca?* release, while
DAG diffuses along the plasma membrane where
it activates protein kinase C. Elevated intracellu-
lar Ca?* also activates calmodulins, which in turn
activate Ca**/calmodulin-dependent kinases. The
G213 pathway regulates cell processes through
guanine nucleotide exchange factors that activate
the cytosolic small Rho GTPase. Usually each GI
hormone mainly activates one type of signaling
cascade; however, some GI hormones activate
multiple signaling cascades, which greatly
increase the complexity of their function. In addi-
tion to the classical signaling pathways, some GI
hormones have been shown to activate G protein-
independent pathways, including the mitogen-
activated protein kinase and extracellular
signal-regulated kinase signaling pathways.

The GPCRs for GI hormones mediate their
actions in the peripheral tissues as well as in the
central nervous system (CNS). In addition to
integrating GI functions, some GI hormones play
an important role in the regulation of body energy
homeostasis. The mechanisms by which some GI
hormones regulate energy homeostasis are
diverse and involve control of meal size, meal
timing, hedonic aspects of eating, and adiposity

as well as the regulation of the meal-related gly-
cemia. Here, we focus on four GI hormones:
ghrelin, cholecystokinin (CCK), glucagon-like
peptide-1 (GLP-1), and peptide tyrosine-tyrosine
(PYY), which likely play a relevant role in the
control of the energy homeostasis. In addition,
we briefly review the role of oxyntomodulin
(OXM), pancreatic polypeptide (PP), and soma-
tostatin (SST), which may also play a role on
energy balance.

7.2  Ghrelin

Ghrelin is a 28-residue octanoylated peptide hor-
mone discovered by Kojima in 1999 (Kojima
et al. 1999). Ghrelin is the only known secreted
peptide modified by an O-octanoylation; in addi-
tion, ghrelin is the only peptide hormone known
to increase food intake (Kojima and Kangawa
2010). In contrast to other GI hormones that
mainly impact on meal size and frequency, ghre-
lin seems also relevant for the long-term control
of energy intake and body weight regulation as its
plasma levels are inversely related to body adi-
posity in healthy-weight, obese, and weight-
reduced humans (Cummings 2006; Perello and
Zigman 2012). Ghrelin regulates both homeo-
static and hedonic aspects of eating (Perello and
Zigman 2012). Ghrelin may also contribute to
glycemic control and, to a lesser extent, to the
regulation of the GI motility (Steinert et al. 2017).
Figure 7.1 depicts the GI regions producing ghre-
lin as well as the key targets and the main actions
of this GI hormone.

Ghrelin is predominantly synthesized by
closed-type enteroendocrine ghrelin cells located
within the gastric oxyntic fundic mucosa, previ-
ously referred to as P/DI1-type cells in humans
and A like-type cells in rodents (Kojima and
Kangawa 2010). The synthesis of ghrelin is atyp-
ical as it involves the enzyme ghrelin
O-acyltransferase (GOAT), which catalyzes
ghrelin octanoylation. GOAT is present in the
endoplasmic reticulum and acylates proghrelin
before being translocated to the Golgi (Gutierrez
et al. 2008; Yang et al. 2008). In the Golgi com-
plex, the octanoylated proghrelin is cleaved by
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Fig. 7.1 Ghrelin production and effects on energy
homeostasis. Ghrelin is produced in the gastric mucosa
(extent indicated by intensity of light blue shading). The
pathways by which ghrelin exerts its effects on energy
balance are mainly central but might also involve signal-
ing through GI vagal afferents (solid and dashed light blue
arrows, respectively)

PC1/3. Since the 28 residues of ghrelin sequence
immediately follow the signal peptide, the
N-terminal fragment generated by cleavage of
proghrelin produces bioactive ghrelin, whereas
the C-terminal fragment further yields a peptide
named obestatin (Takahashi et al. 2009; Zhu et al.
2006). Initial reports indicated that obestatin had
anorexigenic effects; however, further studies
could not confirm such observations, and its role
on energy balance is still under debate (Gourcerol
et al. 2007; Nogueiras et al. 2007; Zhang et al.
2005). Ghrelin is also secreted as a des-

octanoylated version, named des-acyl ghrelin,
which circulates even at higher levels than ghre-
lin because it is also produced in plasma by ghre-
lin deacylation (De Vriese et al. 2004). Some
studies suggest that des-acyl ghrelin displays
some actions in a GHSR-independent manner;
however, no specific receptor for des-acyl ghrelin
has yet been reported, and, as a consequence, the
role of this peptide remains uncertain (Callaghan
and Furness 2014).

Ghrelin levels display a surge before meals,
decline after meals, and then increase gradually
until the next preprandial peak (Cummings
2006). In addition, ghrelin levels are elevated in
energy deficit conditions, such as fasting, malnu-
trition, anorexia nervosa, or cachexia (Cummings
2006). Since the half-life of plasma ghrelin is
very short (Akamizu et al. 2004), the dynamics of
ghrelin levels highly depends on its secretion.
Ghrelin levels after meals are reduced by the con-
sumption of all three macronutrients, although
carbohydrates and proteins are more potent than
isoenergetic lipid loads (Foster-Schubert et al.
2008; Steinert et al. 2017). The post-meal inhibi-
tion of ghrelin secretion is not due to signals
arriving from the gastric lumen, since ghrelin
cells are closed-type. Still, ghrelin cells express
several nutrient-sensing receptors suggesting that
ghrelin secretion is regulated by circulating nutri-
ents (Steinert et al. 2017). In support of this
notion, it has been shown that ghrelin secretion in
humans is unaffected by intraduodenal glucose
infusion but is inhibited when glucose reaches
distal to the duodenum and proximal jejunum
(Little et al. 2006). Post-meal ghrelin secretion is
also inhibited by GI hormones that are recruited
by nutrient ingestion. In particular, intravenous
infusions of CCK or PY'Y reduce ghrelin levels in
humans, whereas GLP-1 infusions fail to affect it
(Batterham et al. 2003; Brennan et al. 2007;
Degen et al. 2005). Other hormones that contrib-
ute to the post-meal inhibition of ghrelin secre-
tion include insulin that decreases ghrelin levels
and is necessary for the post-meal ghrelin reduc-
tion (Flanagan et al. 2003; Mohlig et al. 2002). In
contrast, leptin fails to affect ghrelin levels (Chan
et al. 2004). The autonomic nervous system does
not seem to mediate the post-meal ghrelin
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inhibition but is critical for stimulating ghrelin
secretion during fasting in both humans and ani-
mals (Broglio et al. 2004; Hosoda and Kangawa
2008; Zhao et al. 2010).

There is a single ghrelin receptor, named the
growth hormone secretagogue receptor type la
(GHSR) (Cruz and Smith 2008; Howard et al.
1996). GHSR displays some uncommon features
that greatly increase the complexity of its func-
tion. GHSR is the GPCR with the highest known
constitutive activity, signaling about 50% of the
maximum activity in the absence of ghrelin
(Holst et al. 2003). Interestingly, ghrelin-evoked
activation of GHSR mainly recruits G, signal-
ing pathway while the ghrelin-independent activ-
ity of GHSR not only activates G,y signaling
but also involves G, signaling (Holst et al. 2003;
Lopez Soto et al. 2015). Additionally, GHSR het-
erodimerizes with other GPCRs, and such inter-
action mutually impacts on the signaling
pathways of each receptor (Schellekens et al.
2015). GHSR is mainly expressed in the pituitary
as well as in some regions of the CNS, which
mediates ghrelin actions on food intake, gastric
function, and glucose homeostasis (Cruz and
Smith 2008).

Ghrelin administration increases gastric emp-
tying; however, it is uncertain if endogenous pat-
terns of ghrelin levels are sufficient to affect
gastric emptying in humans (Jones et al. 2012;
Levin et al. 2006; Steinert et al. 2017). Pre-meal
ghrelin levels correlate with hunger sensations
and meal size, and administration of ghrelin to
humans strongly increases food intake; still, the
causal role of ghrelin in hunger remains unclear
(Cummings 2006). Studies in rodents have shown
that ghrelin plays a key role in the regulation of
food intake (Perello and Zigman 2012). The main
target of the orexigenic actions of ghrelin are the
neuropeptide Y (NPY)-producing neurons of the
arcuate nucleus (ARC) that express high levels of
GHSR (Cabral et al. 2016; Perello and Raingo
2014). In contrast to rodents, intact vagal affer-
ents seem to be required for ghrelin-induced food
intake in humans (Arnold et al. 2006; le Roux
et al. 2005). Additionally, ghrelin affects reward-
ing aspects of eating by modulating the activ-
ity of the mesolimbic pathway (Perello and

Zigman 2012). By acting at the central level,
ghrelin also promotes adiposity (Al Massadi
etal. 2017). On the other hand, ghrelin affects the
glycemic control by activating a variety of mech-
anisms that tend to increase glucose levels.
Intravenous infusion of ghrelin reduces insulin
levels in response to glucose infusion and
increases growth hormone and cortisol levels,
without any effect on glucagon or epinephrine
levels (Tong et al. 2013). Studies in mice indicate
that the insulin-inhibitory and glucagon-
stimulatory effects of ghrelin involve a direct
pancreatic action (Chuang et al. 2011; Kurashina
et al. 2015).

7.3  Cholecystokinin

CCK was discovered at the beginning of the
twentieth century by Bayliss and Starling (Bayliss
and Starling 1902). CCK is structurally related to
gastrin: they share a 5-residue sequence at the
C-terminal that includes an amidated phenylala-
nine that is key to their bioactivity (Eysselein
et al. 1986). Although gastrin is believed to have
evolved from CCK by gene duplication, it does
not regulate food intake in mammals but rather
gastric acid secretion. CCK is secreted after
meals in response to the products of carbohy-
drate, lipid, and protein digestion, and it is recog-
nized as the best-established GI endocrine
satiation signal in humans. In addition, CCK con-
tributes to the control of meal-related glycemia
indirectly, via its effect on gastric emptying, as
well as directly via control of hepatic glucose
production (Steinert et al. 2017). Figure 7.2
depicts the GI regions producing CCK as well as
the key targets and the main actions on energy
balance of this GI hormone.

CCK is produced by open-type cells tradition-
ally denominated I cells, which are found in the
proximal part of the small intestine (duodenum
and jejunum). For the CCK synthesis, pre-
proCCK is initially cleaved and yields the signal
peptide and the proCCK polypeptide. Then, three
out of four tyrosine residues in proCCK are sul-
fated by protein tyrosine sulfotransferase in the
Golgi complex, and sulfated proCCK is sorted
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Fig. 7.2 CCK production and effects on energy homeo-
stasis. GlI-derived CCK is secreted in the proximal small
intestine (production level indicated by intensity of green
shading) and exerts its effects on energy balance primarily
by direct action on the stomach and also by signaling
through vagal afferents (solid green arrows). Potential
direct central actions might also be present (dashed green
arrow). The thickness of the arrows indicates the relative
importance of each pathway

into immature secretory granules (Beinfeld
2003). The structure of proCCK allows cleavage
by PC1/3, PC2, and PCS5 at six monobasic motifs,
leading to the formation of CCK-58, CCK-39,
CCK-33, CCK-22, and CCK-8 (Beinfeld 2003).
These CCK forms share the sulfated 8 residues at
their C-terminal side, which is trimmed by car-
boxypeptidases and amidated by PAM. The most
abundant CCK form in the intestine is CCK-58,

followed by CCK-39, CCK-33, and CCK-8,
whereas in the brain CCK-8 is the most abundant
form (Eysselein et al. 1986). The fact that CCK-8
is the major form in the brain may allow a fast
degradation after release, while the larger forms
might be more difficult to degrade by the kidney
and liver leading to a longer biological half-life in
circulation (Beinfeld 2003).

CCK secretion is directly and indirectly stim-
ulated by intraluminal nutrients, which are sensed
by a variety of nutrient receptors expressed on the
apical surface of I cells (Steinert et al. 2017). In
humans, CCK secretion is highly elicited by lip-
ids and proteins and to a lesser extent by carbohy-
drates (Dockray 2009). Additionally, CCK
secretion is stimulated by the CCK-releasing fac-
tors “pancreatic monitor peptide” and “intestinal
luminal CCK-releasing factor” (Steinert et al.
2017; Wang et al. 2002).

Two CCK receptors have been identified and
named CCK-1R and CCK-2R (Dufresne et al.
2006). Interestingly, the ligand binding domain
of CCK receptors is different. CCK-1R is highly
specific for sulfated CCK forms, whereas the
CCK-2R shows only a 10- to 20-fold higher pref-
erence for the sulfated forms and binds to gastrin
with similar affinity (Huang et al. 1989; Miller
and Desai 2016). CCK receptors predominantly
couple to Gyq; signaling pathway (Miller and
Desai 2016; Wank 1995). In rats, CCK-1R is
mainly expressed in the GI tract and participates
in the digestive process, while CCK-2R is mostly
present in the CNS, where it is involved in satiety
(Wank 1995). Both CCK receptors are present in
vagal afferent fibers projecting to the nucleus of
the solitary tract (NTS) in the brainstem, which
controls food intake and autonomic functions
(Corp et al. 1993).

CCK is a potent regulator of the GI function.
In particular, CCK reduces gastric acid secretion
and gastric emptying (Whited et al. 2006), while
it stimulates gallbladder contraction (Liddle et al.
1985) and exocrine pancreas secretion (Adler
et al. 1991). In addition, CCK is the best-
established GI endocrine satiation signal in
humans playing a major role in the regulation of
meal size (Lieverse et al. 1995). Studies in
rodents suggest that CCK inhibits eating via both
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local and endocrine mechanisms; however, it
seems that CCK mainly stimulates satiation in
humans via activation of CCK-1R on afferent
vagal sensory neurons (Lieverse et al. 1995;
Steinert et al. 2017; Schwartz et al. 1993). The
role of CCK in meal termination does not seem to
be translated into regulation of long-term energy
intake since the reduction in meal size induced by
CCK before every meal is compensated for by an
increase in meal frequency (Woods 2004).
Notably, many actions of CCK have been studied
using synthetic CCK-8, which is relatively easy
to synthesize and strongly binds to
CCK-1R. However, the dominant circulating
form of CCK is CCK-58 (Eysselein et al. 1986),
and several studies have revealed that CCK-8 and
CCK-58 elicit a different pattern of biological
actions on pancreatic secretion, gastric motility
(Reeve et al. 1996; Yamamoto et al. 2005), meal
size reduction (Owyang and Heldsinger 2011),
and extension of the interval between meals
(Overduin et al. 2014). Animal studies indicate
that CCK affects glucose metabolism by reduc-
ing hepatic glucose production via a vagal-vagal
reflex (Cheung et al. 2009). Nonetheless, CCK
does not seem to play a major role in the glyce-
mic control in humans (Steinert et al. 2017).

7.4  Glucagon-Like Peptide-1

GLP-1 is a GI hormone derived from the pre-
proglucagon gene that increases in response to
meals. GLP-1 inhibits food intake and gastric
emptying; however, it is best known for its potent
inhibitory effect on the meal-related increases in
glycemia (Holst 2007). Remarkably, the pre-
proglucagon gene is also expressed in the pan-
creas and the brain, where proglucagon is subject
to a different post-translational processing and
generates different products (Orskov et al. 1986).
Specifically, proglucagon is cleaved by PC2 in
pancreatic o cells, whereas it is cleaved by
PC1/3 in the GI and the brain (Holst 2007). In the
pancreas, the main products of proglucagon are
proglucagon,_3, (or glicentin-related pancreatic
peptide, GRPP, which is inactive), progluca-
gonss ¢ (glucagon itself), and proglucagons, sg

(or major proglucagon fragment, which is also
inactive). In the brain, proglucagon is produced
by a subset of neurons of the NTS and gives rise
to GLP-1 in the same fashion as described below
for the GI tract (Trapp and Hisadome 2011).
Figure 7.3 depicts the GI regions producing
GLP-1 as well as the key targets, the extracellular
cleavage, and the main actions of this GI
hormone.

In the GI tract, GLP-1 is produced by open-
type L cells located in the distal jejunum and
ileum (Mojsov et al. 1986). In L cells, progluca-
gon is processed to generate GRPP, progluca-
g0N33_¢9 (also known as OXM), proglucagong_;¢;
(GLP-1), and proglucagon, 55 (GLP-2) (Holst
2007). In humans, the GLP-1 peptide corre-
sponds to the sequence of proglucagonsg g
amide, and it is designated GLP-1 (7-36amide),
which is the main circulating form (Holst 2007).
In rodents, however, about half of the GLP-1
appears as the Gly-extended form or GLP-1
(7-37). The Gly corresponding to proglucagong
serves as substrate for amidation, but the biologi-
cal consequences of this reaction are unclear, as
GLP-1 (7-36amide) and GLP-1 (7-37) display
similar bioactivities and overall metabolism.
After release, both GLP-1 forms are cleaved to
the inactive forms GLP-1(9-36amide) and GLP-
1(9-37) by the enzyme dipeptidyl peptidase 4
(DPP-4), which is a membrane glycoprotein
found locally in the GI tract, in circulation, and in
the liver. Due to its inactivation, only about
10-15% of the newly secreted GLP-1 reaches the
systemic circulation in its intact form, suggesting
that GLP-1 mainly acts locally rather than in an
endocrine manner (Holst 2007).

The L cells have microvilli protruding into the
intestinal lumen that sense nutrients, which regu-
late GLP-1 secretion (Holst 2007). GLP-1 secre-
tion is stimulated by dietary carbohydrates and
fats (Parker et al. 2010; Hansen et al. 2011).
Human studies revealed that the lowest GLP-1
levels can be seen after overnight fasting; they
increase rapidly during meals and usually do not
return to the morning level between meals. While
oral loads of carbohydrates usually result in
monophasic increases in GLP-1 levels, mixed-
nutrient meals induce biphasic patterns, with
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Fig.7.3 GLP-1 production and effects on energy homeo-
stasis. GLP-1 is secreted in the distal small intestine (level
of production indicated by intensity of orange shading).
GLP-1 effects on energy homeostasis are exerted by direct
action on the endocrine pancreas but also by signaling
through vagal afferents (solid orange arrows). Potential
direct central actions have also been suggested (dashed
orange arrows). Note that upon secretion GLP-1 is heavily
degraded to inactive forms by DPP-4 (fading orange
arrow). The thickness of the arrows indicates the relative
importance of each pathway

secondary peaks after 60—120 min (Carr et al.
2010; Steinert et al. 2017).

The GLP-1 receptor (GLP1R) belongs to the
glucagon receptor family, which is a group of
GPCRs that also includes the glucagon receptor
(GCGR), the GLP-2 receptor, and the gastric
inhibitory polypeptide (GIP) receptor (Mayo
et al. 2003). GLP1R binds both GLP-1 and gluca-

gon. GLP1R predominantly couples to the Gy
pathways (Drucker et al. 1987; Fehmann et al.
1995) but may also activate other G, pathways
(Wheeler et al. 1993). GLPIR is expressed in
pancreatic islets, throughout the whole GI tract
(Holst 2007) and in the brain, especially in vagal
afferents and other areas implicated in food
intake and energy balance regulation (Alvarez
et al. 2005).

The most acknowledged effect of intestinal
GLP-1 is the reduction of meal-related increases
in glycemia, an effect that mainly takes place by
stimulating insulin secretion, inhibiting glucagon
secretion, and slowing gastric emptying (Holst
2007; Sandoval and D’Alessio 2015; Drucker
et al. 1987). GLP-1, together with GIP, plays a
major role in the incretin effect, which refers to
the direct effect of some GI hormones on the
B-cells to enhance glucose-stimulated insulin
secretion and accounts for around 50-70% of the
insulin release after carbohydrate intake (Mayo
et al. 2003). In healthy subjects, GLP-1 may also
contribute to glycemic control in the fasting state
mainly via the regulation of gastric emptying and
glucagon secretion (Steinert et al. 2017; Vilsboll
et al. 2003; Nauck et al. 1997). Regarding food
intake control, peripheral administration of
GLP-1 inhibits eating in many species, including
humans (Barrera et al. 2011; Williams 2009). The
mechanism by which intestinal GLP-1 reduces
food intake in humans remains unsettled, but
likely involves its action at both vagal sensory
afferents and CNS targets (Orskov et al. 1996). In
rodents, GLPIR is expressed in both the ARC
and the NTS, and GLP-1 seems to directly recruit
NTS neurons and indirectly act on ARC neurons
via ascending pathways (Wren and Bloom 2007).
As described above, the CNS also produces
GLP-1 that likely contributes to the regulation of
energy homeostasis (Barrera et al. 2011; Trapp
and Hisadome 2011).

7.5 PYY

PYY was first described in 1980 (Tatemoto and
Mutt 1980) and belongs to the PP-fold family
that also includes PP and NPY, all of which
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present a similar U-shaped tertiary structure and
sequence homology (Wynne and Bloom 2006).
PYY is released in response to meals and takes
part in the local regulation of GI activity by slow-
ing GI motility. PYY may also play a role in
reducing food intake and controlling meal-related
glycemia (Batterham et al. 2002; Chandarana
et al. 2013). Figure 7.4 depicts the GI regions
producing PYY as well as the key targets, the
extracellular cleavage and the main actions of
this GI hormone.

PYY is produced by L cells, which can also
co-secrete CCK, GLP-1, glicentin, OXM, and
GIP to a varying extent (Spreckley and Murphy
2015; Steinert et al. 2017). L cells are located in
the distal intestine, mainly in the rectum, fol-
lowed by the colon and ileum (Wynne and Bloom
2006). Additionally, PYY is expressed in the
endocrine pancreas and in some neurons of the
CNS (Spreckley and Murphy 2015). As described
for the other GI hormone precursors, pre-proPYY
is initially cleaved by the signal peptidase and
generates proPYY, which contains the PYY
sequence at its N-terminal end. Thus, proPYY is
further cleaved by PCs and the two basic residues
trimmed by carboxypeptidases in order to gener-
ate PYY | _3-Gly. Finally, the C-terminal end of
PYY is amidated, a modification required for its
bioactivity, in order to generate mature PYY 34
(Stanley et al. 2004). Two major circulating
forms of PYY exist: the full-length PYY,_ s,
which is the secreted form, and a truncated
PYY; 3 form that results from the DPP-4-
mediated N-terminal cleavage, which mainly
occurs in the intestinal lamina propria, liver, cap-
illary endothelium, and blood (Spreckley and
Murphy 2015; Wynne and Bloom 2006). PYY5 34
is the predominant form of PYY in circulation
and is usually regarded as the active form
(Manning and Batterham 2014; Wynne and
Bloom 2006).

PYY exhibits a two-phase release profile fol-
lowing a meal. The first-phase response is medi-
ated via neuroendocrine reflexes and likely
involves CCK and GLP-1, while the second is
likely driven by sensing of nutrients in the distal
GI tract (Spreckley and Murphy 2015; Svendsen
et al. 2015). PYY levels start rising few minutes

| food intake
| gastric emptying

I vagal
afferent

PYY3-36

DPP4

|:,YY1 -36

Fig. 7.4 PYY production and effects on energy homeo-
stasis. PYY is secreted from the distal intestine (extent
indicated by intensity of yellow shading) and promptly
undergoes a cleavage to its main active form by DPP-4
(intermediate yellow arrow). PYY effects on energy bal-
ance are primarily exerted by signaling through vagal
afferents but also involve direct central signaling (solid
outgoing yellow arrows). The thickness of the arrows
indicates the relative importance of each pathway

after meals and reach the peak 60-90 min after
meals, with levels proportional to caloric intake
and dependent on ingested macronutrient compo-
sition, as larger and more sustained PYY eleva-
tions are induced by lipid ingestion as compared
to carbohydrate ingestion (Manning and
Batterham 2014; Spreckley and Murphy 2015;
Steinert et al. 2017). The half-life of PYY in
humans is short, but the sustained postprandial
release increases its levels for several hours
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(Spreckley and Murphy 2015). Thus, it takes sev-
eral hours after evening meals to reach typical
morning fasting levels (Steinert et al. 2017).
Interestingly, postprandial profiles of active PYY
and GLP-1 are often dissimilar because DPP-4
activates PY'Y, but inactivates GLP-1 (Mortensen
et al. 2003).

PYY-related peptides bind to several mem-
bers of the Y receptor (YR) family, all of which
are GPCRs that couple to Gy pathway
(Stadlbauer et al. 2015). Specifically, PYY 34
activates Y1R, Y2R, Y4R, and Y5R, while
PYY;_; selectively targets Y2R (Dumont et al.
1995). Importantly, Y2R is expressed in a num-
ber of regions along the GI tract and in vagal
afferents, as well as in several brain areas
including the ARC (Steinert et al. 2017). In
neurons, Y2R is located at presynaptic termi-
nals, and its activation inhibits neurotransmitter
release (Stadlbauer et al. 2015).

PYY reduces gastric emptying and acid
secretion, increases ileal absorption, and delays
gallbladder and pancreatic secretion (Kirchner
et al. 2010; Spreckley and Murphy 2015; Wynne
and Bloom 2006). Thus, PYY is part of the
feedback mechanism known as the “ileal break,”
which is elicited by the presence of unabsorbed
dietary components in the distal GI tract and is
aimed to slow proximal GI motility in order to
facilitate efficient digestion and uptake of nutri-
ents (Imamura 2002; Spreckley and Murphy
2015). PYY may also act as a satiety signal
(Manning and Batterham 2014; Stanley et al.
2004; Wynne and Bloom 2006) since PYY; 3
administration reduces food intake in both
rodents and humans (Batterham et al. 2002;
Manning and Batterham 2014). This anorexi-
genic effect seems to occur via Y2R and involves
the inhibition of both orexigenic ARC NPY neu-
rons and vagal afferents fibers (Stadlbauer et al.
2015; Stanley et al. 2004; Wynne and Bloom
2006; Chaudhri et al. 2006). PYY administra-
tion affects glycemia, but the physiological rel-
evance of endogenous PYY on glucose
homeostasis in humans is still a matter of debate
(Manning and Batterham 2014; Persaud and
Bewick 2014; Steinert et al. 2017).

7.6 Other Gastrointestinal

Hormones

Oxyntomodulin First reported in 1981 (Bataille
etal. 1981), OXM is a 37-residue peptide derived
from the post-translational processing of the pro-
glucagon precursor. OXM is produced by L cells
of the small intestine, and its distribution along
the GI tract mirrors that of GLP-1 (Holst 2007,
Wynne and Bloom 2006; Chaudhri et al. 2006).
Similarly to GLP-1, OXM is also produced in the
pancreas and the brain (Stanley et al. 2004).
OXM binds to both GLP1R and GCGR, although
its affinity is almost two orders of magnitude
lower than their native ligands (Spreckley and
Murphy 2015). Furthermore, OXM elicits a
biased GLP1R response as compared with GLP-
1, as it has less preference toward the G, path-
way as compared to the ERK pathway (Pocai
2014). Similarly to PYY and GLP-1, OXM is
released after meals in an extent that depends on
the caloric intake and macronutrient composi-
tion, being mainly stimulated by fat content
(Huda et al. 2006). The half-life of OXM is short,
being rapidly degraded in circulation by DPP-4,
in a similar fashion as GLP-1 (Yi et al. 2015).
OXM inhibits gastric secretion, pancreatic exo-
crine secretion, and gastric emptying (Field et al.
2008). OXM also inhibits food intake, in part,
due to the suppression of ghrelin levels (Wren
and Bloom 2007). OXM might be involved in
long-term energy balance in humans since its
repeated administration reduces body weight as a
result of both reduction in food intake and
increase in energy expenditure (Field et al. 2008).
Despite OXM binds to both GLPIR and GCGR,
it mainly inhibits appetite via the GLPIR since
co-administration of OXM and a GLP1R antago-
nist blocks the anorectic actions of OXM (Dakin
et al. 2001; Pocai 2014). In contrast to GLP-1,
OXM is thought to inhibit food intake by acting
directly at the ARC level (Wren and Bloom
2007). This possibility together with the addi-
tional effect of OXM on GCGR may explain the
reason why this GI hormone is as potent as
GLP-1 to reduce food intake despite its lower
affinity for the GLP1R (Wynne and Bloom 2006).
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OXM also exhibits incretin activity albeit modest
compared to that of GLP-1 (Du et al. 2012).

Pancreatic Polypeptide PP is an amidated
36-residue peptide that belongs to the PP-fold
family and was discovered in 1975 from pancre-
atic extracts (Kimmel et al. 1975; Chaudhri et al.
2006). PP is mainly produced in specialized pan-
creatic islets cells, called F cells, and to a lesser
extent in the exocrine pancreas, colon, and rec-
tum (Huda et al. 2006; Khandekar et al. 2015;
Wren and Bloom 2007). As all members of the
PP-fold family, PP binds to YR showing the high-
est affinity for Y4R but also binding to Y5R and
YIR, all of which are expressed in the CNS
(Huda et al. 2006). The PP production is under
vagal control (Lean and Malkova 2016), and its
effects are also mainly mediated by the vagus
nerve (Choudhury et al. 2016). PP is released
after meals, in an amount proportional to the cal-
ories ingested, and in response to hypoglycemia,
exercise, gastric distension, and elevations in gas-
trin, secretin, and motilin (Field et al. 2008; Huda
et al. 2006). Similarly to PYY, PP has a short
half-life but its levels remain elevated for several
hours after meals (Chaudhri et al. 2006;
Choudhury et al. 2016). In humans, peripheral
administration of PP inhibits gastric emptying,
exocrine pancreatic secretion, and gallbladder
motility and acutely decreases food intake (Lean
and Malkova 2016; Wren and Bloom 2007). In
rodents, peripheral administration of PP also
reduces food intake and gastric emptying, and
these effects seem to occur via hypothalamic
actions but also require the integrity of the vagal
system (Asakawa et al. 2003; Khandekar et al.
2015). PP inhibits glucagon release through the
activation of Y 1R in pancreatic « cells, and delays
the postprandial rise in insulin (Aragon et al.
2015; Chaudhri et al. 2006).

Somatostatin SST is a cyclic peptide that was
first identified in 1973 in hypothalamic extracts
(Brazeau et al. 1973). SST displays a widespread
distribution in the body, being produced in the GI
tract, as well as in the brain, peripheral nerves, the
pancreas, and the retina (Kumar and Grant 2010).
Most of the circulating SST derives from the

GI tract, where it is released from D cells as well
as from intrinsic neurons located in the stomach,
intestines, and pancreas (Low 2004). Interestingly,
proSST can yield two bioactive products: a short
14-residue form (SST-14) and a longer 28-residue
form (SST-28) that contain an extension at the
N-terminus (Kumar and Grant 2010). Both SST
forms present a disulfide bond between cysteine
residues at positions 1 and 12. SST-28 predomi-
nates in the intestinal mucosal cells, while SST-14
predominates in the pancreas, the stomach, and
neural tissues. SST binds to five GPCRs, named
SSTR1-5. SSTRs 1 to 4 bind SST-14 and SST-28
with similar affinity, while SSTRS binds SST-28
with five- to tenfold higher affinity (Rai et al.
2015). All SSTRs are coupled to the G; pathway
and are widely distributed in the body, although
SSTR2 and SSTRS are predominantly expressed
in the peripheral tissues (Low 2004). SST secre-
tion is increased by a combination of nutritional,
hormonal, and neural signals after meals (Low
2004), and SST levels can remain elevated post-
prandially for few hours, despite SST in plasma
displays a very short half-life (Rai et al. 2015).
Well known for its inhibitory physiological actions
in multiple targets, SST can function via endo-
crine, paracrine, or neurocrine pathways. SST is
involved in a variety of effects, and it is unclear
whether its effects on the energy balance are direct
or indirect, as SST inhibits the release of numer-
ous hormones (Rai et al. 2015). SST inhibits the
secretion of some GI hormones (CCK, ghrelin,
GLP-1, GIP, secretin), gastric emptying, and GI
motility while also inhibiting insulin and glucagon
secretion from the pancreas (Rai et al. 2015). The
effect of SST on food intake is unclear as studies in
rodents have found inconsistent results (Fenske
et al. 2012; Rai et al. 2015). Still, the relevance of
SST in the regulation of energy balance remains
uncertain (Rai et al. 2015; Steinert et al. 2017).

Gastrointestinal Hormones
and Obesity

7.7

The understanding of the role of the GI hormones
on the regulation of the mechanisms controlling
energy balance has notably improved over the
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Table 7.1 Summary of some key features of the GI hormones described in this chapter

Ghrelin
Ghrelin cells

GI hormone
Secreting
enteroendocrine
cells

Location of
enteroendocrine
cells

Stomach

Secretion pattern  Before meals

Peptides derived Ghrelin (active)

from the precursor Des-acyl ghrelin

(activity) Obestatin

Effect on food Increases

intake

Effect on gastric Increases

emptying

Effect on glucose Promotes hyperglycemic

homeostasis mechanism. (decreases insulin
secretion. Increases glucagon,
glucocorticoids, growth hormone)

Known GHSR-1a (ghrelin)

Receptors (ligand)

last decades. As summarized in Table 7.1, it is
now clear that CCK, GLP-1, and PYY, which are
secreted after eating, reduce food intake mainly
by affecting the timing and size of individual
meals, while ghrelin, which is secreted before
eating, may also play a tonic role controlling the
long-term body weight. Additionally, some GI
hormones also regulate glucose homeostasis by
affecting insulin secretion and/or sensitivity as
well as by affecting gastric emptying, which con-
tributes to the regulation of meal-related glyce-
mia. Thus, GLP-1 strongly controls meal-related
glycemia via a variety of mechanisms, while
CCK and PYY decrease gastric emptying but do
not seem to impact on other aspects of glycemic
control. In contrast, ghrelin promotes mecha-
nisms that increase glycemia and only slightly
increases gastric emptying. Given the key role of
these GI hormones in the regulation of the energy
homeostasis, it is likely that they are also involved
in the pathophysiology of obesity, which is the
most significant growing health concern world-
wide. Currently, the only treatment that produces
long-term weight loss and improves obesity-

CCK
I cells

GLP-1
L cells

PYY
L cells

Duodenum and Jejunum, ileum, and Distal part of the

proximal part of colon jejunum, ileum,
jejunum rectum, and
colon

After meals After meals After meals
CCK-8 GRPP PYY; 3 (active)
CCK-58 Oxyntomodulin PYY 3 (active)
Others GLP-1 (7-36amide)

GLP-1 (7-37)

GLP-2
Potently Decreases Decreases
decreases
Decreases Decreases Decreases
No major Increases insulin No major effects
effects secretion, decreases

glucagon

CCK-1R (CCK)
CCK-2R
(gastrin, CCK)

GLPIR (GLP-1,
OXM)

Y2R (PYY; 56)
YIR, Y2R, Y4R,
Y5R (PYY | 5)

related comorbid conditions in severely obese
patients is bariatric surgery, particularly Roux-
en-Y gastric bypass (RYGB) (Sjostrom et al.
2007). Although the mechanisms involved in the
bariatric surgery-mediated remission of obesity
are still uncertain, it is well-established that the
levels of various GI hormones are altered and that
such changes correlate with the beneficial effects
of the procedure (Steinert et al. 2017). These
observations have highlighted the necessity to
improve our understanding of the role of the GI
hormones in the pathophysiology of obesity in
order to further explore their therapeutic manipu-
lation. In this section, we briefly review possible
links between the above described GI hormones
and obesity as well as their potential as pharma-
ceutical targets.

Little association has been found between
ghrelin or GHSR gene mutations and obesity in
humans (Gueorguiev et al. 2009; Liu et al. 2011);
however, ghrelin gene polymorphisms were asso-
ciated with body mass index variation in some
human populations (Li et al. 2014). Most obese
patients display low ghrelin levels and a blunted
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increase of nocturnal ghrelin levels, as compared
to normal subjects (Hillman et al. 2011; Tschop
et al. 2001). In addition, some studies report that
obese patients show a blunted postprandial
decrease of ghrelin levels, which likely increases
the time they feel hungry and contributes to the
pathophysiology of obesity (le Roux et al. 2005;
Morpurgo et al. 2003; Yang et al. 2009). On the
other hand, ghrelin levels rise in obese patients
after diet-induced weight loss, and such increase
seems to be involved in the rebound weight gain
usually observed in dieters (Cummings et al.
2002). Patients that undergo RYGB display
reduced fasting and post-meal ghrelin levels in
the first weeks after surgery, but the longer-term
effects are controversial (Cummings and Shannon
2003; Steinert et al. 2017; Beckman et al. 2010).
Patients that go through sleeve gastrectomy show
a dramatic decrease of body weight and display
almost undetectable ghrelin levels (Peterli et al.
2012). These evidences suggested that pharma-
cological manipulations of ghrelin signaling may
be a potential anti-obesity strategy. However, no
therapy targeting this system has been shown to
be successful up to date. Among other reasons,
the complexity of the GHSR biology, including
the fact that ligands of the receptor can function
as agonist, antagonist, or inverse agonists in a
biased fashion (M’Kadmi et al. 2015), has
become an intrinsic limitation hard to overcome.

Human CCK-1R polymorphisms have been
associated with meal size, total food intake, and
body weight alterations, suggesting that CCK
system is involved in the pathophysiology of obe-
sity (Steinert et al. 2017). However, it is currently
controversial if CCK levels are altered in obesity,
as one study found reduced fasting CCK levels in
obese patients, which could contribute to over-
eating, while other studies could not confirm
these findings (Baranowska et al. 2000; Brennan
et al. 2012; Stewart et al. 2011). Interestingly,
postprandial CCK levels have been reported to be
normal or increased following RYGB in different
studies indicating that this system may contribute
to the early satiation seen in these patients
(Steinert et al. 2017). The reason for this observa-
tion is unclear, as the ingested nutrients fail to
contact the majority of the I cells after the surgi-

cal procedure, although this suggests that CCK
system may represent a target for obesity treat-
ment (Steinert et al. 2017). Many attempts have
been performed in order to reduce appetite by
pharmacological manipulations of the CCK sys-
tem. In rats, continuous CCK administration rap-
idly becomes ineffective, while intermittent CCK
administration before each meal effectively
reduces meal size; nevertheless, animals com-
pensate daily food intake by increasing meal fre-
quency (Crawley and Beinfeld 1983; Woods
2004). Similarly, intravenous CCK reduces food
intake in humans, but repeated administration of
an orally available CCK-1R agonist to obese
patients failed to reduce body weight (Jordan
et al. 2008; Kissileff et al. 1981). Although sev-
eral CCK-1R agonists have been developed,
research is still ongoing and no active agents
have yet reached clinical practice (Miller and
Desai 2016).

A polymorphism in GLPIR has been associ-
ated with elevated body mass index in some pop-
ulations, suggesting that defects in GLP-1
signaling could contribute to obesity risk (Li
et al. 2014; Steinert et al. 2017). Most, but not all,
studies have shown that post-meal GLP-1 levels
are reduced in obese patients, suggesting that
defects in GLP-1 system may contribute to over-
eating in obesity (Steinert et al. 2017).
Interestingly, the incretin effect of GLP-1 is
diminished, but still present, in obese patients,
and GLP-1 is a crucial contributor for glycemic
control in individuals with insulin resistance or
diabetes (Aulinger et al. 2015; Bagger et al.
2011). Human and animal studies have shown
that RYGB fails to affect fasting GLP-1 levels but
substantially increases postprandial GLP-1 lev-
els, which seem to play a major beneficial effect
of RYGB (Rhee et al. 2012). It is still a matter of
debate if GLP-1 is involved in the reduction of
eating and weight loss seen after RYGB; however,
compelling evidence indicates that GLP-1 con-
tributes to the beneficial effects of RYGB on gly-
cemic regulation in humans (Steinert et al. 2017).
GLP-1 is currently the most successful GI hor-
mone exploited as a therapeutic target, mainly in
relation with glycemic control. The pharmaco-
logical strategies include the DPP-4-resistant
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GLPIR agonist exendin-4, which is a natural
peptide component of Gila monster saliva, and its
synthetic versions exenatide and liraglutide,
which are GLP-1 analogs with an acylated side
chain (Troke et al. 2014). Alternatively, DPP-4
inhibitors, such as sitagliptin and vildagliptin, are
used to increase the endogenous GLP-1 levels.
These DPP-4 inhibitors are currently licensed for
the treatment of type 2 diabetes mellitus but fail
to reduce body weight, likely because DPP-4
inhibition also impacts on the generation of bio-
active PYY(3-36) (Field et al. 2008). Thus, the
utility of the GLP-1 system as a target for weight
loss therapies remains limited, and it seems
unlikely that GLP-1-related monotherapy will be
used for the treatment of obesity (Troke et al.
2014).

The relationship between PYY levels and obe-
sity is uncertain. Some studies found that obese
patients display lower basal PYY levels and a
blunted meal-induced increase; however, this
findings could not be confirmed by others
(Stanley et al. 2004; Stadlbauer et al. 2015). As
seen for GLP-1, obese patients that underwent
RYGB show markedly increased meal-stimulated
PYY levels (Manning and Batterham 2014) that,
together with GLP-1 elevations, may contribute
to the reduction in food intake following surgery
(Karra et al. 2009; Manning and Batterham
2014). This observations as well as many rodent
studies have supported the notion that the PYY
system may be pharmacologically targeted as an
anti-obesity therapy (Karra et al. 2009).
Interestingly, PYY equally reduced food intake
in lean or obese subjects in clinical trials; how-
ever, the rapid rise of PYY levels induced by
either intranasal or oral preparations of PYY(3—
36) was shown to induce nausea and vomiting
(Field et al. 2008). Thus, it remains unclear if
PYY-based therapies will be available to treat
obesity.

The potential link between OXM, PP, or SST
and obesity in humans is currently uncertain.
Few data are available regarding the OXM levels
or effects in obese patients (Huda et al. 2006).
Similarly to PYY and GLP-1, OXM is exaggerat-
edly increased after meals in patients that under-
went RYGB surgery, and such increase has been

linked to the loss of appetite found after surgery
(Pocai 2014; Huda et al. 2006). The beneficial
actions of OXM on food intake, energy expendi-
ture, and body weight make it a promising target
for the treatment of obesity. Given the short half-
life of OXM, future modified versions of this
peptide, resistant to degradation, may be poten-
tial therapeutic candidates to improve glycemic
control and suppress appetite in obese patients
(Pocai 2014; Spreckley and Murphy 2015).
Regarding PP, some studies found that obese
patients display lower fasting PP levels, as com-
pared to lean subjects, but this observation could
not be confirmed by other studies (Lean and
Malkova 2016). The effect of weight loss on PP
levels in obese individuals has also been incon-
sistent (Lean and Malkova 2016). Currently,
there is no anti-obesity treatment targeting the PP
system. However, the ability of PP to strongly
suppress appetite and promote weight loss in
humans has made this GI hormone an attractive
therapeutic target, and several PP analogs have
been generated and successfully tested in animal
models (Choudhury et al. 2016; Troke et al.
2014). Thus, some novel compounds targeting
the PP system may be soon tested for human use.
Notably, the potent anorectic effect of PP seen in
rodents suggests that Y4R agonists may be useful
to treat obesity (Troke et al. 2014). Regarding the
SST system, it seems unlikely to develop an anti-
obesity therapy based on this system given its
pleiotropic functions (Rai et al. 2015).

In summary, no anti-obesity drug based on the
manipulation of GI hormones currently exists on
the market mainly because of lack of evidence of
sustained body weight loss. Despite the potent
effect of some GI hormones on appetite, their
failure as therapeutic drugs is most likely due to
the existence of many associated and redundant
compensatory mechanisms that control energy
homeostasis. In addition, the short-term effect of
most GI hormones in physiological conditions
adds some pharmacological challenges that need
to be overcome in long-acting compounds. More
recently, the use of combined therapies that take
advantage of two or even more compounds tar-
geting different GI hormonal systems has
emerged as an exciting possibility that is cur-
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rently under study (Troke et al. 2014). Hopefully,
future innovative investigations will be able to
develop GI hormone-based therapies to provide
an effective treatment for obesity.

Didactic Elements

Q1. Which are the main GI hormones that regu-
late energy balance?

In which part of the GI are ghrelin, PYY,
GLP-1, and CCK mainly produced?

Which GI hormones are more important in
the regulation of the appetite?

Which GI hormones are more important in
the regulation of the postprandial
glycaemia?

Which GI hormones increase their bioactiv-
ity by proteolysis once they are secreted?

Q2.
Q3.
Q4.

Qs.

Disclosure Statement The authors have nothing to
disclose.
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