
Review Article

The Mechanisms of Androgen Effects on Body
Composition: Mesenchymal Pluripotent Cell

as the Target of Androgen Action

Shalender Bhasin, Wayne E. Taylor, Rajan Singh, Jorge Artaza, Indrani Sinha-Hikim,

Ravi Jasuja, Helen Choi, and Nestor F. Gonzalez-Cadavid

Division of Endocrinology, Metabolism, and Molecular Medicine,
Charles R. Drew University of Medicine and Science, Los Angeles, California.

Testosterone supplementation increases muscle mass primarily by inducing muscle fiber hypertrophy; however,
the mechanisms by which testosterone exerts its anabolic effects on the muscle are poorly understood. The
prevalent view is that testosterone improves net muscle protein balance by stimulating muscle protein synthesis,
decreasing muscle protein degradation, and improving the reutilization of amino acids. However, the muscle
protein synthesis hypothesis does not adequately explain testosterone-induced changes in fat mass, myonuclear
number, and satellite cell number. We postulate that testosterone promotes the commitment of pluripotent stem
cells into the myogenic lineage and inhibits their differentiation into the adipogenic lineage. The hypothesis that
the primary site of androgen action is the pluripotent stem cell provides a unifying explanation for the observed
reciprocal effects of testosterone on muscle and fat mass.

AFTER nearly six decades of intense controversy (1),
a consensus has emerged that androgens have direct

anabolic effects on the mammalian skeletal muscle (2–17).
Testosterone administration to androgen-deficient men is
associated with an increase in lean body mass (2–6), mostly
due to skeletal muscle accretion (4). In addition, testosterone
administration leads to a reduction in whole body and
regional fat mass (Table 1) (3–6). Testosterone effects on
the muscle are linearly correlated with the administered dose
and the prevalent circulating testosterone concentrations (7).
Thus, administration of supraphysiological doses of testos-
terone to eugonadal men leads to further gains in muscle
size and maximal voluntary strength (7,8). Testosterone-
induced increase in muscle size is associated with
hypertrophy of both type I and II fibers (9), and an increase
in the number of myonuclei and satellite cells (10). Any
proposal to explain the anabolic effects of testosterone
should ideally reconcile all of these observed effects of
testosterone administration on body composition and
muscle morphology. Until recently, the dominant hypoth-
esis had been that testosterone administration increases the
synthesis rates of mixed skeletal muscle protein, including
myosin heavy chain (MHC) (4,11–16). However, this
hypothesis does not explain all of the observed effects of
androgens on body composition; hence, the mechanisms by
which testosterone induces skeletal muscle mass remain
poorly understood. There are several additional vexing
issues related to the effects of testosterone on the muscle
that have not been fully explained. Are androgen effects on
muscle and fat mass mediated through similar or different
mechanisms? What cell type within the skeletal muscle is
the primary target of androgen action—is it the muscle fiber,

satellite cell, or yet another androgen-responsive cell? Are
androgen effects on the muscle mediated through an
androgen receptor-mediated pathway? What signal trans-
duction pathways are involved in mediating androgen
effects on the muscle? Is 5-alpha reduction of testosterone
necessary for mediating testosterone effects on the muscle?
What is the role of aromatization of testosterone in
mediating androgen effects on body composition? What is
the mechanistic basis of the tissue-specific differences in
androgen responsiveness? This review attempts to address
these issues, and is a summary of the data and thoughts
generated in our laboratories over the past decade on the
anabolic effects of testosterone on skeletal muscle.

TESTOSTERONE INDUCES
SKELETAL MUSCLE FIBER HYPERTROPHY

Administration of replacement doses of testosterone to
healthy young (2–6) and older men with low testosterone
levels (18–21) and HIV-infected men with low testosterone
levels (17), and administration of supraphysiological doses
to eugonadal men, increases muscle size (7,8). To evaluate
whether testosterone-induced increase in muscle size is due to
muscle fiber hypertrophy, we treated healthy young men with
monthly injections of a long-acting gonadotropin-releasing
hormone (GnRH) agonist to suppress endogenous testoster-
one secretion and weekly injections of 25, 50, 125, 300, or 600
mg testosterone enanthate (TE) for 20 weeks. Muscle biopsies
were obtained from vastus lateralis muscle in eugonadal
men before and after 20 weeks of combined treatment with
GnRH agonist and testosterone (7,9). Muscle volume
measured by magnetic resonance imaging increased in
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proportion to the administered dose and the prevalent
testosterone concentrations. The cross-sectional areas of both
type I and II fibers also increased in direct correlation with
the testosterone dose and total and free testosterone con-
centrations during treatment (9) (Figure 1). The relative
proportions of type I and type II fibers did not change
significantly after treatment in any group. Thus, the increase
in muscle volume in healthy eugonadal men treated with
graded doses of testosterone is due to concentration-
dependent hypertrophy of both type I and type II muscle
fibers (9).

TESTOSTERONE INCREASES NUMBER OF MYONUCLEI

AND SATELLITE CELLS IN SKELETAL MUSCLE

OF HEALTHY YOUNG MEN

We counted the number of myonuclei in biopsies of
vastus lateralis obtained at baseline and after 20 weeks of
treatment with a GnRH agonist and 125, 300, or 600 mg
weekly dose of testosterone enanthate. Testosterone ad-
ministration was associated with a significant increase in
myonuclear number. Because myonuclei in muscle fibers
are contributed by satellite cells, we considered the pos-
sibility that testosterone administration increases satellite
cell number. Accordingly, we quantitated the number of
satellite cells by direct counting and by spatial orientation
methods. Testosterone administration was associated with
a dose-dependent increase in percent satellite cell number,

obtained by direct counting, and absolute satellite cell
number obtained by spatial orientation in men treated with
300 mg and 600 mg doses (Figure 2) (10). The change
in percent satellite cell number correlated with changes in
total and free testosterone concentrations (10). Satellite cell
and mitochondrial areas were significantly higher and the
nuclear to cytoplasmic ratio lower after treatment with 300
mg and 600 mg doses (10). These data demonstrate that
testosterone-induced muscle fiber hypertrophy is associated
with an increase in satellite cell number, a proportionate
increase in myonuclear number, and changes in satellite cell
ultrastructure. These alterations in satellite cell number and
ultrastructure and muscle morphology cannot be explained
by the muscle protein synthesis hypothesis.

TESTOSTERONE EFFECTS ON FAT MASS

Testosterone is an important determinant of whole body
and regional fat mass. Hypogonadal men have higher fat
mass in comparison with eugonadal controls (3). Induction
of androgen deficiency in healthy men by administration of
a GnRH agonist leads to an increase in fat mass (14). In
young, hypogonadal men, testosterone replacement therapy
is associated with a decrease in fat mass (3–6). Long-term
studies of testosterone supplementation of older men have
also demonstrated a decrease in fat mass (18,19). Serum
testosterone levels are lower in middle-aged men with
visceral obesity than in age-matched controls (22,23).
Serum testosterone levels correlate inversely with visceral
fat area (22,23). Testosterone replacement of middle-aged
men with visceral obesity has been reported to decrease
intraabdominal fat mass and improve insulin sensitivity
(24,25). In our dose–response studies, administration of
graded doses of testosterone to men was associated with
a dose-dependent decrease in fat mass (7). Loss of fat mass
at higher doses was evenly distributed in the trunk and
appendices and in the superficial and deep compartments.
Until recently, testosterone effects on fat mass and meta-
bolism have been assumed to be mediated by mecha-
nisms that are distinct from those that mediate androgen
effects on the muscle. Testosterone has been reported to
inhibit lipid uptake and lipoprotein lipase activity in adipo-
cytes, and stimulate lipolysis (21), in part by increasing the
number of lipolytic beta-adrenergic receptors. In addition,
testosterone inhibits the differentiation of preadipocytes to
adipocytes. All of these hypotheses on the direct effects of
testosterone on fat mass, although plausible, do not provide
a unifying explanation for the reciprocal changes in muscle
and fat mass.

TESTOSTERONE EFFECTS ON PROTEIN SYNTHESIS

Soon after the biochemical synthesis of testosterone,
several groups investigated the anabolic effects of testos-
terone in animal models. During the 1930s, Kochakian (26)
first described the nitrogen-retaining properties of urinary
androgens in the castrated dog. He recorded similar effects
of androgens in the castrated male rat and found that the
androgen stimulation not only resulted in nitrogen retention
but also increases in body weight (26–28). These studies
suggested that androgen effects were dose related, with

Table 1. Summary of the Observed Effects of Testosterone on

Body Composition

Effects on Fat-Free Compartment

Increase in fat-free and lean body mass (2–14)

Increase in bone mass (52)

Increase in nitrogen retention in castrated male mammals, eunuchoidal

men, women, and prepubertal boys (25–28)

Changes in Muscle Histomorphology

Increase in cross-sectional areas of both types I and II skeletal muscle

fibers (9)

Increase in the number of myonuclei (10)

Increase in the number of satellite cells (10)

Changes in Protein Dynamics

Increase in nonoxidative leucine disappearance rate (14)

Increase in fractional synthesis rates of mixed skeletal muscle

protein (11–14)

No net increase in protein balance, although net protein balance

becomes less negative in fasting state (15,16)

Decrease in protein degradation by the arteriovenous difference

method (15)

Decrease in proteasome-mediated protein degradation (15)

Effects of Fat Compartment

Decrease in whole-body fat mass in hypogonadal men treated with

replacement doses of testosterone (3–6)

Decrease in whole-body fat mass in eugonadal men with

supraphysiological doses of testosterone and other androgens (7)

Decrease in intraabdominal fat mass in middle-aged men with low normal

testosterone levels (25,26)

Increased lipolysis (26)

Regulation of lipoprotein lipase activity (52,53)

Decreased triglyceride assimilation in abdominal fat compartment (26)

Inhibits preadipocyte to adipocyte differentiation (52)

Note: Numbers in parentheses are reference numbers.
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higher nitrogen retention and weight gains observed with
higher doses of androgens (26–28).

Shortly after the initial animal studies, Kenyon and
colleagues (29) studied the effects of testosterone propio-
nate in eunuchoidal men, and eugonadal men and women.
During androgen treatment, urinary nitrogen excretion
diminished, with the greatest magnitude of effects observed
in eunuchoidal men. Kenyon concluded presciently that the
‘‘protein estimated as retained by these subjects is not
accounted for by increases in the bulk of genital tissues and
represents deposit of new material elsewhere in the body’’
(29). These observations, combined with the results of the
animal studies (26–29), allowed the early recognition of the
anabolic effects of androgens. It is notable that Kenyon and
others were not able to demonstrate sustained increases in
nitrogen retention with testosterone supplementation in
eugonadal men, an observation that sparked considerable
skepticism for the next 50 years about the anabolic effects of
supraphysiological doses of androgens in eugonadal men.

Induction of androgen deficiency by administration of
a long-acting GnRH agonist in healthy young men is
associated with decreased rates of 13C-leucine appearance,
a measure of proteolysis (14). Lowering of testosterone
concentrations in this study (14) was also associated with a
significant decrease in nonoxidative leucine disappearance,
a marker for whole-body protein synthesis. Conversely,
testosterone supplementation stimulates the synthesis of
mixed skeletal muscle proteins (4,11–14). All of these
studies of protein turnover have been performed in the
fasting state in which the net balance between protein
synthesis and breakdown is negative. Testosterone admin-
istration improves the muscle protein balance and reduces
the loss of muscle protein during the fasting state (4,12–16).

However, none of the studies have demonstrated a clear
improvement in muscle protein balance into the positive
territory, which would indicate net protein accretion. It is
possible that during the fed state, testosterone administration
leads to net protein accretion. Testosterone improves the
efficiency of reutilization of amino acids in the muscle (16).
The effects of testosterone administration on muscle protein
breakdown have not been studied extensively. A recent
study by Ferrando and colleagues (15) reported a significant
decrease in muscle protein breakdown following testoster-
one supplementation in older men. In this study (15), the
proteasome peptidase activity was decreased by testosterone
administration, a finding consistent with the decrease in
muscle protein degradation assessed by using labeled
phenylalanine and measurements of arteriovenous differ-
ences. Thus, the net effect of testosterone administration is a
greater net accretion of nitrogen because of the amelioration
of protein loss during fasting, and by stimulation of protein
anabolism with feeding (15).

Several observed effects of testosterone administration on
body composition and muscle histomorphology are not easily
explained by the muscle protein hypothesis. If muscle protein
synthesis or degradation were the primary target of androgen
action, then one would have to invoke a separate mechanism
to explain the reduction in fat mass that occurs during
androgen administration. Similarly, muscle protein hypoth-
esis does not easily explain the observed increases in the
number of myonuclei and satellite cells in the skeletal muscle
during androgen treatment. Undoubtedly, muscle fiber
hypertrophy could not occur without a net increase in protein
accretion; however, it is likely that the increase in muscle
protein synthesis is a secondary event in the cascade of
molecular processes that culminate in muscle hypertrophy.

Figure 1. Testosterone induces skeletal muscle fiber hypertrophy. The figure shows cross-sections of muscle biopsies obtained before and after 20 weeks of

treatment in one man treated with GnRH agonist and 600 mg testosterone enanthate weekly. The left panels represent baseline sections, and the right panels are sections

obtained after 20 weeks of treatment. The magnification is 200-fold in A and B, and 1000-fold in C and D [reproduced with permission (9)].
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ARE ANABOLIC EFFECTS OF ANDROGEN

ON MUSCLE MEDIATED THROUGH

AN ANDROGEN RECEPTOR-MEDIATED PATHWAY?
Androgen receptors are expressed in all the skeletal

muscles that have been examined (30,31). The level of
expression varies in different muscle groups (30). However,
androgen receptors in most organ systems are nearly saturated
at testosterone concentrations that are at or near the lower end
of the normal male range (1). Indeed, many androgen-
dependent functions in men are maintained at testosterone
concentrations that are near the lower end of the male range
(7). However, our dose–response studies in healthy young
men have demonstrated that the anabolic effects of testoster-
one on the muscle are linearly related to testosterone dose and
circulating concentrations over a range that extends at least
a log unit higher than the lower end of the normative range in
men (7). If androgen receptors are saturated at relatively low
testosterone concentrations, then how can we explain the
effects of higher, supraphysiologic doses of testosterone on
the muscle? This apparent discordance led to considerable
skepticism about the biological plausibility of direct anabolic
effects of testosterone on the muscle. These observations also
led to speculation that the anabolic effects of testosterone on
the muscle might not be mediated through an androgen-

dependent mechanism. It was hypothesized, with some
support from experimental data, that testosterone’s effects
on the muscle might be mediated through an antigluco-
corticoid effect (32–34). In animal models, glucocorticoids
antagonize the anabolic effects of testosterone (32–34);
conversely, testosterone administration can prevent gluco-
corticoid-induced muscle atrophy. Testosterone binds gluco-
corticoid receptor with low affinity (33), and it is not clear
whether testosterone has additional postreceptor effects on the
glucocorticoid pathway.

Administration of androgen receptor antagonists to men
is associated with loss of muscle mass, suggesting that
testosterone at the prevalent circulating concentrations is
necessary for maintenance of skeletal muscle mass in men.
These data also support the role of the androgen-receptor
pathway in mediating androgen effects on the muscle.
Androgen administration upregulates the expression of
androgen receptor in the skeletal muscle (14). Therefore, it
is possible that testosterone administration increases the
responsiveness of the skeletal muscle to androgen action by
upregulation of its own receptor.

Although there is agreement that androgen receptors are
expressed in the mammalian skeletal muscle, the exact cell
type or types that express androgen receptors have not been
identified. Much of the previous work on androgen receptor
localization has been performed by using homogenized
extracts of skeletal muscles, which precludes cellular
localization. However, Doumit and colleagues (35) have
demonstrated, by immunoblotting and immunohistochemi-
cal staining, that porcine satellite cells express androgen
receptor immunoreactive protein. Unpublished data (Sinha-
Hikim and colleagues) suggest that additional cell types in
the human skeletal muscle also express androgen receptor;
the precise nature of these additional cells that express
androgen receptor has not been elucidated.

MUSCLE PLURIPOTENT CELL DIFFERENTIATION

AS THE PRIMARY TARGET OF ANDROGEN ACTION

Muscle growth and regeneration during postnatal de-
velopment and hypertrophy is dependent on the addition
of myonuclei to muscle fibers (36–38). Because the nuclei
within the muscle fibers are postmitotic, new myonuclei are
contributed by the satellite cells (36–38). An increase in
satellite cell number is an essential antecedent of an increase
in myonuclear number and muscle fiber hypertrophy
(36–38). Therefore, it is not surprising that testosterone
supplementation increases satellite cell number in the
levator ani of rats (39,40) and the skeletal muscle of men
(10). 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 dur-
ing muscle regeneration or hypertrophy (36–38), and of
adipocytes in the muscle and adipose deposits throughout
the body (41). To explain the reciprocal changes in fat
and muscle mass, and the increase in satellite cell number
during testosterone administration, we hypothesized that,
in addition to direct effects on protein synthesis and satellite
cell replication, testosterone promotes the commitment of
pluripotent precursor cells into the myogenic lineage and
inhibits their differentiation into the adipogenic lineage.

Figure 2. The effect of testosterone administration on myonuclear number

and absolute satellite cell number. The number of myonuclei (upper panel) and

satellite cells per millimeter of muscle fiber length (lower panel) were computed

by spatial distribution. Change was calculated as the difference between post-

treatment and baseline values. Values that were significantly different from zero

are marked by asterisks. The weekly dose of testosterone enanthate is shown

at the bottom. *p ¼ .04 versus zero change; **p ¼ .03 versus zero change

[reproduced with permission (10)].
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We tested this hypothesis by using pluripotent mesen-
chymal C3H10T1/2 cells (42) that, upon azacytidine
treatment, are capable of differentiating into muscle, fat,
cartilage, and bone cells; these cells have been employed
widely as a model for studying the regulation of myogenic
and adipogenic lineage determination (43). Commitment of
C3H10T1/2 cells to myogenic lineage is associated with
early activation of muscle-specific transcription factors such
as MyoD, myogenin, and myf5, followed by the expression
of desmin and MHC II in terminally differentiated cells.
Similarly, peroxisomal proliferator-activated receptor-c-2
(PPAR-c-2) and CCAAT/enhancer binding protein a (C/
EBPa) are key transcription factors necessary for adipogenic
differentiation. We determined the effects of testosterone
and dihydrotestosterone (DHT), two potent androgens, on
the differentiation of these pluripotent cells into myogenic
and adipogenic lineages (42).

Coincubation of C3H10T1/2 cells with testosterone and
DHT was associated with higher number of MyoDþ
myogenic cells and MHCþ myotubes (Figure 3) (42).
MyoD and MHC mRNA and protein levels that are markers
of myogenic differentiation increased dose dependently in
response to testosterone and DHT treatment. Both testos-
terone and DHT decreased the number of adipocytes;
correspondingly, these androgens down-regulated the ex-
pression of PPAR-c-2 mRNA and PPAR-c-2 and C/EBPa
proteins that are markers of adipogenic differentiation
(Figure 3). Androgen receptor mRNA and protein expres-
sion was low at baseline, but increased after testosterone or
DHT treatment. Significant effects of testosterone on
myogenesis and adipogenesis were observed at concen-
trations that bracket its physiological concentrations in the
plasma of healthy young men; higher concentrations were
associated with greater stimulation of myogenesis than
physiological concentrations. The effects of testosterone and
DHT on myogenesis and adipogenesis were blocked by
bicalutamide. Hence, testosterone and DHT regulate lineage
determination in mesenchymal pluripotent cells by pro-
moting their commitment to myogenic lineage and inhibit-
ing their differentiation into adipogenic lineage through an
androgen receptor-mediated pathway.

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 (42). These data do not exclude the possibility that
testosterone might act at one or more additional steps in
the myogenic and/or adipogenic pathways (Figure 4). It is
possible that androgens might have additional effects on
muscle protein synthesis, satellite cell replication, myoblast
fusion, myogenic progression to fully differentiated fibers,
and one or more steps in the adipogenic differentiation
pathway (Figure 4). For instance, testosterone has been
reported to increase satellite cell replication in vitro and in
vivo in the levator ani muscle of the rat (39,40). However, the
reciprocal effects of androgens on myogenic and adipogenic
differentiation suggest that these hormones likely act at sites
that are proximal to both the myogenic and adipogenic
differentiation pathways, and involve mechanisms for lineage
determination in mesenchymal precursor cells. The molecular
mechanisms by which androgens regulate lineage commit-

ment are unknown. Previous studies have suggested that the
Wnt signaling pathway plays an important role in lineage
determination in pluripotent stem cells (44). Further studies
are needed to determine the role of Wnt and other signaling
pathways in mediating androgen action on pluripotent stem
cell differentiation.

BIOLOGIC BASIS OF TISSUE-SPECIFIC DIFFERENCES

IN ANDROGEN RESPONSIVENESS

Studies in male rats and healthy men have demonstrated
that different androgen-sensitive organ systems have
different testosterone dose–response relationships. Thus,
most measures of sexual function in men and serum
prostate-specific antigen levels are normalized at testoster-
one doses that are at the lower end of the normal male
range. In contrast, the anabolic effects on the skeletal
muscle require higher doses and concentrations of testos-
terone, and are linearly related to testosterone concen-
trations in a range that is clearly supraphysiological. It
is generally believed, but has not been unequivocally
demonstrated in controlled trials, that different skeletal
muscles differ significantly in their anabolic response to
androgen administration. It is particularly intriguing that
levator ani, which has many morphological features of
a skeletal muscle, undergoes marked changes in its mass
after castration and testosterone supplementation. The mag-
nitude of the change in levator ani muscle mass after
castration and androgen administration is substantially
greater than that observed in any other muscle group. The
change in levator ani muscle mass has been widely used
as a bioassay of androgenic activity. Androgen receptor
protein is expressed at a higher level in the levator ani
muscle than in other skeletal muscles of the rodent. The
mechanistic basis of these tissue-specific differences in
androgen responsiveness is not known; the difference in
androgen receptor density in different muscle groups has
been invoked. It is more likely that differences in the
expression and recruitment of tissue-specific coactivators
and corepressors account for the observed tissue-specific
dose–response relationships. Only a single androgen re-
ceptor type has been demonstrated in all the tissues that
have been studied, and we do not know whether there are
androgen receptor subtypes that might explain tissue-
specific differences in androgen responsiveness.

ROLE OF 5-ALPHA REDUCTION

OF TESTOSTERONE IN MUSCLE

We do not know whether conversion of testosterone
to DHT is required for mediating the androgen effects on
the muscle. The enzyme steroid 5-alpha-reductase that
converts testosterone to DHT is expressed at low concen-
trations within the muscle (45). Men with benign prostatic
hypertrophy who are treated with a 5-alpha reductase in-
hibitor do not experience muscle loss. Similarly, individuals
with congenital 5-alpha-reductase deficiency have normal
muscle development at puberty (46). These data suggest that
5-alpha reduction of testosterone is not obligatory for
mediating its effects on the muscle. However, there are
significant constraints in the interpretation of data from both
of these models. For instance, all the known patients of
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5-alpha reductase deficiency have had mutations of type 2
isoform of 5-alpha reductase. The affected individuals have
serum DHT levels that are lower than age-matched controls,
but are not zero. We do not know whether the low circulating
DHT levels are derived from the activity of type 1 5-alpha
reductase isoform or the result of low levels of 5-alpha
reductase activity of the mutant type 2 isoform. Similarly,

finasteride is an inhibitor of only the type 2 isoform. Further-
more, in the doses used clinically, it inhibits the type 2
isoform incompletely so that the circulating levels of DHT in
finasteride-treated men are decreased but are still signifi-
cantly above zero. Therefore, it remains unclear whether
conversion of testosterone to DHT is obligatory for me-
diating androgen effects on the muscle. This issue is of

Figure 3. Effects of testosterone supplementation on myogenic and adipogenic differentiation in C3H10T1/2 pluripotent cells [adapted with permission (42)]. A,

C3H 10T1/2 cells in culture were treated with graded concentrations (0, 3, 30, 100, and 300 nM) of testosterone (T). The area of myosin heavy chain type II (MHCII)

positive myotubes was measured by image analysis, as shown in the bar diagram. The negative control did not contain the first antibody (without first Ab). The data are

mean 6 SEM (standard error of mean). P values versus control, **p , .01; ***p , .001). Magnification is 3100. B, Effects of testosterone and dihydrotestosterone

(DHT) on the number of fat cells in C3H10T1/2 cells treated with graded concentrations of testosterone or DHT. The average number of adipocytes was calculated for

each 3100 high-power field. P values versus control wells, *p¼ .02; **p , .004; ***p , .001). C, Effects of graded concentrations of DHT on PPAR-c-2 and C/

EBPa protein expression. GAPDH served as a control. PPAR-c-2 ¼ peroxisomal proliferator-activated receptor-c-2; C/EBPa¼ CCAAT/enhancer binding protein a;

GAPDH ¼ glyceraldehyde-3-phosphate dehydrogenase.
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considerable clinical and therapeutic importance because if
5-alpha reduction were not obligatory for mediating the
anabolic effects of testosterone, then the development of
selective androgen receptor modulators that do not undergo
5-alpha reduction, or administration of testosterone along
with an effective 5-alpha reductase inhibitor, would be
therapeutically attractive.

ROLE OF CYP19AROMATASE

IN MEDIATING TESTOSTERONE EFFECTS ON MUSCLE

The mice that are null for the P450-linked CYParomatase
gene (47) have a higher fat mass and lower muscle mass
than their wild-type controls. As they grow older, the
aromatase knock-out mice accumulate a greater amount of
intraabdominal fat than wild-type controls (47).

After menopause, women tend to gain weight and
experience an increase in body mass index (48) mostly
due to fat mass accumulation (49,50); this weight gain is
attenuated in women who receive estrogen replacement
therapy (49,50). These data contradict widely held notion
that hormone replacement therapy is associated with
significant weight gain. Taken together, the collective body
of experimental data suggests that aromatization of
testosterone might also be important in mediating androgen
effects on body composition. Further studies are needed to
determine the important role of estrogens in regulation of
body composition.

SYNOPSIS

The hypothesis that androgens regulate body composition
by modulating lineage determination in mesenchymal

pluripotent cells provides a unifying explanation that
reconciles the observed effects of testosterone administra-
tion on muscle and fat mass and satellite cell number in
men. Additional downstream effects of testosterone in the
myogenic and adipogenic cascades may provide a mecha-
nism for amplifying androgen effects. The signaling path-
ways by which androgens determine cell fate and the
molecular basis of the tissue-specific differences in
androgen responsiveness are not known. The potential
importance of these changes to the treatment of sarcopenia
and body fat changes associated with aging in both men and
women represents an extremely important area for future
research (54–56).

ACKNOWLEDGMENT

Address correspondence to Shalender Bhasin, MD, Division of Endo-
crinology, Metabolism, and Molecular Medicine, Charles R. Drew University
of Medicine and Science, 1731 E. 120th Street, Los Angeles, CA 90059.
E-mail: sbhasin@ucla.edu

REFERENCES

1. Wilson JD. Androgen abuse by athletes. Endocr Rev. 1988;9:181–191.
2. Bhasin S, Storer TW, Berman N, et al. A replacement dose of testos-

terone increases fat-free mass and muscle size in hypogonadal men.
J Clin Endocrinol Metab. 1997;82:407–413.

3. Katznelson L, Finkelstein JS, Schoenfeld DA, Rosenthal DI, Anderson
EJ, Klibanski A. Increase in bone density and lean body mass during
testosterone administration in men with acquired hypogonadism. J Clin
Endocrinol Metab. 1996;81:4358–4365.

4. Brodsky IG, Balagopal P, Nair KS. Effects of testosterone replacement
on muscle mass and muscle protein synthesis in hypogonadal men—
a Clinical Research Center Study. J Clin Endocrinol Metab. 1996;81:
3469–3475.

5. Snyder PJ, Peachey H, Berlin JA, et al. Effects of testosterone re-
placement in hypogonadal men. J Clin Endocrinol Metab. 2000;85:
2670–2677.

6. Wang C, Swerdloff RS, Iranmanesh A, et al. Transdermal testosterone
gel improves sexual function, mood, muscle strength, and body com-
position parameters in hypogonadal men. Testosterone Gel Study
Group. J Clin Endocrinol Metab. 2000;85:2839–2853.

7. Bhasin S, Woodhouse L, Casaburi R, et al. Testosterone dose-response
relationships in healthy young men. Am J Physiol Endocrinol Metab.
2001;281:E1172–E1181.

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

9. Sinha-Hikim I, Artaza J, Woodhouse L, et al. Testosterone-induced
increase in muscle size in healthy young men is associated with muscle
fiber hypertrophy. Am J Physiol Endocrinol Metab. 2002;283:
E154–E164.

10. Sinha-Hikim I, Roth SM, Lee MI, Bhasin S. Testosterone-induced
muscle hypertrophy is associated with an increase in satellite cell num-
ber in healthy, young men. Am J Physiol Endocrinol Metab. 2003; Apr 1
[epub ahead of print].

11. Urban RJ, Bodenburg YH, Gilkison C, et al. Testosterone administra-
tion to elderly men increases skeletal muscle strength and protein
synthesis. Am J Physiol Endocrinol Metab. 1995;269:E820–E826.

12. Griggs RC, Kingston W, Jozefowicz RF, Herr BE, Forbest G, Halliday
D. Effect of testosterone on muscle mass and muscle protein synthesis.
J Appl Physiol. 1989;66:498–503.

13. Ferrando AA, Sheffield-Moore M, Yeckel CW, et al. Testosterone
administration to older men improves muscle function: molecular and
physiological mechanisms. Am J Physiol Endocrinol Metab. 2002;282:
E601–E607.

14. Mauras N, Hayes V, Welch S, et al. Testosterone deficiency in young
men: marked alterations in whole body protein kinetics, strength and
adiposity. J Clin Endocrinol Metab. 1998;83:1886–1893.

Figure 4. A schematic representation of the hypothetical sites in pluripotent

stem cell differentiation at which testosterone might act to affect body composi-

tion. Testosterone has been shown to stimulate mesenchymal pluripotent cell

commitment into the myogenic lineage and inhibit the differentiation of these

cells into the adipogenic lineage. In addition, testosterone has been reported to

stimulate satellite cell replication and inhibit the differentiation of preadipocytes

into adipocytes. Thus, testosterone action at multiple sites in this cascade might

serve to amplify androgen effects on myogenesis and adipogenesis. Testosterone

supplementation also stimulates muscle protein synthesis and inhibits muscle

protein degradation; these actions could also contribute to muscle fiber hyper-

trophy. MHC ¼ myosin heavy chain; LPL ¼ lipoprotein lipase; PPAR-c-2 ¼
peroxisomal proliferator-activated receptor-c-2; C/EBPa ¼ CCAAT/enhancer

binding protein a.

1109MECHANISMS OF ANDROGEN EFFECTS ON BODY COMPOSITION

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article/58/12/M
1103/591636 by guest on 21 August 2022



15. Ferrando AA, Sheffield-Moore M, Paddon-Jones D, Wolfe AR, Urban
EJ. Differential anabolic effects of testosterone and amino acid feeding
in older men. J Clin Endocrinol Metab. 2003;88:358–362.

16. Ferrando A, Tipton KD, Doyle D, Phillips SM, Cortiello J, Wolfe RR.
Testosterone injection stimulates net protein synthesis but not tissue
amino acid transport. Am J Physiol Endocrinol Metab. 1998;275:
E864–E871.

17. Bhasin S, Storer TW, Javanbakht M, et al. Effects of testosterone
replacement and resistance exercise on muscle strength, and body
composition in human immunodeficiency virus-infected men with
weight loss and low testosterone levels. JAMA. 2000;283:763–770.

18. Snyder PJ, Peachey H, Hannoush P, et al. Effect of testosterone
treatment on body composition and muscle strength in men over 65.
J Clin Endocrinol Metab. 1999;84:2647–2654.

19. Kenny AM, Prestwood KM, Gruman CA, Marcello KM, Raisz LG.
Effects of transdermal testosterone on bone and muscle in older men
with low bioavailable testosterone levels. J Gerontol A Biol Sci Med
Sci. 2001;56:M266–M272.

20. Morley JE, Perry HMD, Kaiser FE, et al. Effects of testosterone
replacement therapy in old hypogonadal males: a preliminary study.
J Am Geriatr Soc. 1993;41:149–152.

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

22. Seidell J, Bjorntorp P, Sjostrom L, Kvist H, Sannerstedt R. Visceral fat
accumulation in men is positively associated with insulin, glucose and
C-peptide levels, but negatively with testosterone levels. Metabolism.
1990;39:897–901.

23. Barrett-Connors E, Khaw K-T. Endogenous sex-hormones and
cardiovascular disease in men. A prospective population-based study.
Circulation. 1988;78:539–545.

24. Marin P, Krotkiewski M, Bjorntorp P. Androgen treatment of middle-
aged, obese men: effects on metabolism, muscle, and adipose tissues.
Eur J Med. 1992;1:329–336.

25. Marin P, Oden B, Bjorntorp P. Assimilation and mobilization of
triglycerides in subcutaneous abdominal and femoral adipose tissue in
vivo in men: effects of androgens. J Clin Endocrinol Metab. 1995;80:
239–243.

26. Kochakian CD, Murlin J. The effect of male hormone on the protein
and energy metabolism of castrate dogs. J Nutrition. 1935;10:437–459.

27. Kochakian CD. Testosterone and testosterone acetate and the protein
and energy metabolism of castrate dogs. Endocrinology. 1937;21:750–
755.

28. Kochakian, CD. Comparison of protein anabolic property of various
androgens in the castrated rat. Am J Physiol. 1950;60:53–58.

29. Kenyon AT, Knowlton K, Sandiford I, Koch FC, Lotwin G. A
comparative study of the metabolic effects of testosterone propionate in
normal men and women and in eunuchoidism. Endocrinology. 1940;26:
26–45.

30. Sar BD, Lubahn DB, French FS, Wilson EM. Immunocytochemical
localization of the androgen receptor in the rat and human tissues.
Endocrinology. 1990;127:31080–31086.

31. Saartok T, Dahlberg E, Gustaffsson JA. Relative binding affinity of
anabolic-androgenic steroids, comparison of the binding to the
androgen receptors in skeletal muscle and in prostate as well as sex
hormone binding globulin. Endocrinology. 1984;114:2100–2107.

32. Konagaya M, Max SR. A possible role for endogenous glucocorticoid
in orchiectomy-induced atrophy of the rat levator ani muscle: studies
with RU38486, a potent glucocorticoid antagonist. J Steroid Biochem.
1986;25:305–311.

33. Danhaive PA, Rousseau GG. Binding of glucocorticoid antagonists to
androgen and glucocorticoid hormone receptors in rat skeletal muscle.
J Steroid Biochem. 1986;24:481–487.

34. Danhaive PA, Rousseau GG. Evidence for sex-dependent anabolic
response to androgenic steroids mediated by muscle glucocorticoid
receptors in the rat. J Steroid Biochem. 1988;29:575–581.

35. Doumit ME, Merkel RA. Testosterone up-regulates androgen receptors
and decreases differentiation of porcine myogenic satellite cells in vitro.
Endocrinology. 1996;137:1385–1394.

36. Schultz E. Satellite cell behavior during skeletal muscle growth and
regeneration. Med Sci Sports Med. 1989;21:S181–S186.

37. Mitchell PO, Pavlath GK. A muscle precursor cell-dependent pathway
contributes o muscle growth after atrophy. Am J Physiol Cell Physiol.
2001;281:C1706–C1715.

38. Hawke TJ, Garry DJ. Myogenic satellite cells: physiology to molecular
biology. J Appl Physiol. 2001;91:534–551.

39. Joubert Y, Tobin C. Testosterone treatment results in quiescent satellite
cells being activated and recruited into cell cycle in rat levator ani
muscle. Dev Biol. 1995;169:286–296.

40. Nnodim JO. Testosterone mediates satellite cell activation in de-
nervated rat levator ani muscle. Anat Rec. 2001;263:19–24.

41. Jankowski, RJ, Deasy BM, Huard J. Muscle-derived stem cells. Gene
Ther. 2002;9:642–647.

42. Singh R, Artaza J, Taylor WE, Gonzalez-Cadavid N, Bhasin S.
Androgens stimulate myogenic differentiation and inhibit adipogenesis
in C3H 10T1/2 pluripotent cells through an androgen receptor-mediated
pathway. Endocrinology. In press.

43. Lassar AB, Paterson BM, Weintraub H. Transfection of a DNA locus
that mediates the conversion of 10T1/2 fibroblasts to myoblasts. Cell.
1986;47:649–656.

44. Ross SE, Hemati N, Longo KA, et al. Inhibition of adipogenesis by
Wnt signaling. Science. 2000;289:950–953.

45. Bartsch W, Krieg M, Voigt KD. Quantitation of endogenous testos-
terone, 5-alpha-dihydrotestosterone and 5-alpha-androstane-3-alpha,
17-beta-diol in subcellular fractions of the prostate, bulbocavernosus/
levator ani muscle, skeletal muscle, and heart muscle of the rat. J Steroid
Biochem. 1980;13:259–267.

46. Wilson JD. The role of 5alpha-reduction in steroid hormone physiol-
ogy. Reprod Fertil Dev. 2001;13:673–678.

47. Jones ME, Thorburn AW, Britt KL, et al. Aromatase-deficient (ArKO)
mice have a phenotype of increased adiposity. Proc Natl Acad Sci
U S A. 2000;97:12735–12740.

48. Gambacciani M, Ciaponi M, Cappagali B, et al. Body weight, body fat
distribution, and hormonal replacement therapy in early postmeno-
pausal women. J Clin Endocrinol Metab. 1997;82:414–417.

49. Burger HG, Dudley EC, Hopper JL, et al. The endocrinology of the
menopausal transition: a cross-sectional study of a population-based
sample. J Clin Endocrinol Metab. 1995;80:3537–3545.

50. Dallongeville J, Marecaux N, Isorex D, Zylberg G, Fruchart JC,
Amouyel P. Multiple coronary heart disease risk factors are associated
with menopause and influencd by substitutive hormone therapy in
a cohort of French women. Atherosclerosis. 1995;118:123–133.

51. Riggs BL, Khosla S, Melton LJ 3rd. Sex steroids and the construction
and conservation of the adult skeleton. Endocr Rev. 2002;23:279–302.

52. De Pergola G. The adipose tissue metabolism: role of testosterone
and dehydroepiandrosterone. Int J Obes Relat Metab Disord. 2000;
24(Suppl 2):S59–S63.

53. Anderson LA, McTernan PG, Harte AL, Barnett AH, Kumar S. The
regulation of HSL and LPL expression by DHT and flutamide in human
subcutaneous adipose tissue. Diab Obes Metab. 2002;4:209–213.

54. Morley JE, Perry HM 3rd. Androgens and women at the menopause
and beyond. J Gerontol Med Sci. 2003;58A:M409–M416.

55. Padero MC, Bhasin S, Friedman TC. Androgen supplementation in
older women: too much hype, not enough data. J Am Geriatr Soc.
2002;50:1131–1140.

56. Matsumoto AM. Andropause: clinical implications of the decline in
serum testosterone levels with aging in men. J Gerontol Med Sci. 2002;
57A:M76–M99.

Received July 23, 2003
Accepted August 5, 2003

1110 BHASIN ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article/58/12/M
1103/591636 by guest on 21 August 2022


