Nitric Oxide Modulation of the Growth Hormone-Releasing Activity
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The growth hormone (GH)-releasing activity of Hexarelin, a potent GH-releasing peptide (GHRP) analog, was evaluated in eight
young (aged 1 to 6 years) and five old {10 to 16 years) beagle dogs pretreated with erythrityl tetranitrate, a liposoluble nitric
oxide (NO) donor, and/or indomethacin, an inhibitor of cyclooxygenase enzymes, and A-nitro-.- or N-nitro-p-arginine
methylester (L-NAME and D-NAME), active and inactive NO synthase (NOS) inhibitors, respectively. Erythrityl tetranitrate (0.3
mg - kg—* oral [PO]} strikingly potentiated Hexarelin-stimulated GH secretion (31.25 pg - kg~" intravenous [IV]) in both young
{(area under the time-concentration curve at 0 to 90 minutes AUC,.] 878.50 = 267.02 v 1,994.04 = 434.20 ng- mL~" . h,
P < .01} and aged animals (314.82 + 117.11 v 1,314.12 = 484.75 ng - mL~" - h, P < ,01). The NO donor alone did not modify
baseline GH levels in either young dogs (188.68 + 85.24 ng - mL~" - h) or old dogs {120.49 = 22,03 ng - mL~". h}. L-NAME (5
mg - kg1 x 2 IV) suppressed GH release induced by the peptide in young dogs (1,367.68 + 251.87 v 411.12 + 68.49
ng - mL~1. h, P < .01), but potentiated it in old dogs (314.73 = 117.10 v 1,103.97 + 374.11 ng - mL~" - h, P < .01). D-NAME (5
mg - kg~! x 2 IV) did not affect the GH response to Hexarelin in either young (1,328.68 + 433.54 ng - mL~1. h} or aged
(342.32 = 84.82 ng - mL-"1. h) dogs. Indomethacin (1.5 mg - kg~—! IM) abolished the NO-donor potentiation of the GH response
induced by Hexarelin in both young dogs (1,627.25 + 260.90 v 1,163.37 = 334.84 ng-mL~".h, P < .05) and old dogs
(1,061.47 + 210.38 v 365.69 = 79.27 ng - mL~" . h, P < .01) without affecting the plasma GH peak evoked by the peptide alone
(young dogs, 786.04 = 153.44 v960.04 = 444.44ng - mL~" - h, P = NS; old dogs, 474.55 + 47.30 v490.82 & 144.86ng - mL~" . h,
P = NS). In conclusion, {1} NO donors are capable to further increase the strong GH-releasing activity of Hexarelin in both
young and old dogs, although the site(s) and mechanism(s) of action of NO is still obscure; (2) the different GH response to the
peptide after NOS inhibition in young and old dogs signifies in the latter an alteration of the somatotrope function; and (3)

prostaglandins are the downstream effectors of the chain of events triggered by activation of the NO-ergic system.
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ITRIC OXIDE (NO) is a highly reactive gas that has been
recently suggested to function as a neurotransmitter in
the neuroendocrine system,'* including the somatotrope axis.>®
The enzyme responsible for generation of NO from L-arginine,
NO synthase (NOS), exists as three major isoforms: the first
two, brain NOS (b-NOS) and endothelial NOS, are constitutive
enzymes; the third isoform, macrophage NOS, is an inducible
enzyme.!®1 Interestingly, the prevalent localization of b-NOS
in different hypothalamic areas'?!? but also in the pituitary! has
raised the intriguing possibility that NO may have a dual role,
acting as a neuroendocrine regulator at either the hypothalamic
or pituitary sites.

In this connection, Kato® reported an inhibitory effect of NO
on growth hormone (GH)-releasing hormone (GHRH)-stimu-
lated GH secretion in rat pituitary cells packed in a perifusion
column and perifused with a NOS antagonist. In contrast, other
in vivo and in vitro experiments have shown that endogenous
NO plays a facilitative role at the pituitary level in the control of
GHRH- and GH-releasing peptide (GHRP)-stimulated GH
release.’

With respect to a suprapituitary action, it is currently unclear
which modulatory effects NO exerts on somatostatin (SS)
and/or GHRH function. Previous studies have shown that
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GHRH increases SS release and mRNA levels in the rat
periventricular nucleus via a NO pathway.®

The mechanism(s) underlying the neuroendocrine effects of
NO are the activation of guanylate cyclase and/or regulation of
the cycloxygenase (COX) pathway.'*!> In particular, NO acti-
vates both COX isoform enzymes, enhancing the production of
prostaglandins (PGs),'® which in turn may modulate neurotrans-
mitter and neuropeptide release!” or act directly at the pituitary
level.1®

In old mammals, including humans, the spontaneous GH
secretion rate is markedly reduced!®?° and the GH response to
GHRHZL? or Hexarelin, a potent GHRP analog,?* decreases
with aging. The aged-related decline in somatotrope function is
likely due to an imbalance between GHRH and SS gene
expression and secretion,” for a primary defect in central
nervous system catecholaminergic and cholinergic functions,
without denying the involvement of the other neurotransmit-
ters. 20

Based on this knowledge, it was of interest to investigate the
involvement of NO and the functional link between the NOS
and COX pathways in the control of GH secretion in young and
old dogs. In particular, we evaluated (1) the ability of a
liposoluble NO donor, erythrityl tetranitrate,?’ to modulate GH
release induced by Hexarelin, a substance that may act at both
the hypothalamic and pituitary level,2 (2) the effects of NOS
antagonism® on the GH-releasing activity of Hexarelin, and (3)
whether indomethacin-induced blockade of PG synthesis af-
fects the GH response to Hexarelin administered alone or
together with erythrityl tetranitrate.

MATERIALS AND METHODS
Animals

Eight young (age, 1 to 6 years: weight. 8 to 14 kg; six female and two
male) and five old (age, 10 to 16 years; weight, 11 to 16 kg; one female
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and four male) well-trained beagle dogs were used in this study. They
were fed normal dry food (Diete Standard: Charles River, Italy) with
water available ad libitum and maintained on a 12-hour light/dark
regimen with lights on at 7 am. The body weight of the dogs was stable,
and they had no observable disease. The animals were randomly
assigned to each experimental group. All experiments were performed
on conscious animals after an overnight fast starting at 9 Am. Before the
experiments, animals were kept at rest for at least 1 hour. Blood samples
were drawn at regular intervals from the cephalic vein via an indwelling
nonthrombogenic catheter. An interval of at least 1 week was used
between individual experiments, for which the protocol was previously
authorized by the Committee on Animal Care and Use of the University
of Milan.

Hexarelin, Erythrityl Tetranitrate,
and Hexarelin + Erythrityl Tetranitrate

Hexarelin (31.25 pg - kg™! intravenous [IV], EP 23905, Europep-
tides. Argenteuil. France) or saline (1 mL - kg~! IV) was tested in eight
young and five old dogs pretreated 75 minutes prior with erythrityl
tetranitrate (0.3 mg - kg~! oral [PQ]. Cardilate; Wellcome, Milan, Italy)
or an oral placebo formulation. Blood was collected beforehand (—75,
-30. and 0 minutes) and every 15 minutes until 60 minutes, and at 90
minutes postinjection.

Hexarelin + N-Nitro-L-Arginine Methylester
or N-Nitro-p-Arginine Methylester

Six young and five old dogs were adminstered N-nitro-L-arginine
methylester ([L-NAME] 5 mg - kg™! IV; Sigma-Tau, Milan, Italy) or
N-nitro-D-arginine methylester ([D-NAME] 5 mg - kg™! IV: Sigma-
Tau), the active or inactive NOS stereoisomer antagonist, respectively,
at —75 minutes. Hexarelin (31.25 ug - kg =1 IV) or saline (0.1 mL - kg™!
1V) was administered concomitantly with a second bolus of L-NAME
(5 mg -kg™! IV) or D-NAME (5 mg - kg™! IV) delivered at time 0.
Blood was collected before (—75, 30, and 0 minutes) and every 15
minutes until 60 minutes, and at 90 minutes postinjection.

Hexarelin + Indomethacin and Hexarelin + Erythrityl
Tetranitrate + Indomethacin

Seven young and five old dogs were treated with indomethacm (1.5
mg - kg~ ! intramuscular [IM], Liometacen; Chiesi Farmaceutici, Parma,
Italy) at —120 minutes and then erythrityl tetranitrate (0.3 mg - kg™!
PO) or an oral placebo formulation at —75 minutes. Hexarelin (31.25
pg - kg~! IV) was administered to the animals at time 0. Blood was
collected beforehand (—75, —30. and 0 minutes) and every 15 minutes
until 60 minutes, and at 90 minutes postinjection.

GH Radioimmunoassay

Blood was collected into tubes containing EDTA and immediately
chilled. Plasma was frozen until assay for GH by a double-antibody
radioimmunoassay. Highly purified canine GH (batch AFP 1983b;
Pituitary Hormones and Antisera Center, Torrance, CA: courtesy of Dr
AF. Parlow) was used for radiotodination and as a standard. The assay
sensitivity was 0.5 ng - mL~1. The intraassay coefficient of variation
was 3.8% and 4.1% at concentrations of 12.5 and 3.1 ng-mL™!,
respectively. To avoid possible mterassay variation. all samples for a
given experiment were assayed in a single radioimmunoassay.

Statistical Analysis

GH values (mean * SEM) are expressed either as the area under the
plasma concentration versus time curve ([AUCgg] nanograms per
milliliter per hour), calculated by trapezoidal integration or as the
absolute peak value (nanograms per milliliter) Since no differences in
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hormonal levels between male and female dogs were observed n the
different experimental conditions, the data were pooled.

Statistical comparisons of mean values were performed by the 7 test
for unpaired or paired (where necessary) data, preceded by ANOVA. A
P value less than .05 was considered statistically significant.

RESULTS

Hexarelin, Erythrityl Tetranitrate,
and Hexarelin + Erythrityl Tetranitrate

In young dogs, the mean peak plasma GH concentration after
erythrityl tetranitrate alone was 3.05 * 1.19 ng-mL™!
(AUCqgp. 188.68 = 85.24 ng - mL"! - h), not significantly dif-
ferent versus saline treatment (mean peak plasma GH,
2.60 = 0.30 ng - mL~!; AUCg99, 122.00 = 8.02 ng - mL™! - h;
data not shown). The GH response to Hexarelin alone (mean
peak plasma GH, 25.15 % 3.95 ng - mL~") increased signifi-
cantly after erythrityl tetranitrate pretreatment (mean peak
plasma GH, 63.27 + 7.59 ng - mL~1; AUC.q, 878.50 + 267.02
v1,994.04 = 43420 ng - mL™! - h; P < .01) (Fig 1).

In old dogs, the mean peak plasma GH concentration was
2.84 £ 0.89 ng-mL™! after erythrityl tetranitrate alone
(AUCq.g0, 120.49 = 22.03 ng - mL~! - h), not significantly dif-
ferent versus saline treatment (mean peak plasma GH,
2,40 £ 0.10 ng - mL™!; AUCj.99. 122.00 = 2.01 ng - mL~! - h;
data not shown). The GH response to Hexarelin alone (mean
peak plasma GH, 10.48 = 4.08 ng - mL™!) increased signifi-
cantly after erythrityl tetranitrate pretreatment (mean peak
plasma GH, 42.50 * 15.23 ng - mL~1; AUC 40, 314.82 = 117.11
v1,314.12 + 48475 ng - mL~1 - h, P < .01) (Fig 2).

The mean plasma GH response was significantly higher in
young versus aged dogs after both Hexarelin alone or
Hexarelin + erythrityl tetranitrate (P < .01).

Hexarelin + L-NAME or D-NAME

In young dogs, L-NAME significantly suppressed the mean
plasma GH peak value evoked by Hexarelin (mean peak plasma
GH. 3349 £8.28 v 9.86 = 1.88 ng-mL™1, AUCyo,
1,367.68 *= 251.87 v 411.12 = 68.49 ng-mL~!-h, P <.01)
without affecting the baseline value (mean peak plasma GH,
2.59 = 0.51 ng - mL~1; AUCq.q, 114.00 = 42.90ng - mL~* - h;
data not shown). The GH response to Hexarelin was not affected
by the biologically inactive stereoisomer D-NAME (mean
peak plasma GH, 34.10 + 1.65 ng-mL™Y AUCq.00,
1,328.68 * 433.54 ng - mL"! - h v Hexarelin-induced GH re-
lease, P = NS) (Fig 3).

In old dogs, L-NAME significantly increased the mean
plasma GH peak evoked by Hexarelin (mean peak plasma GH,
1048 £4.08 v 2594 1008 ng-mL™!; AUCqyo
314.73 = 117.10 v 1,103.97 = 374.11 ng-mL "' - h; P < .01)
without affecting the baseline value (mean peak plasma GH,
3.34 = 0.21 ng-mL7!; AUCygy 117.23 * 3.85; data not
shown). The GH response to Hexarelin was not affected by
D-NAME (mean peak plasma GH, 9.22 * 2.46 ng-mL™};
AUCq.9p, 342.32 + 84.82 ng-mL~!-h v Hexarelin-induced
GH release. P = NS) (Fig 4).
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Hexarelin + Indomethacin
and Hexarelin + Erythrityl Tetranitrate + Indomethacin

In young dogs, the mean plasma GH peak evoked by
Hexarelin was not affected by indomethacin (mean peak plasma
GH, 31.59 £8.02 v 2946 = 1491 ng-mL™!; AUCy.g,
786.04 = 153.44 v 960.04 + 444.44 ng-mL~!-h; P = NS).
However, this drug abolished the erythrityl tetranitrate—induced
potentiation of the GH response to Hexarelin (mean peak
plasma GH, 57.65 = 11.89 v 31.32 = 15.89 ng -mL7};
AUCqg, 1,627.25 + 260.90 v 1,163.37 + 334.84ng - mL.~! - h;
P < .05) (Fig 5).

A similar pattern was present in old dogs, in which the mean
peak plasma GH level evoked by Hexarelin was not affected by
indomethacin (mean peak plasma GH, 19.37 =147 v
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17.20 = 6.11 ng-mL™1; AUCyq, 474554730 v
490.82 = 144.86 ng - mL~!-h; P = NS), although the drug
abolished erythrityl tetranitrate potentiation of the GH response
to Hexarelin (mean peak plasma GH, 29.91 + 11.51 v
957 £ 448 ng-mL~!; AUCyq, 1,061.47 +210.38 v
365.69 = 79.27 ng - mL~! - h, P < .01) (Fig 6).

DISCUSSION

Pretreatment with the liposoluble NO donor erythrityl tetrani-
trate potentiated the GH response to Hexarelin in both young
and old dogs. In considering the potential hypothalamic and/or
pituitary site(s) of the Hexarelin-NO interaction, it must be
recalled that NOS activity has been detected in rat follicular-
stellate cells, a pituitary cell population closely related to
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somatotropes,! and moderately dense b-NOS immunostaining
has been evidenced in the rat arcuate nucleus and median
eminence, where GHRH neurons and fibers, respectively, are
particularly abundant.3

A primary defect in the functional GHRH/SS balance in the
hypothalamus is the likely cause of the poor GH responsiveness
to GHRH and, to a lesser extent, GHRP in old mammals.? In
contrast, pituitary mechanisms subserving GH secretion would
be better preserved during aging such that, rather than a state of
pituitary hypofunction, the reduced GH secretion of old mam-
mals would be based on inadequate hypothalamic stimula-
tion.2426 Thus, the finding in our study that enhancement of NO
activity by erythrityl tetranitrate induced a comparable potentia-
tion of Hexarelin-induced GH secretion in young and old dogs
could indicate that NO acts at the pituitary level.
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However, it 1s noteworthy that at both age periods, the
enhancement of NO function per se did not affect baseline GH
secretion, implying that irrespective of the site(s) of action of
the gaseous transmitter, it acts downstream of a series of events
that induce the primary activation of the hypothalamic (GHRH,
SS, and/or GHRP receptors) or pituitary (somatotrope cell)
target.

Our data showing that Hexarelin-induced GH release was
reduced in young dogs after blockade of NOS by the active, but
not the inactive, stereoisomer antagonist support the view that
an adequate NO supply is required for a complete GH secretory
response after stimulation by a GH secretagogue,® although
NOS antagonism per se did not alter basal GH secretion.

An unexpected finding of our study in the old dogs is the
enhancement of stimulated GH release by NOS antagonism.
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That this was not a casual event is proved by the inability shown
in this context by the inactive stereoisomer antagonist.

‘We have no valid explanation for this “‘paradoxical” result,
which nevertheless compounds the interpretation of a possible
pitnitary site of action for NO function. Whatever the precise
mechanism(s) of action, it seems more likely that the functional
balance between hypothalamic GHRH and SS function® and/or
alterations in postreceptor mechanisms may underlie the occur-
rence of this event in old dogs.

Downstream, NO may activate a dual second-messenger
system: the branches of the soluble guanylate cyclase and COX
pathways.!>16 This functional link between the NOS and COX
pathways is operational in the regulation of several physiologi-
cal actions such as antiplatelet activity, vasodilation, and
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cytoprotection.’®> This may also be extended to include the
neuroendocrine system. In fact, in the rat anterior pituitary,
arachidonic acid metabolites®! and cyclic guanosine monophos-
phate (cGMP)? are involved in GHRH-induced GH release.
Moreover, the release of cGMP and PG has been associated
with luteinizing hormone-releasing hormone release induced
by norepinephrine in rat hypothalamic explants.!*

Interestingly, a functional interaction between the NO and
COX pathways could be envisioned in our experimental setting,
too. Our results showing that indomethacin abolished the
NO-donor potentiation of the GH response to Hexarelin suggest
that NO modulation of stimulated GH secretion is ultimately
mediated by the COX pathway.

However, in our study, a major functional difference between
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COX (indomethacin) and NOS (NAME) inhibition was the
inability of the former to alter the GH response to Hexarelin
alone, while the latter inhibited or enhanced the action of
Hexarelin in young or old dogs, respectively.

Irrespective of the site(s) of action of NO and of the
NO-COX interaction, our data support the view alluded to
previously that NO-induced activation of PG synthesis is a
downstream event in stimulated GH secretion.

In contrast to our findings, in rats, pretreatment with indo-
methacin reduced GHRP-6—-induced GH release.?” Differences
in the experimental protocol (dose, timing, and route of
administration) and/or species may explain the discrepancy.

Unlike the paradoxical potentiation of the GH response to
Hexarelin in old dogs pretreated with L-NAME, the inhibition
of GH release induced by the peptide plus erythrityl tetranitrate
was also present after COX inhibition in aged animals. This
apparent discrepancy may result from a preservation in aged
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animals of the functional interaction between the NOS and
COX pathways.

Interestingly, recent data obtained in a rat model of GH
deficiency and experimentally induced coronary ischemia have
shown that the myocardial protective role exerted by Hexarelin
against different vasoconstrictor agents is related to NO endothe-
lial production.®® The functional relatedness of these findings
with our present results is apparent.

In conclusion, the recent availability of potent peptidyl** and
nonpeptidyl*® GHRP compounds for the stimulation of GH
secretion in old mammals, including humans,”®?* and the
present findings of further enhancement of GHRP-induced GH
release by a liposoluble NO donor may provide a valid
therapeutic approach to restore somatotrope function in adults
with GH deficiency or in elderly subjects. However, careful
preclinical and clinical studies are required before recommend-
ing the use of NO donors as adjunctive therapy for humans.
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