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Previous studies of �4-androstene-3,17-dione (4-androstene-
dione) administration in men have not demonstrated sus-
tained increments in testosterone levels, fat-free mass (FFM),
and muscle strength, and failure to demonstrate androstene-
dione’s androgenic/anabolic effects has stifled efforts to reg-
ulate its sales. To determine whether 4-androstenedione has
androgenic/anabolic properties, we evaluated its association
with androgen receptor (AR) and its effects on myogenesis in
vitro. Additionally, we studied the effects of a high dose of
4-androstenedione on testosterone levels, FFM, and muscle
strength in hypogonadal men.

We determined the dissociation constant (Kd) for 4-andro-
stenedione using fluorescence anisotropy measurement of
competitive displacement of fluorescent androgen from AR
ligand-binding domain. AR nuclear translocation and myo-
genic activity of androstenedione were evaluated in mesen-
chymal, pluripotent C3H10T1/2 cells, in which androgens
stimulate myogenesis through an AR pathway. We deter-
mined effects of a high dose of androstenedione (500 mg thrice
daily) given for 12 wk on FFM, muscle strength, and hormone
levels in nine healthy, hypogonadal men.

4-Androstenedione competitively displaced fluorescent an-
drogen from AR ligand-binding domain with a lower affinity
than dihydrotestosterone (Kd, 648 � 21 and 10 � 0.4 nM, re-

spectively). In C3H10T1/2 cells, 4-androstenedione caused nu-
clear translocation of AR and stimulated myogenesis, as in-
dicated by a dose-dependent increase in myosin heavy chain
II� myotube area and up-regulation of MyoD protein. Stim-
ulatory effects of 4-androstenedione on myosin heavy chain
II� myotubes and myogenic determination factor expression
were attenuated by bicalutamide, an AR antagonist. Admin-
istration of 1500 mg 4-androstenedione daily to hypogonadal
men significantly increased serum androstenedione, total and
free testosterone, estradiol, and estrone levels and suppressed
SHBG and high-density lipoprotein cholesterol levels. 4-An-
drostenedione administration was associated with significant
gains in FFM (�1.7 � 0.5 kg; P � 0.012) and muscle strength in
bench press (�4.3 � 3.1 kg; P � 0.006) and leg press exercises
(�18.8 � 17.3 kg; P � 0.045).

4-Androstenedione is an androgen that binds AR, induces
AR nuclear translocation, and promotes myogenesis in vitro,
with substantially lower potency than dihydrotestosterone.
4-Androstenedione administration in high doses to hypogo-
nadal men increases testosterone levels, FFM, and muscle
strength, although at the dose tested, the anabolic effects in
hypogonadal men are likely because of its conversion to
testosterone. (J Clin Endocrinol Metab 90: 855–863, 2005)

UNTIL RECENTLY, �4-androstene-3,17-dione (4-andro-
stenedione), a precursor of testosterone in the andro-

gen biosynthetic pathway, was sold as a dietary supplement
under the Dietary Supplement Health and Education Act (1,
2), although the Food and Drug Administration has recently
restricted its over-the-counter sales. Androstenedione’s pur-

ported performance-enhancing effects and its easy availabil-
ity in nutrition stores and over the internet made it a popular
substance among athletes and recreational bodybuilders (3,
4). Unlike other androgenic steroids, whose sales are regu-
lated within the dictates of the Controlled Substances Act,
4-androstenedione sales had not been subject to the regu-
latory oversight of the Food and Drug Administration and
the Drug Enforcement Administration. 4-Androstenedione
meets some of the criteria of the definition of anabolic steroid
as set forth in the Controlled Substances Act (5); it has chem-
ical and pharmacological similarity to testosterone and it is
not an estrogen, a progestin, or a corticosteroid, but we do
not know whether it meets the fourth essential criterion for
classification as an anabolic steroid, i.e. promotion of muscle
growth. Lack of verifiable evidence of its anabolic/andro-
genic potency has stifled efforts at regulatory control of its
sales. The ability of 4-androstenedione, either alone or in
conjunction with resistance exercise training, to increase
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muscle mass and strength and muscle protein synthesis has
not been demonstrated (6–8). 4-Androstenedione is con-
verted endogenously to testosterone, a potent androgen
known to increase muscle size and strength. Previous studies
of 4-androstenedione administration in eugonadal men have
reported either small or no increments in testosterone con-
centrations (7, 9–16); however, these studies used relatively
small doses (100–300 mg) of 4-androstenedione, whereas
athletes use daily as much as 1500 mg androstenedione or
more (4).

Because of its structural similarity to testosterone, and its
virilizing effects in females of several mammalian species
(17–19), we hypothesized that 4-androstenedione is an an-
drogen and evaluated whether it possesses the essential
properties of an androgen. First, we tested the ability of
androstenedione to bind ligand-binding domain (LBD) of
androgen receptor (AR). Second, we compared its myogenic
potency in an in vitro bioassay using a mesenchymal pluri-
potent cell line, in which testosterone and dihydrotestoster-
one (DHT) stimulate formation of myotubes and expression
of myogenic markers (20). Finally, we evaluated in healthy,
hypogonadal men effects of a higher dose of 4-androstenedi-
one (500 mg thrice daily) than had been used in previous
studies, on fat-free mass (FFM) and muscle strength. Because
4-androstenedione administration to eugonadal men sup-
presses LH secretion and endogenous testosterone produc-
tion, making it difficult to detect small increments in testos-
terone levels, we performed these studies in hypogonadal
men with the assumption that increments in testosterone
concentrations would be more easily demonstrable in hy-
pogonadal men.

Subjects and Methods
Androstenedione purity, formulation, and dispensing

4-Androstenedione was purchased as bulk powder from Kronos Re-
search Pharmacy (Las Vegas, NV). The analytical HPLC report provided
by the manufacturer indicated that the powder contained more than
99.6% 4-androstenedione by weight. We further analyzed the powder by
electron ionization mass spectrometry using a MicroMass Autospec
mass spectrometer under the following conditions: electron energy, 70
eV; source temperature, 170 C; magnetic scanning conducted to span a
mass range of 50–350 m/z; and cycle time, 1.5 sec. This analysis revealed
no detectable amounts of testosterone, DHT, androstenediol, dehydro-
epiandrosterone (DHEA), or 3�-androstanediol.

For human studies, Kronos Research Pharmacy compounded 4-an-
drostenedione as 500-mg capsules, using pharmaceutical-grade cellu-
lose and gelatin as fillers.

AR binding in fluorescent polarization assay

Association constants for 4-androstenedione were determined using
fluorescence anisotropy measurement of competitive displacement of
fluorescent androgen analog [Fluormone AL green (FA); Invitrogen, San
Diego, CA] from LBD of AR (PanVera Corp., Madison, WI). DHT and
androstenedione were titrated into 25 nm AR-LBD solution containing
1 nm FA and 2 mm dithiothreitol. Polarization values of AR-LBD-bound
FA were measured at graded ligand concentrations using Tecan Genios
Pro (�ex � 485 nm; �em � 535 nm) to obtain IC50, the concentration that
results in a half-maximal shift in polarization value. Three competition
curves from different batches of AR-LBD were constructed and fit to the
following equation (21):

Y � mP100 �
mP0 � mP100

1 � 10�ln�IC50�C�H�

Y is measured in millipolarization units (mP); [C] is concentration of
competitor; mP0 is the highest limiting value of polarization (recep-
tor:FA complex, �98%) or 0% competitive displacement; mP100 is the
lowest limiting value of polarization (receptor:FA complex, �0%) or
100% competitive displacement. IC50 values obtained from the best fit
for binding isotherm plots were used to evaluate dissociation constants
(Kd) using the following equation:

Kd �
KFAIC50

KFA � �L�

where KFA is Kd for FA and [L] is ligand concentration.

Effects of 4-androstenedione on myogenic and adipogenic
differentiation of C3H10T1/2 pluripotent cells

C3H10T1/2 cells, grown in DMEM with 10% fetal bovine serum at
37 C, were treated with 20 �m 5-azacytidine for 3 d and seeded at 70%
confluence in six-well plates or chamber slides (20). Cells were incubated
with medium alone, androstenedione, or DHT without or with bicalu-
tamide for 24 h for AR translocation studies, 3 d for assessment of
myogenic determination factor (MyoD), and 14 d for assessment of
myotubes and myosin heavy chain II (MHC) expression, as described
previously (20).

For immunohistochemical analyses, cells grown in chamber slides
were fixed in 2% paraformaldehyde, quenched with H2O2, blocked with
horse or goat serum, and incubated with antibody for MHC (Vector
Laboratories, Novo Castra, CA) or AR (Santa Cruz Biotechnology, Santa
Cruz, CA) (20). Detection was based on secondary biotinylated antibody
(1:200) followed by addition of streptavidin-horseradish peroxidase
ABC complex (1:100) and 3,3-diaminobenzidine. Cells were counter-
stained with Mayer’s hematoxylin. In negative controls, we either omit-
ted the first antibody or used rabbit nonspecific IgG. Effects of andro-
stenedione and DHT on myogenesis were assessed quantitatively by
measuring area covered by MHC	 myotubes, using ImagePro (Media
Cybernetics, Silver Spring, MD); the area of MHC	 myotubes was
averaged over 10 fields. Adipocytes were stained with Oil Red O and
counted in 10 fields.

For Western analysis, cell lysates (50–100 �g) were electrophoresed
on 7.5% polyacrylamide gels (20). After transfer, membranes were in-
cubated with 1:200 mouse monoclonal anti-MHC (fast MHC, Vector),
1:500 anti-AR (Santa Cruz Biotechnology), 1:500 anti-MyoD (Santa Cruz
Biotechnology), or 1:10,000 anti-glyceraldehyde-3-phosphate dehydro-
genase (Chemicon, Temecula) antibody. Washed membranes were in-
cubated with secondary antibody (1:1000) linked to horseradish perox-
idase. Immunoreactive bands were visualized using an enhanced
chemiluminescence detection system.

Studies in hypogonadal men

All participants signed a consent form approved by the Institutional
Review Board of Charles Drew University. This prospective, controlled
trial took place between December 2000 and October 2003 in a setting
of the Clinical Research Center and consisted of a screening phase, 2-wk
control period, and 12-wk treatment period. The 12-wk treatment period
was selected because in previous studies, this duration had been suf-
ficient to observe testosterone effects on FFM (22, 23).

Treatment regimen

Subjects took one 500-mg capsule orally, thrice daily, the last dose at
bedtime. The treatment duration was 12 wk. Subjects were given a 14-d
supply of 4-androstenedione, which was renewed every 2 wk. Compli-
ance was assessed by pill counts.

Participants

We recruited nine healthy, 19- to 65-yr-old, hypogonadal men with
total testosterone level less than 300ng/dl. We excluded men with di-
abetes mellitus, prostate cancer, or American Urological Association
symptom score greater than 7. Subjects receiving testosterone replace-
ment were eligible if they discontinued androgen therapy for 12 wk.
Subjects with other endocrinopathies were eligible if they had been on
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stable hormone replacement regimens for at least 12 wk. We excluded
men who were taking anabolic agents, including androgens, dietary
supplements, or GH. Men who were participating in resistance exercise
or moderate to intense endurance exercise were excluded.

Nutritional intake and exercise

Subjects were prescribed a diet standardized for energy (150 kJ�kg–1�d–1)
and protein (1.3 g�kg–1�d–1). Dietary instructions were reinforced monthly.
The men were asked not to undertake resistance training or moderate to
heavy endurance exercise.

Outcomes

The principal outcome measures were changes in total and free tes-
tosterone levels, FFM, and maximal voluntary strength in leg press and
chest press exercises. Serum androstenedione, total and free testoster-
one, estradiol, and estrone levels were measured at 0, 1, 2, 4, 6, and 8 h
on d 0 and 84. Average concentration (Caverage) of hormone on d 0 and
84 were calculated by computing area under the curve over the 8-h
sampling period and dividing by 8. Body composition by dual-energy
x-ray absorptiometry (DEXA) and muscle strength in bench press and
leg press exercises were measured at baseline and on d 84. Physical
examination, adverse events, plasma lipids, prostate-specific antigen
(PSA), and blood counts and chemistries were evaluated at baseline and
during wk 6 and 12.

Whole-body fat-free, lean, and fat mass were measured by DEXA
(Hologic QDR4500A, Waltham, MA). Appendicular skeletal muscle and
fat masses were determined manually by adding bilateral arm and leg
lean and fat masses, respectively (24). The DEXA scanner was calibrated
using a soft-tissue phantom before each scan.

We measured maximal voluntary strength in leg press and chest press
exercises using one-repetition maximum (1-RM) (25) with pneumatic
resistance (Keiser Sport, Fresno, CA). Because maximal voluntary

strength measurements are highly effort dependent, several strategies
were used to assure reliability and reproducibility and to minimize the
confounding influence of the learning effect. Tests were performed in
duplicate or triplicate, with careful attention to positioning so that start-
ing knee flexion (90° by goniometry), the ensuing hip angles, and foot
placement on the leg press footplate were standardized and held con-
stant. The 1-RM procedure (25) included a familiarization period in
which subjects were instructed in and then practiced the proper exe-
cution of the seated leg press exercise. After this familiarization, subjects
completed a generalized warm-up consisting of 5 min of cycle ergometer
or treadmill exercise plus stretching of the quadriceps, hamstrings, low
back, and triceps surae. Immediately after this warm-up, subjects were
positioned on the leg press machine with position measurements re-
corded for subsequent testing. The initial load was set at 50% of the
subject’s estimated 1-RM using reference values established in our lab-
oratory. Subjects were first asked to perform eight repetitions of the leg
press exercise at this load. After 1 min of rest, the subjects performed four
repetitions at a load that was increased by approximately 20 kg. After
a 2-min rest period, the load was increased again and attempts were then
made to identify the 1-RM. Attempts were punctuated with 2-min rest
intervals and continued until the 1-RM was identified as the greatest
amount of weight lifted through the complete range of motion. Strength
tests were conducted in duplicate on nonconsecutive days with scores
required to be within 5%.

Biochemical analyses

Total testosterone was measured by a RIA (23) that has been validated
against liquid chromatography-tandem mass spectrometry. Free testos-
terone, separated by equilibrium dialysis, was measured in dialysate by
RIA (26). The cross-reactivities of 4-androstenedione, DHT, DHEA, and
androstanediol in the testosterone assay were less than 0.1% for each.
Cross-reactivities of testosterone, DHT, DHEA, and androstanediol
were less than 0.1% in the androstenedione assay. SHBG and PSA levels

FIG. 1. A, Androstenedione binds AR with an affinity that is lower than that of DHT. Dissociation constants for androstenedione and DHT were
calculated using fluorescence anisotropy measurement of competitive displacement of fluorescent androgen analog from AR-LBD. The left panel
shows that the polarization value, recorded in millipolarization units (mP), is increased as increasing amounts of LBD are added to the FA
solution. The right panel shows that DHT and androstenedione displace FA from LBD in a dose-dependent manner. Kd values for DHT and
androstenedione were calculated as 10 
 0.4 nM and 648 
 21 nM. B, Androstenedione and DHT cause translocation of AR to the nucleus of
C3H10T1/2 mesenchymal, pluripotent cells. C3H10T1/2 cells, grown in promyogenic conditions, were incubated for 24 h with medium alone,
DHT (10 nM), or androstenedione (100 nM); fixed with 2% paraformaldehyde; and immunostained for AR, using anti-AR antibody. The arrows
point to the nuclei; the nuclei in wells treated with medium alone (control) are not stained for AR; in contrast, in wells treated with DHT and
androstenedione, the nuclei are immunopositive for AR, providing evidence of AR nuclear translocation. Magnification, �200.
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FIG. 2. Androstenedione promotes myogen-
esis in C3H10T1/2 mesenchymal, pluripotent
cells, and its effects are blocked by bicalu-
tamide. A, Androstenedione and DHT pro-
mote myogenic differentiation in C3H10T1/2
mesenchymal, pluripotent cells. The upper
panel shows representative wells containing
C3H10T1/2 cells, treated for 14 d with me-
dium alone (control), 10 nM DHT, or graded
concentrations of androstenedione (Andro),
and analyzed for MHC expression by immuno-
cytochemical staining, using an anti-MHC
antibody. Magnification, �200. The area cov-
ered by MHC	 myotubes was assessed by im-
age analysis software (lower panel). Data are
mean 
 SEM (n � 6 for each concentration);
*, P vs. control � 0.001. B, Androstenedione
effects on myogenesis are blocked by bicalu-
tamide. The upper panel shows representative
wells containing C3H10T1/2 cells treated for
14 d with medium alone (control), DHT (10
nM), or graded concentrations of androstenedi-
one (as shown) without or with bicalutamide
(BIC) as shown. MHC expression was visual-
ized by immunocytochemical staining (�200),
using anti-MHC antibody. The lower panel
shows the mean 
 SEM area of MHC	 myo-
tubes, measured by an image analysis soft-
ware; *, P � 0.001 vs. control wells; **, P �
0.01 vs. control; ***, P � 0.0001 vs. wells
treated with androstenedione plus bicaluta-
mide. AZCT, 5 azacytidine. C, Western blot
analysis of MyoD protein. Cell extracts were
analyzed by immunoblotting using anti-MyoD
or anti-glyceraldehyde-3-phosphate dehydro-
genase antibody. Androstenedione, DHT, or
bicalutamide (BIC) concentrations (nM) are
shown.
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were measured by immunoradiometric assays. Sensitivities, and intra-
and interassay coefficients of variation were as follows: total testoster-
one, 0.6 ng/dl (0.002 nmol/liter) and 8.2 and 13.2%; free testosterone,
0.22 pg/ml (0.8 pmol/liter) and 4.2 and 12.3%; 4-androstenedione, 0.05
ng/ml (0.2 nmol/liter) and 4.5 and 9%; LH, 0.05 U/liter and 10.7 and
13.0%; SHBG, 6.25 nmol/liter and 4 and 6%; PSA, 0.01 ng/ml and 5.0 and
6.4%; estradiol, 2.5 pg/ml (9.3 pmol/liter) and 5 and 8%; estrone, 2.5
pg/ml (9.3 pmol/liter) and 6 and 8%, respectively (23).

Statistical analyses

All variables were examined for distribution characteristics to assure
that they met assumptions of normality and homogeneity of variance.
We compared mean MHC	 myotube area and adipocyte number using
one-way ANOVA. If a primary test of equality of means revealed sig-
nificant treatment effect, intergroup comparisons were performed using
the Tukey-Kramer procedure.

For studies in hypogonadal men, baseline and 12-wk hormone levels,
FFM, muscle strength, and other outcomes were compared using Stu-
dent’s paired t test. P values � 0.05 were considered significant. A
sample size of nine subjects was based on the assumption that 4-an-
drostenedione administration would increase testosterone levels by an
average 150 ng/dl with sd of 100 ng/dl (effect size, 1.5), FFM by 1.5 kg
with sd of 1.5 kg (effect size, 1), and leg press strength by 10 kg with sd
of 10 kg (effect size, 1). Using paired t test, a sample of nine subjects
provided 90% power to detect 150-ng/dl increase in testosterone and
greater than 80% power to detect 1.5-kg increase in FFM and 10-kg
increase in leg press strength.

Results
4-Androstenedione binds AR-LBD with a lower affinity
than DHT

In fluorescence polarization assay, graded concentrations
of 4-androstenedione and DHT displaced FA from the bind-
ing pocket of AR-LBD dose dependently (Fig. 1A). Dissoci-
ation constants (Kd) of DHT and 4-androstenedione were
calculated as 10 
 0.4 and 648 
 21 nm, respectively.

4-Androstenedione promotes AR nuclear translocation in
C3H10T1/2 pluripotent cells

AR immunostaining was localized in the cytoplasm of
C3H10T1/2 cells treated with medium alone (Fig. 1B). Treat-
ment with 10 nm DHT or 100 nm 4-androstenedione caused
AR immunostaining to be detected in nuclei, consistent with
its nuclear translocation.

4-Androstenedione stimulates myogenic differentiation in
C3H10T1//2 pluripotent cells

We have shown that incubation of azacytidine-treated,
C3H10T1/2 cells with testosterone or DHT increases MHC	

myotube area and up-regulates myogenic markers, MHC, and
MyoD (20). MHC expression was observed in multinucleated
myotubes and was significantly increased in a concentration-
dependent manner in cells treated with 4-androstenedione or
DHT (Fig. 2A). Quantitative image analysis (Fig. 2A, lower
panel) showed that 4-androstenedione increased MHC	 myo-
tube area dose dependently. Pregnenolone (200 nm), a steroid
with little androgenic activity, had no significant effect on
MHC	 myotube area, indicating that these effects are not com-
mon to all steroid hormones (not shown).

MyoD protein, a transcription factor essential for myo-
genic differentiation, was up-regulated by androstenedione
(Fig. 2C).

Wells treated with 1 �m [23.8 
 1.6 adipocytes per high-
power field (hpf)] and 3 �m (15.7 
 1.3 adipocytes per hpf)
4-androstenedione and 10 nm DHT (23.7 
 1.6 adipocytes per
hpf) had fewer adipocytes than controls (38.9 
 4.5 adipo-
cytes per hpf; P � 0.001 for each comparison); effects of 1 �m
4-androstenedione were blocked by bicalutamide (33.5 
 1.8
adipocytes per hpf; P value not significant vs. control).

Effects of 4-androstenedione on myogenesis are blocked by
an AR antagonist

Graded doses of 4-androstenedione or 10 nm DHT resulted
in higher MHC	 myotube area than medium alone (P �
0.001 for each comparison); the effects of 100 nm 4-andro-
stenedione were inhibited by 100 and 500 nm bicalutamide
(P � 0.0001 vs. 100 nm 4-androstenedione alone) (Fig. 2B).
Stimulation of MyoD protein (Fig. 2C) by 4-androstenedione
was also blocked by bicalutamide.

Effects of 4-androstenedione administration in
hypogonadal men

Baseline characteristics of participants. Nine eligible hypogo-
nadal men were started on treatment; eight completed 3 months
of treatment. Seven men had hypogonadotropic hypogonad-
ism and two hypergonadotropic hypogonadism (Table 1).

Compliance. Mean compliance, assessed by counting unused
capsules, was 92% (range, 75–100%).

Hormonal responses (Fig. 3 and Table 2). 4-Androstenedione
administration was associated with a significant increase in
circulating androstenedione levels (	4.6 
 0.7 ng/ml [16.0
nmol/liter]; P � 0.004). Caverage total and free testosterone
(Fig. 3), estradiol, and estrone levels (Table 2) were signifi-

TABLE 1. Baseline characteristics of the participants

Diagnosis Age (yr) Height (cm) Weight (kg) T (ng/dl) LH (U/liter)

Kallmann’s syndrome 36 178.0 92.3 10 0.5
Idiopathic hypogonadotropic hypogonadism 59 178.0 88.2 257 5.2
Hypogonadotropic hypogonadism after TSS 45 184.1 94.7 108 2.9
Klinefelter’s syndrome 65 170.5 69.6 41 11.7
Idiopathic hypogonadotropic hypogonadism 50 175.0 101.4 256 2.3
Hypogonadotropic hypogonadism after TSS 27 155.0 68.2 271 1.3
Klinefelter’s syndrome 57 196.1 114.0 49 13.4
Klinefelter’s syndrome 36 181.2 117.3 84 20.2
Kallmann’s syndrome 36 167.6 98.2 16 0.1

To convert serum testosterone concentrations (T) from ng/dl to nmol/liter, multiply the serum concentrations in ng/dl by 0.03467. TSS,
Transsphenoidal surgery.
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cantly higher on d 84 than at baseline. Serum androstenedi-
one, total and free testosterone (Fig. 3), estradiol, and estrone
levels (not shown) were higher throughout the 8-h sampling
period on d 84 than on d 0. On d 84, mean androstenedione
levels increased further after 4-androstenedione administra-
tion, reaching a peak at 4 h and returning to baseline by 8 h.
SHBG concentrations decreased significantly after treatment
(–18 
 3 nmol/liter; P � 0.001).

Body composition (Table 3). FFM (	1.7 
 0.5 kg; P � 0.012) and
lean body mass (LBM) (	1.6 
 0.5 kg; P � 0.018) increased
significantly after 4-androstenedione treatment. Gains in
LBM were distributed evenly between appendicular (	0.6 

0.3 kg; P � 0.027) and truncal (	0.7 
 0.3 kg; P � 0.044)
compartments. There were no significant changes in fat mass
(P � 0.432) or percent body fat (P � 0.066).

Muscle strength (Table 3). Maximal voluntary muscle strength
increased significantly in bench press (	4.3 kg; P � 0.006)
and leg press exercises (	18.8 kg; P � 0.045).

Safety markers (Table 4). 4-Androstenedione administration
was associated with a significant decrease in high-density
lipoprotein (HDL) cholesterol (–12 
 3 mg/dl; P � 0.003).
Total and low-density lipoprotein (LDL) cholesterol, triglyc-
eride, PSA, hemoglobin, hematocrit, aspartate aminotrans-
ferase, and alanine aminotransferase did not change
significantly.

Discussion

4-Androstenedione possesses many essential properties of
an androgen: it binds the LBD of AR with a lower affinity

FIG. 3. The effects of androstenedione
administration on serum androstenedi-
one, total and free testosterone, estradiol,
and estrone levels in healthy, hypo-
gonadal men. A, The left panel shows
Caverage serum androstenedione (mean 

SEM) levels before and after 12 wk of treat-
ment with 500 mg androstenedione ad-
ministered thrice daily to eight healthy,
hypogonadal men. The right panel shows
serum androstenedione (mean 
 SEM)
levels over an 8-h period after adminis-
tration of 500 mg androstenedione imme-
diately at time 0. To convert androstene-
dione concentrations from ng/ml to nmol/
liter, multiply the concentrations in
ng/ml by 3.49. B, Serum Caverage total
testosterone (mean 
 SEM) levels before
and after 12 wk of treatment with 500 mg
androstenedione administered thrice
daily to eight healthy, hypogonadal men
(left panel). The right panel shows serum
total testosterone levels (mean 
 SEM)
over an 8-h period after administration of
500 mg androstenedione. To convert se-
rum testosterone concentrations from
ng/dl to nmol/liter, multiply serum
concentrations in ng/dl by 0.0347. C, Se-
rum Caverage free testosterone (mean 

SEM) levels before and after 12 wk of
treatment with 500 mg androstenedi-
one administered thrice daily to eight
healthy, hypogonadal men (left panel).
The right panel shows serum free tes-
tosterone levels (mean 
 SEM) over an
8-h period after administration of 500
mg androstenedione. To convert serum
free testosterone concentrations from
pg/ml to pmol/liter, multiply the serum
concentrations in pg/ml by 3.47.
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than DHT, induces AR-nuclear translocation, and promotes
myogenic differentiation and inhibits adipogenic differenti-
ation of mesenchymal pluripotent cells, which have been
shown previously to respond to androgens by an increase in
myogenesis (20, 27). Promyogenic effects of 4-androstenedi-
one in this bioassay are blocked by bicalutamide, an AR
antagonist, indicating that these effects are mediated through
an AR pathway. Administration of 4-androstenedione to hy-
pogonadal men is associated with significant increments in
serum total and free testosterone concentrations, whole-body
and appendicular lean mass, and muscle strength. 4-Andro-
stenedione’s low AR binding affinity and substantially lesser
promyogenic potency than DHT in C3H10T1/2 cells indicate
that it is a weak androgen and that its anabolic effects of
4-androstenedione in humans at the 1500-mg daily dose are
likely mediated through its conversion to testosterone.

The manufacturers of androstenedione have resisted ef-
forts to regulate its sales by citing the lack of evidence of its
in vivo anabolic or androgenic activity. In addition to the
experimental data presented in this manuscript, several ex-
periments of nature provide additional evidence of andro-
genic properties of 4-androstenedione. Females of several
mammalian species, including moles and spotted hyenas
(Crocuta crocuta) are masculinized because of raised andro-
stenedione levels (17, 19, 29, 30). Female spotted hyenas have
higher androstenedione levels, are heavier and more aggres-
sive than males, and possess a large, erectile pseudopenis
(29–30). Testosterone levels in female spotted hyenas are
lower than in male counterparts and do not account for the
male-like characteristics of the female. 4-Androstenedione is
a potent organizer of male anatomical and behavioral dif-
ferentiation in rodents (30). Thus, 4-androstenedione is an
androgen that when present in sufficient concentrations vir-
ilizes female spotted hyenas. These experiments of nature,
when viewed together with our data, illustrate the andro-

genic-anabolic properties of androstenedione and contradict
specious arguments to the contrary put forth by manufac-
turers of dietary supplements.

Our study differed in several aspects from previous stud-
ies that evaluated the effects of 4-androstenedione adminis-
tration in men (7, 9, 12, 15, 31). Combined application of in
vitro and in vivo approaches allowed us to establish andro-
genic properties of 4-androstenedione by using several in-
dependent criteria. We used higher doses of 4-androstenedi-
one for a longer duration than had been used in previous
human studies (32–34); the 1500-mg daily dose is similar to
doses used by many athletes (3, 4). In contrast to previous
studies in eugonadal men, performance of this study in hy-
pogonadal men enabled us to demonstrate sustained incre-
ments in testosterone levels. We do not know whether similar
increments in testosterone levels would be observed in eugo-
nadal men after 4-androstenedione administration because
of suppression of endogenous testosterone production. Akin
to previous androgen studies in hypogonadal men (35–39),
we did not include a placebo group because of ethical con-
straints; the Food and Drug Administration has approved the
use of several androgen formulations based on results of
open-label trials of testosterone replacement in hypogonadal
men (35, 40).

We do not know what fraction of muscle mass gain during
4-androstenedione administration is a result of increased
androstenedione levels and what fraction is a result of its
conversion to testosterone. Androstenedione is a weak an-
drogen by itself, and its circulating concentrations are sub-
stantially lower than its Kd (648 nm), suggesting that its
anabolic effects in hypogonadal men, at the 1500-mg dose,
are likely largely because of its conversion to testosterone.
This situation is not dissimilar from that of prednisone, a
glucocorticoid, and some androgenic steroids that also re-
quire conversion in the body to more active metabolites.

FFM and muscle strength gains observed with 4-andro-
stenedione administration are similar in magnitude to those
reported in studies of testosterone replacement in hypogo-
nadal men using transdermal testosterone systems (35, 37,
40). Administration of 6 mg testosterone daily by a scrotal
patch increased LBM by an average 1.9 kg (37), whereas
nominal delivery of 10 mg testosterone daily by a transder-
mal gel for 90 d increased LBM by 1.5 kg (41). Another study
(36), using 5 mg sublingual testosterone thrice daily for 6
months, reported 0.9 kg gain in FFM and 8.7 kg gain in leg
press strength. A testosterone gel trial reported 11–13 kg gain
in leg press strength (35). Therefore, it is remarkable that

TABLE 2. Effect of androstenedione administration on serum
estradiol, estrone, and SHBG levels

Hormone Baseline Wk 12 Change from
baseline P value

Estradiol (pg/ml) 20.4 
 2.5 40.0 
 5.0 19.5 
 3.5 0.0008
Estrone (pg/ml) 29.1 
 6.7 89.0 
 27.0 59.9 
 32.7 0.029
SHBG (nmol/liter) 33.2 
 5 16 
 4 �18 
 3 0.001

Serum Caverage estradiol, estrone, and SHBG (mean 
 SEM) levels
before and after 12 wk of treatment with 500 mg androstenedione
administered thrice daily to eight healthy, hypogonadal men. To con-
vert estradiol concentrations from pg/ml to pmol/liter, multiply the
concentration in pg/ml by 3.67. To convert estrone concentrations
from pg/ml to pmol/liter, multiply the concentration in pg/ml by 3.70.

TABLE 3. Effects of androstenedione on body composition, muscle strength, and biochemical indices

Baseline Wk 12 Change P

Body composition measures
Whole-body LBM (kg) 62.4 
 3.7 64.0 
 3.5 1.6 
 0.5 0.018
Whole-body FFM (kg) 64.8 
 3.8 66.5 
 3.6 1.7 
 0.5 0.012
Appendicular LBM (kg) 28.8 
 2.4 29.4 
 2.3 0.6 
 0.3 0.027
Trunk LBM (kg) 29.7 
 1.5 30.4 
 1.3 0.7 
 0.3 0.044
Total body fat (kg) 30.1 
 3.2 29.6 
 3.1 �0.5 
 0.6 0.432
Percentage body fat (%) 31.3 
 1.5 30.4 
 1.6 �0.8 
 0.3 0.066

Muscle strength measures
Leg press strength (kg) 261.9 
 41.7 280.7 
 39.7 18.8 
 17.3 0.045
Bench press strength (kg) 46.0 
 9.7 50.3 
 12.4 4.3 
 3.1 0.006
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testosterone is a controlled substance, whereas 4-andro-
stenedione had been sold over the counter until recently.

Although 4-androstenedione inhibited adipogenic differ-
entiation of mesenchymal, pluripotent cells in vitro, its ad-
ministration to hypogonadal men was not associated with
significant reduction in whole-body fat mass. This might
have been related to the relatively short treatment duration;
several previous testosterone replacement studies in hy-
pogonadal men of 10–12 wk duration also failed to reveal
significant changes in fat mass. Adipocytes have a long half-
life, and longer treatment duration in a larger number of
subjects might be required to demonstrate significant effects
of 4-androstenedione on fat mass.

Plasma HDL cholesterol decreased and estradiol and es-
trone levels increased during 4-androstenedione adminis-
tration. Altered testosterone-to-estrogen ratio might induce
gynecomastia. Experts have expressed concern about poten-
tial cytogenetic effects of environmental estrogens on sperm
(28); we do not know whether long-term exposure to in-
creased estrogen levels during 4-androstenedione use might
adversely affect semen quality, inflammation markers, and
cardiovascular risk.

A compound must have structural and pharmacological
resemblance to testosterone and promote muscle growth to
be classified as an anabolic steroid (5). 4-Androstenedione
has remarkable structural similarity to testosterone, binds
AR, promotes myogenic differentiation through an AR-
mediated mechanism, and increases muscle mass and
strength in humans. Therefore, 4-androstenedione is a bona
fide androgen with anabolic properties that meets the essen-
tial criteria for an anabolic steroid established by the Con-
trolled Substance Act (5).
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