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The gastrointestinal hormone motilin has been known about for >40 years, but after identification of its receptor and
subsequent development of new tools and methods, a reappraisal of its actions is required. Firstly, it is important to note that
motilin and ghrelin receptors are members of the same family (similar genomic organization, gastrointestinal distribution and
abilities to stimulate gastrointestinal motility), yet each fails to recognize the ligand of the other; and whereas ghrelin and
ghrelin receptors are widespread outside the gastrointestinal tract, motilin and its receptors are largely restricted to the
gastrointestinal tract. Secondly, although some studies suggest motilin has activity in rodents, most do not, and receptor
pseudogenes exist in rodents. Thirdly, motilin preferentially operates by facilitating enteric cholinergic activity rather than
directly contracting the muscle, despite the relatively high expression of receptor immunoreactivity in muscle. This activity
is ligand-dependent, with short-lasting actions of motilin contrasting with longer-lasting actions of the non-selective and
selective motilin receptor agonists erythromycin and GSK962040. Finally, the use of erythromycin (also an antibiotic drug)
to treat patients requiring acceleration of gastric emptying has led to concerns over safety and potential exacerbation of
antibiotic resistance. Replacement motilin receptor agonists derived from erythromycin (motilides) have been unsuccessful.
New, non-motilide, small molecule receptor agonists, designed to minimize self-desensitization, are now entering clinical trials
for treating patients undergoing enteral feeding or with diabetic gastroparesis. Thus, for the translational pharmacologist, the
study of motilin illustrates the need to avoid overreliance on artificial systems, on structural information and on animal studies.
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Introduction
The gastrointestinal (GI) hormone motilin was identified
over 40 years ago (Brown et al., 1973) following suggestions
that a substance was released from the duodenum to increase
gastric emptying (Shay and Gershon-Cohen, 1935) and
gastric motor activity in denervated gastric pouches (Brown
et al., 1966). Motilin is a 22-amino-acid peptide, synthesized

and secreted by specific endocrine cells in the epithelia of
human upper small intestine, most notably the jejunum and
duodenum, with smaller amounts elsewhere, such as the
gastric antrum (Christofides, 1978).

In humans, motilin is released during fasting and after
eating. The hormone is also released in response to air-filled
balloons (Boivin et al., 1992a) or by drinking water
(Christofides, 1978), suggesting that the stimulus for its
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release after eating is mechanical, although its release may
also be influenced by particular nutrients such as fat
(Christofides, 1978). The amount of motilin released is not
thought to be high enough to affect gastric motility in
healthy individuals. However, in patients with delayed gastric
emptying, it is still possible that endogenous motilin may
have an effect because of the greater potential to observe
stimulation (Boivin et al., 1992b; see later).

The release of motilin during fasting occurs in association
with phase III of the migrating motor complex (MMC). In
humans, MMC activity begins in the upper gut. It is charac-
terized by four distinct phases. The first and longest is a period
of near quiescence, followed by a period of small-amplitude
contractions of irregular frequency known as phase II, and
then a burst of high-amplitude propulsive contractions (phase
III), which move down the intestine and terminate in the
distal small intestine; phase IV is sometimes used to describe
the decline of activity back to baseline (Husebye, 1999). Phase
III activity is thought to help clear the stomach and intestine
from any undigested material, prevent bacterial overgrowth
in the upper gut and perhaps help to develop the sensation of
hunger (Sanger and Lee, 2008). Studies in dogs (Nakajima
et al., 2010) suggest that phase II of the MMC is caused by a
gradual build-up of 5-HT, which acts at 5-HT4 receptors within
the enteric nervous system (ENS) to increase contractile activ-
ity. This leads to further release of 5-HT from enterochroma-
ffin cells, by a similar process to the release of motilin. The
former acts at 5-HT3 receptors to help initiate phase III activity
(5-HT3 receptor antagonists reduce phase III periodicity;
Wilmer et al., 1993), whereas the latter helps sustain the
contractile activity in the stomach (rabbit anti-motilin serum
blocks phase III activity in dog stomach; Lee et al., 1983) but
not the small intestine. The reason why two different media-
tors are involved is unclear. Nevertheless, it is worth noting
that there is a correlation between gastric MMCs and feelings
of hunger (Ang et al., 2008), suggesting that the released
motilin could have an additional role to enhance appetite,
perhaps by releasing ghrelin (Zeitlow et al., 2010) and/or by
directly activating the vagus nerve (Mochiki et al., 1997;
Suzuki et al., 1998) to signal information to the brain.

Motilin acts at its own receptor (motilin receptor, previ-
ously known as GPR38; Feighner et al., 1999) and following
its identification, the antibiotic drug erythromycin was found
to activate the motilin receptor. Erythromycin had previously
been shown to mimic the GI contractile activity of motilin in
dogs (Itoh et al., 1984) and displace motilin binding to rabbit
and human gastric antrum muscle (Peeters et al., 1989). Such
activity explained the GI adverse events associated with its
use as an antibiotic and has led to its additional use as a
gastric prokinetic agent for treatment of upper GI disorders
(see below). This discovery also prompted the development of
related structures as non-antibiotic motilin receptor agonists
and to a belief that macrolide structures and antibiotic drugs
are often also motilin receptor agonists (Abu-Gharbieh et al.,
2004). However, it should be noted that for many of these
drugs the evidence to support this assumption is weak or
absent; azithromycin has only recently been shown to acti-
vate the motilin receptor (Broad and Sanger, 2012).

To understand the functions of motilin and appraise the
clinical potential of drugs acting at the motilin receptor, it is
important to reassess the large and sometimes confusing lit-

erature on the biology of motilin. The reassessment needs to
take into account the evidence derived using the molecular
and chemical tools that have recently become available. This
analysis identifies species-dependent properties of motilin and
distinguishes the actions of motilin from those of ghrelin.
It focuses attention away from the often-studied ability of
motilin to directly contract GI muscle and onto the long-
lasting abilities of certain motilin receptor agonists to facilitate
the activities of enteric nerves and hence be of therapeutic
benefit to patients requiring accelerated gastric emptying.

Motilin and the motilin receptor

Association with ghrelin
Motilin and ghrelin hormones and receptors are members of
the same sub-family of GPCRs (Folwaczny et al., 2001). The
structural similarities between the receptors (52% overall
amino acid identity, rising to 86% in the transmembrane
domains; Folwaczny et al., 2001; Ohno et al., 2010) and their
unusual genomic organization (encoded within two exons
with no un-translated exons; Sanger et al., 2011), their pre-
dominantly upper GI location in distinct mucosal endocrine
cells (present in highest amounts within gastric oxyntic
mucosa [ghrelin] or duodenal/antrum villous epithelia
[motilin]; Peeters, 2006; Sanger, 2008), their release during
fasting and abilities to stimulate specific movements of the
upper gut during fasting (see below) or gastric emptying of
meals (Ohno et al., 2010), suggest an evolutionary linkage.
Nevertheless, significant differences remain. Firstly, the recep-
tors do not recognize the natural ligands of each other, at
least so far as the human and rabbit receptors that have been
studied (Dass et al., 2003; Nunoi et al., 2012). Secondly,
although both hormones are released during fasting (in
human duodenum and jejunum biopsies ghrelin and motilin
are co-produced and stored in the same cells, suggesting
co-secretion; Wierup et al., 2007) and/or in response to each
other (ghrelin release stimulated by motilin; Zeitlow et al.,
2010), the timings of their release differ. Thus, the release of
motilin during fasting is in association with phase III of the
MMC (Nakajima et al., 2010), whereas ghrelin is released in
association with the desire to eat (Peeters, 2006). Further-
more, whereas the released motilin may play a role in phase
III MMC activity (see Introduction), insufficient amounts of
ghrelin are thought to be released to initiate such an event
(although exogenously applied ghrelin can induce phase III-
like activity) (Camilleri et al., 2009). Finally, the distribution
of ghrelin outside the GI tract is considerably more wide-
spread than that of motilin (Sanger and Lee, 2008), indicating
significant additional non-GI roles for this hormone. The
ability of ghrelin to promote appetite, modulate energy
balance, suppress inflammation and enhance growth hor-
mone release has, for example, led to the proposed use of
ghrelin receptor agonists to treat cachexia (Ashitani et al.,
2009) in addition to disorders associated with delayed gastric
emptying (Peeters, 2006).

Species and tissue distribution of motilin
The actions of motilin are highly species-dependent. Most
notable is the absence of a functional motilin system in rats,
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mice, guinea pigs and other rodents, where motilin and
motilin receptor pseudogenes have been identified (He et al.,
2010; Sanger et al., 2011); in these animals, motilin fails to
elicit a response (e.g. Bassil et al., 2005). It has been suggested
that the lack of a response to motilin in these animals is
related to the unusual anatomy and physiology of the rodent
stomach, which precludes a physical ability to vomit (Sanger
et al., 2011). Differences between the actions of motilin in
other non-rodent species compared to those in humans are
less marked but nonetheless of great importance for correct
translation of data from functional studies. For example, the
dog receptor has only 71% protein identity with the human
motilin receptor (Ohshiro et al., 2008), a clear difference in
phylogenetic tree alignment (Sanger et al., 2011) and is less
sensitive to motilin receptor agonists (by ~2 log units for
erythromycin and GSK962040; Ohshiro et al., 2008; Leming
et al., 2011). In rabbits, the receptor has 84% protein identity
and similar pharmacology to the human receptor (Dass et al.,
2003), yet the physiological roles of motilin are more
complex and depend on the unusual digestive behaviours of
this animal. Thus, the rabbit is a lagomorph, the only other
mammalian order that lacks an emetic reflex and relies on
re-ingestion of faeces (coprophagia) for cellulose digestion.
One suggestion is that motilin has been retained during evo-
lution to help promote defecation of the hard faecal pellets,
which follow the initial excretion and re-ingestion of partly
digested faeces (Costa et al., 1997; Sanger et al., 2009). Such
activity contrasts with that in humans where the effects of
motilin agonists on lower bowel functions have been found
to vary (Jameson et al., 1992; Sharma et al., 1995; Bassotti
et al., 1998; Emmanuel et al., 2004; Venkatasubramani et al.,
2008).

Motilin and its receptor are found mostly within the GI
tract (see Introduction). Elsewhere, their existence has rarely
been detected, apart from in human thyroid and bone
marrow tissues where the mRNA for the receptor has been
demonstrated (Feighner et al., 1999). In addition, data
obtained from measuring mRNA and immunohistochemistry
suggest that motilin is also present in the brains of several
species, including humans and monkeys (Yanaihara et al.,
1978; Depoortere et al., 1997). However, the translation of this
to functional activity has not yet been achieved; studies sug-
gesting that motilin receptor activation may affect brain func-
tion in rats and mice (e.g. Feng et al., 2007) must be treated
with caution at present, given that functional motilin recep-
tors have not yet been detected in rats and mice (Sanger et al.,
2011). Elsewhere, motilin has been reported to cause a small
contraction (maximum ~20% of that evoked by KCl) of
human coronary arteries from six patients receiving a heart
transplant, but to have no effect in arteries from 3 other
transplant patients and an even smaller response in three
others (Maguire et al., 2004). Again, these data have yet to be
translated to a general cardiovascular effect. For example, in
critically ill patients, erythromycin did not change systemic
blood pressure or heart rate at a dose (200 mg i.v.), which
increased gastric emptying (Nguyen et al., 2006). In another
study, erythromycin (300 mg p.o.) was found to induce a
small reduction in systolic blood pressure (Mangoni et al.,
2004). In dogs, transient hypotensive activity was evoked by
[Leu13]-motilin in vivo and in vitro but, in contrast to the ability
of the peptide to stimulate gastric motility, this action was not

prevented by the motilin receptor antagonist GM-109 (Iwai
et al., 1998). Similarly, motilin has been reported to relax
precontracted porcine coronary artery muscle strips in an
endothelium-dependent manner (Higuchi et al., 1994), but
only at concentrations considerably higher (>3 mM) than
those that activate the motilin receptor in other species.

Translating the functions of motilin

Figure 1 illustrates some of the data and major issues sur-
rounding the interpretation and translation of the results
from in vitro studies with motilin.

Preferential stimulation of neuronal functions
within the upper gut
The ability of motilin receptor agonists to increase gastric
emptying is largely dependent on their ability to stimulate
enteric, cholinergic activity. In healthy volunteers, the pro-
pulsive activity evoked by a low dose of erythromycin
(40 mg) was reduced by atropine, whereas a non-propulsive,
atropine-insensitive excitatory activity was observed using a
higher dose (200 mg) (Coulie et al., 1998). Furthermore, in
human (Broad et al., 2012; Broad and Sanger, 2012) and
rabbit (Van Assche et al., 1997; Dass et al., 2003; Jarvie et al.,
2007; Sanger et al., 2009) isolated stomach, electrically-
evoked, cholinergically-mediated contractions were greatly
increased by low concentrations of motilin, erythromycin
and by the selective motilin receptor agonist GSK962040
(Figure 1), whereas higher concentrations directly contracted
the muscle. It is speculated that a differential activity on the
cholinergic and muscular activities of the stomach explains
why repeat dosing with low doses of erythromycin increases
gastric emptying, whereas higher doses induce nausea and
stomach cramps (Boivin et al., 2003). Similarly, a direct con-
tractile activity on the muscle may be consistent with the
ability of relatively high doses of erythromycin to increase
meal-induced satiety (Cuomo et al., 2006).

The conclusion that the major therapeutic activity of
motilin receptor agonists relies on facilitation of cholinergic
activity is consistent with the detection of motilin receptor
binding sites and antibody staining within the myenteric
plexus (Miller et al., 2000; Dass et al., 2003; Takeshita et al.,
2006), but appears contrary to widespread motilin receptor
antibody staining over the muscle layers of the upper GI tract
(Figure 1). The latter finding suggests motilin has a more
important role in this muscle than within the myenteric
plexus (Takeshita et al., 2006; Ter Beek et al., 2008; Broad
et al., 2012). This apparent imbalance between receptor
number and function may be explained by the fact that
receptor functions are governed not just by their density but
also by the efficiency with which they couple to their effector
mechanism. Finally, it should be noted that motilin receptor
agonists can also directly activate the vagus nerve (Mochiki
et al., 1997; Suzuki et al., 1998) and hence have the capacity
to influence upper GI functions via an additional route.

Motilin receptor desensitization and
long-lasting actions
The intracellular transduction mechanism of the motilin
receptor was originally discovered in rabbit native tissue
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assays. Motilin receptor activation caused a rise in intracellu-
lar calcium associated with calcium release from intracellular
calcium stores (Matthijs et al., 1989) via Gq-mediated inosi-
tol phosphate turnover (Depoortere and Peeters, 1995).
However, with the advent of recombinant systems, motilin
receptor desensitization could be investigated at the sub-
cellular level. Much of this work was conducted in response

to the failure of the motilin receptor agonist ABT229 to
relieve symptoms of dyspepsia or gastroesophageal reflux
disease (Talley et al., 2001). The reasons for this failure are
unclear, but one possibility is that tachyphylaxis occurred,
perhaps exacerbated by the 20 h plasma half-life and b.i.d.
dosing schedule of ABT229 (Tack and Peeters, 2001). Desen-
sitization in response to prolonged exposure to ABT229 was

Figure 1
Data illustrating some major issues surrounding the interpretation and translation of in vitro studies with motilin. (A) Activation by motilin and
erythromycin of recombinant human motilin receptors expressed in CHO cells, measuring changes in intracellular Ca2+. The t½ values represent
the times taken for the response to decline by 50% and are measured in s. Data are given as the means � SEM of three repeat experiments. (B)
Expression of motilin receptor immunoreactivity in human gastric antrum (stained in red) showing distribution of the receptor to the longitudinal
and circular muscle layers of the antrum, and to the myenteric plexus; illustrations are ¥10 and ¥25. (C) Facilitation by motilin and erythromycin
of cholinergically-mediated contractions of human gastric antrum circular muscle, showing differences in the duration of facilitation longer than
those measured in the recombinant receptor studies. Each trace shows the actions of a submaximally effective concentration. For details on
experimental methods (immunohistochemistry and human stomach), see Broad et al. (2012).
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previously demonstrated in animal studies (Depoortere et al.,
1999).

Motilin receptor agonist-dependent influences on Ca2+

signalling were first noted by Li et al. (2004), leading to the
hypothesis that a compound with different agonist-induced
intracellular trafficking may help prevent loss of efficacy
with repeated dosing. In this study, motilin receptor ago-
nists at concentrations of 1–50¥ EC50 were incubated with
cells expressing the motilin receptor, followed by a 5 h
washout. The compounds were then added at 100¥ EC50

concentrations and the maximum % Ca2+ response
recorded. Under these conditions, responses to motilin
and erythromycin recovered completely during washout,
whereas the activity of ABT229 was profoundly reduced
after the second exposure to the compound. In similar
experiments, using cells transfected with the motilin recep-
tor and also by measuring the ability of motilin to directly
contract rabbit isolated duodenal muscle, a pre-incubation
with increasing concentrations of motilin receptor agonists,
followed by washing, was used to determine the propensity
of each agonist to cause tachyphylaxis (Thielemans et al.,
2005). The results showed that ABT229 was 10-fold more
potent at inducing desensitization than motilin, despite
being 10-fold less potent as a motilin receptor agonist. This
effect was associated with a relatively high ability of ABT229
to induce receptor internalization (Lamian et al., 2006; Mit-
selos et al., 2008). Furthermore, there was a greater propen-
sity of ABT229 to cause receptor phosphorylation by PKC,
whereas erythromycin and motilin were phosphorylated in
a PKC-independent manner (Mitselos et al., 2008). Together,
these data provide a possible reason why ABT229 was
unsuccessful in clinical trials and suggest that compounds
with a relatively low propensity to desensitize the motilin
receptor would be better candidates. Phosphorylation with
PKC rather than G-protein receptor kinases is also thought
to underlie differences in agonist-induced desensitization
among different m-opioid receptors (for review, see Bailey
et al., 2006).

Inconsistencies in the above hypothesis became apparent
in studies conducted with mitemcinal. This motilide was
reported to cause tachyphylaxis in rabbit duodenal muscle to
a slightly greater extent than ABT229 (Carreras et al., 2004).
Conversely, the desensitizing effect of mitemcinal was much
less than that of ABT229 in CHO cells expressing the human
motilin receptor (Takanashi and Cynshi, 2009). These results
show that the desensitization profile of motilin receptor ago-
nists can vary according to the assay. Since mitemcinal pro-
vided symptom relief in a subset of diabetic gastroparesis
patients (Takanashi and Cynshi, 2009; Table 1), the transla-
tional value of each of these studies in vitro must therefore be
treated with caution. This need for caution is reinforced by
the very different desensitization profiles generated using
motilin, erythromycin and GSK962040 in isolated stomach
preparations, which measure their abilities to facilitate
cholinergically-mediated contractions (see Figure 1 and
below).

In rabbit gastric antrum, the ability of erythromycin to
facilitate cholinergically-mediated contractions was long-
lasting, relative to the short-lived ability of higher concentra-
tions of erythromycin to cause muscle contraction (Dass
et al., 2003). Similar long-lasting activity was also observed

with the selective motilin receptor agonist GSK962040 in
human (Broad et al., 2012) and rabbit (Sanger et al., 2009)
isolated stomach assays. By contrast, the ability of motilin to
excite cholinergic activity was not as long-lasting, even in the
presence of peptidase inhibitors and again, the direct muscle
contraction was short-lived. The reasons for these different
durations of activity are unknown, but it has been speculated
that the existence of different agonist-dependent desensitiza-
tion rates (but see earlier discussion) or different sites for
motilin and non-peptide structures may be involved (see
Sanger, 2008). Whatever the reason, a short-lived, intense
activity of motilin, self-regulated via receptor desensitization,
accords with the hypothesis that motilin might at least partly
mediate phase III of the MMC. By contrast, the more main-
tained response to erythromycin is consistent with the ability
of this drug to increase gastric emptying and provide main-
tained clinical benefit when given repeatedly at low doses
(50–100 mg three times daily and at bedtime; DiBaise and
Quigley, 1999; Dhir and Richter, 2004). Similarly, repeated
dosing with GSK962040 over two weeks generated a main-
tained increase in gastric emptying in healthy volunteers
(Dukes et al., 2010).

Functions of endogenous motilin

It is unlikely that motilin is released in sufficient amounts
during eating to significantly affect gastric motility in healthy
volunteers (Boivin et al., 1992b). This view appears to be
consistent with the observation that the motilin receptor
antagonist RWJ-68023 did not affect proximal gastric volume
in healthy volunteers (Kamerling et al., 2004). However, the
latter experiments should be treated with caution because
even high doses of RWJ-68023 only partially prevent the
ability of motilin to contract the stomach. Nevertheless, it is
possible that in patients with various gut disorders, changes
in motilin availability could contribute to their symptoms.
For example, low blood plasma concentrations of motilin are
associated with gastroesophageal reflux disease (Gadenstätter
et al., 2001) and functional dyspepsia (Kusano et al., 1997).
Furthermore, during a stressful interview, the release of
motilin was negatively correlated with ‘indigestion symp-
toms’ (Jonsson and Hellström, 2000).

Interestingly, in dairy cattle, a specific polymorphism of
the motilin gene (a single nucleotide affecting a predicted
transcription factor binding site) has been shown to correlate
with left-sided displacement of the abomasum (LDA; Mömke
et al., 2012). This is a common disease, starting with bloating
and displacement of the abomasum from the abdominal wall
and may be partly governed by inheritance. It is usually
preceded by decreased motility of the abomasum, impaired
abomasal emptying and impaired cholinergic muscle
responses. In cows undergoing surgical correction of LDA,
erythromycin increases the abomasal emptying rate.
Together, these observations suggest the need to further
investigate a potential link between dysfunctional gastric
motility and endogenous motilin.

Increased blood levels of motilin have been associated
with lower bowel disorders rather than upper gut disorders.
For example, increased blood levels of motilin have been
reported in patients with diarrhoea- or constipation-
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predominant forms of irritable bowel syndrome (IBS; Simrén
et al., 2005). In addition, increased release of motilin has been
reported in IBS patients undergoing psychological stress (in
which colonic motility was also increased; Fukudo and
Suzuki, 1987) and in constipation-predominant IBS patients
receiving an infusion of intraduodenal lipids (there was a
tendency for motilin concentrations to be reduced in the
diarrhoea-predominant group; Simrén et al., 2001). More
recently, changes in blood plasma motilin were found to
co-vary with plasma concentrations of ghrelin, suggesting
that if motilin has a role in the mechanisms of IBS it is likely
to operate together with ghrelin (Sjölund et al., 2010). The
role of motilin should now be determined by investigating
the actions of a selective motilin receptor antagonist, several
of which have been identified but not yet progressed to
human studies (Westaway and Sanger, 2009). In dogs, the
motilin receptor antagonist TZP-201 reduced anticancer
chemotherapy-induced diarrhoea (Thomas et al., 2007).

Erythromycin: clinical use as a motilin
receptor agonist
Erythromycin is used to induce rapid intubation or endos-
copy, remove gastric contents prior to endoscopy or surgery
(Levy et al., 2004; Carbonell et al., 2006), treat patients with
gastroparesis (DiBaise and Quigley, 1999; Maganti et al., 2003;
Ritz et al., 2005) or chronic intestinal pseudoobstruction
(Emmanuel et al., 2004), treat preterm infants with food
intolerance (Oei and Lui, 2001) and patients requiring facili-
tation of enteral feeding, and also to help diabetic patients
achieve better control of blood glucose levels (Gonlachanvit
et al., 2003). The doses are generally lower than those given
for antibiotic use, to avoid inappropriately high stimulation
of gastric emptying and tolerance to repeated dosing (Sanger,
2008). Nevertheless, this use of erythromycin is limited by its
potential to exacerbate bacterial resistance (Hawkyard and
Koerner, 2007), its ability to prolong the QT interval (De

Table 1
Motilin receptor agonists for treatment of disorders associated with delayed gastric emptying

Compound Structure Profile Clinical data

Mitemcinal (GM-611) Macrolide
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Mimicked ability of motilin to
cause short-lived contraction
of rabbit duodenal muscle.
Profiled in vivo using several
different animal models
(Takanashi and Cynshi, 2009).

Increased gastric emptying and
symptomatic relief over 3
months in subset of patients
with diabetic gastroparesis,
a body mass index of
<35 kg·m-2 and good
glycaemic control (McCallum
et al., 2007).

GSK962040 Small molecule

Me
H
N

N F
H

N

N

O

Translation of recombinant
receptor data achieved using
human and rabbit isolated
stomach, demonstrating
long-lasting facilitation of
motor nerve activity (Sanger
et al., 2009; Broad et al.,
2012).

Increased gastric emptying
maintained during 14 days
repeat dosing in healthy
volunteers (Dukes et al., 2009;
2010) and in patients with
type I diabetes mellitus and
gastroparesis (Hellström et al.,
2011).

BMS-591348 Small molecule/peptide hybrid;
structure shows example 11A
from Li et al. (2004).

N
H

N

N
N

O

O O

O

NHO

N
H

O

NH2

O

*

N
H

N

N
N

O

O O

O

NHO

N
H

O

NH2

O

*

N
H

N

N
N

O

O O

O

NHO

N
H

O

NH2

O

*

N
H

N

N
N

O

O O

O

NHO

N
H

O

NH2

O

*

Characterized as an agonist
using recombinant human
receptors (measuring changes
in intracellular calcium) and
shown to have a favourable
desensitization profile using a
cell-based tachyphylaxis assay.

None available

RQ-00201894 Small molecule; structure not yet
disclosed.

Active at human recombinant
receptor and increased gastric
emptying in dogs (Takahashi
et al., 2010).

None available
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Ponti et al., 2000), with consequent increased risk of cardiac
arrest, and its propensity to interact with other medications
metabolized by cytochrome P450 CYP 3A4 (Okudaira et al.,
2007). It should also be noted that erythromycin is not a
pharmacologically selective motilin receptor agonist, as it can
also inhibit purine P2X receptors (at 1–10 mM, within the
range required to activate motilin receptors; Zhao et al., 2000)
and non-selectively inhibit intestinal neuromuscular func-
tions (10–30 mM; Furness et al., 1999).

New motilin receptor agonists as
potential drugs

Several motilin receptor agonists, including ABT229, have
been derived from the ‘macrolide’ structure of erythromycin
(a term derived from a large macrocyclic lactone ring to
which deoxy sugars are attached) and because of their ability
to activate the motilin receptor, these have become known as
‘motilides’. However, for different reasons (see ‘Motilin recep-
tor desensitization and long-lasting actions’ for discussion on
potential desensitization), most have been unsuccessful (see
Sanger 2008 and Westaway & Sanger 2009 for discussion).
Difficulties in determining structure-activity relationships for
such complex molecules, including achieving selectivity of
action, are illustrated by the ability of ABT229 to exert activ-
ity in rats (Nieuwenhuijs et al., 1999), a species where a func-
tional motilin receptor has not been identified (He et al.,
2010; Sanger et al., 2011).

It is important to ask why motilin receptor agonists have
not so far succeeded during clinical development; Table 1 lists
compounds thought to be still in development. Apart from
the absence of studies that ensure the molecule is not a partial
agonist at the native receptor expressed by the cholinergic
nerves of the human stomach and/or does not fully behave
like motilin (which has only a short-lasting ability to facili-
tate gastric cholinergic activity), the most obvious reasons for
failure relate to the selection of the correct patient population
and dose of drug. The latter is especially important for
motilin receptor agonists because if the dose is too high,
aggressive stimulation of gastric emptying can lead to nausea
and tolerance to repeated dosing. The clinical experience
with relatively low and high doses of erythromycin and the
lack of clinical efficacy with ABT229 both serve to exemplify
this point. Most recently, GSK962040, a small molecule
motilin receptor agonist able to facilitate human gastric
cholinergic activity in a long-lasting manner (Broad et al.,
2012), was shown to be well tolerated in healthy volunteers,
accelerating gastric emptying with a favourable pharmacoki-
netic profile. Thus, when administered orally, it displayed
dose-proportional serum concentration levels unaffected by
food; the time to maximum concentration was 0.5–2.8 h, and
elimination half-life was 25.6 h (Dukes et al., 2009). These
data suggest suitability as a once daily oral medication. In
another study, the ability of GSK962040 to increase gastric
emptying was maintained during a 14 day repeat-dose trial
(Dukes et al., 2010).

Patients most likely to be successfully treated by a gastric
prokinetic agent are those for which an increase in gastric
emptying corrects a known dysfunction in motility, as

opposed to patients with functional bowel disorders defined
by symptoms (e.g. functional dyspepsia), in which only a
subset of patients may have delayed gastric emptying (Sanger
and Alpers, (2008). Disorders of gastric motility include
patients in intensive care who require enteral feeding and, in
many cases, an agent to stimulate gastric emptying and
ensure good nutrition intake. Others include patients with
diabetic gastroparesis who require better control of their
blood glucose. In pilot studies, GSK962040 increased gastric
emptying and improved absorption of 3-O-methylglucose in
patients with enteral feed intolerance (Chapman et al., 2011)
and increased gastric emptying in patients with gastroparesis
and type I diabetes mellitus (Hellström et al., 2011).

Lessons learnt and conclusions

For the translational pharmacologist, the most obvious
lessons are to avoid overreliance on artificial systems (e.g.
recombinant receptors expressed in host cells) and on struc-
tural information (e.g. immunohistochemistry) to make
accurate conclusions about the functions of a target protein.
Furthermore, the term ‘translational science’ implies the
ultimate translation of knowledge to humans, and in this
process, an overreliance on animal studies can also some-
times lead to inappropriate conclusions. Each of these
points is illustrated by the developing neuropharmacology
of motilin. In particular, studies have highlighted ligand-
dependent, short- and long-lasting abilities of motilin recep-
tor agonists to facilitate gastric cholinergic activity. These
activities are likely to underpin the ability of motilin to
induce phase III MMC activity during fasting, as well as the
ability of drugs and compounds such as erythromycin and
GSK962040 to increase gastric emptying of meals over pro-
longed periods of repeated dosing.

At present, there are sufficient data to support a role for
endogenous motilin in phase III of the MMC during fasting.
However, a clear role for endogenous motilin in the mecha-
nisms of GI disease has yet to emerge. With respect to motilin
receptor agonists where issues of receptor or functional
desensitization are of concern, careful selection of drugs,
doses and of mechanistically appropriate patients are essen-
tial for success.
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