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A Nonpeptidyl Growth Hormone Secretagogue 
Roy G. Smith,* Kang Cheng, William R. Schoen, 

Sheng-Shung Pong, Gerard Hickey, Tom Jacks, Bridget Butler, 
Wanda W.-S. Chan, Lee-Yuh P. Chaung, Fred Judith, 
Joyce Taylor, Matthew J. Wyvratt, Michael H., Fisher 

A nonpeptidyl secretagogue for growth hormone of the structure 3-amino-3-methyl-N- 
(2,3,4,5-tetrahydro-2-0x0-I-{[2'-(1 H-tetrazol-5-yl)(l,l '-biphenyl)-4-yl]methyl}-I H-1- 
benzazepin-3(R)-yl)-butanamide (L-692,429) has been identified. L-692,429 synergizes 
with the natural growth hormone secretagogue growth hormone-releasing hormone and 
acts through an alternative signal transduction pathway. The mechanism of action of 
L-692,429 and studies with peptidyl and nonpeptidyl antagonists suggest that this 
molecule is a mimic of the growth hormone-releasing hexapeptide His-D-Trp-Ala-Trp-D- 
Phe-Lys-NH, (GHRP-6). L-692,429 is an example of a nonpeptidyl specific secretagogue 
for growth hormone. 

T h e  availability of recombinant human 
growth hormone (GH) has resulted in re- 
newed interest in GH therapy. Aging is 
associated with an attenuation of the am- 
plitude and frequency of pulsatile GH re- 
lease; by age 40, a reduced responsiveness of 
the pituitary gland to GH-releasing hor- 
mone (GRF) is evident ( I ) .  GH replace- 
ment thera~v mav reverse some of the . , 
bodily changes associated with aging (2);  
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Jacks, B. Butler, W. W:S. Chan, L.-Y. P. Chaung, F. 
Judlth, J. Taylor, Department of Basic Animal Sclence 
Research, Merck Research Laboratories, Rahway, NJ 
07065 
W. R. Schoen, M. J. Wyvratt, M. H. Fisher, Department 
of Basic Medicinal Chemistry, Merck Research Labo- 
ratories, Rahway. NJ 07065. 
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thus, GH treatment may prove beneficial to 
the elderly. In addition to its utility in the 
treatment of GH-deficient children, GH 
accelerates healing of severely burned chil- 
dren ( 3 ) ,  is beneficial in preventing cata- 
bolic side effects in patients treated with 
prednisone (4), acts as an adjuvant to 
gonadotrophin treatment for ovulation in- 
duction ( 5 ) ,  may prevent osteoporosis ( 6 ) ,  
and improves exercise capacity in GH- 
deficient adults (7). GH also stimulates T 
cell development, which suggests that it 
may be useful for the treatment of T cell 
deficiencies (8). 

Current methods of treating GH defi- 
ciency are not ideal. GH, a large polypep- 
tide, lacks oral bioavailability, and injec- 
tion results in prolonged elevation of GH 
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concentration. G H  is normally released in a 
circadian, pulsatile fashion. This release is 
controlled by two hypothalamic hormones: 
GRF, which induces G H  release, and so- 
matostatin, which is inhibitory. Whereas 
appropriately administered GRF could pro- 
duce a pulsatile release of G H  and thereby 
possibly avoid the side effects caused by 
persistent G H  elevation, as a peptide GRF 
lacks good oral bioavailability. For an alter- 
native to G H  and GRF as drugs, we sought 
a small nonpeptide molecule suitable for 
oral administration that would function as a 
specific G H  secretagogue. Nonpeptide mi- 
metics provide the structural diversity nec- 
essary to allow a molecule to be optimized 
for specificity, oral bioavailability, and 
pharmacokinetic properties. A n  orally ac- 
tive secretagogue would be useful for G H  
replacement because it would permit GH 
release to mimic that in normal physiology. 

Consideration of the structure-activity 
relations of the peptidyl G H  secretagogue 
GHRP-6 (His-D-Trp-Ala-Trp-D-Phe-Lys- 
NH,), described by Bowers and Momany 
and co-workers (9, 1 O), led us to conclude 
that the aromatic amino acid residues and 
the NH,-terminal amine were important 
for bioactivity. O n  the basis of this hypoth- 
esis, we selected a diverse group of struc- 
tures that contained these features and test- 
ed their capacity to specifically induce GH 
release in  rat pituitary cultures. We initially 
identified L-158,077 (Fig. l ) ,  which had 
modest potency in the pituitary cell assay 
[median effective concentration (EC,,) = 3 
p,M] but was specific for inducing GH 
secretion (I I ) .  By substituting the carbox- 
ylic acid function with a tetrazole ( I Z ) ,  we 
achieved a dramatic increase in  potency 
(L-158,432; Fig. 1) (EC,, = 120 nM). 
Resolution of the R and S enantiomers 
established the R configuration (L-692,429; 
Fig. 1) as the active enantiomer (EC,, = 60 
nM; Fig. 2A) (L-692,428, S enantiomer; 
EC,, > 10 pM). 

L-692,429 has many properties similar 
to those of GHRP-6. Antagonism of 
L-692,429 by the structurally related non- 
G H  secretagogue L-692,400 (Fig. 1) is 
shown in Fig. 2B. L-692,400 also antago- 
nized GH stimulation caused by GHRP-6 
but did not antagonize GRF (Fig.'2, C and 
D). Similarly, the peptidyl antagonist relat- 
ed to GHRP-6, His-D-Trp-D-Lys-Trp-D- 
Phe-Lys-NH,, was also a preferential antag- 
onist of GHRP-6 and L-692,429. Further- 
more, in combination with concentrations 
of GHRP-6 that maximally stimulated G H  
release, L-692,429 produced no further in- 
crease in G H  secretion. However, in com- 
bination with GRF, L-692,429 caused a 
synergistic increase in GH secretion (Fig. 
2E) that was accompanied by a similar 
effect on  amounts of intracellular adenosine 
3',5'-monophosphate (CAMP). GHRP-6 

0 CH, CH, 

~ o " : - c H 2 " N H 2  

Fig. 1. Structure of nonpeptl- 
dyl GH secretagogues and re- 
lated compounds. 

0 4 I 
0.0 0 5 1.0 1.5 2-0 

h = Concentration (pM) 

a 
200, I 

4 
+ None 
t L-692,400 (10 vglrnl) 

200 
GRF (nM) 

1 E 

e- None 
t GRF(10nM) 

-c- None 
+ L-692,400 (10 vglrnl) 

Fig. 2. (A) Stereoselectivity of nonpeptidyl GH 

1501 secretagogue L-692,429. (B through D) 
L-692,400, an antagonist of L-692,429 and 
GHRP-6 but not of GRF. (E) L-692,429 and its 
synergism with GRF. The results were gener- 
ated with the use of primary cultures of rat 

50 pituitary cells. Cells were isolated from rat 
pituitaries by enzymatic digestion with 0.2% 

':Ern .I GHRP-6 (nM) 
collagenase Hanks' balanced and salt 0.2% solution. hyaluronidase The cells were ~n 
suspended in culture medium and adjusted to 

a concentration of 1.5 x lo5 cells per milliliter, and 1.0 ml of this suspension was placed in each well 
of a 24-well tray. Cells were maintained in a humidified 5% C0,-95% air atmosphere at 37°C for 3 
to 4 days. The culture medium consisted of Dulbecco's modified Eagle's medium containing 0.37% 
NaHCO,, 10% horse serum, 2.5% fetal bovine serum, 1% nonessential amino acids, 1% glutamine, 
1 % nystatin, and 0.1 % gentamycin (13). Before testing compounds for their capacity to cause GH 
release, we washed cells twice 1.5 hours before and once more immediately before the start of the 
experiment with the above culture medium containing 25 mM Hepes (pH 7.4). We tested 
compounds in quadruplicate by adding them in 1 ml of fresh medium to each well and incubating 
them at 37°C for 15 min. After incubation, the medium was removed and centrifuged at 20009 for 
15 min to remove any cellular material, The supernatant fluid was removed and assayed for GH by 
radioimmunoassay. 
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behaved identically (1 3). For treatment of 
GH deficiency, synergy with GRF would be 
an obvious advantage. 

Additional findings indicated that 
L-692,429 and GHRP-6 act through a sim- 
ilar site. We have shown with static (13) 
and perifusion studies (14) that after 
GHRP-6 stimulates GH release, rat pitu- 
itary cells become temporarily desensitized 
to subsequent stimulation by GHRP-6. The 
kinetics of L-692,429-stimulated GH re- 
lease and desensitization paralleled those of 
GHRP-6 (1 5). Moreover, cells desensitized 
to either L-692,429 or GHRP-6 were insen- 
sitive to subsequent stimulation by both 
secretagogues, although the cells remained 
responsive to GRF. 

With the fluorescent dye bis-oxonol, we 
have shown that L-692,429, like GHRP-6, 
causes depolarization of pituitary cells (1 6). 
With the use of a variety of pharmacologic 
agents to depolarize the cells, we also have 
shown that depolarization causes increases 
in GH release and results in a synergy with 
GRF identical to that observed with 
GHRP-6 (16) and L-692,429. To directly 
define the action of L-692,429 on soma- 
totrophs, we used a reverse hemolytic 
plaque assay (1 7) to identify somatotrophs 
and subjected these cells to fluorescence 
ratio imaging and electrophysiological stud- 
ies. Fluorescence ratio imaging showed that 
L-692,429, but not its inactive enantiomer 
L-692,428, caused an increase in the con- 
centration of intracellular Ca2+ (Fig. 3). 
This increase was blocked by nifedipine and 
Cl Agatoxin IIIA but not by w-conotoxin, 
which is consistent with an effect on L-type 
Ca2+ channels. These specific Ca2+ chan- 
nel blockers also inhibited L-692,429-me- 
diated GH release. Electrophysiology 
showed that GHRP-6 and L-692,429 
blocked K+ currents, which resulted in 
depolarization of somatotrophs (18). 

A common second messenger pathway is 
shared by both GHRP-6 and L-692,429. 
Both secretagogues appeared to mediate GH 
release by way of protein kinase C (19). The 
synergistic effects of GHRP-6 and L-692,429 
on GH release and CAMP production were 
mimicked by phorbol 12-myristate 13-ace- 
tate (PMA) treatment. Exposure of pituitary 
cells to PMA for 24 hours dramatically 
attenuated the effects of GHRP-6 without 
affecting their responsiveness to GRF (1 5); 
L-692,429 behaved identically. 

A dose-dependent increase in serum GH 
similar to that observed with GHRP-6 (1 0, 
20) occurred when L-692,429 was adminis- 
tered to rats, dogs, sheep, pigs, rhesus 
monkeys, and humans (2 1). Figure 4 illus- 
trates the specificity of GH release in three 
male beagles. Plasma amounts of GH, 
luteinizing hormone (LH), triiodothyro- 
nine (T3), thyroxine (T4), prolactin, insu- 
lin, adrenocorticotropic hormone (ACTH) , 

1642 

cell at 340 m snd 3&0 rm feken after 
addikm d Lm,428 and L492.429. (A) imag 
es rafter addm of L-692,429 as a furction af 

400 600 
L-692,429 (24). w(.p 

and cortisol were measured. Except for slight 
increases in ACTH and cortisol, the other 
hormones were unaffected by treatment with 
L-692,429, which demonstrates the specific- 
ity of L-692,429 as a GH secretagogue. 

The activity and specificity of L-692,429 
across species suggests that there is a physi- 
ologically relevant natural ligand that has an 
undefined function in the regulation of GH 
secretion. A number of different molecules 
are known to affect GH levels in vivo or in 
vitro, although none of them precisely mim- 
ics L-692,429. The effects of somatostatin, 
adenosine, cholecystokinin, insulin, potassi- 

um channel antagonists, 5-hydroxytrypta- 
mine agonists, substance P, sodium channel 
agonists, calcium channel agonists, thyro- 
tropin-releasing hormone, vasoactive intes- 
tinal peptide, a2-adrenergic agonists, musca- 
rinic agonists, dopamine, y-aminobutyric 
acid, glutamate, galanin, and Met-enkepha- 
lin were compared with L-692,429. At con- 
centrations up to 10 p,M, L-692,429 showed 
no significant binding either to the receptors 
of these ligands or to specific ion channels. 
Electrophysiological experiments showed 
that like GHRP-6 (18), L-692,429 behaves 
as a functional somatostatin antagonist in 

Fig. 4. Specificity of L-692,429 as a GH secre- 15 
tagogue. Three male beagles (1 3 to 16 months 
of age) were fasted for 15 hours before intrave- 
nous administration of L-692,429 by way of the g 
cephalic vein. L-692,429 (0.25 mg per kilogram = 

0 lo of body weight) was injected in physiological 3 saline (2 mllkg) over a 5-min period. Blood 
samples were collected sequentially from the I 
jugular vein for up to 120 min and were assayed !! 5 with radioimmunoassays specific for GH, corti- a 

sol, ACTH, prolactin, LH, insulin, T4, and T3. 6 
The results are expressed as means of the fold 
increase in plasma hormone amounts relative 
to pretreatment plasma amounts. The base line 0 

0 60 90 120 
and peak GH concentrations after 15 min for Time (min) 
each dog were 1.04 and 3.40, 1.76 and 25.48, 
and 2.00 and 53.92 nglml, respectively (paired 
t test; P = 0.002). 
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that it caused de~olarization of somatotro- 
phs, whereas somatostatin caused hyperpo- 
larization. The specificity of L-692,429 has 
been evaluated in more than 50 receptor 
binding assays and more than 20 functional 
assays in which known ligands stimulate a 
biochemical or biological response. With 
the exception of weak angiotensin I1 recep- 
tor binding (concentration required for 50% 
inhibition was 6 pM), L-692,429 is inactive 
at < 10 pM. 

Selective nonpeptidyl kappa receptor 
agonists are known (22), although few oth- 
er examples of potent and specific nonpep- 
tidy1 mimetic agonists and antagonists of 
peptide ligands exist (23). Structural mod- 
ifications of L-692,429 and establishment of 
a structure-activity relationship as agonists 
or antagonists provide new and important 
clues to the design of nonpeptidyl mimics of 
peptides. By the substitution of pharma- 
cophores, structural elements that elicit 
bioactivity, small molecules can be tailored 
to fit the receptor sites of other peptides. 
The advantage of such mimetics is that 
their structures can be readilv modified 
either subtly or dramatically to provide the 
structural diversity necessary to optimize 
molecules suitable as oral drugs. 
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Research Laboratones) 
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Unidirectional Spread of Secondary Sexual 
Plumage Traits Across an Avian Hybrid Zone 

Thomas J. Parsons,*? Storrs L. Olson, Michael J. Braun 
Theory predicts that traits under positive selection can rapidly cross a hybrid zone in spite 
of a substantial barrier to neutral gene flow between hybridizing taxa. An avian hybrid zone 
between Manacus candei (white-collared manakin) and M. vitellinus (golden-collared 
manakin) is reported here that displays an unusual pattern of noncoincident clines. Male 
secondary sexual traits of M. vitellinus have spread into populations that are genetically 
and morphometrically like M, candei. These birds have a lek breeding system in which male 
mating success is highly skewed, suggesting that sexual selection is driving male sexual 
traits across the zone. 

Hybrid zones provide insight into evolu- 
tionary forces that subdivide populations 
and species and influence the spread of 
alternative adaptations (1) .  The tension 
zone model proposes that stability of narrow 
hvbrid zones is maintained through a bal- " 
ante between selection against hybrids and 
dispersal of parental types across range 
boundaries (2). Selection may act against 
hybrid individuals because they have disad- 
vantageous combinations of coadapted gene 
complexes from each parental taxon (1, 3). 
Such selection could create a barrier to 
gene flow for neutral alleles linked to neg- 
ativelv selected loci and ~roduce the com- 
monly observed pattern of narrow, concor- 
dant shifts in diaenostic characters across - 
hybrid zones. However, mathematical mod- 
els oredict that alleles under oositive selec- 
tion can spread rapidly across hybrid zones 
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(4). Thus, hybrid zones may serve as evo- 
lutionary conduits between locally adapted 
populations, through which generally ad- 
vantageous traits can spread despite a bar- 
rier to overall gene flow across the zone. 

Birds in the genus Manacus are small, 
frugivorous inhabitants of lowland tropical 
rainforest from Mexico to Argentina. High- 
ly sexually dimorphic, they have a lek 
breeding system in which the brightly col- 
ored males display at court assemblages 
nearly year round. The olive-colored fe- 
males visit a lek to select a mate, then take 
sole responsibility for nesting and raising 
the young. Males compete for females by 
performing courtship displays. Female mate 
choice is nonrandom, few males receiving 
most of all copulations (5). 

Males of Manacus have a black caD 
contrasting with a bright collar, throat, and 
feather beard. The species differ most obvi- 
ously in the color of the throat, collar, and 
underparts. Male courtship display accentu- 
ates the contrast between the cap and collar 
by thrusting of the head and neck forward 
and extending of the beard. 

When surveyed in Bocas del Toro Prov- 
ince, Panama ( 6 ) ,  white-collared birds typ- 
ical of M .  candei were found'only in north- 
western Bocas del Toro at localities 2 and 3 
(Fig. 1). Near locality 3, the Rio Teribe 
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