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Abstract
Aging is associated with a progressive decrease in skeletal muscle mass, strength and power and impairment of physical func-
tion. Serum testosterone concentrations in men decrease with advancing age due to defects at all levels of the hypothalamic-
pituitary–testicular axis. Testosterone administration increases skeletal muscle mass, strength and power in older men with low 
or low normal testosterone levels, but the effects on performance-based measures of physical function have been inconsistent. 
Adequately powered randomized trials are needed to determine the long-term safety and efficacy of testosterone in improving 
physical function and quality of life in older adults with functional limitations.
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1  Introduction

The remarkable increase in average life expectancy across 
the globe from the low 30 s during most of the nineteenth 
century to 72.6 years in 2019, largely as a result of improved 
sanitation, clean water supply, immunization, and treatment 
of infectious diseases, has focused attention on the high 
prevalence of functional limitations and physical disabili-
ties associated with old age. Advancing age is associated 
with a slow but progressive loss of skeletal muscle mass and 
muscle strength, and impairment of physical function [1–3]. 
Muscle power (the rate of force generation) and muscle 
endurance also decline after age 50 years [4, 5]. Although 
the loss of skeletal muscle mass is associated with atrophy 
and loss of both type I and type II muscle fibers, there is 
disproportionately greater loss of type II fast-twitch mus-
cle fibers required for the generation of muscle power than 
type 1 slow-twitch muscle fibers [6–8]. The aerobic capacity 

declines 3 to 6% per decade in young adults but at a much 
faster rate in older adults, declining by as much as 20% per 
decade after age 70. Aging also is associated with a dynamic 
redistribution of body fat; a loss of subcutaneous fat and 
accumulation of fat in ectopic locations such as the visceral 
and the inter and intra-myocellular fat compartments con-
tributes to increased risk of metabolic disorders.

The pathophysiology of age-related loss of skeletal mus-
cle mass and aerobic capacity is multifactorial: a decrease 
in muscle proteins, including myosin heavy chain and mito-
chondrial proteins [3], age-related decline in anabolic hor-
mones (testosterone, growth hormone and IGF-1), inflam-
mation and oxidative stress, accumulation of mitochondrial 
mutations and mitochondrial dysfunction, genomic instabil-
ity, telomere attrition, loss of proteostasis, altered nutrient 
sensing, and cellular and stem cell senescence contribute to 
the loss of muscle mass and strength [9]. The age-related 
loss of muscle mass, strength and power, and impaired 
physical function are associated with an increased risk of 
physical disability, falls, fractures, metabolic disorders, 
diminished capacity to live independently in the commu-
nity, and increased health care resource utilization. Thus, the 
development of interventions to prevent and treat age-related 
impairment of physical function has emerged as a public 
health imperative.

Among the anabolic interventions that are being inves-
tigated for the prevention and treatment of age-related loss 
of skeletal muscle mass and physical function, androgens, 
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especially testosterone, are among the leading candidates. 
The potential application of testosterone as an anabolic 
drug to prevent and treat the impairment of muscle per-
formance and physical function associated with aging and 
chronic diseases is based on the hypotheses that 1, circu-
lating testosterone levels decline with advancing age and 
contribute to the loss of skeletal muscle mass and perfor-
mance; 2, that testosterone administration increases mus-
cle mass, strength and physical function in older adults; 
and 3, that testosterone treatment of older men is safe. 
This review offers a critical appraisal of each of these 
hypotheses.

2 � Age‑related decline in serum testosterone 
levels

Many cross-sectional as well as longitudinal studies agree 
that serum total testosterone levels decline with advanc-
ing age. As sex hormone binding globulin levels increase 
with advancing age, the free testosterone levels decline to 
a greater degree than total testosterone levels. The rate of 
age-related decline in serum total and free testosterone levels 
is modulated by genetics, adiposity, weight gain, co-morbid 
conditions, medications, and physical activity. Weight gain 
and chronic diseases are associated with an accelerated 
decline in testosterone levels. Recent studies using liquid 
chromatography tandem mass spectrometry-based assays 
find that 10–15% of older men > 65 years have low total 
testosterone levels [10–13]. In the European male Aging 
Study [10], 3.2 to 5.1% of men, 40 to 70 years, had serum 
testosterone level < 231 ng/dL (< 8 nmol/L) as well as one or 
more sexual symptoms. Age-related decline in testosterone 
levels is primarily a consequence of decreased rates of tes-
ticular testosterone production due to defects at all levels of 
the hypothalamic-pituitary–testicular axis. In addition, there 
are disturbances of the feedback and feed-forward relation-
ships between testosterone and LH secretion (See Anawalt 
& Matsumoto chapter in this issue).

In epidemiologic studies, low bioavailable or free testos-
terone levels have been associated with low appendicular 
skeletal muscle mass, reduced strength of the upper as well 
as lower extremity muscles, impaired performance in self-
reported as well as performance-based measures of physical 
function, and increased risk of mobility limitation and the 
frailty syndrome. Low testosterone levels are also associated 
with increased risk of falls and bone fractures in older men; 
bioavailable and estradiol levels are more robustly associated 
with fracture risk than total testosterone levels [7, 14]. Low 
testosterone levels are associated with increased prevalence 
and progression of the frailty syndrome in older men [15, 
16].

3 � Evidence of the anabolic effects 
of testosterone

Administration of testosterone and other androgens 
increases fat free mass, muscle size, and maximal volun-
tary muscle strength in men with hypogonadism, healthy 
young and older men, women, and in adults with chronic 
diseases such as those associated with chronic obstructive 
lung disease, HIV-associated weight loss, and end stage 
renal disease [17–23]. The anabolic effects of testosterone 
on muscle mass and maximal voluntary strength exhibit a 
linear dose response [18–20]. Testosterone-induced gains 
in muscle mass and strength correlate positively with the 
administered dose and serum testosterone levels both in 
the physiological and supraphysiological ranges [18–20]. 
In meta-analyses of randomized trials, replacement doses 
of testosterone in men with hypogonadism have been asso-
ciated with an average 1.5 kg increase in lean body mass 
and an average 2 to 2.5 kg loss of whole-body fat mass. 
Testosterone-induced increase in fat-free mass was greater 
in trials that used intramuscular injections of testosterone 
esters than in those that used transdermal gels likely due 
to the higher dose and higher serum testosterone levels 
attained with intramuscular injections of testosterone 
esters compared with transdermal testosterone formula-
tions. The anabolic effects of testosterone on fat-free mass 
and maximal voluntary strength are augmented by resist-
ance exercise training and by concomitant administration 
of recombinant human growth hormone [19, 20]. How-
ever, in a randomized trial, increasing the daily protein 
intake from 0.8 g/kg/day to 1.3 g/kg/day did not augment 
the testosterone-induced gains in fat-free mass or muscle 
strength in community-dwelling older adults with mobility 
limitation [24].

Testosterone effects on muscle performance are 
domain-specific: testosterone administration increases 
maximal voluntary strength and leg power but does not 
affect muscle fatigability or specific force [19]. Thus, the 
gains in muscle strength during testosterone administra-
tion are proportional to the increase in muscle mass and 
testosterone does not improve the contractile properties of 
the skeletal muscle, unlike resistance exercise training that 
increases the specific force of the skeletal muscle.

4 � Randomized trials of testosterone in older 
adults

Randomized trials in community-living, medically stable 
older men with low or low normal testosterone levels have 
reported that testosterone treatment improves lean body 
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mass, muscle strength, stair climbing power and speed 
compared to placebo [18, 25–32]. Testosterone treatment 
also attenuates the age-related reduction in aerobic capac-
ity [33]. Similar improvements have also been found with 
testosterone treatment of older men with mobility limita-
tion and low or low normal testosterone levels. Testoster-
one treatment has not consistently improved performance-
based measures of physical function, such as the 6-min 
walking distance or sit to stand time (Fig. 1).

The Testosterone Trials (TTrials) were a set of 7 coordi-
nated randomized, placebo-controlled trials that were funded 
by the National Institute on Aging to determine the efficacy 
of testosterone treatment, relative to placebo, in older men 
with sexual dysfunction, mobility limitation, and/ or low 
vitality and unequivocally low testosterone levels [21]. 
The participants were older men, 65 years or older, with 
an average of two early morning, fasting testosterone lev-
els < 275 ng/dL, and sexual dysfunction, physical dysfunc-
tion, and/ or low vitality. Eligible men were randomized to 
receive either placebo gel or 1% testosterone gel for one 
year to raise serum testosterone levels into the mid-range 

for healthy young men (400 to 700 ng/dL). The Physical 
Function Trial (PFT) of the TTrials determined testoster-
one’s effects on mobility, self-reported physical function, 
falls, and patient global impression-of-change (PGIC) in 
older men with self-reported mobility limitation and walk-
ing speed < 1.2 m/sec [34]. Primary outcome was Increase 
in 6-min walking distance (6MWD) of ≥ 50 m; secondary 
outcomes included absolute increase in 6-min walking dis-
tance, physical component of Short Form-36 (PF10), and 
falls. The 6MWD improved significantly more in the tes-
tosterone group than in the placebo group among all men in 
TTrials, but not in those who were enrolled in the PFT [24]. 
Self-reported function assessed using the Physical Function 
component of the MOS SF-36 (PF10) improved more in 
testosterone than in placebo group in all men in TTrials as 
well as in men enrolled in the Physical Function Trial. Men 
reporting mobility limitation showed significantly greater 
improvement in 6MWD and in PF10 than placebo-treated 
men. A greater proportion of men allocated to the testoster-
one arm of the trial reported that they felt that their walking 
ability had improved than that assigned to the placebo arm. 

Fig. 1   Panels A: Long term effect of testosterone supplementa-
tion on lean body mass. Mean changes from baseline for lean body 
mass in testosterone-treated (blue line) older men compared to 
placebo(black). Data points represent mean values at each measure-
ment period. Panel B, C and D: Changes in leg press strength, leg 
press power and stair climb power. Results represent change in mean 
maximal voluntary strength from baseline for each visit for men ran-
domly assigned to testosterone (blue) or placebo (black) arms. Error 
bars are 95% CIs.  P  values are provided from linear mixed-model 

regression controlling for baseline values and age category. Panels 
E and F: Effect of testosterone on aerobic capacity of older men. 
Data represent mean changes from baseline and error bars are 95% 
CI in VO2peak (L/min) and in peak work rate in testosterone(blue) 
and placebo(black). P values indicate the overall effect of the tes-
tosterone intervention over time. Reproduced with permission from: 
Traustadóttir et al., J Clin Endocrinol Metab. 2018;103(8):2861-2869 
and Storer et al., J Clin Endocrinol Metab. 2017; 102(2): 583–593
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Fall frequency did not differ between groups. Changes in 
the 6MWD in the testosterone group were associated with 
changes in circulating testosterone, free testosterone, DHT, 
and hemoglobin levels (Table 1).

5 � Testosterone's effects in adults 
with chronic diseases

Even with the wide availability of highly active anti-retroviral 
therapy, the prevalence of low total and free testosterone lev-
els has remained high in men infected with HIV [35–37]. Men 
with HIV-infection have higher rates of testosterone treatment 
initiation than non-infected men [37–39]. In randomized, pla-
cebo-controlled trials in HIV-infected men with weight loss, 
testosterone treatment for 3 to 6 months has been associated 
with greater gains in lean body mass, body weight, and maxi-
mal voluntary strength compared with placebo [20, 40–44]. 
Testosterone treatment also has been reported to improve 
depression indices and fatigue, but not overall quality of life. 
Testosterone treatment has no significant effect on CD4 + or 
CD8 + T lymphocyte counts or HIV copy number and the 
changes in PSA, HDL cholesterol, and adverse event rates 
have not differed significantly between the placebo and tes-
tosterone groups [38–44]. Thus, short-term [3–6] testosterone 
treatment in HIV-infected men with low testosterone levels 
and weight loss is safe and can modestly increase body weight 
and lean body mass. The heterogeneity of eligibility criteria, 
testosterone formulations and doses, treatment duration, and 
outcome ascertainment among trials reduces the strength of 
the evidentiary base. Testosterone's effects on physical func-
tion, risk of disability, and long-term safety in HIV-infected 
men remain unclear.

Skeletal muscle dysfunction and exercise intolerance are 
common in patients with chronic obstructive pulmonary 
disease [22]. The pathophysiologic factors that contribute 
to skeletal muscle dysfunction in COPD include chronic 
hypoxia, disuse atrophy, malnutrition, chronic inflamma-
tion, corticosteroid use, and low levels of anabolic hormones 
including testosterone. In a randomized placebo-controlled 
trial [45], older men with COPD and low testosterone levels 
were randomly assigned to placebo injections alone, weekly 
testosterone enanthate 100 mg IM weekly, placebo injections 
plus resistance training, or testosterone enanthate plus resist-
ance training. Testosterone treatment was associated with 
an average 2.3 kg gain in lean body mass and 17% increase 
in leg press strength; the combined regimen of testosterone 
plus resistance exercise training was associated with greater 
gains in lean body mass (average gain 3.3 kg) and leg press 
strength (average gain 27%) than either intervention alone. 
Other androgenic steroids with and without nutritional sup-
plementation have also been reported to increase lean body 
mass in patients with COPD [46, 47]. Further studies are 

needed to determine whether testosterone supplementation 
can improve physical function, reduce exercise intolerance 
and promote rehabilitation of adults with COPD.

Glucocorticoid use is common among adults with bron-
chial asthma, COPD, and in some chronic inflammatory 
conditions and associated with muscle atrophy and a high 
frequency of low testosterone levels, muscle atrophy, and 
bone loss. Testosterone treatment of men receiving gluco-
corticoid treatment has been shown in randomized trials to 
increase lean body mass, reduce fat mass, and increase in 
bone mineral density at the lumbar spine compared with 
placebo [48, 49].

A paucity of robust evidence of testosterone's efficacy in 
improving physical function and its long-term prostate and 
cardiovascular safety precludes a general recommendation to 
treat functional limitations, sarcopenia or frailty in all older 
adults with testosterone. An expert panel of the Endocrine 
Society suggested that clinicians consider short-term testos-
terone therapy in HIV-infected men with low testosterone 
levels and weight loss (when other causes of weight loss 
have been excluded) to induce and maintain body weight 
and lean mass gain [50]. In an earlier era, legacy product 
such as oxandrolone was approved to promote recovery 
from severe burns [51], and to facilitate growth and devel-
opment of girls with Turner syndrome. Similarly, nandrolone 
decanoate was approved for the treatment of anemia in 
patients with kidney disease. Clinicians may consider offer-
ing testosterone on an individualized basis to older men with 
consistently low testosterone levels, anemia and functional 
limitations after an explicit discussion of the uncertainty of 
long-term benefits and risks.

6 � Safety of long‑term testosterone 
treatment

Testosterone treatment of medically stable and carefully 
selected participants in randomized trials of medically sta-
ble older adults has been associated with a low frequency of 
adverse events. Erythrocytosis is the most frequent adverse 
event associated with testosterone treatment in older adults 
[50, 52]. Additional adverse events include breast tender-
ness, acne, suppression of spermatogenesis and infertility, 
breast tenderness, and leg edema (Table 2).

Whether testosterone increases the risk of prostate cancer 
and cardiovascular events remains unknown and has been the 
source of much controversy [53]. In epidemiologic studies, 
testosterone or DHT levels or polymorphisms in the steroid 5 
alpha reductase gene have not been associated with prostate 
cancer risk. [54]. The frequency of prostate cancer events in 
randomized trials of testosterone in carefully selected older 
men has been very low [52]. Testosterone treatment does 
not worsen lower urinary tract symptoms in men who do not 
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have severe symptoms at baseline [55]. None of the trials has 
been either long enough or large enough to determine the 
effects of testosterone treatment on the incidence of prostate 
cancer. Testosterone treatment of older men with hypog-
onadism increases PSA levels by an average of ~ 0.4 ng/mL 
and increases the risk of being referred for a prostate biopsy 
and thereby the risk of detecting prostate cancer [55].

The long-term effects of testosterone treatment on major 
adverse cardiovascular events (MACE) remain unknown. In 
the Testosterone's Effects on Atherosclerosis Progression in 
Aging Men (The TEAAM Trial) [56], the rates of athero-
sclerosis progression assessed using common carotid artery 
intima-media thickness and coronary artery calcium scores 
using multi-detector computerized tomography did not dif-
fer over 3 years of treatment with testosterone or placebo. In 
the Cardiovascular Trial of the TTrials, the men randomized 
to the testosterone arm had a significantly greater increase 
in noncalcified coronary plaque volume, assessed using the 
CT coronary angiography; the clinical significance of these 
findings is not clear [57]. An Advisory Panel convened by 
the US Food and Drug Administration concluded that there 
was insufficient evidence of a causal relationship between 
testosterone and adverse cardiovascular outcomes. A large, 
randomized trial to study the effects of testosterone replace-
ment therapy on the incidence of major adverse cardiovas-
cular events in men 45 to 80 years of age with testosterone 
deficiency and increased risk for cardiovascular events, is 

underway (The TRAVERSE Trial, NCT03518034) [58]. 
The TRAVSERSE Trial also will evaluate the efficacy of 
testosterone treatment in reducing clinical fractures; the pro-
gression from pre-diabetes to diabetes; correcting anemia; 
and improving sexual activity, sexual desire, and erectile 
function [58].

7 � The mechanisms of testosterone's 
anabolic effects on the skeletal muscle 
and physical performance

The mechanisms by which testosterone increases skeletal mus-
cle mass and strength are incompletely understood. Testoster-
one treatment is associated with dose-related increase in the 
cross-sectional area of both type 1 and 2 muscle fibers; testos-
terone does not increase either the number or the relative pro-
portion of type 1 and type 2 muscle fibers. Thus, testosterone-
induced increase in skeletal muscle mass is due to muscle fiber 
hypertrophy and not muscle fiber hyperplasia. Testosterone 
administration increases the numbers of satellite cells (mesen-
chymal muscle progenitor cells) and myonuclei in the muscle; 
however, the myonuclear domain does not change. Testoster-
one promotes the differentiation of mesenchymal muscle pro-
genitor cells into the myogenic lineage, with upregulation of 
markers of myogenic differentiation, MyoD and myosin heavy 
chain type II and reciprocally inhibits their differentiation into 
adipogenic lineage with downregulation of adipogenic differ-
entiation markers (e.g., PPARg) [59] (Table 3).

Testosterone's effects on the skeletal muscle are mediated 
through the classical androgen receptor. Liganded androgen 
receptor undergoes a conformational change and binds to 
its co-activator beta-catenin, translocates to the nucleus and 
activates a number of Wnt-target genes, including follistatin 
[60]. Follistatin blocks the actions of myostatin and activins 
and plays a vital role in mediating testosterone's effects on 
myogenic differentiation. In addition, testosterone also pro-
motes myoblast proliferation by regulation of polyamine 
metabolism. Testosterone upregulates key enzymes in the 
polyamine pathway, including ornithine decarboxylase 1 
(ODC1), the rate limiting enzyme in the polyamine pathway, 
and S-adenosylmethionine decarboxylase.

Testosterone administration in older men is associated 
with an increase in the fractional synthesis rate (FSR) of 
proteins measured by stable isotopes [61]. A similar effect 
on muscle anabolism was noted with the administration of 
oxandrolone [62]. The effects of testosterone on muscle pro-
tein degradation remain unclear.

Testosterone serves as a prohormone and is converted by 
the catalytic action of steroid 5 alpha reductase enzymes into 
5 alpha dihydrotestosterone which can bind to the androgen 
receptor and act as an agonist and by CYP19 aromatase into 
estradiol 17beta which serves as a ligand for estrogen receptor 

Table 2   Potential adverse events associated with testosterone treat-
ment in middle-aged and older men

Adapted with permission from: Bhasin, S., J. P., Cunningham, G. R., 
Hayes, F. J., Hodis, H. N., Matsumoto, A. M., Snyder, P. J., Swerdloff, 
R. S., Wu, F. C., Yialamas, M. A. (2018). Testosterone Therapy in Men 
With Hypogonadism: An Endocrine Society Clinical Practice Guide-
line. The Journal of Clinical Endocrinology and Metabolism, 103(5), 
1715–1744

Adverse events for which there is evidence of association
1. Erythrocytosis
2. Acne and oily skin
3. Increased risk of detection of subclinical prostate cancer
4. Growth of metastatic prostate cancer
5. Reduced sperm production and fertility
6. Leg edema
Adverse Events for which there is inconclusive evidence of asso-

ciation
1. Induction or worsening of obstructive sleep apnea
2. Gynecomastia
3. Increased risk of major adverse cardiovascular events
4. Increased risk of prostate cancer
Adverse events for which there is evidence of no significant asso-

ciation
1. Worsening of lower urinary tract symptoms in men who do not 

have severe lower urinary tract symptoms
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alpha. Changes in fat-free mass in response to graded testoster-
one doses did not differ in men in whom DHT was suppressed 
by administration of dutasteride, a potent inhibitor of both type 
1 and type 2 isoforms of steroid 5alpha reductase from those 
treated with placebo, indicating that testosterone's conversion 
to DHT is not obligatory for mediating its effects on skeletal 
muscle mass and strength. [63] The men with benign prostatic 
hypertrophy who are treated with a 5-alpha reductase inhibi-
tors, finasteride or dutasteride, do not experience muscle loss. 
Similarly, individuals with congenital steroid 5-alpha-reductase 
deficiency have normal muscle development at puberty. Tes-
tosterone's effects on whole body- fat appear to require its con-
version to estradiol by CYP19 (the aromatase enzyme) [64].

Testosterone also exerts nongenomic effects; it promotes 
the relaxation of vascular smooth muscle by inhibiting the 
L-type calcium channels [65]. Testosterone increases blood 
flow in the coronary arteries as well as the penile arteries [66, 
67]. Additionally, testosterone as well as DHT promote the 
relaxation of the smooth muscle in the bronchi, urinary blad-
der, and the intestine [68–70]. DHT is more potent than tes-
tosterone in inducing smooth muscle relaxation.

Testosterone could also improve physical performance 
through mechanisms that do not directly involve the muscle. 
For example, testosterone treatment increases hemoglobin [71] 
which would be expected to improve aerobic performance. In 
the TTrials, the improvements in 6-min walking distance was 
related to increases in hemoglobin levels [72]. Testosterone 
reduces reaction time in frog hind limb model by its effects on 
neuromuscular transmission.

8 � Selective androgen receptor modulators

Selective androgen receptor modulators are ligands that 
bind to the androgen receptor and induce tissue-specific 
signaling through the androgen receptor [72, 73]. The 

development of a large number of steroidal and nonsteroi-
dal SARMs was motivated by concerns about the potential 
long-term prostate and cardiovascular risks of testoster-
one treatment in older men as well as by the unmet need 
to develop more potent anabolic drugs that do not have 
adverse effects on prostate and cardiovascular outcomes. 
Guided by an understanding of structure activity relation-
ship within the steroidal structure of testosterone, many 
steroidal SARMs, such as nandrolone, oxandrolone, oxym-
etholone, and fluoxymesterone were developed by struc-
tural modifications of the testosterone molecule to modify 
its androgen receptor (AR) binding affinity, AR stabiliza-
tion, coactivator recruitment, nuclear translocation, DNA 
binding affinity, presystemic metabolism in the intestine or 
the liver, specificity as a substrate for the steroid 5α reduc-
tase and the aromatase enzymes and its tissue specificity, 
and metabolic clearance (Fig. 2) [73–78].

The addition of a methyl or ethyl group to the 17α car-
bon position (as in 17α methyltestosterone) inhibits tes-
tosterone's presystemic metabolism of testosterone and 
renders it orally active [75, 76, 79] Oral 17α alkylated 
androgens are potentially hepatotoxic; their use to treat 
hypogonadism is not recommended. The removal of the 
C19 methyl group in C19 increases the anabolic activ-
ity; some 19-nortestosterone (nandrolone) series of com-
pounds are approved for the treatment of anemia and oste-
oporosis and used as anabolic drugs by recreational body 
builders and athletes. Alkyl substitutions in the 7 position 
(e.g., in 7α methyl 19-nortestosterone (MENT) reduce sus-
ceptibility for 5α reduction and enhance the compound's 
anabolic activity. The C2 substitution with an oxygen in 
oxandrolone increases the stability of the 3-keto group and 
its anabolic activity, and prevents its aromatization.

The esterification of the 17β hydroxyl group increases 
the molecule's hydrophobicity (e.g., testosterone enan-
thate, testosterone cypionate), testosterone undecanoate). 

Table 3   Mechanisms by which testosterone increases skeletal muscle mass

Legend: The mechanisms by which testosterone administration increases muscle mass and performance remain incompletely understood. These 
potential mechanisms should not be viewed as mutually exclusive; multiple mechanisms may be operative. For example, it is possible that testos-
terone increases muscle mass by promoting differentiation of muscle progenitor cells into the myogenic lineage, stimulating myoblast prolifera-
tion, and increasing muscle protein synthesis. These effects may occur non-contemporaneously and be mediated through testosterone's effects 
on Wnt signaling pathway and on enzymes in polyamine synthesis. Additionally, testosterone could reduce reaction time through its effects on 
neuromuscular transmission

1. Testosterone promotes the differentiation of mesenchymal progenitor cells into the myogenic lineage and inhibits their differentiation into 
adipogenic lineage by activating Wnt-target genes, including follistatin that blocks signaling through the TGF beta pathway

2. Testosterone induces myoblast proliferation by stimulating polyamine biosynthesis
3. Testosterone stimulates mitochondrial biogenesis and quality
4. Testosterone increases net oxygen delivery to the tissue by increasing hemoglobin and red cell mass; blood flow by its vasodilatory effects; 

and increasing 2, 3 biphosphoglycerate (BPG) levels thereby shifting the oxygen—hemoglobin dissociation curve
Mechanisms for which the evidence is less strong
1. Testosterone may improve neuromuscular transmission and reduce reaction time by upregulating acetyl cholinesterase
2. Testosterone increases muscle protein synthesis and re-utilization of amino acids
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The longer the side chain, the greater the hydrophobicity 
of the molecule; these hydrophobic esters when injected 
intramuscularly in oil are released slowly from the oil 
depot in the muscle into the aqueous plasma thereby 
extending the molecule's duration of action. The long 
duration of action of testosterone esters is almost entirely 
due to their slow release from the oil depot in the muscle 
[78].

During the past two decades, many nonsteroidal SARMs 
have been developed; these compounds do not serve as sub-
strates for CYP19 aromatase or the steroid 5α-reductase, 
act as full agonists in muscle and bone, but act as partial 
agonists in prostate and seminal vesicles [73, 74]. The 
differing interactions of steroidal and nonsteroidal com-
pounds with the AR may at least partially contribute to 
their unique pharmacologic actions. SARM pharmacophores 
can be classified into several structural categories including 

aryl-propionamide, bicyclic hydantoin, quinoline, and tet-
rahydroquinoline analogs. Structural modifications of aryl 
propionamide analogs bicalutamide and hydroxyflutamide 
led to the discovery of the first generation of SARMs [73, 
74]. Many nonsteroidal compounds have been shown to bind 
AR with high affinity and demonstrate tissue selectivity in 
animal models in terms of greater agonist activity in the 
muscle vs the prostate. Some of the SARMs in development 
promote both muscle strength and bone mechanical strength.

Several nonsteroidal SARMs (e.g., enobosarm, ligandrin, 
OPKO-8044) have undergone phase 2 and some even phase 
3 trials [73, 80, 81] but none has been approved by the FDA 
for any indication. These SARMs increase fat-free mass, 
muscle strength, but have shown inconsistent improvements 
in physical function and health outcomes. Oral SARMs, as 
a class, suppress HDL cholesterol levels and some may 
increase transaminases at higher doses [82].

Fig. 2   Structure activity rela-
tionship in steroidal selective 
androgen receptor modulators. 
Legend. The figure displays the 
structure of testosterone and 
modifications of the testosterone 
molecule that have been used 
to generate steroidal selective 
androgen receptor modula-
tors some of which have been 
approved by the US Food and 
Drug Administration and used 
in clinical practice

Structural modification Compound

Unmodified structure of testosterone

Removing 19 methyl increases 
anabolic activity.

17-alpha alkyl substitution retards
first-pass pre-systemic metabolism:
basis of orally active compounds.

7-alpha alkyl substitutions increase
anabolic activity.

Esterification of 17-beta hydroxyl 
group increases hydrophobicity.

C2 substitution with oxygen in
oxandrolone increases the stability
of the 3-keto group and its 
anabolic activity and prevents its 
aromatization.

7-alpha alkyl
19-nortestosterone

Testosterone enanthate

17-alpha methyl
testosterone
(orally active compounds)

19-nortestosterone
(nandrolone series)

Testosterone

Oxandrolone
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9 � Synthesis and conclusions

There is compelling evidence that testosterone and other 
androgens increase skeletal muscle mass and maximal mus-
cle strength. Testosterone treatment has also been shown to 
improve measures of physical function that are strongly asso-
ciated with muscle strength, such as the stair climbing speed 
and power. However, changes in other performance-based 
measures, such as walking speed, with replacement doses of 
testosterone have been modest and inconsistent across tri-
als. It is possible that neuromuscular adaptations needed to 
induce physical functional improvements may require con-
comitant functional exercise training that includes elements 
of progressive resistance training, endurance training, gait 
training to improve mobility and reduce the risk of falls, 
balance training, task specific training to improve ability 
to perform activities of daily living, and cognitive behavio-
ral training to increase adherence with exercise regimens. 
Larger adequately powered randomized trials of longer dura-
tion are needed to determine whether testosterone treatment 
of older men with functional limitations, when administered 
in conjunction with a multi-dimensional functional exercise 
training, can safely improve physical function and meaning-
fully improve how a person "functions and feels”.
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