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The 28-amino acid peptide ghrelin is a neuroendocrine hormone
synthesized primarily in the stomach. It stimulates growth hor-
mone secretion and appetite, thus promoting food intake and
body-weight gain. The pharmacological properties of this peptide
are mediated by the growth hormone secretagogue receptor
type 1a (GHS-R1a). Given its wide spectrum of biological activi-
ties, it is evident that the discovery of ghrelin and its receptor has
opened up many perspectives in the fields of neuroendocrine and

Introduction

Ghrelin is a 28-residue peptide acylated with an n-octanoyl
group on the Ser3 residue (Figure 1) and is predominantly pro-
duced by the stomach.™ Ghrelin displays strong growth hor-
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Figure 1. Human ghrelin.

mone (GH)-releasing activity, which is mediated by the activa-
tion of the so-called GH secretagogue receptor type 1a (GHS-
R1a).”) GHS-R1a is concentrated in the hypothalamus-pituitary
unit, but is also distributed in other central and peripheral tis-
sues.”® Indeed, apart from stimulating GH secretion, ghrelin
exhibits hypothalamic activities that result in the stimulation of
prolactin (PRL) and adrenocorticotropic hormone (ACTH) secre-
tion.”® It effects a negative feedback on the pituitary-gonadal
axis,” ' stimulates appetite and a positive energy balance, "¢
influences sleep and behavior,"”"*" controls gastric motility and
acid secretion,”? modulates pancreatic exocrine and endo-
crine function, and affects glucose levels.?=*3 Ghrelin has an
influence on the cardiovascular system®-3¢ and has been
shown to modulate the proliferation of tumor cells.*7-"

Given this wide spectrum of biological activities, it is evident
that the discovery of ghrelin and its receptor has opened up
many avenues for neuroendocrine and metabolic research and
has had an influence on fields of internal medicine such as gas-
troenterology, oncology, and cardiology. It is therefore increas-
ingly likely that synthetic, peptidyl, and nonpeptidyl GHS-R1a
ligands, acting as agonists, partial agonists, antagonists, or in-
verse agonists, could have both clinical and therapeutic poten-
tial. This review summarizes the different types of GHS-R1a li-
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metabolic research and has had an influence on such fields of in-
ternal medicine as gastroenterology, oncology, and cardiology. It
is therefore increasingly likely that synthetic, peptidyl, and non-
peptidyl GHS-R1a ligands, acting as agonists, partial agonists,
antagonists, or inverse agonists, could have both clinical and
therapeutic potential. This review summarizes the various types
of GHS-R1a ligands that have been described in the literature
and discusses the recent progress made in this research area.

gands that have been described in the literature, and details
the recent progress made in this research area.

1. hGHS-R1a Agonists

Pharmacological agents that mimic the actions of ghrelin, that
is, GHS-R1a agonists, have several potential therapeutic appli-
cations. These compounds may be orally active alternatives to
the recombinant human growth hormone (rhGH). Indeed, be-
cause GH is a large protein that must be administered by injec-
tion or inhalation, ghrelin agonists offer the promise of a more
convenient and acceptable oral delivery of a substance stimu-
lating endogenous GH secretion. In most cases, GH deficiency
is due to a dysfunction in the GH secretion stimulation path-
way and not in the GH production process. These new thera-
peutic tools could be effective in reversing metabolic dysfunc-
tions in GH-deficient adults or in stimulating growth in GH-de-
ficient children,*" and also in improving some measures of
physical performance in elderly men.”**¥ As recombinant GH
has also shown promising results in the treatment of patients
with burns, wounds, and bone fractures, and have helped
combat the catabolism accompanying the treatment of critical
illness such as cancer and AIDS, ghrelin agonists are interesting
potential alternatives for reversing these syndromes.’*" Fur-
thermore, agents that mimic ghrelin and thus stimulate food
intake and induce a positive energy balance may be useful in
restoring body weight in patients with eating disorders such
as anorexia nervosa.”? Clinical investigators have also exploit-
ed the ability of ghrelin agonists to release GH, particularly in
combination with GH-releasing hormone (GHRH)®**¥ as a diag-
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nostic tool.***>*% This stimulation test is one of the most
potent and reliable for evaluating the capacity of the pituitary
to release GH for the diagnosis of GH deficiency. Due to the
fact that ghrelin stimulates gastric motility,?>*® ghrelin ana-
logues could also be candidates for the treatment of postoper-
ative gastric ileus. Furthermore, administration of ghrelin im-
proves cardiac structure and function, and attenuates the de-
velopment of cardiac cachexia in rats with heart failure.3%¢'-3
These results suggest that ghrelin has cardiovascular protective
effects, and thus ghrelin agonists may be used to treat heart
failure and hypertension.®**" Finally, ghrelin receptors were re-
cently identified in human cancer,*®** and it has been sug-
gested that ghrelin agonists may have antiproliferative actions
in some carcinoma cell lines.”
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1.1. Peptide and pseudopeptide agonists
1.1.1. Bowers and co-workers

In 1977, while researching enkephalin analogues (compounds
1 and 2, Figure 2), Bowers et al. reported the in vitro GH-releas-
ing properties of various peptide compounds.”” These com-
pounds were able to stimulate GH secretion in the primary cul-
tures of rat pituitary cells. Seven years later, they described the
first growth-hormone-releasing peptide (GHRP) displaying
in vivo activities.”? This synthetic hexapeptide 3, named GHRP-
6 (Figure 2), was able to elicit a dose-dependent release of GH
in vitro and in vivo in a variety of animal species accompanied
by an increase in body weight. There was no concomitant re-
lease of luteinizing hormone (LH), follicle-stimulating hormone
(FSH), thyroid-stimulating hormone (TSH), or prolactin (PRL).
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Tyr- Gly - Gly - Phe -Met  Tyr-Gly - Gly - Phe - Leu His - D-Trp - Ala - Trp - D-Phe - Lys - NH,

1 2 3
Met-enkephalin Leu-enkephalin GHRP-6

K, (binding) = 0.9 nM (hGHS-R1a / SS]MK 0677)
N7 NH /@

ECso (GH) = 10 nu
HQN\)J\ N N\)J\N/ﬁ]/N\)I\NH

tp=03h

4
GHRP-1
Ala - His - D-Nal - Ala - Trp - D-Phe - Lys - NH,
ECso (GH)=1.1nM

Mediolanum  Farmaceutici by
substituting Dp-tryptophan with
2-methyl-p-tryptophan. The re-
sulting compound had en-
hanced potency and chemical
stability, and a toxicity lower
than that of GHRP-6."®" Further
research demonstrated the GH-
releasing activity of examorelin
in humans.””

Fpo (human) = 0.3%
5\ (/NHQ

o Jﬁr ¢LNWN¢LNH2
Q D-Ala - D-Nal - Ala - Trp - D-Phe - Lys - NH,
NHz k. (binding) = 0.6 nM (hnGHS-R1a / [®*S]MK 0677)

Figure 2. Peptide and pseudopeptide agonists developed by Bowers et al. (See Section 1.2.2 for information on

compound MK 0677.)

In 1989, a study examining the activity and specificity of
GHRPs in human subjects”® suggested that such compounds
could replace GH treatment, which is expensive even as a re-
combinant product, and must be administered by daily injec-
tion. The discovery of short peptides or pseudopeptides that
stimulate the release of endogenous GH rapidly increased re-
search in this field.

In 1993, two analogues of GHRP-6 were discovered,”*””
which were slightly more potent than GHRP-6 in vitro and
two- to threefold more efficient by subcutaneous administra-
tion in rats. These compounds, GHRP-1 (4) and GHRP-2 (5)
(Figure 2), conserve the four C-terminal amino acids of GHRP-6,
with the other residues replaced by a fragment containing a b-
-naphthylalanine (Nal) residue.

1.1.2. Mediolanum Farmaceutici

With GHRP-6 as the starting compound, examorelin or hexare-
lin (compound 6, Figure 3), was synthesized by researchers at

2N\
% Q

; N\)J\N/\[(N\)J\NH2

5 .

hexarelin or examorelln
K; (binding) = 1.8 nM (hGHS-R1a / [**S]MK 0677)
ECs (GH) =2.3 nM

Figure 3. Peptide agonist 6 developed by Mediolanum Farmaceutici.
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1.1.3. Truncated ghrelin ana-
logues from Merck

5 Following the discovery of the
GHRP-2 original structure of the peptide
ghrelin in 1999, researchers at
Merck synthesized ghrelin ana-
logues with the aim of establish-
ing the structural elements nec-
essary to conserve its biological
activity.”® Several key findings
resulted from this structure-ac-
tivity relationship: 1) Acylation at
the Ser3 residue with a bulky lipophilic residue is necessary to
maintain good affinity toward human GHS-R1a. The n-octanoyl
group can be replaced by flexible lipophilic groups such as un-
decanoyl or palmitoyl groups, or by more rigid groups such as
benzoyl or adamantyl groups. 2) The ester function on Ser3
can be replaced by an amide function without any loss in bio-
logical activity. 3) The entire sequence of ghrelin is not neces-
sary for binding and activation of GHS-R1a. The four N-terminal
residues constitute the minimal active sequence of the pep-
tide. Indeed, truncated peptides such as compounds 7 and 8
(Figure 4) activate GHS-R1a with the same potency as ghrelin,
despite their lower affinity toward this receptor. However,
these shortened ghrelin analogues seemed unable to elicit GH
secretion in vivo."

These results were confirmed by similar structure-activity
studies undertaken by Matsumoto et al.®” These types of ghre-

lin analogues were claimed in two patent applications.®"?

OW
Gly - Ser - Ser - Phe - Leu - NH,

7
ICs, (binding) = 55 nM (hGHS-R1a / [**S]MK 0677)
ECso (Ca?") =11 nM

OY\/\/\/

Gly - Ser - Ser - Phe - NH,

8
ICsy (binding) = 889 nM (hGHS-R1a / [**S]MK 0677)
ECso (Ca?") = 72 nM

Figure 4. Peptide agonists developed by Merck.
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1.1.4. LAPP/Europeptides

Research carried out by Europeptides (originally a subsidiary of
Zentaris, but acquired by Ardana Bioscience in 2002) identified
the tripeptide 9 (EP 51389, Figure 5), derived by truncating

NH NH
\PLHAW - \HH v
NH, 0 NH, 0 o}

NH NH

9 10

EP 51 389

JMV 1843 or EP 01572
ICs (binding) = 124 nM (hGHS-R1a / [His®-'?°Ijghrelin)
ECs, (Ca*)= 0.8 M
ECs (IP3) = 0.5 nM

Figure 5. Peptide and pseudopeptide agonists developed by LAPP/Europep-
tides.

hexarelin. EP 51389 was further modified in our laboratory at
its C-terminal region to incorporate a gem-diaminotryptophan
residue, which was formylated to give compound 10, initially
named JMV 1843, then EP 01572.%%%1 JMV 1843 is a potent in
vitro agonist of hGHS-R1a,® despite its moderate receptor af-
finity; it is more active than hexarelin in subcutaneous adminis-
tration in a rat model. It is also
orally bioavailable in dogs and
exhibits high oral activity and 0
specificity in  human volun-
teers.®”  This compound has O
been selected for further clinical
investigation and successfully

2004.

1.1.5. Genentech

J.-A. Fehrentz et al.

o0

N/\H/NH2
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11
G 7134

Figure 6. Pseudopeptide agonist 11 developed by Genentech.

bioavailability, while retaining the activity and specificity of the
original peptide.®™ Molecular modeling studies were carried
out, in which compound L 692429, a peptidomimetic agonist
discovered by Merck (see Figure 9 below), was superimposed
with GHRP-1. This study suggested the possibility of removing
the central sequence Ala-Trp. The resulting compound 12
(NNC 260039, Figure 7) displayed in vitro biological activity,
but was inactive in vivo. By replacing the N-terminal L-Ala resi-
due with p-Ala (compound 13, NNC 260133), the in vivo activi-
ty was recovered. The replacement of this Ala residue with an
a-aminoisobutyric  (Aib) group gave compound 14
(NNC 260161), also known as ipamorelin.

Two other GHSs derived from ipamorelin were then generat-
ed: compounds 15 and 16. Compound 15 (NNC 260235,
Figure 7) was obtained by replacing the Aib-His fragment with

(D
o /! o} z o ! o]
H : H 0 H : H
N ~ N NH ~ N N NH
d phase dlinical trials i HzN/Lf( \)J\Hﬁr N © oY Qkuﬁf N 2
passed phasel clinical trials in o H o 5 ) B\\ 5 S
Ny NH N NH
12 13

NNC 26 0039 NNC 26 0133
Inspired by the discovery of
GHRP-6, researchers at Genen- 0 O
tech attempted to generate O Q
short peptidomimetics in order NH; NH;
to obtain good oral bioavailabil- H © 4 9 o < | 0
ity Compound 11 (G 7134, HQNJ%N%NWN N NH, N/‘\H/N N NH,
Figure 6) was claimed as a GHS- o 1 ™M o H o H oo H o
R1a agonist. >‘:\

Ny NH NH,
14 15

1.1.6. Novo Nordisk NNC 26 0161 or ipamorelin NNC 26 0235

The strategy taken at Novo Nor-
disk was to shorten GHRP-1 (4)

K; (binding) = 6.3 nM (hGHS-R1a / [**S]MK 0677)
ECso (GH)=1.3 nm

ECs0 (GH) =2 nMm
Fpo (dog) = 10%

Fpo (dog) = 5%

to obtain compounds with lower
molecular weight and good oral
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Figure 7. The first series of peptide and pseudopeptide agonists developed by Novo Nordisk.
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a 3-aminomethyl benzoic acid moiety, which is less
hydrophilic.®® In both rat and porcine models, this
compound displayed an invivo activity similar to
that of GHRP-6 (3) and ipamorelin. However, this
compound displayed only a slight improvement in
oral bioavailability despite the decreased potential
for hydrogen bonding relative to ipamorelin. Com-
pound 16 (NNC 260323, Figure 8) was obtained by
removing the C-terminal Lys residue. It is the first
compound of this series displaying an interesting
oral bioavailability (20% in rat), but it is less active
than compound 15.

A new class of compounds was then synthe-
sized.®" The lead of this series is compound 17
(NN 703 or tabimorelin, Figure 8), which displays 35 %
oral bioavailability in dogs.®” The compounds of
both these series were claimed in two patent applica-
tions %4

To obtain GHSs displaying different pharmacokinet-
ic properties, Novo Nordisk synthesized a wide range
of NN 703 analogues. The effect of numerous modifi-
cations were examined, especially those concerning
the C-terminal carboxamide function. Modification of
this part of the molecule seems to have a substantial
influence on the pharmacological properties of these
compounds.”**? An example is compound 18 H
(NNC 261167, Figure 8), which displays a shorter half-
life.

1.2. Peptidomimetic agonists

ECs (GH) = 3 um

Owing to the fact that peptides have low oral bio-
availability (0.3% for GHRP-6 in comparison with pa-
renteral absorption), extensive research has been car-
ried out with the aim of identifying nonpeptide ana-
logues with better oral availability.

1.2.1. Benzolactams from Merck

Merck was the first to report nonpeptide compounds capable
of stimulating GH release."®'%? To select the compounds with
potential activity as growth hormone secretagogues, research-
ers at Merck used the work of Bowers etal.”” as a starting
point. Bowers had shown the significance of certain structural
features, such as the presence of an amine function at the
N terminus and of two aromatic moieties to retain GH-secret-
ing activity. Initial in vitro screening of selected compounds
from Merck's compound library identified benzolactam 19,
with an ECs, value of 3 um (Figure 9)."% A structure-activity
study led to replacement of the carboxylic acid function by a
tetrazole moiety to obtain compound 20. Only the R enantiom-
er 21 (L692429) is biologically active, with an ECs, value of
60 nMm. Compound 21 stimulates GH secretion in vivo in several
species and has no noticeable effect on the secretion of other
hormones."™ However, it has low oral bioavailability (2-8%) in
both rat and dog models."™

ChemMedChem 2007, 2, 1242 - 1259

o
N N

H H

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

| O = | O

A e I NI

OH H,N X N N

/ﬁ‘/ X l/\[c])/ N
16 O 17

NNC 26 0323

ECso (GH) = 265 nM
Fpo (rat) = 20%

P
HQNWH\I/\(

NN 703 or tabimorelin
K; (binding) = 50 nM (hGHS-R1a / [*°S]MK 0677)
ECso (GH)=2.7 nm
Fpo (dog) = 35%
tiz > 3 h (dog)

9
N N
0 |
S
18 !
NNC 26 1167
ECs (GH) = 9 nM
Fpo (dog) = 35%
ti2 = 1.9 h (dog)

Figure 8. The second series of pseudopeptide agonists developed by Novo Nordisk.
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ECso (GH)Y =120 nm L 692 429
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Fpo (rat and dog) = 2-8%

O

CO,H

Figure 9. The first series of benzolactams developed by Merck.

Subsequent work was centered around obtaining analogues
of compound 21 that are more potent and that have better
oral bioavailability. Several modifications were performed on
the dimethyl-B-alanine group,"® heterocyclic analogues of the
benzolactam ring were synthesized,"”” and replacements of
the tetrazole!™® and biphenyl groups'® were examined. Of
the multiple analogues generated, the most studied were com-
pounds 22 (L692585) and 23 (L 700653) (Figure 10). Com-
pound 22 is the reference compound in this series, as it was
the first analogue more potent than GHRP-6 (3) in stimulating
pituitary GH secretion in vitro (ECso=3 nm versus 10 nm for
GHRP-6). It is also twofold more potent than GHRP-6 adminis-
tered intravenously in dog.""® However, its oral bioavailability
is low, from 1 to 8% depending on the model. Modifications
on the dimethyl--alanine group enhanced activity, but did
not improve oral bioavailability. More potent analogues were
also obtained by replacing the tetrazole moiety, such as with
compound 23 (Figure 10), however oral bioavailability re-
mained low. Acyclic analogues of compound 21 were also syn-
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HO/Y\NUkNjg]:p i

1\
i
22 N

L 692 585
ECs (GH) =3 nMm
Fpo = 1-8% depending on the animal model

Figure 10. The second series of benzolactams developed by Merck.

thesized"™ and some of these molecules, such as compound
24, have similar activity to that of compound 21.

1.2.2. Spiropiperidines from Merck

The screening of Merck’s library that resulted in the discovery
of the benzolactam series also revealed compound 25
(Figure 11), which exhibits modest activity. Attempts to opti-

3 g ta

ECso (GH) = 300 nM ECsp (GH) = 50 nm

HN Q
- o) )
o)
o) N HN
o
N HN—%L HoN
HZN [
>0
27 28

L 162752 L 163 191 or MK 0677 or ibutamoren

K; (binding) = 0.3 nM (hGHS-R1a / [**S]MK 0677)
ECs (GH) = 1.3 nM
Fpo (dog) > 60%
ty2 =5 h (dog)

Figure 11. Spiropiperidines developed by Merck.

mize the activity of this compound were unsuccessful.""? How-
ever, other syntheses that involved the spiroindanylpiperidine
moiety as the privileged structure were performed. It was
thought that a complementary derivatization of this core struc-
ture could allow the generation of potent ligands for several
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o]
HN-N
A\
23 NH, O N
L 700 653
ECso (GH) = 4 nM 24

ECsg (GH) =30 nM

receptors, particularly for those involved in GH secretion. One
of the first derivatives resulting from this work was compound
26 (Figure 11). This compound stimulates pituitary GH secre-
tion in vitro with an ECs, value of 50 nm,"" but it does not
stimulate in vivo GH secretion in dogs. Good oral activity was
obtained with the p-tryptophan analogue, in which the ureido-
quinuclidine group was replaced by an a-aminoisobutyric acid
group to give compound 27 (L 162752)."" An even more
potent analogue was obtained by introducing a sulfonamide
group and by replacing the p-tryptophan residue with an O-
benzyl-p-serine residue. This compound, L 163191 (28), also
named MK 0677 or ibutamoren, allowed the characterization
and cloning of the GHS receptor GHS-R1a by introducing a ra-
dioisotopic label (*°S) in the structure >

MK 0677 stimulates pituitary GH secretion in vitro, with an
ECs, value of 1.3 nm and possesses high affinity toward GHS-
R1a (0.3 nm). This compound is very stable against peptidases,
thanks to the b configuration of the O-benzylserine residue
and to the steric bulk of the a-aminoisobutyric group. These
features, along with lipophilicity (logP=3.0), water solubility
(>250 mgmL~" due to the presence of the mesylate salt), and
moderate basicity (pK,=7.8) all contribute to its excellent oral
bioavailability in dog (>60%). The half-life of MK0677 is
5 h,"% classifying this compound as a long-term GHS."® This
is the first time a low-molecular-weight nonpeptide molecule
has been claimed™®? to stimulate GH secretion. MK 0677 was
chosen for clinical trials, and reached phase Il development.
However, by December 1998, further development had been
discontinued.

1.2.3. Quinazolinones from Merck

The cloning and characterization of GHS-R1a allowed Merck to
discover another hit. Compound 29 (Figure 12), also a nonpep-
tide molecule, is characterized by modest affinity and contains
a unique quinazolinone moiety. The activity of this family of
GHSs was optimized by molecular modeling, based on the
supposed binding site of MK 0677. Compound 30 displays
good invitro activity in stimulating GH secretion (ECs,=
0.63nmM) and high affinity toward the receptor (IC5,=

16 nm).""7"

ChemMedChem 2007, 2, 1242 - 1259
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29
ICso (binding) = 3.5 uM (hGHS-R1a / [**S]MK 0677)

ON
\/\/\/\
oj/ NH,

CI\@ka

-

N)\/\©
30

[Cy, (binding) = 16 nM (hGHS-R1a / [P°SIMK 0677)
ECso (GH) = 0.63 nM

Figure 12. Quinazolinones developed by Merck.

1.2.4. Truncated peptides/MK 0677 hybrids

To obtain more potent GHSs that display different pharmacoki-
netic properties, Merck synthesized hybrids between truncated
peptide 8 derived from ghrelin and MK 0677."® These ana-
logues contain the spiropiperidine moiety of MK 0677 and the
N-terminal portion of ghrelin. Compound 31 (Figure 13) is an

OH
31

ICs (binding) = 128 nM (hGHS-R1a / [**S]MK 0677)
ECso (Ca®’) = 68 nM

Figure 13. Hybrid molecule 31 developed by Merck.

example of this type of hybrid. It has an affinity of
128 nm toward human GHS-R1a and an ECs, value of
68 nMm. The ability of this type of compound in stimu-
lating GH secretion has not yet been reported.

1.2.5. Pfizer

In 1998 researchers at Pfizer discovered a new series
of GHSs composed of tetrahydroisoquinoline- and
isoindoline-derived molecules."™ These compounds
were designed from molecular modeling studies of
compounds 21 (Figure9), 27 (Figure 11), and 30
(Figure 12). Compound 32 (Figure 14) was designed
with this approach. A structure-activity study then al-
lowed the discovery of potent GHSs such as com-
pounds 33 (CP 458316) and 34 (CP 406767).

ChemMedChem 2007, 2, 1242 - 1259

CP 424 391-18 or capromorelin
ICs (binding) = 7 nM (hGHS-R1a / [His®-"*®I]ghrelin)
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4

NH2 NH, 1
ECso (GH) =100 nM cP 458 316
NH ECs (GH) = 8 nM
—
o =
%N/W@\ggo
H i
NH, o} N
34
CP 406 767

ECso (GH) = 30 nw

Figure 14. The first series of peptidomimetics developed by Pfizer.

More recently, by optimizing the pharmacokinetics and phar-
macodynamics of these compounds, Pfizer discovered a new
series of original GHSs derived from MK 0677 which share a
pyrazolinone-piperidine moiety as a common structural fea-
ture.” One of these compounds, CP 424391-18 or capromor-
elin (35), displayed particularly interesting properties
(Figure 15)."?" It is able to stimulate GH secretion in vitro with
an ECg, value of 3 nwm, and its affinity toward GHS-R1a is ap-
proximately 7 nm. Invivo, capromorelin is a short-term GHS
with high oral bioavailability (65 % in rat).

Other GHSs with longer-term action were identified, such as
compound 36 (CP 464709-18, Figure 15)."* This compound
was selected for clinical trials in the treatment of bone frail-
ty.'2124 pfizer also claimed two series of dipeptide analogues
containing heterocyclic scaffolds, such as compounds 37 and
38 (Figure 16), which are distinct from the pyrazolinone—piperi-
dine-containing species.'”*'*' Compound 37 contains a 3-ami-
nomethylbenzoic acid group, which was used in another series
of molecules derived from ipamorelin (compound 15 for ex-
ample), and displays good oral bioavailability.*”

ECso (GH) =3 nm
Fpo (rat) = 65%
t2 = 0.8 h (rat)

CP 464 709-18
5 nM (hGHS-R1a / [His®-"ljghrelin)
ECso (GH) =3 nMm
typ = 3.7 h (rat)

ICs, (binding) =

Figure 15. The second series of peptidomimetic agonists developed by Pfizer.

1249

www.chemmedchem.org


www.chemmedchem.org

Figure 16. The third series of peptidomimetic agonists developed by Pfizer.

1.2.6. Kaken Pharmaceutical

Researchers at Kaken Pharmaceutical identified a new series of
GHSs by using a virtual screening method."? For this purpose
they developed a three-dimensional model of the GHS phar-
macophore by molecular modeling based on structurally differ-
ent GHSs (peptidyl and nonpeptidyl). This study led to the
identification of several hits, such as compound 39 (Figure 17),

B

s 37 435
ECsp (GH) = 1 nM

“*g@g\ SETAvers:

ECso (GH) = 1 uM

Figure 17. Peptidomimetic agonists developed by Kaken Pharmaceutical.

which presents a modest in vitro stimulating activity. Optimiza-
tion of this compound by molecular modeling led to the dis-
covery of compound 40 (S 37435),"'® which has better in vi-
tro GH secreting activity (ECs,=1 nm compared with 1 um for
compound 39) and was described as orally bioavailable in rat.

Figure 18. Peptidomimetics developed by Eli Lilly.

1250

www.chemmedchem.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J.-A. Fehrentz et al.

1.2.7. Eli Lilly

Eli Lilly discovered and claimed a series of compounds contain-
ing a 2-aminoimidazolyl group at the C terminus.? In another
patent application, compounds such as 41 or 42 (LY 444711)
are specifically claimed (Figure 18). Pyrazolyl, pyrrolyl, and
other heterocyclic moieties were introduced to replace the imi-
dazolyl group in the C-terminal region of compound 41.1*
Compound 42, which presents good oral bioavailability in dog,
increased GH secretion by 50-fold and plasma IGF-1 levels by
60% following a single oral dose of 1 mgkg '."*” Two other
series of GHSs are described in another patent application.!*"
They contain new heterocyclic groups such as those exempli-
fied by compounds 43 and 44 (Figure 18). 2-Acylaminopropa-
namides were also claimed as GHSs"*? in addition to their use
in the treatment of cardiac disease."*

A

~0 o

\H N
H/ﬁ/ H //
N\ // H2N HN\@‘ \S

H,N
NC
N’ NH
X .
oN N N O
H
47

@\/O
i ot
e
Figure 19. Peptidomimetic agonists developed by Bristol-Myers Squibb.

1.2.8. Bristol-Myers Squibb

Bristol-Myers ~ Squibb  identified  ibutamoren

© (Figure 11) analogues in which the C-terminal amide

function is replaced by a tetrazole or benzimidazole
ring."* Compounds such as 45 and 46 (Figure 19)
could have better bioavailability than their dipeptide
analogues because of the heterocyclic group, which
is less likely to form hydrogen bonds than the amide

N, O group.

A series of benzoazepine analogues such as com-
pound 47 (Figure 19), derived from L 692429 (21,
Figure 9) by reduction of the amide function of the
heterocyclic ring, was also identified."* A series of
tetrahydroisoquinolines, exemplified by compounds
48 and 49, was also claimed.*

ChemMedChem 2007, 2, 1242 - 1259
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2. hGHS-R1a Partial Agonists

2.1. Adenosine and derivatives

Adenosine (50, Figure 20) is an endogenous ligand of human
GHS-R1a with varied pharmacological properties depending on
the transfected cell line. According to Smith et al.,"*” adeno-

H,N HN/\©

=N =N
N N
2\ /) 7\ /)
o, LN Nt (PN
o} o}
HO OH HO OH
50 51
adenosine NECA (N-ethylcarboxamide adenosine)

ECsp (Ca®*) = 2 uM (HEK 293)
ECs, (Ca?*) = 50 nM (BHK)

ECs (Ca®*) = 600 nM

HN HN
N—( N n—( N
13 \ v \ )

N HO NN
0
HO OH 5o HO OH g3
(R)-PIA

ECs, (Ca?") = 0.5 nM

Figure 20. Partial agonists derived from adenosine.

sine exhibits partial agonist activity in HEK 293/hGHS-R1a cells
with an ECg, value of 2 um. Through site-directed mutagenesis
studies, Smith and co-workers also showed that adenosine
binds to a unique site on hGHS-R1a, distinct from the binding
pockets of either ghrelin or ibutamoren. Tullin et al."*® found
that adenosine exhibited full agonist activity in baby hamster
kidney (BHK) cells overexpressing hGHS-R1a, with an ECs, value
of 50 nMm. Several adenosine analogues were also reported to
activate hGHS-R1a, including N-ethylcarboxamide adenosine
(NECA, 51) and compound 52. An analogue of adenosine, N°-
(R)-phenylisopropyladenosine ((R)-PIA, 53) was also found to
be a potent hGHS-R1a agonist, with an ECs, value of 0.5 nm.
Neither adenosine nor (R)-PIA stimulated GH secretion in rat pi-
tuitary cells."*®

2.2, Peptidomimetic partial agonists: Sumitomo Pharma-
ceuticals

A new generation of GHSs with low molecular weight and
good pharmacokinetic properties was discovered by Sumitomo
Pharmaceuticals."**'*"" These compounds are distinct from
other GHSs because of their oxoindole-based structure and
their pharmacokinetic properties. Indeed, they are the first syn-
thetic partial agonists of hGHS-R1a to be discovered. Following

ChemMedChem 2007, 2, 1242 - 1259
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the optimization of compound 54 (Figure 21), identified by vir-
tual screening, compound 55, (SM 130686) was synthesized.
Compound 55 stimulates GH secretion in vitro with an ECg,

Cl

54
ECs, (GH) = 380 nm

SM 130686
ICsp (binding) = 1.2 nM (hGHS-R1a / [*°*S]MK 0677)
ECso (GH) = 6.3 nM
Fpo (rat) = 28%
tp = 1.5 h (rat)

Figure 21. Partial agonists developed by Sumitomo Pharmaceuticals.

value of 6.3 nm and with 50% of the maximal stimulatory re-
sponse of ghrelin. It also displays an affinity toward GHS-R1a
similar to that of MK 0677.

3. hGHS-R1a Antagonists

As ghrelin appears to be an important peripheral orexigenic
signal to the brain,™*' blocking or neutralizing ghrelin’s
action may be a reasonable approach to reversing chronic
obesity. The possibility of using a ghrelin antagonist for the
treatment of obesity,"*? which is closely associated with a
number of chronic diseases such as diabetes, cardiovascular
disorders, and some types of cancer, has triggered a rush by
many groups in the hunt to find such a valuable agent. Devel-
oping anti-obesity therapies, however, is complicated because
the biological system that controls the energy balance in the
body is complex and poorly understood.'*' On the other
hand, it is conceivable that such ghrelin antagonists may help
to treat patients with obese Prader-Willi syndrome.*®'" Fyr-
thermore, in some cancers, ghrelin antagonists may act as anti-
proliferative agents.””

3.1. Peptide and pseudopeptide antagonists
3.1.1. Zentaris

Zentaris researchers have described truncated ghrelin ana-
logues having antagonist activities.'™ Compound 56
(Figure 22) blocks GH secretion stimulated by ghrelin after sub-
cutaneous injection at a dose of 300 ugkg™' in rats.

3.1.2. Ipsen

By producing ghrelin analogues with better metabolic stability
and greater affinity toward GHS-R1a, researchers at Ipsen iden-
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Figure 22. Peptide antagonist 56 developed by Zentaris.

tified a competitive GHS-R1a antagonist."**"*® This compound,
BIM 28163 (57), the structure of which is not described, dis-
plays good affinity (K;=8 nm) in transfected cells and the abili-
ty to completely inhibit the GHS-R1a activation induced by
ghrelin in a dose-dependent manner. Administered intrave-
nously in rat, BIM 28163 completely blocked ghrelin-induced
GH secretion. Administered as a unique product, it is able to
decrease the rate of GH circulation and the amplitude of GH-
secretion peaks without modifying their frequency. Surprising-
ly, it modulates the feeding behavior in rats, as a complete ag-
onist, by reproducing the effects of ghrelin in body-weight
gain and food intake."*”!

3.1.3. Tranzyme Pharma

Tranzyme Pharma has claimed extensively on conformationally
defined macrocyclic compounds that incorporate peptides, as
modulators of GHS-R1a, including antagonists. In a radioligand
binding assay using HEK 293 cell membranes, macrocycle 58
(Figure 23) was claimed to have a double-digit nanomolar K;
value toward GHS-R1a,""*" and macrocycle 59 was reported to
have a single-digit nanomolar K; value. However, because
no functional activity data were

presented in these applications,

it is unclear whether or not

these compounds are GHS-R1a

antagonists.

3.2. Peptidomimetic antago-
nists

3.2.1. Merck
)

By direct in vitro screening using
rat pituitary primary cell cultures,
compound 60 (L 692400,
Figure 24), derived from com-
pound 21 (Figure 9), was identi-
fied as the first specific GHS-R1a

o)
Dg ™ :
D ) >D >
cl 07N PN N)
cl NSC D
cl
62

J.-A. Fehrentz et al.

C f@ L HNLOF
@” o

K; (binding) = 10-100 nM K; (blndlng) =1-10 nm

Figure 23. Peptide antagonists developed by Tranzyme Pharma.

3.2.2 Isoxazole carboxamides from

Abbott Q >L
>

0

0
L 692 400

Compound 61 (Figure 25) was first
identified by high-throughput
screening. Using a GHS-R1a trans-
fected cell model, this compound
was confirmed to be a competitive
antagonist of the receptor, with
modest affinity (ICso=130 nm) and
with an IC;, value of 180 nm deter-
mined in  cellular functional
assays.'" A structure-activity anal-
ysis was aimed at enhancing the
affinity and functional activity toward GHS-R1a. This study led
to the discovery of a new series of antagonist molecules. Com-
pounds 62 and 63, which belong to this series, display high af-
finity and antagonistic activity toward GHS-R1a."*¥ However,
the isoxazole carboxamides in general suffered from poor
pharmacokinetic profiles, with less than 5% oral bioavailability
in rats.>”

Figure 24. Peptidomimetic
antagonist 60 developed by
Merck.

07N
NSO Y
cl
cl
61

ICs (binding) = 130 nM (hGHS-R1a / [His®-'®(]ghrelin)

ICso (Ca®') = 180 nM
Fpo (rat) < 5%

d )

antagonist.  This  compound
alone does not induce GH secre- cl
tion in vitro, and blocks GH se- ICso (binding) = 6 nM (hGHS-R1a / [His®-'*I]ghrelin)
ICso (Ca®") = 19 nm 63

cretion stimulated by compound
21 or MK 0677 (28), without in-
hibiting GH secretion induced by
GHRH.">2
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ICs, (binding) = 9 nM (hGHS-R1a / [His®-"**l]ghrelin)
ICso (Ca®") = 10 nm

Figure 25. Isoxazole carboxamides developed by Abbott.
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3.2.3 Tetralin carboxamides
from Abbott

Using the same methodology,
Abbott researchers discovered a
new family of GHS-R1a antago-
nists, the tetralin carboxa-
mides."™® "] One of these, com-
pound 64 (Figure 26),
an affinity of 16 nm and an 1Cs,

value of 29 nm. Furthermore, N
this compound is selective, H,N
showing only weak activity 0
toward a panel of receptors.

However, no invivo effect on

food intake or body weight was

reported in a rat model. The 66
pharmacokinetic profiles of tet-
ralin carboxamides were better
than those for the isoxazole car-
boxamides (around 20% oral
bioavailability in rat), but were
still considered inadequate.

Z =
\ / T
N

Fpo (mice) =

. gk

SO

ICsp (binding) = 16 NM (hGHS R1a / [His®-'?I]ghrelin)
ICso (Ca%*) =29 nM
Fpo (rat) = 19%

Figure 26. Tetralin carboxamide developed by Abbott.

3.2.4. 2,4-Diaminopyrimidines

A series based on the 2,4-diaminopyrimidine scaffold was also
explored,"® but one concern of this diaminopyrimidine che-
motype is its inhibitory activity against dihydrofolate reductase
(DHFR)," a key enzyme in nucleic acid biosynthesis. The un-
desired activity toward DHFR could be a potential source of
toxicity and could also complicate interpretation of pharmaco-
logical data. By optimizing the substituents in positions 4 and
6 of the 24-diaminopyrimidine core, the authors obtained
potent in vitro GHS-R1a antagonists displaying good selectivity
(1000-fold) in favor of the receptor over DHFR, such as com-
pound 65 (Figure 27). By using a structure-activity relationship,
Abbott obtained the first GHS-R1a antagonist effective
in vivo."®@  Administered intraperitoneally, compound 66
causes a decrease in food intake in rats and attenuates body-
weight gain following a diet in obese mice. However, its bio-
availability of only 5.5% is not sufficient for oral administration.
Another compound, 67, was described as having greater po-
tency and bioavailability (55% by oral administration in rat),
but is also a potent inhibitor (ICs,=10 nm) of DHFR.

ChemMedChem 2007, 2, 1242 - 1259
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\/©/ ICsp (binding) = 54 nM (hGHS-R1a / [His®-?*I]ghrelin)

67
ICsp (binding) = 7 nM (h\GHS-R1a / [His®-"?*I]ghrelin)
ICs0 (Ca®") =19 nM

Figure 27. The first series of 2,4-diaminopyrimidines developed by Abbott.

However, as the crystal structure of the diaminopyrimidine-
DHFR complex was solved in 1989, researchers at Abbott
undertook docking studies between compound 67 and DHFR
with the aim of enhancing the selectivity of their compounds.
They compared the binding mode of compound 67 with DHFR
and the supposed binding mode of the same compound with
GHS-R1a.*® The GHS-R1a-67 model was developed based on
the dopamine receptor model.*>'%® By comparing those two
binding modes, an extra space was noted between the GHS-
R1a surface and the benzylamine moiety of compound 67,
compared with the analogous region on the DHFR-67 com-
plex. By introducing steric hindrance in this part of the mole-
cule, the affinity toward GHS-R1a could be preserved, while
supposedly decreasing the affinity for DHFR. An initial series of
molecules was synthesized with a benzimidazole core;"** com-
pounds 68 and 69 (Figure 28) are representative examples.
The inhibitory activity of compound 68 toward DHFR relative
to that of 67 was diminished (78% inhibition versus 99% at
1 um), but it is still considerable. The introduction of a cyclic
substituent at position 2 of the imidazole (compound 69),
however, enhanced the selectivity; the 1Cs, value for DHFR is in
the micromolar range, but the affinity for GHS-R1a is affected.

A second strategy was used to decrease the flexibility of the
benzylamine group by replacing the amine function with an
amide. Compound 70 (Figure 29) from this series"™ displays
an affinity for GHS-R1a similar to that of compound 66 and an
affinity toward DHFR of 30 um. Furthermore, compound 70
has a good pharmacokinetic profile (32% oral bioavailability in
rat), and is able to cross the blood-brain barrier.

Another series of compounds was synthesized by replacing
the amide with a urea group, which is more rigid and less sen-
sitive to enzyme hydrolysis. Compound 71 from this series dis-
plays an affinity for GHS-R1a in the nanomolar range and has
very good selectivity (ICs, (DHFR) > 100 um). It also presents a
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68
ICs (binding) = 4 nM (hGHS-R1a / [His*-'®I]ghrelin)
ICso (Ca®’) = 11 nM

69
ICsp (binding) = 16 nM (hGHS-R1a / [His®-'*l]ghrelin)
IC4 (Ca?*) = 250 nM

Figure 28. The second series of 2,4-diaminopyrimidines developed by
Abbott.
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ICsp (binding) = 66 nM (hGHS-R1a / [His®-'*I]ghrelin)

ICso (Ca?') =7 nm
ICso (Ca%*) = 188 nM
Fpo (rat) = 32%

Figure 29. The third series of 2,4-diaminopyrimidines developed by Abbott.

good pharmacokinetic profile, but seems unable to cross the
blood-brain barrier.

These latter two compounds have been tested in vivo."* In
rats, compound 70 decreased food intake within 24 h
(50 mgkg™" every 8 h, oral route) and caused a 5% decrease in
body weight of obese mice after 14 days of oral treatment
(50 mgkg™" twice daily). Compound 71 does not have any
effect on food intake or body weight. The authors concluded
from this difference that the ability to cross the blood-brain
barrier is necessary to block the orexigenic effect of ghrelin.

3.2.5. Elixir Pharmaceuticals

Researchers at Elixir Pharmaceuticals claimed a series of spi-
roindoline piperidine-based GHS-R1a antagonists.'"®¥ These
compounds were based on the spiroindoline piperidine tem-
plate pioneered by Merck for GHSs. The best analogues were
claimed to have K; values of <100 nm in radioligand binding
assays using COS7 cells, and it was determined that the privi-
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leged G-protein-coupled receptor (GPCR)-binding spiroindoline
piperidine moiety in compound 72 (Figure 30) was not critical
for GHS-R1a antagonism. Compound 73, which features a
biaryl replacement, exhibits a double-digit nanomolar K; value

H
O. N NH
N Ne_
N O OH
L O
72 73

Figure 30. Peptidomimetic antagonists developed by Elixir Pharmaceuticals.

toward GHS-R1a. No other functional or in vivo biological activ-
ity is disclosed in this patent application.

3.2.6 Biovitrum

A series of novel (3-carboline spiropyrrolidines have been claim-
ed by Biovitrum to be GHS-R1a antagonists."®® A total of 234
examples are listed in this application, with K; values in the
range of 10 nm to 5 pum in transfected Chinese hamster ovary
(CHO) cell lines. The structure of compound 74 (Figure 31) is
representative of this series.

HO -
NjﬂO Q
X N—\fo

NH

-0 74
K; (binding) = 69 nM (hGHS-R1a / [His®-'?®I|ghrelin)

Figure 31. Peptidomimetic antagonist 74 developed by Biovitrum.

3.2.7. Sumitomo Pharmaceuticals

Researchers from Sumitomo Pharmaceuticals developed a
series of oxindole- and benzimidazolone-based GHS-R1a antag-
onists."* Compounds 75 and 76 (Figure 32) are representative
of this series. In this application, two compounds, 77 and 78,
were evaluated for their acute effect on food intake in db/db
mice: via intraperitoneal route at a dose of 50 mgkg™', the cu-
mulative food intake during the 22 h following injection was
decreased by 23 and 89% for compounds 77 and 78, respec-
tively, relative to the average food intake of control animals
during the same period.
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Figure 32. Peptidomimetic antagonists developed by Sumitomo Pharma-
ceuticals

77 78

3.2.8. Amgen

Amgen claimed a series of benzoazepine- and dihydroisoqui-
noline-based GHS-R1a antagonists (Figure 33)."%” These com-
pounds present some structural similarities with compound 60

S
(é[ ﬂC

79
ICso (Ca®") = 1-10 M

ICso (Ca®") = 1-10 nMm

Figure 33. Peptidomimetic antagonists developed by Amgen.

from Merck (Figure 24). Compounds 79 and 80 exhibit ICs,
values from 1 to 10 nm. Numerous structural variations are tol-
erated, and potent antagonist activities (ICs,< 10 nm) were ob-
tained.

3.2.9. Novo Nordisk

A series of GHS-R1a antagonists, derived from phenylalanine,
that can be used for the treatment of obesity or central nerv-
ous system (CNS) disorders has been described by Novo Nor-
disk."® Several of these compounds were evaluated in vitro

ChemMedChem 2007, 2, 1242 - 1259
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for their capacity to bind and activate the receptor, but no
data were disclosed. Compound 81 (Figure 34) decreases food
intake in vivo from 10 to 25% when administered via intraperi-

Figure 34. Peptidomimetic antagonist 81 developed by Novo Nordisk.

toneal route in rats, compared with control animals. Neither
relative nor absolute stereochemistry of these compounds are
specified.

4. hGHS-R1a Inverse Agonists

GHS-R1a inverse agonists should also be interesting therapeu-
tic tools owing to the reported high constitutive activity of the
receptor."® Such molecules would be particularly useful in the
treatment of obesity.

4.1. Peptide inverse agonists: Merck

By using in vitro screening, researchers from Merck first identi-
fied compound 82 (p-Lys>-GHRP-6, Figure 35), a peptide ana-
logue of GHRP-6 that is able to inhibit GHRP-6-induced GH se-

His - D-Trp - D-Lys - Trp - D-Phe - Lys - NH,
82
D-Lys’~GHRP-6
ICsp (binding) = 0.9 mM (hGHSR-1a / [*°S]MK 0677)
D-Arg - Pro - Lys - Pro - D-Phe - GIn - D-Trp - Phe - D-Trp - Leu - Leu - NH,
83

L 756 867 or (D-Arg1, D-Phe5, D-Trp7,9, Leu11)substance P
I1Cs0 (IP3) =5.2 um

Figure 35. Peptide inverse agonists developed by Merck.

cretion."’” Furthermore, via the intracerebroventricular route
in mice, it inhibits food intake and body-weight gain.'”" This
compound was first described as a GHS-R1a antagonist. Re-
cently, Chan et al. demonstrated that it is, in fact, an inverse
agonist, able to inhibit the constitutive activation of phospholi-
pase C (PLC) induced by GHS-R1a.'”? However, this compound
has poor affinity for hGHS-R1al"’*! and is not selective, binding
to the various melanocortin receptor subtypes as well.!'”¥

The other compound identified by Merck is compound 83
(L 756867, Figure 35), derived from subtance P. It inhibits GH
secretion induced by compound 21 in rat,"”” and compound-
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17-induced GH secretion in pig.
as an inverse agonist of GHS-R1a, and not as an antagonis
Indeed, in vitro, this compound is able to inhibit the constitu-
tive production of inositol-1,4,5-trisphosphate (IP;) induced by
GHS-R1a in a dose-dependent manner, but this compound is
not selective for hGHS-R1a. It is able to bind to the receptors
of several neuropeptides, such as the bombesin receptor,”®
the vasopressin- and gastrin-releasing-peptide receptors!””
and to the interleukin-8 receptor.l'”®

1 Holst et al. characterized 83

t [169]

4.2, Peptidomimetic inverse agonists: 7TM Pharma

7TM  Pharma has disclosed compound 84 (TM 27810)
(Figure 36), a nonpeptidyl inverse
agonist of GHS-Rla with an ICs,

F value of 6.5 um, determined by the

inhibition of IP; hydrolysis in COS7

\ cells.'” Although this compound
COH  is much weaker than the previous

iy :;810 peptide inverse agonist, it repre-

ICsy (IP5) = 6.5 M sents a reasonable starting point

for further optimization to improve

selectivity and oral bioavailability.

Br.

N

Figure 36. Peptidomimetic in-
verse agonist 84 developed
by 7TM Pharma.

Summary

The discovery of new agents that either mimic or modulate
the actions of ghrelin via GHS-R1a has attracted considerable
interest in recent years. Because endogenous ghrelin appears
to play an important role in the long-term regulation of
energy balance, GHS-R1a antagonists may be useful in the pre-
vention of weight gain. To realize the full potential of ghrelin
antagonism as a novel approach for anti-obesity treatment,
GHS-R1a antagonists with better potency, selectivity, and phar-
macokinetic properties are needed. GHS-R1a inverse agonists
could also play a major role as anti-obesity therapeutic agents.
The fields of ghrelin biology and physiology are still rapidly
evolving. Further understanding of the complex pathways in-
volving ghrelin will greatly facilitate the drug-discovery process
targeting ghrelin and GHS-R1a.

Keywords: drug design - ghrelin - GHS-R1a ligands - growth
hormone secretagogues - peptidomimetics
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