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Abstract

Weinvestigated the effects of 4-6-wk administration of testos-
terone on calcium and protein metabolism in six healthy prepu-

bertal short boys (mean age±SE = 12.9±0.6 yr). At baseline,
subjects received a 4-h infusion of L-1l-'3Clleucine and L-12-
'5Njglutamine, and were given 42Ca intravenously, and 'Ca
PO. Testosterone enanthate ( - 3 mg/ kg) was given I.M. 2 wk
apart (two doses n = 5, three doses n = 1), and the study was

repeated 4-5 d after the last injection.
After testosterone therapy, there were significant increases

in serum testosterone and mean peak and total growth hormone
concentrations. Net calcium absorption (Va) and retention
( Vbal) also increased ( Va 13.3±2.3 vs 21.5±23; mg.
kg-' * d-l, Vbal 8.0±2.1 vs 16.6±2.5, mg * kg-' - d-l, P < .05
both), as well as Ca's net forward flow into bone and total
exchangeable pool (16 and 20%, respectively). The rate of ap-

pearance of leucine (an indicator of proteolysis) increased by
17.6±5.9%, P = 0.036. Leucine oxidation decreased by
48.6±8.0%, P = 0.004; thus, nonoxidative leucine disappear-
ance, which estimates protein synthesis, increased significantly
by 34.4±7.7%, P = 0.009. Glutamine's rate of appearance also
increased (+32%), mostly through enhanced glutamine de
novo synthesis (+42%).

In conclusion, short term testosterone administration signif-
icantly increases calcium's retention and net forward flow into
bone in prepubertal humans, as well as whole body estimates of
protein and calcium anabolism. These effects may represent a

pure androgen effect, an amplification of growth hormone's ac-

tion or some combination of these factors. (J. Clin. Invest.
1994. 93:1014-1019.) Key words: testosterone * puberty
growth * leucine metabolism * calcium metabolism

Introduction

Many of the physical changes of puberty, such as the acceler-
ated growth, the increase in body mass and muscle bulk, and
the active mineralization of the bones that occur are mediated,
at least in part, through the actions of sex steroids. Some of
these effects may be directly related to changes in protein and
calcium metabolism induced by the sex steroids or alterna-
tively, they may be secondary to the cascade of events triggered
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by the increase in the growth hormone (GH)' IGF-I produc-
tion observed after sex steroid exposure ( 1, 2).

The critical role of estrogens in preventing bone loss in
women after menopause has been firmly established (3, 4).
Not surprisingly, female runners with secondary amenorrhea
and hypoestrogenemia, as well as females with iatrogenic hypo-
gonadism (e.g., luteinizing hormone-releasing hormone ana-
logue-treated patients) have reduced lumbar spine bone min-
eral density associated, at least in part, to estrogen deficiency
(5-7). More recently, data have accumulated, examining the
role of both dietary intake of calcium and the adequacy of the
sex steroid mileu in preservation of bone mineral density in
children and hypogonadal males (8, 9). These studies strongly
suggest that dietary supplementation with calcium alone is as-
sociated with a gain in bone mineral acquisition in prepubertal
children (8) and that the timing of the onset of puberty is an
important determinant of bone density later in life (9). During
puberty there is active bone mineralization and rapidly chang-
ing calcium turnover pools that presumably impact bone ac-
cretion and perhaps growth. The administration of stable la-
beled tracers of calcium to adolescent children has recently
shown that the total exchangeable pool (TEP) of calcium,
which is that pool of calcium in metabolically active bone in
equilibrium with plasma and extracellular fluid, is much
greater than in younger children and adults ( 1O). Also, testos-
terone administration to the cymologous monkey causes the
rapidly changing calcium pool to increase significantly (1 1).
Both of these studies also suggest that the alterations in calcium
pools observed in puberty may be secondary to changes in the
sex-steroidal milieu.

Androgenic hormones have an anabolic effect in immature
castrated ( 12) and eugonadal animals ( 13), as well as in hypo-
gonadal and growth hormone-deficient individuals ( 14, 15).
Most of these anabolic effects are measured by ponderal
changes and positive effects on nitrogen balance, and offer us
no clue as to the specific mechanisms involved in these actions.
Several studies have demonstrated the specific protein anabolic
action of androgenic hormones. Athletes taking anabolic ste-
roids have an increase in lean body mass ( 16); patients with
myotonic dystrophy treated with testosterone had a significant
increase in muscle protein synthesis, without any detectable
change in whole body protein synthesis ( 17). Since these stud-
ies have been performed in the postpubertal male after years of
exposure to their endogenous sex hormones, it is difficult to
extend their physiological implications to the events at pu-

1. Abbreviations used in this paper: a, true fractional calcium absorp-
tion; aKIC, a-ketoisocaproic acid; GH, growth hormone; IGFBP3, in-
sulin-like growth factor binding proteins 3; Ra, rate of appearance;
TEP, total exchangeable pool; Va, true dietary absorption of digested
calcium; Vbal, net calcium retention; Vo+, net forward flow of cal-
cium; Vo-, bone resorption.
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berty, when the body is exposed to androgenic hormones after
more than a decade of very low exposure. Recent animal exper-
iments have revealed a strong correlation between the size of
the muscle free glutamine pool (the most abundant amino acid
in the body) and the rate of protein synthesis in vivo ( 18, 19).
Other studies suggest that glutamine per se may stimulate pro-
tein synthesis, and that the size of the available free glutamine
pool in muscle may be an index of protein accretion (20-22).
Whether such an association between the glutamine pools and
whole body protein synthesis occurs during puberty remains to
be determined.

The timing of onset of action and the mechanisms by which
sex steroids mediate their effects on bone and protein metabo-
lism are largely unexplored in prepubertal and adolescent chil-
dren. Therefore, the present studies were designed to determine
whether exogenous testosterone acutely affects bone and body
protein metabolism in prepubertal boys and, if so, to determine
whether such changes are the results of increases in bone accre-
tion and protein synthesis and/or decreases in the rates of bone
resorption and protein breakdown. In addition, we determined
whether the changes in whole body protein anabolism occurred
independent of or in conjunction with changes in the whole
body pool and turnover of glutamine. To accomplish this, a
group of six prepubertal boys received infusions of stable la-
beled tracers of leucine, glutamine, and calcium before and
after a short course of testosterone therapy.

Methods

Subjects
Six healthy boys (mean age = 12.9±0.6 yr) participated in this study
after informed written consent was obtained from their parents and
assent was obtained from the subjects. All were prepubertal on physical
exam (Tanner stage I) and had baseline early morning plasma testos-
terone concentrations < 30 ng/dl, as well as normal blood chemistries,
blood counts, and thyroid function. Subjects were recruited from our
pediatric endocrine clinics and had varying degrees of normal variant
short stature (mean height = 135.8±4.7 cm) and/or delayed puberty.

Experimental design
Each subject was studied twice. 3 d before the first study (study 1 ), they
consumed a weight maintenance diet of - 40 kcal - kg-' d-' and 55%
carbohydrates, 25% fat, and 20%protein. A regular calcium intake was
encouraged. Meal plans were prepared by our nutritionist and con-
sumed at home, and parents kept careful food records for determina-
tion of nutrient and calcium intake. Subjects were admitted to the
Jacksonville Wolfson Children's Hospital Clinical Investigation Unit
the afternoon before to the study. At 1800 h, a mixture of milk or fruit
juice with a stable isotope of calcium, "Ca, (0.5 mg/kg) was consumed
orally and a fractionated urine collection was begun and continued for
the next 38 h for the measurement of calcium isotopic enrichments.
The calcium mixture was prepared 8-12 h before ingestion for equili-
bration. The evening meal was consumed then, and subjects took noth-
ing by mouth except for water subsequently until 12 noon the next day.
At 0700 h the next morning (study 1 ), two intravenous catheters were
placed, one in the antecubital vein for the infusion of substances, and
the another in the dorsum of a hand vein for blood sampling, using the
heated hand technique (23). At - 0800 h (time 0), a primed dose-
constant infusion of L-[1-'3C]leucine (- 4.50 umol/kg; - 0.07
gmol - kg-' * min-') was initiated and continued for the next 240 min.
Simultaneously, an unprimed continuous infusion of L-[2-'5N]-
glutamine ( - 0.23 umol * kg-' . min') was initiated and continued
for 4 h. At -10 min, a slow infusion of 0.6 mg/kg of 42Ca was given
over 10 min. Arterialized blood samples and breath samples were col-
lected at frequent intervals as detailed below.

At 240 min, the amino acid tracer infusions were stopped and the
subjects ate lunch. At 1600 h, the last blood sample was obtained, and
the subjects were discharged with instructions, to complete the urine
collection through 0800 h the next morning. For 5 d after discharge,
two urine samples were collected daily (in the morning and evening)
and kept refrigerated for the measurement of calcium isotopic enrich-
ments.

After the baseline study was completed, five of the six boys received
an intramuscular injection of 100 mg of testosterone enanthate, and
one subject (subject 3) received 75 mg. 2 wk from the last injection, the
same testosterone enanthate dose was repeated, except that subject 3
received 50 mg. The subjects were studied a second time in an identical
fashion 4-5 d after the last injection (study 2). Because of a viral illness,
subject 2 could not be studied after the second testosterone injection,
hence a third injection was given 2 wk after the second one, and the
patient was studied 4-5 d after the last injection. The average dose of
testosterone was 3 mg/kg. The mode of administration of testosterone
enanthate chosen has been shown to produce nearly constant levels of
testosterone 4-5 d after injection (24). The doses chosen stem from
our clinical experience in youngsters with delayed puberty, in whom
similar doses of testosterone promote masculinization and short-term
linear growth.

Blood and breath samples
Oneach study day, arterialized venous blood samples were obtained at
min -20,-15,-5,0, 10,15,20,30,40,60,80,100,120,140,160,180,
200, and 240 for plasma enrichments of [1-'3C]leucine, [2-'5N1-
glutamine, "Ca, and 42Ca. An additional sample was obtained at 480
min for calcium enrichments. Serum GHconcentrations were mea-
sured at 20-min intervals throughout the infusion study. Plasma IGF-I,
IGF binding protein 3 (IGFBP3), and serum testosterone concentra-
tions were also measured at periodic intervals. Expired air samples
were collected to calculate the rate of expiratory loss of 13C02 at min
-20, -15, -5, 120, 160, 220, and 240.

Assays
All analyses of leucine and glutamine kinetics were performed at the
Nemours Children's Clinic Mass Spectroscopy Core Laboratory. The
analysis of the calcium kinetics was performed either at the Section on
Metabolic Analysis and Mass Spectrometry, National Institute of Child
Health and Human Development (Bethesda, MD) or at the United
States Department of Agriculture/Agricultural Research Service Chil-
dren's Nutrition Research Center (Houston, TX). The plasma enrich-
ments of L- [1- '3C] leucine and L- [2- 15N]glutamine were determined
by gas chromatography-mass spectrometry (5970 GC-MS; Hewlett
Packard, Palo Alto, CA), as previously described (25, 26). 13C02 en-
richments were determined using an automated dual-inlet isotope
mass ratio mass spectrometry (27, 28).

Total carbon dioxide production (Vco2) was determined at three
different times during the infusions using a calorimeter (PX-MAX;
Medical Graphics Corp., St. Paul, MN). Plasma IGF-I and IGFBP3
concentrations, as well as serum testosterone were determined by radio-
immunoassay (Endocrine Sciences Labs, Calabassas Hill, CA).
Growth hormone was measured in duplicate using the immunoradio-
metric assay of the Nichols Institute (San Juan Capistrano, CA).

Total calcium was measured on all urine samples by flame atomic
absorption mass spectrophotometry. Calcium isotope ratios were de-
termined by thermal ionization mass spectrometry using either a Ther-
moquad or a thermal ionization mass spectrometer (model 261; Finni-
gan MAT, Bremen, Germany) as previously described (29-32).

Isotopes
99%enriched L- [ 1-13C] leucine (Merck, Sharpe and Dohme, St. Louis,
MO)and 99%enriched L- [ 2- '5N ] glutamine (Tracer Technologies, So-
merville, MA) were determined to be sterile and pyrogen free (limulus
lysate assay) and diluted with 0.9% bacteriostatic saline. Sterile solu-
tions of 42Ca and "Ca were prepared by the National Institutes of
Health pharmacy and also tested for pyrogenicity and sterility before
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their use. Calcium isotopes were obtained from Oak Ridge National
Laboratory (Oak Ridge, TN) as calcium carbonate, dissolved in a hy-
drochloric acid solution and infused as a calcium chloride salt.

Calculations
Calcium kinetics. The mathematical methods used to calculate true
fractional calcium absorption (a) from dual tracers have been de-
scribed previously (32). The true fractional absorption of calcium is
calculated as the ratio of the accumulated oral vs intravenous tracer in
urine 24 h after administration:

ft
J 4'Ca in urine

124Ca in urine

Va (true dietary calcium absorption) is then calculated as

Va = Vi(total calcium intake), a.

Vndo (endogenous fecal calcium excretion) was estimated from pub-
lished data (30). Vbal (net calcium retention) is then calculated as

Vbal = Va - (Vu + Vndo) = Vo+ - Vo-,

where Vu is the total urinary calcium excretion rate, Vo+ is the rate of
bone accretion, and Vo- is the rate of bone resorption. The TEP of
calcium and the net forward flow of calcium into deep bone (Vo+) may
be calculated from the rate of disappearance of the intravenous tracer
in serum over time, using a three-term fit of exponentials as previously
described ( 10). TEP represents the calcium in metabolically active
bone that is in equilibrium with the plasma compartment and the ex-
tracellular fluid. Finally, Vt (bone turnover) can be calculated from the
expression Vt = Vo+ + Vu + Vndo, and Vo- can be estimated by
difference, as shown previously (10).

Leucine kinetics. The plasma enrichment of a-ketoisocaproic acid
(aKIC) was used as an index of the intracellular enrichment of leucine
(reciprocal pool model). All estimates of whole body leucine metabo-
lism were made at near substrate and isotopic steady state, between
180-240 min. The rate of appearance (Ra) of isotope, the rate of leu-
cine oxidation, and the nonoxidative leucine disappearance were cal-
culated as previously described (33, 34). Because of analytical prob-
lems with the aKIC assay in patient 2, the enrichments of plasma aKIC
were calculated as 70% of the plasma enrichment of leucine (33, 34).

Glutamine kinetics. Similar equations were used for the calcula-
tions of glutamine kinetics (35). However, since glutamine is a nones-
sential amino acid, its Ra has two components: release from protein
breakdown and glutamine de novo synthesis. Release from protein
breakdown was estimated from the leucine Ra, assuming contents of
8.0 g of leucine and 13.9 g of glutamine plus glutamate for every 100 g
of protein (36-37).

The rise of [2- '5N ] glutamine enrichment to plateau was fitted into
an exponential curve using nonlinear regression (35):

EP = Ejnf( -CM),

where Ep is the enrichment in plasma as a function of the sampling
time t (min). The fitted parameters were the enrichment at plateau Ejnf
(mol% excess) and the rate constant for amino acid turnover k
(min '). The size of the tracer-miscible glutamine pool was then calcu-

lated as k for each individual infusion study.

Statistics
All results are expressed as mean±SE. For normally distributed data,
one-tailed paired Student's t test was used to calculate differences be-
tween the means in different groups. Otherwise, Wilcoxon signed ranks
test was used to calculate the differences between groups. Significance
was established at P < .05.

Results

Table I summarizes the mean changes in body weight and
plasma testosterone, IGF- 1, IGFBP3, and GHconcentrations
during the sampling times at baseline (study 1) and after testos-
terone therapy (study 2). Each IGF- 1 and IGFBP3 concentra-
tion represents the average of three different measurements
during a 4-h period; the GHconcentrations represent both the
mean and peak GHvalues obtained during every 20 min sam-
pling for 4 h.

There were significant increases in body weight, as well as
the expected increase in serum testosterone and IGF- 1 concen-
trations after testosterone administration. Only modest yet sig-
nificant increases in IGFBP3 concentrations were observed
after androgenic exposure.

Calcium kinetics. Table II summarizes the changes in cal-
cium kinetics after the administration of testosterone in the
subjects studied. The fractional absorption of calcium a (a),
Va, and Vbal increased significantly after testosterone therapy.
Vo+ and the TEP of calcium were also increased by testoster-
one administration by 16 and 20%, respectively; however, the
number of subjects was too small to achieve statistical signifi-
cance. The value of Vo- was essentially unchanged after testos-
terone therapy. However, the relative contribution of bone re-
sorption to bone turnover (parameter E) was lower after testos-
terone therapy. Fig. 1 represents the mean changes in Va, Vbal,
and Vo+ before and after testosterone therapy.

Leucine kinetics. Data are available in five subjects. The
sixth patient had intermittent intravenous pump failure during
study 2, so his data are not included in this analysis. The rate of
[1- '3C] leucine infusions was identical for both study days,
0.07±0.003,gmol * kg-' - min' . At steady state, the plasma en-
richment of [1 - 13C ] aKIC was 3.24±0.39 and 2.86±0.19 mol%
for studies 1 and 2, respectively. The rate of 13C02 expired was
much lower on the second study date as compared to the first
one, 0.005±0.001 vs 0.013±0.001 ,.mol - kg-' min', whereas
the VCo2 was similar on both study days, 185+11 vs 171±16
ttmol * kg-' * min- for study days 1 and 2, respectively. In each
patient studied, there was a significant increase in the Ra of
leucine (1.80±0.08 vs 2.11±0.08 1Amol*kg- 'min-', P
= 0.36) and a concomitant decrease in the rate of leucine oxi-
dation (0.26±0.03 vs 0.13±0.02 Mmol *kg-l - min', P
= 0.004) with a net increase in the nonoxidative rate of leucine
disappearance (1.52±0.09 vs 2.03±0.09, ,gmol *kg- - min-',

Table I. Mean±SE of Weights and Serum Testoterone, IGF-I,
IGFBP3, and GHConcentrations in Subjects at Baseline
(Study 1) and after Testosterone Exposure (Study 2)

Study I Study 2 P

Weight (kg) 35.2±5.2 37.3±5.5 <0.00 1
Testosterone (ng/dl) 14.2±4.2 831±102 <0.0.01
IGF-I (ng/dl) 156±25 261±37 0.005
IGFBP3 (mg/i) 2.1±0.2 2.5±0.3 0.017
Mean GH(ng/ml) 2.2±0.6 6.6±1.7 0.030
Peak GH(ng/ml) 10.3±3.1 22.3±5.8 <0.050

The average dose of testosterone enanthate was 3 mg/kg given
twice in five subjects and three times in one subject. The doses were
given 2 wk apart and subjects studied 4-5 d from the last injection.
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Table IL Summary of Calcium Kinetics (n = 6)

Study I Study 2

Vi (mg/d) 1280±107 1470± 100*
a 0.35±0.07 0.52±0.04*
Va (mg/kg per d) 13.3±2.3 21.5±2.3*
Vu (mg/kg per d) 3.9±0.5 3.6±0.4
Vbal (mg/kg per d) 8.0±2.1 16.6±2.5*
Vo- (mg/kg per d) 61.1±6.4 63.9±6.1
Vo+ (mg/kg per d) 72.4±8.7 83.8±6.3
Vt (mg/kg per d) 74.4±6.0 85.5±6.7
TEP (mg/kg) 255.7±30.3 305.6±38.8
E = Vo-jVt 0.81±0.04 0.75±0.03

* P < 0.05. Vi, dietary calcium intake; Vu, total urinary calcium ex-
cretion; Vt, bone turnover rate; E, contribution to bone resorption
to bone turnover.

P = 0.009), an indicator of protein synthesis, after relatively
short-term exposure to testosterone (Fig. 2).

Glutamine kinetics. Glutamine Ra increased after testoster-
one administration, from 6.97±0.54 to 9.22±0.59 ,umol
kg- -I min-', P < 0.05. This change of - 32% was accounted
for by increases in both glutamine release from protein break-
down (2.78±0.12 vs 3.26±0.12 umol -kg-l ' min' ), and glu-
tamine de novo synthesis (4.30±1.31 vs 6.10±1.40 ,umol -
kg- . min-'). Since no priming dose was used during the la-
beled glutamine infusion, the increase in plasma [2-15N]-
glutamine from each infusion study could be fitted to a curve
using nonlinear regression. Fig. 3 shows a plot of the composite
time course for the six patients before and after testosterone
treatment. While the rate constant parameter k did not vary
(0.029±0.003 vs 0.030±0.004 min' after testosterone) on the
two study days, there was an increase in the size of tracer-misci-
ble glutamine pool (251±23 vs 330±43 ,mol/kg after testos-
terone therapy); however, this increase failed to reach statisti-
cal significance.

Discussion

Both androgens and estrogens have been used extensively in
the treatment of youngsters with exaggerated delay of entry
into puberty. In boys, aromatizable (testosterone) and nonaro-
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Figure 2. Mean±SEof the rates of appearance, leucine oxidation, and
nonoxidative leucine disappearance (NOLD) in five prepubertal boys
before (-) and after (C) treatment with testosterone enanthate for
4-6 wk. Note the difference in the ordinate for the middle panel
(leucine oxidation). Units = Mmol * kg-' - min-'.

matizable (oxandrolone) androgenic hormones seem to have a.
positive effect on linear growth and, if continued, on viriliza-
tion (38-39). The specific bodily changes mediating such an
effect have not been studied in detail, specifically the changes
in protein accretion and the accrual of calcium into bone.

In these studies on prepubertal boys, we have shown posi-
tive changes in all parameters of bone accretion and calcium
retention after short-term testosterone therapy. The size of the
pool of metabolically active calcium (TEP) was also increased
by the administration of androgenic steroids, and the relative
contribution of bone resorption to bone turnover was de-
creased after this short term exposure to testosterone, all of
which is compatible with increased growth. Bone mineral den-
sity has been shown to be significantly decreased in young adult
males who experienced a delayed entry into puberty (constitu-
tional delay of puberty) as compared with men who entered
puberty normally (9). Similarly, bone density was increased in
hypogonadal young men given testosterone substitution ther-
apy (40). Since calcium is a major component of trabecular
bone, our findings in the studies reported here strongly suggest
that a pivotal role of both sex steroidal hormones and the tim-
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Figure 3. Composite time course of plasma glutamine amino "5N
enrichments during unprimed infusion of L-[2- '5N Iglutamine. En-
richments were averaged at each time point for the six patients stud-
ied. o, Baseline infusion (study 1); ., posttestosterone infusion
(study 2).
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ing of exposure to these hormones in the adequate develop-
ment of the density of the axial skeleton in man.

The anabolic effects of sex-steroidal hormones on protein
and calcium accretion may depend not only on the kind of
hormone used, but also on the length of exposure and the sex of
the individual as well. Using infusions of stable isotopic tracers
of leucine, we have also shown that even short-term exposure
to androgenic hormones has a specific yet significant effect on
estimates of whole body protein synthesis and proteolysis with
an over-all improvement in leucine and presumably protein
balance. As shown previously (1), mean GHconcentrations
and plasma IGF-I concentrations increased significantly with
exogenous testosterone therapy. However, GHalone appears
to mediate its effects on protein kinetics by selectively increas-
ing estimates of protein synthesis with no apparent effect on
estimates of proteolysis (33), whereas exogenous testosterone
significantly affects estimates of both proteolysis and protein
synthesis in the youngsters studied here.

Our results on whole body protein kinetics differ from that
of Griggs and colleagues ( 17), who found no change in whole
body protein anabolism after androgen administration despite
increases in muscle protein synthesis in a group of adults with
myotonic dystrophy. The differential effect of exogenous tes-
tosterone on whole body protein maybe caused by the hypoan-
drogenic state of the boys studied here, contrary to the adults
reported previously, who presumably had adequate virilization
secondary to the endogenous rise of testosterone. It is conceiv-
able that the amplifying effect of testosterone (and GH) on
whole body protein metabolism is exerted most dramatically
during the narrow window of the pubertal years in which the
body is first exposed to androgens after more than a decade of
nonexposure.

Weobserved a significant increase in glutamine production
in the present study, which can indeed be accounted for by an
enhanced rate of glutamine synthesis. This may, in turn, be
caused by stimulation of the enzyme glutamine-synthetase by
testosterone, or alternatively, to increased availability of pre-
cursor substrates. Wehave shown previously that branched-
chain amino acids are a major source of glutamine nitrogen
(41): increased release of amino acids from greater rates of
proteolysis may thus have promoted glutamine synthesis. We
observed a similar pattern ( - 40% rise in glutamine synthesis,
with an - 15% rise in proteolysis) in healthy adults receiving
high physiological doses of cortisol (42). Both sex steroids and
glucocorticoids increased the rate of appearance of leucine.
However, while the glucocorticosteroid administration results
in no change in estimates of protein synthesis and directs the
excess leucine to oxidative loss, sex steroids significantly reduce
the oxidative losses of this essential amino acid while concomi-
tantly increasing estimates of protein synthesis.

Weconclude that short-term testosterone therapy in the
prepubertal human (a) increases bone calcium accretion by
increasing calcium absorption, calcium retention, and net for-
ward flow of calcium into bone while having no effect on bone
resorption; (b) in addition, there is a specific and significant
increase in estimates of leucine and presumably whole body
protein balance after short-term androgen exposure by increas-
ing the rate of leucine entering protein more than that released
from protein, suggesting significant redistribution of body
amino acid into different protein pools; and (c) we observed
comparable increases in glutamine turnover pools and the
amount of glutamine released from muscle and glutamine's de

novo synthesis, but could not relate the changes in leucine me-
tabolism to those of the glutamine exchangeable pool. The lat-
ter suggests that the changes in whole body protein metabolism
induced by testosterone are not mediated predominantly by
changes in the glutamine pool.

Wepostulate a specific amplifying effect of androgenic hor-
mones on protein and calcium metabolism in prepubertal chil-
dren potentiating growth. Such an effect on protein may result
from either a direct impact of androgens or at least partially
mediated through the endogenous increase of circulating GH.
These specific acute effects of low doses of androgens may be
specific for the time of puberty.

Acknowledgments

Weare grateful to Susan Welch and Annie Rini for coordinating the
study; and Reed Parsons for laboratory support; Ginger Bauler, Kath-
leen Kern, and Dr. Alan Rogol for measurement of growth hormone;
Bernice Rutledge and the nursing staff ofthe Wolfson Children's Hospi-
tal for the care of our patients; William Tucker for the art work; and
Diane Goin and Laurie Waddell for typing the manuscript.

These studies were funded by the Nemours Foundation (Jackson-
ville, FL) and National Institutes of Health ROI grant 26989.

References

1. Mauras, N., R. M. Blizzard, K. Link, M. L. Johnson, A. D. Rogol, and J. D.
Veldhuis. 1987. Augmentation of growth hormone secretion during puberty:
evidence for a pulse amplitude-modulated phenomenon. J. Clin. Endocrinol. &
Metab. 64:596-601.

2. Mauras, N., A. D. Rogol, and J. D. Veldhuis. 1989. Specific, time-depen-
dent actions of low dose ethinyl estradiol administration on the episodic release of
growth hormone, follicle-stimulating hormone and lutenizing hormone in prepu-
bertal girls with Turner's syndrome. J. Clin. Endocrinol. & Metab. 69:1053-
1058.

3. Kiel, D. P., D. T. Felson, J. J. Anderson, P. W. F. Wilson, and M. A.
Moskowitz. 1987. Hip fracture and the use of estrogens in post-menopausal
women. N. Engl. J. Med. 317:1169-1174.

4. Ettinger, B., H. K. Genant, and C. E. Cann. 1987. Postmenopausal bone
loss is prevented by treatment with low-dosage estrogen with calcium. Ann. In-
tern. Med. 106:40-45.

5. Johansen, J. S., B. J. Riis, C. Hassager, M. Moen, J. Jacobson, and C.
Christiansen. 1988. The effect of a gonadotropin-releasing hormone agonist ana-
log (nafarelin) on bone metabolism. J. Clin. Endocrinol. & Metab. 67:701-706.

6. Klibanski, A., B. M. K. Biller, D. I. Rosenthal, D. A. Schoenfeld, and V.
Saxe. 1988. Effects of prolactin and estrogen deficiency in amenorrheic bone loss.
J. Clin. Endocrinol. & Metab. 67:124-130.

7. Fisher, E. C., M. E. Nelson, W. R. Frontera, R. N. Turksoy, and W. J.
Evans. 1986. Bone mineral content and levels of gonadotropins and estrogens in
amenorrheic running women. J. Clin. Endocrinol. & Metab. 62:1232-1236.

8. Johnston, C. C., J. Z. Miller, C. W. Slemenda, T. K. Reister, S. Hui, J. C.
Christian, and M. Peacock. 1992. Calcium supplementation and increases in
bone mineral density in children. N. Engl. J. Med. 327:82-87.

9. Finkelstein, J. S., R. M. Neer, B. M. K. Biller, J. D. Crawford, and A.
Klibanski. 1992. Osteopenia in menwith a history of delayed puberty. N. Engl. J.
Med. 326:600-604.

10. Abrams, S. A., N. V. Esteban, N. E. Vieira, J. B. Sidbury, B. L. Specker,
and A. L. Yergey. 1992. Developmental changes in calcium kinetics in children
assessed using stable isotopes. J. Bone Miner. Res. 7:287-293.

11. Esteban, N. V., S. Malozowski, A. L. Yergey, and N. E. Vieira. 1991.
Effects of testosterone administration on Ca kinetics in the cymologous macaque.
Proc. Endocrine Soc. Meet., 73rd, Wash. DC. Abstract no. 979, p. 275.

12. Krotkiewski, M., J. G. Kral, and J. Karlsson. 1980. Effects of castration
and testosterone substitution on body composition and muscle metabolism in
rats. Acta Physiol. Scand. 109:233-237.

13. Evans, W. J., and J. L. Ivy. 1982. Effects of testosterone propionate on
hindlimb-immobilized rats. J. Appl. Physiol. 52:1643-1647.

14. Romshe, C. A., and J. F. Sotos. 1980. The combined effect of growth
hormone and oxandrolone in patients with growth hormone deficiency. J. Pe-
diatr. 96:127-131.

15. Rudman, D., M. Goldsmith, M. Kutner, and D. Blackston. 1980. Effect of
Growth Hormone and oxandrolone singly and together on growth rate in girls
with X chromosome abnormalities. J. Pediatr. 96:132-135.

1018 Mauras, Haymond, Darmaun, Vieira, Abrams, and Yergey



16. Forbes, G. B. 1985. The effect of anabolic steroids on lean body mass: the
dose response curve. Metabolism. 34:571-573.

17. Griggs, R. C., D. Halliday, W. Kingston, and R. T. Moxley. 1986. Effect of
testosterone on muscle protein synthesis in myotonic dystrophy. Ann. Neurol.
20:590-596.

18. Jepson, M. M., P. C. Bates, P. Broadbent, J. M. Pell, and D. J. Millward.
1988. Relationship between glutamine concentration and protein synthesis in rat
skeletal muscle. Am. J. Physiol. 255:E166-E172.

19. MacLennan, P. A., R. A. Brown, and M. J. Rennie. 1987. A positive
relationship between protein synthetic rate and intracellular glutamine concen-
tration in perfused rat skeletal muscle. FEBS(Fed. Eur. Biochem. Soc.) Lett.
215:187-191.

20. Vinnars, E., J. Bergstom, and P. Furst. 1975. Influence of the post-opera-
tive state on the intracellular free amino acids in human muscle tissue. Ann Surg.
182:665-671.

21. Stehle, P., J. Zander, N. Mertes, S. Albers, C. Puchstein, P. Lawin, and P.
Furst. 1989. Effect of parenteral glutamine peptide supplements on muscle gluta-
mine loss and nitrogen balance after major surgery. Lancet. i:23 1-233.

22. Wernerman, J., F. Hammarqvist, and E. Vinnars. 1990. a-Ketoglutarate
and postoperative muscle catabolism. Lancet. 335:701-703.

23. Copeland, K. C., F. A. Kenney, and K. S. Nair. 1992. Heated dorsal hand
vein sampling for metabolic studies: a reappraisal. Am. J. Physiol. 263:EI1OO-
E1014.

24. Sokol, R. Z., A. Palacios, L. A. Campfield, C. Saul, and R. S. Swerdloff.
1982. Comparison of the kinetics of injectable testosterone in eugonadal and
hypogonadal men. Fertil. Steril. 37:425-430.

25. Schwenk, W. F., P. J. Berg, B. Beaufrere, J. M. Miles, and M. W. Hay-
mond. 1984. Use of t-butyldimethylsilylation in the gas chromatographic/mass
spectrometric analysis of physiologic compounds found in plasma using electron-
impact ionization. Anal. Biochem. 141:101-109.

26. Darmaun, D., M. J. Manary, and D. E. Matthews. 1985. A method for
measuring both glutamine and glutamate levels and stable isotopic enrichments.
Anal. Biochem. 147:92-102.

27. Schoeller, D. A., and P. D. Klein. 1979. A microprocessor controlled mass
spectrometer for the fully automated purification and isotopic analysis of breath
carbon dioxide. Biomed. Mass Spectrom. 6:350-355.

28. Staten, M. A., D. M. Bier, and D. E. Matthews. 1984. Regulation of valine
metabolism in man: a stable isotope study. Am. J. Clin. Nutr. 40:1224-1234.

29. Abrams, S. A., N. V. Esteban, N. E. Vieira, and A. L. Yergey. 1991. Dual

tracer stable isotopic assessment of calcium absorption and endogenous fecal
excretion in low birth weight infants. Pediatr. Res. 29:615-618.

30. Abrams, S. A., J. B. Sidbury, J. Muenzer, N. V. Esteban, N. E. Vieira, and
A. L. Yergey. 1991. Stable isotopic measurement of endogenous fecal calcium
excretion in children. J. Pediatr. Gastroenterol. Nutr. 12:469-473.

31. Yergey, A. L., S. A. Abrams, N. E. Vieira, R. Eastell, L. S. Hillman, and
D. G. Covell. 1990. Recent studies of human calcium metabolism using stable
isotopic tracers. Can. J. Physiol. Pharmacol. 68:973-976.

32. Yergey, A. L., N. E. Vieira, and D. G. Covell. 1987. Direct measurement
of dietary fractional absorption using calcium isotopic tracers. Biomed. Environ.
Mass Spectrom. 14:603-607.

33. Horber, F. F., and M. W. Haymond. 1990. Human growth hormone
prevents the protein catabolic side effects of prednisone in humans. J. Clin.
Invest. 86:265-272.

34. Beaufrere, B., F. F. Horber, W. F. Schwenk, H. M. Marsh, D. Matthews,
J. E. Gerich, and M. W. Haymond. 1989. Glucocorticosteroids increase leucine
oxidation and impair leucine balance in humans. Am. J. Physiol. 257:E712-
E72 1.

35. Darmaun, D., D. E. Matthews, and D. M. Bier. 1986. Glutamine and
glutamate kinetics in humans. Am. J. Physiol. 251 E1 17-126.

36. Orr, M. L., and B. K. Watt. 1957. Amino Acid Content of Foods. U.S.
Agricultural Research Service, Washington, DC.

37. Block, R. J., K. W. Weiss. 1956. Amino Acid Handbook: Methods and
Results of Protein Analysis. Thomas, Springfield, IL.

38. Stanhope, R., M. Bommen, and C. G. D. Brook. 1985. Constitutional
delay of growth and puberty in boys: the effect of a short course of treatment with
fluoxymesterone. Acta Paediatr. Scand. 74:390-393.

39. Stanhope, R., C. R. Buchanan, G. C. Fenn, and M. A. Preece. 1988.
Double blind placebo controlled trial of low dose oxandrolone in the treatment of
boys with constitutional delay of growth and puberty. Arch Dis Child 63:501-
505.

40. Devogelaer, J. P., S. DeCooman, and C. N. deDeuxchaisnes. 1992. Low
bone mass in hypogonadal males. Effect of testosterone substitution therapy, a
densitometric study. Maturitas. 15:17-23.

41. Darmaun, D., and P. Dechelotte. 1991. Role of leucine as a precursor of
glutamine a-amino nitrogen in vivo in humans. Am. J. Physiol. 260:E326-329.

42. Darmaun, D., D. E. Matthews, and D. M. Bier. 1988. Physiological hyper-
cortisolemia increases proteolysis, glutamine, and alanine production. Am. J.
Physiol. 255:E366-373.

Calcium and Protein Kinetics in Prepubertal Boys: Effects of Testosterone 1019


