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Testosterone supplementation increases skeletal muscle mass
and decreases fat mass; however, the underlying mechanisms
are unknown. We hypothesized that testosterone regulates
body composition by promoting the commitment of mesen-
chymal pluripotent cells into myogenic lineage and inhibiting
their differentiation into adipogenic lineage. Mouse C3H
10T1/2 pluripotent cells were treated with testosterone (0–300
nM) or dihydrotestosterone (DHT, 0–30 nM) for 0–14 d, and
myogenic conversion was evaluated by immunocytochemical
staining for early (MyoD) and late (myosin heavy chain II;
MHC) myogenic markers and by measurements of MyoD and
MHC mRNA and protein. Adipogenic differentiation was as-
sessed by adipocyte counting and by measurements of perox-
isomal proliferator-activated receptor � 2 (PPAR�2) mRNA
and PPAR�2 protein and CCAAT/enhancer binding protein �.
The number of MyoD� myogenic cells and MHC� myotubes
and MyoD and MHC mRNA and protein levels increased dose

dependently in response to testosterone and DHT treatment.
Both testosterone and DHT decreased the number of adipo-
cytes and down-regulated the expression of PPAR�2 mRNA
and PPAR�2 protein and CCAAT/enhancer binding protein �.
Androgen receptor mRNA and protein levels were low at base-
line but increased after testosterone or DHT treatment. The
effects of testosterone and DHT on myogenesis and adipogen-
esis were blocked by bicalutamide. Therefore, testosterone
and DHT regulate lineage determination in mesenchymal plu-
ripotent cells by promoting their commitment to the myogenic
lineage and inhibiting their differentiation into the adipo-
genic lineage through an androgen receptor-mediated path-
way. The observation that differentiation of pluripotent cells
is androgen dependent provides a unifying explanation for
the reciprocal effects of androgens on muscle and fat mass in
men. (Endocrinology 144: 5081–5088, 2003)

TESTOSTERONE IS AN important determinant of body
composition in male mammals (1, 2). Androgen defi-

ciency is associated with decreased muscle mass and in-
creased fat mass (3). Conversely, testosterone supplementa-
tion increases fat-free mass (4–7) and decreases fat mass
(6–7) in hypogonadal men, HIV-infected men with weight
loss (8), and older men with low testosterone concentrations
(9–11). Testosterone’s effects on muscle and fat mass are
related to its dose (12–13). Not surprisingly, some athletes
take large amounts of androgens to increase muscle mass and
strength (1). Testosterone administration is associated with
hypertrophy of both type I and II muscle fibers (14) and
significant increases in myonuclear and satellite cell num-
bers (15).

The mechanisms by which testosterone regulates body
composition are poorly understood. The prevalent view is
that testosterone increases muscle mass by stimulating mus-
cle protein synthesis (5, 16–19). Indeed, testosterone admin-
istration increases nitrogen retention in castrated male rats
(16), in eunuchoidal men, in women, and in boys before
puberty (17). Testosterone administration to young, hypogo-
nadal men (5) and older men with low testosterone levels
stimulates muscle protein synthesis (18–19). The protein syn-

thesis hypothesis, however, does not explain the decrease in
fat mass and the increase in myonuclear and satellite cell
numbers associated with testosterone administration.

Muscle growth and regeneration during postnatal devel-
opment and hypertrophy is dependent on the addition of
myonuclei to muscle fibers (20–21). Because the nuclei
within the muscle fibers are post mitotic, new myonuclei
must be contributed by the satellite cells (20–22). An increase
in satellite cell number is an antecedent of an increase in
myonuclear number and muscle fiber hypertrophy (20–22).
Testosterone supplementation increases satellite cell number
in the levator ani of rats (23) and the skeletal muscle of men
(15). The uncommitted, pluripotent stem cells of mesodermal
origin that are resident within the muscle serve as reservoirs
for the generation of new satellite cells or myoblasts during
muscle regeneration or hypertrophy (24) and of adipocytes
in the muscle and adipose deposits throughout the body (25).
To explain the reciprocal changes in fat and muscle mass and
the increase in satellite cell number during testosterone ad-
ministration, we hypothesized that, in addition to direct ef-
fects on protein synthesis and satellite cell replication, tes-
tosterone promotes the commitment of pluripotent precursor
cells into the myogenic lineage and inhibits their differenti-
ation into the adipogenic lineage.

To test this hypothesis, we used pluripotent, mesenchymal
C3H 10T1/2 (10T1/2) cells that are capable of differentiating
into muscle, fat, cartilage, and bone cells and that have been

Abbreviations: AR, Androgen receptor; C/EBP�, CCAAT/enhancer
binding protein �; DHT, dihydrotestosterone; GAPDH, glyceraldehyde-
3-phosphate dehydrogenase; MHC, myosin heavy chain II; PPAR�2,
peroxisomal proliferator-activated receptor � 2.
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used widely as a model for studying the regulation of myo-
genic and adipogenic lineage determination (26–28). Com-
mitment of 10T1/2 cells to myogenic lineage is associated
with early activation of muscle-specific transcription factors,
such as MyoD, myogenin, and Myf5, followed by the ex-
pression of desmin and myosin heavy chain II (MHC) in
terminally differentiated cells (26–31). Peroxisomal prolif-
erator-activated receptor � 2 (PPAR�2) and CCAAT/en-
hancer binding protein � (C/EBP�) are key transcription
factors necessary for adipogenic differentiation (31–33). We
determined the effects of testosterone and dihydrotestoster-
one (DHT), two potent androgens, on the differentiation of
10T1/2 into myogenic and adipogenic lineages. We also as-
sessed the effects of testosterone and DHT on the expression
of myogenic and adipogenic differentiation markers. We
evaluated whether these effects occur through an androgen
receptor (AR)-mediated pathway.

Materials and Methods
Tissue culture

Mouse 10T1/2 cells, grown in DMEM with 10% fetal bovine serum
growth medium at 37 C, were treated with 20 �m 5-azacytidine for 3 d,
split 1:2, allowed to recover for 2 d, and seeded at 70% confluence in
six-well plates or chamber slides and grown with test agents for 0–14 d.

Immunocytochemical analyses of MHC, MyoD, and AR

Cells grown in eight-well chamber slides were fixed in 2% parafor-
maldehyde, quenched with H2O2, blocked with normal horse serum,
and incubated with a specific antibody. Detection was based on a sec-
ondary biotinylated antibody (1:200), followed by the addition of the
streptavidin-horseradish peroxidase ABC complex (1:100; Vectastain
Elite ABC System, Novocastra Laboratories, Newcastle upon Tyne, UK)
and 3,3�-diaminobenzidine. The cells were counterstained with Meyer’s
hematoxylin. In negative controls, we either omitted the first antibody
or used a rabbit nonspecific IgG.

The cytochemical staining was quantitated by densitometry using the
ImagePro program (Media Cybernetics, Silver Spring, MD). The number
of MyoD- and MHC-positive cells was counted against the total number
of cells determined by counterstaining. The area of MHC� cells was
computed per field and averaged over 10 fields.

Oil red O staining and adipocyte counting

10T1/2 cells were washed, fixed in 2% paraformaldehyde, and
stained with 0.3% Oil red O. The number of adipocytes was counted
under a bright-field microscope in ten 100-X fields and averaged.

Western blot analysis

Cell lysates (50–100 �g) were subjected to Western blot analyses by
7.5% gel electrophoresis, using 1:200 mouse monoclonal anti-MHC
(slow, Vector Laboratories, Inc., Burlingame, CA), 1:500 anti-AR, 1:500
anti-MyoD, 1:1000 anti-PPAR�, 1:300 anti-C/EBP�, or 1:10000 antiglyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) antibody (Santa
Cruz Biotechnology, Santa Cruz, CA). The washed filters were incubated
with 1:1000 dilution of secondary antibodies linked to horseradish per-
oxidase. Immunoreactive bands were visualized by using the enhanced
chemiluminescence detection system (Amersham, Chicago, IL).

RT-PCR and real-time quantitative PCR

Total RNA, extracted by using the Trizol-Reagent (Invitrogen, Carls-
bad, CA), was reverse transcribed, and cDNA was amplified for 36 cycles
by PCR at 94 C for 30 sec, primer annealing at 58 C for 30 sec, and
extension at 72 C for 1 min. PCR products were analyzed in 2% agarose
gels. The locations of the forward/reverse PCR primers are as follows:

AR (187 bp) 1937-1958/2124-2102 on S56585 and GAPDH (152 bp) 606-
626/758-738 on BC023196.

For real-time RT-PCR analysis of mRNA levels, forward/reverse
primers were as follows: MyoD (130 bp) 801-821/930-911 on M84918 and
PPAR�2 (241 bp) 79-99/320-299 on BC021798. The primers for PPAR�2
were specific for PPAR�2 and did not detect PPAR�1. The Qiagen
Syber-green RT-PCR kit with HotStar Taq DNA polymerase was used
(Qiagen, Valencia, CA) with the iCycler PCR thermocycler and fluores-
cent detector lid (Bio-Rad, Hercules, CA). The protocol included RT for
30 min at 50 C, using 250 ng (25 ng for GAPDH) RNA; melting for 15
min at 95 C; and 40 cycles of three-step PCR, including melting for 15
sec at 95 C, annealing for 30 sec at 58 C, and elongation for 30 sec at 72
C with a detection step of 15 sec at 81 C; followed by a melting curve
from 55–95 C at the rate of 0.5 C per 10 sec. The inverse derivatives of
melting curves showed sharp peaks for MyoD product at 88 C, PPAR�2
at 83.5 C, and GAPDH at 86 C, indicating the correct products. Samples
were analyzed in quadruplicate for MyoD or PPAR�2 in parallel with
GAPDH control; standard curves were generated by log dilutions of
pMyoD and pGAPDH plasmids or PPAR�2 PCR fragment from 1 fg to
1 ng. mRNA levels were calculated using the iCycler iQ software (Bio-
Rad). The ratios of MyoD or PPAR�2 mRNA to GAPDH mRNA were
computed.

Statistical analyses

All data are presented as mean � sem. Between-group differences
were analyzed by using ANOVA. If overall ANOVA revealed significant
differences, then pair-wise comparisons between groups were per-
formed using Tukey’s procedure. All comparisons were two-tailed, and
P values less than 0.05 were considered statistically significant. The
experiments were repeated two to four times, and data from represen-
tative experiments are shown.

Results
Low basal level of AR expression in 10T1/2 cells and
induction of AR expression by testosterone and DHT

10T1/2 cells pretreated with 5-azacytidine and grown for
14 d in growth medium expressed low levels of AR mRNA
and protein as assessed by RT-PCR and Western blot analysis
(Fig. 1A). The AR mRNA and protein levels, corrected for
GAPDH mRNA and protein expression, respectively, were
higher in cells incubated with DHT and testosterone (data
not shown) than in control cells (Fig. 1A). By immunocyto-
chemical staining using a specific anti-AR antibody (Fig. 1B),
very little staining (mostly cytoplasmic) was found in un-
treated control wells, and none was observed in cells that
were not treated with anti-AR antibody (data not shown).
Incubation with graded doses of DHT or testosterone in-
creased nuclear AR staining (Fig. 1B shows only selective
doses). Androgen stimulation of AR expression was blocked
by coincubation with an AR antagonist, flutamide, suggest-
ing that AR is involved in this autoregulation.

Testosterone and DHT stimulate myogenesis

MHC is expressed in terminally differentiated skeletal
muscle cells and is a late marker of myogenic commitment.
In preliminary experiments, we determined that by d 14,
sufficient numbers of MHC� myotubes were formed in un-
treated wells. Therefore, we used this time point to count the
number of MHC� myotubes and to evaluate changes in
MHC expression. In contrast, MyoD expression was induced
earlier, and we counted the number of MyoD� cells at d 7.
Figure 2A shows the dose-dependent effect of testosterone
(0–300 nm) treatment on the area of MHC� myogenic cells
measured by immunocytochemistry. The expression of
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MHC was observed mostly in multinucleated myotubes and
was significantly increased in a concentration-dependent
manner in cells treated with testosterone (Fig. 2A) or DHT
(data not shown). In contrast, pregnenolone (200 nm), a ste-
roid with little androgenic activity, had no significant effect
on the number of MHC� myotubes, indicating that these
effects are not common to all steroid hormones. Quantitative
image analysis of these MHC� cells (Fig. 2A, lower panel)
showed that treatment with graded concentrations of tes-
tosterone (0–300 nm) or DHT (0–30 nm) significantly in-
creased the number of MHC� myogenic cells; at the highest
concentrations of testosterone and DHT, the area of MHC�
myotubes was increased 4- to 5-fold compared with control
wells (mean: 135 myotubes per 103 �m2 for testosterone vs.
26 for control, P � 0.001; and 104 myotubes per 103 �m2 for
DHT vs. 26 for control, P � 0.001). Western blot analysis

confirmed that graded doses of testosterone dose-depen-
dently increased MHC protein expression compared with
vehicle control (Fig. 2B).

Testosterone up-regulated the expression of MyoD mRNA
and protein; MyoD is a transcription factor that is essential
for myogenic differentiation (Fig. 2, C and D). By real-time
quantitative RT-PCR, the ratio of MyoD to GAPDH mRNA
levels in cells treated with testosterone (30–300 nm) or DHT
(3–30 nm; Fig. 2C) was significantly increased compared with
controls. By Western blot analysis, DHT (30 nm) up-regu-
lated MyoD protein expression by over 2-fold after normal-
izing for GAPDH (Fig. 2D).

Testosterone and DHT inhibit adipogenesis

10T1/2 cells were treated with testosterone or DHT for
12 d, and the number of differentiated adipocytes was
counted (Fig. 3A). Testosterone and DHT each dose-depen-
dently inhibited the number of adipocytes to approximately
50% of control at the highest androgen concentrations (mean:
18 adipocytes per �100 field for testosterone vs. 35 for con-
trols, P � 0.0002; 18 adipocytes per �100 field for DHT vs.
33 for controls, P � 0.0002).

DHT and testosterone (data not shown) inhibited the ex-
pression of transcription factors that are important for adi-
pogenic differentiation (Fig. 3). Thus, increasing testosterone
(Fig. 3B) and DHT (data not shown) concentrations (0–300
nm) down-regulated the expression of PPAR�2 mRNA (mea-
sured by real-time RT-PCR). DHT (Fig. 3C) and testosterone
(data not shown) dose-dependently inhibited the expression
of PPAR�2 protein. DHT also inhibited the expression of 42-
and 30-kDa C/EBP� proteins in a dose-dependent manner
(Fig. 3C).

Effects of testosterone and DHT on myogenesis are blocked
by an AR antagonist

To determine whether the effects of testosterone and DHT
on myogenesis are mediated through the AR pathway, we
assessed whether these effects could be blocked by bicalu-
tamide, a competitive AR antagonist. Incubation of cells with
30 nm testosterone or 10 nm DHT resulted in a higher MHC�
myotube area than medium alone (Fig. 4, A and B). The
effects of testosterone and DHT were inhibited dose depen-
dently by bicalutamide. The stimulation of MHC protein by
testosterone and DHT, by Western blotting, was also blocked
by graded concentrations of bicalutamide (Fig. 4C).

Incubation of 10T1/2 cells with 30 nm testosterone and 10
nm DHT was associated with a greater number of MyoD�
cells than medium alone (Fig. 5, A and B). The stimulation
of MyoD� cell number by testosterone and DHT was
blocked by 3- to 10-fold molar excess of bicalutamide.

Effects of testosterone and DHT on adipogenesis are blocked
by an AR antagonist

As expected, incubation with DHT alone resulted in sig-
nificantly fewer adipocytes compared with medium alone
(mean: 11 adipocytes per field in DHT vs. 21 in control wells,
P � 0.01). Coincubation of cells with DHT and graded con-
centrations of bicalutamide resulted in a dose-dependent

FIG. 1. Androgen induction of AR in 10T1/2 cells A, RT-PCR analysis
of AR mRNA (left) and Western blots of AR protein (right). Cells were
pretreated without (10T1/2) or with 5-azacytidine (Az) and grown for
14 d with medium [control (Con.)] or DHT (nM). Total RNA was
analyzed by RT-PCR. Protein extracts were analyzed by Western
blotting using anti-AR or anti-GAPDH antibody. B, Immunocyto-
chemistry of AR protein. 10T1/2 cells were treated with medium
alone, testosterone (T) (nM), DHT (nM), or DHT plus flutamide (F) and
analyzed by immunocytochemistry using anti-AR antibody. Solid ar-
rows point to AR� nuclei, and empty arrows point to nuclei that did
not stain with anti-AR antibody. No counterstain was used. Magni-
fication, �200.
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reversal of the DHT effect (Fig. 6, A and B). By Western blot
analysis, inhibition of C/EBP� protein expression by DHT
was reversed by bicalutamide (Fig. 6B). AR expression was
up-regulated with DHT treatment, and bicalutamide inhib-
ited basal and DHT-induced AR expression.

Discussion

These data demonstrate that testosterone and DHT regu-
late the differentiation of C3H 10T1/2 pluripotent cells of
mesenchymal origin; these androgens stimulate myogenic
differentiation while inhibiting adipogenic differentiation.
The effects of testosterone and DHT on pluripotent cell dif-

FIG. 2. Testosterone (T) and DHT stimulate myogenesis in 10T1/2 cells
A, Immunocytochemical staining of MHC� myogenic cells. The upper
panelshows10T1/2cells treated for12dwithT(0–300nM)orDHT(0–30
nM, data not shown) and analyzed by immunocytochemistry using an
anti-MHC antibody. Negative control did not include the first antibody
(w/o 1st ab). Total areas of MHC� cells per field are plotted in the lower
panel (P values vs. control: **, P � 0.01; ***, P � 0.001). Magnification,
�100. B, Western blot analysis of MHC protein. Cell extracts were
analyzed by immunoblotting using anti-MHC or anti-GAPDH antibody.
The protein size (kDa) and T concentrations (nM) are shown. �Az, Cells
not treated with 5-azacytidine. C, Quantitation of MyoD mRNA by real-
time RT-PCR. 10T1/2 cells were treated with T (0–300 nM) or DHT (0–30
nM). MyoD and GAPDH mRNA ratios were analyzed by real-time RT-

FIG. 3. Effects of testosterone and DHT on adipogenesis A, Effect of
testosterone or DHT on adipocyte number. 10T1/2 cells were grown
with increasing doses of testosterone or DHT for 12 d. The average
number of adipocytes was calculated for each �100 field (P values vs.
control: *, P � 0.02; **, P � 0.004; ***, P � 0.001). B, Quantitative
analysis of PPAR�2 mRNA by real-time RT-PCR. 10T1/2 cells were
grown with medium or testosterone (nM). PPAR�2 and GAPDH
mRNA levels and ratios were analyzed by real-time RT-PCR (P values
vs. control: *, P � 0.05; **, P � 0.01). C, Effect of DHT on PPAR�2 and
C/EBP� protein expression. Cell extracts were analyzed by immu-
noblotting using anti-PPAR�, anti-C/EBP�, or anti-GAPDH anti-
body. DHT concentrations (nM) and protein sizes (kDa) are shown.

PCR (P values vs. control: *, P � 0.05; **, P � 0.03; ***, P � 0.001).
D, Western blot analysis of MyoD protein. Cell extracts were analyzed
by immunoblotting using anti-MyoD or anti-GAPDH antibody. DHT
concentrations (nM) are shown.
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ferentiation are mediated through an AR-dependent mech-
anism because they are blocked by bicalutamide, an AR
antagonist. AR expression in the uncommitted 10T1/2 cells
was induced by androgens, suggesting that androgens mod-
ulate pluripotent cell responsiveness by up-regulating the
expression of their own receptor. The effects of testosterone
and DHT on pluripotent cell differentiation are detectable at
concentrations that are close to the circulating concentrations
of these hormones. Our data support the hypothesis that

androgens regulate body composition, at least partly, by
stimulating the commitment of pluripotent cells that are
resident within the skeletal muscle and elsewhere into the
myogenic lineage and inhibiting their progression into the
adipogenic pathway.

The anabolic effects of androgens on the skeletal muscle
have been controversial for over six decades, primarily due
to problems of study design (1); the nature and the reasons
for this controversy have been discussed in excellent reviews
(1). However, recent studies (2–7) have demonstrated that
replacement doses of testosterone, when given to hypogo-
nadal men, increase fat-free mass and decrease fat mass.
Administration of supraphysiological doses of testosterone
to eugonadal men leads to further gains in fat-free mass,
muscle size, and maximal voluntary strength (12). Testos-
terone effects on fat-free mass are directly correlated with the
administered dose and the serum testosterone concentra-
tions; in contrast, the changes in whole-body and regional fat
mass are inversely correlated with testosterone dose and

FIG. 4. A, AR antagonist, bicalutamide (BIC), blocks the effects of
testosterone (T) and DHT on MHC expression in 10T1/2 cells. 10T1/2
cells were treated for 12 d with DHT (nM) or T (data not shown) with
or without BIC. MHC expression was visualized by immunocyto-
chemistry (magnification, �100) using anti-MHC antibody. w/o 1st
antibody, without first antibody. B, Effects of BIC (nM) on area of
MHC� myotubes in wells treated with T (left) or DHT (right). The
total areas of the MHC� myotubes per field are shown (P values vs.
control: ***, P � 0.001; P vs. T or DHT: ###, P � 0.001). C, Effects of
AR blockade on MHC protein by Western blotting. Cell extracts were
analyzed by immunoblotting using an anti-MHC or anti-GAPDH an-
tibody. T, DHT, and BIC concentrations (nM) are shown. Con., control.

FIG. 5. AR antagonist inhibits androgen effects on MyoD expression
A, Immunocytochemistry of MyoD in 10T1/2 cells. 10T1/2 cells grown
in growth medium were treated for 6 d with DHT (10 nM) or testos-
terone (T) (30 nM) with or without bicalutamide (BIC). MyoD expres-
sion visualized by immunocytochemistry using an anti-MyoD anti-
body is shown from representative wells (magnification, �40). w/o 1st
antibody, Without first antibody. B, Effect of AR antagonist on the
number of MyoD� cells. MyoD� cells were expressed as a percent of
the total number of hematoxylin-stained nuclei (P values vs. control:
*, P � 0.05; **, P � 0.01; P vs. DHT alone: ###, P � 0.001).

Singh et al. • Androgens Regulate Commitment of Pluripotent Cells Endocrinology, November 2003, 144(11):5081–5088 5085

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/144/11/5081/2881106 by guest on 21 August 2022



concentrations (13). Thus, testosterone is an important reg-
ulator of body composition in men.

The mechanisms by which testosterone regulates body
composition are poorly understood. Observations that tes-
tosterone administration increases nitrogen retention in cas-
trated male mammals (16) led to the hypothesis that testos-
terone increases muscle mass by stimulating muscle protein
synthesis. Studies in young, hypogonadal men (5) and older
men with low testosterone levels (18–19) have reported gains
in fractional muscle protein synthesis after testosterone ad-
ministration. However, the hypothesis that muscle protein
synthesis is the primary site of androgen action does not
adequately explain either the increases in myonuclear and
satellite cell number that accompany testosterone supple-
mentation (15) or the reciprocal decrease in fat mass (13). Our
hypothesis that testosterone affects body composition by
regulating pluripotent cell differentiation provides a unify-
ing explanation for the observed discordant changes in mus-
cle and fat mass caused by testosterone supplementation.
Increased commitment of pluripotent cells into the myogenic
lineage would also be consistent with the observed increase
in the number of satellite cells. However, it is possible that
significant changes in muscle protein synthesis and/or deg-
radation may accompany induction of myogenesis by tes-
tosterone administration. We cannot exclude the possibility

that androgens might also affect additional steps in the dif-
ferentiation of myogenically committed cells, such as the
satellite cells.

The 10T1/2 cells are a recognized in vitro model of cell
differentiation that have been used widely to define the ear-
lier stages of myogenesis (26–28); however, no experimental
model can replicate the complexity of the living human or-
ganism. Treatment with 5-azacytidine or transfection with
cDNAs for MyoD or Myf5 can induce a fraction of these cells
to differentiate into myogenic cells (26–28), leading to the
appearance of mononuclear myoblasts (26–28). After the
removal of certain key growth factors, myoblasts fuse into
polynucleated myotubes that express MHC and other pro-
teins characteristic of the differentiated muscle fibers. How-
ever, the late stages of myogenesis in which myotubes be-
come organized into functional muscle bundles and develop
innervation and vascularization are not represented in this in
vitro model. Also, because of the murine fetal origin of
10T1/2 cells, we do not know whether the changes observed
in these cells can be extrapolated to native pluripotent stem
cells of adult humans. Although 10T1/2 cells mimic many
differentiation features of the adult pluripotent stem cells
and are a widely used model for studying the regulation of
stem-cell commitment to myogenesis or adipogenesis, it
would be premature to apply these data directly to human
myogenesis. Further studies are needed to confirm the effects
of androgens on native, adult, pluripotent stem cells.

Although there is now agreement that testosterone ad-
ministration increases muscle mass in men, the effects of
androgen administration on fat mass are not as well recog-
nized. Androgens inhibit whole-body fat mass; thus, andro-
gen deficiency in men is associated with higher fat mass
compared with eugonadal controls (3), and testosterone sup-
plementation decreases whole-body and intermuscular fat
mass (6–9). De Pergola (36) has reported that testosterone
inhibits differentiation of adipocyte precursor cells, sup-
presses lipid uptake and lipoprotein lipase activity in adi-
pocytes, and up-regulates the number of �-adrenergic re-
ceptors. In our study, the expression of the markers of
adipogenic differentiation, such as PPAR�2 and C/EBP�,
was down-regulated, and the number of adipocytes was
inhibited in a dose-dependent manner by both testosterone
and DHT. Our data are consistent with those of James et al.,
(37) who observed a significant decrease in the number of fat
cells in the inguinal and retroperitoneal region of female rats
treated with supraphysiological doses of testosterone. Taken
together, these data suggest that androgens inhibit adipo-
genic commitment of mesenchymal pluripotent cells, result-
ing in the formation of fewer adipocytes. However, we do not
know whether androgens have additional effects on pre-
adipocyte differentiation because C3H 10T1/2 cells are not
an optimum model of preadipocyte differentiation.

The androgen effects on both myogenic and adipogenic
differentiation were blocked by bicalutamide, indicating that
these effects are mediated through an AR-mediated path-
way. It has been speculated that the anabolic effects of su-
praphysiological doses of androgens might represent an an-
tiglucocorticoid effect; our data do not exclude this
possibility. However, almost complete inhibition of the ef-
fects of both testosterone and DHT by bicalutamide is con-

FIG. 6. A, AR antagonist blocks DHT effects on adipocyte number.
10T1/2 cells treated with DHT for 12 d were stained with oil red O.
The average number of adipocytes was expressed as a percent of
hematoxylin-positive nuclei (P values vs. control: **, P � 0.01; P vs.
DHT alone: #, P � 0.05; ##, P � 0.01). B, AR antagonist blocks DHT
effects on C/EBP� and AR protein. Protein extracts were separated
on 7.5% agarose gels and detected by immunoblotting. The concen-
trations (nM) of DHT and bicalutamide (BIC) are shown in parenthe-
ses. Con. (0), Control wells treated with vehicle alone; T, testosterone.
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sistent with an important role of the AR pathway in medi-
ating these effects on 10T1/2 cell differentiation.

Although both testosterone and DHT were effective in
stimulating myogenesis and inhibiting adipogenesis, DHT
was more potent than testosterone in this model. These data
confirm previous observations that suggest that DHT is more
potent than testosterone in some androgen-responsive tis-
sues (34). Pregnenolone, a steroid precursor of testosterone,
had no significant effect on the differentiation of 10T1/2 cells,
indicating that these effects are specific to androgenic
steroids.

Significant effects of testosterone and DHT on pluripotent
cell differentiation were observed at concentrations that
bracket the circulating levels of these hormones in young
men. However, incubation with testosterone and DHT con-
centrations that were higher than the upper limit of the
normal male range was associated with greater stimulation
of myogenesis and greater inhibition of adipogenesis than
with physiological concentrations.

Under basal conditions, 10T1/2 cells expressed AR mRNA
and protein in low abundance, and testosterone and DHT
up-regulated the expression of AR mRNA and protein in
these cells. The up-regulation of AR by androgens may pro-
vide a mechanism for potentiation of androgen responsive-
ness. Ferrando et al. (18) have also reported an increase in AR
expression in the skeletal muscle of men after androgen
administration.

In this in vitro model, we did not find a complete concor-
dance in the magnitude of changes in the mRNA and protein
concentrations of myogenic markers and the change in the
number of MHC� myotubes. We only studied a limited
number of time points, and it is possible that the time course
for the optimal induction of different myogenic markers is
different from that of myotube formation. Therefore, it is not
surprising that the changes in steady-state concentrations of
mRNA and protein concentrations do not always show com-
plete proportionality to phenotypic changes observed at a
specific time point in cell differentiation.

These data do not exclude the possibility that androgens
might have additional effects on muscle protein synthesis,
satellite cell replication, myoblast fusion, myogenic progres-
sion to fully differentiated fibers, and one or more steps in
the adipogenic differentiation pathway. However, the recip-
rocal effects of androgens on myogenic and adipogenic dif-
ferentiation suggest that these hormones likely act at sites
that are proximal to both the myogenic and adipogenic dif-
ferentiation pathways and involve mechanisms for lineage
determination in mesenchymal precursor cells. The molec-
ular mechanisms by which androgens regulate lineage com-
mitment are unknown. Previous studies have suggested that
the Wnt signaling pathway plays an important role in lineage
determination in pluripotent stem cells (32, 35). Further stud-
ies are needed to determine the role of Wnt and other sig-
naling pathways in mediating androgen action on pluripo-
tent stem-cell differentiation.
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