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Understanding of the mechanism of androgen action
has been enhanced by advances in knowledge on the
molecular basis of activation of the androgen receptor
and the importance of tissue conversion of circulating
testosterone to dihydrotestosterone and estradiol. New
evidence supports the view that supraphysiological
doses of anabolic steroids do have a definite, positive
effect on muscle size and muscle strength. However, the
nature of the anabolic action of androgens on muscle is
currently unclear and may involve mechanisms inde-
pendent of the androgen receptor. The dose–response
relationships of anabolic actions vs the potentially seri-
ous risks to health of androgenic-anabolic steroids
(AAS) use are still unresolved. Most of the adverse
effects of AAS are reversible but some are permanent,
particularly in women and children. The reported inci-
dence of acute life-threatening events associated with
AAS abuse is low, but the actual risk may be underrec-
ognized or underreported; the exact incidence is un-
known. The long-term consequences and disease risks
of AAS to the sports competitor remain to be properly
evaluated.
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In the last 40 years, use of anabolic steroids has become
much more widespread but has nevertheless remained
covert and intermittent, involving an increasing number
of agents. Consequently, clinical information concerning
the effects of anabolic steroids has continued to be derived
from isolated case reports. These uncontrolled anecdotal
observations make it difficult to draw unequivocal con-
clusions. The virtual absence of long-term prospective
data also makes judgments on safety rather uncertain.
Here, I compare and contrast the principles and practice
behind the abuse of androgenic-anabolic steroids (AAS)

with the legitimate clinical therapeutic use of androgens,
in order to discuss how the use of AAS by athletes fits into
our current understanding of androgen physiology and
the clinical practice of endocrinology.

physiology of androgen action
Androgens are required life-long in males—from the
heterogametic sexual differentiation in utero, through
secondary sexual development during puberty (where
they are the major determinants of extragenital sexual
dimorphism), to the establishment and the maintenance
of adult sexual function and fertility. Not only are the
physiological functions of androgens spread out tempo-
rally, they also act on a large number of reproductive and
nonreproductive target tissues, including bone, adipose
tissue, skeletal muscle, brain, prostate, liver, and kidney
(stimulating production of erythropoietin). It is therefore
somewhat surprising that the extremely diverse biological
actions of androgens are mediated by only one molecular
species of androgen receptor with a singular mode of
action, i.e., through transcriptional activation of androgen
response elements in different target genes [1].

Some aspects of the tissue specificity of androgen
action can be accounted for by the local conversion of
testosterone to more-active or specific metabolites, includ-
ing dihydrotestosterone (DHT) and estradiol. From the
clinical syndromes of androgen [2] and estrogen resis-
tance [3], and 5a-reductase [4] and aromatase deficiency
[5], we can deduce that testosterone itself is adequate for
in utero masculinization of the internal genitalia and
postnatal skeletal muscle development as well as the
activation of sexual behavior during adolescence and
young adult life. DHT, on the other hand, is required for
the fetal development of external genitalia, prostate and
seminal vesicles, and adult secondary hair growth. Aro-
matization of testosterone to estradiol is necessary for
sexual differentiation of the brain, bone mass accretion,
and fusion of the epiphyses at the end of puberty. In other
words, testosterone is a target hormone itself as well as a
circulating prohormone for several target tissues that
possess the converting enzymes 5a-reductase and aro-
matase. Hence not all actions of androgens are mediated
through the androgen receptor.
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dose–response relationships of androgen action
The rationale of using anabolic steroids in competitive
sports is based on the following considerations: (a) the
clear differential in athletic performance between males
and females, on average, the lean body mass being 30%
higher in men than in women; (b) obvious anabolic effects
resulting from the physiological increase in testosterone
during pubertal development; (c) production of un-
doubted anabolic and ergogenic effects by physiological
doses of testosterone in hypogonadal patients; (d) the
assumption that use of supraphysiological doses of tes-
tosterone or more potent synthetic androgenic analogs
would increase muscle bulk and improve performance in
eugonadal adult men; and (e) the assumption that ana-
bolic effects can be separated from virilizing effects by use
of “pure anabolic” agents.

The steep and linear dose–response relationship for
both the virilizing and anabolic actions of testosterone,
ranging from the concentrations in childhood and in
females (,2 nmol/L) to the normal adult male physiolog-
ical range (10–35 nmol/L), is indisputable (Fig. 1).
Whether androgen responses can be stimulated by in-
creasing doses of testosterone beyond the physiological
range is at present unclear. There may also be significant
differences in the dose–response characteristics between
individual androgen-dependent actions and target tis-
sues. Thus, although administration of AAS to women
and children clearly stimulates hypertrophy and perhaps
hyperplasia of skeletal muscle, whether these effects can
be extrapolated beyond the physiological into the phar-
macological range is not clear. Some sports competitors
use extremely high doses of testosterone, producing
plasma concentrations two or three orders of magnitude
greater than that found in healthy men. At these non-
physiological concentrations of hormones, the receptors
would already have been saturated and any biological
response may well have reached a plateau, while at the
same time atypical actions can be induced. It is therefore

important to know whether any actual or perceived gains
of AAS administrations are countered by undesirable side
effects.

do aas improve athletic performance?
Reviews and metaanalyses of literature addressing this
question over the last 30 years have determined that many
of the previous studies were flawed in their experimental
design and, not surprisingly, results were equivocal [6, 7].
Some of the reported enhancement in performance may
have been due to the effects of AAS in increasing aggres-
sion and competitiveness, differences in intensity of train-
ing or dietary intake, and important placebo effects.
Studies generally did not mimic the dose and variety of
drugs that athletes tend to use, a process known as
“stacking,” or the changes in doses during cycles of
steroid administration, i.e., a pyramid program. The in-
herent polymorphism and individual variations in terms
of innate ability and motivation tend to further blur any
significant differences between controls and subjects.
Practically, true double-blinding is difficult because clin-
ical evidence of side effects such as greasiness of the skin
and acne betray which groups—control or treated—the
subjects belong to.

To overcome some of the pitfalls of previous investi-
gations, a recent study [8] has been designed to control for
the independent effects of testosterone, training, and diet
while the dose of testosterone approached that commonly
used in AAS abuse. The treated volunteers received 600
mg of testosterone enanthate intramuscularly weekly for
10 weeks. The 43 volunteers with some weightlifting
experience were divided into one of four groups: placebo
with no exercise, testosterone with no exercise, placebo
plus exercise, and testosterone plus exercise. Muscle size,
strength, and fat-free mass increased with testosterone
without exercise, but exercise itself increased muscle
strength. With testosterone administration and exercise
together, all of these variables increased in an additive
manner. This important study showed unequivocally for
the first time that supraphysiological doses of androgens
do have an anabolic effect on muscle mass and strength in
eugonadal men, which can be further amplified by phys-
ical training.

how do aas work?
After puberty, the androgen receptor in striated muscle is
down-regulated [9]; the androgen receptor in skeletal
muscle is therefore virtually saturated with the physio-
logical concentrations of testosterone present. Because
there is little 5a-reductase activity in skeletal muscle [10],
testosterone and possibly circulating DHT appear to be
the key hormones for androgen action. In vitro studies
have demonstrated that the dose–response relationship of
testosterone on growth of skeletal muscle reaches a pla-
teau once the physiological concentration is exceeded [11].
With supraphysiological doses of testosterone, the ana-
bolic effects may therefore be evoked through a separate

Fig. 1. Putative dose–response relation of biological responses to
increasing concentrations of circulating testosterone characteristic of
various clinical situations and therapeutic indications.
Testosterone concentrations encountered in AAS abuse are typically orders of
magnitude higher than physiological concentrations, when some of the biological
effects may have plateaued. However, the exact dose–response relations of
individual androgen actions remain to be fully characterized.
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mechanism independent of the androgen receptor, e.g., an
anticatabolic effect based on an antiglucocorticoid action
[12].

Some indirect evidence supports an anticatabolic effect
of androgens. AAS can displace glucocorticoids bound to
the glucocorticoid receptor. Antagonists of glucocorticoid
action can prevent the muscle atrophy that follows orchi-
dectomy, and urinary free cortisol increases with admin-
istration of large doses of AAS. Clinical evidence can be
derived from patients who have the androgen insensitiv-
ity syndrome as a result of inactivating mutations in the
androgen receptor gene. In a recent case study [13], a
patient with androgen insensitivity syndrome resulting
from a single amino acid substitution (Arg-608 to Lys) in
the DNA-binding domain of the androgen receptor re-
ceived pharmacological doses of testosterone enanthate (5
mg/kg per day for 10 days). Although there were no
treatment effects that suppressed gonadotropin and sex-
hormone-binding globulin or sebum excretion, testoster-
one administration resulted in a positive nitrogen balance
of 3 g/24 h, similar to that in healthy adult men. Hence,
these data indirectly support the hypothesis that the effect
of supraphysiological doses of testosterone on muscle is
probably mediated through an antiglucocorticoid action
independent of the androgen receptor.

adverse effects of aas
Even though different mechanisms may mediate the
action of AAS, the unwanted androgenic effects cannot be
completely dissociated from the anabolic effects [14]. The
adverse effects of AAS abuse depend on the age and sex
of the individual, the duration and total dose of exposure,
and the type of steroid used [15]. These effects may be
differentiated into androgenic (Table 1) or toxic effects
(Table 2). Whereas the former are amplifications of the
physiological effects of androgens, the latter can be re-
garded as the more serious consequences encountered
mainly with prolonged usage of pharmacological doses of
AAS.

The unwanted consequences of AAS abuse are most
damaging in females and adolescents: irreversible viril-
ization and stunting of linear growth, respectively. Sup-
pression of the hypothalamic–pituitary–gonadal axis that

results in disturbances in menstrual function and infertil-
ity is, in contrast, reversible. Stimulation of the sebaceous
glands appears to be dose-related: Increasing testosterone
beyond the physiological range in normal men results in
further increases in the sebum excretion rate. Conse-
quently AAS users tend to suffer from severe acne.

One of the more serious problems associated with
anabolic steroid abuse is the invariable decrease in circu-
lating HDL-cholesterol because of the action of androgens
in suppressing hepatic endothelial lipase activity. This
may have long-term consequences in increasing the risk
to ischemic heart disease, but is probably unrelated to the
cardiomyopathy, cerebral vascular accident, or pulmo-
nary embolism associated with AAS use—which may be
independent effects of androgens on the vasculature and
hemostasis. Possible adverse effects on the prostate gland
arising from prolonged administration of anabolic ste-
roids have not been fully elucidated, the data consisting of
isolated and infrequent case reports. Data from male
contraceptive trials, where volunteers have received tes-
tosterone enanthate 200 mg weekly for up to 18 months,
showed no change in plasma concentrations in prostate-
specific antigen, and the prostatic transverse diameter
increased by only 14% [16]. The serious hepatic abnormal-
ities are virtually always associated with the orally active
17a-alkylated androgens such as methyltestosterone,
methandrostenolone, oxandrolone, and stanozolol. Users
of anabolic steroids have exhibited changes in behavior
ranging from increased aggression to the so-called “roid
rage” and psychosis [17]. Some evidence suggests that
androgen users become addicted and suffer withdrawal
symptoms [17]. Withdrawal effects are probably also
related to the slow recovery of endogenous production of
testosterone after cessation of exogenous use.

Although individual case reports are extant in the
literature, the exact incidence of serious or fatal adverse
effects is unknown. It therefore remains difficult to assess
accurately just how dangerous the use of AAS is. Intu-
itively, one can deduce that there is probably substantial
underreporting of AAS use. Nevertheless, the overall
incidence of serious and fatal complications is probably
low. These isolated cases of pathology may represent
idiosyncratic responses of susceptible individuals to the
pharmacological doses used in AAS abusers; as a rule,
however, the reported effects cannot be extrapolated to
indicate a systematic generic/class effect of androgens—

Table 1. Adverse effects of AAS abuse: androgenic.
Virilization—women, some irreversible

Acne
Hirsutism
Alopecia

Premature epiphyseal closure—stunted final height
Gynecomastia
Decreased testicular volume
Infertility—reversible
Increased sexual interest
Decreased HDL-cholesterol
Increased prostatic disease risk

Table 2. Adverse effects of AAS abuse: toxic.
Cardiovascular

Cardiomyopathy
Acute myocardial infarct
Cerebral vascular accident
Pulmonary embolism

Liver
Cholestatic jaundice
Peliosis hepatis
Tumors

Psychological
Aggression increased
Dysphoria—rage
Psychosis
Addiction
Withdrawal effects—depression

Needle sharing
Hepatitis
HIV infection
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with the important exception of the 17a-alkylated com-
pounds, the most harmful of the anabolic agents. It is
sometimes claimed that the intermittent style of using
anabolic steroids probably ameliorates the long-term side
effects and that using anabolic steroids may not be as
dangerous to well-being or as addictive as the use of other
forms of recreational drugs. In the absence of any sup-
porting data, however, such assertions should not be
generally accepted at present.

References
1. McPhaul MJ, Marcelli M, Zoppi S, Griffin JE, Wilson JD. The

spectrum of mutations in the androgen receptor gene that causes
androgen resistance. J Clin Endocrinol Metab 1993;76:17–23.

2. Quigley CA, De Bellis A, Marschke KB, El-Alwardy MK, Wilson EM,
French FS. Androgen receptor defects: historical, clinical, and
molecular perspectives. Endocr Rev 1995;16:271–95.

3. Smith EP, Boyd J, Frank GR, Takahashi H, Cohen RM, Specker B,
et al. Estrogen resistance caused by a mutation in the estrogen-
receptor gene in a man. N Engl J Med 1994;331:1056–61.

4. Wilson JD, Griffin JE, Russell DW. Steroid 5 alpha-reductase 2
deficiency. Endocr Rev 1993: 14:577–93.

5. Morishima A, Grumbach MM, Simpson ER, Fisher C, Qin K.
Aromatase deficiency in male and female siblings caused by a
novel mutation and the physiological role of estrogens. J Clin
Endocrinol Metab 1995;80:3689–98.

6. Wilson JD. Androgen abuse by athletes. Endocr Rev 1988;9:181–
99.

7. Elashoff JD, Jacknow AD, Shain SG, Braunstein GD. Effects of
androgenic-anabolic steroid on muscle strength. Ann Intern Med
1991;115:387–93.

8. Bhasin S, Storer TW, Berman N, Callegari C, Clevenger B, Phillips

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

9. Rance NE, Max SR. Modulation of the cytosolic androgen receptor
in striated muscle by sex steroids. Endocrinology 1984;115:
862–6.

10. Wilson JD, Gloyna E. The intranuclear metabolism of testosterone
in the accessory organs of male reproduction. Rec Prog Horm Res
1970;26:309–36.

11. Bartsch W, Krieg M, Voigt KD. Regulation and compartmentaliza-
tion of androgens in the rat prostate and muscle. J Steroid
Biochem 1983;19:929–37.

12. Hickson RC, Czerwinski SM, Falduto MT, Young AP. Glucocorticoid
antagonism by exercise and androgenic-anabolic steroids. Med
Sci Sports Exerc 1990;22:331–40.

13. Tincello DG, Saunders PTK, Hodgins MB, Simpson NB, Edwards
CRW, Hargreave TB, Wu FCW. Partial androgen insensitivity and
Reifenstein’s syndrome: clinical, endocrine and molecular corre-
lates and in vivo response to high-dose testosterone. J Endocrinol
1997;in press.

14. Celotti F, Negri Cesi P. Anabolic steroids: a review of their effects
on the muscles, of their possible mechanisms of actions and of
their use in athletics. J Steroid Biochem Mol Biol 1992;43:469–
77.

15. Rogol AD, Yesalis CE III. Anabolic-androgenic steroids and ath-
letes: what are the issues? J Clin Endocrinol Metab 1992;74:
465–9.

16. Wallace EM, Pye SD, Wild SR, Wu FCW. Prostate specific antigen
and prostate gland size in men receiving exogenous testosterone
for male contraception. Int J Androl 1993;16:35–40.

17. Pope HG, Katz DL. Psychiatric effects of anabolic steroids.
Psychiatr Ann 1992;22:24–9.

1292 Wu: Endocrine aspects of anabolic steroids


