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ANABOLIC STEROIDS:
A REVIEW OF THEIR EFFECTS ON THE MUSCLES,
OF THEIR POSSIBLE MECHANISMS OF ACTION
AND OF THEIR USE IN ATHLETICS

F CeLort1* and P NeGRi Cesl
Department of Endocrinology, University of Milano, Via Balzarett1 9, 20133, Milano, Italy

Summary—Anabolic steroids are synthetic molecules developed in the hope of obtaining a
complete separation of the androgemic and myotrophic (anabolic) actions of testosterone
Such a goal has never been fully achieved However, some synthetic steroids present a partial
dissociation between these two activities Since a single hormonal receptor apparently mediates
the androgenic as well as the anabolic actions of testosterone, differences in patterns of
androgen metabolization in the muscles and the sex accessory organs have been proposed as
a possible cause of this phenomenon Undoubtedly, androgens are able to exert a trophic effect
on skeletal and cardiac muscle fibres 1n subjects with low circulating levels of testosterone such
as prepubertal or hypogonadal males and females, however, the widespread use of anabolic
steroids 1n male athletes to increase their physical performances poses the question of whether
these compounds are active in the presence of normal circulating levels of testosterone
Most experimental ammal studies indicate that anabolic steroids are ineffective mn this
situation Since the results of the experiments performed 1n humans are largely contradictory,
1t 1s still not clear whether anabolic steroids are able to improve athletic performances
These and other relevant 1ssues are reviewed
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INTRODUCTION

Testosterone, the main testicular steroid
hormone, exerts specific as well as trophic effects
on a wide vanety of central and peripheral
androgen-dependent or -sensitive structures
These mnclude the sex accessory organs, the
central nervous system, the anterior pituitary,
the kidney, the liver, the muscles, etc Since the
musculature contnibutes more than one third
of the body mass, the myotrophic action of
testosterone 1s spectfically responsible for the
retention of mitrogen, usually defined as the
anabolic effect of the hormone

In adult ammals testosterone exerts a trophic
effect on skeletal and cardiac muscle fibres, since
castration produces atrophy and testosterone
administration hypertrophy of individual fibres
without changing the number of myofibnls
(see[1] for a review) However, rarely if ever,
the trophic action of the exogenous hormone
1s more pronounced than that achieved by
normal circulating levels of testosterone, this
will be discussed later in more detall On the
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other hand, testosterone stimulates the mitotic
activity 1n a myoblast culture system[2] and,
when given to female rats before the 7th day of
postnatal life, produces a significant increase tn
the number of fibres of the levator ani muscle,
without affecting the cross-sectional area [3];
on the contrary, after the 7th day of hife only
an 1ncrease 1n the average cross-sectional area
was observed [3] The developmental action of
testosterone on this muscle 1s apparently a direct
action of the hormone on the myofibrils, which
already possess androgen receptors, and 1t 1s
not mediated by the mfluence of testosterone on
the spinal nucleus innervating these muscles, the
sexual dimorphism of which 1s a consequence of
the different number of myofibrils existing in the
two sexes [4].

The response to androgens 1s different among
the ammal spectes and among the various
muscle groups In the guinea pig, those from the
shoulders, back and head show a greater senst-
tivity to the androgenic action than those of
the chest and the hind legs [1]. Also 1n man, the
muscles of the pectoral and shoulder region
appear to possess a higher androgen sensitivity
(see [5] for a review).

A particular mention should be made of
the androgen-dependent, sexually dimorphc,
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perineal muscles of the rat and of the guinea pig
the levator am, the bulbocavernosus and the
1schiocavernosus which have been considered
a model for testing the relative myotrophic—
androgenic activity ratio of steroids since they
possess a higher sensitivity to androgens than
the other skeletal muscles This ratio, often
called the myotrophic-androgenic index [6], has
been usually evaluated in castrated immature
male rats treated with different steroids as the
ratto between the weight of the levator ani-
bulbocavernosus complex (BCLA) and that
of the ventral prostate and/or of the seminal
vesicles {6-8]. However, the validity of the test
has often been questioned, because the perineal
muscles cannot be considered real extragenital
organs{9] It will appear, in the discussion
which follows, that the peculiar androgen sensi-
tivity and sexual dimorphism of the perineal
muscles 1s probably due to their receptorial and
metabolic profile, which 1s intermediate between
those present respectively in the skeletal muscles
and 1n sex accessory organs

Although not well defined so far, the
hypertrophic action of testosterone and other
androgens on the muscle fibers 1s the conse-
quence of an increase 1n protein synthesis [10]
Boissonneault et al [11] have indeed described
following gonadectomy 1n the rat, a progressive
decrease of muscle weight and methionine 1n-
corporation, as well as of polyribosome transla-
tional efficiency, these effects can be reverted by
the admistration of testosterone proptonate

Androgens also directly stimulate some bio-
chemical parameters related to energy metab-
ohsm, like, for mstance, the uptake and phos-
phorylation of glucose [12] and the synthesis of
glycogen [13] In conclusion, there 1s no doubt
that androgens exert a clear-cut effect on the
muscles, which 1s apparent 1n females, in devel-
oping or hypogonadal animals, and appears to
be mediated by the activation of androgenic
receptors

ANABOLIC STEROIDS: BIOCHEMICAL STUDIES

Since the mtial studies of Kochakian,
which proposed the possibility to dissociate
the anabolic from the androgenic effects of
androgens, more than 600 molecules, the
structure of which was mainly denived from
that of testosterone, have been synthesized,
particularly between the S0s and 60s, in the
search for a compound exerting a pure
anabolic action (see [6-8] for reviews) Such a
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compound has never been found, however,
some synthetic steroids present a remarkable
dissociation between the anabolic and the
androgenic activities, at least on the basis of
the myotrophic—androgenic index [6, 7] On the
other hand, 1t must be underlined that all
anabolic steroids, when used 1n adequate doses
and for prolonged periods of time, lose the
dissociation of these two pharmacodynamic
activities, and can be used 1n the treatment of
hypogonadism [5]

Which mechanism(s) might explain the par-
tial dissociation of the anabolic and androgenic
effects exerted by synthetic anabolic steroids?

The first question which can be asked 1s
whether the androgenic receptors 1n the skeletal
muscle differ from those found in classical
androgen-dependent structures (e g prostate
and seminal vesicles) Binding studies per-
formed 1n several laboratories clearly indicate
that the androgenic receptors in the skeletal or
cardiac muscle possess the same binding affinity
and biochemical characteristics of those present
n the sex accessory organs [1, 14, 15] Moreover
the binding affimties of muscle and prostate
androgenic receptors for the anabolic steroids
studied so far, do not show significant differ-
ences [16, 17] The identity of the two theoretical
classes of receptors (anabolic vs androgenic) has
been also indirectly confirmed by some wn vitro
studies [18], 1n which receptors 1solated from
the cytosol of rat prostatic glands can be easily
translocated to nucler of the cardiac muscle,
where they bind to the chromatin Finally,
recent immunocytochemical studies performed
in rat, mouse and man with mono- and
poly-clonal antibodies against the N-termunal
domain of the androgen receptor, have indi-
cated the immunological identity of the skeletal
and cardiac muscle receptors with those of the
prostate and of the brain[19]

However, at varance with these studies,
Ruizeveld De Winter et al [20], utilizing differ-
ent mono- and poly-clonal antibodies, always
directed to the N-terminal domamn of the
androgen receptor, failed to identify a positive
immunostaining n  human skeletal muscle
nucle1, while a low intensity nuclear androgenic
receptor expresston was found m myocardial
biopsies from 2 male patients, but not n
the corresponding specimens from 2 female
patients It 1s possible that these negative find-
ings mught be due to the low level of receptors
present in the muscle cells As a matter of
fact, comparative binding studies performed 1n
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the rat indicate that the number of binding
sites/mg of protein are 60 times lower in the
skeletal muscle than in the prostate, while 1n
BCLA they are only 7 times less than in the
prostate [14] Moreover the B, values (an
index of the number of binding sites) calculated
for the cytosol of the human skeletal muscle are
about 10-fold lower than those of normal or
hyperplastic human prostate [21]

On the basis of the findings quoted above,
1t might be possible to conclude that the dis-
sociation of the androgenic—anabolic properties
of hormonal steroids cannot be due to the
presence, 1n the muscles, of receptors different
(or with different binding properties) from
those present in the reproductive structures,
1t emerges, however, that the amounts of recep-
tors present in the muscles are much lower than
those found 1n the reproductive sex organs This
finding may explain the relative low sensitivity
of the skeletal muscles to androgens

The next question which can be asked 1s the
following does the androgen metabolc pattern
of the muscle explain the partial dissociation of
the anabolic and androgenic effects?

It 1s well known that in the reproductive
structures and 1n the brain testosterone does not
act 1n 1ts oniginal molecular conformation, but
1t 18 locally transformed into active metabolites
through the action of two different enzymes
the Sa-reductase and the aromatase [22-24]
The Sa-reductase converts testosterone into
dihydrotestosterone (DHT), which can be
further metabohized nto S«-androstan-3a,178-
diol (3a-diol) by a 3e-hydroxysteroid-dehydro-
genase The conversion of testosterone to DHT
1s irreversible, while the conversion of DHT to
3a-diol 1s reversible 1n most of the tissues,
with a notable exception the muscle [25] The
aromatase catalyzes the irreversible transform-
ation of testosterone nto estrogenic molecules
In male subjects, the Sa-reductive pathway 1s
present 1n almost all the androgen-dependent
structures [22-24], whereas the aromatase has
been demonstrated and characterized only 1n
the brain [23, 26], 1n the adipose tissue [27] and
in the testes [28] Its presence in the prostate 1s
still controversial [29, 30] The heart and skeletal
muscle seem to possess a low activity of this
enzymatic complex [31, 32]

Due to the multifactorial metabolic pattern
described above, the androgenic signal can be
amplified or modulated within the target cells
through the nteraction of the various testoster-
one metabolites with different receptors While
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the aromatization of androgens into estrogens
produces compounds acting through the estro-
genic receptor, the Sa-reduction of testosterone
mnto DHT produces a compound possessing a
binding affinity for the androgenic receptor 2 to
6 times higher than that of testosterone In this
case the metabolic transformation 1s a mechan-
1sm of amplification of the androgenic signal,
which 1s necessary to produce and maintain the
normal development and trophism of peripheral
androgen-dependent structures, as, for example,
the prostate [33-35] Among the androgen-
sensitive tissues, the muscle 1s one of the few
structures 1n which the 5x-reductase 1s very low
or absent Massa and Martimi [36] have indeed
found that, the m vitro formation of 5a-reduced
steroids 1s virtually absent in the skeletal muscle
and 1n the levator am of the male rat The
presence of a very low 5a-reductase activity in
the skeletal muscle of the rat was subsequently
confirmed by other authors[37,38] In these
studies, however, the enzymatic activity of the
BCLA appears to be significantly higher than
that present 1n the skeletal and cardiac muscles,
even 1f 1t represents only 5% of that present in
the prostate Therefore, as in the case of the
receptor content, the testosterone metabolic
pattern of BCLA also appears to be intermedi-
ate between that of the prostate and skeletal
muscles

It 1s noteworthy that, 1n the muscles (both
in the skeletal and heart muscles, and 1n the
BCLA), there 1s a high activity of the enzyme
3a-hydroxysteroid-dehydrogenase [25, 36] con-
verting DHT into 3«-diol, a compound which
does not bind to the androgenic receptor {17]
The enzyme 1s cytosolic, NADPH-dependent
and 1s apparently unable to catalyze the back-
conversion of 3a-diol to DHT, moreover,
it possesses a higher activity in females and
in castrated males[25] Consequently, in the
muscles, ntracellular DHT 1s low, not only
because of the low Sa-reductase activity, but
also because the 3a-hydroxysteroid-dehydro-
genase further metabolizes this steroid to 3o-
diol, which, as previously said, cannot revert
back to DHT Moreover, 3a-hydroxysteroid-
dehydrogenase helps to maintain low intra-
cellular concentrations of DHT by inactivating
the amounts of this steroid reaching the muscle
cells from the circulation

Little 1s known on the role of aromatization
in muscular function estrogen receptors have
been 1dentified 1n the rat and bovine
muscles [39,40], and a possible role of the
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Fig 1 Sa-Reductive metabolism of testosterone and of the anabolic steroid nandrolone

formation of estrogens in the control of glucose
6-phosphate dehydrogenase in the rat levator
am has been proposed[4]1] However, no
climcally ewvident alterations of muscular
function have been noted during prolonged
treatments with antiestrogens or aromatase
mhibitors [42, 43]

It 1s therefore likely that testosterone exerts
its effects on muscle cells acting 1n 1ts native
molecular form This metabolic characteristic,
which distinguishes the muscles from the other
androgen-dependent or -sensitive tissues could
help to explain the partial dissociation of the
myotrophic from the androgenic actions in
some anabolic steroids (see below)

Among the great number of anabolic
molecules synthesized, 19-nortestosterone (nan-
drolone) 1s one of the first discovered, the most
used and indeed the best studied When admin-
istered to castrated male rats, 1t appears to be
5 times more active 1n increasing levator am
than semunal vesicle weight [7] Nandrolone 1s
as good a substrate for the Sa-reductase as
testosterone [44] and the main metabolite of
this reaction 1s Sa-dihydronandrolone (Fig 1)
The relevant finding 1s that the Sa-reduction of
nandrolone (at variance with what happens for
testosterone) does not result 1n the amplification
of the hormonal signal [45-47] Figure 2 shows
the conversion of testosterone into DHT which
1s associated with an increase 1n the binding
affinity of the reduced steroid to the androgen
receptor, on the contrary, the Sa-reduction of
nandrolone (a compound which 1tself binds
to the prostatic androgenic receptor with an
affimity higher than that of testosterone) pro-

duces a metabolite possessing a lower binding
affinity than that of the parent compound
These in vitro results might explain the different
in vwo nuclear retentions of testosterone,
nandrolone and their 5a-reduced metabolites 1n
the prostate, in the skeletal and levator am
muscle of rats, after a continuous infusion of
comparable amounts of testosterone or nan-
drolone (Fig 3) As hypothesized by Tooth and
Zakar [45], 1t 1s possible that the simultaneous
presence 1n the molecular structure of a 4-ene
double bond and of a 19-methyl group results in
a steric structure which presumably does not
accurately fit the sterotd binding domain of the
receptor, once one of these chemical features 1s
eliminated (by Sa-reduction or by the removal
of the 19-methyl group), the molecule increases
1its binding affimty, however, when both these
modifications are present, as in the case of
5a-dihydronandrolone, the affinity becomes
low These in vitro and m vwo studies might
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Fig 2 Relative binding affimties of testosterone (T), DHT,

nandrolone (N) and dihydronandrolone (DHN) to the

androgenic receptor of the rat prostate measured in vitro
(Data from Ref [46])
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explain the prevalent myotrophic effect of nan-
drolone the 5a-reduction of the drug, occurnng
in the prostate with high yields, leads to a
compound which has a lower affimty and
nuclear retention than DHT, and which there-
fore exerts a relatively low androgemc effect
On the other hand, in the muscles, where the
Sa-reductase 1s low, nandrolone possesses a
higher affinity than testosterone for the andro-
genic receptor, leading to a relatively strong
myotrophic action

Obviously, the mechanmism of the anabolic
action proposed for nandrolone cannot be
generalized, since not all the anabolic steroids
are good substrates for the S5a-reductase as,
for example, methanedienone [48] Moreover,
to the authors’ knowledge, the metabolism of
the anabolic steroids and the binding affinity of
the metabolites to the androgenic receptor have
been studied 1n detail only in the case of nan-
drolone However, 1t is interesting to note that
some steroids with anabolic-androgenic activity
in viwo do not bind i vitro to the androgenic
receptor, as for example does oxymetholone and
ethylestrenol [17] An indirect mechanism of
action possibly via their biotransformation into
active compounds should be postulated 1n these
cases

ANABOLIC STEROIDS: EFFECTS IN ANIMALS

The classical therapeutic uses of androgens
and of the anabolic steroids are linked to the
correction of male hypogonadism, to the treat-
ment of hereditary angioneurotic edema and to
the stimulation of erythropoiesis and of bone
mineralization [49] Unfortunately these drugs
are also used by athletes in the hope of improv-
ing their muscular mass or their physical per-
formance Androgens are undoubtedly able to
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Fig 3 Nuclear retention of testosterone (T), DHT, nan-

drolone (N) and dihydronandrolone (DHN) 1n the prostate,

levator amt and skeletal muscle of the rat after a continuous
nfusion of labelled T or N (Data from Ref [46} )
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Table 1 Negative expenimental results in ammals

Supraphysiological doses of androgens admimistered to rats do not
produce additional muscle growth beyond that expected for
physiological levels of testosterone [53]

The anabolic steroid stanzolol has no effect on the body weight,
muscle growth and protein metabolism in normal well-fed male
rats [54]

Testosterone admimstration does not alter the biochemical par-
ameters related to energy metabolism 1n the rat gastrocnemius [55]

Testosterone mmplants do not produce synergistic effects on
compensatory muscle hypertrophy (muscle weight and oxidative
capacity) 1n normal male rats [50]

increase muscle mass 1n subjects with low circu-
lating levels of testosterone such as prepubertal
or hypogonadal males and females However,
their actual effectiveness 1in producing syn-
ergistic effects with those of exercise has been
challenged, since the castration of male rats [50]
or chronic treatment with testosterone of female
rats [51, 52] does not affect the compensatory
hypertrophy of the plantaris muscle or 1its
oxidative capability, after the removal of its
synergistic muscles

Most of the results obtained in normal male
anmmals (Table 1) substantiate the hypothesis
that the adminstration of supraphysiological
doses of androgens does not exert remarkable
effects on the skeletal muscle Moreover, 1t 1s
noteworthy that the number of androgenic
receptors appears to be down-regulated by
testosterone and other androgens, since cas-
tration of male rats and sheep produces an
increase 1n receptor number without affecting
their affinity [56, 57]

Anabolic steroids, however, appear to exert
some positive effects in normal male amimals
on some aspects of protein and energetic
metabolism of the muscles (Table 2)

ANABOLIC STEROIDS* EFFECTS IN HUMANS

In humans, most studies on the effects of
anabolic steroids on muscle strength or mass
have been performed n atheletes It 1s rather

Table 2 Positive experimental results in amimals

Utihzing the 'N-tracer techmque 1t has been shown a positive
influence of androgens and of androgens + traming on protein
synthesis 1n the rat [58]

Methanedione treatment in combination with physical exercise
creases myofibrillar protein concentration [59]

Anabolic steroids can affect mitochondrial and sarcotubular
enzymes 1n skeletal muscle of the male rats [60]

Anabolic steroids increase the activity of the enzyme carmitine
palmitoyltransferase i1 mitochondnal outer membrane of fast-
twitch muscles of male rats The enzyme plays an important role
m regulating the flux of long-chain fatty acids to mitochondnal
oxidative metabohsm [61]
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surprising that, after many years of use and
abuse, 1t 1s stll not clear whether anabolic
steroids are able to improve athletic perform-
ances The difficulty in carrying out properly
designed studies constitutes the reason for this
uncertainty The number of controlled trials in
which the administration of anabolic steroids
was neffective [62-72] 1s almost equal to those
m which shight effects on muscle strength or
mass have been shown [73-83]

Many experimental differences make 1t
difficult to reach a unitary interpretation of the
results (a) the studies usually include a hmited
number of subjects and they are not always
blinded or biinding has been broken because of
the side-effects of the drugs, (b) different steroids
have been given 1n different doses (which are
usually much lower than those utihzed when the
drugs are self-administered), (c) the lengths of
the experimental periods are usually relatively
short (3-—4 weeks), particularly in placebo-
controlled studies, (d) different traiming pro-
grams during and before the study, different
assessment criteria, and different diets have been
used, and (e) placebo effects or the increased
aggressiveness reported by many steroid-users
mught have affected strength measurements

Despite the inconsistent results of the litera-
ture, some recent papers and reviews [84-88]
mamtamn that sigmficant improvements 1n
athletic performances can be observed if the
following criteria are met (1) steroid adminis-
tration 1n previously trained athletes during
intense training, (2) supplementation with high-
protein, high-caloric diets, (3) utihzation of very
sensitive techniques of strength measurements
(multiple-joint, single-repetition, maximal-weight
techmques), and (4) admimstration of high
doses of steroids for very prolonged observation
times (for instance, significant effects appeared
after 4 5 months of administration plus training
in the study of Alen and Hakkinen [85])

This opmion 1s in substantial agreement
with that of the American College of Sports
Medicine which 1n the position stand [89] states
that anabohic steroids can result in small but
sigmficant increases 1n strength 1n some but not
all individuals

It 1s the view of the authors that, if an effect
of the anabolic steroids on the muscle mass
or physical performance i eugonadal male
subjects exists, 1t 1s very small and still lacks a
straightforward demonstration However, if we
assume that such an effect exists, what are the
possible mechanisms of action?
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In normal adult men, the concentration of
testosterone 1n the blood 1s 3 to 10 times and
that of DHT 1s 1 to 3 times the respective X, for
the androgenic receptor, 1n this situation, 1t 1s
likely that the androgenic receptor system is
almost completely saturated by the circulating
sterords The androgen receptor is therefore
probably not mvolved in the action of the
anabolic steroids 1n these subjects It 1s then
possible that anabolic steroids exert their
action on several other parameters They might
antagonize the increased protein breakdown
during the muscular stress of athletic training
(see below), they might increase fluid and elec-
trolyte retention, producing an increase i body
weight [5], they might induce a faster recovery
after strenuous exercise as suggested by lower
circulating lactate [90] and creatine kinase levels
in anabolic users[91], or they mught produce
psychological effects (increased aggressiveness,
euphoria and diminished fatigue) which might
facilitate the training and help in competitive
performances (5, 64]

Finally, 1t should be remembered that recent
studies have identified rapid effects exerted
by androgens on the skeletal [92] and heart
muscle [93] These effects are still poorly charac-
terized and may 1nvolve the action of androgens
on membrane receptors present 1n moto-
neurons [92] or directly on the myocytes [93]
In cultured cardiac myocytes, for example,
testosterone may induce a transient accumu-
lation of polyamines which apparently serve as
intracellular messengers to regulate transmem-
brane calcium movements [93] The involvement
of membrane effects of androgens 1n muscle
phystology 1s purely speculative at this point
The existence of an anticatabolic effect, pro-
posed by many authors as the main mechanism
of action of anabolic steroids, 1s rather contro-
versial The field has been recently reviewed by
Hickson et al [94] According to some authors,
the muscle atrophy induced by corticosteroids
may be retarded by anabolic steroids, however,
other authors disagree Moreover, the binding
studies performed m vitro and in vwo are also
contradictory a very low binding affimty of
anabolic agents to the glucocorticoid receptor
has been shown 1n some studies, while others
have underlined more significant cross-binding
of anabolic steroids to the glucocorticod
receptor

In conclusion, 1t appears that the effectiveness
and the possible mechanism(s) of action of
anabolic steroids on the muscle of eugonadal
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subjects are still open to discussion, unfortu-
nately, it clearly appears from the literature that
the continuous admimstration of high doses of
anabolic steroids produces a large number of
side-effects some of which are serious, irrevers-
1ible and possibly life-threatening [5, 95-99]
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