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Abstract

The present study tests the hypothesis that estradiol (Eo), compared with placebo (PI), amplifies
combined-secretagogue stimulation of GH secretion in premenopausal women studied at comparable
IGF-I and testosterone concentrations. To this end, 13 women underwent GnRH agonist-induced
gonadal down-regulation followed by graded transdermal add-back of E;, or Pl and randomly ordered
iv infusions of saline or paired secretagogues on separate morning fasting. GH secretion was assessed
by frequent blood sampling, immunochemiluminometry, and variable-waveform deconvolution
analysis. Two-way ANOVA revealed that specific secretagogue combination (P < 0.001), E; status
(P =0.012), and their interaction (P = 0.038) jointly determined GH secretory-burst mass. Compared
with PI, the Ex-clamped milieu elevated mean fasting GH concentrations (P = 0.032), the mass of
GH secreted in bursts (P = 0.037), and maximal stimulation by paired .-arginine/GH-releasing
peptide (GHRP)-2 (P = 0.028). E; also markedly accelerated the initial release of GH induced by
GHRH/GHRP-2 (P < 0.001) and .-arginine/GHRH (P < 0.01). By linear regression analysis, E;
concentrations positively fore-cast 41% of intersubject variability in GH secretion stimulated by
combined c-arginine/GHRP-2 (P = 0.018), whereas abdominal visceral-fat mass negatively predicted
49% of that due to .-arginine/GHRH (P = 0.012). These data indicate that pulsatile GH secretion in
young women studied at constant IGF-I and testosterone concentrations is dictated 3-fold jointly by
secretagogue pair, E, availability, and intraabdominal adiposity. Moreover, the rapidity of GH release
is controlled 2-fold jointly by E, and GHRH.

Abbreviations

CV, Coefficient of variationy; E, estradiol; GHRP, GH-releasing peptide; PI, placebo; SS,
somatostatin; Te, testosterone

IneripemioLosicaL contexts, gonadal sex steroid hormones are dominant positive determinants of GH
secretion in both young and older adults (1,2). In interventional studies, supplementation with
testosterone (Te) in hypoandrogenemic boys and men and female-to-male transsexual patients
stimulates both GH and IGF-I production (3-9). The amplifying effect of Te on GH secretion
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is mediated in part via estradiol (E,) receptors because administration of an antiestrogen
inhibits, whereas exposure to an antiandrogen stimulates, GH secretion (10-13). Conversely,
nonaromatizable androgens do not augment GH or IGF-I production consistently (5,6,12—
14). Supplementation of E, transdermally and estrogen orally also drives pulsatile GH secretion
but in the absence of a synthetic progestin lowers or does not affect IGF-1 concentrations (5,
15-19). These mechanistic distinctions imply that valid dissection of the distinctive actions of
E, would require controlling Te availability concurrently (see below).

Sex steroids increase pulsatile and thereby total GH secretion by augmenting the mass of GH
secreted in each burst (3,7,16,17). GH secretory-burst mass in turn is determined by at least
three key regulatory peptides, GHRH, GH-releasing peptide (GHRP/ghrelin) and somatostatin
(SS) (1,2,20). Laboratory evidence for minimal three-peptide control derives from disruption
of genes encoding GHRH, SS, and GHRP receptors and/or peptides (21-23). In the case of the
GHRH receptor, rare sporadic mutations are recognized in the human that result in profound
attenuation of somatic growth and GH secretory-burst mass (24,25). Clinical studies using
natural and synthetic agonists or antagonists of GHRH, GHRP, and SS further support
significantroles of each signal (1,2,20). What is not so well understood is how the three peptides
achieve interactive control of GH secretion.

Given this background, we hypothesized that valid examination of the mechanisms by which
E, stimulates pulsatile GH secretion would require depleting ovarian E; and Te and then adding
back a controlled amount of E; at equivalent Te concentrations. A corollary objective was to
maintain similar total IGF-I concentrations. The latter need arises because infusion of IGF-I
suppresses and experimental reduction of IGF-1 concentrations stimulates pulsatile GH
secretion by approximately 2-fold (26,27).

The basic notion of dual-secretagogue stimulation comes from modeling simulations (28-30)
and two recent clinical studies (31,32). The idea is that GHRH, SS, and ghrelin constitute a
minimal set of regulators to pituitary somatotropes. Clamping any two inputs by maximal
exogenous stimulation (using GHRH and GHRP-2) or putative withdrawal of endogenous
inhibition (infusing c-arginine to limit SS outflow) allows indirect inferences about the third
un-manipulated signal. By using the three separate pairwise combinations possible and
observing the effect of E; vs. placebo (PI) on each pair, model-based simulations allow one to
estimate which endogenous signals may be affected by E,. The pairs are complementary in
that each is a distinct permutation that omits a different secretagogue of the three. The dual-
secretagogue strategy is a powerful tool because data from the set of pairwise interventions are
used to reach an inference on estrogen action.

Subjects and Methods

Subjects

Thirteen healthy premenopausal women completed the four study sessions (see below).
Participants provided written, voluntary, witnessed 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 acute
or chronic systemic illness, pregnancy, lactation, significant weight change (>3 kg in 1 month),
body mass index 30 kg/m? or greater, anemia, contraindications to E, exposure, current
psychiatric treatment, or recent substance abuse. Volunteers were free of known or suspected
cardiac, cerebral, or peripheral arterial or venous thrombo-embolic disease, breast cancer, or
untreated gallstones. None was receiving psycho- or neuroactive medications. Each subject
had an unremarkable medical history and physical examination and normal screening
laboratory tests of hepatic, renal, endocrine, metabolic, and hematologic function.
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The mean (+ sev) age was 27 + 1.3 yr and body mass index 25 + 1.2 kg/m?2. There was no
difference in these variables after randomization to E, vs. PI. VVolunteers reported a normal
menarchal and recent menstrual history. Women discontinued any oral contraceptives at least
1 month before study.

Statistical design

The study was a randomized parallel-cohort design (n = 8 women given E,; n =5 administered
Pl). The order of saline and secretagogue infusions was also randomized, PI controlled, and
patient blinded within cohort. Unequal numbers in the two cohorts reflect randomization using
a simple binary sequence.

Estradiol clamp

Each volunteer received two consecutive im injections of depot leuprolide acetate (TAP
Pharmaceuticals Inc., Deerfield, IL) 3.75 mg 3 wk apart. Leuprolide was started in the early
follicular phase (within 7 d of menses onset) after establishing a negative blood pregnancy test.
Beginning on the day of the second leuprolide injection (d 1), transdermal Pl or E, (Estraderm
Patch, Ciba Corp., Summit, NJ) was administered in sequential daily amounts of 0.05, 0.10,
0.15, and 0.20 mg with dose increments made every fourth day. The intent was to achieve a
stepwise increase in E, concentrations over a 2-wk interval, which would culminate in a late-
follicular-phase value. For study purposes, the highest (0.2 mg) dose of E, was continued for
7d (d 15-21). Blood sampling and saline/secretagogue infusions were scheduled in random
order on any 4 of the last 5 d of this time window. After the last sampling session, progesterone
was administered (100 mg orally for 12 d) according to good standards of clinical practice.

Study paradigm

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 500 (£30) kcal containing 55% carbohydrate, 15% protein, and 30%
fat at 2000 h. Participants remained fasting overnight until 1400 h the next day. On the morning
of sampling and infusion(s), iv catheters were inserted in contralateral forearm veins at 0700
h. Blood was withdrawn for later assay of serum E,, Te, SHBG, LH, FSH, prolactin, and IGF-
I concentrations. Samples (1.5 ml) for GH assay were collected in chilled plastic tubes
containing EDTA. Separated plasma was frozen at —70 C within 30 min. Lunch was provided
at 1400 h before discharge from the unit.

Infusion and sampling protocol

Infusions were performed on separate randomly ordered mornings fasting. The four protocols
comprised iv delivery of saline (0800-1400 h) only; c-arginine 30 g over 30 min (1000-1030
h) followed by bolus GHRH (1 pg/kg, GRF, Serono, Norwalk, MA); c-arginine followed by
bolus GHRP-2 (3 ug/kg); and combined GHRH and GHRP-2 at a constant rate of 1 ug/kg-h
each (1000 to 1400 h). Blood was sampled every 10 min for 6 h concurrently (0800-1400 h).
The foregoing peptide doses were chosen as maximally stimulatory in dose-response analyzes
in women (31,33).

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 148 samples from any given subject were analyzed together. Sensitivity is 0.010
ug/liter, defined as 3 sos above the zero-dose assay tube. Interassay coefficients of variation
(CVs) were 7.9 and 6.3%, respectively, at GH concentrations of 3.4 and 12 pg/liter; and
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intraassay CVs were 4.9% at 1.12 pg/liter and 4.5% at 20 pg/liter. No values fell less than
0.020 pg/liter. Molar cross-reactivity with a 20-kDa GH or GHBP is less than 5%. Serum LH
and FSH concentrations were quantitated by automated chemiluminescence assay (ACS 180,
Bayer, Norwood, MA), using as standards the first and second international reference
preparations, respectively. Procedural sensitivities for LH and FSH are 0.20 and 0.25 1U/liter,
respectively. Intraassay CVs for LH were 4.7, 3.5, and 3.8%, and interassay CVs were 5.8, 3.7,
and 4.7% at 4.4, 18, and 39 IU/liter, respectively. For FSH measurements, intraassay CVs were
5.6, 4.3, and 3.5% and interassay CVs 6, 4, and 2.8% at 4.6, 25 and 62 [U/liter, respectively.
E, and Te were quantitated by automated competitive chemiluminescent immunoassay (ACS
Corning, Bayer, Tarrytown, NY). For Ey, sensitivity was 8 pg/ml; intraassay CVs were 4.1%
at 173 pg/ml and 5.6% at 30 pg/ml; and interassay CVs were 4% at 261 pg/ml and 7% at 71
pa/ml (multiply by 3.67 for picomoles per liter). For Te, mean intra- and interassay CVs were
6.8 and 8.3% and assay sensitivity was 8 ng/dl (multiply by 0.0347 for nanomoles per liter).
SHBG and total IGF-I concentrations were measured by immunoradiometric assay without
and with extraction, respectively (Diagnostic Systems Laboratories, Webster, TX). For IGF-
I, interassay CVs were 9% at 64 pg/liter and 6.2% at 157 pg/liter; and intraassay CVs were
3.4% at 9.4, 3% at 55, and 1.5% at 264 pg/liter.

Visceral fat mass

Intraabdominal visceral fat mass was estimated within 2 wk of infusions by single-slice
abdominal computed tomography scan at L5, as described (32).

Deconvolution analyses of basal (nonpulsatile) and GHRH-stimulated burst-like GH

secretion

Earlier deconvolution methods in some cases yield nonunique estimates of basal hormone
secretion and elimination rates (34). To address this technical impasse, basal and pulsatile GH
secretions were estimated simultaneously via a new maximum-likelihood methodology. The
basic assumptions are that observed concentration peaks reflect the mass contained in a flexible
secretory-burst waveform (three-parameter generalized gamma probability density); combined
diffusion, advection, and irreversible elimination proceed via biexponential kinetics; and the
solution is statistically conditioned on a priori estimates of pulse-onset times, as previously
described (35-38). The present implementation of this model is reviewed briefly elsewhere
(39). The principal analytical outcomes are cohort-defined basal and individually attributed
pulsatile GH secretion during saline infusion (micrograms per liter per 6 h); the summed mass
of GH secreted in bursts after stimulation by iv saline or combined secretagogues (micrograms
per liter per 4 h); and the apparent waveform or shape of the underlying GH secretory burst,
defined by the modal time in minutes to attain maximal secretion within the reconstructed
burst.

Statistical confidence intervals were determined by bootstrap analysis of the residuals in the
case of basal secretion and the mode of secretory-burst latency and from the (second derivative
of the) maximum-likelihood estimate of secretory-burst mass, as described elsewhere
(Appendix of Ref. 39).

Interpulse-interval times were modeled as a two-parameter Weibull distribution rather than a
one-parameter Poisson distribution (35,36). The Weibull function allows for variable
dispersion of interpulse-interval values about the statistical mean (37). For example, the
Poisson distribution fixes interpulse variability at a CV of 100% (so/mean x 100%), whereas
the Weibull function includes a term (gamma) that permits lesser variability than 100% (gamma
> 1.0) independently of the probabilistic mean frequency (lambda).
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Statistical comparisons

Results

Two-way ANOVA in a two- by four-factor repeated-measures design was applied to compare
the logarithms of the mass of GH secreted during E, vs. Pl administration (two factors) and
after saline and paired-secretagogue infusions (four factors). Post hoc contrasts were made by
Tukey’s honestly significantly different test at experiment-wise P < 0.05 (40). Fasting hormone
concentrations were first averaged across the four sessions in each individual and then
compared via an unpaired Student’s t test. Linear regression analysis was used to examine the
relationship between GH secretory-burst mass and E, concentrations or intraabdominal
visceral fat mass (computed tomography cross-sectional area) in the combined cohorts (41).

Data are presented as the arithmetic mean = sem.

Administration of E, compared with Pl, caused breast tenderness, headache, nausea, mild
pedal edema, or a sense of abdominal bloating in several volunteers. Secretagogue infusions
were associated with a brief sensation of facial warmth, flushing, or metallic taste in one third
of subjects.

Table 1 summarizes mean fasting hormone concentrations in the two study cohorts. E,
concentrations were 7.8-fold higher (P < 0.001), prolactin concentrations 1.9-fold higher (P =
0.016), and SHBG concentrations no different in women receiving E,, compared with PIl. LH
and Te concentrations were reduced to equivalent values in both cohorts [absolute maxima in
all subjects 1.1 IU/liter and 22 ng/dl (0.76 nmol/liter), respectively]. FSH concentrations were
4.8-fold lower after E, than Pl administration. Total IGF-1 concentrations did not differ by
estrogen status.

Figure 1 depicts mean (x ssv) GH concentration time series in the four study conditions in
premenopausal women given E, or Pl. Deconvolution analysis was applied to the 6-h saline
infusion session to examine the basis for elevated mean GH concentrations in Eo-supplemented
subjects. As shown in Fig. 2, volunteers given E,, compared with Pl, maintained significantly
higher mean GH concentrations (2.4-fold, P = 0.032), which was due to greater total (2.1-fold,
P =0.038) and pulsatile (2.2-fold, P = 0.037) but not basal GH secretion. In contradistinction,
E, did not influence the mean intersecretory-burst interval, defined as the reciprocal of lambda,
or the variability, defined by gamma of intersecretory-burst intervals (Fig. 3). Estimates of the
former were 56 + 12 (E5) vs. 55 = 10 (PI) min and the latter 1.3 (E») vs. 1.5 (PI). Note that
gamma approaching unity denotes large variability of interpulse-waiting times.

Figure 4 presents the summed mass of GH secreted in pulses after infusion of saline or
combined stimuli. Two-way ANOVA with repeated measures revealed significant
interventional effects of secretagogue type (P < 0.001), E, supplementation (P = 0.012), and
their interaction (P = 0.038). Each secretagogue combination stimulated GH secretion more
than saline (P < 0.005). Relative efficacy of the three secretagogue pairs after Pl was GHRH/
GHRP-2 = -arginine/GHRH > (-arginine/GHRP-2 (P < 0.05), and after E,, .-arginine/ GHRP-2
= GHRH/GHRP-2 = (-arginine/GHRH. Post hoc comparisons indicated that GH secretion in
E,-treated women exceeded that in Pl-treated subjects after infusion of saline by 2.3-fold (P =
0.041) and after (-arginine/GHRP-2 by 2.2-fold (P = 0.028). E; did not alter responses to L-
arginine/GHRH or GHRH/GHRP-2.

Figure 5 illustrates GH concentration time courses stimulated by saline vs. the three

secretagogue pairs in one woman after administration of Pl vs. E,. Separate curves are given
for measured and deconvolution-estimated GH peaks, thus illustrating relative goodness of fit.
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Erickson et al.

Page 6

Asterisks are used to denote objectively identified burst-onset times before and after each
stimulus. Secretagogues typically evoked a volley of GH secretory bursts.

Figure 6 depicts intervention-specific analytical estimates of the (unit-area normalized) GH
secretory-burst waveform in the two cohorts. The waveform is the calculated time-evolution
(shape) of hormone secretion within a discrete burst. The mathematical function describing
the waveform is statistically independent of secretory-burst mass (see Subjects and Methods).
The analytical end point of waveform shape is the modal time delay in minutes required to
reach maximal GH secretion after onset of the burst. The mode was estimated from the
frequency distribution of 100 bootstrap calculations. The corresponding histograms are shown
below each set of waveforms (Fig. 6). In women receiving PI, .-arginine/GHRP-2 infusion
abbreviated by 1.7-fold (P < 0.001), whereas GHRH/GHRP-2 infusion prolonged by 1.3-fold
(P <0.01), the time to maximal GH secretion, compared with either saline or .-arginine/GHRH.
In women receiving E,, each of the three secretagogue pairs accelerated initial GH release by
about 1.8-fold, compared with saline; viz., mean modal time latency 33 + 0.51 min for saline
vs. an absolute range of 17-19 min for the three secretagogue pairs (pooled sev £ 0.31 min,
each P <0.001). E,, compared with Pl replacement, accelerated the attainment of maximal GH
secretion after infusion of GHRH/GHRP-2 by 1.8-fold (P < 0.001) and after .-arginine/GHRH
by 1.2-fold (P < 0.01). In contrast, E; extended the latency to maximal GH secretion after
infusion of L-arginine/GHRP-2 by 1.3-fold (P < 0.05). Thus, both E; status and secretagogue
combination determine the apparent waveform of GH secretory bursts.

Linear regression analysis was applied to data obtained in the combined cohorts (h = 13
women). By univariate regression analysis, E, concentration positively determined .-arginine/
GHRP-2-stimulated GH secretory-burst mass (R? = 0.41; P = 0.018; Fig. 7A); and, abdominal
visceral-fat area negatively determined .-arginine/ GHRH-stimulated GH secretion (R? = 0.49;
P =0.012; Fig. 7B). Bivariate regression analyses corroborated the foregoing univariate
outcomes, as defined by significant partial correlation coefficients for either E, concentration
or fat mass.

Discussion

The present investigation appraises the mechanisms by which E; modulates combined peptidy!l
regulation of burst-like GH secretion in healthy young women. To this end, we implemented
a tripartite experimental paradigm comprising gonadal-axis down-regulation with a GnRH
agonist to deplete ovarian-derived E, and Te; controlled transdermal add-back of E, vs. Pl to
mimic late-follicular-phase vs. postmenopausal E, concentrations; and stimulation of GH
secretion by saline and specific secretagogue pairs. Statistical analyses demonstrated that a
physiological, compared with low E,, concentration selectively amplifies the mass of GH
secreted per burst in the fasting state, augments the amount of GH secreted during combined
-arginine/GHRP-2 drive, and accelerates initial GH release induced by GHRH/GHRP-2. The
foregoing outcomes were selective, inasmuch as E, repletion did not influence total IGF-I or
Te concentrations, GH secretory-burst frequency, basal GH secretion, or responses to .-
arginine/GHRH and GHRH/GHRP-2. Regression analyses disclosed that E, concentrations
positively predict 41% of the GH-response variability to .-arginine/GHRP-2, whereas
abdominal visceral-fat mass negatively determines 49% of the response variability to .-
arginine/GHRH infusion. Based on a three-peptide feedback model of GH control, a plausible
unifying inference is that E, facilitates hypothalamopituitary stimulation by GHRP, whereas
relative visceral adiposity inhibits pituitary stimulation by GHRH.

The E,-predominant vs. Eo-withdrawn milieu enhanced saline-infused and c-arginine/
GHRP-2-stimulated burst-like GH secretion in the face of equivalent mean concentrations of
total IGF-1and Te. Comparable IGF-I and Te concentrations are pertinent, in that IGF-1 inhibits
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and Te stimulates pulsatile GH secretion (1). In the first regard, experimental reduction of total
IGF-1 concentrations by 34% in healthy men and women doubles pulsatile GH secretion (42).
Conversely, elevation of IGF-I concentrations into the late-pubertal range by constant iv
infusion of this peptide suppresses GH secretion by more than 65% (39,43). Given similar total
IGF-1 concentrations in the two interventional groups studied here, a plausible inference is that
E, can augment spontaneous and c-arginine/GHRP-2-stimulated GH secretion by central
effects on the hypothalamopituitary unit rather than exclusively by depleting total serum IGF-
| concentrations. In corollary, similar Te concentrations in the two cohorts would point to sex
steroid selectivity of E, action. The lack of estrogenic augmentation of responses to -arginine/
GHRH or GHRH/GHRP-2 corroborates the selectivity of the control pathways affected by
E,.

The precise mechanism mediating estrogenic facilitation of GH secretion in response to
sequential .-arginine/GHRP-2 infusion is not known. In principle, E; could enhance the
efficacy of GHRP-2, potentiate feed-forward by GHRH, and/or attenuate negative feedback
by GH/IGF-I. Among these theoretical considerations, clinical investigations indicate that
E, supplementation in postmenopausal women augments stimulation by GHRP-2 and
submaximal drive by GHRH, reduces submaximal inhibition by somatostatin-14, attenuates
negative feedback by recombinant human GH on the GHRP-2 stimulus, and augments the
suppressive effect of recombinant human IGF-I on basal GH secretion (33,39,44-46).
According to such outcomes, an ensemble of mechanisms could explicate E,’s enhancement
of the combined -arginine/GHRP-2 stimulus.

Formalizing the primary interactions among GHRH, GHRP, and SS in a simplified
biomathematical model provides one avenue to parse observed GH responses to a set of stimuli
(28-30,47,48). Ensemble-based simulations can thereby aid intuitive interpretations of more
complex outcomes, here driven by three distinct paired stimuli. The requirement was to explain
the selectivity of E,’s potentiation of a combined c-arginine/GHRP-2 stimulus. Analytical
modeling was consistent most parsimoniously with estrogenic enhancement of the central
actions of GHRP (Fig. 8). Central effects of GHRP are believed to comprise both antagonism
of SSergic inhibition of somatotrope cells and arcuate-nucleus neurons and stimulation of
hypothalamic GHRH and pituitary GH release (33,44,49-53). Laboratory data are consistent
with a unifying notion that E, may up-regulate receptor-dependent actions of GHRP. For
example, gene transcripts encoding the pituitary GHRP receptor are 2-to 10-fold more
abundant in the adult female than male rodent pituitary, and E, induces transcription of the
human GHRP receptor gene in vitro (23,54,55).

Compared with placebo, E, did not potentiate combined stimulation by GHRH/GHRP-2. This
outcome could reflect lesser statistical power due to greater variability of GH responses in this
particular intervention (31). The present results using .-arginine/GHRH corroborate an earlier
analysis, showing that E; does not enhance maximal GHRH action monitored during putative
SS withdrawal (33).

From a technical vantage, we implemented a novel variable-waveform biexponential
deconvolution technique to reconstruct GH secretion rates (35-38). Specifically, the new
analytical platform was developed to permit potentially asymmetric (rather than exclusively
Gaussian) secretory bursts and ensure valid discrimination among simultaneous and highly
correlated contributions to a hormone-concentration profile. Technically, the earlier
methodologies could not guarantee a unique secretion solution for any given hormone profile
(34) because of strong interdependencies among estimates of rapid and slow elimination
kinetics; basal secretion; and secretory-burst mass, number, and location (37). The present
mathematical structure for the first time allows direct statistical verification of maximum-
likelihood estimates, as validated empirically by in vivo experiments in the horse and sheep
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(38,56). The resultant methodology predicts that physiological compared with low
concentrations of E, determine not only the mass of GH secretory bursts but also their inferred
waveform (Fig. 6). In particular, E; accelerates the initial rate of GH release stimulated by
GHRH/GHRP-2 and c-arginine/GHRH, and conversely, prolongs the latency to maximal GH
secretion induced by combined c-arginine/GHRP-2. A plausible hypothesis to account for these
outcomes is that E, can either facilitate or retard exocytotic release of presynthesized GH stores,
depending on the nature of the two-peptide stimulus. Although the molecular mechanisms that
mediate such inferred interactions at the somatotrope level are not known, simultaneous
stimulation with E; and GHRH is the shared intervention in this and an earlier finding of rapid
GH release (39).

Deconvolution analysis disclosed comparable mean values and variability of GH interburst
intervals and similar basal GH secretion rates in the two estrogenic extremes. The inference of
a stable GH secretory burst-renewal process under E, drive would agree with the reported
uniformity of GH pulse frequency at different stages of puberty, across the menstrual cycle,
and in men and women (3,7,17,57-59). Equivalent basal GH secretion in a low and high E»
milieu indicates that E, is not a primary determinant of nonpulsatile GH secretion in the human
(1,39).

The daily GH secretion rate varies inversely with estimated abdominal visceral-fat mass in
middle-aged men and women (60). The current analyses offer further mechanistic insights into
the basis of this relationship by demonstrating a strongly negative association (R2 = 0.49)
between the stimulatory effect of .-arginine/GHRH on GH release and visceral-fat mass in
young women. The selectivity of this outcome would suggest that relative intraabdominal
adiposity in some manner attenuates GHRH efficacy in a putatively SS-withdrawn context. In
contradistinction, E, positively determines the stimulatory impact of .-arginine/GHRP-2. The
different outcomes point to signal specificity of GH regulation.

The measured distribution volume of GH does not differ significantly among young women
and men; pre-, mid-, and postpubertal boys; and postmenopausal women receiving estradiol
and placebo (46,61,62). This inference is important on analytical grounds because GH secretion
is quantitated as the mass of hormone (micrograms) released per unit time per unit distribution
volume (liters). Thus, the effects of E; on GH concentrations should reflect changes in GH
secretion.

Certain caveats should be considered. First, the present analyses do not address the effects of
prolonged dual-secretagogue stimulation under Eo-clamped conditions. This question arises
because continuous sc GHRP-2 infusion for 1 month stimulates GH secretion by 2-fold more
in older estrogen-replaced women than comparably aged men (63). Second, the accompanying
inferences in 13 subjects will be important to corroborate in a larger group of volunteers. In
addition, although c-arginine inhibits SS release in the experimental animal and inferentially
in the human (1), whether this amino acid acts via additional pathways is not known.

In summary, the present study uses an investigational paradigm designed to contrast the
influence of follicular-phase and postmenopausal E; concentrations on dual-secretagogue-
stimulated GH secretion at controlled total IGF-1 and Te concentrations in healthy young
women. In this sex steroid-clamped paradigm, E,, compared with PI, doubles burst-like GH
release driven by c-arginine/GHRP-2 and accelerates the attainment of maximal GH secretion
induced by GHRH/GHRP-2. By regression analyses, E, concentrations determine two fifths
of the variability of .-arginine/GHRP-2 feed-forward, whereas abdominal visceral-fat mass
predicts half of the variability associated with c-arginine/GHRH stimulation. According to a
minimal analytical model of reciprocal interactions among GHRH, GHRP, and SS, the
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foregoing outcomes may be unified under the most frugal hypothesis that E, potentiates the
combined hypothalamopituitary actions of GHRP.
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GH Outflow under Leuprolide/Estradiol Clamp in Young Women
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Fig. 1.

Cohort mean (x s=ew) GH concentration time series in pre-menopausal women receiving Pl (n
=5, open circles) or E, (n = 8, closed circles) in an E,- and Te-depleted milieu imposed by
leuprolide administration. On d 17-21 of the experimental sex steroid clamp, volunteers
underwent blood sampling every 10 min for 6 h while fasting. The indicated secretagogue pairs
were infused after baseline sampling (see Subjects and Methods). Data are the mean + sew.
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Primary Measures of GH Output in Young Women
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Impact of E; repletion on GH secretion in premenopausal women monitored during ovarian
suppression. E, addback in premenopausal women with controlled IGF-I and Te concentrations
elevated fasting 6-h mean GH concentrations (micrograms per liter) and both pulsatile (burst-
like) and total (basal plus pulsatile) GH secretion (micrograms per liter per 6 h). P values denote
unpaired statistical contrasts between responses to E; and Pl. Data are the mean + sew (n =5

placebo, n = 8 estradiol).
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GH Pulse-Renewal Process In Young Women:
stability under estrogen drive
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Probability distribution of GH intersecretory-burst intervals determined after saline infusion
in a midphysiological (E,) and postmenopausal (Pl) estrogenic milieu. Values on the y-axis
give the expectation of observing any given GH interpulse-interval length (x-axis). The
mathematical terms lambda and gamma stated within the two boxes denote, respectively, mean
pulse frequency (number of bursts per 24 h) and the relative variability of interpulse intervals
(gamma > 1.0 signifies lesser variability than that of a Poisson model, wherein the CV is 100%
definitionally) (see Subjects and Methods). Asterisks on the axes mark the onset of significant

pulses.
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Fasting (saline) and dual secretagogue-stimulated GH secretory-burst mass (micrograms per
liter per 4 h) in premenopausal individuals after gonadal down-regulation and replacement with
E, or PI. L-Arginine was infused before bolus iv injection of a maximally effective dose of

GHRH (1 pg/kg) or GHRP-2 (3 ug/kg). GHRH and GHRP-2 were infused together

continuously iv for 4 h (1 ug/kg-h each). Data are presented as noted in the legend of Fig. 2.
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lllustrative Pulse Reconstruction in Young Women
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Fig. 5.

[llustrative time courses of measured (solid lines) and deconvolution-estimated (interrupted
lines) GH concentrations in individual women given either PI (upper plots) or E, (lower
plots). Asterisks on the x-axis mark the onset of significant pulses.
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A Waveform and Mode of GH Secretory Bursts: Placebo
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Analytically reconstructed GH secretory-burst waveforms (shapes) in individual
premenopausal volunteers given Pl or E, transdermally (A and B, respectively) after ovarian
down-regulation. Secretagogue pairs comprised iv saline, .-arginine/GHRH, c-arginine/
GHRP-2, or GHRH/GHRP-2. The waveform is the (unit area-normalized) time course of GH
secretion within a discrete burst (upper plots). The end point is the modal time delay to achieve
maximal GH release (lower plots). Burst shape is independent of the mass of GH released in
the pulse (see data in Fig. 4). Arg, Arginine.
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Fig. 7.

Linear regression analyses of the relationships between .-arginine/GHRP-2 (A) and .-arginine/
GHRH (B)-stimulated GH secretory-burst mass (y-axis) and E, concentrations or abdominal
visceral-fat cross-sectional area (x-axis), respectively. Data are from the combined
premenopausal cohorts (n = 13 subjects). The square of the correlation coefficient (R?) is a
measure of the fraction of the total variation in GH secretory-burst mass that is explained by
the independent variable. To convert E, concentrations to picomoles per liter, multiply by 3.67.
AVF, Abdominal visceral fat.
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Model-Predicted GH Outflow under Leuprolide/Estradiol Clamp
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Model-assisted predictions of the impact of E; vs. Pl on dual-secretagogue action in young
women, based on a simplified four-peptide (GHRH, SS, GHRP, and GH feedback) ensemble
of hypothalamopituitary interactions (see Discussion).
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Hormone concentrations attained during an exogenous estradiol clamp

Page 21

Estrogenic status

Hormone Placebo (n =5) Estradiol (n =8) P
Estradiol (pg/ml)® 18+4.1 141+11 <0.001
SHBG (nmol/liter) 45+8.0 64+55 <0.068
Molar estradiol/SHBG ratio (pmol/nmol) 15+0.18 8.1+0.63 <0.001
IGF-1 (ug/liter) 249 + 20 308 +40 NS
LH (1U/liter) 0.37+0.38 0.51+0.10 NS
FSH (1U/liter) 43+0.83 0.89+0.17 <0.001
Prolactin (ug/liter) 53+1.0 10+1.2 0.016
Testosterone (ng/dl) 1747 19+21 NS
Molar testosterone/SHBG ratio (nmol/nmol) 0.016 + 0.005 0.012 + 0.003 NS

Data are the mean + sem. NS denotes P > 0.05 by unpaired parametric comparison.
aLI'o convert to picomoles per liter, multiply by 3.67.

bTo convert to nanomoles per liter, multiply by 0.0347.
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