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Introduction

Human growth hormone (GH) has been in clinical use
since the late 1950s. Until the mid-1980s it was isolated
from human cadaveric pituitaries and used for replace-
ment therapy in GH-deficient children. In this patient
population GH replacement therapy was efficacious and
remarkably well-tolerated with minimal side effects.
However, human GH was scarce, expensive, and some-
times contaminated with a virus that has been linked
to Jakob-Creutzfeldt disease, a fatal degenerative neu-
rological disorder. In the mid-1980s recombinant hu-
man GH (rhGH) became available for treatment of short
stature in GH-deficient children and adolescents. Sev-
eral pharmaceutical and biotechnology companies cur-
rently market native rhGH or methionyl-rhGH for
treating GH deficiency in adults and children, short
stature in association with renal insufficiency, AIDS-
related wasting, and short stature associated with
Turner’s Syndrome.1

Availability of rhGH has spurred numerous investi-
gational applications for GH replacement therapy.
These include age-related muscle loss (sarcopenia),
improvement in perisurgical or parenteral nutrition and
other catabolic states, obesity, non-GH-deficient short
stature, and a variety of catabolic states.1 There has
also been considerable interest in evaluating GH re-
placement therapy for use in treating cardiovascular
disease and in enhancing the immune system. Interest

in effects of GH on cardiovascular disease stems from
clinical observations that GH is involved in regulating
hepatic biosynthesis of lipoproteins and LDL receptors.2
Furthermore, GH-deficient adults show a predisposition
to cardiovascular disease.3 In the immune system, GH
has been shown using in vitro experiments to stimulate
cell proliferation in primary lymphoid tissue including
bone marrow and thymus. In humans, most evidence
suggests that it increases the T-cell population.4

Normal human aging is associated with decreased GH
secretion compared to young healthy adults.5,6 Mean
GH concentrations in the elderly are about half those
in young adults, and many people over 60 are GH
deficient by young adult standards. The resulting
“hyposomatomedinemia” is accompanied by reductions
in the levels of insulin-like growth factor (IGF-1) which
is released from the liver in response to GH stimula-
tion.7,8 The reductions in GH and IGF-1 levels with
aging may contibute to age-related decreases in muscle
mass and strength.9

Rudman and co-workers were the first to explore
potential applications of GH replacement therapy in the
geriatric population.10,11 In 1990 they reported that
administration of rhGH to 21 healthy men from 61 to
81 years old led to marked improvements in muscle
tone, skin thickness, lean body mass, and density of the
lumbar vertebrae. These increases in lean body mass
were coupled with a statistically significant loss of
adipose tissue. On the basis of these studies, Rudman
and co-workers concluded that “the effects of 6 months
GH treatment on lean body mass and adipose tissue
were equivalent in magnitude to the changes incurred
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during 10-20 years of aging”. Other efforts to provide
GH replacement therapy in elderly individuals have also
resulted in improved body composition but, with the
exception of one study,11a have not demonstrated in-
creased strength or function.12,13 In addition, GH has
been poorly tolerated in elderly subjects, often requiring
dose reduction or discontinuation from studies. The
most common side effects include fluid retention in the
lower extremities, diffuse arthraglia of both small and
large joints, carpal tunnel syndrome, and insulin resis-
tance leading to higher serum fasting glucose levels. It
is clear that beneficial effects of GH replacement have
been realized in pediatrics, but longer-term studies are
essential to evaluate whether GH replacement therapy
will be benefical in geriatrics.

Recombinant GH has also found widespread use in
animal husbandry. Monsanto markets recombinant
bovine GH (bovine somatotrophin; BST) as Posilac to
increase milk production in dairy cows. Recombinant
porcine GH (porcine somatotrophin; PST) has also been
investigated extensively as a growth promotant in
swine. Administration of PST by injection to finisher
pigs has been reported to cause marked increases in feed
efficiency and significant improvements in the carcass
composition, i.e., fat/muscle ratio.14

Growth hormone (GH) is released in a pulsatile
manner from somatotroph cells of the anterior pituitary
in all mammalian species tested so far, including
humans. As shown in Figure 1, GH pulsatility is
regulated by the interplay of two hypothalamic hor-
mones which counterpoise one another: growth hor-
mone releasing hormone (GHRH) stimulates GH release
whereas somatostatin (SRIF) inhibits GH release. Many
neurotransmitters (e.g., noradrenaline and/or adrena-

line, and acetylcholine) and neuropeptides (e.g., opioid
peptides and galanin) are also involved in the control
of GH secretion with both stimulatory and inhibitory
effects.1 These effects are exerted mainly via GHRH
and/or somatostatin rather than directly at the pituitary
level. Other stimuli including sleep,15 exercise,16 and
hormonal changes during puberty17 also have a pro-
found effect on the GH secretory pattern. Therefore, it
is clear that the control of pulsatile release of GH is a
complex process involving multiple regulators.

Growth hormone is the primary hormone responsible
for growth in mammals, and it accelerates metabolic
processes such as lipolysis and protein synthesis. The
anabolic effects of GH are mediated through two major
pathways. GH exerts its action directly by interacting
with specific GH receptors that are widely distributed
in body tissues18 and indirectly through the effects of
insulin-like growth factor.7 In addition to its well-
documented anabolic effects, IGF-1 has been reported
to be a feedback inhibitor of GH synthesis and release
by acting primarily at the level of the hypothalamus and
pituitary.19

Growth hormone (191 amino acids; MW ) 215 000)
is a relatively large peptide with poor oral bioavailabil-
ity. Therefore, it must be administered parenterally.
The current yearly expense for treating a GH-deficient
child in the US exceeds $10 000. Furthermore, as
discussed above, there are side effects associated with
GH replacement therapy in the elderly which tend to
limit widespread use. Injections of rhGH result in
supraphysiologic concentrations of GH and override the
physiologic feedback mechanisms that govern the pul-
satile release of GH. Most GH deficiencies involve
suboptimal release of GH due to insufficient hypotha-
lamic input, rather than insufficient GH content in the
pituitary. Therefore, drug discovery strategies have
focused on identifying specific GH secretagogues that
will provide a more physiologically relevant, pulsatile
release of endogenous GH from the pituitary gland. It
is anticipated that inducing or augmenting a normal
episodic GH profile may provide the beneficial effects
of GH with fewer side effects. Toward this end, the
endogenous peptide, growth hormone releasing hormone
(GHRH), and the growth hormone releasing peptides
(GHRPs) have been investigated extensively during
recent years as potential alternatives to GH replace-
ment therapy.

Growth Hormone Releasing Hormone (GHRH)

Human GHRH is a C-amidated 44-amino acid peptide
that was first isolated from pancreatic tumors of a
patient suffering from acromegaly.20 Subsequently, it
was shown to be present in the hypothalamus and to
cause GH release from the anterior pituitary by inter-
acting with specific GHRH receptors.21 GHRH (1-29)-
NH2 is the shortest fragment that possesses GH-
releasing capability and binding properties similar to
that of GHRH (1-44)NH2 suggesting that the first 29
residues are essential for biological activity.22 Mecha-
nistic studies have shown that GHRH-mediated GH
release from pituitary somatotrophs proceeds by a
signaling pathway that utilizes cAMP.23

GHRH has been evaluated extensively in humans as
an alternative to GH replacement therapy and in

Figure 1. Regulation of growth hormone (GH) secretion by
the hypothalamic-pituitary axis. The hypothalamic peptide,
growth hormone-releasing hormone (GHRH), acts on pituitary
somatrophs to release GH while the inhibitory peptide, soma-
tostatin (SRIF), blocks GH release by interacting with its
receptors that are expressed in the pituitary gland. GH
pulsatility is regulated by the interplay of two hormones,
GHRH and SRIF, which counterpoise one another. Following
stimulation of GH release, concentrations of the anabolic
hormone insulin-like growth factor (IGF-1) increase due to the
actions of GH on the liver. GH stimulates growth by interact-
ing with specific GH receptors that are widely distributed in
body tissues and indirectly through the effects of IGF-1. IGF-1
is a feed-back inhibitor of GH synthesis and release by acting
on the pituitary gland and hypothalamus.
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animals for growth enhancement and to stimulate
lactation. In the clinic, GHRH was shown to acutely
stimulate GH release in normal and GH-deficient
subjects.24,25 Unlike GH replacement therapy, exog-
enous administration of GHRH (1-44)NH2 twice daily
by injection does not abolish GH pulsatility. Instead,
continuous intravenous infusion of GHRH to young
adult men for 14 days led to enhanced GH pulsatility
and significant increases in IGF-1.26 Long-term GHRH
administration accelerated growth velocity in GH-
deficient children, with no subsequent desensitization
of acute GHRH-stimulated responses, suggesting that
the somatotrophs remain responsive to subsequent
stimulation.27 In these studies GHRH was generally
free of side effects.

GHRH is a relatively large peptide with poor oral
bioavailability. Furthermore, in humans GHRH (1-
44)NH2 is rapidly metabolized with a terminal half-life
of 6.7 min.28 Therefore, considerable effort has been
spent to identify more metabolically stable and longer-
acting GHRH analogues, and several groups have
synthesized super-potent analogues with somewhat
improved pharmacological properties.29-31 All these
GHRH analogues are peptidyl in nature and are used
subcutaneously. Thus far, GHRH and its analogues
have not demonstrated significant improvements in
efficacy or oral bioavailability over rGH. Therefore, use
of GHRH and GHRH analogues in humans and in
animals has been limited.

Growth Hormone Secretagogues: Growth
Hormone Releasing Peptides (GHRPs)

An alternative pathway for releasing endogenous GH
from the pituitary was discovered by Bowers and co-
workers before the isolation of GHRH in 1982.32-37

They developed synthetic peptides with six and seven
residues called the growth hormone releasing peptides
(GHRPs) which are potent releasers of GH from the
pituitary across all species tested so far, including
humans. The GHRPs were discovered without knowl-
edge of their molecular target or an endogenous coun-
terpart. Following disclosure of the potent hexapeptide
secretagogue 1 (GHRP-6; His1-D-Trp-Ala3-Trp-D-Phe5-
LysNH2) by the Bowers group36 in 1984, significant
advances have been made in developing small-molecule
mimetics of it. For the purposes of this paper, col-
lectively, peptidomimetic and peptidyl analogues of the
GHRPs are termed GH secretagogues (GHS). Pharma-
ceutical design of GHS is of interest since these ligands
are agonists. Furthermore, peptidyl and peptidomi-
metic GH secretagogues are presently undergoing clini-
cal evaluation as an alternative to GH replacement
therapy. Considerable progress has been made in
recent years in understanding their mechanism of action
and their role in amplifying pulsatile GH secretion.

This Perspective highlights the discovery strategies
that were employed in developing the GHRPs and the
small-molecule GH secretagogues. We will discuss some
results from clinical investigations and provide some
perspective on possible clinical utilities of GH secreta-
gogues. Finally, progress in understanding the mecha-
nistic basis for GH secretagogue activity will be dis-
cussed.

Design and Discovery of GHRPs

Momany and Bowers designed the hexapeptide secre-
tagogue 1 (GHRP-6) using an empirical approach and
a theoretical approach that utilized conformational
energy calculations, and disclosed their results in
1984.36 The first series of GHRPs had been described
by the Bowers group in 1977. They evolved from an
assessment of C-amidated met- and leu-enkepkalins and
their analogues for GH releasing activity from pituitary
incubates. Replacement of Gly2 of met-enkephalin-NH2
(Tyr-Gly2-Gly-Phe-MetNH2) by D-Trp as found in 2 (Tyr-
D-Trp2-Gly-Phe-MetNH2) or by D-Phe (3; Tyr-D-Phe-Gly-
Phe-MetNH2) resulted in compounds that in vitro
released GH from the pituitary at relatively high
concentrations (∼10 µg/mL).33 Later it was discovered
that incorporation of D-Trp at position 3 (4; Tyr-Gly-D-
Trp3-Phe-MetNH2) also released GH in vitro at some-
what lower concentrations.34,35 Peptides 2, 3, and 4
were found to be specific for releasing GH and were
devoid of opiate activity. Momany and co-workers
designed several peptides starting from 2, 3, and 4 that
enhanced the conformational properties thought to be
responsible for activity. Conformational energy calcula-
tions on peptides 2 and 3 established that L and D

stereochemistries at the 1 and 2 positions, respectively,
resulted in an interaction of the aromatic rings of Tyr1

and D-Trp2.35 Increased activity was later found with
5 (Tyr-Ala-D-Trp3-Phe4-Met-NH2). Conformational analy-
sis of 5 now found the aromatic side chains of D-Trp3

and Phe4 to be stacked with each other. Therefore, L-D

or D-L stacking of the aromatic side chains was pro-
posed by Momany et al. to be important for GH-
releasing activity.35 Furthermore, it was concluded that
a calculated bend structure of these peptides was an
important feature of the bioactive conformation of the
GHRPs. To test this hypothesis they designed 6 (Tyr-
D-Trp-D-Trp-Phe-NH2) and found that it had enhanced
GH-releasing activity. Particularily noteworthy is the
negligible resemblance that the more potent secreta-
gogue 6, with its L-D-D-L arrangement, bears to the
enkephalin peptides 2 and 3 from which it was derived.
Following these breakthroughs, attempts were made to
insert a spacer between the L-D and D-L ring sets of 6
while maintaining the conformational properties of the
original peptide. From this work emerged a more active
secretagogue 7 (Tyr1-D-Trp-Ala3-Trp-D-Phe5-NH2) that
released GH at concentrations as low as 10-30 ng/
mL.34,35 Conformational analysis of 6 revealed interac-
tions between the aromatic side chains that are initiated
by a turn-like structure around the first four residues.
SAR studies at the Tyr1 and C-terminal positions then
led to the discovery of the first potent peptidyl secre-
tagogue 1 (GHRP-6; His1-D-Trp-Ala3-Trp-D-Phe5-Lys-
NH2; EC50 ) 10 nM).37,38 Although the C-terminal
lysine residue was not absolutely essential for in vitro
activity, it appears to contribute significantly to in vivo
efficacy.

Momany and Bowers have recently reported progress
in understanding the solution conformation of 1 and its
bioactive analogues with the working hypothesis that
this conformation will resemble the bioactive conforma-
tion when bound to the receptor.39 These studies were
guided by molecular and dynamic computational meth-
ods, experimental results from solution NMR studies
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and conformational analysis of biologically active cyclic
peptides Cys1,9-Ala-GHRP-6 (∼30% GH-releasing activ-
ity of 1) and Cys1,9-N-methyl-D-Phe7-GHRP-6 (∼25%
GH-releasing activity of 1). Biologically active peptides
bearing N-methylated residues and proline substitu-
tions were identified which minimize the number of low-
energy conformations of 1. Both computational studies
and solution NMR studies found that when His1 is
uncharged, 1 and its active analogues have stable
conformations in water and the “core” GHRP-6 confor-
mation is retained in its active analogues, including the
two cyclic peptides. Analogues that perturbed this
active “core” lost activity. In its low-energy conforma-
tion 1 adopts a folded conformation in which the polar
N-terminal His and C-terminal Lys are close in space.
The hydrophobic indole units from D-Trp2 and Trp4 are
directed toward one another and the phenyl unit from
D-Phe5 appears to interact with the amino unit of Lys6.
Therefore, a triaromatic “core” with a basic amine has
been suggested to comprise the essential pharmaco-
phore of 1.

Biological Activities of GHRP-6

Hexapeptide 1 caused a concentration-dependent
increase in GH from pituitary incubates of 21-day-old
female rats at concentrations ranging from 1 to 30 ng/
mL of medium.36 In vitro, the GH response to 30 ng of
GHRP-6 was completely inhibited by 100 ng of soma-
tostatin-28 (SRIF-28).36 Unlike the earlier compounds,
1 was potent in vivo in 21-day-old female rats in which
it caused a dose-dependent increase in serum GH after
sc administration at doses ranging from 3 to 30 µg per
rat. The GH response was almost immediate, with the
peak response occurring 10-15 min after dosing. The
in vivo GH-releasing activity of 1 (3 µg; sc) was
abolished if SRIF-28 (20 µg; sc) was given concom-
intantly, demonstrating that SRIF-28 is a powerful
inhibitor of GHRP-6-mediated release of GH. Subse-
quently, Bowers and co-workers showed that 1 was
active in a number of species including monkeys,40

barrows,41 steers42 and under special circumstances
chickens,32 suggesting that the mechanism for GHRP-
induced GH release was conserved across species. The
in vitro GH release produced by 1 was specific since
large doses elicited a marked release of GH but not of
thyroid-stimulating hormone (TSH), luteinizing hor-
mone (LH), or follicle-stimulating hormone (FSH).36

Specificity for GH release with respect to prolactin
(PRL) release was demonstrated in vitro but not in vivo.
In dogs, 1 was potent for releasing GH after iv admin-
istration, and the rise in GH levels was followed by
transient increases in cortisol levels.43 Similar increases
in cortisol levels were also seen in humans after iv

administration of 1.44 The anabolic potential of 1 was
evaluated by Bowers and co-workers using chronic in
vivo studies in immature female rats.36 A statistically
significant increase in body weight gain was observed
when 1 was given ip to 17-day-old rats once or twice
daily for 9-25 days at doses ranging from 30 to 100
µg.36,45 Chronic administration to cows enhanced milk
production.46

Identification of More Potent GHRPs

In 1993, Bowers and co-workers reported two more
potent analogues of 1 (GHRP-6; His1-D-Trp-Ala3-Trp-D-
Phe5-LysNH2; EC50 ) 10 nM).47,48 Specifically, Bowers
found that the in vitro activity of 1 was enhanced by
incorporation of D-â-naphthylalanine for D-Trp2 and, by
use of the stereochemically inverted D-Ala for the
N-terminal L-His, thus producing 8 (GHRP-2; D-Ala1-
D-â-Nal2-Ala3-Trp-D-Phe5-LysNH2; EC50 ) 3 nM).47 Fur-
thermore, His1 could be derivatized with an Ala to
provide the potent heptapeptide GH secretagogue 9
(GHRP-1; Ala-His2-D-â-Nal-Ala4-Trp-D-Phe6-LysNH2;
EC50 ) 6 nM).48 In their design of hexarelin (10; His-
D-2-methylTrp2-Ala-Trp-D-Phe-LysNH2), Deghenghi and
co-workers49 utilized D-2-methylTrp in place of the
D-Trp2 of 1. In rats, 8 and 9 are 2-3-fold more potent
than 1 in releasing GH after iv administration. Hexare-
lin (10) was initially believed to have a longer duration
of action after iv administration to rats, but subsequent
experiments indicated an iv potency and duration of
action which are comparable to 1.32

Early in vitro mechanism of action studies by Bowers
found that 1 released considerably more GH from
hypothalamic-pituitary incubates than from the pitu-
itary alone, suggesting that hypothalamic input was
important for GHRP-mediated GH release.50 Later, it
was shown that 1 synergized with GHRH and caused
significantly larger amounts of GH to be released from
cultured rat pituitary cells than the GH output after
stimulation by GHRH or 1 alone.51,52 Synergy between
1 and GHRH was eventually demonstrated in humans.44

In cultured pituitary cells, complete desensitization to
1 occurs within a few minutes. Surprisingly, however,
the in vivo effects are markedly different; continuous
intravenous infusion of 1 to rats resulted in sustained
elevated GH secretion and pulsatility.53 There were also
significant increases in serum IGF-1 levels. Mechanis-
tically, 8, 9, and 10 are indistinguishable from 1.

Clinical Findings: GHRPs and Hexarelin

The GHRPs have been tested numerous times in
healthy young and old human subjects as well as in
various disease states.54a In healthy subjects, following
a single intravenous, oral, or intranasal dose of a peptide
GH secretagogue, a single broad GH peak is detected.44,54a

Where measured, this GH peak is accompanied by
smaller peaks of adrenocorticotropic hormone-mediated
cortisol secretion and prolactin secretion.44 In addition,
the GHRPs effectively release GH in patients with
diabetes,54b obesity,54c,d acromegaly,54e chronic renal
failure,54f and polycystic ovary syndrome54g and in the
presence of corticosteroid excess.54d However, GH secre-
tagogues do not elicit a GH response in patients with
hypothalamic-pituitary disconnection.55,56 In a reveal-
ing study, Jaffe et al.57 infused 1 (1 µg/kg/h) or saline
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into eight healthy young adult men over a 24 h period.
Serum was sampled for GH levels every 10 min. A
sustained, upregulated pulsatile pattern of GH secretion
resulted. A similar observation was reported by Huhn
et al.58 Thus, the GH response to sustained serum
concentrations of secretagogue was fundamentally dif-
ferent from that of a bolus dose.

Desensitization, resulting in lower peak GH responses
after multiple doses of hexarelin, has been reported.59

Other authors have not observed desensitization and
have reported that the GH response to 10 is sustained
after 15 days of dosing in the elderly.60 Despite this,
these investigators observed no significant increase in
serum IGF-1 levels. In growth hormone deficient
children, Mericq et al.61 and Pihoker et al.62 have
reported similar observations using 8. After 4-6 months
of treatment, no significant increase in serum IGF-1 was
observed, but both groups reported an increase in
growth velocity. Laron et al.63 treated non-GH-deficient
short children with 10 (60 µg/kg; tid; intranasally) for
up to eight months and reported a significant increase
in serum IGF-1 as well as in growth velocity. The
apparent variability in serum IGF-1 response to mul-
tiple doses of peptide secretagogues may be related to
differences between secretagogues, differences in patient
populations, or a large variability in individual re-
sponses, making detection of a small response difficult.

Development of Peptidomimetics of GHRP-6

While their relevance to a putative natural mediator
is unknown, the high potency of the GHRPs for releas-
ing GH, their relatively good specificity and demon-
strated anabolic effects in chronic administration stud-
ies have validated the GHRP mechanism for GH release
as a viable alternative to GH replacement therapy.
Unfortunately, the oral bioavailability of 1 in humans
has been reported to be approximately 0.3%, and its t1/2
in humans is only about about 20 min.64,65 Therefore,
considerable efforts have been made to identify pepti-
domimetics for GHRP-6 with improved pharmacokinetic
properties.

Design of Benzolactam-Based GH Secretagogues.
A group from Merck was the first to disclose nonpeptidyl
mimetics of GHRP-6.66a,b When this research was
initiated, nonpeptidyl agonists for peptide ligands were
rare. The most notable examples were the opiates and
tifluadom which are mimetics of the endogenous opiate
peptides.67a,b From the SAR work of Momany and
Bowers it was evident that a basic amine at position 1
was crucial for GHRP activity. Furthermore, aromatic
amino acids were favored at positions 2, 4, and 5, and
as discussed above, use of the unnatural D-Trp at
position 2 converted the original opioid peptide to a GH
secretagogue.33 The Merck group utilized these at-
tributes in their selection of nonpeptidyl compounds
from the Merck sample collection for evaluation in their
rat pituitary cell assay. From this directed screening,
they identified a lead compound 11 (EC50 ) 3 µM).
Replacement of the carboxylic acid group in this com-
pound by a tetrazole increased potency and independent
synthesis of its R enantiomer then afforded the first
potent nonpeptidyl GHRP mimetic 12 (L-692,429; EC50
) 60 nM).66a,b Benzolactam 12 caused GH release from
cultured rat pituitary cells with a maximal 300%
increase in 15 min.68

The discovery of 12 was a seminal breakthrough
because it demonstrated that relatively small peptido-
mimetic agonists for 1 could be designed. Further SAR
studies around 12 enhanced its potency even further
by N-terminal derivatization with a (R)-2-hydroxypropyl
unit to afford 13 (L-692,585; EC50 ) 3 nM).69,70 Hansen
and co-workers have disclosed potent naphtholactam
derivative 14 (EC50 ) 4 nM) which is significantly more
potent than 12 for releasing GH from cultured rat
pituitary cells.71 Unfortunately, the oral bioavailability
of 14 in rats is less than 5%.71

Benzolactam Secretagogues: In Vivo Activities

In vivo efficacy studies with 12 were conducted using
dog models because, unlike rats and mice, dogs have a
very steady basal GH concentrations. Acute iv admin-
istration of 12 to beagles resulted in an immediate
increase in GH concentrations. Maximal serum con-
centrations of GH up to 90-fold greater than baseline
values occurred within the first 30 min and returned
to pretreatment levels by 120 min.43 In an iv study with
a balanced crossover design using four male and four
female beagles, dose-dependent increases in GH levels
occurred after iv administration of 0.1, 0.25, or 1.0 mg/
kg of 12. The specificity of 12 for GH release was
evaluated in dogs after a single iv dose of 5 mg/kg.
Significant increases in cortisol and adrenocorticotropic
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hormone (ACTH) were observed whereas the other
measured hormones, including PRL, LH, insulin, thy-
roxine-3 (T3), and thyroxine-4 (T4), were in the normal
range. As noted above, Hickey et al. had demonstrated
similar increases in ACTH and cortisol levels in dogs
after iv administration of 1.43 Therefore, despite marked
structural differences, the specificity of 12 in dogs
appears to be similar to 1. The acute iv potency of 13
was considerably greater than 12 with a minimum
effective dose of 0.005 mg/kg in beagles.72 Since the
minimum effective iv dose of 1 in dogs is 0.01 mg/kg,72

benzolactam 13 appears to be 2-fold more potent intra-
venously than 1. In a chronic study, after once-daily iv
administration of 13 at 0, 0.01 and 0.10 mg/kg for 14
days, desensitization of the GH response did not occur
and although transient increases in IGF-1 were evident
6 h after dosing, IGF-1 levels returned to baseline
within 24 h. Prolactin, insulin, and thyroxine levels
were unaffected.72 A 12 h infusion of 13 into guinea
pigs during which GH was monitored every 10 min
resulted in a sustained amplification of episodic GH
release, similar to that observed with 1.53 Intriguingly,
GH pulsatility was initiated by 13 suggesting that this
class of GH secretagogues has the capacity to reset the
pulsatility of GH release.

Clinical Investigations with Benzolactam
Secretagogue 12 (L-692,429)

Administration of benzolactam 12 to healthy young
men (1 mg/kg, iv) provided a mean peak GH concentra-
tion of 82.5 µg/L, demonstrating that it was substan-
tially more efficacious than GHRH at 1 µg/kg (highest
dose tested).73a Like 1, a single dose of 12 produced
transient increases in cortisol and PRL in addition to
GH. Continuous 24 h iv infusions of 12 stimulated
pulsatile GH release and increased mean circulating GH
concentrations in healthy older adults.74 Furthermore,
GH secretagogues may be able to reverse the catabolic
effects of glucocorticoids since 12 elevated GH in
patients undergoing short-term, high-dose treatment
with prednisolone.75

Development of Other Benzolactam GH
Secretagogues

Unfortunately, the oral bioavailability of 12 in dogs
is less than 5%.76 The poor oral bioavailability of 12
could be due to poor absorption resulting from its
zwitterionic nature. It is, therefore, of interest that
DeVita and co-workers have shown the tetrazole moiety
can be replaced with a carboxamide group to provide a
potent secretagogue 15 (EC50 ) 3 nM) that is orally
active in dogs at 5 mg/kg.77 Use of neutral and basic
heterocyclic replacements for the 2′-tetrazole group in
the benzolactam design has also provided potent com-
pounds with in vitro GH-releasing activity comparable
to 12.78 Another group found slightly higher rat pitu-
itary cell activities when the tetrazole group was
replaced by an oxadiazole or triazole.78d The effects of
these changes on absorption and oral bioavailability of
this class of GH secretagogues are still to be reported.

Quest For New Structural Leads: Privileged
Structure Design

A weakly active camphor-based GH secretagogue 16
(EC50 ) 300 nM) was discovered at Merck from directed
screening of compounds in the rat pituitary GH release
assay. Camphor sulfonamide 16 was also a potent
oxytocin receptor antagonist (IC50 ) 68 nM). Use of the
(R)-nipecotic acid amino side chain and N-terminal
derivatization with a 2(R)-hydroxypropyl unit provided
a more potent GH secretagogue 17 (EC50 ) 90 nM),79

which, however, retained activity on the oxytocin recep-
tor (IC50 ) 130 nM).

Although no potent and specific GH secretagogues
were synthesized from the camphor sulfonamide, the
spiroindanylpiperidine component of these compounds
was selected for additional derivatization, acting on a
suggestion made several years earlier by Evans and co-
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workers80 that a useful way of designing receptor
agonists and antagonists was to derivatize frequently
occurring structural units such as benzodiazepines.
They called these recurring core units “privileged struc-
tures”. The recognition of such core structures goes
back to Ariens and co-workers81 who noted the presence
of hydrophobic double-ring systems which contributed
importantly to the receptor affinity of many biogenic
amine antagonists. They suggested this motif “must
bind to accessory binding sites of a predominantly
hydrophobic nature located next to the receptor for the
corresponding agonist”.81 These receptor binding units
may afford “multipotent competitive antagonists” which
they illustrated, for example, with chlorpromazine
whose pharmacology includes anticholinergic, antihis-
taminic, antiserotonergic and R-adrenergic blocking
activities. Recurring structural units were also il-
lustrated in CNS drugs by Andrews and Lloyd82 and
more recently in a review of peptidomimetics from
natural products by Wiley and Rich.83

Following the suggestion of Evans and co-workers,80

the derivatization of selected privileged structures was
an approach taken at Merck to initiate new lead
discoveries. At the time, the spiroindanylpiperidine
group was hypothesized to be one of these privileged
structures since the camphor sulfonamide GHS lead also
had oxytocin antagonist activity and the spiroindanylpi-
peridine group was known to be present in σ receptor
antagonists (subsequently published by Chambers and
co-workers).84 Later there were NK-1,85,86 NK-2,87 dual
NK-1 and NK-2 antagonists88 and C5a agonists89 de-
scribed which contain a spiropiperidine group further
substantiating its categorization as a privileged struc-
ture. Presumably these receptors, for whatever reason,
contain similar binding sites whose size and hydropho-
bic properties are well suited to accommodate a spiropi-
peridine group. If recurring structural units bind near
receptor “active sites” as suggested by Ariens and co-
workers, then Patchett and co-workers hypothesized
that their derivatization with amino acids and small
peptides might afford agonists or antagonists for peptide
receptors.90

Design of Orally Active Spiroindoline
Sulfonamide 20 (MK-0677)

One of the first discoveries to come out of this
privileged structure derivatization effort was 18. Even
as a mixture of four diastereomers it caused GH release
in the rat pituitary cell culture assay with excellent
potency (IC50 ) 50 nM).90 Spiropiperidine 18 did not
elevate GH in dogs after an oral dose of 5 mg/kg.
However, good oral activity was achieved in a D-
tryptophan analogue 19 in which the ureidoquinuclid-
ene part of structure 18 was replaced by an aminoisobu-
tyric acid (AIB) group.91 The latter is a preferred amino
side chain in the benzolactam secretagogues and the
D-Trp stereochemistry of 19 corresponds to R stereo-
chemistry at the benzolactam 3-position of potent ben-
zolactam secretagogues such as 12. Additional potency
and oral bioavailability improvements were achieved by
introducing a methylsulfonylamido group and by replac-
ing D-Trp by O-benzyl-D-serine. The resulting com-
pound 20 released GH in the rat pituitary cell assay
with an EC50 ) 1.3 nM.90 Furthermore, although it was

considered to be a privileged structure derivative, the
IC50 values of 20 in over 50 receptor assays were greater
than 10 µM.90,92 These included opiate, galanin, σ,
benzodiazepine, substance P, and muscarinic receptors.
Subsequently, it was shown that neither GHRH nor
somatostatin would displace [35S]-radiolabeled 20 from
its receptor.93

In Vivo Properties of 20 (MK-0677)
Secretagogue 20 has an oral bioavailability in dogs

greater than 60%.90 It elevated GH in beagles with
intravenous doses down to 0.025 mg/kg and orally with
doses as low as 0.125 mg/kg.90 Following a single oral
dose of 1 mg/kg in three dogs, mean GH peak levels
increased more than 10-fold and GH levels remained
elevated for 360 min. An iv injection of 0.25 mg/kg of
20 significantly increased peak GH concentrations 20-
fold with a duration up to 180 min after treatment.
IGF-1 levels were elevated 25% at 360 min and total
cortisol was increased 2.3-fold over the saline control.
Insulin and glucose were higher, LH and prolactin were
unchanged, and thyroxine T4 was slightly lower but all
of these changes were within normal limits for dogs.9
The only significant difference from controls was in the
cortisol data. As discussed above, cortisol elevation had
been seen earlier with 143,44 and with the benzolactam
12 in beagles.43,72 In the clinic, increases in cortisol
concentrations were seen with 12,73a although, within
normal ranges.

Results of a chronic study in which 20 was given
orally, once daily to beagles for 14 days have been
reported.95 A significant down-regulation of the GH
response was observed by day 2 which then stabilized
with growth hormone levels remaining significantly
elevated throughout the study at doses of 0.5 and 1.0
mg/kg. The GH elevation was characterized by an
amplified pulsatile profile. IGF-1 concentrations were
increased up to 126%, and daily pretreatment levels
were higher than placebo values. However, when the
animals were treated on alternate days with 20, desen-
sitization did not occur and basal IGF-1 concentrations
had returned to control concentrations. The authors
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suggest that IGF-1 elevation was involved in the GH
down regulation which is consistent with a report that
IGF-1 reduces GH concentrations in humans.19 It is
also interesting that repeated oral dosing of 20 attenu-
ated the elevated cortisol concentrations and this de-
creased response was not observed on alternate day
treatment. IGF-1 increase or desensitization of the
growth hormone secretagogue (GHS) receptor may have
caused this down regulation. To explore these possibili-
ties, dogs were treated on day 1 with 20 and on days 2
and 3 the dogs were treated with porcine GH at a dose
sufficient to cause a sustained increase in IGF-1. On
day 4, after GH had returned to basal levels but IGF-1
levels were still elevated, the dogs were challenged with
20. As observed with dogs treated for 4 days with 20,
the response to 20 on day 4 compared to day 1 was
clearly attenuated. These results suggest that reduced
responsiveness to repeated 20 treatment is largely
caused by reduced responsiveness of the GH/GHRH axis
associated with sustained increases in IGF-1.95

On the basis of its potency, selectivity, oral bioavail-
ability, and sustained activity in dogs to elevate GH and
IGF-1, 20 was selected for safety assessment studies and
entered clinical studies as MK-0677.

In Vivo Tests with the MK-0677 Analogue 21
(L-163,255)

A structurally related compound 21 (L-163,255), with
an intrinsic potency (EC50 ) 1.5 nM) like that of 20,
has also been studied extensively in animals. Of
interest is a chronic study that investigated its anabolic
and functional effects in a dog hind limb immobilization
protocol.96 In this experiment the right hind limbs of
beagles were kept immobile in a fixation device for 10
weeks, and then for 5 weeks the dogs were allowed to
move about freely. Throughout both phases of the
experiment the animals were given either 21 (5.0 mg/
kg po, once daily) or the vehicle control. IGF-1 concen-
trations were elevated 60% in the treated group and
were modestly decreased in the control group. At the
end of the experiment the dogs treated with 21 had lost
0.21 ( 0.20 kg compared to a loss of 1.13 ( 0.19 kg in
the controls. Muscle strength was measured in the
immobilized limbs by isometric torque. An equal decline
was noted in both groups during the first 10 weeks;
however, at week 15 muscle strength had increased 43%
in treated vs 16% in the control group when compared
to their respective week 10 strength data. A correlation
between the diameter of the vastus lacteralis muscle
diameter and torque was also noted.96 The results of
this study suggest that GH secretagogues may be of
value in rehabilitation therapy.

Secretagogue 21 has also been studied in swine.
Given ad libitum in feed at 360 ppm over a 72 h period,
it elevated mean plasma IGF-1 concentrations by 62%
compared to 15% in the controls. Once daily iv admin-
istration of 1 mg/kg for 14 days resulted in an initial
marked GH increase on day 1 followed by the mainte-
nance of much reduced but significantly elevated GH
concentrations out to day 14. Plasma cortisol concen-
trations also tended to be increased on day 1; however,
no significant elevations were seen on days 7 and 14
when compared to controls. The IGF-1 increases mea-
sured on days 4, 7, 10, and 14 were approximately

60%.97 Results are awaited from more extended studies
with GH secretagogues in this species in respect to
growth, feed efficiency, and carcass quality.

Clinical Experience with 20 (MK-0677)

In humans, single-dose administration of 20 stimu-
lated GH secretion in a dose-dependent fashion with a
threshold dose of 5 mg (G. Murphy, unpublished
observations). Responses increased in magnitude with
increasing dose up to 100 mg. The 100 mg dose of 20
resulted in a pronounced GH response (peak GH, 71.2
( 10.4 µg/L; n ) 6). The GH peak was seen 30-90 min
after dosing. Like 144 and 12,73a single oral doses of 20
produced transient increases in cortisol and PRL in
addition to GH. Peak GH release and GH area under
the curve (AUC) that was determined from 0 to 8 h
following morning and evening dosing with 25 mg of 20
were not significantly different. GH response to 25 mg
of 20 administered following a high carbohydrate break-
fast, although delayed, was not substantially different
in magnitude than the response to 25 mg administered
in the fasted state.

Dietary energy restriction induces a predictable cata-
bolic response in normal subjects.98,99 This loss of
nitrogen is associated with a decrease in IGF-1 and an
increase in GH, suggesting development of GH resis-
tance.100,101 However, the resistance is not absolute
since administration of exogenous GH will effect an
increase in IGF-1 and promote nitrogen retention.98,99

The effect of 7 days of daily oral treatment with 25 mg
of 20 on GH secretion and nitrogen balance has been
evaluated in a model of short-term diet-induced nitrogen
wasting in healthy young men.102 Seven days of treat-
ment with 20 in this model resulted in a sustained
increase in the serum concentrations of GH, IGF-1, and
IGFBP-3. Furthermore, nitrogen wasting was reversed
with administration of 20 in this model, suggesting the
drug may be useful in treating catabolic conditions.

In a recently published study, healthy elderly men
and women were treated with MK-0677 (10 or 25 mg)
or placebo orally for 14 days.103 In addition, GH was
sampled every 20 min for 24 h before treatment and on
day 14. On day 14, there was an increase in GH peak
amplitude and AUC, but no detectable change in peak
number. Two weeks of dosing with 20 resulted in an
approximately 40% (10 mg) to 60% (25 mg) increase in
serum IGF-1 concentrations as well (p < 0.05). Thus,
repetitive dosing with this oral GH secretagogue re-
sulted in an upregulation of pulsatile GH secretion
rather than a single postdose peak of GH as was
demonstrated with hexarelin.60 In this study, treatment
with 20 was generally well tolerated. There were no
serious adverse experiences, although there were a few
reports of increase in appetite and abdominal pain in
MK-0677-treated subjects. As with the GHRPs, there
were initial concerns about hormonal specificity. To
address these concerns, serum cortisol and prolactin
were measured every 20 min for 24 h at baseline and
on day 14. There were no significant differences in
cortisol AUC, or in its ultradian secretory pattern. The
mean serum prolactin level increased 24% after the 25
mg dose of MK-0677 (7.0 ( 0.5 to 8.6 ( 0.7 mg/L). There
were statistically significant dose-dependent increases
in mean fasting serum glucose in this study. Whether
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these changes persist over time, and their clinical
relevance, will need to be determined in longer-term
studies.

The GH response to classical stimuli of GH secretion
is generally suppressed in obesity.104 However, Cordido
et al.105 have shown that single dose administration of
GHRP-6 is able to elicit a significant GH response in
obese adults. Recently, the effect of 8 weeks of daily
oral treatment with 20 (25 mg) on GH secretion and
body composition has been evaluated in otherwise
healthy obese males.106 This regimen caused a sus-
tained increase of the serum levels of GH, IGF-1, and
IGFBP-3. Fat-free mass determined with DEXA scan
increased significantly by approximately 3 kg in the
MK-0677 group. Total and visceral fat were not sig-
nificantly changed. Basal metabolic rate (BMR) was
significantly increased after two but not eight weeks of
treatment with 20. Changes in body composition and
energy expenditure were of an anabolic nature with a
sustained increase in fat free mass and a transient
increase in basal metabolic rate. In this study, it is
difficult to explain the increase in body weight, fat-free
mass and BMR in combination with unchanged body
fat without an increased food intake. Recently, it has
been reported that GHRP-6 injection activates neu-
ropeptide Y cells in the rat arcuate nucleus,107 which
could indicate a positive effect on appetite.108 Further
studies would be needed to evaluate if a higher dose or
a prolonged treatment period of 20 can result in a fat-
reducing effect or whether increased food intake is
limiting any possible benefit on fat mass.

Other Peptidomimetics of the GHRPs

The original camphor sulfonamide lead 16 had both
GH secretagogue agonist and oxytocin antagonist activi-
ties. In analogy with oxytocin antagonists,109 pipera-
zine-based analogues of 20 were also synthesized. Not
surprisingly, a high level of activity was observed in
such compounds, exemplified by 22 (EC50 ) 6.3 nM).110

Another variation of the spiroindane group was
described by Tata and co-workers111 in which the 1,1-
spiroindane 3-position was substituted by carboxylic
acids and esters. The derived secretagogues were
potent, orally active, and characterized by a much
shorter duration of action than 20. Representative of
these compounds is ester 23 which exhibited an EC50
) 1.9 nM in the rat pituitary cell GH release assay and
a t1/2 in dogs of only 1.7 h, compared to 4.7 h for 20.
Following once-a-day administration to dogs for several
days, the short-acting compound 23 produces less down

regulation of GH response than does 20, although IGF-1
elevations are also lower.

A series of tetrahydroisoquinoline/isoindoline-based
GH secretagogues that have low nanomolar activities
in the rat pituitary GH release assay were disclosed by
Lefker and co-workers.112 The design of this new of
class of secretagogues originated from a project that
sought to prepare hybrid structures between benzolac-
tam 24 (EC50 ) 50 nM)77,112,113 and the spiropiperidine
19. From this approach, a conformationally restricted
urea derivative 25 of moderate GH-releasing activity
was identified with EC50 ) 100 nM. Further work in
this series led to the discovery of a highly active
p-tolylsulfonamide 26 (EC50 ) 3 nM). This compound
released GH with ED50 >10 mg/kg following iv admin-
istration to 4-week-old anesthetized Sprague-Dawley
rats. The iv potency in rats was increased to 0.2 mg/kg
by excising the terminal phenyl group, reversing the
sulfonamide attachment and quite interestingly, moving
this polar substituent from the 7 to the 6 position on
the aromatic ring, as depicted in 27 (EC50 ) 3.0 nM).
The N,N-dimethylsulfonamide derivative 28 (EC50 ) 30
nM) was 10-fold less active intravenously in rats (ED50
) 3 mg/kg). In dogs, 28 was orally active at 3 mg/kg
with short a duration of action for GH release.

More recently, highly active GH secretagogues such
as 29 (EC50 ) 1.8 nM) and 30 (EC50 ) 1.6 nM) were
disclosed in which a 3,3-substituted piperidine was
utilized in place of the privileged structure component
of 20.114,115 Compound 30 is a short-acting GH secre-
tagogue in dogs. In the patent literature, GH secreta-
gogues such as 31 in which the spiroindoline sulfona-
mide unit of 20 has been replaced by a new hydrophobic
unit have been disclosed.116 Descriptions of the biologi-
cal properties of the new structural types are awaited.

In addition, patent publications by Dodge and co-
workers117,118a claim 2-acylaminopropanamines and 2-
acylaminopropanamides, such as 32 and 33, as GH
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secretagogues. These compounds were described earlier
as neurokinin-1 antagonists.118b

A multidisciplinary approach was utilized by McDow-
ell and co-workers in their discovery of a new series of
small molecule GH secretagogues.119 To investigate the
topographical requirements of the GHRPs, they devel-
oped 34 (EC50 ) 0.43 ( 0.11 nM), a cyclic analogue of
the linear hexapeptide 8. NMR studies showed that its
D-2-Nal-Ala-Trp-D-Phe part structure adopts a compact
conformation with nested hairpin turns initiated at
D-Lys1 and Ala3. Other cyclic analogues of 8 that did
not readily adopt this conformation were considerably
less active suggesting that a precise arrangement of the
three aromatic side chains was crucial for GH releasing
activity.

Extensive medicinal chemistry studies around 1 and
8 by McDowell and co-workers identified isonipecotic
acid as a useful N-terminal group. An interesting
finding from their studies culminating in the discovery
of 35 (EC50 ) 0.18 ( 0.04 nM) was that the D-Trp-Ala-
Trp-D-Phe triaromatic core of 1 could be presented as
D-â-Nal-D-2-Nal-Phe. Further optimization of 35 by
modifying its C-terminus gave the sub-nanomolar secre-
tagogue 36 (EC50 ) 0.34 ( 0.2 nM). Remarkably, even

dipeptide derivatives such as 37 had good potency (EC50
) 10.6 ( 6.2nM). At 100 nM concentrations, 35 and
37 were quite specific in their release of GH except for
small increases in ACTH and PRL as expected of
secretagogues acting via the GHRP pathway.120

Interesting anabolic and diabetogenic data were
reported for 35 (EC50 ) 0.18 nM)119,121 when 100 µg per
day were administered to 150-day-old female Sprague-
Dawley rats either by twice daily sc injection or by
continuous infusion. Body weight gain at the end of 14
days was significantly greater with intermittent dosing.
Continuous infusion apparantly induced tachyphlax-
is.119 The diabetogenic effects of 35 and rhGH were
evaluated as single therapy and in combination with
rhIGF-1 in 6-week-old obese male Zucker rats.121 Se-
rum fasting glucose levels over a 3-week period were
elevated in the group that received 100 µg per rat per
day of 35 by twice daily sc injection. This elevation was
attenuated in the animals given 35 plus rhIGF-1.
Administering rGH caused significant insulin resis-
tance, as measured by serum glucose and insulin levels
and by an insulin challenge. Secretagogue 35 produced
body weight gain when given alone which was increased
in combination with rhIGF-1.121 These findings suggest
that IGF-1 is an important factor in moderating the
effects of rGH and GH secretagogues on serum glucose,
and in maximizing the anabolic potential of these
agents.
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In their efforts to reduce secretagogue size, Deghenghi
and co-workers122,123 found that tetrapeptide 38 (His-
D-2-methylTrp-Ala-TrpNH2) had GH-releasing proper-
ties after iv administration to infant rats. Further work
by this group has shown that GH releasing activity can
be significantly improved by using a γ-aminobutyric acid
(GAB) side chain for the His1 of 10.123 The GH output
with 39 (GAB-D-2-methylTrp-D-â-Nal-Phe-LysNH2;
plasma GH 198 ( 13.2 ng/mL) is nearly twice as much
as the GH release with 10 (plasma GH 104 ( 1.9 ng/
mL).123 Further work in this series has yielded 40
(GAB-D-2-methylTrp-D-2-methylTrp-D-2-methylTrp-Lys-
NH2) and 41 (AIB-D-2-methylTrp-D-2-methylTrp-
NH2).124,125 The former at 300 µg/kg sc potently releases
GH and is a highly effective releaser of GH in the infant
rat with elevations to 160-200 ng/mL. The tripeptide
41 is also reported to elevate GH levels into the 160-
200 ng/mL range in the infant rat assay. Both 40 and
41 are orally active in dogs and in man where they were
reported to elevate GH levels without increasing corti-
sol.124,125 Other tripeptides have also been described.126

GHRP analogues with amide bond isosteres and lower
molecular weight mimetics of 1 have been disclosed.127-132

Hansen and Raun127 have reported that imidazolyl
propionic acid derivative 42 (EC50 ) 5 nM) showed iv
potency and efficacy (measured as maximal GH release)
comparable to 1 and 8 in pentobarbitol anesthetized rats
and conscious rats. However, 42 was nearly 20-fold less
active than 1 and 8 after iv administration to conscious
female pigs. These workers have suggested that species
variations in the GHS receptors or in the regulation of
GH release are possible explanations for these differ-
ences. Pharmacokinetic studies in rats by Johansen et
al.128 showed that 1, 8, and 42 have rather short
terminal half-lives of 22 ( 1.4, 9 ( 0.3 and 11 ( 1 min,
respectively, and high systemic clearance rates of 25 (
3.5, 23 ( 1.2, and 39 ( 6.3 mL/min/kg, respectively.
Biliary excretion was the major route of elimination of
these peptides. Peptidyl secretagogue 42 was readily
transported across the nasal epithelium with an intra-

nasal bioavailability of 22-68%. An interesting finding
by Johansen and co-workers is that analogue 43 (EC50

) 0.5 nM) with an aminomethylene substitution be-
tween the D-Phe5 and Lys6 positions displayed a 20-fold
increase in potency in an anesthetized rat model when
compared with 1.129

Peschke and co-workers used 3-aminomethylbenzoic
acid as a dipeptide mimetic and incorporated it in
peptides such as 44 (EC50 ) 7 nM).130 Related com-
pounds bearing aminomethylthiophene-2-carboxylic ac-
ids have also been described.130 The possible effects of
these structural changes on oral potency or bioavail-
ability have not yet been described. Di-, tri-, and
tetrapeptides have been recently claimed in published
patents as GH secretagogues.131,132 Compound 45 is
illustrative of one of the specifically claimed compounds.
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Pharmacophore Proposals

The preparation of [35S]MK-0677133 allowed identifi-
cation of a saturable, high-affinity binding site for
growth hormone secretagogues in porcine and rat
anterior pituitary membranes.93 Its relevance to GH
secretion was supported by correlation of the rat recep-
tor Ki values of 1, 10, 12, and 20 with their relative
potencies as releasers of GH in the rat pituitary cell
assay. Importantly, competition binding experiments
showed that 1 binds competitively with 20.93 These
results provide some support for modeling comparisons
of GHRP-6 with 20, although receptor agonists as well
as antagonists need not share identical binding sites on
receptors.134,135

The subsequent cloning of the GH secretagogue
receptor by Howard and co-workers136 provided ad-
ditional understanding on a structural level. A func-
tionally important residue was shown to be Glu124 which
is located in transmembrane helix 3 (TM3) in a position
similar to that of Asp113 in the beta-adrenergic recep-
tor137 and to Asp122 in the somatostatin type 2 recep-
tor.138 The agonist ligands of these receptors contain
an essential amino group which has been proposed to
make an ionic interaction with these Asp residues near
the top of TM3. To investigate the potential importance
of Glu124 in the GH secretagogue receptor, this residue
was replaced by Gln and the mutant receptor was
expressed in HEK-293 cells which also contained the
stably expressed calcium activated photoprotein ae-
quorin. With this mutant receptor, [35S]MK-0677 failed
to give measurable binding up to 10 nM (higher con-
centrations were precluded by high background bind-
ing). As expected, 100 nM of 20 or of 1 increased Ca2+

concentrations in HEK-293 cells in which aequorin and
wild-type receptor were expressed. However, at 100 nM
they did not elevate Ca2+ significantly in cells trans-
fected with the E124 f Q124 mutant. Assuming no
conformational changes in the receptor, the data are
consistent with but do not establish a common amine
binding site near Glu124 for 1 and 20.139

Schoen and co-workers66b,140 used modeling tech-
niques to investigate possible structural similarities of
1 and the benzolactam 12. Overlays were generated of
a folded conformer of 1 with low-energy conformers of
12. Their preferred alignment placed the N-terminal
amines close to one another, the benzolactam and D-Trp
of 1 were similarly located and the tetrazole-bearing
phenyl group was in the vicinity of the D-Phe5 of 1.
DeVita and co-workers141 have recently disclosed a
potent macrocyclic benzolactam 46 (EC50 ) 21 nM) in
which the basic amine and the 2′-carboxamide group of
the 2′-biphenyl unit are connected via a seven-atom
ester linkage. The high activity of 46 supports a turn
conformation in secretagogues when they are bound to
the receptor.

Using this same model of 1, an overlay with 20 was
generated which aligned their N-terminal dipeptide
fragments and placed the spiroindoline group of 20 in
the vicinity of the Trp4 of 1. To test the implications of
this alignment, Yang and co-workers142 synthesized
compounds which contained aromatic groups including
indoles positioned to overlay with Trp4. High activity
was achieved when aromatic D-amino acids were sub-
stituted in place of the spiroindoline group in compounds

such as AIB-D-Trp-D-Trp-OEt and AIB-D-Trp-D-homoPhe-
OEt. Their EC50 values of 6 and 3 nM, respectively,
are lower than that of 1 (EC50 ) 10 nM) in the rat
pituitary cell assay. The success of this approach
provides a striking, and to our knowledge a unique
instance, in which a peptidomimetic was used to gener-
ate a simpler, more potent peptide. These peptides also
illustrate a minimum GH secretagogue pharmacophore
consisting of a basic amine and two aromatic residues.

As noted above, McDowell and co-workers119 and
Deghenghi and co-workers125 also generated potent GH
secretagogues which contain only three essential resi-
dues. McDowell et al. analyzed their potent cyclic
peptide by NMR and molecular modeling.119 Consensus
alignment of minimum energy conformers of their
peptide derivative 37 with the conformationally con-
strained peptide allowed them to propose a three-
dimensional pharmacophore for GHRP activity consist-
ing of a basic group and two aromatic rings presented
on opposite faces of a central amide bond.

Design Considerations

Until recently the discovery of peptidomimetic ago-
nists was a rarity; however, the synthesis of GH
secretagogues and agonists for the C5a,89 CCK-A,143

bradykinin144 receptors, and partial agonists of angio-
tensin receptor145 highlights a change in this situation.
It also appears that narrowly defined pharmacophores
need not be required for agonist activity. For example,
recent patent applications and publications describe
secretagogues related to 20 which contain 4-heterocyclic
piperidines,146 3,3-disubstituted piperidines,116 3,4-di-
substituted piperidines,147 3,4-benzofused piperidines,112

and 3,4-heterocyclic ring fused piperidines.115 Also
there is considerable latitude in the amine and aromatic
components of active benzolactam and spiropiperidine
analogues as noted above and as claimed in these
patents.

The synthesis of 20 and the discovery of the benzolac-
tam secretagogues illustrate the value of privileged
structures in receptor ligand design. The recurring
hydrophobic double-ring systems of Ariens and co-
workers81 were proposed to bind in “accessory binding
sites”. Thus compounds such as chlorpromazine could
be considered to be biogenic amine antagonists since
their tricyclic component bound in an accessory hydro-
phobic site and a complete biogenic amine pharmacoph-
ore is not expressed. Such an analysis may be appli-
cable to spiropiperidine-containing antagonists. However,
the spiroindanylpiperidine secretagogues are agonists.
Quite possibly a peptidomimetic agonist need not present
from its hydrophobic anchor the same pharmacophore
as the peptide. However, 20 is a derivatized dipeptide
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whose GH secretory activity was largely retained when
an aromatic amino acid ester was substituted for the
spiropiperidine group.142 Given this interchangeability,
the privileged structure may not be binding in an
accessory site but, in fact, may contribute part of the
tripeptide’s minimal pharmacophore. This privileged
structure approach was complementary to the structure-
based approach of McDowell et al.,119 and it is notewor-
thy that both methods arrived at similar tripeptide
analogues.

Another aspect of the MK-0677 discovery, as noted
by Patchett et al.,90 was the presence in the lead of three
modular units whose origins were in other secreta-
gogues. Two of these units came from weak non-peptide
leads and the third came from GHRP-6 itself. Presum-
ably the high potency of the lead 18 resulted from
affinities that were contributed by each modular unit
enhanced by an energy term arising from their linkage.
An elegant example of this design principle was de-
scribed recently by Shuker and co-workers148 in which
compounds with affinities of 2 and 100 µM were linked
together guided by NMR-derived distance constraints
to afford a ligand for the FK506 binding protein with a
Kd ) 19 nM.

It is interesting that non-peptide 17 is simultaneously
an agonist of the GHS receptor and an antagonist of
the oxytocin receptor. Similarly, Hirschmann and co-
workers149 have synthesized â-D-glucose derivatives that
are agonists of the somatostatin receptors and antago-
nists of the NK1 receptor. Potent peptidomimetic
antagonists have not yet been reported of the GHS
receptor. Perhaps some receptors are easier to inhibit
than others. If so, it would be fascinating to understand
such differences on a molecular level.

GH Secretagogues: Mechanism of Action of
GHRP-6

An understanding of the mechanism of action of 1 and
how it might modify the actions of the two hypothalamic
hormones, GHRH and somatostatin, that are involved
in the control of GH secretion has been studied exten-
sively. It was initially believed that the GHRPs were
acting via the GHRH receptor since both 1 and GHRH
released GH from the pituitary, their actions were
blocked by SRIF-28 and both increased GH response
following pretreatment with SRIF antiserum.36 Al-
though the endocrine factors involved in the GHRP-
induced release of GH were not clearly understood, early
mechanistic studies with the GHRPs and GHRH showed
that the GHRPs release GH by a pathway independent
of GHRH. GHRP-6 was shown to act directly on the
somatotroph to cause GH release, to be a functional
antagonist of somatostatin, and to potentiate GHRH
through several mechanisms.150 In contrast to GHRH,
which increases cAMP in somatotrophs, 1 alone did not
release intracellular cAMP, but when combined with
GHRH, 1 potentiates cAMP production.52 GHRP-6 was
also shown to activate L-type Ca2+ channels and to
depolarize somatotrophs by inhibiting K+ channels.150-153

GHRP-6 apparently transduces its signal through phos-
pholipase C, resulting in production of IP3 and diacyl-
glycerol to cause redistribution of intracellular stores
of Ca2+ and activation of protein kinase C.154-158 These
studies gave the first clear indication that 1 acted on a

receptor distinct from that of the GHRH receptor and
were consistent with the notion that the GHRP-6
receptor was G-protein coupled.

Characterization of a Receptor for the GH
Secretagogues in the Pituitary Gland and
Hypothalamus

Although GHRP-6 and its analogues were derived
from met-enkephalin, the GH releasing activity of the
GHRPs was not blocked by co-administration of nalox-
one.159 Also, the peptidomimetics 12 and 20 lacked
activity on different opiate receptor subtypes and in
more than 50 different receptor assays.66a,b, 90,92

The receptor for MK-0677 was characterized with
high specific activity [35S]MK-0677 (800-1100 Ci/mmol).
This radioligand was shown to bind with high affinity
(Kd ) 140 pM) and limited capacity (Bmax ) 8 fmol/mg
of protein) to porcine pituitary membranes.93,150 Such
a low concentration of binding sites is remarkable and
in rat pituitary membranes the concentration of binding
sites is even lower (2 fmol/mg of protein). [35S]MK-0677
binding was displaced by 12 and 13 and by the peptides
1 and 8, but not by GHRH or somatostatin.93 The Ki
values in the binding assay correlate well with the EC50
values of GH release in the rat pituitary cell assay.
Consistent with binding to a G-protein-coupled receptor
[35S]MK-0677 binding is dependent upon Mg2+ (5 mM),
is displaced by GTP-γ-S (10 nM) but not by ATP-γ-S.92,93

Compound L-692,429 (12) and GHRP-6 (1) are competi-
tive inhibitors of MK-0677 binding93 and GTP-γ-S is an
allosteric inhibitor.93 To explore further the specificity
of [35S]MK-0677 binding, met-enkephalin, gonadotro-
phin-releasing hormone (GnRH), TRH, galanin, gastrin-
releasing peptide, substance P, melanocyte-stimulating
hormone (MSH), isoproterenol, dopamine, bromocryp-
tine, propanolol, and clonidine were evaluated at a
concentration of 1 µM; none competed for [35S]MK-0677
binding.93

To determine whether 20 was localized to somatotro-
phs, a biotinylated analogue of it, 47, was prepared for
immunofluorescence studies.160 Biotinylated probe 47
was shown to be an excellent competitor for [35S]MK-
0677 binding (IC50 ) 0.2 nM) and stimulated GH release
with an EC50 of 2.5 nM. Rat pituitary cells were
incubated with 47 for 3 min at 37 °C and treated with
avidin-Texas Red. To detect GH, cells were then labeled
with fluorescein-conjugated goat anti-rabbit IgG. This
dual fluorophor labeling and confocal microscopy showed
that binding of 47 was only observed on cells that
contained GH.161

[35S]MK-0677 also binds with high affinity (Kd ) 170
pM) to membranes isolated from rat hypothalamus. The
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concentration of binding sites (Bmax ) 8 fmol/mg of
protein) is higher than that found in rat anterior
pituitary membranes.162 Binding was Mg2+ dependent
and inhibited by nonhydrolyzable analogues of GTP
such as GTP-γ-S and GMP-PNP.162 Membranes iso-
lated from liver, thalamus, cerebral cortex, medulla,
pons, and posterior pituitary membranes were also
assayed; however, high-affinity [35S]MK-0677 binding
was not detected, demonstrating the tissue specificity
of MK-0677 binding to rat anterior pituitary and
hypothalamus.162 Binding to the hypothalamic mem-
branes was highly selective for 1, 8, 12, 13, and 20. Thus
the hypothalamic receptor of MK-0677 has character-
istics identical to those of the receptor identified in the
anterior pituitary gland.

Signal Transduction Pathway Activated by
Peptidomimetics

The peptidomimetics, in contrast to GHRH, do not
increase intracellular cAMP levels in rat pituitary
cells.90,92 However, in combination with GHRH they
were shown to amplify GHRH-induced increases in
cAMP and potentiate GH release.90 At doses of 20 that
maximally stimulated GH release in vitro additional
stimulation was not observed in the presence of maxi-
mally stimulating concentrations of 1 or 12. Further-
more, a peptidyl antagonist of 1, His-D-Trp-D-Lys-Ala-
Trp-D-Phe-LysNH2, blocked GH release by the secre-
tagogues indicating, in agreement with [35S]MK-0677
binding studies, that the effects of 1 and 12 are
mediated through the same receptor. The synergistic
effects of the peptidomimetics on the GHRH pathway
were mimicked by phorbol myristic acetate (PMA), and
incubation of rat pituitary cells for 24 h with PMA prior
to treatment with 20 markedly attenuated the stimula-
tion of GH release by 20.90 These results, and observa-
tions that 1, 12, and 20 cause increases in IP3 turnover,
increases in free intracellular Ca2+ and translocation
of protein kinase C,90,156-158,163 suggested that 12 and
20 were mimetics of 1 and that they interacted with a
G-protein-coupled receptor that activates phospholipase
C.92,93 Elias and co-workers120 have reported the mode
of action of their small-molecule secretagogues 35 and
37 to be identical to 1 and distinct from that of GHRH.
These results support the designation of 20, 12, 35, and
37 and the other secretagogues as peptidomimetics in
the GHRP pathway.

The role of Ca2+ signaling in the transduction path-
way activated by 12 and 20 in somatotrophs was
confirmed using fura-2 fluorescence ratio imaging.66a,92

Nifedipine, omega-agatoxin IIIA, but not conotoxin
prevented both increases in intracellular Ca2+ and GH
release caused by the peptidomimetics suggesting ac-
tivation of L-type Ca2+ channels.164-166 Electrophysi-
ology studies showed that 1 and the peptidomimetics
blocked K+ currents, resulting in depolarization of
somatotrophs to enhance Ca2+ entry.153,167,168 The de-
polarizing effects of 12 were confirmed using the mem-
brane sensitive dye bisoxanol.66a Depolarizing agents
such as the potassium channel blockers tetraethylam-
monium and 4-aminopyridine and the sodium channel
agonist veratridine are weak GH secretagogues but
were highly effective in amplifying GHRH-induced GH
release. However, these agents did not affect either

GHRP-6 or peptidomimetic-induced GH release. Thus,
depolarization of pituitary cells partially explains the
effects of 1, 12, and 20. This property explains the
observed functional antagonism of somatostatin since
somatostatin causes hyperpolarization of somatotrophs
by increasing potassium conductance.169 Figure 2 sum-
marizes current understanding of the signal transduc-
tion pathway mediated by the 1, 12, and 20. The
receptor is G-protein-coupled, transducing its signal
through the phospholipase C pathway, resulting in
modulation of Ca2+ and K+ channels. Although the
GHRH receptor is also G-protein-coupled,170 it activates
a different signal transduction pathway to that of the
MK-0677 receptor. Potentiation between the two trans-
duction pathways is perhaps mediated by crosstalk
between the Gâγ subunits associated with the MK-0677
receptor and GRs of the GHRH receptor complex.171

Cloning the GH Secretagogue Receptor (GHS-R)

An expression cloning approach for the MK-0677
receptor was utilized by Howard and co-workers136

based on evidence that MK-0677 binds to a G-protein-
coupled receptor signaling through phospholipase C.
The nucleotide sequence of the pig MK-0677 receptor
cDNA defined as GHS-R1a predicted a protein of 366
amino acids with seven transmembrane (7-TM) span-
ning domains, three intra- and extracellular loops, and
a G-protein-coupled receptor (GPC-R) triplet signature
sequence.136 Subsequently the human cDNA was cloned.
Genomic analysis by Southern blotting indicated that
a single highly conserved gene was present in human,
chimpanzee, bovine, rat, and mouse.136 Amino acid
sequence of the human Ia GHS-R with predicted mem-
brane topology is shown in Figure 3. The closest
identity of hGHS-R1a open reading frame with other
hGPC-Rs was to the neurotensin (NT) and TRH recep-
tors with ∼35% and 29% identity, respectively.136

Interestingly, additional cDNAs clones were obtained
from the pig and human libraries that encode a shorter
form of the receptor of MK-0677 defined as GHS-R1b.136

The receptor 1b cDNA predictably encodes a polypeptide
of 289 amino acids that lacks transmembrane domains
six and seven of the 1a receptor.136 The truncated
receptor is identical to the 1a receptor from the transla-
tion initiation codon to Leu-265 after which the cDNA
is fused to a short contiguous reading frame of 24 amino
acids followed by a translation stop codon. This short
peptide sequence is highly conserved in the pig and
human receptor genes.136

The pharmacological properties of MK-0677 receptors
1a and 1b were evaluated in functional assays using
aequorin bioluminescence in Xenopus oocytes.136 In
addition, aequorin bioluminescent assays (in HEK293
cells) and [35S]MK-0677 competition binding assays
(with COS cells membranes) were performed. In Xe-
nopus oocytes or COS-7 cells expressing 1a or 1b,
aequorin bioluminescence was only induced by MK-0677
with the 1a clone. Expression of clone 1a but not 1b, in
COS-7 cells resulted in high affinity binding of [35S]MK-
0677 to COS-7 membranes. Binding was inhibited by
1 and 8 but not by GHRH or somatostatin. Thus the
MK-0677 receptor should also be considered the receptor
for the GHRP class of GH secretagogues (GHS-R). No
function has yet been assigned to receptor 1b. It may
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play a regulatory role in modifying the function of a
related G-protein-coupled receptor because it has been
demonstrated that inactive truncated forms of a G-
protein coupled receptor can be coexpressed to rescue
function.172

A dendrogram of the GHS-R and other G-protein-
coupled receptors suggests that it presents a new family
of the NT-R, TRH-R branch of the phylogenetic tree
(Figure 4).

The human GHS-R has been mapped by fluoresence
in situ hybridization to band 3Q26.2.173 Other genes
whose deficiencies affect GH release do not map to this
region. However, 3Q26.2 is close to a pre- and postnatal
growth-deficiency map position reported for the Brach-
mann-de-Lange Syndrome.174 Given the close proximity
between the GHS-R gene and the presumed Brach-
mann-de-Lange location, it will be of great interest to
determine whether these subjects respond to treatment
with 20 and whether they have alterations in the gene
encoding the GHS-R.

Peptidyl Secretagogue GHRP-6 and the
Peptidomimetics in the CNS

Central effects of GHRP-6 (1) and the peptidomimet-
ics are inferred by the demonstration that in guinea pigs
the dose required to cause GH release is much (10-
100-fold) lower when injected into the third ventricle
than when administered peripherally.175,176 The hypo-

thalamic hormone GHRH is required for maximal
effects of the GHS-R ligands. For example, their effects
are reduced by prior infusion of GHRH antiserum177 or
by hypothalamic pituitary stalk transection.178 In stalk
transected animals a full response to the peptidomi-
metics is observed following replacement of GHRH.178

It has been hypothesized that the GHS-R ligands
stimulate the release of GHRH from neurons in the
arcuate nucleus. Indeed, in sheep increases in GHRH
levels have been measured in hypothalamic/pituitary
portal vessels following GHRP-6 injection.179,180

Intravenous administration of GHRP-6 (1) and the
peptidomimetics 12 and 13 into rats and mice increases
Fos expression in the arcuate nucleus in a concentra-
tion-dependent manner consistent with their relative
GH releasing activities.175,181-183 In rats treated with
1, approximately 25% of the neurons showing an
increase in Fos immunoactivity contained GHRH and
51% expressed neuropeptide Y (NPY) mRNA.107 The
effect on NPY containing neurons might explain the
increased feeding behavior observed in rats treated with
1184 as well as explain increased secretion of corticos-
teroids and ACTH.185,186 It should be noted that other
neurons in the brain may be activated that do not
express c-fos and, of course, those expressing c-fos might
be stimulated indirectly by activation or derepression.

In rat brain GHS-R mRNA is also expressed in the
anterior hypothalamus, suprachiasmatic nucleus, su-

Figure 2. Signal transduction pathway activated by ligands that interact with the receptor defined with MK-0677. GH
secretagogues, including MK-0677, apparently transduce their signal by interacting with a G-protein-coupled receptor that activates
phospholipase C (PLCâ) resulting in production of inositol triphosphate (IP3) and diacylglycerol (DAG). Increases in IP3 cause
redistribution of intracellular stores of Ca2+ from the endoplasmic reticulum and translocation of protein kinase C (PKC).
Fluorescence ratio imaging studies show that peptidomimetics release GH from somatotrophs by activating L-type Ca2+ channels.
Electrophysiology studies show that GH secretagogues block K+ channels resulting in deoplarization of somatotrophs to enhance
Ca2+ entry and facilitate GH secretion. Adapted from ref 150b and used with permission from the Endocrine Society.
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praoptic nucleus, ventromedial hypothalamus, arcuate
nucleus, dentate gyrus, tuberomamillary nucleus, pars
compacta of substantia nigra, the ventral tegmental
area, dorsal raphe nuclei, and median raphe nuclei.187

The presence of GHS-R mRNA in regions of the brain
outside the arcuate nucleus is intriguing. For example,
the hippocampus is enriched with numerous neu-
rotransmitter systems and has been implicated in
learning and memory;188,189 the substantia nigra and
ventral tegmental areas are the main centers for
dopaminergic cell bodies that are involved in many
biological functions such as motor control and reinforce-
ment behavior.190 Dorsal and median raphe nuclei are
centers for serotonergic neurons that project to different
parts of the central nervous system implicated in a
variety of functions including feeding, nociception and
affective behaviors.191 Clearly, the significance of the
GHS-R in these brain regions, that are not obviously
involved in GH release, will be the focus of future
studies.

Regulation of Pulsatile GH Release

As discussed above GH secretion is pulsatile in all
species studied.1,193-195 Episodic secretion of GH ap-
pears to have biological importance because in deficient
animals GH replacement is more effective when given
in a pulsatile manner.196 GH pulses are dependent on
the release of GHRH197 and somatostatin; secretion of
the latter is increased during GH troughs.198-200 When
GHRH, 1, or the peptidomimetics are constantly infused
into humans, pulsatile GH release is amplified and
sustained.26,57,58,74 By contrast, administration of so-
matostatin or GH suppresses endogenous GH pulsa-
tility.201-203 The evidence for GH pulsatility being

controlled at the hypothalamic level is compelling.
Hypothalamic/pituitary stalk disconnection results in
loss of normal GH pulsatility in sheep.204

A model for GH pulsatility that has been advanced
by Smith and co-workers92,150b hypothesizes that GH
sustains its own pulsatility through the coupling of three
biological oscillators, somatostatin, GHRH, and the
presumed natural ligand for the GHS-R. When ligands
for the GHS-R are administered exogenously they reset
the coupled oscillators by interrupting endogenous
somatostatin tone, thus relieving repression on GHRH
neurons. GHRH synergizes with the GHS-R ligand to
cause GH release from the pituitary gland and then GH
feeds back negatively on the hypothalamus to entrain
a new cycle by increasing somatostatin tone on GHRH
containing neurons, and perhaps by inhibiting neurons
that release the natural ligand for the GHS receptor.
This hypothesis is consistent with electrophysiology
recordings from cells in a hypothalamic slice preparation
showing that increases in activity of arcuate neurons
caused by administration of 1 can be blocked by exog-
enous application of somatostatin.205 Moreover, recent
studies have shown that activation of arcuate neurons
by 20 can be prevented by prior treatment with GH.
The inhibitory effect of GH is apparently mediated by
release of somatostatin from the periventricular nucleus
and its activity on somatostatin subtype-2 receptors on
arcuate neurons.150b,206

Future Directions

The GHRPs and their peptidomimetics present a
novel approach for supplementing a key anabolic hor-
mone, GH, whose levels decline with aging. Unlike GH
replacement therapy which overrides normal physiol-

Figure 3. Amino acid sequence (1-366) of the human Ia GHSR with predicted membrane topology. TM denotes transmembrane
spanning domains. The G-protein-coupled receptor signature sequence (ERY 142) is highlighted. N-Linked glycosylation sites
and potential phosphorylation sites are omitted for clarity. Adapted from ref 150b and used with permission from the Endocrine
Society.
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ogy, iv infusion of the GHRPs and the short-acting
benzolactam 12 or chronic oral administration of long-
acting 20 amplifies the pulsatile GH secretory pathway.
Considerable progress has been made within the past
several years in understanding the regulation of GH
secretions and the GH secretagogues present an ad-
ditional tool in these studies. The pharmacological
effects of these secretagogues have been well-character-
ized across many species, including humans. Specific
receptors for GH secretagogues are present in the
anterior pituitary gland and the hypothalamus. That

this pathway of GH regulation is highly conserved
across species suggests that GH secretagogues mimic
an unidentified hormone for this receptor that regulates
pulsatile GH secretion in concert with GHRH and
somatostatin. Nonetheless, there may be species dif-
ferences and receptor subtypes involved in the GHRP
action. In this context it is relevant that Chen and co-
workers207 have reported that 8 elevates cAMP in ovine
pituitary cells although GHRP-6 does not. However,
peptidyl secretagogue 8 does not cause cAMP accumula-
tion in rat pituitary cells. These data suggest species

Figure 4. Dendrogram of the GH secretagogue receptor and other G-protein-coupled receptors. Database searches (Genbank 92,
EMBL 43, Swiss-Prot 31, PIR 45, dEST (Gbest 92), Prosite 12), sequence alignments, and analysis of the GHS-R nucleotide and
protein sequences were carried out using the GCG Sequence Analysis Software Package (Madison, WI; pileup, peptide structure
and motif programs), FASTA and BLAST search programs, the PC/Gene software suite from Intelligenetics (San Francisco, CA;
protein analysis programs), and Lasergene software (DNA Star, Madison, WI). The amino acid sequence of representative members
(51 sequences) for all known classes (families I-IV and pheromone) of GPC-Rs were used to construct the dendrogram using the
clustal method (PAM-250, gap, and length penalty ) 10). The length of each pair of branches represents the distance between
sequence pairs. The scale below the tree measures the distance between sequences. Units indicate the percent of substitution
events. All receptor sequences aligned to human GHS-R type Ia and type 1b cDNAs were human unless otherwise noted, and
assession numbers are for the SwissProt database, GenBank database (designated with “G”), or PIR database (“P”): 5HT-2A,
serotonin, P28223; RDC-1, orphan receptor, A39714; somatostatin, A47457; V1a, vasopressin, A53046; V1b, vasopressin, A55089;
A2b, adenosine, P29275; M1, muscarinic, P11229; APJ, orphan, P11229; C5a, chemotactic, P21730; CASR, extracellular calcium-
sensing, P41180; CB1, cannabinoid, P21554; CRF, corticotropin-releasing factor, P34998; FSHR, FSH, P23945; CC-BR, gastrin/
cholecystokinin type B, P32239; GRFR, GH-releasing factor, Q02643; GnRH, gonadotropin-releasing hormone, P30968; CALR,
calcitonin, X69920 (G); GlucR, glucagon, U03469 (G); OR-d, opioid, U10504 (G); Mel-1a, melatonin, U14108 (G); SecR, secretin,
U20178 (G); PTHCaR, parathyroid cell calcium-sensing, U20759 (G); Br1, bradykinin, U22346 (G); a1AD, R-1 adrenergic, L31772
(G); GalR, galanin, L34339 (G); H1R, histamine, D14436 (G); TRHR, TRH, D16845 (G); MetGlu5a, metabotropic glutamate, JC2132
(P); a1AD, R-1 adrenergic, JC2331 (P); Br2, bradykinin, JH0712 (P); NK-1, substance P, P25103; NM-BR, neuromedin-B, P28336;
NT-R, neurotensin, P30989; NPY1R, neuropeptide Y, P25929; OR-m, opioid, P35372; RHO-fish, rhodopsin, P35356; EP-1,
prostaglandin E1, P34995; PTH-R, parathyroid hormone, Q03431; OR-k, opioid-rat, S39015 (P); ORL-1, opioid-orphanin FQ, S43087
(P); ET-B, endothelin, S44866 (G); D2, dopamine, S62137 (G); STE2-yeast, pheromone a factor, P06842; SSTR2, SSTR3, SSTR5,
SSTR2A-mouse, SSTR2B, SSTR1, somatostatin, P30874, P32745, P35346, P30875, P30934, P30872, respectively; PACAP-R,
pituitary adenylate cyclase-activating peptide, D17516 (G); TR-R, thrombin, P25116; TSH-R1, TSH, S49816 (G). Adapted from
ref 150b and used with permission from the Endocrine Society.
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differences in the response of pituitary somatotrophs to
the GHRPs and may be indicative of GH secretagogue
receptor subtypes.

Perhaps normal aging is associated with reduced
secretion of the putative endogenous ligand of the GH
secretagogue receptor. If this speculation is true,
animals lacking the GH secretagogue receptor or its
natural ligand would have growth-retarded phenotypes
because a factor which normally synergizes with GHRH
would be lacking. Since somatostatin is also a key
mediator in inducing an episodic profile of GH secretion,
it also follows that mice lacking a specific subtype(s) of
somatostatin receptor may not release GH in a pulsatile
manner. To test these predictions it will be interesting
to produce GHS-R -/- and somatostatin receptor -/-
mice. Furthermore, the expression of the receptor in
specific regions of the brain in addition to the pituitary
and hypothalamus glands implies the possibility of CNS
actions which are still to be characterized.

In the clinic the GHRPs and peptidomimetics present
a number of therapeutic opportunities. The GH secre-
tagogues may offer an alternative to injectable rGH with
the potential advantages of oral dosing and a more
physiologic GH profile. In some individuals, the physi-
ologic GH profile may contribute to better tolerability
than that achieved by injectable recombinant GH.
However, in contrast to GH, secretagogues are subject
to physiologic feedback mechanisms. Thus, the sus-
tained supraphysiologic GH and IGF-1 levels that can
be attained with GH are not possible with secreta-
gogues. For some conditions associated with relative
GH resistance, the efficacy of secretagogues may there-
fore be limited. Another, nonendocrine medicinal chem-
istry analogy are the SSRI’s such as Prozac, which in
effect are indirect 5-HT agonists with an upper limit
on serotonergic drive that can be elicited.

It is also unclear at this time what type of pharma-
codynamic profile will result in optimal efficacy. It
should be noted that chronic administration of short-
acting peptidyl secretagogues such as 8 and 10 has been
shown to stimulate GH release without any apparent
desensitization of the GH response and without causing
a significant increase in serum IGF-1 levels. Further-
more, improved linear growth of GH-deficient children
has been reported without IGF-1 elevation. In contrast,
once-daily administration of the long-acting MK-0677
causes marked down-regulation of GH levels and a
significant increase in serum IGF-1.

To date, little long-term clinical safety and efficacy
data are available for GH secretagogues. As the GH
secretagogues demonstrate some lack of specificity in
their stimulation of GH secretion, chronic use of these
compounds will, no doubt, include monitoring their
effects on cortisol, prolactin and glucose. It is also
interesting that 10 has been shown to stimulate food
intake in rats.208 The feeding behavior does not appear
to be mechanism-based since Locatelli and co-workers208

were able to identify related compounds that induced
feeding but did not release GH. The molecular basis
for the feeding behavior is not known at this time.
Finally, GH secretagogues also have the potential to
produce some of the side effects which have been
reported with rhGH.

Some cases of GH deficiency in children are thought
to result from hypothalamic or neurosecretory defects.
The GH secretagogues may be useful in helping to
identify the etiology of GH deficiency, as the response
to GHRH, GHRPs, or the combination may vary with
the site of the secretory defect.

Growth hormone deficient children are candidates for
treatment with GH secretagogues. However, published
reports suggest that only a subset of these children will
respond; these are likely children with an intact hypo-
thalamic-pituitary connection and a functioning pitu-
itary. To date, growth response to 8 in GH-deficient
children has been modest; this may be a function of the
specific individuals selected for the trials, a suboptimal
dosing regimen, or inherently limited efficacy compared
to that of GH. It is possible that different pharmaco-
dynamic responses with longer-acting compounds (e.g.,
MK-0677) which elevate IGF-1 may result in a different
efficacy profile.

Recombinant human GH is approved for treatment
of growth failure in girls with Turner’s Syndrome and
in children with renal failure. Adults with chronic renal
failure secrete GH in response to 10. Since girls with
Turner’s Syndrome have an intact hypothalamic-
pituitary axis, it is likely that the secretagogues will
stimulate GH secretion in both patient populations.
However, it is unknown whether sufficiently high levels
of GH can be stimulated in order to demonstrate clinical
efficacy. Pilot studies would be needed.

The use of GH has been explored in several adult
patient populations. Classical GH deficiency in adults
is now an approved indication for GH in several
countries. However, as adults with this condition often
do not have an intact hypothalamic-pituitary axis, some
of these patients may not respond to secretagogues.
Preliminary studies would be required to determine the
number of potential “responders”.

A number of other conditions which potentially could
be treated with GH secretagogues include a variety of
catabolic conditions, including postoperative recovery,
malnutrition from a variety of causes, muscle wasting
due to chronic exposure to corticosteroids, as a result
of Cushing’s syndrome or through iatrogenic causes,
osteoporosis and frailty associated with age-related
hyposomatomedinemia. In the treatment of frail el-
derly, if clinical efficacy can be demonstrated, GH
secretagogues have the potential to cause a dextral shift
in “age-function curve”. In an aging population, the
social impact of such changes could be significant.
While scientific and medical challenges to the develop-
ment of these interesting compounds remain, their
therapeutic potential is tantalizing and significant.

Summary

Since the description of GHRP-6 by Bowers and co-
workers in 1984, considerable progress has been made
in developing small molecules that mimic the actions
of 1 and in understanding the role of secretagogues in
augmenting pulsatile GH secretion. GH secretagogues
present a number of opportunities for therapeutic
intervention. The design of these peptidomimetics is
interesting since they are receptor agonists. Further-
more, their discovery was achieved without knowledge
of the molecular target and without structural informa-
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tion concerning the endogenous hormone that they
presumably mimic. Only recently with the aid of
peptidomimetic ligands has the receptor for the secre-
tagogues been identified, characterized, and cloned and
it should be useful in the search for the putative natural
ligand which has still not been identified. Therefore,
the discovery of small molecule GH secretagogues is an
example of “retro drug discovery” or “reverse pharma-
cology”.
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