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ABSTRACT
Testosterone-induced nitrogen retention in castrated male animals

and sex-related differences in the size of the muscles in male and
female animals have been cited as evidence that testosterone has
anabolic effects. However, the effects of testosterone on body compo-
sition and muscle size have not been rigorously studied. The objective
of this study was to determine the effects of replacement doses of
testosterone on fat-free mass and muscle size in healthy hypogonadal
men in the setting of controlled nutritional intake and exercise level.

Seven hypogonadal men, 19–47 yr of age, after at least a 12-week
washout from previous androgen therapy, were treated for 10 weeks
with testosterone enanthate (100 mg/week) by im injections. Body
weight, fat-free mass measured by underwater weighing and deu-
terated water dilution, and muscle size measured by magnetic res-
onance imaging were assessed before and after treatment. Energy
and protein intake were standardized at 35 Cal/kgzday and 1.5
g/kgzday, respectively.

Body weight increased significantly from 79.2 6 5.6 to 83.7 6 5.7
kg after 10 weeks of testosterone replacement therapy (weight gain,

4.5 6 0.6 kg; P 5 0.0064). Fat-free mass, measured by underwater
weighing, increased from 56.0 6 2.5 to 60.9 6 2.2 kg (change, 15.0 6
0.7 kg; P 5 0.0004), but percent fat did not significantly change.
Similar increases in fat-free mass were observed with the deuterated
water method. The cross-sectional area of the triceps arm muscle
increased from 2421 6 317 to 2721 6 239 mm2 (P 5 0.045), and that
of the quadriceps leg muscle increased from 7173 6 464 to 7720 6 454
mm2 (P 5 0.0427), measured by magnetic resonance imaging. Muscle
strength, assessed by one repetition maximum of weight-lifting ex-
ercises increased significantly after testosterone treatment. L-[1-
13C]Leucine turnover, leucine oxidation, and nonoxidative disappear-
ance of leucine did not significantly change after 10 weeks of
treatment. There was no significant change in hemoglobin, hemato-
crit, creatinine, and transaminase levels.

Replacement doses of testosterone increase fat-free mass and mus-
cle size and strength in hypogonadal men. Whether androgen re-
placement in wasting states characterized by low testosterone levels
will have similar anabolic effects remains to be studied. (J Clin En-
docrinol Metab 82: 407–413, 1997)

KOCHAKIAN demonstrated 50 yr ago that testosterone
increases nitrogen retention in castrated male animals

of many species (1–3). Similar effects on urinary nitrogen
excretion were observed in eunuchoidal men, boys before
puberty, and women (2–6). These data along with the gen-
der-related differences in the size of many sexually dimor-
phic muscles, particularly masseter and levator ani in ro-
dents, suggested that testosterone might have anabolic
effects (2, 3, 5). Recognition of the anabolic properties of
androgen prompted efforts by pharmaceutical companies to
develop compounds that had anabolic properties but no

androgenic activity; these compounds came to be known as
the anabolic steroids (2–3, 5–9). Despite the lack of conclusive
evidence, androgenic/anabolic steroids are widely abused
because of the perception that these compounds increase
muscle size and strength (2, 5–12). Although clinical expe-
rience indicates that hypogonadal men treated with testos-
terone replacement gain weight, the effects of testosterone on
body composition and muscle size have not been rigorously
studied in this patient population (1, 2, 5). Previous studies
performed in the 1940s and 1950s used relatively insensitive
methods for assessment of protein synthesis, did not control
dietary intake or exercise level (1, 4), and did not assess body
composition.

Recent years have witnessed a resurgence of interest in
exploring the anabolic applications of androgens, particu-
larly to reverse the sarcopenia associated with the human
immunodeficiency virus, cancer, aging, and other chronic
illnesses (13–18). We, therefore, examined the effects of tes-
tosterone replacement therapy on body composition and
muscle size in otherwise healthy hypogonadal men. Energy
and protein intake and exercise level were controlled
throughout the 10-week treatment period. Body composition
was assessed by underwater weighing and deuterium water
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methods. Those men who were previously receiving testos-
terone replacement therapy underwent a 12-week washout
to maximize the chances of demonstrating androgen-in-
duced changes in body composition.

Materials and Methods

This study was approved by the institutional review boards of the
Charles R. Drew University of Medicine and Science (Los Angeles, CA)
and the Harbor-University of California-Los Angeles Research and Ed-
ucation Institute (Torrance, CA). All men gave informed written consent.

Subjects

The study participants were hypogonadal men, 19–50 yr of age and
otherwise in good health. Those with diabetes, systemic illness, or neo-
plastic disease were excluded. The men had previously been treated
with testosterone esters or gonadotropins. Men who had ever used
recreational drugs or had a history of psychiatric or behavioral disorders
were excluded.

Study design

Of the nine men who were recruited, two dropped out during the
early treatment phase because of scheduling difficulties or compliance
problems. The remaining seven men completed all aspects of the study.
This was an open label, nonrandomized study. The study was divided
into a washout period and a 10-week treatment period. At the end of the
10-week treatment period, the subjects resumed their usual treatment,
but were asked to return 4 months later for evaluation.

Standardization of protein and energy intake

Two weeks before the beginning of treatment (day 1), the subjects
were instructed to consume a standardized daily 36 Cal/kg diet con-
taining 1.5 g/kg protein and 100% of the RDA intake of vitamins,
minerals, and trace elements. Dietary compliance was verified every 4
weeks by 3-day food records. Dietary intake was adjusted every 2 weeks
based on changes in body weight.

Washout from previous testosterone treatment

All subjects were required to stop testosterone treatment at least 12
weeks before the initiation of the study to reverse the effects of prior
testosterone treatment. The subjects were asked not to undertake any
weight lifting or heavy endurance exercise for 4 weeks before starting
testosterone treatment.

Testosterone treatment

The participants received 100 mg testosterone enanthate in sesame
oil, im, weekly at the Clinical Research Center. This is the usual dose
given for replacement therapy in men with hypogonadism and is be-
lieved to be physiological (19–21). Previous studies (19–21) had estab-
lished that a dose of 100 mg given every week provides less fluctuations
in serum testosterone levels than regimens employing 200 mg every 2
weeks or 300 mg every 3 weeks.

Exercise

The men were asked not to undertake any weight lifting or moderate
to heavy endurance exercise. These instructions were reinforced during
their visits to the Clinical Research Center.

Evaluation procedures and outcome measures

The primary outcome measure was fat-free mass determined by
underwater weighing. In addition, body composition was assessed by
the deuterium water dilution method. Muscle size was measured by
magnetic resonance imaging, and muscle strength was determined by
one repetition maximum of the bench press and squat exercises before
and at the end of the 10-week treatment period. Body weight was
recorded with minimal clothing on the same scale every 2 weeks. Serum

total and free testosterone levels, LH, FSH, and sex hormone-binding
globulin were measured during weeks 24, 22, and 21 before treatment
and on days 2, 3, 7, 14, 28, 42, 56, and 70 of the treatment period. Blood
counts and chemistries (including serum transaminase levels) were mea-
sured during weeks 24 and 21 before treatment; on days 28, 56, and 70
of the treatment period; and at the end of the 4-month recovery period.
Periodic evaluations for adverse experiences were made during weeks
24 and 21 before treatment; on days 28, 56, and 70 of the treatment
period; and 4 months after discontinuation of treatment.

Assessment of muscle size

Muscle size was measured by magnetic resonance imaging of the arm
and leg at the middiaphysial level, the junction of the upper third and
middle third, and the junction of the middle third and lower third (22).
The cross-sectional areas of the limb, the sc tissue, the muscle compart-
ment, and the quadriceps or the triceps muscles were computed.

Body composition analysis

Fat-free mass was estimated from body density measurements ob-
tained by underwater weighing. During underwater weighing, the men
were asked to exhale to residual lung volume, which was measured by
helium dilution immediately before testing.

For the deuterium dilution method of analysis of body composition,
the men ingested 20 g deuterium oxide by mouth and washed it down
with an additional 100 mL tap water (23). Plasma samples were drawn
at 215, 0, 120, 180, and 240 min. Preliminary studies had shown that a
steady state of plasma deuterium concentrations is maintained between
120–240 min.

Muscle strength

Effort-dependent muscle performance was assessed by the one rep-
etition maximum method for the supine bench press and parallel squat
exercises (24). Each man completed a sequence of increasingly more
difficult lifts; the maximum amount of weight lifted, the one repetition
maximum, was recorded as a measure of strength. The men were in-
structed in the proper technique and tested on two different occasions,
several days apart, until stable measurements of strength were achieved.

Hormone measurements

Serum LH and FSH were measured by immunofluorometric assays
(25, 26), each with a sensitivity of 0.05 IU/L. The cross-reactivity of the
free a-subunit and other glycoproteins in the LH and FSH assays was
less than 1%. Serum testosterone was measured by immunoassay, and
free testosterone was measured by equilibrium dialysis (26), as previ-
ously described. Serum sex hormone-binding globulin was measured by
immunoassays using reagents purchased from Delphia-Wallac (Turku,
Finland) (22).

Study of protein dynamics

After an overnight fast, the whole body leucine kinetics and oxidation
were measured during a primed continuous iv infusion of l-[1-
13C]leucine (27). A bolus dose of 1 mg/kg l-[1-13C]leucine and [13C]so-
dium bicarbonate (0.08 mg/kg) was injected iv to prime the respective
pools followed by a constant infusion of 1 mg/kgzh l-[1-13C]leucine into
a forearm vein (28). Samples of venous blood, drawn from a superficial
hand vein (retrograde direction) in the opposite arm, and expired air
were collected at 10 and 0 min before and 2, 6, 7, and 8 h after the start
of the infusion. The exhaled air was collected in a latex bag, and a sample
of the mixed exhalate was transferred to an air-tight glass vial for
measurement of 12CO2 and 13CO2.

Plasma a-keto-isocaproic acid, the intracellular conversion product
and ketoacid of leucine, was chemically derivatized to trimethylsilyl
quinoxalinol. Plasma a-[13C]keto isocaproic acid isotopic enrichment
was determined using electron impact ionization gas chromatography-
mass spectrometry (5980A-MSD, Hewlett-Packard, Palo Alto, CA). Sep-
aration of ketoacids was achieved using a DB-1 capillary column (12 m;
id, 0.25 mm; 0.33-mm film) and selected ion monitoring of mass to charge
(m/z) 233 and 232 was used to measure isotopic abundance (28). The
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partial pressure of CO2 in the expired air was measured using a mass
spectrometer (model 1100 Medical Gas Analyzer, Perkin-Elmer), and the
volume of gas was measured with a Colins gasometer (Instrumentation
Associates, New York, NY). Expired air 13CO2 and 12CO2 were measured
using an isotope ratio mass spectrometer (27).

The molar enrichment of the labeled species was calculated from mass
spectra using the least square approach. Plasma leucine flux, leucine
oxidation, and nonoxidative leucine disappearance were calculated us-
ing plasma [13C]a-keto-isocaproic acid abundance at plateau as previ-
ously described. The whole body protein synthesis rate was calculated
from the nonoxidative portion of leucine flux, assuming that the leucine
content of protein in human tissue is 7.8%.

Statistical analysis

The data were averaged across subjects to obtain group means and
sem. Baseline and week 10 values were compared using the paired t test.
Significance was accepted as P , 0.05.

Results
Subjects

The subjects were healthy hypogonadal men, ranging in
age from 21–47 yr (Table 1); three were Caucasian, two were
African-American, one was Hispanic, and one was Asian-
American. Four men had hypergonadotropic hypogonadism
due to Klinefelter’s syndrome. Two patients had hypogona-
dotropic hypogonadism; one of these two patients had id-
iopathic hypogonadotropic hypogonadism, and the other
had panhypopituitarism due to resection of a craniophar-
yngioma. One man had hypogonadism in association with
multiple autoimmune endocrine organ failures; however,
this patient had LH and FSH levels in the normal range
(Table 1).

There was no significant change in hemoglobin, hemato-
crit, or serum creatinine concentrations during the treatment
period (Table 2). Serum aspartate aminotransferase, alanine
aminotransferase, g-glutamyl transpeptidase, and alkaline
phosphatase levels did not change significantly (Table 2).

Hormone levels

Serum testosterone levels increased from a baseline of
2.5 6 1.0 to 17.7 6 3.2 nmol/L (mean 6 sem) on day 15 and
were maintained in the normal male range throughout the
treatment period (Table 3). These values represent nadir
levels 7 days after each testosterone injection, and serum
testosterone levels at other times were presumably higher.
Free testosterone levels increased from a baseline of 66 6 24
pmol/L to 257 6 69 on day 29, 243 6 42 on day 57, and 239 6
28 during week 10 (Table 3). Serum LH levels decreased

significantly from 13.9 6 3.2 to 3.1 6 1.5 U/L, and serum FSH
levels decreased from 24.5 6 4.5 to 6.0 6 2.0 U/L during week
10 in the five hypergonadotropic men (Table 3).

Body weight

All men experienced increases in body weight ranging
from 2.8–7.0 kg, for an average gain of 4.5 6 0.6 kg (P 5
0.0004) or 5.8 6 1.0% (Fig. 1). The subjects started to gain
weight within 1 or 2 weeks after starting treatment, and there
was progressive weight gain throughout the first 6 weeks of
the treatment period (data not shown).

Fat-free mass

Fat-free mass, measured by underwater weighing, in-
creased significantly from 56.0 6 2.5 to 60.9 6 2.2 kg by an
average of 5.0 6 0.7 kg (P 5 0.0004) or 8.9 6 1.4% (Fig. 1).
Thus, almost all the weight gain could be explained by the
increase in fat-free mass. The percent fat did not significantly
change during treatment (26.9 6 3.0% at baseline vs. 25.7 6
3.4% at 10 weeks; change, 21.3 6 1.4 kg; P 5 NS).

Similar increases in fat-free mass were observed with the
deuterium water dilution method (Fig. 2; 56.1 6 4.5 vs. 63.1 6
5.3 kg, baseline vs. week 10; P 5 0.008). Total body water
increased from 40.9 6 3.3 kg at baseline to 46.0 6 3.9 kg at
week 10; however, the percent water did not significantly
change (52 6 3% vs. 55 6 3%; P 5 0.08). Fat mass, derived
by the deuterium water method, did not significantly change
(22.8 6 4.1 vs. 20.6 6 3.4 kg; P 5 NS).

Muscle size

The cross-sectional area of the arm muscles increased sig-
nificantly at all three levels (Table 4). The triceps muscle area
increased by 12% (2421 6 317 mm2 at baseline vs. 2721 6 239
mm2 at week 10; P 5 0.046). The cross-sectional area of the
leg increased significantly; the quadriceps area increased by
8% from 7173 6 464 at baseline to 7720 6 454 mm2 at week
10 (P 5 0.043; Table 4). The sc fat area in the arm or thigh did
not significantly change.

Muscle strength

Strength in the bench press increased from 50.4 6 4.1 to
61.4 6 4.1 kg, for a gain of 22 6 3% (P , 0.002). The squat
strength increased from 70.0 6 10.9 to 101.8 6 12.7 kg (P ,
0.006).

TABLE 1. Clinical characteristics of the hypogonadal men

Subject no. Age (yr) Race Wt (kg) Ht (cm) BMI (kg/m2) Diagnosis LH (U/L) FSH (U/L) Testosterone
(nmol/L)

1 47 B 102.2 195.6 26.7 Klinefelter’s 21.2 25.8 1.4
2 44 C 75.0 182.9 22.4 Klinefelter’s 11.8 21.5 0.7
3 21 C 62.4 185.5 18.1 IHH 5.9 0.4 0.7
4 28 B 65.4 182.9 19.6 Panhypopituitarism 1.2 0.8 2.8
5 31 A 94.8 170.2 32.7 Klinefelter’s 19.1 34.2 3.5
6 38 C 82.0 175.2 26.7 Klinefelter’s 14.9 32.0 7.7
7 44 H 72.4 163.7 27.0 Hypogonadism in association with autoimmune

diseases of the adrenal and thyroid
2.7 8.8 0.7

B, African-American; C, Caucasian; A, Asian; H, Hispanic; IHH, idiopathic hypogonadotropic hypogonadism; Klinefelter’s, primary testicular
failure due to Klinefelter’s syndrome; Panhypopituitarism, multiple pituitary hormone deficiencies after resection of a craniopharyngioma.
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TABLE 2. Hemoglobin, hematocrit, and serum creatinine, and transaminase concentrations before and during testosterone treatment

Baseline Day 29 Day 57 10 weeks P

Hemoglobin (g/L) 138.0 6 7 139 6 2 148 6 4 143 6 5 NS
Hematocrit (L/L) 0.402 6 0.023 0.415 6 0.008 0.443 6 0.010 0.432 6 0.013 NS
Creatinine (mg/dL) 1.1 6 0.1 1.1 6 0.1 1.0 6 0.1 1.0 6 0.1 NS
AST (U/L) 26 6 5 17 6 2 19 6 2 18 6 2 NS
ALT (U/L) 30 6 8 19 6 4 23 6 3 22 6 4 NS
GGT (U/L) 52 6 22 36 6 16 38 6 17 35 6 14 NS
Alkaline Phosphatase (U/L) 88 6 17 84 6 17 84 6 17 80 6 16 NS

Data are the mean 6 SEM. GGT, g-Glutamyl transpeptidase.

TABLE 3. Serum total and free testosterone, LH, and FSH concentrations before and after 10 weeks of testosterone treatment

Baseline Day 15 Day 29 Day 43 Day 57 Day 64 Week 10

Testosterone (nmol/L) 2.5 6 1.0 17.7 6 3.2 15.6 6 2.8 15.5 6 3.9 19.5 6 3.1 19.5 6 4.0 26.6 6 6.3
Free testosterone (pmol/L) 66 6 24 257 6 69 243 6 42 239 6 28
LH (IU/L) 13.9 6 3.2 9.8 6 2.7 6.9 6 2.4 6.2 6 2.3 5.1 6 2.6 4.6 6 2.6 3.1 6 1.5
FSH (IU/L) 24.5 6 4.5 13.8 6 3.4 11.6 6 3.7 10.6 6 3.6 6.0 6 2.0

The hormone levels were measured on days 15, 29, 43, 57, and 64, 1 week after the previous testosterone injection; these levels, therefore,
coincide with the nadir testosterone levels. Week 10 blood samples were obtained on day 68 6 2, usually 4–6 days after the preceding testosterone
injection on day 64. Data are the mean 6 SEM. n 5 7 for total and free testosterone levels. However, LH and FSH levels represent the mean 6
SEM of four hypergonadotropic men and one man with low testosterone levels and normal LH and FSH levels in association with autoimmune
multiple endocrinopathies. To convert total testosterone levels to nanograms per dL, divide by 0.0347; to convert values for free testosterone
to picograms per mL, divide by 3.47.

FIG. 1. Body weight, fat-free mass, and percent fat at baseline and
after 10 weeks of testosterone replacement therapy. Fat-free mass
and fat mass were derived from body density measurements by weigh-
ing the men in air and under water. P values are shown for compar-
isons of baseline and week 10 measurements. Data are the mean 6
SEM.

FIG. 2. Total body water, percent body water, and fat-free mass mea-
sured by the deuterated water method at baseline and after 10 weeks
of testosterone replacement therapy. P values are shown for compar-
ison of baseline and week 10 measurements. Data are the mean 6
SEM.
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Protein metabolism

Whole body leucine flux, oxidation, and nonoxidative
leucine disappearance rates (Table 5) did not significantly
change during testosterone treatment.

Discussion

Our results demonstrate that testosterone replacement has
substantial effects on body composition. Replacement doses
of testosterone increase body weight, primarily by increasing
fat-free mass. Although the percent fat did not change, it is
possible that there may be significant changes in regional fat
distribution during testosterone treatment that are not re-
flected in the whole body estimates of fat content. Muscle size
increased in both the arm and leg, even though the subjects
did not undertake resistance exercise other than their activ-
ities of daily life. Testosterone treatment was withdrawn for
12 weeks; we do not know whether a longer washout might
have produced greater increases in fat-free mass.

It is surprising that the whole body leucine turnover, a
surrogate for protein dynamics, did not significantly change
during the 10-week treatment period despite substantial
gains in fat-free mass. Several explanations are possible.
First, testosterone may increase nitrogen balance and leucine
turnover early in the course of treatment, and these early
effects may have been missed because the measurements

were performed only at the end of the 10-week treatment
period. In support of this possibility, the weight gain started
within the first week of treatment, and maximum weight
gain had been achieved by 6 weeks of treatment. Second,
small changes (3–5%) in nitrogen balance or leucine turnover
may have occurred, but were not detected. Third, it is pos-
sible that testosterone may selectively increase muscle pro-
tein synthesis. Because muscle protein synthesis accounts for
only 20% of whole body protein synthesis, and this tissue has
a slow (1–2%) turnover, significant changes in the former
may not be reflected in the whole body leucine turnover. We
used leucine flux as a marker of whole body protein turn-
over, but no single amino acid can completely represent the
entire amino acid pool.

Testosterone esters do not replicate either the diurnal or
the pulsatile rhythm that characterizes endogenous testos-
terone secretion (6, 21). The significance of the pulsatile and
diurnal hormone secretory rhythms in the regulation of pro-
tein and intermediary metabolism is not known.

It has been argued that testosterone-treated men might
perform better on effort-dependent measures of muscle
strength, such as the one repetition maximum because of the
behavioral effects of testosterone on aggression (2–3). Several
aspects of aggressive behavior in male animals, particularly
territoriality and competition at the time of mate selection,
are androgen dependent (29–32). However, the effects of
testosterone on aggression in humans remain controversial
(29–32). In a recent study (33), we were unable to discern any
significant effect on angry behaviors in men receiving sup-
raphysiological doses of testosterone. In this study, the gains
in strength were associated with increases in muscle size,
presumably reflecting muscle hypertrophy. Also, the exer-
cise and activity levels were maintained constant throughout
the treatment period. However, it is possible that some of the
increase in strength might reflect androgen effects on moti-
vation or aggression.

We did not measure the extracellular water; it is possible
that some of the weight gain might have been due to water
retention induced by testosterone. However, proportionate
increases in estimates of fat-free mass by deuterium water
and underwater weighing, and the lack of a significant
change in the ratio of total body water (calculated by the
deuterated water method) and fat-free mass (estimated from
underwater weighing) suggest that the weight gain during
treatment reflects significant changes in the body cell mass
rather than extracellular water retention.

Similar data on the effects of testosterone replacement on
weight gain and lean body mass were reported in a recent
abstract (34). However, hypogonadal men reported in that
abstract were studied over a 28-month period; exercise stim-
ulus and dietary intake were not controlled. Body compo-
sition in that study was assessed by bioelectrical impedance,
which is not as accurate a method as underwater weighing.

The greater gains in fat-free mass during pubertal devel-
opment by boys than by girls are largely attributed to the
higher testosterone levels in boys. Gregory et al. (35) reported
similar anabolic effects of oral testosterone undecanoate in
adolescent boys.

Previous data (22, 36–41) demonstrated that supraphysi-
ological doses of testosterone increase muscle size and

TABLE 5. Whole body L-[1-13C]leucine turnover before and after
10 weeks of testosterone treatment in hypogonadal men

Baseline 10 weeks P

Leucine flux (mmol/kg z min) 2.00 6 0.17 2.02 6 0.11 NS
Leucine oxidation (mmol/kg z min) 0.45 6 0.08 0.37 6 0.04 NS
Nonoxidative leucine

disappearance (mmol/kg z min)
1.56 6 0.22 1.66 6 0.11 NS

Whole body leucine turnover was determined during a primed,
steady state, continuous infusion of L-[1-13C]leucine. Leucine oxida-
tion was calculated from the isotopic enrichment of 13CO2 in the
expired air collected during the steady state infusion of L-[1-
13C]leucine. Data are the mean 6 SEM (n 5 7 at each time point). The
P value for the comparison of week 10 values against baseline is
shown. NS, Week 10 value not statistically significant from the cor-
responding baseline.

TABLE 4. Cross-sectional area of the arm and thigh muscles
before and after 10 weeks of testosterone treatment

Baseline 10 weeks P value

Arm
Upper third 3517 6 310 4174 6 382 0.0014
Middiaphysial 3888 6 423 4470 6 351 0.0069
Lower third 4002 6 314 4392 6 284 0.0027
Triceps muscle area 2421 6 317 2721 6 239 0.0455
sc fat 2733 6 401 2663 6 385 NS

Thigh
Upper third 11301 6 690 12489 6 611 0.0008
Middiaphysial 14345 6 808 15459 6 899 NS
Lower third 14435 6 1018 16102 6 816 0.0018
Quadriceps area 7173 6 464 7720 6 454 0.0427
sc fat 7561 6 1073 7062 6 1116 NS

Data are the mean 6 SEM. Cross-sectional areas of the muscle
compartment in the arm and thigh, and the triceps and quadriceps
muscles were computed from magnetic resonance images obtained at
three levels: the junction of the upper and middle third of the limb,
middiaphysial, and the junction of the middle and lower third of the
limb.
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strength in healthy men. Taken together with the observa-
tions reported in this manuscript, we conclude that both
replacement and supraphysiological doses of testosterone
augment fat-free mass and strength. Increasing serum tes-
tosterone concentrations from the hypogonadal to the mid-
normal range leads to an 8–10% increase in fat-free mass;
when serum testosterone levels are increased from the mid-
normal to the supraphysiological range, further gains in fat-
free mass and muscle size can be realized. It remains unclear
whether the testosterone dose-response curve is linear with
respect to its effects on fat-free mass, as proposed by Forbes
(42), or whether there are two dose response-curves, one in
the hypogonadal range with maximal response correspond-
ing to the lower end of the normal male range, and a second
dose-response curve in the supraphysiological range, repre-
senting a second mechanism of action, such as through an
antiglucocorticoid effect (2, 3).

As the spectrum of hypogonadal states has expanded,
there has been growing interest in exploring the anabolic
applications of testosterone in clinical disorders character-
ized by loss of muscle mass and associated with a high
prevalence of low testosterone levels. Examples of such wast-
ing states include human immunodeficiency virus (HIV) in-
fection (13–15), cancer cachexia, chronic obstructive lung dis-
ease (18), aging (16, 17, 43, 44), and chronic infections. Twenty
to 70% of HIV-infected men have serum testosterone levels
in the hypogonadal range depending on the stage of the
disease (13–15). There is an inverse correlation between se-
rum testosterone concentrations and weight loss in HIV-
infected men, leading to speculation that low testosterone
levels contribute to the loss of lean body mass, muscle wast-
ing, and frailty. Our results indicate that testosterone re-
placement of hypogonadal men, who are not HIV infected,
can increase fat-free mass and muscle size. The hypothesis
that replacement doses of testosterone can augment lean
body mass and promote weight gain in HIV-infected men or
in sarcopenic states with low testosterone levels remains to
be tested.

We studied only a few androgen-dependent outcomes; for
example, bone mineral metabolism was not examined in this
study. A single standardized replacement dose that restored
serum testosterone levels into the midnormal range was
used. Although this dose augments fat-free mass and muscle
size, we do not know whether this represents an optimum
replacement regimen. The dose dependency of testosterone
effects on various metabolic and behavioral processes is not
known. Experimental data in animals and clinical experience
suggest that sexual function can be maintained in men by
relatively low levels of testosterone. However, it is not
known whether these low levels of testosterone can maintain
protein or bone metabolism or whether the high androgen
levels required to maintain bone density might adversely
affect the lipid profile and insulin sensitivity. Detailed dose-
response studies are needed to optimize testosterone replace-
ment therapy.

References

1. Kochakian CD. 1950 Comparison of protein anabolic property of various
androgens in the castrated rat. Am J Physiol. 60:553–558.

2. Wilson JD. 1988 Androgen abuse by athletes. Endocr Rev. 9:181–199.

3. Mooradian AD, Morley JE, Korenman SG. 1987 Biological actions of andro-
gens. Endocr Rev. 8:1–20.

4. Kenyon AT, Knowlton K, Sandiford I, Kock FC, Lotwin G. 1940 A compar-
ative study of the metabolic effects of testosterone propionate in normal men
and women and in eunuchoidism. Endocrinology. 26:26–45.

5. Casaburi R, Storer T, Bhasin S. 1996 Androgen effects on body composition,
and muscle performance. In: Bhasin S, Gabelnick H, Spieler JM, Swerdloff RS,
Wang C, eds. Pharmacology, biology, and clinical applications of androgens:
current status and future prospects. New York: Wiley-Liss; 283–288.

6. Bagatell CJ, Bremner WJ. 1996 Androgens in men: uses and abuses. N Engl
J Med. 334:707–714.

7. Strauss RH, Yesalis CE. 1991 Anabolic steroids in the athlete. Annu Rev Med.
42:449–507.

8. Haupt HA, Rovere GD. 1984 Anabolic steroids: a review of the literature. Am J
Sports Med. 12:469–477.

9. Cowart V. 1987 Steroids in sports: after four decades, time to return these
genies to bottle? JAMA. 257:421–424.

10. Elashoff JD, Jacknow AD, Shain SG, Braunstein GD. 1991 Effects of ana-
bolic/androgenic steroids on muscular strength. Ann Intern Med. 115:387–393.

11. Wade N. 1972 Anabolic steroids: doctors denounce them, but athletes aren’t
listening. Science. 176:1399–1402.

12. Buckley W, Yesalis C, Griedl K, Anderson W, Streit A, Wright J. 1988
Estimated prevalence of anabolic steroid use among high school seniors.
JAMA. 260:3441–3444.

13. Dluhy RG. 1990 The growing spectrum of HIV-related endocrine abnormal-
ities. J Clin Endocrinol Metab. 79:563–565.

14. Dobs AS, Dempsey MA, Landeson PW, Polk BF. 1988 Endocrine disorders
in men infected with human immunodeficiency virus. Am J Med. 84:611–615.

15. Grinspoon SK, Bilezikian JP. 1992 HIV disease and the endocrine system.
N Engl J Med. 327:1360–1365.

16. Vermeulen A. 1991 Androgens and the aging male. J Clin Endocrinol Metab.
73:221–224.

17. Tenover JS. 1992 Effects of androgen supplementation in the aging male. J Clin
Endocrinol Metab. 75:1092–1098.

18. Casaburi R, Goren S, Bhasin S. 1996 Substantial prevalence of low anabolic
hormone levels in COPD patients undergoing rehabilitation. Am J Respir Crit
Care Med 153:A128.

19. Sokol RZ, Palacios A, Campfield LA, Saul C, Swerdloff RS. 1982 Comparison
of the kinetics of injectable testosterone in eugonadal and hypogonadal men.
Fertil Steril. 37:425–430.

20. Snyder PJ, Lawrence DA. 1980 Treatment of male hypogonadism with tes-
tosterone enanthate. J Clin Endocrinol Metab. 51:13335–1339.

21. Bhasin S. 1992 Androgen treatment of hypogonadal men. J Clin Endocrinol
Metab. 74:1221–1225.

22. Bhasin S, Storer TW, Berman N, et al. 1996 Effects of supraphysiologic doses
of testosterone on muscle size and strength in healthy men. N Engl J Med.
335:1–7.

23. Halliday D, Miller AG. 1977 Precise measurement of total body water using
tracer quantities of deuterium oxide. Biomed Mass Spectr. 4:82–87.

24. Stone MH, O’Bryant. 1987 Weight training: a scientific approach. Minneapolis:
Burgess International Group.

25. Tom L, Bhasin S, Salameh W, et al. 1992 Male contraception: induction of
azoospermia in normal men by combined GnRH antagonist and androgen
treatment. J Clin Endocrinol Metab. 75:476–483.

26. Bhasin S, Swerdloff RS, Steiner BS, Galmarini M, Pandian MR, Berman N.
1992 A biodegradable testosterone microcapsule formulation provides uni-
form eugonadal level of testosterone for 10–11 weeks in hypogonadal men.
J Clin Endocrinol Metab. 74:75–83.

27. Byerley LO, Lee WP, Swerdloff RS, et al. 1993 Effect of modulating serum
testosterone in the normal male range on protein dynamics, carbohydrate and
lipid metabolism. Endocr J. 1:253–259.

28. Nair KS, Halliday D, Griggs RC. 1988 Leucine incorporation into mixed
muscle protein in man: its relationship to whole body leucine kinetics and
muscle fiber composition. Am J Physiol. 254:E208–E213.

29. Archer J. 1991 The influence of testosterone on human aggression. Br J Psychol.
82:1–24.

30. Benton D. 1983 Do animals tell us anything about the relationship between
testosterone and aggression? In: Davey GCL, ed. Hormones and aggressive
behavior. New York: Wiley; 181–202.

31. Frank LG, Glickman SE, Licht P. 1991 Fatal sibling aggression, precocial
development and androgens in spotted hyenas. Science. 252:702–706.

32. Dabs Jr JM. 1996 Testosterone, aggression, and delinquency. In: Bhasin S,
Gebelnick H, Spieler JM, Swerdloff RS, Wang C, eds. Pharmacology, biology,
and clinical applications of androgens. New York: Wiley Liss; 179–190.

33. Tricker R, Casaburi R, Storer TW, et al. 1996 The effects of supraphysiologic
doses of testosterone on angry behavior in healthy eugonadal men. J Clin
Endocrinol Metab. 81:3754–3758.

34. Katznelson L, Finkelstein J, Baressi, Klibanski A. Increase in trabecular bone
density and altered body composition in androgen replaced hypogonadal men
[Abstract 1524]. Proc of the 78th Annual Meet of The Endocrine Soc. 1996.

35. Gregory JW, Greene SA, Thompson J, Rennie MJ. 1992 Effects of oral tes-

412 BHASIN ET AL. JCE & M • 1997
Vol 82 • No 2

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/82/2/407/2823214 by U
.S. D

epartm
ent of Justice user on 16 August 2022



tosterone undecanoate on growth, body composition, strength, and energy
expenditure of adolescent boys. Clin Endocrinol (Oxf). 37:207–213.

36. Griggs RC, Kingston W, Jozefowicz RF, Herr BE, Forbes G, Halliday D. 1989
Effect of testosterone on muscle mass and muscle protein synethsis. Am J
Physiol. 66:E498–E503.

37. Friedl KE, Dettori JR, Hannan Jr CJ, Patience TH, Plymate SR. 1991 Com-
parison of the effects of high dose testosterone and 19-nortestosterone to a
replacement dose of testosterone on strength and body composition in normal
men. J Steroid Biochem Mol Biol. 40:607–612.

38. Griggs RC, Kingston W, Jozefowicz RF, Herr BE, Forbes G, Halliday D. 1989
Effect of testosterone on muscle mass and muscle protein synthesis. Am J
Physiol. 66:E498–E503.

39. Welle S, Jozefowicz R, Forbes G, Griggs RC. 1992 Effect of testosterone on
metabolic rate and body composition in men with muscular dystrophy. J Clin
Endocrinol Metab. 74:332–335.

40. Forbes GB, Porta CR, Herr B, Griggs RC. 1992 Sequence of changes in body
composition induced by testosterone and reversal of changes after the drug is
stopped. JAMA. 267:397–399.

41. Young NR, Baker HWG, Liu G, Seeman E. 1993 Body composition and muscle
strength in healthy men receiving testosterone enanthate for contraception.
J Clin Endocrinol Metab. 77:1028–1032.

42. Forbes GB. 1985 The effect of anabolic steroids on lean body mass: the dose
response. curve Metabolism. 34:571–573.

43. Haddad G, Peachy H, Lipman C, Snyder PJ. Testosterone treatment improves
body composition and muscle strength in hypogonadal men [Abstract A1302].
Proc of the 76th Annual Meet of The Endocrine Soc. 1994.

44. Morley JE, Perry III HM, Kaiser FE, et al. 1993 Effects of testosterone re-
placement therapy in old hypogonadal males: a preliminary study. J Am
Geriatr Soc. 41:149–152.

Erratum

The article “Androgen or Estrogen Effects on Human Prostate,” by B. Jin, L. Turner, W. A. W. Walters, and
D. J. Handelsman (Journal of Clinical Endocrinology and Metabolism, 81:4290–4295, 1996) was inadvertently
given the wrong title.

The correct title for this article is:

The Effects of Chronic High Dose Androgen or Estrogen Treatment on the Human Prostate”
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