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SUMMARY
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Several regulatory concerns have hindered development of androgens as anabolic therapies, despite
unequivocal evidence that testosterone supplementation increases muscle mass and strength in men;
it induces hypertrophy of type I and II muscle fibers, and increases myonuclear and satellite cell
number. Androgens promote differentiation of mesenchymal multipotent cells into the myogenic
lineage and inhibit their adipogenic differentiation, by facilitating association of androgen receptors
with β-catenin and activating T-cell factor 4. Meta-analyses indicate that testosterone
supplementation increases fat-free mass and muscle strength in HIV-positive men with weight loss,
glucocorticoid-treated men, and older men with low or low-normal testosterone levels. The effects
of testosterone on physical function and outcomes important to patients have not, however, been
studied. In older men, increased hematocrit and increased risk of prostate biopsy and detection of
prostate events are the most frequent, testosterone-related adverse events. Concerns about long-term
risks have restrained enthusiasm for testosterone use as anabolic therapy. Selective androgenreceptor modulators that are preferentially anabolic and that spare the prostate hold promise as
anabolic therapies. We need more studies to determine whether testosterone or selective androgenreceptor modulators can induce meaningful improvements in physical function and patient-important
outcomes in patients with physical dysfunction associated with chronic illness or aging.
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INTRODUCTION
The powerful demographic trend towards aging of human populations has focused attention
on issues of aging-associated impairments and their socioeconomic impact.1 As men and
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women grow older, their muscle mass, muscle strength, and leg power decrease because of the
loss of skeletal muscle fibers, especially type II fibers. The loss of muscle mass and
performance with advancing age might contribute to increased risk of falls, fractures, and
disability. Functional decline and dependence in older individuals place a large burden on
health-care services.1
Similarly, in many chronic illnesses, such as those associated with HIV infection, chronic
obstructive pulmonary disease (COPD), end-stage renal disease, and many types of cancers,
we can now achieve disease stability, but not cure. The course of these chronic disorders is
punctuated by loss of fat-free mass (FFM)1 and increased risk of disability, dependency, and
impaired quality of life. Anabolic therapies, such as androgens, that can restore FFM, muscle
strength, and physical function would, therefore, be expected to improve clinical outcomes.
Despite widespread recognition of the anabolic effects of androgens by athletes, the academic
community continued to be skeptical because of well-known problems of study design in
studies conducted before 1990.2 These problems included the lack of randomization and
blinding, the use of relatively small doses of testosterone, and the failure to standardize protein
and energy intake and exercise stimulus across treatment groups.
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We conducted several meta-analyses in different subject populations to evaluate the anabolic
effects of testosterone. These meta-analyses, reported here, provide compelling evidence that
testosterone supplementation increases skeletal muscle mass and strength in androgendeficient and eugonadal young men, older men, and men with many chronic dis orders. The
concerns about the long-term risks of testosterone administration have driven pharmaceutical
efforts to develop selective androgen receptor modulators (SARMs) that can achieve the
anabolic effects without the adverse effects associated with testosterone. Ironically, in spite of
the growing evidence of the anabolic effects of androgens (in both healthy men and in men
with chronic disorders) and in spite of the substantial pharmaceutical effort to develop SARMs
with anabolic activity, no new androgenic compound has yet been approved for any anabolic
indication. The slow pace of clinical development of these agents as anabolic therapies
illustrates the regulatory and conceptual barriers that have hindered this field.

EVIDENCE OF ANABOLIC EFFECTS OF TESTOSTERONE IN HUMANS
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Androgen-deficient men have lower FFM and higher fat mass than do eugonadal controls.3
Levels of bioavailable testosterone correlate with appendicular skeletal muscle mass and lowerextremity strength in older men.4,5 An inverse correlation between testosterone levels and
visceral fat mass has also been reported, although it is unclear whether this relationship is
independent of changes in sex-hormone-binding globulin levels.6 Suppression of testosterone
levels in healthy men is associated with a reduction in FFM and fractional muscle protein
synthesis, and an increase in fat mass.7
To evaluate the evidence of the anabolic effects of testosterone, we conducted meta-analyses
of testosterone trials in five populations: healthy, hypogonadal men; HIV-infected men with
weight loss; HIV-infected women with weight loss; glucocorticoid-treated men; and middleaged and older men. In our systematic review of testosterone trials in hypogonadal men, we
searched MEDLINE and PubMed from 1965 until 2005 for original, full-text, Englishlanguage articles focusing on trials that used testosterone or its esters in replacement doses.
The search terms used were “hypogonadal men”, “testosterone” and “body composition”.
8-17 We also searched the references of identified articles for further papers. Testosterone
replacement in hypogonadal men was associated with an average 1.7 kg gain in FFM (95% CI
1.52–1.96) and 1.1 kg gain in body mass. Some studies reported improvements in maximal
voluntary strength8,11,12 and a decrease in fat mass (−0.7 kg, 95% CI −1.0 to −0.5).11,13,
14,16
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In eugonadal men, administration of supraphysiologic doses of testosterone increases FFM,
muscle size, and maximal voluntary strength.18 RESISTANCE EXERCISE TRAINING and recombinant human
growth hormone augment the anabolic response to androgens.18,19 The gains in FFM, muscle
size, and muscle strength in response to testosterone administration correlate with increasing
testosterone dose and circulating testosterone concentrations.20-22 There is consider able
heterogeneity in testosterone levels and the anabolic response during testosterone
administration. The factors that contribute to variation in anabolic response to androgen
administration are poorly understood; polymorphisms in the androgen receptor (AR) gene
account for only a small fraction of this variance.22
GLOSSARY
RESISTANCE EXERCISE TRAINING, Exercise training in which the skeletal muscle
moves against resistance; designed to increase muscle mass and strength.
The effects of testosterone on muscle performance are domain-specific; it increases maximal
voluntary strength and leg power, but does not affect fatigability or specific muscle tension.
23 Muscle-strength gains during testosterone administration are proportional to the increase
in muscle mass;23 unlike resistance exercise training, testosterone does not improve the
contractile properties of skeletal muscle. Androgens do not affect endurance measures, such
as maximum rate of oxygen consumption or lactate threshold.

NIH-PA Author Manuscript

MECHANISMS OF ANABOLIC EFFECTS OF TESTOSTERONE ON MUSCLE
Testosterone-induced increase in muscle mass is associated with hypertrophy of both type I
and type II fibers24 and an increase in the number of MYONUCLEI and SATELLITE CELLS.25 Testosterone
promotes the differentiation of mesenchymal, multipotent cells into the myogenic lineage and
inhibits their differentiation into the adipogenic lineage.26 Androgens regulate mesenchymal
multipotent cell differentiation by binding to ARs, and promoting the association of ARs with
β-catenin and translocation of the AR–β-catenin complex into the nucleus, resulting in
activation of T-cell-specific transcription factor 4 (TCF-4).27 The activation of TCF-4
modulates a number of WNT-REGULATED GENES that promote myogenic differentiation and inhibit
adipogenic differentiation.
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MYONUCLEI, The nuclei inside the muscle fiber cells that are distinguished from satellite
cells by their location inside the sarcolemma; SATELLITE CELLS, Mesenchymal
precursor cells that are located inside the basilar lamina but outside the sarcolemma, and
are important in muscle fiber hypertrophy and regeneration; WNT-REGULATED GENES,
The WNT signaling pathway is important in the regulation of adipogenic and myogenic
differentiation, achieved by modulating the expression of genes, referred to as WNTregulated genes.
Testosterone also inhibits preadipocyte differentia tion into adipocytes.27,28 The effects of
testosterone on myogenic differentiation in vitro are blocked by the AR antagonist
bicalutamide, indicating that these effects are mediated through an AR pathway.27 It is possible
that androgens might exert additional effects through nongenomic mechanisms. Testosterone
increases fractional muscle protein synthesis and improves the reutilization of amino acids by
muscle.7
We do not know whether conversion of testosterone to dihydrotestosterone (DHT) is required
for mediating androgen effects on muscle. Steroid 5-α reductase 2, the product of SRD5A2,
which converts testosterone to DHT, is expressed at low concentrations in muscle,29 but
individuals with congenital SRD5A2 deficiency have normal muscle development at puberty.
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Humans and mice that are null for the cyto-chrome-P450-linked CYP19 aromatase gene30,
31 have higher fat mass and lower muscle mass than their wild-type counterparts. Thus,
aromatization of testosterone might be important in mediating androgen effects on body
composition.

THE ANABOLIC EFFECTS OF TESTOSTERONE IN CHRONIC ILLNESS
Cross-sectional surveys32-34 report a high prevalence of low testosterone levels in HIVinfected men, even in those receiving highly active anti-retroviral therapy. Low testosterone
levels, the consequence of multifactorial defects at hypothalamic–pituitary as well as at
testicular levels, are associated with weight loss,35 loss of muscle mass and exercise capacity,
36 wasting, and progression to AIDS.37
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We searched for English-language, full-length original articles in MEDLINE and PubMed
from inception to June 2005 for randomized, placebo-controlled trials of longer than 12 weeks
duration that studied androgen therapy in HIV-infected men, older than18 years of age. The
search terms used were “androgen”, HIV”, “men” and “weight loss”. We searched the reference
lists of identified articles for additional papers. Three reviewers selected eight trials38-45 that
reported body-weight change and/or body composition in 423 participants. The trials were
variable in quality, and hetero geneous in terms of inclusion criteria, treatment dose and
duration, blinding, and methods of outcome measurements. We pooled these trials and
analyzed the data using a random effects model. Significant inconsistency was found across
trials, such that 57% of the between-study differences in body-mass contrasts, and 73% in leanbody-mass (LBM) contrasts, cannot be explained by chance. Androgen supplementation of 3–
6 months duration was associated with greater gains than placebo in FFM (contrast 1.4 kg,
95% CI 0.7–2.1), LBM (contrast 1.3 kg, 95% CI 0.4–2.2), and body weight (contrast 1.1 kg,
95% CI 0.2–2.0; Figure 1A, B). In two38,42 of three trials that measured muscle strength,
testosterone administration was associated with significantly greater improvements in muscle
strength than placebo. Studies using testosterone esters administered a higher dose and reported
greater increments in FFM than those using transdermal preparations.46
In four trials that reported effects on depression in HIV-infected men,47-50 testosterone
therapy had a modest effect on depression indices (−0.6, 95% CI −1.0 to −0.2). Testosterone
administration did not improve quality of life.
Changes in CD4+ T lymphocyte counts, HIV copy number, prostate-specific antigen (PSA),
HDL cholesterol and adverse event rates were not significantly different between placebo and
testosterone groups.38,39,41,42,46 Our systematic review agrees with a previous analysis46
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in demonstrating that testosterone supplementation of HIV-infected men with low testosterone
levels and weight loss induces modest gains in body weight and FFM, and improved mood.
This inference is weakened by in consistent results, heterogeneity in eligibility criteria, disease
status, testosterone formulations and doses, treatment duration, and methods of bodycomposition analysis. There are no data on the effects of testosterone on physical function and
disability, or on long-term safety.
Testosterone supplementation of HIV-infected women in doses that raised testosterone levels
into the high-normal range for women was safe, but ineffective in promoting significant gains
in body weight (+0.3 kg, 95% CI −0.7 to +1.3) or FFM (0.5 kg, 95% CI −0.1 to +1.2; Figure
1C, D).51-53 No significant difference in muscle strength change between placebo-treated and
testosterone-treated women was noted in one study;53 another study52 reported greater gains
in muscle strength in testosterone-treated women than placebo-treated women, but the
magnitude of change was not clinically significant. Testosterone doses used in trials of HIVinfected women51-53 were considerably smaller than those used in HIV-infected men.38-45
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OTHER POTENTIAL INDICATIONS FOR USING TESTOSTERONE AS AN
ANABOLIC THERAPY
NIH-PA Author Manuscript

Glucocorticoid administration in pharmacologic doses is associated with muscle atrophy and
a high frequency of low testosterone levels owing to suppression at all levels of the hypo
thalamic–pituitary–testicular axis.54 In two randomized, placebo-controlled trials,55,56
testosterone supplementa tion of men receiving glucocorticoids for bronchial asthma or COPD
was associated with an average 2.3 kg (95% CI 2.0–3.6) greater gain in LBM and a 3.1 kg
greater decrease in fat mass (95% CI −3.5 to −2.8) than placebo. These trials found an increase
of 4% in bone mineral density in the lumbar spine (95% CI 2–7%); the effect on femoral bone
density was not significant.55,56 There are no data on the effects of testosterone
supplementation on bone fractures. These inferences are weakened by small sample size and
high rates of loss to follow-up.55
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Muscle wasting and dysfunction are correctable causes of exercise intolerance in patients with
COPD. In one study,57 testosterone replacement increased FFM, muscle size and strength in
men with COPD who had low testosterone levels; in another study,58 a low dose of nandrolone
induced modest increases in FFM and respiratory muscle strength. Androgens are also being
considered for the treatment of physical dysfunction associated with end-stage renal disease,
many types of cancer, postoperative state (especially after hip and knee surgery), burn injuries,
congestive heart failure, and the re cuperative stage of acute debilitating illnesses.

ANABOLIC EFFECTS OF TESTOSTERONE REPLACEMENT IN OLDER MEN
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We searched for original English-language, full-length articles in MEDLINE and PubMed
from inception until June 2005 focusing on randomized, controlled trials of longer than 90 days
duration reporting the effects on body composition of testosterone or its esters in replacement
doses in men aged older than 45 years with low or low-normal testosterone levels. Search terms
used were “testosterone”, “older men”, “body composition” and “randomized trials”. One
additional study59 was added during expert scrutiny of publications. Three independent
observers selected seven trials9,19,60-66 for inclusion. One trial that recruited both young and
older men was included as a majority of participants in this study were older than 45 years of
age9 and it met all other inclusion criteria. The reports were variable in quality, and
heterogeneous in terms of inclusion criteria, testosterone dose and duration of treatment,
blinding, and outcome measurements. We pooled these trials (Figure 2) using a random-effects
model; for body mass and hand grip, the trials yielded consistent answers, but there was
significant inconsistency for fat mass and LBM outcomes (with 88% and 77% of betweenstudy differences not explained by chance). In seven such trials,9,19,60-66 testosterone
replacement was associated with a significantly greater increase in LBM (contrast 2.7 kg, 95%
CI 1.6–3.7) and grip strength (contrast 3.3 kg, 95% CI 0.7–5.8), and a greater reduction in fat
mass (contrast −2.0 kg, 95% CI −3.1 to −0.8) than placebo. The body-weight change did not
differ significantly between groups (contrast −0.6 kg, 95% CI −2.0 to +0.8).
Changes in lower-extremity muscle strength and measures of physical function were reported
only in a few studies and were in consistent. One study reported no changes in physical function,
59 whereas another reported an improvement in physical function.61 As noted by the Institute
of Medicine Expert Panel on the Future of Testosterone Research,67 these studies did not have
sufficient power to detect changes in clinical outcomes or disability. The studies were
performed in asymptomatic men; the effects of testosterone in older men with physical
dysfunction are unknown.
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ADVERSE EFFECTS OF TESTOSTERONE IN MIDDLE-AGED AND OLDER
MEN
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The potential side effects of testosterone include acne, oiliness of skin, increased growth of
body hair, breast tenderness and enlargement, balding, increase in hemoglobin, sleep apnea,
leg edema, and weight gain.66,68 Serious side effects such as hepatotoxicity and hepatic
neoplasms have not been observed when testosterone or its esters are administered parenterally
or transdermally.
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We searched for original articles in MEDLINE and PubMed from inception to June 2005
focusing on randomized trials of longer than 90 days duration, in men older than 45 years with
low or low-normal testosterone, to determine the risks of adverse events associated with
testosterone replacement (Table 1).69 The search terms used were “testosterone”, “human”,
“middle-aged and older men” and “randomized trial”. In 19 studies that met our eligibility
criteria, the combined rate of all prostate events was significantly greater in testosterone-treated
men than in placebo-treated men (pooled odds ratio 1.78, 95% CI 1.07–2.95). Rates of prostate
cancer, serum PSA above 4 ng/ml, and prostate biopsies were numerically higher in the
testosterone group than in the placebo group, although differences between groups were not
individually statistically significant. As prostate biopsies are often performed in response to
an increase in PSA levels, testosterone-treated men were more likely to undergo prostate biopsy
than placebo-treated men. Thus, there is considerable bias towards greater number of prostate
biopsies and detection of greater number of prostate events in testosterone-treated men than in
placebo-treated men; future trials should in corporate strategies to minimize this bias.
Testosterone-treated men were nearly four times as likely to experience a hematocrit greater
than 50% compared with placebo-treated men (Table 1). Hematocrit increase, the most frequent
adverse event associated with testosterone administration, was dose-related.21 Older men
demonstrated greater increments in hematocrit than younger men.21 The frequency of
cardiovascular events, sleep apnea or death was not significantly different between groups.
These data reaffirm the need to monitor hematocrit, PSA and perform regular prostate
examinations during testosterone replacement of older men. The long-term effects of
testosterone supplementation on prostate and cardiovascular outcomes are unknown.62
There is a trade-off between the testosterone dose and its anabolic and adverse effects. The
higher doses induce greater anabolic effects, but are associated with higher frequency of
adverse effects.21 The recognition that the magnitude of the anabolic effects that can be
achieved with testosterone is inherently limited by its adverse effects has provided the impetus
for the develop ment of SARMs.
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DEVELOPMENT OF SELECTIVE ANDROGEN RECEPTOR MODULATORS
Concerns about long-term risks of prostate and cardiovascular disorders in older men treated
with testosterone have encouraged considerable investment in the development of SARMs that
have anabolic effects on the muscle, but do not have adverse effects on prostate and
cardiovascular outcomes.68 Nonsteroidal SARMs differ from testosterone and steroidal
androgens in several respects. Unlike testosterone, which is converted to active metabolites
(i.e. estradiol and DHT), nonsteroidal SARMs do not undergo aromatization or 5-α-reduction,
and act as agonists in muscle and bone and as partial agonists in prostate and seminal vesicles.
Some nonsteroidal SARMs have more favorable pharmacokinetics, greater AR specificity, and
are more amenable to structural modifications, than their steroidal counterparts.
The differing interactions of steroidal and nonsteroidal compounds with ARs could contribute
to their unique pharmacologic actions (Figure 3). Bicalutamide, an androgen-receptor

Nat Clin Pract Endocrinol Metab. Author manuscript; available in PMC 2007 November 9.

Bhasin et al.

Page 7

NIH-PA Author Manuscript

antagonist, adopts a greatly bent conformation (Figure 3B) in the AR. Although the A-ring and
amide bond of the bicalutamide molecule overlap the steroidal plane (Figure 3C, D), the Bring folds away from the plane, pointing to the top of the ligand-binding pocket, forming a
unique structural feature of this ligand class. The A-ring cyano group forms H-bonds with
Q711 and R752, similar to 3-keto group in 5α-DHT (Figure 3A). The chiral hydroxyl group
forms H-bonds with L704 and N705, mimicking ring-C and the 17β-OH group in 5α-DHT.
These H-bonding interactions are critical for high binding affinity.
SARM pharmacophores can be classified into four categories (Figure 4): aryl propionamide,
bicyclic hydantoin, quinoline, and tetrahydroquinoline analogs. Structural modifications of
aryl propionamide analogues bicalutamide and hydroxyflutamide led to the discovery of the
first-generation SARMs. These nonsteroidal SARMs are orally available,70 metabolized
mostly by amide-bond hydrolysis and A-ring nitro reduction and eliminated exclusively
through hepatic metabolism.71
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Nonsteroidal compounds S1 and S4 bind AR with high affinity (Figure 5), and demonstrate
tissue selectivity in animal models.72 In castrated rats, both ligands prevented castrationinduced tissue atrophy, behaving as partial agonists in the prostate (median effective dose
[ED50] = 2 mg/kg/day) but full agonists in LEVATOR ANI muscle (ED50 = 0.6 mg/kg/day). Prolonged
treatment (8 weeks) with S4 restored tissue weight 3 months after castration. At a dose of 3
mg/kg/day, S4 partially restored prostate weight to less than 20% of that in intact rats but fully
restored levator ani weight; S4 also restored skeletal muscle strength, bone mineral density and
bone strength, LBM, and suppressed luteinizing hormone and follicle-stimulating hormone
production.73,74 Furthermore, S4 prevented gonadectomy-induced bone loss in a female rat
model of osteoporosis.73 The ability of SARMs to promote both muscle strength and bone
mechanical strength constitutes a unique advantage over other therapies for osteoporosis that
only increase bone density.73
GLOSSARY
LEVATOR ANI, A muscle in the pelvic floor that is highly responsive to changes in
androgen concentrations and has been used widely as an assay for the anabolic activity of
androgenic steroids.
In intact male rats, S1 and S4 act as antagonists in the prostate, but as full agonists in levator
ani; such SARMs with antagonistic or low intrinsic activity in prostate might be useful in the
treatment of benign prostatic hyperplasia or prostate cancer. The suppressive effects of selected
members of this class of SARMs on gonadotropin secretion in rats74 suggest a potential
application for male contraception.
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Ether linkage and B-ring para-position substitution are critical for agonist activity of aryl
propionamide SARMs (e.g. S1 and S4 in Figure 5).72 Compounds with ether linkage appear
to adopt a more compact conformation than bicalutamide, because of formation of an
intramolecular H-bond, allowing the B-ring to avoid steric conflict with the side-chain of W741
in wild-type AR, potentially explaining the agonist activity.75
Hydantoin derivatives are novel tissue-selective SARMS that have an A-ring structure similar
to bicalutamide (Figure 5).74 The cyano or nitro group is thought to interact with Q711 and
R752.74 The benzene ring or the naphthyl group, together with the hydantoin ring, overlaps
the steroid plane, whereas the hydantoin ring nitrogen forms an H-bond with N705.
BMS564929 binds AR with high affinity and specificity, as the hydantoin nitrogen or hydroxyl
group forms a favorable interaction with T877. Related compounds incorporating a 2,2,2 ring
system act as AR antagonists, suggesting that additional STERIC BULK is unfavorable.
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GLOSSARY
STERIC BULK, Steric bulk refers to the manner in which the bulk of a molecule or group
hinders or prevents interaction of other molecules or groups with a specific site in the
receptor molecule.
In castrated rats, BMS564929 demonstrated tissue selectivity and potent suppression of
luteinizing hormone. BMS564929 is orally available in humans, with an in vivo half-life of 8–
14 h. The prolonged half-life of these ligands in rats could explain the lower dose needed to
achieve pharmacologic effects; differences in in vivo activities of SARMs that share similar
binding affinity and intrinsic activity could be related to tissue exposure of these ligands.
Hanada et al.76 reported results of a series of tetrahydroquinoline derivatives as tissue-selective
AR agonists for bone. Although these compounds (Figure 5) displayed high AR affinity and
strong agonist activity in the prostate and levator ani, they demonstrated little tissue selectivity
between androgenic and anabolic tissues. Also, significant in vivo activity was observed only
at high sub cutaneous doses, which could be related to their pharmacokinetic profiles.

POTENTIAL MECHANISMS OF TISSUE SELECTIVITY OF SELECTIVE
ANDROGEN RECEPTOR MODULATORS
NIH-PA Author Manuscript

Several mechanisms77,78 have been proposed to explain the tissue selectivity of nuclear
receptor modulators. Ligand binding induces specific conformational changes in the ligandbinding domain (LBD), which could modulate surface topology and subsequent protein–
protein interactions between AR and other coregulators. Differences in ligand-specific receptor
conformation and protein–protein interactions could result in tissue-specific gene regulation,
because of unique interactions with androgen response elements, coregulators or transcription
factors.
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The tissue selectivity of SARMs could be related to differences in their tissue distribution,
potential interactions with steroid 5 α-reductase 2 or CYP19 aromatase, or tissue-specific
expression of coregulators.83 Autoradiography studies with bicalutamide and hydantoin
derivatives showed that these drugs do not accumulate preferentially in skeletal muscle.
Testosterone actions in some androgenic tissues are amplified by conversion to 5α-DHT;
however, nonsteroidal SARMs do not serve as substrates for SRD5A2. Tissue selectivity has
also been demonstrated in testosterone-treated intact rats in the presence of SRD5A2 inhibitors.

Ligand-induced protein–protein interactions contribute to interactions between aminoterminal and carboxy-terminal ends of the AR (i.e. N–C interaction)79 and coactivator
recruitment with the AR. Both interactions are mediated by the interaction between the
activator function 2 (AF2) region of AR and ‘FxxLF’ or ‘LxxLL’ binding motifs.80,81 The
hydrophobic groove present in AF2 region of AR LBD favors phenylalanine binding, which
suggests that N–C interaction is preferred. Although AR–LBD conformation after SARM
binding has not been well characterized, some steroidal SARMs that have agonist activity in
vitro induce an ‘activating’ conformational change without facilitating N–C interactions,82
suggesting that ligand-specific conformational change is achievable with synthetic ligands.

Slight structural modifications can change the ligand from an antagonist to an agonist.
Favorable H-bonding between ligand and the T877 side chain, a feature that mimics the 3-keto
group of testosterone, and hydrophobic interactions are critical for high affinity ligand-binding
and stimulation of AR action. It remains unclear how ligand–receptor interaction determines
agonist or antagonist activity of the ligand because of the limited knowledge of receptor
conformation upon ligand binding. The mechanisms that confer tissue selectivity are poorly
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understood. SARMs with various intrinsic activities provide an excellent opportunity to
understand the role of AR–protein and/or AR–DNA interaction in tissue selectivity of SARMs.
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CONCLUSIONS
Androgens increase muscle mass and some aspects of muscle performance; however, a number
of regulatory and conceptual issues have hindered clinical applications of these anabolic
effects. A lack of consensus on how to define the concept of symptomatic physical impairment
has made it difficult to develop criteria for subject selection. The ongoing debate over clinical
conditions for which approval of these anabolic therapies should be sought is not fully resolved.
This issue is crucial for seeking regulatory approval and, consequently, for financial
reimbursement for these anabolic therapies.
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Experts disagree on what outcomes should constitute evidence of efficacy in clinical trials of
testosterone and SARMs. Demonstration of significant increments in muscle mass and muscle
strength in clinical trials of androgens is necessary but insufficient to prove efficacy. In addition
to improvements in muscle mass and strength, it would be necessary to demonstrate gains in
physical function and health-related outcomes. There is uncertainty about which measures of
physical function are androgen-responsive, and whether androgen administration can improve
measures of functional impairment and disability. We do not know what magnitude of change
in physical function is important to patients. It is, therefore, not clear what assumptions
concerning the minimum important difference should be used to guide sample size estimates.
Long-term studies to resolve persistent concerns about prostate and cardiovascular safety
would require large samples and pose significant fiscal and logistic challenges. SARMs that
are preferentially anabolic and are free from the adverse effects of testosterone have
considerable appeal as anabolic therapies. Nonsteroidal SARMs do not, however, undergo 5α reduction or aromatization; therefore, their safety profile might differ considerably from that
of testosterone. The enormous promise of testosterone and SARMs as anabolic therapies would
be realized only through the implementation of bold and imaginative efficacy trials that
overcome these conceptual hurdles.
KEY POINTS
•

•
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•
•

•

Meta-analyses of clinical trials provide unequivocal evidence that testosterone
administration increases skeletal muscle mass, muscle strength, and leg power;
these anabolic effects of testosterone are dose-related
The effects of testosterone supplementation on physical function and clinical
outcomes in older men with physical dysfunction and in men with chronic illness
are unknown
Testosterone induces skeletal muscle fiber hypertrophy and increases the number
of satellite cells
Testosterone increases muscle mass and decreases fat mass by promoting the
differentiation of mesenchymal multipotent cells into myogenic lineage and
inhibiting their differentiation into the adipogenic lineage
An increase in hematocrit and increased risk of detection of prostate events are the
most frequent adverse effects of testosterone administration in older men; the
anabolic applications of testosterone are constrained by dose-limiting adverse
events and concerns about long-term effects on the prostate and cardiovascular
risk
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•
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Nonsteroidal selective androgen-receptor modulators that are free of adverse
effects of testosterone and are preferentially anabolic hold great promise as
anabolic therapies
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Figure 1.
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Changes in body composition in testosterone-treated HIV-infected men and women. Metaanalysis plots of contrasts between androgen-treated and placebo-treated HIV-infected men
with weight loss, showing the change in whole body mass (A), and lean body mass (B) and
HIV-infected women with weight loss, showing the change in whole body mass (C) and fatfree mass (D). A positive difference is a favorable testosterone effect on body mass, lean body
mass, and fat-free mass. Some studies reported fat-free mass and some lean body mass. Fatfree mass equals lean body mass plus bone mineral content. Confidence intervals that do not
overlap with zero represent significant differences between placebo and testosterone groups.
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Figure 2.

Changes in body composition in testosterone-treated older men. Meta-analysis plots of
contrasts between testosterone-treated and placebo-treated men in the change (in kilograms)
in whole body mass (A), lean body mass change (B), right-hand grip strength (C), and whole
body fat mass (D) in middle-aged and older men more than 45 years of age. A positive
difference is a favorable testosterone effect on body mass, lean body mass, and fat-free mass,
and a negative difference is a favorable testosterone effect on fat mass. Confidence intervals
that do not overlap with zero represent significant differences between placebo and testosterone
groups.
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Figure 3.

Steroidal (dihydrotestosterone) and nonsteroidal (R-bicalutamide) ligand interactions with the
androgen receptor ligand-binding domain binding-pocket. R-bicalutamide (green) W741L
complex and dihydrotestosterone (gold) wild-type complex, shown as side views (A and B)
and top views (C and D) of the steroidal plane. Ligand and receptor interact mainly through
H-bonds (labeled as yellow dotted lines) and hydrophobic interactions. The A-ring and amide
bond of the bicalutamide molecule overlaps the steroidal plane of dihydrotestosterone (rings
A–D) and shares similar H-bonding pattern, whereas the B-ring (B) folds away from the plane,
pointing to the top of the ligand-binding pocket and forming the unique structural feature of
this ligand class.
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Figure 4.

Four general classes of selective androgen receptor modulator pharmacophores. Information
about the stage of development was obtained through company websites.
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Figure 5.

Structures and relative binding affinities of some selective androgen receptor modulators.
DHT, dihydrotestosterone; RBA, relative binding affinity compared with synthetic ligand
R1881; THQ, tetrahydroquinolone.
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Table 1

Pooled odds ratios for adverse events in randomized, clinical trials of testosterone in older men.
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Event

Adverse event rate
for testosterone

Adverse event rate
for placebo

Pooled odds ratio
(95% CI)

Prostate biopsies
Prostate cancers
PSA >4 ng/ml or 1.5 ng/ml increase
during study
Increase in IPSS score
Acute urinary retention
All prostate events
Hematocrit >50%
Atrial fibrillation or arrhythmia
Myocardial infarction
Chest pain or ischemia
Coronary procedure or CABG
Vascular events or cerebrovascular
accidents
All cardiovascular events
Death

38.7
9.2
57.1

2.8
8.3
41.6

1.87 (0.84–4.15)
1.09 (0.48–2.49)
1.19 (0.67–2.09)

5.5
2.2
112.4
64.5
9.2
7.4
7.4
3.7
5.5

2.8
0
55.7
2.8
2.8
8.3
8.3
13.9
11.1

1.08 (0.46–2.52)
0.99 (0.40–2.44)
1.78 (1.07–2.95)a
3.69 (1.82–7.51)a

33.2
0

44.3
5.5

1.14 (0.59–2.20)
0.78 (0.32–1.93)

1.22 (0.53–2.81)
0.99 (0.44–2.26)
0.93 (0.39–2.26)
0.79 (0.35–1.79)
0.86 (0.38–1.95)

The adverse event rate (shown per 1,000 patient-years) was calculated on the basis of an average study duration of ten months, standardized to one year
and multiplied by 1,000 for testosterone-treated or placebo-treated men. Adapted from Calof et al.69 Copyright © The Gerontological Society of America.
Reproduced by permission of the publisher.
CABG, coronary artery bypass graft; IPSS, international prostate symptom score; PSA, prostate-specific antigen.
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a

Here, the incidence of adverse events was significantly higher in the testosterone group.
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