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PREFACE

In Human Growth Hormone: Research and Clinical Practice, we have been
fortunate to be able to convince many of the leaders in the field to write about the
recent developments in the understanding of basic and clinical research in the field
of human growth hormone. During the last few years, there have been major advances
in this field, one that has been dramatically enhanced by the discovery of the growth
hormone-releasing peptide. This spawned much novel research, and ultimately led
to the cloning of the receptor for the growth hormone secretagogues. The understanding
of the molecular biology, structure, and function of growth hormone and the growth
hormone receptor complex has also set a new standard in the understanding of the
structural biology of cell signaling.

Growth hormone secretagogues and GHRH offer new possibilities for the treatment
of growth hormone deficiency states. Growth hormone has an important role, not only
in stimulating growth, but also in the control of metabolism. With the major recent
advance in understanding the molecular mechanisms of the growth hormone axis, it
is now possible to identify molecular defects in the axis.

It is our intention that Human Growth Hormone: Research and Clinical Practice
should serve as an up-to-date summary of the field and should be of benefit both to
the basic and clinical researchers as well as clinical endocrinologists who are now
beginning to use growth hormone, not only in growth hormone-deficient states in
childhood, but in the adult and also for dealing with metabolic derangements associated
with catabolic disease.

Roy G. Smith
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1 Overview of Human Growth Hormone
Research and Clinical Practice

Roy G. Smith, pupD

CONTENTS

INTRODUCTION
TuE RoLEs oF GHRH, SST, axp GHS-R

IN REGULATING GH RELEASE
DEVELOPMENTS IN Basic ScieNce oF GH
CrLiNicAL APPLICATIONS OF GH REPLACEMENT
REFERENCES

INTRODUCTION

Investigations into the potential clinical applications of growth hormone (GH) has
increased over the past 10 years, following the availability of human recombinant GH
(hGH). Although GH replacement had proven to be effective and well-tolerated in
GH-deficient children, its use was not widespread until the mid-1980s. Until then,
supply had been limited because GH was obtained by extraction from pituitary glands
of human cadavers. The purity of the extracted GH became an issue because of an
association with outbreaks of Jacob-Creutzfeldt disease, a fatal neurodegenerative
disorder. However, the manufacture of recombinant hGH in the 1980s prompted
investigators to evaluate uses of GH beyond the treatment of GH-deficient children. As
a result, investigators were encouraged to learn more about the basic mechanisms
controlling the episodic nature of GH release and about the function of GH at the
cellular level. In this introductory chapter, I first review the regulatory role of growth
hormone releasing-hormone (GHRH), somatostatin (sst or SRIF), and the GH-secre-
tagogue receptor (GHS-R), referring to relevant chapters in this volume. I then review
the content of the remaining chapters. This will provide a brief summary of the current
molecular understanding of the GH receptor and its potential role in the central
nervous system (CNS) followed by an overview of the clinical aspects of GH defi-
ciency, indications for its replacement, and associated benefits of direct and indirect
GH replacement.

From: Human Growth Hormone: Research and Clinical Practice
Edited by: R. G. Smith and M. O. Thorner © Humana Press Inc., Totowa, NJ
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2 Smith

THE ROLES OF GHRH, SST, AND GHS-R
IN REGULATING GH RELEASE

GH Release Is Pulsatile

Like many hormones, GH is released episodically and is regulated by tightly con-
trolled feedback pathways. This tightly controlled process provides a mechanism that
has presumably been optimized biologically for hormone-receptor interactions result-
ing in activation, inactivation, and reactivation of signal transduction cascades. The
frequency of GH pulses appears to be conserved in all mammalian species, occurring
atapprox 3-h intervals. How this frequency is regulated is a topic that continues to hold
great fascination for scientists. Historically, GH secretion was considered to be regulated
by a positive/negative feedback loop controlled by the two hypothalamic hormones,
GHRH and sst. GHRH is released from arcuate neurons into the median eminence and
transported through the portal vessels to the pituitary gland, where it stimulates GH
release from somatotrophs. Negative feedback is thought to be mediated by GH stimu-
lating the release of sst from hypothalamic neurons. sst acts to inhibit GH release from
the pituitary gland.

The discovery of the GH-releasing peptides (GHRPs) by Bowers was a very important
episode in defining the characteristics of the regulation of GH secretion, because the
GHRPs do not act directly through the GHRH or sst receptors (Chapter 2). Based on
Bowers’ discovery, a series of nonpeptide mimetics were designed to allow optimization
of oral bioavailability and other pharmacokinetic properties, resulting in the develop-
ment of MK-0677 (Chapter 3). A single oral dose of MK-0677 amplified GH pulses for
24 h (1). To distinguish the GHRPs and their mimetics from the natural hormone GHRH,
the synthetic molecules were termed “GH-secretagogues” (GHS).

GHS-Receptor (GHS-R)

Early studies had suggested that GHRPs and their mimetics elicited their effects on GH
release through a pathway distinct from that of GHRH (2). Characterization of the recep-
tor was frustrated by the very low abundance of binding sites in the pituitary gland.
However, by incorporating S into the MK-0677 molecule, a high specific activity
radioligand was synthesized (3). Using this ligand, Pong et al. showed that MK-0677
bound with high affinity (Kd =200 pM) to the plasma membrane fraction of pituitary and
hypothalamic tissues (2,4). The concentration of binding sites was remarkably low (2
fmole and 6 fmole/mg protein in pituitary and hypothalamic membranes, respectively).
35§-MK-0677 binding was competitively inhibited by L-692,429, MK-0677, and GHRPs,
but not by GHRH or sst; thus, this new receptor is selective for this specific class of
synthetic growth hormone secretagogues (GHS). High affinity binding was inhibited
noncompetitively by GTP-y-S, suggesting that the receptor was G-protein coupled (2,4).

The identification of the first of the optimized drug candidates, MK-0677, led to the
cloning and molecular characterization of a new orphan G-protein coupled receptor for
the GH-secretagogues, GHS-R. Activation of the GHS-R by synthetic ligands initiates
and amplifies pulsatile GH release in animals, including humans (5). This new receptor
was cloned using a strategy that exploited the observation that ligands for this receptor
activated IP5-induced release of intracellular Ca?* (Chapter 4). Based on this property, the
receptor was expression-cloned from a pituitary cDNA library using Xenopus oocytes
(Chapter 4). The predicted amino-acid sequence of the receptor (GHS-R) was consistent
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with biochemical studies that predicted it belonged to the G-protein coupled receptor
family. Based on knowledge derived from the structure of other G-protein coupled recep-
tors, the X-ray structure of MK-0677 and energy calculations derived from nuclear
magnetic resonance (NMR) studies with MK-0677, a three-dimensional model for the
ligand-receptor complex was proposed (6,7). A series of experiments were designed to
test the validity of the model. The orientation of the receptor in the cell membrane was
examined using antibodies generated to peptide sequences that, according to the model,
were in the extracellular and intracellular loops. Immunofluorescence studies on intact
and permeablized cells expressing GHS-R confirmed the orientation of the extracellular
and extracellular loops (6).

The binding pocket occupied by MK-0677 was characterized using selected site-
directed mutagenesis based on a computer-generated, space-filling model (Fig. 1) for the
receptor-ligand complex (7). The consequences of mutating each amino acid were evalu-
ated by measuring the ability of different ligands to activate the mutated receptors (6).
The model illustrated in Fig. 2 suggests that E124 in helix 3 serves as a counter-ion to the
basic N in the MK-0677 side chain, and this was confirmed by site-directed mutagenesis.
Docking the structurally distinct agonists L-692,585 and GHRP-6 into the pocket also
supported this hypothesis (6).

Localization of GHS-R Expression

In situ hybridization studies using selective nonoverlapping radiolabeled oligonucle-
otides showed that GHS-R was expressed in the pituitary gland and brain (8). In the rat
pituitary gland, expression of GHS-R was confined to the anterior lobe (8). This obser-
vation was consistent with experiments showing that GHRP-6 and its mimetics selec-
tively activate somatotrophs and somatomammotrophs, and that a fluorescently tagged
analog of MK-0677 selectively binds to GH-producing cells (2,5). Based on a combina-
tion of RNAse protection assays and in situ hybridization to different tissues, it appears
that GHS-R expression is confined to the anterior pituitary gland and CNS (8).

In the brain, the GHS-R is widely expressed (8). Intriguingly, although we anticipated
expression in those nuclei that play arole in the control of GH release, the receptor is also
expressed in areas of the brain that affect mood, cognition, memory, learning, feeding,
and sleep. The GHS-R mRNA is expressed in multiple hypothalamic nuclei including
anteroventral preoptic nucleus, anterior hypothalamic area, suprachiasmatic nucleus,
lateroanterior hypothalamic nucleus, supraoptic nucleus, ventromedial hypothalamic
nucleus, arcuate nucleus, paraventricular nucleus, and tuberomamillary nucleus (§).
Expression is also found in the dentate gyrus of the hippocampal formation, the CA2 and
CA3 areas of the hippocampus, the pars compacta of the substantia nigra, ventral tegmen-
tal area, dorsal and medial raphae nuclei, and Edinger-Westphal nucleus (8). The func-
tional significance of expression of the GHS-R in areas of the brain other than those
involved in GH release is critical for our understanding of the complete physiological
significance of the GHS-R. Evidence for activation of this receptor in the CNS by GHRPs
and mimetics is presented in Chapter 5.

Interaction of GHS-R, GHRH, and SST Hypothalamic Neurons

The key role of the hypothalamic hormone GHRH in stimulating GH release from the
pituitary gland is well-established (9). However, because its biological half-life is short,
a series of analogs have been synthesized in attempts to develop compounds with
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Fig. 1. Computer-generated, space-filling model of GHS-R. Ligand complex shows proximity of
critical amino acids (7).

increased potency and improved pharmacokinetics for use in the clinic (Chapter 6). An
alternative clinical approach is to identify a compound that induces the release of
GHRH from arcuate neurons in the hypothalamus. The localization of GHS-R in the
arcuate nucleus implicated the GHS-R ligands as regulators of GHRH release. Intra-
venous administration of the ligands results in stimulation of c-fos and electrical activ-
ity in arcuate neurons that project to the median eminence (Chapter 5; [10]). In situ
hybridization studies to monkey and rat brains showed that GHS-R is expressed in
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Bl His-dTrp-Ala-Trp—dPhe-Lys—NHz

Fig. 2. Three-dimensional structure of ligand-binding pocket of the human GHS-R with MK-0677,
L-692,585, and GHRP-6 docked (6).

arcuate neurons, suggesting that the GHS-R ligands stimulate these neurons directly
(5). A recent study using immunohistological techniques showed that the GHS-R is
expressed in GHRH neurons (/7). Furthermore, studies in sheep have shown that
GHRH is released into the portal vessels immediately following treatment with a GHS-
R hexapeptide ligand (/2). Collectively, these data are consistent with GHS-R ligands
acting directly on arcuate neurons to stimulate the release of GHRH. Activation of
these neurons by MK-0677 can be inhibited by sst or pretreatment with GH (/3). These
important studies link the action of the GHS-R ligands with the two known endogenous
regulators of GH-release GHRH and somatostatin.



6 Smith

GH self-entrains the ultradian rhythm of episodic GH release (14, 15). Presumably, the
negative feedback phase is either mediated directly by GH, or indirectly by causing the
release of sst. Ligand binding to GHS-R results in functional antagonism of sst by depo-
larization of target cell membranes (/6). Hence, if sstis involved in sustaining the rhythm
of GH pulsatility, it follows that the rhythm can be interrupted by ligands that activate the
GHS-R. Indeed, this is precisely what is observed in animals. Administration of GHS-R
ligands immediately stimulate GH release and, as a consequence, the GH ultradian rhythm
isreset (16,17). These observations support the suggestion that sst plays a critical role
in the control of the pulse frequency of GH release (/8,19-25).

Itis reasonable to speculate that feedback control is regulated through GHRH contain-
ing arcuate neurons. Negative feedback could be regulated directly by GH or indirectly
by GH causing the release of sst from hypothalamic neurons. To determine whether sst
is involved, we generated transgenic mice in which the somatostatin receptor subtype-2
(sstr2) gene was selectively inactivated. Of the five sst subtypes (Chapter 7), we selected
sstr2 because this particular subtype had already been implicated in the regulation of GH
release (26). Subsequent studies with more selective nonpeptide sstr2 agonists support
these earlier studies (27,28). The sstr2 was inactivated by homologous recombination in
mouse embryonic stem cells (/3). Mice homozygous for the deleted sstr2 allele appeared
normal and healthy and were indistinguishable in appearance from ss#r2 intact animals.
The central effects of GH and MK-0677 were evaluated using induction of Fos
immunoactivity to monitor activation of hypothalamic neurons (/3). In parallel, wild-
type and sstr2 null mice were treated with GH or placebo 10 min prior to injection with
MK-0677 or vehicle. Thirty minutes later, the mice were sacrificed and brain sections
isolated to measure Fos expression by immunohistochemistry. In both wild-type and ss#r2,
knockout mice treatment with GH caused expression of Fos in the periventricular nucleus,
but not in the arcuate nucleus. In wild-type mice, pretreatment with mouse GH completely
prevented MK-0677 activation of Fos in arcuate neurons. By contrast, in sst72 null mice,
pretreatment with GH failed to prevent activation of Fos in arcuate neurons. These results
are consistent with GH-mediated negative feedback on GHRH neurons being regulated
through sst and specifically sstr2. However, more work is needed before concluding that
GH induced sst release is sufficient to explain entrainment of the 3 h pulses of GH.

The results summarized above with the sstr2 7~ and wild-type mice suggest that GH
pulsatility is regulated at the hypothalamic level through GH receptors on periventricular
neurons. Activation of these neurons results in the release of sst to suppress the activity
of GHRH neurons in the arcuate nucleus. This interpretation is supported by electro-
physiology experiments where stimulation of periventricular neurons results in inhibi-
tion of arcuate neurons (29,30). However, histological evidence for the projection of
periventricular neurons to the arcuate nucleus is lacking at this time. An alternative
explanation is that the negative feedback signal is mediated from periventricular to the
arcuate nucleus indirectly through the basal lateral amygdala (BLA); electrical stimula-
tion of BLA neurons also inhibits activity of arcuate neurons (29,30). The amplitude of
GH pulses is apparently regulated through the GH receptor. When GH-receptor antisense
RNA is administered to rats by intracerebral ventricular injection, the amplitude of GH
pulsesincreases (3/). Whether the effect is mediated indirectly by sst at the hypothalamic
or pituitary level is not clear; however, the GH receptor apparently plays a pivotal role
in the regulation.

Figure 3 illustrates a model of GH/sst mediated feedback regulation through arcuate
neurons that express GHRH, GHS-R, and sstr2. Although not illustrated in Fig. 3, sst
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GHSR-L (MK-0677, GHRP-6)

----- =--~{ GH

Fig. 3. Model of interaction among GH, sst, and GHS-R ligands and their potential role in the
entrainment of GH pulsatility (13).

also acts directly on the pituitary gland. However, we have speculated that modulation
of neuronal activity in the hypothalamus via GHS-R and sstr2 is the primary mechanism
regulating the timing of the GH pulses. Mathematical modeling of the GHRH, GH, and
sst feedback pathway is presented in Chapter 8.

Potential Significance of GHS-R Expression
in the Suprachiasmatic Nucleus (SCN)

GHS-R is expressed at relatively high levels in the SCN, suggesting it may play arole
in the control of circadian rhythms (8). Ligand activation of GHS-R in all species studied
causes immediate GH release, which initiates a new pulsatile cycle (5). This is perhaps
not surprising because GH self-entrains the GH rhythmicity (/4). In elderly humans who
were treated chronically with the GHS-R ligand MK-0677, a change in sleep patterns was
noted, with a 50% increase in REM sleep (32). These findings suggested that MK-0677
simultaneously improves the quality of sleep and corrects the relative hyposomatotropism
of senescence. Whether these effects on sleep are mediated directly by stimulation of
receptors in the SCN or indirectly through the GH pathway has yet to be elucidated.

DEVELOPMENTS IN BASIC SCIENCE OF GH
GH Receptor and Signal Transduction

The receptor for GH is localized on the plasma membrane of GH-responsive cells. The
receptor consists of a large extracellular domain, a single transmembrane helix, and an
intracellular domain. Until relatively recently, the cellular mechanisms by which GH
transduced its signal following binding to the extracellular domain was unknown. Elu-
cidation of the pathway has involved an extremely elegant combination of biochemistry,
mutagenesis, and crystallographic studies (Chapter 9). It has been concluded that a single
GH molecule binds asymmetrically to the extracellular domain of two receptor molecules,
causing the receptor to dimerize. This dimerization process triggers tyrosine phosphoryla-
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tion of the intracellular domains of the receptor, the JAK2 kinase, and several STAT
proteins. Chapter 9 provides a detailed account of the nature of the GH/GH-receptor com-
plex and the signal transduction pathway activated following receptor dimerization.

Traditionally, we consider that the main targets of GH action are liver, muscle, and
bone, where the action is partially mediated indirectly through increases in IGF-1. How-
ever, evidence is emerging that supports a role for GH in the brain (Chapter 10). GH
receptors are developmentally regulated in the CNS and GH deficiency has been impli-
cated in deficits in brain development. Furthermore, GH treatment has been shown to
result in changes in neurotransmitters. Expression of GH-receptors in the hippocampus
suggests a role for GH in memory and learning. In Chapter 10, experimental approaches
to investigate the CNS as a target for GH action are reviewed.

CLINICAL APPLICATIONS OF GH REPLACEMENT
Background

Chapter 11 reviews the molecular elements affecting different parts of the somatotro-
pic axis that result in GH deficiency. The process by which each of these various elements
can be diagnosed is also included. Genetic causes of GH deficiency are relatively rare.
Traditionally, the deficiency was classified based on mode of inheritance. However, now
that we have a better understanding of the elements controlling the GH axis and knowl-
edge of the molecular genetics involved, GH deficiency can be classified according to
molecular abnormalities. For example, three important factors involved at the level of the
pituitary gland are the GHRH-receptor, GH, and pit-1. Abnormalities in genes encoding
these key factors will be expressed as some form of functional GH-deficiency. A normal
GHRH receptor is critical for the signal to release GH from the somatotroph. The GH that
is released must be functional. A normal pit-1 protein is essential because this specific
transcription factor is required for differentiation to produce somatotrophs and for GH
and GHRH-receptor gene transcription. Mutations in GHRH-receptor, GH, and pit-1
have indeed been identified in humans exhibiting a GH deficient phenotype (Chapter 11).
We also assume that a functional GHS-R is important, because, as previously described,
ligands for this receptor control the amplitude of GH release. However, we might antici-
pate that because the GHS-R pathway appears to play a permissive role in concert with
GHRH, a GH deficiency involving a nonfunctional GHS-R would result in a less obvious
phenotype than that from a nonfunctional GHRH receptor. Complete evaluation of the
significance of the GHS-R pathway as it relates to GH deficiency awaits identification
of the endogenous ligand for the GHS-R.

GH Replacement in the Clinic

Traditionally, GH use was confined to treatment of GH-deficient children because of
the importance of this hormone in maintaining normal growth velocity. The pathophysi-
ology of GH deficiency in children and the ethical issues relating to treatment of short-
statured children is discussed in Chapter 12. Until relatively recently, many physicians
considered that GH was unimportant after linear growth had ceased. However, the avail-
ability of recombinant hGH has provided the physician with a valuable product to inves-
tigate the potential of GH replacement in a variety of clinical situations. The rationale for
GH replacement in adults is presented in Chapter 13. For example, it is well established
that GH plays an important role in determining body composition to maintain a beneficial
ratio between skeletal muscle and fat. GH-deficient adults have reduced exercise toler-
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ance; hence, GH also appears to be important for muscle function. It is becoming clear
that GH provides an important function during adulthood. The preliminary reports of the
benefits of GH treatment in age-related disorders such as frailty associated with progres-
sive muscle loss, and accelerating recovery from hip fractures, are encouraging (33).

It is well-known that during aging, there is a progressive decline in the amplitude of
the episodic release of GH from the pituitary gland. In humans, the most marked change
begins around age 30 yr and is accompanied by an age-related loss in muscle mass and an
increase in the fat/lean mass ratio. These changes in body composition might be a conse-
quence of metabolic changes that occur as a result of the age-related reduction in GH
secretion. Whether this observation means that GH deficiency is a disease of aging and
that GH replacement would prevent the physical decline associated with aging are pro-
vocative issues. Carefully controlled clinical studies are needed to address this question.

Rudman’s group was the first to report beneficial effects of GH replacement in the
geriatric population (34). In 21 healthy men 61-81-yr-old, GH administration over a
6-mo period produced marked improvements in muscle tone, skin thickness, lean body
mass, and density of the lumbar vertebrae. Accompanying the increases in lean body
mass was a significant loss in fat mass. Based on these results, it was concluded that 6 mo
of GH treatment reversed the effects of 20 yr of aging on lean muscle mass and adipose
tissue. Rudman’s publication prompted additional investigations. Although improve-
ments in lean muscle mass have been a consistent finding, investigators have been unable
to reproducibly document clear improvements in muscle function. Furthermore, in many
cases, GH treatment is often poorly tolerated in the elderly. However, when lower doses
are used, the incidence of adverse side effects is significantly reduced. Long-term, well-
controlled studies in the geriatric population are now needed before deciding who will
benefit most from GH replacement.

It is well-established that GH promotes longitudinal bone growth, and it has become
apparent that GH also plays a role in bone metabolism. GH stimulates the proliferation
of osteoblasts and promotes bone formation. In humans, GH deficiency is associated with
osteoporosis; Chapter 14 addresses this relationship.

An association between a series of risk factors involved in noninsulin dependent
diabetes and myocardial infarction (MI) is well known. The term “Syndrome X is
commonly used to describe the link between insulin resistance and hypertension. A
critical factor relating to this syndrome is believed to be the mass of intra-abdominal fat.
Since reduced GH secretion is associated with obesity and GH administration results in
a preferential reduction in abdominal fat mass, GH treatment may prove beneficial in
prevention and treatment of Syndrome X (Chapter 15).

GH secretion is markedly stimulated during sleep. Indeed, in humans the relationship
between sleep onset and GH secretion is remarkably consistent. Intriguingly, a number
of studies suggest that stimulation of GH release and promotion of sleep represent inde-
pendent outputs from distinct populations of hypothalamic GHRH-containing neurons
(Chapter 16). Indeed, it can be hypothesized that the well-documented age-related
decrease in the amplitude of GH is associated with the changes in sleep patterns in the
elderly. Sleep fragmentation has been linked to decreases in nocturnal GH secretion. A
relationship between components of the somatotropic axis and sleep patterns is suggested
by studies in transgenic mice as well as humans. For example, transgenic mice with a
deficiency in this axis experienced a reduction in non-REM sleep and treatment of
GH-deficient subjects with exogenous GH produced increased REM sleep. The precise
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relationship between components of the somatotropic axis and sleep is complex. A criti-
cal review of the basic science and clinical studies is provided in Chapter 16.

GH administration appears to have beneficial effects in reversing catabolic states caused
by malnutrition and severe illness. Alterations in the GH/IGF-1 axis that are associated with
metabolic disturbances have been described in subjects with HIV infection. For example,
increasing energy intake does not consistently restore lean body mass in HIV patients.
Therefore, based on the knowledge that GH is effective in stimulating nitrogen retention
in catabolic patients, GH and IGF-1 treatment have been used to treat wasting associated
with HIV infection. A summary of these clinical studies is reviewed in Chapter 17.

Clinical Applications of GHRH

GHRH treatment is a more physiological method for treating GH deficiency where
reduced GH secretion is owing to hypothalamic causes (Chapter 18). Its advantage—
compared to direct GH replacement—is that it stimulates an episodic pattern of endog-
enous GH release. However, like GH, it must be administered by injection, although oral
and long-acting formulations are under development. Compared to the GHS-R ligands,
GHRH itself has a very short half-life, but analogs that have increased potency and longer
half-lives are being optimized as potential clinical candidates (Chapter 6). The advantage
of GHRH treatment over treatment with an orally active GHS-R ligand such as MK-0677
isapparentin cases where there is a lesion in the hypothalamic-pituitary stalk. For optimal
activity, the GHS-R ligands require the presence of GHRH; however, in those subjects
not having an intact hypothalamic/pituitary axis, the synergy between GHRH and
GHS-R ligands could be used to advantage.

Clinical Applications of GHS-R Ligands

The inevitable age-related reduction in the amplitude of GH pulses is explained either
by decreased production or reduced secretion of GH by the pituitary gland. In elderly
humans, GHRH administration increases GH release. Hence, the decrease in GH during
aging is explained by a change in the factor(s) that stimulates GH secretion. This inter-
pretation has been confirmed by treating elderly subjects chronically with the synthetic
GH-secretagogue MK-0677 for up to 12 mo. Taken orally, once daily, MK-0677 pro-
duced a pulsatile profile of GH release in this elderly population (70-89 yr) that was
typical of that of subjects in their late twenties (/). When GH deficiency in the elderly was
replaced in this more physiological way, it was well-tolerated. It is worth noting that
although the use of agents such as MK-0677 is a more natural way to treat GH deficiency,
the amount of GH released from the pituitary gland is limited by feedback inhibition,
consequently, pharmacological intervention is not feasible (5). Moreover, optimal
stimulation of the physiological pathway by MK-0677 requires an intact hypothalamic/
pituitary axis.

In the clinic, the GHRPs and their nonpeptide mimetics present a number of potential
therapeutic opportunities for treating GH-deficient states by activating the release of
endogenous GH (reviewed in Chapter 19). In particular, MK-0677 offers an alternative
form of therapy to injectable GH, because it offers the advantage of oral dosing and a
physiological GH profile. In the elderly, the physiologic GH profile appears to translate
into improved tolerability compared to GH injections (/,35,36). MK-0677 was effective
inincreasing GH, IGF-1, and IGFBP-3 in a selected group of severely GH-deficient men,
suggesting MK-0677 may have a role in the treatment of GH deficiency of childhood
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onset (35). In a model of short-term, diet-induced nitrogen wasting in healthy young
men, 7 d treatment with MK-0677 resulted in a reversal of nitrogen wasting, suggesting
that MK-0677 may be useful in treating catabolic conditions. Again, this beneficial effect
was associated with sustained increases in serum concentrations of GH, IGF-1, and
IGFBP-3 (37). The effects of MK-0677 were evaluated in a population of obese men.
Interestingly, although the men failed to lose weight during 2-mo treatment with MK-
0677, they experienced an increase in fat-free mass, and increased energy expenditure
(38).

A potential limitation of the clinical application of GHRPs and their mimetics com-
pared with treatment with GH and GHRH is that the GHS-R pathway is subject to
negative feedback (2). Therefore, the sustained supraphysiological GH and IGF-1 levels
that can be attained by injecting GH or GHRH are not possible with the GHS-R ligands.
Moreover, the optimal effect on GH release requires an intact hypothalamic/pituitary axis
(39,40). For these reasons, the efficacy of the GHS-R ligands in some situations is likely
to be limited. It is also unknown what type of pharmacodynamic profile will provide the
broadest clinical utility. The GHRPs and the nonpeptides such as L.-692,429, 1.-692,585,
and L-163,540 are short-acting molecules that—during chronic once-daily dosing—
provide an acute GH response without desensitization and without any appreciable
increase in serum IGF-1 levels (7). By contrast, MK-0677 is long-acting and produces a
markedly reduced GH response during chronic administration. Furthermore, serum
IGF-1 levels increase during the first 24 h following treatment and in spite of a reduced
GH response during continued treatment, the increase in IGF-1 is sustained (2). Another
unanticipated benefit associated with chronic dosing of MK-0677 is that, in contrast to
GHRPs and the short-acting mimetics, there are no measurable increases in serum cor-
tisol and prolactin (5). However, at this time, the selection of the ideal pharmacokinetic
and pharmacodynamic properties of a GHS-R ligand for optimal treatment of a particular
medical indication awaits the outcome of appropriate clinical trials.
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INTRODUCTION

The growth hormone releasing peptides (GHRPs), in contrast to growth hormone
releasing hormone (GHRH), were invented rather than discovered. “Reverse pharmacol-
ogy,” aterm recently proposed by Michael Conn, was suggested to designate the devel-
opmental GHRP process (/). GHRPs and their mimetics will undoubtedly have a clinical
role in the future. Two immediate future objectives of salient importance will be isolation
and identification of the putative native hormone for which GHRPs are mimetics and
elucidation of its role in the physiological secretion of GH. Moreover, whether this
hormone is involved in the pathophysiology of GH deficiency in children and adults is
still to be determined.

HISTORICAL BACKGROUND

Between 1976-1980, during the development of GHRPs, a major impetus for the search
was an unequivocal belief in the existence of a native (GHRH) in spite of the frustrations of
unsuccessful, herculean efforts over a 15-year period (1962-1976). Interestingly, GH releas-
ing activity was demonstrated in more than one partially purified fraction of porcine hypotha-
lamic extracts, suggesting that perhaps more than one GHRH factor existed (2-5).

Listed in Table 1 are the major GHRP milestones in chronological order. The first
GHRP (DTrp?) was developed in 1976 (4,5). The amino-acid sequence is recorded in
Table 2. Although DTrp? was not potent and was inactive in vivo, it released GH by a
direct action on the pituitary. In addition, the GH action was specific in that LH, FSH,
TSH, and PRL were notreleased (Fig. 1). This DTrp? pentapeptide, TyrDTrpGlyPheMetNH,,
evolved from the natural opiate Met enkephalin pentapeptide, TyrGlyGlyPheMet. Opi-
ates and opiate peptides release GH via a hypothalamic action but not via a direct pituitary
action. Furthermore DTrp? had no opiate activity.

From: Human Growth Hormone: Research and Clinical Practice
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Table 1
Major GHRP Milestones
1976-77  First GHRPs
1978-80 New types of GHRPs
1980 In vivo active GHRPs
1984 Projection of a new hormone(s)
1989-92  GH release in humans
1992 Increased pulsatile GH secretion, young men
1992 First nonpeptidyl GHRP
1994-95  Increased body-growth velocity, children
1995 Potent new types of GHRP
1996 GHRP receptor cloned
Table 2
Key GHRPs”
Active only in vitro® Inactive in vitro®
1. TyrDTrpGlyPheMetNH, (DTrp?) 1. TyrGly2>GlyPheMetNH,
2. TyrAlaDTrpPheMetNH, (DTrp?) 2. Trp
3. TyrDTrpDTrpPheNH, (DTrp23) 3. Phe
4. TyrDTrpAlaTrpDPheNH, (DTrp2LTrp*) 4. Pro
5. Sar
6. DVal
7. DAla
8. DLeu

4Reproduced with permission from ref. 64.
bDose: 100 ug/mL in vitro.
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Fig. 1. Effect of TryDTrp’ GlyPheMetNH on GH release in vitro. There was no effect on PRL,
ACTH, LH, FSH, or TSH release. Pituitaries of 20-d-old female rats,n =6, *p =< 0.01.
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Table 3

The In Vitro and In Vivo Specificity of Activity of [His!Lys®)GHRP in Rats®
Peptide dose GH TSH LH FSH PRL
ug/mL medium In vitro (Amg/mL serum = SEM)
— —203 = 109 —1372 + 945 22 =11 248 = 60
0.03 2165 £407  -2308 = 1230 9=1 210 = 67
ug subcutaneously In vivo (ng/mL serum = SEM)
— 6.1x24 211 +32 0.05+0.04 192+23 47=x138
50 757 =40 210 = 18 0.12+0.04 199+32 24=x02

“The in vitro studies (mean of 9 = SEM) were performed using the pituitary incubate assay and the in vivo
studies (mean of 10 + SEM) using rats treated with 50 ug [His'Lys®]GHRP daily for 25 d sc at 1500 h. The
aforementioned acute study was performed 24 h after the last injection of the peptide. Blood for hormone
determinations was collected at +15 min after injection of saline or the peptide. Reproduced with permission
from ref. 11.

Between 1978 and 1980, four different major types of GHRPs were developed, includ-
ing DTrp? (Table 2) (6-9). Despite increased potency, none of these small peptides were
active in vitro. Noteworthy was that GH releasing activity was strongly related to the
position and stereochemistry of Trp residues. A series of detailed conformational studies
by Momany helped to guide the development of the DTrp?AlaL Trp* sequence of GHRP,
which was valuable in the development of the in vitro and in vivo active GHRPs, i.e.,
GHRP-6, -1, -2 (10-15). From desensitization crossover studies, and from synergistic or
additive effects of the GHRPs, evidence strongly indicated that the same receptor and
molecular mechanism was activated by structurally different GHRPs. A surprising
exception, which suggested finding the possibility of a GHRP receptor subtype, was that
in sheep pituitary cell cultures where GHRP-2, but not GHRP-6, raised intracellular
cAMP levels; furthermore, a GHRH antagonist inhibited the GHRP-2 GH response (16).

In 1976-77, early results of DTrp? were considered indicative that this pentapeptide
may be acting via the putative GHRH receptor (4,9). Subsequent studies with GHRP-6 in
1980-81 reinforced the notion. However, following the isolation of a native growth
hormone releasing factor and its structural elucidation in 1982, it became apparent that
the releasing factor was a natural growth hormone releasing hormone (GHRH) and that
GHRP acted via a different receptor. Because GHRPs had characteristics of hypophysio-
tropic hormones, it was proposed in 1984 that they might mimic another native hormone
different from GHRH (71).

Results in Table 3 show that GHRP-6 specifically releases GH in vitroand in vivo (/7).
The in vivo results were obtained after immature female rats were injected with GHRP-6
or saline once or twice daily subcutaneously (sc) for 25 d. After chronic administration
of GHRP-6, the GH response and specificity as well as the increase in body weight gain
were maintained (Table 3 and Fig. 2).

Between 1981-88, the interrelationship between the actions of GHRP-6, GHRH, and
opiates or opiate peptides were studied (10, /7-28). Desensitization crossover studies of
these three GH-releasing secretagogues revealed the independent action of all three
peptides because when the GH response of one secretagogue was desensitized the other
one was fully active. When these secretagogues were combined and administered to rats
GH was released synergistically, and when all three were administered together, the
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Fig. 2. Chronic treatment of immature female rats with [His'Lys’JGHRP. Initially immature
female rats (16 d of age) were distributed among the mothers so that the BW in groups A and B
would be the same, and treatment with saline (A) or the peptide (B) was started the next day. Saline
or the peptide (50 ug) was injected sc daily at 1500 h for 25 d. Mean of 20+ SEM. P values of treated
vs untreated control group (A). *p <0.01, **p < 0.02, ***p < 0.05. Reproduced with permission
from ref. /1.

synergism was even greater (Fig. 3A). Regardless of the apparent independent action of
the three secretagogues, pretreatment with GHRH anti-serum markedly inhibited the GH
response of each one of them (Fig. 3B). Complementary studies with somatotropin-
release inhibiting factor (SRIF) antiserum pretreatment indicated that it increased the GH
response to GHRP-6 and GHRH but not to the benzomorphan opiate 2549 or the opiate

Fig. 3. (A) In vivo studies on the synergistic release of GH in conscious 26-d-old female rats. At
zero time, saline, 10 ug GHRP, 10 ug GHRH, 10 ug 2549 opiate, and/or 100 ug dermorphin (DM)
were injected iv, and rats were killed at +10 min. Each value represents the mean of 6 =+ SEM; P
values are given for treated vs saline. *p < 0.02, **¥p < 0.01, ***p < 0.001. When P values were
determined for the various groups vs GHRP, GHRH, plus dermorphin or 2549, the values ranged
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from <0.01-<0.001. (B) In vivo GHRH and SRIF antiserum (AS) immunoneutralization studies
onthe GH responses of GHRP, GHRH 1-430H, 2549 opiate, and dermorphin (DM) inrats. GHRH
AS, SRIF AS, or normal rabbit serum (0.2 mL) was injected iv at —1 h into conscious 26-d-old
female rats. At zero time, rats were injected in the tail vein with saline, 10 ug GHRP, 10 ug
GHRH, 10 ug 2549 opiate, or 100 ug dermorphin and killed at +10 min. Each value represents the
mean of 6 = SEM. Peptide/2549 vs peptide/2549 plus antiserum: *p <0.05, **p <0.01, ***p <0.001.
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Table 4
GHRP Effect on GH Release in the Pituitary (P)
vs Hypothalamus (H) and Hypothalamus Plus Pituitary Incubates In Vitro®?
GHRP dose A GH (ng/mL = SEM)
(ng/mL Hypothalamus
medium) Pituitary + pituitary Hypothalamus®
Control 7874 + 674 15185 = 2286 7314 = 2079
1 9840 = 1056 15471 = 1612 5631 = 805
3 10726 = 1096 17766 = 1574 7040 = 1514
10 19366 = 13254 32336 = 31614 12970 + 3001
30 22630 + 21484 38661 = 21804 16031 + 3694¢
100 18046 = 28004 39134 = 17304 21088 + 44684

“Reproduced with permission from ref. 26.

bH and P from 26-d-old female rats. Values are the mean of 9 determinations. Each A value was
calculated from three consecutive 1 h incubation periods (I3—I5) minus basal release of GH during the
preincubation period.

‘H+P-P.

dp < 0.01 vs control (by Newman-Keuls).

¢p < 0.05 vs control (by Newman-Keuls).

peptide, dermorphin. These studies led to the conclusion that GHRP and the opiate GH
responses were dependent on endogenous GHRH and since pretreatment with SRIF
antiserum augmented the response of GHRP-6 and GHRH, neither one inhibited the
release of SRIF. In contrast, because the SRIF antiserum pretreatment was without an
effect on the GH response of the opiates, the opiates did appear to inhibit the release of
endogenous SRIF. Thus, each of these three GH secretagogues—GHRP, GHRH, and the
opiate peptide—was considered to release GH by a different mechanism and, in addition,
the mechanisms or actions were complementary in releasing GH. Importantly, although
response to the GHRP is dependent on endogenous GHRH, GHRH apparently plays a
permissive role.

In addition to a direct action on the pituitary gland, a direct hypothalamic action of
GHRP has been demonstrated (Table 4) (26). In three different in vitro assay systems,
pituitary incubate, dispersed pituitary monolayer cell culture, and perifusion of pituitary
cells, the GH response to GHRP+GHRH was essentially additive or only slightly syner-
gistic (=30%), and thus the direct pituitary action of the two peptides was insufficient to
account for the magnitude of the synergism induced by GHRP+GHRH (26). Even when
the in vitro GHRP+GHRH results in the pituitary cell culture and incubate assay were
obtained under different experimental conditions and the time of the GH response was
varied the effect on GH release was essentially additive. Other investigators have found
synergism in vitro, but this has been the exception (29).

The in vivo synergistic release of GH induced by GHRP+GHRH has been a hallmark
of the GHRP effect on GH release in that it occurs in multiple animal species and in
humans of all ages and both sexes. The exact mechanism(s) involved has not been elu-
cidated. The fact that synergism has been such a consistent finding, even at very low
dosages (=2 ug) in humans, has led us to believe that understanding how this occurs will
substantially aid in elucidation of the action of GHRP especially on the hypothalamus.
Examples of the synergistic GH response induced by GHRP-6+GHRH in male and
female rats, rhesus monkeys, and cows are recorded in Table 5.
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Table 5
Synergistic GH Response”

Immature rat
GH ng/mL = SEM (n = 6)

Peptide Dose ug/kg Male Female
Control — 3+1.7 10x2
GHRP-6 200 289 + 69 248 + 31
GHRH-44 200 102 + 19 173 + 28
GHRP-6+GHRH-44 200 + 200 1063 +343 1184 =145
Monkey

GH ng/mL + SEM (n = 6)
Peptide Dose ug/kg Male Female
Control — 2+1.6 65
GHRP-6 5 1+£0.6 1+0.5
GHRH 5 62 21
GHRP-6+GHRH 5+5 21 %8 269

Nonlactating Holstein Cow

Peptide Dose ug/kg GH ng/mL = SEM (n =4)
Control — 0.17 £0.19
AlalGHRP-6 3 86+25

GHRH 3 5.7+0.58

Ala! GHRP-6+GHRH 3+3 88.0 = 19.0

4Blood collected +10 (26-d-old rat), +20 (rhesus monkey), +15 (cow) min after iv peptide.

A series of GHRP antagonists were synthesized between 1980-83. The in vitro results
of HisDTrpDLysTrpDPheLysNH,, a GHRP antagonist, and the GHRH antagonist,
DArg?,Ala®%1>-GHRH, developed by Coy et al. are recorded in (Table 6) (26). The
GHRP antagonist inhibits the GH response to GHRP but not GHRH and the GHRH
antagonist inhibits GHRH but not GHRP. In 1991, certain substance P antagonists were
found to inhibit the GH response to GHRP (30) as well as labeled GHRP in the pituitary
GHRP RRA (31).

Clark and Robinson (32) continuously infused GHRP-6 to freely moving conscious
rats over 8 h and a pulse of GHRH was administered each hour. GHRH pulses inconsis-
tently released GH in saline treated control rats, whereas in the GHRP-6 treated rats, GH
was consistently released by the pulses of GHRH. These results were interpreted to
reflect ahypothalamic action of GHRP. Since exogenous GHRH was administered in this
study, it is obvious that the hypothalamic action of GHRP is not due to the endogenous
release of GHRH. Other results in support of a GHRP hypothalamic action include
demonstration of high affinity binding studies in membranes of both the hypothalamus
and pituitary by Codd et al. (33) and Sethumadhavanetal. (3/) as well as those of Dickson
etal. (34), who showed that by both iv and icv routes, GHRP-6 increased c-Fos produc-
tion in select neurons of the arcuate nucleus of the hypothalamus (35,36), Guillaume et
al. showed that GHRH was increased in hypophyseal portal blood of sheep following
treatment with hexarelin (37). Also, results of Mallo et al. (38) demonstrated a GHRP
hypothalamic site of action following hypophyseal stalk section and pituitary transplan-
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Table 6

In Vitro Effects of GHRH and GHRP Competitive Antagonists

on the GH Responses of GHRP and GHRH

DArg?Ala®% 1 GHRH

Peptide Dose ng/mL Dose ug/mL GH (ng/mL = SEM)*
Control — — 179 + 4
GHRP 10 — 930 + 25
GHRP 10 1.0 856 = 27
GHRP 10 3.0 933 + 27
GHRP 10 10.0 920 + 22
GHRH 10 — 1197 + 17
GHRH 10 1.0 454 +23b
GHRH 10 3.0 309 = 150
GHRH 10 10.0 253 + 150
Peptide Dose ng/mL DLys3-GHRP Dose ug/mL GH (ng/mL = SEM)*
Control — — 172 = 15
GHRP 10 — 1020 = 11
GHRP 10 1.0 626 + 9P
GHRP 10 3.0 555 + 36¢
GHRP 10 10.0 357 = 45P
GHRH 10 — 1197 = 17
GHRH 10 1.0 1242 + 18
GHRH 10 3.0 1206 = 25
GHRH 10 10.0 1080 = 52

an = 3.

bp = <0.001.

“p < 0.01 vs peptide alone.

tation. The recent important studies by Dickson et al. (36) demonstrate that GHRP-6 acts
directly on the hypothalamus in vitro. Recently reported in vitro studies of Korbonits et
al. failed to demonstrate that GHRP increased or decreased GHRH or SRIF release from
the hypothalamus (39). Furthermore, peptidomimetics of the GHRPs did not induce a
reproducible rise of GHRH and/or fall in SRIF hypophyseal portal blood in vivo (40).

Mechanism of action studies by Cheng in 1989 (29) demonstrated that GHRP-6 did
not activate the adenyl cyclase cAMP pathway, but together with GHRH, synergistically
raised intracellular cAMP levels by acting through the protein kinase C pathway. In 1983,
we also reported that neither DTrp? nor DTrp? in vitro raised pituitary cAMP or cGMP
levels (9). Later results of Adams et al. (4/) and Mau et al. (42) demonstrated that
although GHRH stimulated the cAMP pathway GHRP-6 stimulated the phospholipase-
C IP; (inositol triphosphate) pathway. In vitro results have supported the role of GHRP
as a functional SRIF antagonist at the molecular level in that the peripheral membrane of
the somatotroph is depolarized by GHRP by blocking the K* channels and inhibiting
hyperpolarization by SRIF (43,44). Intracellular Ca”* is raised via voltage-activated
L-type channels and by release from intracellular stores (44,45 ). Recently, details of these
studies were discussed by Smith et al. (40) and Chen (46).

In 1989, our group, together with Michael Thorner’s and as Ilson et al. at Smith-Kline
Beecham, found that GHRP-6 very effectively released GH in normal young men (47,48).
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There was a small concomitant transient rise of serum PRL and cortisol, both of which
were still within the normal range. Similar to that found in animal models, i.e., rats,
monkeys, and cows, the combined administration of GHRP-6 and GHRH on GH release
was synergistic in humans. These results underscore that, in humans also, GHRP and
GHRH act differently. Another important property of the GHRPs was revealed when
Huhn and Thorner et al. (49) and Jaffe and Barkan et al. (50) independently demonstrated
that continuous iv infusion of GHRP-6 administered for 24-36 h to normal young men
increased the amplitude of the spontaneous pulsatile secretion of GH. Because the GH
response to GHRP-6 was readily desensitized after repeated administration to rats (27),
as well as by continuous administration during perifusion of dispersed rat pituitary cells
(18), these results in humans were surprising. However, the results of Clark and Robinson
in conscious rats suggested that continuous infusion of GHRP-6 to humans might
increase the amplitude of the spontaneous GH pulsatility and that this could occur despite
desensitization of the GH response (32).

Between 1991-1997, a series of detailed and noteworthy studies were performed with
the very potent GHRP-6-like hexapeptide hexarelin, HisD2MeTrpAlaTrpDPheLysNH, that
had been developed by Dengheni et al.: The effects of hexarelin essentially paralleled
those of the other GHRPs (57,52). Also, during this time, Walker and Bercu (53)
reported the results of chronic administration of GHRP-6 to rats. They investigated the
corrected effects of GHRP-6+GHRH co-administration, relationships to endogenous
GHRH, TRH and GnRH secretion as well as secretion of PRL, body weight gain, and
effect on serum lipids and hepatic mRNA levels for low-density lipoproteins (LDLs).

In 1992, a seminal accomplishment and a major GHRP milestone was the develop-
ment of a substituted benzolactam peptidomimetic L-692,429 by Merck and Co. (54).
This was a special achievement because a peptidomimetic agonist was developed from
a peptide agonist. In contrast, the development of a peptidomimetic antagonist from a
peptide agonist is not such an unusual event. Undoubtedly this peptidomimetic will
catalyze efforts to develop other peptidomimetic agonists that mimic the actions of
small peptide hormones. A point of note has been the finding that the peptides and
peptidomimetics act on the same receptor and activate GH release by the same intra-
cellular signal transduction pathway (55). An important improvement of the
benzolactam GH secretagogue was reported by the Merck group in 1995. This
spiroindoline derivative [MK-0677 (L-693,191)] is more potent, has higher oral
bioavailability (=60%) and increases pulsatile GH secretion with an associated increase
of serum IGF-I levels during chronic oral administration to normal younger and older
subjects (56).

Also, in 1995, highly potent GHRPs were developed by the Genentech (57,58) and
Novo Nordisk groups (59,60). These GHRPs were developed primarily from the DTrp?3
type of GHRP with an aromatic core in the center of the molecule and special functional
groups at each end. The Genentech group has reported potent GHRPs that are low in
molecular weight ranging from 496 to 508. Gradually, small partial peptide GHRPs are
being developed with more substitutions of the amino acids by organic chemical
nonpeptide groups. Besides the four or more major types of GHRPs, there are now three
major chemical classes of GHRPs, i.e., peptide, partial peptide, and peptidomimetics.
Regardless of the broad range of the GHRP SARs, all of them appear to act on the same
receptor and by the same molecular mechanism(s). What is different among these GH
secretagogues is the pharmacokinetics. In principle, the pharmacokinetics do not alter the
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action on GH release, but MK-0677, with a more prolonged serum half-life, appears
advantageous in terms of increasing pulsatile GH secretion and serum IGF-I levels after
oral administration. These same results have been observed with continuous infusion of
GHRP-6 and GHRP-2 (49,50,61,62).

In 1996, another seminal milestone was accomplished by the Merck group by cloning
the MK-0677 receptor and characterizing it as the GHRP receptor (63). This is a new
seven transmembrane domain G-protein coupled receptor. Anatomically it has been
localized in the hypothalamic arcuate nucleus and the infundibulum as well as in the
pituitary on the somatotrophs. All of the various types and classes of GHRPs specifically
bind to the transfected cloned receptor with high affinity. Genomic analysis of the recep-
tor supports the presence of a single highly conserved gene in human, chimpanzee, swine,
bovine, rat, and mouse genomic DNA.

The SARs of GHRP strongly support that the putative native GHRP-like hormone is
a peptide. Because of the substitution of unnatural D amino acid stereoisomers in the
GHRPs, it is probable that the amino acid sequence of the putative native GHRP-like
hormone will not closely simulate the sequence(s) of the current peptide GHRPs. In
regard to how GHRP releases GH, it is well established that it acts on both the hypothala-
mus and pituitary (27). What is still unanswered is the relative importance of the action
of GHRP at these two anatomical sites as well as the type of action(s) GHRP has on the
hypothalamus, i.e., increased GHRH and/or decreased SRIF release or even the seem-
ingly likely possibility of increased release of a yet unidentified factor. It has been
postulated that the hypothalamic action of GHRP involves the release of U-factor
(unknown factor) which in part mediates its effect on GH release (27). The latter has been
proposed because of an inability to explain the action of low dose GHRP via an effect on
GHRH or SRIF release or as a functional SRIF-antagonist. Sequential events of the
GHREP story also were outlined in 1996 (64).

What has become gradually more apparent is that the type of action(s) induced by
GHREP is probably dose dependent. High dosages are considered to reflect a pharmaco-
logical action and low dosages presumably a physiological action of a putative endog-
enous GHRP-like hormone. Conceptual models of the role of the putative GHRP system
in the physiological regulation of GH secretion can be categorized in terms of three
different types, hypothalamic, pituitary, and hypothalamic-pituitary (27). Because GHRP
acts on both the hypothalamus and pituitary, the hypothalamic-pituitary model is the most
logical choice, but this model is particularly difficult to envision without knowing more
about the hypothalamic action of GHRP and to what degree the quality and quantity of
this effect is dosage-dependent.

Unusual and unexpected effects of GHRP in humans have been exemplified by the not
infrequent unique actions of this new class of GH secretagogues. Figure 4 shows that each
of the three GHRPs, GHRP-6, -1 and -2, increasingly released more GH in normal young
men than GHRH when 1 ug/kg of the peptides was administered by iv bolus injection.
Datarecorded in Fig. 5 demonstrate another important aspect of these three initial GHRPs
in that even though they are peptides they very effectively release GH after oral admin-
istration in normal young men. Figure 6 shows the high reproducibility and marked effect
on GH release of four different oral formulations of GHRP-2 including small tablets at
a dosage of 10 mg in normal young men. The low and consistent serum concentration of
GHRP-2 after oral administration supports the consistency of the GH effect as well as the
high potency of the peptide.



Chapter 2 / GHRP Historical Perspective 27

AUC+SEM
o — o GHRH 15394310 n=23
a — a GHRP-6 20721404 n=
o — o GHRP-1 3476+291 n=39
4699+485 n=28

50

40 |-

30

GH (ug/L) + SEM

20 -

0 Byt
-~40 ] 40 80 120 160 200 240
1
W bolus Time (min)
1 ug/kg

Fig. 4. Comparative mean responses to 1.0 ug/kg GHRH(1-44)NH2, GHRP-6, GHRP-1 and
GHRP-2 in normal young men. Reproduced with permission from ref. 64.

The results of a continuous infusion of GHRP-6 for 36 h to normal young men are
recorded in Fig. 7 and demonstrate that the GH response to GHRP is both sensitized and
desensitized (50). The amplitude but not the frequency of the spontaneous GH pulses was
increased during the infusion. Near the end of the infusion, the GH response to iv bolus
GHRH was increased while that of iv bolus GHRP-6 was almost completely inhibited.

As recorded in Fig. 8, another dimension of the action of GHRP was observed when
the effect of a very small amount of GHRP-2 (=2 ug or 0.03 ug/kg) was administered to
normal young men (65). GHRP-2 alone in this small dosage was without an effect on GH
release but when given together with 1 ug/kg GHRH, GH was synergistically released.
When this study was performed in normal young women, essentially the same results
were obtained. A number of interpretations and implications appear to evolve from this
study. Because this was usually a subthreshold GH releasing dosage of GHRP-2, and
because the in vitro effects of combined GHRP-2 and GHRH on GH release are usually
additive or only marginally synergistic, the synergistic release of GH induced by low-
dose GHRP-2+GHRH is unlikely mediated by the action of this small dose of GHRP-2
directly on the pituitary. Thus, the synergism is probably mediated via a hypothalamic
action of GHRP. Because of the large amount of GHRH administered, the GHRP-2
hypothalamic action obviously is not mediated via an increased release of endogenous
GHRH. In addition, the GHRP-2 hypothalamic action probably involves an action out-
side the blood brain barrier on the median eminence rather than on the arcuate nucleus
because evidence indicates the blood brain barrier limits the access of GHRP (35,66) and
a2 ug dose of GHRP-2 is very low. Also, in a number of studies in which SRIF release
was inhibited by different agents, i.e., pentobarbital, SRIF antiserum, opiates,
pyridostigmine, the GH response to GHRP was increased, thus indicating GHRP does not
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normal young men.
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Fig. 9. Comparative effects on the GH release to 10 ug/kg sc high dose GHRP-2 vs 1+1 ug/kg
iv bolus GHRP-2+GHRH in the same nine normal young men. Reproduced with permission
from ref. 81.

release GH by inhibition of SRIF release or by attenuation of the SRIF inhibitory action on
the pituitary. Although GHRP can be categorized as a functional SRIF antagonist at the
pituitary and possibly the hypothalamic level (66,67), such a small dose of GHRP-2 would
be unlikely to attenuate the pituitary or hypothalamic action of SRIF. A seemingly convo-
luted issue is to what degree is it possible to relate the hypothalamic action(s) of exogenous
low dose GHRP-2 and a putative endogenous GHRP-like hormone. Because it has been
impossible to explain the synergistic release of GH by a very low dosage of GHRP-2 via
ahypothalamic action on the release of GHRH or SRIF, it has been hypothesized that a third
factor designated U-factor mediates this synergism. U-factor is envisioned to be released
from the hypothalamus via the action of GHRP. In concert with GHRH and sometimes with
GHRP when higher dosages of GHRP are administered, U-factor acts on the pituitary to
synergistically release GH, seemingly by a complementary intracellular signal transduc-
tion action and in partby possibly attenuating the pituitary inhibition of SRIF on GH release.
A seemingly general valuable point is that GHRP studies alone and in combination with
GHRH in humans can reveal new dimensions about the secretion of GH, as well as add new
insight into the actions of GHRP.

Another dimension of the action of GHRP-2 on GH release was revealed when a large
dose of 10 ug/kg was administered sc to normal young men (Fig. 9) (65). Because this
large dose of GHRP-2 alone released the same amount of GH as that induced by iv bolus
1+1 ug/kg GHRP-2+GHRH, GHRP-2 in this high dosage was considered to release
endogenous GHRH from the hypothalamus and, in this way, release a large amount of
GH possibly via the synergistic action of GHRP + endogenous GHRH.
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Fig. 10. Comparative effects on the GH response to GHRP-2, GHRH, and GHRP-2+GHRH in the
same normal younger and the same normal older men. Three ug/kg sc GHRP-2 (last panel) was
administered to these subjects, with the exception that there were only 5 of 7 younger female subjects.
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Fig. 11. Comparative effects on the GH response to GHRP-2, GHRH, and GHRP-2+GHRH in the
same normal younger and the same normal older women. Three ug/kg sc GHRP-2 (last panel) was
administered to these subjects, with the exception that there were only 5 of 7 younger female subjects.

The GH response to GHRP-2 and GHRH as well as the marked synergistic release of
GH induced by these combined peptides was greater in younger than in older men and
women (Figs. 10 and 11) (68). GHRP-2 consistently released more GH than maximal
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Fig. 12. GH responses over time with administration of iv GHRH (1 ug/kg), GHRP-2 (1 ug/kg),
and GHRH+GHRP-2 (each at a dose of 1 ug/kg) in children with GH insufficiency. Mean = SEM.
Reproduced with permission from ref. 69.

dosages of GHRH even in the older subjects, indicating the pituitary capacity to release
GH is not the reason the GHRH GH response is lower in older subjects.

GHRPs are very effective in children. When Pihoker et al. (69) acutely administered
GHRP-2+GHRH to short-statured children with various degrees of GH deficiency, GH
was synergistically released (Fig. 12). In these children, GHRP-2 alone very effectively
released GH. Three separate chronic studies by Laron etal. (70,71), Pihoker et al. (69,72)
and Mericq et al. (73) have been performed with hexarelin or GHRP-2 administered
intranasally or subcutaneously to short-statured children with partial GH deficiency. In
each study, the height velocity was increased by 2.5-3 cm/yr. The results recorded in
Fig. 13, obtained by Pihoker et al., indicate that after 6 mo of intranasal GHRP-2 admin-
istration 2-3 times/d, the GH response was not desensitized and tended to be increased
or up-regulated.

Since 1993, Casanueva and Dieguez et al. (74) have performed a series of important
studies with GHRP-6 in patients with obesity, Cushings syndrome, and hypothalamic-
pituitary disconnections. In obesity, GHRP released a remarkable amount of GH, espe-
cially when GHRP-6+GHRH was administered. The GH response to GHRP-6 alone and
together with GHRH was markedly decreased in Cushing’s syndrome. In patients with
a hypothalamic-pituitary disconnection, GHRH released a normal amount of GH and
GHRP-6 a lesser amount. These results indicate new dimensions in the secretion of GH
and eventually understanding them in more detail will reveal new insight into the physi-
ological and pathophysiological secretion of GH in humans. Also, other studies reveal
that GHRP releases GH from pituitary tumors of acromegalic patients in vitro and in vivo
(28,41,75,76).
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Fig. 13. GH responses to an acute intranasal dose of GHRP-2, 1 ug/kg on initial testing and 6 mo
after daily GHRP-2 administration in children with GH insufficiency. Initial testing,n = 12, + 6
mo, n = 9. Mean + SEM. Reproduced with permission from ref. 72.

Results of the GH responses to GHRP-2 or GHRP-2+GHRH during chronic admin-
istration to normal older subjects every other day for 60 d are recorded in Figs. 14 and 15
(77). The acute GH response to GHRP-2, GHRH, or GHRP-2+GHRH was not differen-
tially influenced by GHRP-2 alone or GHRP-2+GHRH administered chronically. Nei-
ther GHRP-2 nor GHRP-2+GHRH desensitized or up-regulated the acute GH response
to GHRP-2 or GHRH. In these studies, serum IGF-I levels remained unchanged during
chronic administration of GHRP-2 as well as GHRP-2+GHRH.

Although demonstration of a decreased GH response to 1 ug/kg iv bolus GHRH is
essential for understanding the pathophysiology and for making the diagnosis of pathologi-
cal secretion of GH in older men and women, the GHRH response alone is considered
insufficient for these two purposes. Almost all normal elderly men and women have con-
siderably lower GH responses to 1 ug/kg GHRH than normal younger men and women and
therefore, utilization of this criteria alone would tend to include all normal elderly subjects.
Theresults of age-dependency of GH release are recorded in Figs. 10and 11 for GHRP-2 with
and without GHRH (68) and Fig. 16 for GHRP-1 with and without GHRH after iv bolus
administration of the peptides (78). Furthermore, the GHRH approach alone would not
distinguish a low response due to excess secretion or action of SRIF.

Particularly needed is a new approach based on a better understanding of the patho-
physiology in order to distinguish the decreased secretion of GH associated with aging
per se from a pathological decreased secretion of GH due to a possible specific hormonal
deficiency. As unlikely and illogical as this may seem at first, the putative GHRP-like
hormone and GHRP-2 appear intimately and perhaps fundamentally related to the patho-
physiology and to the diagnosis of the pathological decreased GH secretion in the elderly.
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Fig. 14. Effect of 3 ug/kg GHRP-2 sc every other day in the AM for 60 d in normal older adults.
The GH responses to iv bolus GHRP-2, GHRH, and GHRP-2+GHRH were the same before
treatment, at +30 d, and at +60 d. The IGF-I mean levels did not change.
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Fig. 15. Effect of 1 ug/kg GHRP-2+GHRH every other day in the AM for 60 d in normal older
adults. The GH responses to iv bolus GHRP-2, GHRH, and GHRP-2+GHRH were the same before
treatment, at+30d, and at +60 d. The IGF-I mean levels before and after treatment were unchanged.
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Fig. 16. Comparative mean GH responses to GHRP-1, GHRH and GHRP-1+GHRH in normal
younger and older men. Values are the mean = SEM. Reproduced with permission from ref. 27.

Bercu and Walker (79) have performed a series of studies in animals and humans in order
to understand the pathophysiology of decreased GH secretion that occurs during aging
and also to develop an approach to diagnose this endocrine abnormality(s).

In order to understand this pathophysiology and to develop a way to distinguish the
decreased GH secretion due to normal aging from that due to a pathological abnormality
in older men and women, our approach has been to assess and establish the clinical value
of a dual linked index of GH release designated a quantitative GH release index and a
qualitative GH release index. Our hypothesis is that the pathophysiology of the pathologi-
cal decreased GH secretion in older men and women is due to a deficiency of the putative
hypothalamic GHRP-like hormone rather than a primary deficiency of GHRH or an
excess of SRIF. The basic finding that has led to this hypothesis is that the pituitary action
of 1 ug/lkg GHRH on GH release is quantitatively impaired and that this impairment is
reversed by iv bolus 0.1 pg/kg GHRP-2 + 1 ug/kg GHRH (80,81). An example of these
GH responses in a normal older woman is recorded in Table 7. Also in Fig. 17 is recorded
the results of an acute GH response of this same older woman before and during twice
daily 0.1 ng/kg sc GHRP-2 chronically for 30 d. Noteworthy is that 0.1 ug/kg GHRP-2
consistently and dramatically reversed the markedly impaired GH responses of 1 ug/kg
GHRH ond 0, 15, and 30. This supports that the impaired action of GHRH on GH release
is basically and primarily a hypothalamic rather than a pituitary pathological abnormality.

Whether the impaired GHRH GH release is reversed by a low dose of GHRP-2 can be
qualitatively decided in an all or none way as being positive or negative. A qualitative
positive index would be when the ratio of the peak GH release of the combined peptides
(0.1+1 ng/kg) is at least threefold greater than that of the arithmetic sum of the individual
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Table 7
Effect of Chronic GHRP-2
Dose ug/kg iv bolus® Peak GH ug/L AUC GH ug/L x4 h

GHRH 1.0 2.7 183
GHRP-2 0.14 0.7 221
GHRH+GHRP-2 1.0+0.1 44.1 2436
GHRP-2 1.0 47.6 2540

4sc.

GF-1, 85 ug/L.

BMI, 21.4.

GHRP-2, 0.1 ug/kg sc administered to a 66-yr-old female 2x/d for 30 d.
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Fig. 17. Effect of 0.1 ug/kg GHRP-2 administered sc 2x/d for 30 d in a 66-yr-old female. Subject
tested before treatment, at+15 d, and at+30 d after treatment. There was no change in the IGF-11evels.

peptides. The GH response to 1 ug/kg GHRP-2 is considered to impart more insight into
the pathophysiology and more insight into the pituitary capacity to release GH. Without
endogenous GHRH secretion GHRP-2 does not release GH and thus the GH release
induced by GHRP-2 indicates the secretion of endogenous GHRH. Although still
impaired in comparison to younger adults, 1 ug/kg GHRP-2 releases considerably more
GH than 1 ng/kg GHRH in older normal adults and thus, this indicates more about the
capacity of the pituitary to release GH. However, because 1+1 ug/kg GHRP-2+GHRH
or 10 ug/kg sc GHRP-2 releases much larger amounts of GH than 1 ug/kg GHRP-2 alone
in normal young men, eventually one of these two approaches may be considered more
optimal to assess the maximal capacity of the pituitary to release GH.

InTable 8 are the results of the acute iv bolus GH responses to 1 ug/kg GHRP-1, GHRH
and the combined peptides in normal older men and women (78). The results of these 19
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Table 8

Comparison of GH Responses (Peak GH and AUC x 4 H) in the Elderly to GHRP-1, GHRH(1-44)NH,, and GHRP-1+GHRH%?

Age (yr) BMI¢ IGF-I pg/L

GHRP-1 ug/L + SEM

GHRH-1 ug/L = SEM

GHRP-1+GHRH pg/L + SEM

Peak GH AUCx4h

Peak GH AUCx4h

Peak GH AUCx4h

No synergism

29,54

64.3+1.9 27914 136.3+13.3
Synergism

5%2,18

65.5+29 279 +2.0 104.6 = 12.0
High synergism

32.3d

60.5+2.3 23.6 1.1 150.6 = 22.8

18.7 2.6 1067.0 = 166.0

13.6 1.8 746.0 = 105.0

24.8 £4.8 1522.0 £ 376.0

2507 201.0 £44.0

39+09 373.0 £65.0

13.6 £2.5 980.0 = 199.0

23.6x24 1349.0 = 182.0

40.0x54 2539.0 +424.0

79.6 £9.3 6367.0 = 845.0

“Reproduced with permission from ref. 78.
bMean + SEM.
“Body Mass Index.
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subjects are grouped according to whether the synergistic GH response of the combined
peptides was absent, normal or high. In all three groups, the peak GH responses to GHRP-1
were nearly the same (18.7 = 2.6, 13.6 = 1.8, 24.8 = 4.8), but for GHRH were different
in the third group (2.5 £ 0.7, 3.9 £ 0.9, 13.6 = 2.5). The results of the mean GH AUC
paralleled the peak GH responses. Apparent is that the GH response to 1 ug/kg GHRH
was markedly impaired in the first two groups and in the second group, 1 ug/’kg GHRP-1
reversed the impaired GH response to 1 ug’lkg GHRH by synergistically releasing GH.
It is assumed that synergism in the first group was not induced because of the limited
capacity of the pituitary to release GH. From our later GHRP-2 studies, it could be
postulated that if a lower 0.1 ug/kg GHRP-1 dose had been administered in combination
with the maximal 1 ug/kg dose of GHRH, a synergistic release of GH would have been
elicited in all three groups. What is seemingly so fundamentally important is that the
action of GHRH on the pituitary is markedly impaired and this impairment can be uniquely
reversed by administering low dose GHRP + high dose GHRH.

Presumably the variable capacity of the pituitary to release GH will depend on
the duration and severity of the putative GHRP-like hormone deficiency as well as the
amount of endogenous GHRH and SRIF being secreted. The high sensitivity of the
GHRP-2 effect on the reversal of the impaired GH releasing action of GHRH is against
a primary decreased function of the somatotroph per se or a primary excess secretion
or action of SRIF as the immediate cause of the pathological decreased GH secretion in
older men and women. Envisioned is that when endogenous GHRH is secreted in greater
amounts or SRIF is secreted in smaller amounts, 0.1 pg/kg GHRP-2 will be more effective
in enhancing the GHRH GH response and thus the effect of low dose GHRP-2 will be an
indicator of endogenous GHRH secretion and also SRIF secretion.

To whatdegree the pituitary capacity torelease GH will parallel and determine the type
and efficacy of the neuroendocrine therapeutic approach will require special evaluation.
The secretory status of endogenous GHRH, SRIF, and the putative GHRP-like hormone
as well as the pituitary somatotrophs, alone and collectively, probably will significantly
dictate the type and design of neuroendocrine therapeutic approach.

Atpresent, if the quantitative GH release index is abnormally low, i.e., the GHRH peak
GH response is <6 ug/L to 1 ug/kg iv bolus GHRH and the qualitative GH release index
is threefold or greater, i.e., synergistic release of GH is induced by 0.1+1 ug/kg iv bolus
GHRP-2+GHRH, the subject’s decreased GH secretion would be considered to be patho-
logical possibly due to a deficiency of the hypothalamic GHRP-like hormone.

Major results which have evolved so far from our studies on the pathophysiology of
pathological GH deficiency in elderly men and women are the following:

1. Impaired pituitary GH response to a maximal 1 ug/kg dosage of GHRH;
2. Increased GH release to 0.1 ug/kg low dose GHRP-2 + high dose GHRH,;
3. Relatively high GH response to 1 ug/kg GHRP-2.

Major conclusions about elderly subjects are:

1. GH release induced by 1 ug/kg GHRP-2 alone indicates endogenous GHRH is being
secreted because without endogenous GHRH secretion GHRP-2 does not release GH;

2. GHRH pituitary action on GH release is impaired, which is necessary but not a specific
indicator of the pathological decreased GH secretion;

3. Impaired pituitary action of GHRH is mainly due to a secondary hypothalamic abnormal-
ity rather than a primary pituitary abnormality, because a maximal GHRH dose releases
a subnormal amount of GH;
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4. Low-dose GHRP-2 reverses the high-dose, GHRH-impaired pituitary GH response,

indicating this occurs via a hypothalamic action of GHRP-2 rather than a pituitary action,
which does not involve release of endogenous GHRH;

. High sensitivity of GHRP-2 inreversing the impaired pituitary action of GHRH is against

increased release or action of SRIF as the reason GH secretion is decreased;

. Reversal of the GHRH-impaired pituitary action by GHRP-2 is considered to be medi-

ated via the hypothalamic action of GHRP-2 to release U-factor (unknown factor) rather
than to release GHRH or to inhibit SRIF;

. Low-dose GHRP-2 has such a unique effect on the GHRH pituitary action that the

pathological decreased secretion of GH in some older men and women may result from
a deficiency of the putative hypothalamic GHRP-like hormone.

In conclusion, it is postulated that a putative GHRP-like system probably does exist

and is involved in the physiological regulation of GH secretion. In addition, because of
the unique actions of GHRP on GH release, it is likely to be valuable clinically both
diagnostically and therapeutically.
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INTRODUCTION

Discovery of the Growth Hormone Releasing Peptides (GHRPs)

In 1977, C.Y. Bowers and his coworkers at Tulane University reported a series of
synthetic peptide analogs of Leu- and Met-enkephalins that specifically released growth
hormone from the pituitary but possessed no opioid activity (/). However, this pioneering
work was overshadowed a few years later by the discovery of an endogenous peptide
hormone—growth hormone releasing hormone (GHRH)—as one of two hypothalamic
peptides, in addition to the inhibitory peptide hormone somatostatin, known to regulate
the release of GH from the pituitary (2—4).

Bowers continued to explore the structure—activity relationships of his early synthetic
growth hormone releasing peptides (generally referred to as GHRPs). The hexapeptide
GHRP-6 (His-D-Trp-Ala-Trp-D-Phe-Lys-NH,) emerged as an early benchmark and was
shown to be an extremely potent and safe GH secretagogue (GHS) in animals and in
humans (5-9). Interestingly, GHRP-6 was shown not only to release GH from the pitu-
itary via a mechanism distinct from the natural regulator GHRH, but also in fact acted
synergistically with GHRH to release GH. Whereas GHRH activates protein kinase A via
cAMP accumulation, GHRP-6 and its peptidomimetics (vide infra) activates phospho-
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lipase C to liberate the second messengers IP; and diacylglycerol. The two pathways
converge to release GH from an influx of Ca*? ions through L-type channels (10-12).
Recently, the human receptor for GHRP-6 has been identified in the pituitary and hypo-
thalamus and shown to be a unique G-protein coupled receptor with little homology with
other known receptors, including the GHRH receptor (13, /4). The natural ligand for this
new orphan receptor has not yet been identified, but it undoubtedly plays an important
role in the regulation of GH.

The availability of recombinant human growth hormone (rhGH) in the mid-1980s
led to many clinical investigations of its potential applications (15, /6). In addition to the
treatment of GH deficient children and adults, rhGH exhibited beneficial effects in the
treatment of patients with burns, bone fractures, and Turner’s syndrome. Recently, thGH
has shown promise in reversing the catabolic effects of glucocorticoids, chemotherapy,
and AIDS and in improving body composition in elderly individuals (/7-20). This explo-
sion in potential clinical applications for GH stimulated further research on the GHRP’s
and their peptidomimetics. More potent analogs of GHRP-6 have been described (Fig. 1)
and their clinical evaluation are currently underway (7,2/-24). More recently, cyclic
peptides and modified tri- to pentapeptides based on the GHRPs were reported by
McDowell et al. (25) to exhibit potent GH releasing activity. Although low oral
bioavailability (<1%) has been reported for all the GHRP’s to date, they have clearly
established that a relatively small molecule (MW <1000 kDa), administrated orally, can
stimulate the release of endogenous GH and thus may offer a practical alternative to
subcutaneous treatment with costly rhGH.

DISCOVERY OF THE BENZOLACTAM SECRETAGOGUES
Directed Screening Approach

With the renewed interest in potential clinical applications of GH, Merck
researchers in 1988 became interested in discovering an orally active nonpeptidyl
mimic/peptidomimetic of GHRP-6. Extensive structure-activity relationships for
GHRP-6 had already been published (5,8,9). Aromatic residues were favored at
positions 2, 4, and 5 and a basic amino terminus was important for GH releasing
activity. In addition, preliminary evidence at Merck suggested that the GHRP-6
receptor (hereafter referred to as the GHS receptor) may be G-protein linked. Based
on this information, compounds from the Merck Sample Collection were selected for
screening in a GH releasing rat pituitary cell culture assay (26). Data from this assay
are presented in this chapter as ECsy’s - the dose required for half maximal GH
release. From this effort, benzolactam 1 (/0,27) was discovered and shown to release
GH in a dose-dependent and specific manner with an EC5y =3 uM. Notwithstanding
its modest potency in this assay (cf. GHRP-6, EC5, = 10 nM), it was a remarkable
achievement considering the rarity in 1988 of nonpeptide mimics of peptide ago-
nists. The carboxylic acid moiety in 1 was initially replaced by a tetrazole, a well
established carboxylic acid bioisostere in many angiotensin II antagonists, to give
the more potent racemic analog 2 (ECsy = 120 nM). Resolution of racemic 2
identified the R-enantiomer 3 (L-692,429) as the biologically active isomer (ECs,
= 60 nM) (Fig. 2.)

Benzolactam 3 exhibited little or no activity at 10 uM in over 50 other receptor binding
assays, except for modest activity (ICs, =6 uM) as an angiotensin Il antagonist. Molecu-
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GHRP-6 His-D-Trp-Ala-Trp-D-Phe-Lys-NH,
GHRP-1 Ala-His-D-B-Nal-Ala-Trp-D-Phe-Lys-NH,
GHRP-2 D-Ala-D-B-Nal-Ala-Trp-D-Phe-Lys-NH;

Hexarelin His-D-2-MeTrp-Ala-Trp-D-Phe-Lys-NH;

Fig. 1. Selected growth hormone-releasing peptides (GHRPs).

H
O rx”
N [o] 0

3 4
L-692,429 L-692,585

Fig. 2. Benzolactam growth hormone secretagogue lead structures.

lar modeling of 3 and GHRP-6 places the benzolactam ring and its C-3 chiral center onto
the D-Trp residue and its a-carbon in GHRP-6, respectively. The basic amine side-
chain in 3 occupies the same region as the N-terminal amino group in the hexapeptide
(27). DeVitahas recently published cyclic analogs of 3 that exhibit potent GH releasing
activity and thus, lends support for a bent conformation for GHRP-6 and the close
proximity of the side-chain amine and the biphenyltetrazole in the bioactive conforma-
tion of 3 (28). Mechanistically, 3 is identical to GHRP-6 in vitro. Rat pituitary cells
maximally stimulated by 3 are unaffected when treated with GHRP-6 (and vice versa)
but remain responsive to GHRH treatment. The hexapeptide antagonist His-D-Trp-D-
Lys-Trp-D-Phe-Lys-NH, blocks the GH releasing properties of GHRP-6 and 3. Subse-
quently, 3 was shown to have a K; = 63 nM compared to 6 nM for GHRP-6 in arat pituitary
membrane receptor binding assay (29).
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Clinical Evaluation of L-692,429

L-692,429 (3) was shown to release endogenous GH in rats, pigs, sheep, dogs, and
rhesus monkeys when administered intravenously. In dogs the release of GH was shown
to be dose-dependent with a minimum effective dose of 0.1 mg/kg (30). L692,429
had little effect on other hormones except for slight elevation in cortisol. Unfortu-
nately, 3 showed poor oral efficacy in dogs (>30 mg/kg) owing to poor oral
bioavailability (2%) (31).

Even though excellent clinical efficacy with GHRP-6 had been demonstrated,
L-692,429 was tested intravenously in humans in order to validate our peptidomimetic
approach to GH release in humans. In healthy young males 1.692,429 (t;,, = 3.8 h) was
found to release GH in a dose-dependent fashion with a minimum effective dose of
0.2 mg/kg (32). As observed with all the GHRPs, there were small transient increases
in cortisol and prolactin after L-692,429 administration. No significant changes in
other pituitary hormones or changes in insulin-like growth factor (IGF)-1, glucose, or
insulin levels were observed. L.-692,429 was well tolerated with only a transient flush-
ing or warm sensation being reported. In healthy elderly (71« 5 yr) subjects L.-692,429
has been reported to release GH, although the response is somewhat less than in healthy
young men (33). L-692,429 has also been shown to partially reverse glucocorticoid
suppression of GH secretion and may therefore be useful in reversing the catabolic
effects of prednisolone (34).

Structure-Activity Relationships

The validation of L-692,429 as a peptidomimetic of GHRP-6 in humans and its excel-
lent safety profile prompted a major program at Merck to discover a more potent analog
of L-692,429 with good oral bioavailability for development as an oral GH secretagogue.
To address these issues of potency and oral bioavailability, an extensive investigation of
the structure-activity relationships for 3 was undertaken. This effort has been reviewed
recently (35-37) and only the key results will be discussed herein. The basic amino group
in 3, as with the GHRPs, is critical for GH releasing activity. Modifications of this amino
group afforded the 2(R)-hydroxypropyl analog 4 (L-692,585) that was 20-fold more
potent than 3 in releasing GH in the rat pituitary cell assay (ECsy, = 3 nM) (38,39). In
the rat GHS receptor binding assay (29) 4 exhibited a K; = 0.8 nM, which is 60-fold
more potent than 3 (K; = 63 nM) (Fig. 2). This analog represented a benchmark since
it was the first peptidomimetic that was more potent than the hexapeptide GHRP-6
(ECsg = 10 nM) in the rat pituitary cell assay. In dogs it was shown to be active at
intravenous doses as low as 5 ug/kg: 20-fold more potent than benzolactam 3 and
twofold more potent than GHRP-6 (40). Unfortunately, the bioavailability of 4 in rats
and dogs was not improved over 3.

The zwitterionic character of both 3 and 4 most likely contributes to its poor absorption
in animals. Since the basic amine is critical for GH releasing activity, much of the early
medicinal chemistry on the benzolactam lead focused on removing the negatively charged
tetrazole. Because the GHRPs did not require a negatively charged group for potent GH
releasing activity, functionalities capable of forming hydrogen bonds with the GHS
receptor were investigated as replacements for the tetrazole in the benzolactam lead
(Fig. 3). Neutral heterocycles (e.g., triazole analog §), carboxamides (e.g., 6), and ureas
(e.g., 7) were all found to be excellent neutral surrogates for the negatively charged
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EC50 = 40 nM ECSQ = 80 nM

H
N NH,
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Fig. 3. Neutral 2'-biphenyl tetrazole replacements.
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Fig. 4. 2'-Biphenyl surrogates with potency enhancing 2(R)-hydroxypropylamino side-chains.

tetrazole, thus confirming the hydrogen bonding role for the 2'-substituent in this lead
(37,41,42). Combined with the 2(R)-hydroxy side-chain, these neutral surrogates
afforded very potent analogs (e.g. 8 and 9) as expected (Fig. 4). However, in spite of these
profound structural and physico-chemical changes to these molecules, an improvement
in oral bioavailability was not forthcoming. This seemingly unsolvable problem with the
benzolactam lead prompted Merck researchers to continue screening for new GH secre-
tagogue structures.
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Fig. 5. Camphorsulfonamide growth hormone secretagogues.

THE PRIVILEGED STRUCTURE APPROACH

The Spiroindanylpiperidine Lead From Screening

The discovery of the benzolactams demonstrated that potent nonpeptide GH secreta-
gogue agonists could be discovered in the 500-600 Kda molecular weight range. This
was quite a breakthrough. Although there were many nonpeptide antagonists known at
the time, the only precedent for non-peptide agonists were the opioid peptide mimetics
including morphine and the analgesic benzodiazepine tifluadom. Compound screening
continued after the benzolactam discovery in an effort to find different core structures that
might more easily be converted to an orally active drug. There was precedent for addi-
tional leads in numerous structural variants of morphine especially since GHRP-6 was
itself derived from enkephalin.

Indeed another lead, compound 10, was found by directed screening. This camphor-
sulfonamide originated in a program from which eventually came orally active oxytocin
antagonists such as compound 11 (43) (Fig. 5).

In an effort to enhance the potency and specificity of this new lead (ECsy = 0.30 uM
(GH secretagogue); ICs, = 0.068 uM (oxytocin antagonist), analogs containing a tolyl-
piperazine or a spiroindanylpiperidine were synthesized. Both series were comparably
active and some of the latter type are shown in Table 1 (44).

Like the lead compound 10, the most active of its analogs contains a nipecotic acid
part-structure. This was a surprise to us since we hoped the amino acid side-chains that
conferred high potency to the benzolactams might do likewise in the camphorsulfonamide
series. Even an N-2-hydroxypropyl substituent (17) that was taken from the highly active
benzolactam 4 (L-692,585) did not afford sufficient potency to justify in vivo testing.

Nevertheless, the discovery of this camphorsulfonamide series was important. It dem-
onstrated that GH secretagogue agonist activity need not be limited to a narrowly defined
pharmacophore and it contributed to the selection of the spiroindanylpiperidine nucleus
forusein a “privileged structure” derivatization project. The term “privileged structures”
was introduced by Evans et al. (45) to describe core structures that recur frequently in
receptor ligands and whose derivatization, they suggested, was a useful way of discov-
ering agonist and antagonist leads. Their design of cholecystokinin (CCK)-A antagonists
was based on the “privileged” benzodiazepine core of the natural product CCK-A antago-
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Table 1

Camphorsulfonamide Structure—Activity Relationships

Compound ECsg (nM)2P
10 300
12 >1,000

13 we ) 140
NH

14 XNHZ >10,000
NH.

15 X >10,000

16 JVQ OH 300

e
17 Q ol 90

“Data from ref. 44.
Data are presented here and in subsequent tables as EC50—the
dose required for half maximal GH release from cultured rat pituitary
cells as described in ref. 26.

nist asperlicin (46). They modified and derivatized that core unit culminating in the
synthesis of 18 with its remarkable IC5,=0.08 nM as a CCK-A receptor antagonist (47).
Importantly, the work of Evans et al. (45) demonstrated that the privileged structure
strategy for biogenic amine antagonists could also be applied to peptide ligands (Fig. 6).

The Privileged Structure Concept

The recognition of conserved structural units in receptor antagonists originated with
Ariensetal. (48). They noted the occurrence of a hydrophobic, double-ring motif in many
biogenic amine antagonists and suggested that these antagonists bind in “accessory bind-
ing sites” close to the “active sites” of receptors. The example of chlorpromazine that has
anticholinergic, antihistaminic and a-adrenergic blocking actions was cited by them with
implied similarity in the proposed accessory binding sites of these receptors. As a cor-
ollary, attaining excellent receptor specificities is often a problem that must be addressed
while derivatizing privileged structures.
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Fig. 6. CCK-A receptor antagonist—devazepide—a privileged structure derivative.

The spiroindanylpiperidine component of 10 was considered by us to be a privileged
structure since ligands containing it were also known and subsequently published for the
oxytocin (43) and sigma receptors (49). And more recently antagonists that incorporate
ithave been described for the neurokinin (NK)-1(50) and NK-2 (517) receptors and in dual
NK-1 and NK-2 antagonists (52). In addition agonists of the Cs, receptor have been
described based on spiropiperidines (53).

Privileged Structure Derivatization with Amino Acids

The hypothesis that privileged structures bind near the “active site” of receptors and
that they bind to both peptide and nonpeptide receptors was intriguing. It suggested to us
that peptide agonists and antagonists might be achieved by appending small peptide units
onto privileged structures. Hopefully, there would be some overlap with the peptide
agonistbinding area. If not, such derivatization could still be worthwhile since amino acid
side-chains obviously provide a rich diversity of functionality to interact with proteins.
In the case of the spiroindanylpiperidine unit, single capped amino acids were chosen for
derivatization in part since it was known from the benzolactams that a large structural
unit was not required to produce agonist activity. One of the highlights of this deriva-
tization project was compound 19 (Table 2) whose EC5, =50 nM in the rat pituitary GHS
assay was remarkable especially since it was tested as an unseparated mixture of four
diastereomers. In retrospect, this excellent activity was ascribed to the fact that each
component of 19 was present in GHS active compounds. The spiroindanylpiperidine
came from the screening lead 10, tryptophan is a key amino acid in the GHRPs and the
quinuclidene part-structure was present in an unpublished Merck screening lead. That
these modular units are arranged in compound 19 in the proper order, at the proper
distances and with acceptable linking groups was quite fortuitous (54). Nor was it pre-
dictable that compound 19 would be an agonist since, at the time, the other known
spiropiperidines were receptor antagonists.

THE DISCOVERY OF ORALLY ACTIVE MK-0677

Structure-Activity Studies Leading to MK-0677

The bioavailability problem had not been solved with 19 since it failed to elevate GH
in beagles after oral administration at 5 mg/kg. To address this deficit, attention was
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Table 2
Spiroindanylpiperidine Lead—-Modification of the Amino Acid Side-Chain
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“Data from ref. 55.

focused on the amine side chain in the belief that urea functionality and the strongly basic
quinuclidene group might be responsible for poor uptake from the GI tract. Preference
for p-tryptophan stereochemistry was established and then we turned to the amino side-
chains that were particularly useful with the benzolactams, this time with success, as
illustrated in Table 2. Compound 25 containing the potency enhancing 2-hydroxypropyl
group of the benzolactam L-692,585 (4) had the highest intrinsic potency (ECsy=2.6 nM)
among these analogs of 19. Nonetheless, the most orally active of these early analogs was
compound 20. It produced good GH elevation following an oral dose of 2 mg/kg in dogs
despite an ECs, of only 14 nM in the rat pituitary cell assay (55).

The further characterization of 20 included ICsys >10 uM in twenty-four G-protein
linked receptor assays. This specificity was very welcome so early in the project given
our categorization of the lead as a privileged structure derivative. Also its bioavailability
in rats after iv and po administration was determined to be >40% (55). The lead might
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Table 3
Spiroindanylpiperidine Modifications
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have been selected for safety assessment studies but results from ongoing analog synthe-
ses suggested that greater intrinsic activity was possible.

The potency breakthrough was achieved by derivatizing 1'-(t-butoxycarbonyl)-
spiro[lH-indene-1,4"-piperidine], which is an intermediate used in the synthesis of 20.
Osmylation of the indene double bond afforded a diol that was elaborated to compound 28
whose intrinsic activity was slightly less than the corresponding spiroindane 20 as shown
in Table 3 (56). However, hydroboration yielded a 1:1 mixture of alcohols that, after
separation, afforded compounds 29 and 30. The latter with an EC5y, = 0.6 nM in the rat
pituitary cell assay is more than 10-fold as potent as compound 20 and the derived ketone
analog 31 is nearly as potent. Unfortunately, when these analogs were tested orally in dogs
they were only twice as active in elevating GH as compound 20 (56). Apparently they were
not as bioavailable as the parent (20) possibly the result of carbonyl reduction and conju-
gation of the alcohol. To investigate the implications of this possibility, other polar substitu-
ents with greater metabolic stability were introduced at the indane benzylic position.
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Table 4
Spiroindanylpiperidine Optimization
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Our initial approach involved introducing and derivatizing an aza group at the indane
benzylic position. As summarized in Table 4, the unsubstituted spiroindoline derivative
32raised rat pituitary cell potency slightly. However, the N-acetyl and N-methanesulfonyl
derivatives 33 and 34 were markedly more potent (57). Other acyl and sulfonyl analogs
are active at this position but attention focused on compound 34 (ECs, = 1.8 nM) with the
expectation that metabolic stability and minimal size would favor good oral activity.
Nevertheless, despite excellent intrinsic activity, only one of two dogs at both the 0.5 mg/kg
and 1.0 mg/kg oral dose levels responded to 34 with good GH elevations (58).

Concurrently, the p-tryptophan component of compound 20 was being replaced with
other p-amino acids some of which are shown in Table 5. Napthalene in compounds 39
and 40 was a surprisingly poor replacement for the indole group of compound 20 espe-
cially since it is used in GHRP-1 and GHRP-2 as an indole surrogate and in a series of
highly active small peptide derivatives described by McDowell et al. (25).

However, the phenylpropyl and benzyloxymethyl compounds 37 and 38, respectively,
retained intrinsic potency quite comparable to that of 20 and even the activity of the phenethyl
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Table 5
Aromatic Amino Acid Variations
N
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analog 36 was only twofold weaker than 20. The oral potency of 36 in dogs was comparable to
20 but compounds 37 and 38 showed good elevations of growth hormone in oral doses as low
as 0.5 mg/kg and thus were approximately fourfold more active orally than compound 20 (57).

These and other indole replacements were tried in the spiroindoline series some of
which are shown in Table 6. Activities paralleled those of the corresponding spiroindane
derivatives and peaked in the phenylpropyl and benzyloxymethyl analogs 43 and 44,
respectively. B-Napthalene in compound 41 was a poor replacement for indole. The
substitution of sulfur for oxygen in compound 45 resulted in a 10-fold loss in cell culture
potency apparently indicating a limitation in the optimum length of the amino acid side-
chain. The latter need not contain an aromatic residue as indicated by comparable activi-
ties of compounds 42 and 46. It was also reported by Patchettetal. (54) that the (L)- isomer
of compound 38 was only poorly active (EC5, =500 nM), which led to the suggestion that
this amino acid position might correspond to the 2-D-Trp position of GHRP-6.
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Table 6
Discovery of L-163,191 (MK-0677)-Compound 44
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The compounds shown in Table 6 were screened in dogs for growth hormone elevation
following oral administration. Efficacies were best with compound 43 and compound 44
(L-163,191) and, of these two, the latter seemed to be consistently more potent.

Animal Evaluations of MK-0677

Inadditional dog studies, compound 44 (L-163,191) was active (afourfold increase of peak
GH over baseline) orally at 0.0675 mg/kg (1:2 responded), at 0.125 mg/kg (6:8 responded)
and at 0.25 mg/kg (7:8 responded). Following intravenous administration 4:4 dogs responded
at the 0.025 mg/kg level. In a balanced crossover study using eight beagles, compound 44
given orally increased peak GH concentrations in a dose responsive manner with a 5.3-fold
increase at 0.25 mg/kg, a 9.0-fold increase at 0.50 mg/kg, and a 15.8-fold increase at 1.0 mg/kg.
After a single oral 1 mg/kg dose in three dogs, GH levels remained elevated out to 360 min
and insulin-like growth factor (IGF-1) was significantly elevated 30% at 480 min (59).
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Because the GH response to compound 44 in pituitary cell culture is rapidly desensi-
tized, chronic in vivo studies were important. When compound 44 was orally adminis-
tered daily to six beagles for four days at a 1 mg/kg dose, mean GH peak and AUC on
day 4 were significantly higher than vehicle treated controls although reduced by 79 and
75%, respectively. GH secretion remained pulsatile throughout the experiment. Impor-
tantly, mean IGF-1 levels measured just before dosage on day 4 had increased from the
vehicle control level of 50 + 13.4 ng/mL to 108.8 = 26.9 ng/mL (60).

The selectivity of L-163,191 (44) had been demonstrated earlier in over 50 in vitro
assays in which its ICs, values exceeded 10 uM. These included receptors for ligands
known to affect GH release such as acetyl choline, galanin, somatostatin, met-enkepha-
lin, and clonidene (/4). It was also shown that growth hormone releasing hormone
(GHRH) would not displace [*S] L-163,191 from its receptor (29). The in vivo selectiv-
ity of L-163,191 was examined in dogs (59). When it was given as a single 0.25 mg/kg
intravenous dose to eight beagles, the GH mean peak level was increased 20.4-fold while
cortisol levels were elevated from 2.6 = 0.2 ug/dL for the saline control to 6.2 = 0.5 ng/dL.
This increase was not unexpected since cortisol elevations had been seen with GHRP-6
(6) and with the benzolactam L.-692,429 (3) in dogs (30) and in humans although within
normal ranges (32,33). Also, insulin and glucose levels were slightly elevated in dogs
with a1 mg/kgoral dose of L-163,191 and there were no significant changes in luteinizing
hormone, prolactin or thyroxine levels (59). Thus, with the exception of moderate cortisol
elevation, the other hormonal and metabolic parameters were not significantly changed
by L-163,191 in dogs at 1 mg/kg oral dose.

Pharmacokinetics

A precise bioavailability figure for L-163,191 (44) in dogs was not possible owing to
nonlinear kinetics, however, it is estimated to be >60% (54,61). In rats the oral
bioavailability was dose dependent in the range 6—22% and the terminal half-life was a
relatively short 1.8 h at an iv dose of 0.5 mg/kg (67). However, the rate of elimination of
L-163,191 was much slower in dogs and its volume of distribution was lower resulting
in a terminal half-life of between 4—6 h in this species.

Oral Properties of MK-0677 in the Clinic

Based on the indications of potency, duration of action, oral bioavailability, and selec-
tivity, which are summarized above, compound 44 (L-163,191) asits crystalline mesylate
salt was selected for safety assessment studies. Subsequently it entered clinical testing
and was given the designation MK-0677 as a potential product candidate. In confirmation
of the animal data, MK-0677 was found to raise IGF-1 in man following oral adminis-
tration. The first published account was by Copinischi etal. (62) who treated nine healthy
young men daily for seven days in a crossover comparison of placebo and 5- and 25-mg
doses of MK-0677. IGF-1 levels were increased in a dose dependent manner without
detectable elevations of GH. Nor was any evidence observed of induced hypercortisolism.
Chapman et al. (63) reported results shortly thereafter of a study in which 32 healthy
elderly men and women received placebo, or 2, 10, or 25 mg MK-0677 orally, once daily
for two separate study periods of 14 and 28 days. Dose-dependent increases in GH and
IGF-1 were observed. Remarkably, the dose of 25 mg/day of MK-0677 in most of these
subjects brought serum IGF-1 levels into the range seen in young adults. In this study also
plasma and urinary cortisol levels were similar in all groups.
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MK-0677 AS A MIMETIC OF GHRP-6
Cell Culture Studies

The evidence that MK-0677 is a functional mimetic of GHRP-6 is extensive and has
been summarized by Patchett et al. (37,54) and Smith et al. (/4). Neither increase cAMP
in pituitary somatotrophs, although they synergize with GHRH to increase its GH secre-
tion and cAMP elevation.Pituitary cell cultures become rapidly desensitized to both
GHRP-6 and MK-0677 and cells desensitized to one are desensitized to the other. How-
ever, the MK-0677 desensitized cells have not been depleted of GH since they remain
responsive to GHRH. Furthermore, the GH secretagogue activity of MK-0677 can be
antagonized by the GHRP-6 antagonist His-D-Trp-D-Lys-Trp-D-Phe-Lys-NH, MK-
0677 and GHRP-6 share a common second messenger pathway in that both activate
protein kinase C, produce a depolarization of somatotroph membranes and elevate intra-
cellular Ca>* levels. Neither alone affects the release of ACTH from pituitary cells. In
summary, GHRP-6 and MK-0677 in all parameters tested behave functionally the same
in rat pituitary cell culture.

Receptor Studies with [°S] MK-0677

Early attempts to identify a specific receptor for the GHRPs by the Merck group and
by others (64,65) made use of [*H] and [!*I]-labeled ligands derived from GHRP-6.
Success was limited by their relatively low specific activity and high nonspecific binding
nor, in the experience of the Merck group, did the secretagogue activity of compounds
correlate well with their potency in displacing labeled ligand. With discovery of MK-
0677 and the demonstration of its high selectivity in respect to other receptors, arenewed
effort was made to produce from it a radioligand of high specific activity. ['*’I] could not
be used in the benzyloxy-para-position of MK-0677 since considerable loss of intrinsic
secretagogue potency would ensue. Nor could the Bolton-Hunter reagent be used since
conjugation of the MK-0677 amino group would lead to complete loss of bioactivity.
Instead Dean et al. (66) developed a synthesis of methane [*>S]-sulfonyl chloride and
utilized this reagent in the preparation of [>>S]-MK-0677 in greater than 99% radiochemi-
cal purity with specific activities ranging from 700 to 1100 Ci/mmol. They were thus able
to achieve high specific activity in a potent and selective radioligand with relatively low
lipophilicity (log P = 3.0).

With the availability of [3>S]-MK-0677, Pong et al. (29) identified a saturable, high-
affinity binding site in porcine and rat anterior pituitary membranes. Its Kpof 161 =11
pM in rat pituitary membranes closely corresponded to a K; of 240 pM determined by
the displacement of the radioligand by unlabeled MK-0677. This K; for receptor bind-
ing is slightly lower than its ECs, of 1.3 nM for GH secretion in the rat pituitary cell.
Corresponding data for GHRP-6 (K; = 6 nM) were in line with its potency in the cell
culture assay (ECs,= 10 nM). The specific binding of [*>S]-MK-0677 was Mg?* depen-
dent and inhibited by the GTPyS, which is consistent with the receptor being G-protein
linked. Importantly, double reciprocal plot analysis of saturation isotherms for the
[*S] MK-0677 binding demonstrated that GHRP-6 inhibition could be overcome by
increasing concentrations of [>3S]-MK-0677. These data suggest that the two secreta-
gogues interact competitively at the same receptor and further confirm the peptidomi-
metic nature of MK-0677.
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Receptor Cloning and Mutagenesis

Cloning of the MK-0677 receptor was achieved by Howard et al. (/3) using cRNA
pools derived from a swine pituitary cDNA library. Expression of the receptor in
Xenopus oocytes was detected by measuring MK-0677 induced Ca”* elevation. Given
the low level of receptor expression in the pituitary, high sensitivity was required. It
was obtained by co-injecting cRNA for the bioluminescent Ca’* sensitive protein
aequorin along with cRNA for the G-protein a-subunit G,;;. The initially cloned
nucleotide sequence was used to obtain full length swine and human GHS receptor
cDNAs. They encode polypeptides of 366 amino acids with seven transmembrane
domains and with approx 93% identity comparing the swine and human receptors.
They are novel receptors whose sequences are closest to those of neurotensin and
TRH with approx 35% and 29% identity, respectively. Ligand binding K;’s were
determined in displacement assays using [*>S] MK-0677 bound to transiently trans-
fected COS-7 cells and were in general agreement with ligand potencies in the rat
pituitary cell assay: MK-0677 (K; = 0.1 nM), GHRP-6 (K; = 1.9 nM) and GHRP-2
(K;=0.21 nM) (13,29).

A functional receptor assay was established in HEK 293 cells based on Ca®* elevation
measured by aequorin bioluminescence. The assay, in which both MK-0677 and
GHRP-6 are active, was used in mutagenesis studies to acquire some understanding
of the receptor’s essential functionality. An important structural feature of GH secreta-
gogues is their basic amine. Presumably when a secretagogue binds, its amino group
makes an electrostatic interaction with a negatively charged residue in the receptor.
Attention focused on Glu'?* in TM3 since it is in the approximate location of Asp'!?in
the B-adrenergic receptor (67) and of Asp'?? in the somatostatin type 2 receptor (68). In
both instances these acidic residues, which are critical for receptor activation, are pro-
posed to be amine binding sites. In fact, when the E124—Q124 mutant GHS human
receptor was expressed in HEK 293 cells, both MK-0677 and GHRP-6 at 100 nM did not
activate it as determined by the aequorin assay (69). The inference that E'?# is an amine
binding site in the GHS receptor and that this interaction is important for the activity of
GHRP-6 and MK-0677 is a reasonable possibility assuming the E124—Q124 mutation
did not cause a conformational change in the receptor.

Tripeptide Analogs and A Pharmacophore Model

The evidence summarized above strongly supports the designation of MK-0677 as
a mimetic of GHRP-6 because they are functionally equivalent, they bind competi-
tively to the same receptor, and this binding responds similarly to E124—Q124 muta-
tion. Furthermore, an analog of GHRP-6 with aminoisobutyric acid substituted for its
N-terminal histidine is a highly active secretagogue (70). Even if one assumes binding
correspondence near Glu'?4, the overlap, if any, of their other pharmacophore groups
is not certain. Ambiguities in defining the active conformation of GHRP-6 also limit
definitive comparisons with MK-0677. However, the Merck group (27) hypothesized
in general agreement with Momany et al. (9) and Momany (7/) that GHRP-6 has a bent
conformation when bound to the receptor. Using the published conformation of Schoen
et al. (27) and superimposing the N-termini of GHRP-6, and MK-0677, we hypoth-
esized that the spiroindoline of MK-0677 and the indole group of Trp* in GHRP-6
may share the same binding site on the receptor. To test this hypothesis, some of the
compounds in Tables 7 and 8 were synthesized by Yang et al. (72). Reasonable
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Spiropiperidine Replacements
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potency was observed with the B-napthylmethylamide 51 (ECs, = 85 nM) and the
indolylethylamide 52 (EC5, = 57 nM). However, most strikingly, the p-amino acid
derivatives 54 (ECsy =3 nM) and 56 (ECs, = 6 nM) are more active in our assay than
GHRP-6 (EC5y = 10 nM). In contrast, the hydrophobic, aliphatic amino acid 57 was
poorly active (ECsy =555 nM) and the absence of an amino acid side-chain in 58 led
to even less activity (ECsq = 1060 nM). This SAR study achieved for us a reduction
of the GHRP-6 structure to the tripeptide level with retention of greater activity than
GHRP-6 in the (D)-isomers of compounds 54 and 56. A similar achievement based
on conformationally restricted analogs and molecular modeling studies also brought
McDowell etal. (25) to the conclusion that the minimum pharmacophore required for
the expression of GHRP type activity is only a basic amino group and two aromatic
amino acids. The fact that we were able to convert MK-0677 to a highly active
peptide of the same size strongly supports a peptide-peptidomimetic relationship at
this tripeptide level.
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Table 8
Tripeptide Growth Hormone Secretagogues
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Peptide and peptidomimetic agonist ligands need not bind to receptors in the same way
(73). However, if the tripeptides and MK-0677 do bind with correspondence of their
amino and aromatic residues, then, in this instance, the privileged structure seems to be
simply a conformationally rigid moiety which is able to share the binding site of an
aromatic amino acid of the tripeptide. Ariens’ concept of an accessory binding site as
applied to biogenic amine antagonists would then not be necessary nor apply to these
peptidomimetic secretagogue agonists.

CONCLUSIONS

The GHRPs were discovered by Cyril Y. Bowers and his colleagues in the late 1970s.
Through Dr. Bowers’ dedicated efforts, their potency and in vivo properties were per-
fected culminating in clinical demonstrations of sustained growth hormone release.
Efficacy as measured by growth improvements in GH-deficient children has been dem-
onstrated and other possible uses are being studied. It is remarkable that these secreta-
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gogues were developed without knowledge of the yet unidentified natural hormone which
they presumably mimic.

In its discovery phases, the research that ultimately produced MK-0677 drew heavily
upon the structure activity studies that led to GHRP-6, GHRP-2, GHRP-1, and especially
benzolactam L-692,429. The work at Merck illustrates the value of privileged structure
derivatization and directed screening in the design of peptidomimetics. Nonpeptide
selections for screening and for exploratory synthesis reflected the essential structural
features of the GHRPs and, remarkably, agonist activity was found in leads whose sizes
are considerably less than the GHRPs. At the time only small molecule agonists were
known of the opiate peptides.

Even with small molecule peptidomimetic leads, potency, selectivity, and good oral
bioavailability were only achieved through the efforts of many chemists, biologists,
and drug metabolism specialists. Clinical studies have been undertaken to determine
if MK-0677 and other GH secretagogues will make a contribution to medicine. Regard-
less of that outcome, the potency and selectivity of [33S]-MK-0677 played an important
role in the identification and cloning of the GHS receptor. The awaited next step in the
GHRP story is the identification of the putative natural hormone. When that is achieved,
our knowledge of the regulatory controls of pituitary growth hormone secretion will have
reached an additional level of understanding.
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INTRODUCTION

The synthetic hexapeptide growth hormone releasing peptide 6 (GHRP-6) mediates
growth hormone (GH) release from primary pituitary cells through a distinct mechanism
from that controlled by growth hormone releasing hormone (GHRH) or somatostatin (/—3).
Biochemical and pharmacological evidence supports the notion that GHRP-6 and the
nonpeptide growth hormone secretagogs (GHSs) act through the same receptor. Numer-
ous attempts to characterize the GHRP or GHS receptors (GHS-Rs) biochemically were
frustrated by alow GHS-R abundance. The development of procedures for high-specific-
activity [*°S] radiolabeling of the nonpeptide GHS MK-0677 in conjunction with

From: Human Growth Hormone: Research and Clinical Practice
Edited by: R. G. Smith and M. O. Thorner © Humana Press Inc., Totowa, NJ

69



70 Part I / Howard et al.

-
ot
C‘g
MK-0677 H GH Exocylosis
Extracellular

}" _
o VI SAAAAASAIANY
zﬂfwm_ AN

Intraceliular

PIP,

A O Secrelory Vesicle
DAG
1P,

N

Fig. 1. Expression cloning rationale. Schematic representation of GHS-R coupling to G, and
PLC leading to intracellular Ca™ release, which can be measured with the photoprotein aequorin.

improved receptor preparation procedures led to the identification of a GHS-R binding
site (4,5). The GHS-R bound [*>S]-MK-0677 with high affinity, and the rank order of
potency of diverse peptide and nonpeptide ligands for [*S]-MK-0677 displacement
correlated with their in vivo GH secretory activity. Based on its binding characteristics
the authors assumed that the GHS-R was a G protein-coupled receptor (GPC-R) found
in low abundance in the anterior pituitary and hypothalamus. This data facilitated the
development of a strategy to clone the GHS-R (Fig. 1). The assay for identification of the
GHS-R relied on the knowledge that GHS-R activation leads to G protein-mediated
activation of phosphoinositol-specific phospholipase C (PI-PLC) and subsequent cal-
cium mobilization.

OOCYTE EXPRESSION CLONING

cDNAs encoding several low abundance cell membrane receptors have been isolated
by functional expression either in Xenopus oocytes or in mammalian cells using specific
assays to detect receptor-ligand interactions. These assays varied from radioligand bind-
ing to detection of intracellular calcium mobilization or secretion of a particular hormone
(6,7). Cloning of the GHS-R was hampered by the relative paucity of biochemical infor-
mation on the receptor protein, because of its low abundance (6 fmol/mg membrane
protein), and the requirement to use primary pituitary tissue as a source for mRNA or
protein since cell lines expressing the receptor were lacking. GHS-R cloning required the
development of a sensitive and robust high-throughput screening assay. The ability to
functionally express the GHS-R in Xenopus oocytes, injected with swine pituitary poly
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(A)* RNA, was shown by the detection of a rapidly activating Ca**-dependent chloride
current in response to MK-0677 administration. Because only a small fraction of the
Xenopus frogs tested (4 out of 50) had oocytes that gave positive responses, the authors
determined whether the expression of arequisite G protein o subunit was limiting in some
batches of Xenopus oocytes resulting in inefficient receptor-effector coupling.

G PROTEIN ADMINISTRATION RESTORES GHS-R COUPLING
IN XENOPUS OOCYTES

The expression of several receptors in heterologous cells is increased by the coexpres-
sion of specific G, subunits (8—73). To test whether G protein addition could increase the
reliability of GHS-R expression the authors developed a Xenopus oocyte expression
assay that incorporated the jellyfish photoprotein aequorin, which in the presence of
calcium and the cofactor coelenterazine is chemi-luminescent. In these experiments
aequorin protein is injected 2—3 d following poly (A)* mRNA or library pool cRNA
(12,13) injection into Xenopus eggs. The authors opted to coinject aequorin mRNA with
pituitary poly (A)* mRNA into oocytes. The use of aequorin mRNA obviated the need
for a second injection resulting in lower background responses (20 vs 80 cps) and higher
throughput. In addition, the aequorin mRNA provided a translational control for each
oocyte. Coinjection of swine poly (A)* mRNA with aequorin mRNA gave background
light responses (30 cps) to MK-0677 when applied at a concentration of 1 uM. However,
when G,;; cRNA was also coinjected (1:12 ratio [w/w] to poly (A)* mRNA), robust light
emission (~1000 cps) was evoked by 1 uM MK-0677 (Fig. 2 and Table 1). MK-0677-induced
bioluminescence is selectively dependent on G,;; when expressed concurrently with
swine poly (A)* mRNA. MK-0677-stimulated bioluminescence could not be observed in
the absence of poly (A)* mRNA or when poly (A)* mRNA was coinjected with six other
individual G, subunits given singly or in combination (PTX-sensitive: Gy, Gz, Gyos
PTX-insensitive: Gq, Go13, Gy16) (Table 1). Positive responses could be recorded using
either aequorin protein or aequorin mRNA (Fig. 2). Expression appeared maximal at
36-48 h postinjection, can be detected in as little as 18, and is attenuated by 72 h.

A frequently reported pitfall of oocyte expression systems is their inherent variability
in expression of heterologous genes. Therefore, the authors tested oocytes from six
different Xenopus frogs for their ability to express the GHS-R from the same batch of
swine pituitary poly (A)* mRNA. As shown in Table 2, all six frogs gave positive responses
in almost all the eggs injected, dependent on the coexpression of G,,;;. The magnitude of
the bioluminescent response varied considerably, but did not prevent the assignment of
a positive signal. To confirm and extend their initial observations, the authors evaluated
the response of swine pituitary poly (A)*-injected oocytes to challenges with lower
concentrations of MK-0677 and GHSs of diverse chemical structures, including peptides
(GHRP-6, GHRP-2) and benzolactam GHSs (L-692,429 and its inactive enantiomer
L-692,428). Bioluminescent responses could be observed for concentrations of MK-0677
aslow as 1 nM (datanot shown) whereas other bioactive GHSs elicited positive responses
as well (Table 3). Additional tissues thought to contain GHS-Rs either by direct
radioligand binding or by virtue of their in vivo biological response to GHSs were
also evaluated. Poly (A)* mRNA from human pituitary and rat hypothalamus and
pituitary gave positive response to MK-0677, again strictly dependent on G
expression (data not shown).
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Fig. 2. G_,,-dependent detection of the swine pituitary GHS-R in Xenopus oocytes: comparison
of aequorin mRNA and aequorin protein coinjection. Xenopus oocytes were injected with swine
pituitary poly (A)" mRNA, G,,, cRNA, and aequorin mRNA or aequorin protein. Following a 36-h
incubation, the Xenopus oocytes were challenged with 1 uM MK-0677.

Table 1
Detection of Swine Pituitary GHS-R: Dependence on G117 Co-Expression”
Bioluminescence
G, Subunit Poly(A)* (cps; 4 individual oocytes)

No addition + 50, 58, 66, 66
Gy - 58, 58, 58, 66

G (aequorin mRNA) + 1842, 525, 191, 608

G (aequorin protein) + 200, 375, 558, 858
Gy + 58, 58, 66, 83
G, + 66, 66, 58, 66
Gi; + 66,58, 66, 58
Gi3 + 58, 58, 66, 58
Gi3 + 58, 58, 50, 50

“Swine poly (A)* mRNA was injected into Xenopus oocytes, with G protein cRNA addition
and aequorin cRNA or aequorin protein coinjection. The response to 1 uM MK-0677 was recorded
48 h postinjection.
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Table 2
Expression of the Swine Pituitary GHS-R in Oocytes from 6 Different Frogs”
# Bioluminescence
Frog Gorl Responding (cps;3—4 individual oocytes)
1 - 0/3 50, 50, 54
1 + 3/3 3200, 661, 488
2 - 0/3 72, 88,133
2 + 3/3 300, 2478, 811
3 - 0/3 55,55,50
3 + 3/3 777, 222, 489
4 - 2/3 500, 127, 177
4 + 3/3 166, 516, 177
5/6 + 4/4 2867; 883; 2725; 113,000
5/6 + 4/4 160,500; 209,100; 10,920; 1800

“Oocytes from several different frogs (numbered 1-6) are compared. Injections were performed
with swine pituitary poly (A)* mRNA and G protein subunit cRNA (rows marked “+” in the column
G 11)- Bioluminescence was recorded 36 h postinjection in response to 1 uM MK-0677.

Table 3
Pharmacological Characterization of the Swine Pituitary GHS-R in Oocytes
# Bioluminescence

Ligand Gl Responding (cps; 2-3 individual oocytes)
MK-0677 @ 100 nM - 0/3 72,72, 61

+ 2/3 111, 555, 155
MK-0677 @ 10 nM - 0/3 72,72,72

+ 2/3 527,94,717
GHRP-6 @ 5 uM - 0/3 55,61,72

+ 2/3 172, 161,77
L-692,429 @ 5 uM - 0/3 61,61,72

+ 3/3 577, 116, 166
L-692,428 @ 5 uM - 0/3 55,72,72

+ 0/3 88,77,72

“Swine pituitary poly (A)* mRNA was injected into Xenopus oocytes with aequorin cRNA. Various
ligands were used 36 h postinjection to evaluate the specificity and sensitivity of the oocyte assay.

GHS-R CLONING

The finding that the expression of the GHS-R was fully dependent on the addition of
a single G protein subunit was unexpected since in previously published work the addi-
tion of a G protein subunit modulated an already existing activity. GHS-R expression
could now be restored in oocytes obtained from >90% of the Xenopus frogs, suggesting
that these oocytes did not contain sufficient quantities of G, subunits to support GHS-R
expression. This Xenopus GHS-R expression assay was utilized to screen pools of in vitro
transcribed cRNAs derived from a swine pituitary cDNA library.

The authors evaluated the sensitivity of the assay by testing pools of cDNAs with a com-
plexity of 10,000-20,000 cDNAs/pool for the presence of a GnRH-R- or TRH-R-derived
signal (cloned receptors titrated in background cRNA). These receptors had been cloned
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earlier from tumor-derived poly (A)* mRNA, which was enriched (~100-fold more
receptor than native tissue) for the receptor of interest: GnRH, aT3-1 gonadotroph;
thyrotropin-releasing hormone (TRH), Tt T mouse pituitary thyrotropic tumor) (14, 15).
Robust responses to TRH and GnRH could indeed be observed in the majority of eggs
injected with a complex mixture of 10,000-20,000 individual cRNAs.

Screening for the presence of a cDNA that encoded the GHS-R in a swine pituitary
cDNA library was initiated in pools with a complexity of 10,000 cRNAs. Following the
evaluation of about 2 x 10 cRNAs, pool S10-20 gave a modest but reproducible biolu-
minescent response to challenge by MK-0677 (1 uM). As shown in Fig. 3, isolation of a
pure clone (7-3) resulted from the subfractionation of this pool of 10,000 cRNAs. Clone
7-3 conferred MK-0677-evoked bioluminescence in the aequorin assay, a large inward
chloride current in oocytes (Fig. 3, bottom right panel), and high affinity binding of
[33S]-MK-0677 to the GHS-R expressed in mammalian COS-7 cells (see Pharmological
Characterization).

GHS-R GENE STRUCTURE

Determination of the nucleotide sequence of clone 7-3 revealed that it encoded a GPC-R
with seven transmembrane o helical domains (7-TM) (Fig. 4). However, the GHS-R gene
was truncated at its amino terminus by 13 amino acids (/6). Using clone 7-3 as a hybrid-
ization probe, additional GHS-R cDNA and genomic clones were obtained from swine,
human, rat, and mouse cDNA and genomic DNA libraries (/7).

Two types of GHS-R cDNAs were isolated. Type la encoded a 7-TM GPC-R with
binding and functional properties expected of a receptor for GHSs. The deduced amino
acid sequence of the GHS-R highlights features in common with other GPC-Rs, which
include conserved cysteine residues in the first two extracellular loops and several poten-
tial sites for co/posttranslational modifications (N-linked glycosylation and phosphory-
lation) and most importantly, the GPC-R signature aromatic triplet sequence (E/DRY)
found immediately after TM-3 in the second intracellular loop (18).

Type 1b GHS-R cDNA represents an inactive, C-terminally truncated GPC-R that
encoded only five predicted TM domains. The deduced amino acid sequence of type la
and 1b cDNAs was identical up to leucine-265 (the second amino acid of TM-6) with the
type 1bcDNA nucleotide sequence diverging and extending for an additional 24 amino acids.

The type la and 1b cDNAs are derived from a single gene by alternative mRNA
processing. A genomic clone encoding the human and mouse GHS-R gene was isolated
and a partial nucleotide sequence determined (Fig. 5). The human GHS-R gene is divided
into two exons by a single intron of ~2 kb in length. Determination of the nucleotide
sequence for the proposed human exon—intron boundaries and the complete intron of the
human gene confirmed that the intron divides the ORF into an amino-terminal segment
ending at leucine-265 (encompassing the extracellular domain, TM-1 through TM-5, and
the three intra- and first two extracellular loops) and a carboxyl-terminal segment encod-
ing TM-6, the third extracellular loop, TM-7, and the C-terminal intracellular domain.
The position of the intron is highly conserved among rat, human, and swine GHS-R
genes. Type 1a cDNA encodes the complete 7-TM GHS-R and results from a splicing
event that removes the intron. With type 1b cDNA, the intron is not removed and the
reading frame extends into the intron. cDNA analysis indicates that an alternative poly
(A)* addition site is used, which is presumably located in the intron. As a result, the
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