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Abstract
The present study examines the thesis that pulsatile GH secretion is controlled simultaneously by
three principal signals; viz., GHRH, GH-releasing peptide (GHRP, ghrelin), and somatostatin (SS).
According to this ensemble notion, no single regulatory peptide acts alone or can be interpreted in
isolation. Therefore, to investigate gender-specific control of pulsatile GH secretion, we designed
dual-effector stimulation paradigms in eight young men and six women as follows: 1) L-arginine/
GHRH (to clamp low SS and high GHRH input); 2) L-arginine/GHRP-2 (to clamp low SS and high
GHRP drive); 3) GHRH/GHRP-2 (to clamp high GHRH and high GHRP feed-forward); vs. 4) saline
(unclamped). Statistical comparisons revealed that: 1) fasting pulsatile GH secretion was 7.6-fold
higher in women than men (P < 0.001); 2) L-arginine/GHRH and L-arginine/GHRP-2 evoked,
respectively, 4.6- and 2.2-fold greater burst-like GH release in women than men (P < 0.001 and P =
0.015); and 3) GHRH/GHRP-2 elicited comparable GH secretion by gender. In the combined cohorts,
estradiol concentrations positively predicted responses to L-arginine/ GHRP-2 (r2 = 0.49, P = 0.005),
whereas testosterone negatively predicted those to L-arginine/GHRH (r2 = 0.56, P = 0.002). Based
upon a simplified biomathematical model of three-peptide control, the current outcomes suggest that
women maintain greater GHRH potency, GHRP efficacy, and opposing SS outflow than men. This
inference upholds recent clinical precedence and yields valid predictions of sex differences in self-
renewable GH pulsatility.

Abbreviations
ANCOVA, Analysis of covariance; CV, coefficients of variation; E2, estradiol; GHRP, GH-releasing
peptide; IGFBP, IGF binding protein; SS, somatostatin; Te, testosterone

RECENT ANALYSES OF mechanisms that regulate the somatotropic, gonadotropic, and corticotropic
axes indicate that multisignal interactions mediate developmental, adaptive, and gender-
specific responses (1–5). This network-like perspective predicts that no individual component
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of an interlinked neuroendocrine system operates alone or may be viewed in isolation. In the
case of GH secretion, rare human gene mutations and transgenic murine models establish that
GHRH, GH-releasing peptide (GHRP, ghrelin), and somatostatin (SS) each contributes a key
regulatory input (6–10). A major practical implication of this integrative concept is that the
amount of GH secreted after the injection of any one of GHRH, GHRP, or SS would be
determined by the aggregate effects of the injected peptide and the other two (unobserved)
signals (3,11–14). This concept predicts variable individual responses to GHRH, GHRP/
ghrelin, or L-arginine (a putative inhibitor of hypothalamic SS release), as observed in clinical
practice (15–17).

Gender and sex-steroid hormones direct pulsatile GH secretion and govern tissue-specific
responses to this trophic hormone (1,18–22). For example, although GH half-lives and pulse
frequencies are comparable, women exhibit 2-fold higher amplitude and mass of GH secretory
bursts than men (23–27). The hypothalamo-pituitary mechanisms that mediate this sex
difference have not been elucidated. Regulation of the episodic mode of GH release is
important, because pulsatile secretion impacts somatic growth, lipolysis, IGF-I synthesis,
glucose homeostasis, and protein turnover (1,18).

To investigate the basis for gender contrasts in pulsatile GH secretion in healthy young adults,
we designed complementary combined secretagogue infusions. The objective of simultaneous
stimuli was to clamp any two of three regulatory pathways, thereby leaving only one
endogenous signal unmanipulated. In the case of assessing all three (GHRH, GHRP, and SS),
this requires evaluating each of three pairs of effectors. Given the complexity of this schema,
we compared clinical outcomes with forecasts of a minimal ensemble formulation of three-
peptide control of GH secretion (3,11,28,29).

Subjects and Methods
Subjects

Healthy young men (n = 8) and women (n = 6) each completed four study sessions. Mean body
mass index values did not differ by gender, and the absolute range was 23–28 (men) and 21–
26 (women) kg/m2. Participants provided written informed consent approved by the Mayo
Institutional Review Board. The protocol was reviewed by the U.S. Food and Drug
Administration under an investigator-initiated new drug number. Exclusion criteria were
pregnancy, recent transmeridian travel (within 2 wk) or night-shift work; significant weight
change (≥2 kg in 1 month); body mass index ≥ 30 kg/m2; acute or chronic systemic,
inflammatory, or organic illness; use of anabolic steroids or glucocorticoids, antihypertensive
or neuroactive medications; known or suspected hypothalamic-pituitary, adrenal, gonadal, and
thyroid disease or diabetes mellitus; psychiatric treatment or substance abuse; and
unwillingness or incompetence to provide voluntary, written, witnessed, informed consent.
Volunteers exercised recreationally, but not competitively. None participated in another study
concurrently. There were no dropouts after enrollment. Each subject had an unremarkable
medical history and physical examination and normal screening laboratory tests of hepatic,
renal, endocrine, metabolic, and hematologic function.

Mean (± SEM) ages were 22 ± 0.9 and 23 ± 0.8 yr in men and women, respectively. Corresponding
body mass indices were 27 ± 1.1 and 23 ± 1.4 kg/m2, respectively. Premenopausal women
described a normal menarchal and menstrual history. Men reported normal pubertal onset,
sexual development, and sexual function. Women were studied in the early-to-mid follicular
phase (within 12 d of onset of menses), after a negative blood pregnancy test. Oral
contraceptives, if used, were stopped at least 1 month before study.
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Sampling paradigm
The study was a parallel-cohort, double-blind, placebo-controlled design comparing responses
in men and women. Saline replaced peptide at each time, whether infused by bolus or
continuously. The order of infusions was prospectively randomized and scheduled at least 2 d
apart. Volunteers were admitted to the General Clinical Research Center on the morning of
study. To obviate food-related confounds, subjects were given a constant meal (turkey
sandwich or vegetarian alternative) of 8 kcal/kg containing 50% carbohydrate, 20% protein,
and 30% fat the night before study. Participants then remained fasting, alcohol-abstinent, and
caffeine-free overnight until 1300 h the next day. On the day of simultaneous sampling and
infusion, iv catheters were inserted in contralateral forearm veins at 0700 h. Blood was
withdrawn for later assay of serum estradiol (E2), testosterone (Te), IGF binding protein
(IGFBP)-1, IGFBP-3, and IGF-I concentrations. Beginning at 0800 h, plasma samples (1.5 ml)
were collected every 10 min for 5 h in chilled plastic tubes containing EGTA. Plasma was
separated on ice and frozen at −70 C within 30 min of collection. Lunch was provided before
discharge from the unit.

Infusions
Infusion studies were performed on separate mornings, after fasting, at least 2 d apart. As
schematized in Fig. 1, the four protocols comprised iv delivery of: 1) combined GHRH and
GHRP-2 at a constant rate of 1 μg/kg·h each for 3 h (1000 and 1300 h); 2) L-arginine 30 g over
30 min (0930–1000 h) followed immediately by bolus GHRH (1 μg/kg, GRF; Serono, Norwalk,
MA); 3) L-arginine followed by bolus GHRP-2 (3 μg/kg); and 4) saline (0800–1300 h). The
indicated doses of L-arginine and peptides are maximally stimulatory (30–32).

Hormone assays
Plasma GH concentrations were measured in duplicate by automated ultrasensitive double-
monoclonal immunoenzymatic, magnetic particle-capture chemiluminescence assay using 22-
kDa recombinant human GH as assay standard (Sanofi Diagnostics Pasteur Access, Chaska,
MN). All samples (n = 148) from any given subject were analyzed together. Sensitivity is 0.010
μg/liter (defined as 3 SD above the zero-dose tube). Interassay coefficients of variation (CVs)
were 7.9 and 6.3%, respectively, at GH concentrations of 3.4 and 12.1 μg/liter. The intraassay
CVs were 4.9% at 1.12 μg/liter and 4.5% at 20 μg/liter. No values fell less than 0.020 μg/liter.
Cross-reactivity with 20-kDa GH is less than 5% on a molar basis. Te concentrations were
quantitated by automated competitive chemiluminescent immunoassay (ACS Corning, Bayer,
Tarrytown, NY) (33,34). Mean intra- and interassay CVs were 6.8 and 8.3%, with an assay
sensitivity of 8 ng/dl (multiply by 0.0347 for nanomoles per liter) (35). E2 was measured by
double-antibody RIA (Diagnostic Products Corp., Los Angeles, CA). Intraassay CVs are
18.3% at 3.6 pg/ml, 3.8% at 40.4 pg/ml, and 7.2% at 297 pg/ml. Interassay CVs are 8.1, 4.7,
and 4.9% at 16.0, 31.1, and 119 pg/ml, respectively. IGFBP-1, IGFBP-3, and total IGF-I
concentrations were measured by immunoradiometric assay (after extraction) (Diagnostic
Systems Laboratories, Webster, TX) (33–35). Interassay CVs were 9% at 64 μg/liter and 6.2%
at 157 μg/liter. Intraassay CVs were 3.4% at 9.4, 3% at 55.4, and 1.5% at 264 μg/liter.

Deconvolution analyses of stimulated GH secretion
Basal (time-invariant) and pulsatile (burst-like) modes of GH secretion were estimated
simultaneously using published estimates of biexponential GH disappearance (viz., 3.5 and
20.8 min apportioned as 63% slow decay) (36,37), conditional on prior pulse-time
identification by validated Cluster analysis (38,39). The principal analytical outcomes of the
deconvolution procedure are: 1) basal, pulsatile, and total GH secretion during saline infusion
(micrograms per liter per 5 h); and 2) the summed mass of GH secreted in bursts after
stimulation by saline or dual secretagogues (micrograms per liter per 3 h).
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Simplified ensemble feedback model
The simplified ensemble model incorporates assumed interactions among the four principal
peptides that regulate pulsatile GH secretion (3,11,29,40). In brief, the overall construction
assumes that: 1) GHRH and SS stimulate and inhibit GH secretion, respectively; 2) GHRH
and SSergic neurons interact reciprocally in the arcuate nucleus; 3) feedback by a GH pulse
induces SS outflow from the periventricular nucleus, which inhibits both pituitary GH and
hypothalamic GHRH release; and 4) ghrelin acts via three primary mechanisms: 1) antagonism
of SS’s inhibition of the neuronal release and pituitary effect of GHRH; 2) stimulation of
hypothalamic GHRH secretion; and 3) stimulation of somatotrope GH secretion directly.

Other statistical comparisons
Two-way analysis of covariance (ANCOVA) in a 2 (gender) × 3 (secretagogue) factorial design
was used to contrast logarithmically transformed responses by gender and secretagogue pair.
This model assumes that the response to saline is the covariate, thereby accommodating
anticipated within-subject correlations. Post hoc comparisons were made by Tukey’s honestly
significantly different test at protected experiment-wise P < 0.05 (41). An unpaired two-tailed
Student’s t test was used to compare baseline hormone concentrations by gender. Linear
regression analysis was applied to examine the relationship between GH secretory-burst mass
and E2 or Te concentrations in the combined cohorts (42).

Data are presented as the arithmetic mean ± SEM.

Results
Primary outcomes

Table 1 summarizes mean fasting (0800 h) concentrations of GH, total IGF-I, IGFBP-1,
IGFBP-3, Te, and E2. Sex differences included higher Te concentrations in men and higher
GH and E2 and a trend toward higher IGFBP-1 concentrations in women. IGF-I and IGFBP-3
values did not differ by gender.

Figure 2 presents mean (±SEM) plots of GH concentrations. Profiles are shown in relation to iv
infusion of saline, L-arginine/GHRH, L-arginine/GHRP-2, and combined GHRH-GHRP-2
(Subjects and Methods). Mean GH concentrations were greater in women than men during
saline infusion (Table 1) and after each stimulus pair, except for combined GHRH/GHRP-2.

Quantitative assessment of GH secretion was carried out by deconvolution analysis. In the
saline control session, GH secretion in women differed from that in men by way of: 1) higher
GH secretory-burst mass (P = 0.026) and thereby greater pulsatile (P = 0.016) [and total (P =
0.022)] GH secretion (each P < 0.001 vs. saline); 2) higher basal GH secretion (P = 0.036);
and 3) longer-duration GH secretory bursts (P = 0.042). These outcomes were selective,
inasmuch as GH interburst intervals (median, 93 min) and half-lives (median, 17 min) did not
differ in the two cohorts.

Figure 3 highlights salient gender contrasts in stimulated GH secretory-burst mass (micrograms
per liter per 3 h) in relation to gender and individual secretagogue pair. ANCOVA revealed
significant effects of secretagogue pair (P < 0.001), gender (P < 0.001), and their interaction
(P = 0.030). The rank order of stimulus efficacy in both men and women was L-arginine/
GHRP-2 > L-arginine/GHRH ≥ GHRH/GHRP-2 ≫ saline. Post hoc comparisons by gender
disclosed the following primary distinctions: 1) 7.6-fold more pulsatile GH secretion in women
than men during saline infusion (P < 0.001); 2) 4.6-fold greater burst-like GH secretion in
women than men after tandem L-arginine/GHRH injection (P < 0.001); 3) 2.2-fold higher
pulsatile GH secretion in women than men after sequential L-arginine/GHRP-2 stimulation
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(P = 0.015); and 4) statistically similar secretory responses in men and women during combined
continuous infusion of GHRH/GHRP-2. Subsequent post hoc statistical comparisons among
secretagogue pairs indicated that all three active interventions differed from one another in
women (0.001 < P = 0.042), whereas in men only L-arginine/GHRP-2 and L-arginine/ GHRH
differed (P < 0.001).

Figure 4 illustrates linear regression analyses of GH secretory-burst mass on sex-steroid
concentrations in the combined cohorts. Principal findings were: 1) E2 concentrations
correlated positively with L-arginine/GHRP-2-induced GH secretion (r2= 0.49, P = 0.005); and
2) Te correlated negatively with burst-like GH release stimulated by L-arginine/ GHRH (r2 =
0.56, P = 0.002). Neither sex steroid correlated with the effects of paired L-arginine/GHRP-2
or combined GHRH/GHRP-2. A negative correlation of Te with fasting pulsatile GH secretion
after saline infusion was considered borderline significant for multiple-comparison protected
P < 0.01 (r2 = 0.40, P = 0.015). Bivariate regression analysis corroborated the individual rather
than joint nature of the correlations noted above.

Model-assisted interpretations
Structure of three-peptide ensemble—For modeling purposes, the assumed interactions
among GHRH, GHRP/ghrelin, and SS include the expectation that: 1) GHRP releases
hypothalamic GHRH (43,44); 2) a submaximal amount of GHRP synergizes with a maximally
stimulatory dose of GHRH (45,46); 3) cyclical SS withdrawal evokes rebound-like secretion
of GHRH and GH (3,11,28,29,47); and 4) GHRP antagonizes central SSergic inhibition of
GHRH release, but not hypothalamic secretion of SS to the pituitary gland (12,48).

Hypotheses—The interpretative question is why women secrete more GH than men during
presumptive simultaneous SS withdrawal (by L-arginine) and maximal stimulation with either
GHRH or GHRP-2, but not during combined drive by GHRH/GHRP-2 (Fig. 3). Minimal
explanatory hypotheses examined were: 1) GHRH potency is greater in women than men; 2)
GHRP-2/ghrelin efficacy is higher in women than men; 3) both 1) and 2) are true; and 4) both
1) and 2) are true and cyclical GH-induced initial SS release is higher and interpulse pituitary
inhibition by SS is lower in women than men (17). The first three notions reflect the reported
capability of exogenous E2 in women to: 1) increase GHRH potency [but not efficacy] (32);
and 2) augment GHRP-2 efficacy (49). And, the fourth addresses the observations that: 1)
women exhibit greater fractional feedback inhibition by a pharmacological dose of
recombinant human GH than men, possibly implying greater SS release during maximal
negative feedback (50); and 2) E2 supplementation attenuates the inhibitory potency (but not
efficacy) of infused SS by 50% (51).

Interpretations—The direct output of biomathematical simulations is highlighted in Fig. 5.
Based upon the four minimal models tested, we infer that a tripartite mechanism could account
for the observed gender differences. In particular, in this construction, women would be more
responsive than men to each of: 1) a submaximal GHRH stimulus; 2) a maximal GHRP/ghrelin
stimulus; and 3) GH as a feedback signal driving SS release. The concept of high-amplitude
GH pulse-renewal in women is that GH-induced SS release serves to quench an evolving GH
secretory burst, and subsequent SS withdrawal evokes a burst of GHRH and GH secretion
(3,11).

Discussion
The present clinical investigation is unique to our knowledge in using mechanistically
complementary pairs of secretagogues and an objective model of three-peptide interactions to
examine the basis of gender differences in pulsatile GH secretion. Women were studied in the

Soares-Welch et al. Page 5

J Clin Endocrinol Metab. Author manuscript; available in PMC 2005 November 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



early-to-mid follicular phase of the menstrual cycle to ensure representation of a range of
physiological E2 concentrations. Experimentally, we observed that: 1) unstimulated GH
secretory bursts are larger in women than men; 2) combined infusion of maximally effective
L-arginine/GHRH or L-arginine/ GHRP-2, but not GHRH/GHRP-2, is significantly more
stimulatory in women than men; and 3) E2 positively determines GH secretion driven by L-
arginine/GHRP-2, whereas Te negatively determines that stimulated by L-arginine/GHRH.
Interpretatively, the foregoing set of outcomes is concordant with a unifying mechanistic
postulate, in which women maintain greater submaximal GHRH drive, maximal GHRP
stimulation and peak GH-induced SS release than men.

By evaluating GH responses to three complementary pairs of secretagogues via a simplified
interactive three-peptide model (3,11,28,29,40), we were able to: 1) account for inferred gender
differences in spontaneous GH release (Subjects and Methods) (3,23–27,40,52,53); 2)
explicate the sex distinctions recognized here in dual-secretagogue actions (Fig. 5); and 3)
build upon the inferences of recent clinical studies that used single effectors. In the first context,
model-based analyses predict that the generation of high-amplitude GH pulses requires cycles
of: 1) GH feedback-evoked hypothalamic SS outflow, which suppresses GH and GHRH
secretion within ongoing bursts; 2) SS withdrawal-induced rebound release of GHRH, which
induces GH secretion in the next pulse; and 3) ghrelin-dependent facilitation of GHRH
stimulation and opposition to SS inhibition (3,11,28,29,40,47,54–57). According to these
assumptions, larger spontaneous GH pulses in women than men may reflect more prominent
feedforward by GHRH and ghrelin, and greater fractional suppression of an evolving GH
secretory burst by SSergic feedback. Similar interactions are able to account for gender
differences observed here in response to dual-secretagogue paradigms.

In relation to the impact of gender or sex steroids on the stimulatory effect of GHRP
administered alone, clinical studies have reported greater GHRP-stimulated GH secretion in
pubertal girls than boys, prepubertal girls administered estrogen, boys treated with an
aromatizable androgen, and postmenopausal women supplemented with E2 compared with
placebo (30,58–60). Based on the notion of 3-peptide control of pulsatile GH secretion (3,11,
28,29,40), our finding of higher GHRP efficacy in women than men monitored during
putatively reduced SS outflow would predictively: 1) amplify synergistic GH stimulation by
GHRP and GHRH, as inferred in a recent comparison in older men and women (16); and 2)
antagonize negative feedback on the GHRP stimulus, as reported after E2 supplementation
(49). In principle, higher ghrelin/GHRP drive in women than men might be explained by E2-
dependent transcriptional up-regulation of the human ghrelin-receptor gene, which is
demonstrable in vitro (61). In laboratory studies, pituitary expression of the ghrelin receptor
is greater in the adult female than male rat (62); and partial transgenic silencing of the CNS
cat-echolaminergic neuronal GHRP/ghrelin receptor reduces pulsatile GH secretion and IGF-
I concentrations in the female but not male animal (10). In the present cohort of young adults,
E2 concentrations correlated positively with maximal stimulation by combined L-arginine/
GHRP-2, thereby accounting for about 50% of the variability in induced GH secretion. Viewed
collectively, these data allow the hypothesis that women maintain greater responsiveness to
GHRP than men due to relatively greater availability of E2 over Te.

Combined maximal GHRH and GHRP-2 stimulation, as implemented here, was intended to
assess hypothalamic SS restraint indirectly via an ensemble 3-peptide model of effector
interactions (3,11,28,29,40). This design is valid, if the efficacy (maximal effect) of the joint
stimulus is clearly less than maximal somatotrope secretory capacity. The latter condition was
met, because the absolute effect of GHRH/ GHRP-2 was about 40% that of L-arginine/GHRP-2.
In this setting, we found comparable combined GHRH/GHRP-2 drive of GH secretion in young
men and women. At first glance, similar responsiveness could mean that SSergic inhibition
does not differ by gender. However, this interpretation would apply only if gender also did not

Soares-Welch et al. Page 6

J Clin Endocrinol Metab. Author manuscript; available in PMC 2005 November 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



affect stimulation by GHRH and/or GHRP-2 during putative SS withdrawal. In fact, women
secreted 2.2- to 4.6-fold more GH than men in response to GHRH and GHRP-2 stimulation
after L-arginine infusion. Moreover, other studies indicate that E2 facilitates each of: 1)
submaximal stimulation by GHRH after L-arginine infusion [increases potency by decreasing
the one half-maximally stimulatory dose of GHRH]; 2) maximal stimulation by GHRP-2
[agonist efficacy], which putatively antagonizes central SS action; and 3) post-SS rebound GH
release, which is dependent upon endogenous GHRH drive (30,32,60,63). Thus, the model-
assisted prediction is that higher GH feedback-induced SSergic inhibition would be necessary
to yield similar (rather than greater) GH secretion in estrogen-sufficient women in the face of
potentiated stimulation by GHRP-2. A countervailing SSergic mechanism could also explain
why: 1) E2 fails to amplify a maximal GHRH stimulus, which might be expected to synergize
with endogenous ghrelin (32); 2) E2 is able to augment maximal GHRP-2 stimulation, which
uniquely antagonizes hypothalamo-pituitary effects of SS (30,49); and 3) a maximally
inhibitory pulse of recombinant human GH suppresses GH secretion by a higher percentage
in women than in men (50). Although not obligatory for pulse renewal, reported blunting of
submaximal SS inhibition at the pituitary level by an estrogen-enriched milieu (51) would
predict higher basal (nonpulsatile) GH secretion and elevated inter-pulse GH concentrations,
as observed here in women.

Greater stimulation of GH secretion by combined L-arginine/GHRH in women than men was
the most striking gender contrast unveiled (viz. 4.6-fold). The sex difference was explained in
part by a strong negative correlation between the concentration of Te and the stimulatory effects
of L-arginine/GHRH in the combined cohorts (r2 = 0.56, P = 0.002). The basis for this negative
association is not known. However, assuming that L-arginine limits hypothalamic SS outflow,
then higher efficacy of L-arginine/GHRH stimulation in women would point to greater
feedforward drive by endogenous ghrelin. This inference reflects: 1) the capability of a small
amount of (exogenous) GHRP-2 or ghrelin to synergize with a pharmacological dose of GHRH
(16,45,46,64); 2) present use of a maximally effective GHRH stimulus, which is not modulated
by either E2 or Te administration (32,65); and 3) prominent facilitative actions of E2 on GHRP
stimulation (30,31,49,60).

By way of qualifications, we assumed that L-arginine suppresses SS outflow to a significant,
albeit not necessarily complete, degree in both sexes. The assumption appears to be valid in
the rat and human, but does not exclude additional (unknown) actions of this amino acid (1,
13,66,67). Although the current bolus dose of GHRP-2 (3 μg/kg) is the most effective one
tested experimentally in the human, whether higher doses are potentially more stimulatory is
not known. Thus, strictly defined, the facilitative effect of E2 is to enhance the potency and/or
efficacy of the GHRP stimulus (30). Further clinical investigations will be required to ensure
validity of our inferences, albeit sufficient by construction to account for available
observations.

In summary, women secrete severalfold more GH in bursts than men in the fasting state and
after combined stimulation with a maximally effective combination of L-arginine/GHRH or L-
arginine/GHRP-2, but not GHRH/ GHRP-2. The key points predicted by the ensemble
construct are that available data (present results and earlier studies) can be harmonized by the
hypotheses that SSergic outflow in women is opposed by greater feedforward by GHRH
(increased potency) and GHRP/ghrelin (increased efficacy).
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Fig. 1.
Experimental paradigm comprising separate-day, randomly ordered, fasting iv infusions of
saline (A), L-arginine/GHRH (in tandem) (B), L-arginine/GHRP-2 (in tandem) (C), and constant
combined GHRH/GHRP-2 (D) in healthy young adults. A maximally effective dose of each
secretagogue was used to “clamp” correspondingly paired receptor-effector pathways
(Subjects and Methods).
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Fig. 2.
Mean (±SEM) GH concentrations monitored every 10 min for 5 h in young men (n = 8) and
women in the early follicular phase of the menstrual cycle (n = 6) during iv infusion of saline
(top left) or the paired secretagogues: L-arginine/GHRP-2 (top right), L-arginine/GHRH
(bottom left), and GHRH/ GHRP-2 (bottom right). L-Arginine and peptide delivery began at,
respectively, 100 and 130 min (x-axis, where zero min is 0800 h).
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Fig. 3.
Mass of GH secreted in bursts over the 3-h interval after iv infusion of saline or paired
secretagogues, as defined in Fig. 1. Data are the mean ± SEM (P = NS denotes P > 0.05). The
cohorts comprised eight men and six women. Statistical contrasts reflect ANCOVA followed
by Tukey’s post hoc comparisons (Subjects and Methods).
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Fig. 4.
Linear regression analysis of the relationship between dual secretagogue-stimulated GH
secretory-burst mass (micrograms per liter per 3 h) and concentrations of E2 (A) or Te (B) in
the combined cohorts of men (n = 8) and women (n = 6). The square of the correlation
coefficient (r) and P value are shown. To convert the indicated Te and E2 concentrations to SI
units, multiply by 0.0347 and 3.67, respectively.
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Fig. 5.
Output of a simplified ensemble model that links GHRH, GHRP/ghrelin, and GHRH via GH-
negative feedback (Subjects and Methods). Model simulations predicted that women compared
with men exhibit all three of: 1) enhanced GHRH potency (lower one-half maximally
stimulatory concentration); 2) higher ghrelin efficacy (greater maximal stimulatory effect); 3)
accentuated time-delayed GH-induced SS release, which quenches high-amplitude GH pulses
and evokes more prominent post-SS rebound-like release of GHRH and GH. The paired curves
in each panel apply to model predictions in men (solid line) and women (interrupted line). The
four separate panels illustrate the corresponding four interventions studied; viz., iv infusion of
saline (top left) or combined GHRH/GHRP-2 (top right), L-arginine/GHRH (bottom left), and
L-arginine/GHRP-2 (bottom right).
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TABLE 1
Baseline hormone concentrations

Measure Men (n = 8) Women (n = 6)

GH (μg/liter) 2.2 ± 0.46 4.4 ± 0.64a
IGF-I (μg/liter) 368 ± 24 396 ± 15
Te (ng/dl) 586 ± 62 44 ± 2.1b
E2 (pg/ml) 28 ± 1.9 74 ± 18a
IGFBP-1 (μg/liter) 19 ± 4.0 30 ± 3.8c
IGFBP-3 (mg/liter) 4617 ± 198 4516 ± 171

Data are the mean ± SEM (n is the number of subjects). To convert Te and E2 concentrations to SI units, multiply by 0.0347 and 3.67, respectively.

a
P ≤ 0.013;

b
P < 0.001; and

c
P = 0.061 by gender.
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