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Review

Testosterone metabolism,
dose–response relationships and
receptor polymorphisms: selected
pharmacological/toxicological
considerations on benefits versus risks of
testosterone therapy in men

M. Oettel
Jenapharm GmbH & Co. KG, Jena, Germany
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ABSTRACT

In this review selected toxicological problems related to
testosterone therapy in hypogonadal men are discussed.
Applying ‘classical’ pharmacological/toxicological find-
ings (e.g. animal studies on short- and long-term toxicity)
to clinical situations is not very helpful. Molecular
biological knowledge and especially evaluation of
epidemiological studies, as well as intervention studies,
on testosterone therapy in hypogonadal men are more
useful. Potential risks include overdosage for lifestyle
reasons, e.g. excessive muscle building and reduction of
visceral obesity, when erythrocytosis occurs concomitantly.
Modern galenic formulations of testosterone administra-
tion (e.g. transdermal gel, suitable testosterone esters

for intramuscular application and newer oral prepara-
tions) avoid supraphysiological serum concentrations,
therefore significantly reducing the toxicological risk. A
hypothetical model of the toxicological risks of testosterone
therapy is given that is based on the influence of testos-
terone metabolism (aromatization vs. reduction) of the
respective parameter/target chosen. Finally, the great
influence of polymorphisms of the androgen receptor on the
assessment of toxicological risk and on the individualiza-
tion of androgen therapy is shown. Already existing
national, continental and international guidelines or
recommendations for the testosterone therapy should be
harmonized.
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INTRODUCTION

Christoph Wilhelm Hufeland (1762–1836), in his
time in Jena, described the attempt to stop or even
reverse aging processes simply as ‘gerontocomic’.
Yet today, so-called ‘anti-aging medicines’ are
booming, with androgen dosage in men holding
a particular place1–15.

In 1941, Adolf Butenandt16 wrote:

‘Die heute synthetisch zubereiteten Hormone
sind den natürlichen Wirkstoffen nicht nur ähnlich,
sondern mit ihnen . . . identisch; sie stellen demnach
keine Kunstprodukte dar im Sinne körperfremder
Pharmaka mit hormonartiger Wirkung, sondern
natürliche, körpereigene Wirkstoffe. Daher
bedeutet die Behandlung eines Kranken mit den
heute von der pharmazeutischen Industrie
dargebotenen Hormonen eine Therapie auf
natürlicher Basis’ [‘The hormones synthesized
today are not only similar to the naturally occurring
drug substances, but are identical with . . . them;
they are therefore not artificial products in the sense
of exogenous pharmaceuticals with hormone-like
action, but rather natural, endogenous substances.
Thus, the treatment of a patient with the hormones
now offered by the pharmaceutical industry means a
treatment on a natural basis’].

Is this view still applicable today? Is the adminis-
tration of testosterone to men a natural form of
treatment without serious side-effects?

Classically, androgens are used in the treatment
of male hypogonadism; Klinefelter’s syndrome;
anemia secondary to chronic renal failure; aplastic
anemia; protein wasting diseases such as tumors,
burns, traumas, AIDS, etc.; treatment of short
stature (as in Turner’s syndrome or constitutionally
delayed growth and puberty); breast cancer (as an
anti-estrogen); and hereditary angioedema8,17.

In the past, androgen use in clinical practice was
impeded for a long time, because it was impossible
to administer testosterone efficaciously either
orally or parenterally owing to its fast degradation,
mainly in the liver. It was therefore necessary both
to modify the molecule chemically in order to alter
its metabolism and to devise new methods of
administration in order to obtain and sustain effec-
tive testosterone levels in the blood with low or
no liver toxicity.

New delivery systems for testosterone, such as
transdermal patches, but in particular, very easily

applicable gels and suitable testosterone esters
for intramuscular and oral application, have been
developed to achieve more physiological and
sustained hormone levels and to improve toler-
ability and compliance18,19.

These new delivery systems may extend the
use of androgen therapy. Testosterone in aging
males improves body composition, bone and carti-
lage metabolism, certain domains of brain function
and could also decrease cardiovascular risk (at least
in biological models). In general, most investiga-
tors agree with short-term safety, whereas long-
term safety remains a problematic point for
scientific discussion20,21. Reasonably, we should
deal more closely with the basics of androgen
toxicology. However, the transfer of ‘classi-
cal’ pharmacological/toxicological findings (e.g.
animal studies on short- and long-term toxicity)
to the clinical situation is not very helpful and is
more or less irrelevant to the judgement of safety
in medicinal practice22. Molecular biological
knowledge, evaluation of epidemiological studies
and especially intervention studies on testosterone
therapy in hypogonadal men are more useful.

In this review, selected clinical-driven pharma-
cological and toxicological aspects of testosterone
therapy are described and the proven or hypo-
thetical relationships between unwanted side-
effects and the metabolic fate of testosterone,
dose–response relationships, as well as androgen
receptor polymorphisms are discussed.

MODE OF ACTION

Although testosterone mediates a broad range of
developmental and homeostatic functions, the
main mode of action is via a single androgen
receptor (AR). Gobinet and associates23 and
Heinlein and Chang24 reviewed molecular regula-
tion of androgen-dependent genes by ARs. The
receptor is a 120-kDa cytosolic protein encoded
on the X chromosome, and to date only one
AR cDNA has been identified. As there is only
one AR, how does testosterone mediate the
well-known diverse pharmacological actions in
different tissues? In the past, attempts to isolate a
pure anabolic or a pure androgenic receptor
have failed25. But surprisingly, Hsiao and
colleagues26 found two different kinds of androgen
response elements that may respond differentially
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to testosterone and 5α-dihydrotestosterone
(DHT). Therefore, it cannot be excluded that a
selective androgen response element sequence
may play a role in differential testosterone vs. DHT
for AR transactivation.

One of the best current explanations for the
diversity of androgenic actions is that testosterone
is also a prohormone, and many of its actions in
different tissues are mediated by its metabolites. For
example, testosterone is irreversibly converted
by two tissue-specific 5α-reductase subtypes to
DHT – the main androgen in the prostate – and
by aromatase to 17β-estradiol.

In general, DHT has a relatively higher
receptor-binding affinity compared to testos-
terone27. Estimates of the relative potency ratio of
DHT to testosterone range from 2 : 1 to 10 : 1.
Likewise, the dissociation constant for DHT is
0.25–0.50 nmol/l, while the Kd of testosterone
is 0.4–1.0 nmol/l, indicating that DHT is a
much stronger androgen.

On the other hand, the situation in the muscle in
this respect is somewhat different. It is known that
skeletal muscle is almost devoid of 5α-reductase
activity and therefore testosterone is the major
hormone promoting anabolism in skeletal muscle.
This, however, does not mean that 5α-reduced
androgens or 19-nor-androgens possess weaker
pharmacological effects on the muscle. Further-
more, the relative binding affinity of DHT to AR
in the muscle is relatively lower than that to AR in
the prostate. However, prostate tissue is rich
in 5α-reductase activity, and almost all the testos-
terone that enters the prostate is converted to
DHT, which maintains its growth along with that
of seminal vesicles and vas deferens, hence exerting
its androgenic action8. These data show that the
conversion of testosterone in various tissues into
different metabolites and the activating ability of
these metabolites on AR in the tissues are respons-
ible for its diverse pharmacodynamic profile.

Another possible explanation of the tissue-
specific actions of testosterone is offered by obser-
vations that certain co-regulators of AR, which
influence a number of functional properties of
the nuclear receptor, including ligand selectivity
and DNA binding capacity, can be differently
distributed in the body24.

As to the aromatization of testosterone to
17β-estradiol, we know that there is only one gene
known for the expression of aromatase. However,

tissue specificity of the aromatization of testos-
terone is realized by the control of tissue-specific
promoters and regulated by different cohorts of
transcription factors. In brief, estrogen formation is
controlled by glucocorticoid as well as different
cAMP-dependent promoters of the sole aromatase
gene28. The power of local 17β-estradiol bio-
synthesis has been clinically illustrated by cases of
boys and men in whom aromatase expression in
adipose tissue, and possibly also in bone, is greatly
increased whereas that present in the testes is un-
affected. This results in florid gynecomastia and
short stature due to premature epiphyseal fusion.
This condition is a consequence of chromosomal
rearrangements that result in the insertion of a
constitutive promoter upstream of the start of
translation of the aromatase gene29.

Finally, there is an increasing amount of
information about rapid activation of kinase-
signalling cascades and modulation of intra-
cellular calcium levels by androgens. These fast
non-genomic effects of testosterone are expected
in a number of cellular effects. An example of the
membrane-dependent action of testosterone is
the ability of testosterone to induce an increase in
intracellular calcium in different cell types includ-
ing T-lymphocytes and macrophages, or stimu-
lating gap junction communication, neuronal
plasticity and aortic relaxation. Another example is
the increase in intracellular Ca2+ owing to DHT in
osteoblasts within 50–60 s simultaneously with
diacylglycerol formation (5–60 s), phosphoryla-
tion of the transcription factor Elk 1 (60 s), and the
translocation of PKCα and PKCβ1 within 5 s30.

The non-genomic action of testosterone can
also be mediated by at least two androgen-binding
proteins, the classical nuclear AR, which is also
detectable in the cell membrane and sex hormone
binding globulin (SHBG). In both of these cases,
the biological effect of the non-genomic stimula-
tion of second messenger cascades may be the
enhancement of AR transcriptional activation like
an autocrine loop (for review of non-classical
testosterone-actions see references 31 to 33).

Conclusion

The nature of a testosterone-induced signal
(genomic vs. non-genomic) may depend on the
type of target cell, the receptor location within
cells, as well as the ligand itself. However, our
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knowledge about the fine-tuned co-ordination
between the ‘classical’ nuclear receptor-mediated
mode of action and the membrane-dependent
mechanisms is limited at present. The identifica-
tion of molecules capable of selectively altering
genomic vs. non-genomic signalling may be
useful in delineating the roles of these pathways
in mediating androgen responses, can better
explain the toxicological pattern of testosterone
therapy and might lead to the development of
novel therapeutic compounds that modulate
these signals more specifically34.

MECHANISM OF ANABOLIC
ACTION OF TESTOSTERONE ON
MUSCLE

Some studies have shown that administration of
testosterone to young and elderly hypogonadal
men results in an increase in lean body mass and,
in some studies, muscle strength35. The causal
role of declining androgen levels with aging in
loss of muscle mass/strength awaits further
corroboration. Androgen therapy has a positive
effect on lean body mass (muscle volume), but
testosterone effects on muscle strength (without
concomitant exercise) in hypogonadal men are
still controversial at present36. The testosterone-
induced increase in muscle volume is mainly due
to muscle fiber hypertrophy37.

However, Wang and colleagues38 reported
the effects of 180 days of treatment with 1%
testosterone gel preparation (50 and 100 mg/day)
in hypogonadal men. Mean muscle strength in
the leg press increased by 11–13 kg by 90 days and
did not improve further after 180 days of treat-
ment. Supraphysiological doses of testosterone
result in an increase in muscle mass and also
strength, even in eugonadal men pretreated with
gonadotropin releasing hormone (GnRH),
especially when combined with strength train-
ing39,40. Weekly intramuscular injections of 25,
50, 125, 300, or 600 mg testosterone enanthate
for 20 weeks in 61 GnRH-suppressed eugonadal
men demonstrated clear and linear dose–response
relationships from hypogonadal to supraphysio-
logical testosterone levels (without any plateau).
Changes in leg press strength, leg power, thigh
and quadriceps muscle volumes, hemoglobin and
insulin-like growth factor-I (IGF-I) were posi-
tively correlated with linearly increasing testos-

terone concentrations41. The responses observed
in these men (even though the majority of
ARs are likely to have been saturated) suggest
that testosterone also mediates anabolic effects
indirectly, i.e. not via AR. Therefore, the anabolic
actions of testosterone can be divided into direct
and indirect mechanisms (for review see references
8 and 42).

Direct mechanism

Administration of testosterone to hypogonadal
men results in an increase in both contractile and
non-contractile skeletal muscle proteins and also an
increased incorporation of leucine into the skeletal
muscle43,44. Interestingly, oxandrolone adminis-
tration significantly increased mRNA levels of
skeletal muscle AR45. Taken together, androgens
increase muscle mass and strength by increasing
efficient utilization of amino acids and, at least in
the case of oxandrolone, by increasing AR expres-
sion in skeletal muscle. Aromatization is neccessary
for androgen action on bone but not on muscle46.

Indirect mechanisms

Interaction with IGF-I system

One of the proposed mechanisms by which testos-
terone increases muscle mass is by alteration of
multiple muscle growth factors47. Intravenous
infusion of IGF-I results in stimulation of skeletal
muscle protein synthesis48. It has been shown
that androgens are necessary for the local produc-
tion of IGF-I within skeletal muscle regardless
of the systemic IGF-I levels and rate of growth
hormone (GH) production35. When older hypo-
gonadal men were treated with testosterone, there
was an increase in IGF-I mRNA levels in skeletal
muscle49,50. However, treatment of young men
with recombinant human IGF-I (60 µg/kg, sub-
cutaneous, twice daily over 10 weeks) mimicked
the testosterone effects in enhancing lean body
mass51. This is also supported by the observation
that induction of hypogonadism in normal
young men resulted in a reduction in IGF-I
mRNA levels in muscle biopsy specimens52.
Administration of 100 or 200 mg testosterone
enanthate intramuscularly weekly over 3 weeks
elevated serum IGF-I concentrations only in older,
not in younger men. Gentili and co-workers53
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have proposed that testosterone administration to
older men affected the GH/IGF-I axis, resulting
in increased burst mass, basal secretion and 24-h
rhythmicity of GH secretion, as well as increased
IGF-I serum levels. The mechanisms by which
testosterone affects muscles also include decreased
inhibitory IGF-binding protein 454. These reports
show that the interactions between testosterone
and the IGF-I system are additional factors for
the explanation of anabolic androgen effects
on muscle.

Conversely, estrogen and non-aromatizable
androgens typically fail to elevate systemic IGF-I
concentrations in humans, indicating that the
aromatization of testosterone is negligible for
direct anabolic effects on muscle, despite the fact
that muscle can be an important source of estrogens
in men (for review see references 28 and 53).

Repression of myostatin gene

This gene is a member of the transforming growth
factor (TGF)-β superfamily, is located on chromo-
some 2 and is a negative autocrine regulator of
muscle growth. The human myostatin gene has
already been cloned. Inactivating mutations of
the myostatin gene in mice and cattle are asso-
ciated with double muscling in these animals55.
The myostatin protein is secreted into the serum
and can be measured in the circulation. Myostatin
levels were elevated in the serum and skeletal
muscle biopsy specimens of patients with AIDS-
associated sarcopenia compared with those in
AIDS patients without any weight loss and normal
controls. In other words, heightened myostatin
levels are associated with muscle loss56. Further-
more, high levels of circulating myostatin have
produced muscle atrophy in the rat57. There is
some indication that the myostatin protein could
also play a role in age-associated sarcopenia58. This
can be supported by the observation that low
gravity-induced muscle wasting accompanies an
increase in myostatin mRNA59.

Marcell and co-workers60 found no significant
relationships between age, lean body mass and
transcript levels of GH receptor, IGF-I, AR, or
myostatin in 27 healthy men of > 65 years of
age. There were also no significant correlations
of serum GH, IGF-I, androgens, or testosterone
with their corresponding target mRNA levels

(GH receptor, intramuscular IGF-I, or AR) in
skeletal muscle. However, GH receptor was
negatively correlated with myostatin mRNA
levels. The lack of apparent relationships between
muscle transcripts and their respective ligands in
healthy older men suggests that age-related deficits
in both GH and testosterone may lead to an
increase in myostatin expression and a dissociation
of autocrine IGF-I effects on muscle protein
synthesis, both of which could contribute to age-
related sarcopenia. In this context, it is possible to
assume that androgens may exert their anabolic
effects, at least partly, by either directly or indi-
rectly suppressing the expression of myostatin.
Therefore, the ability to inhibit myostatin expres-
sion in humans with age, cancer, HIV, or
trauma-related losses of skeletal muscle mass may
have profound clinical implications. However, at
present the role of myostatin in humans has not
been extensively studied, and there is much
speculation8,42.

Antiglucocorticoid action

Men with androgen insensitivity syndrome also
show nitrogen retention when given large doses of
testosterone despite having non-functional ARs61.
Similarly, testosterone administration to patients
with severe burns (a state of hypercortisolism and
hypogonadism) results in a significant decrease
in protein breakdown62. In this context, there is
some indirect evidence that the anabolic effects of
testosterone on skeletal muscle may also be medi-
ated through an antiglucocorticoid action63. There
is a high degree of homology between AR and
glucocorticoid receptor, and therefore it is not
surprising that evidence exists that the anabolic
effect of testosterone on skeletal muscle may also
be mediated by the antiglucocorticoid action of
this steroid64. Testosterone is known to have a high
level of affinity to the glucocorticoid receptor and
show antagonistic effects against endogenous
circulating glucocorticoids65–67. These observa-
tions are further supported by the fact that antago-
nism of glucocorticoids prevents muscle atrophy
in men who have undergone orchidectomy68.
Another indirect mode of antiglucocorticoid
action of testosterone could be interference with
glucocorticoid action at the gene level by inter-
fering with hormone response elements69,70.
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Safety considerations

Despite the apparent positive effects of testosterone
in the physiological dose range on muscle strength,
alterations in connective tissue structure induced
by high-dose anabolic steroids in eugonadal men
have been associated with deleterious effects on
tendon strength. Evidence suggests that anabolic
steroid abuse leads to dysplasia of collagen fibrils,
resulting in a decrease in overall tendon tensile
strength71. The risk of triceps tendon rupture, a
relatively uncommon injury, is also increased in
association with androgenic steroid administration
in an unphysiologically high-dosage regimen72.

Conclusion

With respect to the anabolic action of testosterone
on muscle, as shown by Bhasin and associates41,
there are clear dose–response relationships from
hypogonadal to supraphysiological serum testos-
terone levels (without any plateau). Using
extremely high testosterone doses, at which andro-
gen receptors should already have been saturated,
a linear dose–response relationship can be seen
indicating additional indirect anabolic actions of
testosterone on skeletal muscle, such as anti-
glucocorticoid action, induction of IGF-I synthesis
and repression of the myostatin gene. Exogenous
estrogens (or androgens after aromatization) have
no anabolic effect on the muscle, at least, in
human males.

ERYTHROPOIESIS

The stimulatory effect of testosterone on erythro-
poiesis in laboratory animals and humans is
well documented; there are linear dose–response
relationships. DHT was found to be more active
than testosterone in stimulating erythropoietin.
Since finasteride, a 5α-reductase inhibitor,
adversely affected stimulated-erythropoietin pro-
duction in mice, it is suggested that the testosterone
effect on stimulated-erythropoietin secretion is
mediated mainly by DHT73.

In humans, elevated levels of erythropoietin
have been found in the urine of healthy hypo-
gonadal and anemic subjects after the administra-
tion of testosterone, indicating an increase in

erythropoietin synthesis in the kidney. Addition-
ally, testosterone has been found to stimulate the
proliferation of erythroid progenitors (in the
absence of erythropoietin) and, to some extent,
myeloid progenitors. A third mode of action
has been shown by the increase of erythrocyte
2,3-diphosphoglycerate owing to testosterone
administration. 2,3-diphosphoglycerate decreases
hemoglobin-oxygen affinity, facilitating the
release of oxygen from hemoglobin to tissue (for
review see reference 42). In summary, the adminis-
tration of testosterone acts in three different
ways – by increased erythropoietin activity, by
increased pool of erythropoietin-responsive cells
and by stimulated 2,3-diphosphoglycerate – which
explains the constant dose–response relationship
without plateau even in the supraphysiological
range.

A significant increase in hemoglobin and
hematocrit was also seen with treatment with a
DHT gel, indicating that the effect of testosterone
on erythropoiesis can be supported by reduction
of testosterone to DHT74.

Whereas a moderate increase in hematocrit in
older males is possibly beneficial, some studies
have reported an increase in hematocrit over 51%
(polycythemia) occurring in up to 25% of older
patients75–77. This leads to hyperviscosity, requiring
temporary withholding of the treatment and even
phlebotomy. Available data suggest that the
frequency of this side-effect is related to supra-
physiological levels and a rise of hematocrit of
only 3–5% can be expected with physiological
testosterone levels. As transdermal testosterone
administration yields testosterone levels within
the normal range, this may explain the reported
lower frequency of polycythemia with this form
of treatment38,78.

Estradiol has no effects on erythropoietin
mRNA in the kidney79 and high-dose estrogen
administration induces anemia in mammals80.

Conclusion

There are linear dose–response relationships
regarding androgenic action on erythropoiesis.
Several modes of action are being discussed and
DHT is as effective as testosterone. Estrogens are,
at least, not stimulatory in this respect.
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LIPID METABOLISM

Normally, in middle-aged men endogenous
testosterone is positively correlated with high-
density lipoprotein (HDL) cholesterol and apo-
lipoprotein B levels, whereas 17β-estradiol is
correlated to apolipoprotein E levels81,82.

However, for a long time, it has been widely
held that exogenous testosterone supplementation
adversely affects the plasma lipoprotein profile and
increases the risk of atherosclerotic heart disease in
men. On the other hand, the presently available
data do not support this premise. Supraphysio-
logical doses of non-aromatizable androgens
frequently employed by eugonadal bodybuilders
undoubtedly decrease plasma HDL cholesterol
levels and the subclasses HDL2 and HDL3 by
inducing hepatic lipase83. In contrast to this, Tan
and co-workers81 found that the decrease of
HDL induced by exogenous testosterone was
mainly in HDL3 cholesterol and apolipoprotein
A-I:A-II particles and not in the anti-atherogenic
HDL2 and apolipoprotein A-I particles.

Compared with these findings in eugonadal
men, physiological testosterone replacement in
older hypogonadal men has been associated with a
modest decrease, if any, in plasma HDL choles-
terol. Cross-sectional studies of middle-aged
men have found a direct, rather than an inverse,
relationship between serum testosterone levels
and plasma HDL cholesterol concentrations, and
an inverse correlation between testosterone
levels and visceral fat volume. Placebo-controlled
studies in older men have demonstrated no signifi-
cant change in plasma HDL cholesterol levels
during long-term administration (for review see
reference 84). Whitsel and associates85 analyzed
19 clinical studies of testosterone replacement
(mainly testosterone enanthate) in hypogonadal
men. This meta-analysis suggests that administer-
ing intramuscular testosterone esters (with
supraphysiological testosterone levels in the first
days after injection) is associated with a small,
dose-dependent reduction of HDL cholesterol
concentration. The authors also found treatment-
related decreases in total cholesterol and LDL
cholesterol.

In GnRH-pretreated eugonadal men, over a
wide range of doses, there were weak linear nega-
tive correlations between serum testosterone or
serum free testosterone concentrations and the

decrease of plasma HDL cholesterol levels and
plasma apolipoprotein A-I levels86. However,
androgen-induced declines in circulating HDL
cholesterol should not automatically be assumed
to be proatherogenic, because these declines may
instead reflect accelerated reverse cholesterol
transport87. The transdermal administration of
testosterone (patches or gel) did not markedly
affect the lipid or lipoprotein parameters by
avoiding the induction of hepatic lipase38,88.

On the other hand, based on current evidence,
the therapeutic use of testosterone in men with
cardiovascular problems is presently open to debate
and needs further investigation87. Observational
studies have certainly shown that blood testos-
terone concentrations are consistently lower
among men with cardiovascular disease, suggesting
a possible preventive role for testosterone therapy,
but critical evaluation by further prospective
studies is required89. Hak and colleagues90 found an
independent inverse association between serum
levels of testosterone and aortic atherosclerosis in
1032 non-smoking men. This means that low
testosterone serum levels increase the risk of
atherosclerosis in men over 55 years of age.
Dockery and associates91 found that testosterone
suppression in men with prostate cancer was asso-
ciated with arterial stiffness. In the same context,
Fukui and co-workers92 demonstrated that in
253 men with type 2 diabetes, serum free testos-
terone was inversely associated with carotid
atherosclerosis determined by ultrasonographically
evaluated intima-media thickness and plaque
score. Perusquia93 postulated that androgens
induce vasorelaxation and therefore have a protec-
tive effect on the vascular system. This conclusion
was not accepted by Zitzmann and co-workers94,95

who demonstrated that a decrement of endo-
thelium-mediated vasodilatation occurs with
increasing testosterone serum levels. In the same
context, Sader and colleagues96 found that subcuta-
neous implantation of four 200-mg testosterone
pellets every 6 months in nine hypogonadal men
was associated with decreased endothelium-
dependent dilatation of the brachial artery.

Regional fat distribution

Androgen deprivation results in a marked reduc-
tion in the mRNA and protein levels in genes
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involved in fatty acid (fatty acid synthase and
acetyl-CoA carboxylase) and cholesterol synthesis
(human menopausal gonadotropin (HMG)-
CoA-reductase and farnesyl diphosphate synthase).
Readministration of testosterone or DHT
immediately following orchidectomy in rats
restores the expression of all four genes. In support
of the co-ordinated nature of this regulation,
androgen-induced upregulation of lipogenic gene
expression is accompanied by an increase in the
nuclear content of sterol regulatory element
binding proteins (SREBPs), a key lipogenic
transcription factor97. Male androgen receptor-
deficient (ARKO) mice show a typical late
onset obesity with asymmetrical fat distribution
in different organs98.

Several intervention studies have demonstrated
favorable effects of testosterone treatment on
fat tissue distribution, insulin sensitivity, blood
lipids and blood pressure in men diagnosed with
symptoms of the metabolic syndrome99–101.

Since the publications of Björntorp, we have
known that testosterone replacement in hypo-
gonadal men significantly reduces abdominal
visceral fat102. The reduction of fat mass with
testosterone replacement is linearly proportional
to the administered dose of testosterone enan-
thate, which means no S-curve or plateau84.

Jockenhövel and associates103 found that the
non-aromatizable mesterolone (DHT derivative)
had effects on lipids and lipoproteins. Similarly,
Kalintchenko104 found that 25 mg mesterolone
taken twice daily significantly reduced visceral
adipose tissue, body mass index (BMI), total plasma
cholesterol, plasma triglycerides and diastolic
pressure in men with BMI > 30, indicating that
these androgen effects were, at least partly, depen-
dent on 5α-reduction.

The effects of androgens on lipid profile and
body fat distribution cannot be mimicked by
estrogens. However, BMI and visceral fat are
correlated positively with serum estrogens (for
review see references 105 to 109).

Conclusion

Supraphysiological doses of testosterone and
DHT can alter the lipid profile unfavorably in
a linear manner. However, both androgens are
capable of decreasing the amount of visceral
adipose tissue, indicating the significance of 5α-

reduction. Aromatization of testosterone to
estrogen is positively correlated with visceral
obesity.

AGGRESSIVE BEHAVIOR

Since the work of Brain and Poole110 we have
known that androgens influence aggressive
behavior in mice111. This has induced speculation
that the same conditions are also found in men. In
principle, the subject of aggressiveness and testos-
terone therapy is a permanent topic in psycho-
neuroendocrinology. Reports on the connection
between testosterone administration and aggres-
sive behavior in several pharmacological models
have become more and more differentiated. How-
ever, Martinéz-Sanchis and colleagues112 reported
that in gonadally intact male mice the aggression-
inducing effect of testosterone was only marginal.
The behavioral effects in the total sample were
only found in the previously aggressive animals
selected on the basis of their latency of attack
in the first encounter. McGinnis and co-workers113

showed that, in gonadally intact rats, androgens
alone did not induce indiscriminate and unpro-
voked aggression characteristics, but testosterone-
propionate administration (5 mg/kg subcutaneous
over 12 weeks) heightened the animals’ sensitivity
to external stimuli and lowered the threshold
for aggression and dominance in response to
provocation.

Animal models for aggression have only limited
value for translation to humans. Twenty-five years
ago, we found that intranasally administered
ZnSO4 made male mice temporarily anosmic.
In that status the inter-male aggressiveness was
significantly reduced. The same results were seen
by clipping the whiskers, the so-called vibrissae114.
Our assumption, at the time, that the aggressive
behavior of rodents was mediated by pheromones,
has been confirmed by Martínez-Sanchis and
associates115. When anosmic opponents were used,
animals showed a significantly lower frequency of
attack and threat. These are examples of the species
specificity of aggressive behavior in rodents. The
testosterone effects in mice are related to 5α-
reduction to DHT as well as to aromatization to
17β-estradiol116,117. In principle, it has been con-
firmed that the most important CNS effects of
testosterone depend either totally or partly on
local aromatization to estrogens14,106,109.
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However, high levels of endogenous testoster-
one in men seem to encourage behavior intended
to dominate others. Sometimes dominant behavior
is aggressive, its apparent intent being to inflict
harm on another person, but often dominance is
expressed non-aggressively. Sometimes dominant
behavior takes the form of antisocial behavior,
including rebellion against authority and law
breaking. Measurements of testosterone at a single
point in time, presumably indicative of a man’s
basal testosterone level, predicts many of these
dominant or antisocial behaviors. Testosterone not
only affects behavior but also responds to it. The
act of competing for dominant status affects male
testosterone levels in two ways. First, testosterone
rises in the face of a challenge, as if it were an
anticipatory response to impeding competition.
Second, after the competition, testosterone rises
in winners and declines in losers118.

There are few epidemiological studies that
suggest a correlation between serum testosterone
levels and aggressiveness or antisocial person-
ality119,120. However, the majority of epidemio-
logical studies have underlined that there is no
significant relationship between serum testos-
terone and single or aggregate measures of
aggression121–124. Christiansen125 believed that
hormonal influences on behavior are much less
potent in humans than in animals, a view that
should be concurred with. Differences in behavior
are considered to result mainly from a combination
of intrapsychic, social and cultural factors.

In a clinical study comparing intramuscular
testosterone undecanoate with intramuscular
testosterone enanthate in hypogonadal men, a
stimulatory effect of the two androgen preparations
on aggressive behavior was not found (Figure 1)126.

What has been reported on high-dose testos-
terone administration in eugonadal men? With
extremely high doses, of up to 600 mg of testos-
terone cypionate per week, a higher score of
aggressive response has been reported. However,
these effects were not uniform for all individuals;
most showed little psychological change127,128. On
the other hand, doses of testosterone cypionate
up to five times the physiological replacement
dose appear to have a minimal risk of adverse
psychological effects in the majority of normal
men129. A dose of 200 mg testosterone enanthate
administered to 30 eugonadal men weekly for

8 weeks produced no significant changes in
aggression or mood levels130. Tricker and
colleagues131 found no increase in angry behavior,
in a double-blind, placebo-controlled study using
the extreme supraphysiological dosage regimen of
600 mg testosterone enanthate per week.

Hypogonadal men with certain mood changes
were identified as a group also benefiting from
testosterone treatment. Significant reductions in
tension, anger and fatigue were reported by
O’Connor and co-workers130 in eugonadal as well
as in hypogonadal men treated with testosterone
enanthate for 8 weeks. Significant reductions
in negative mood (tension, anger and fatigue)
followed by an increase in vigor were found in
response to testosterone therapy in the hypo-
gonadal group. However, no significant changes in
aggression or mood levels were found in the
eugonadal group indicating that the testosterone
effect reaches a plateau in this respect. These find-
ings support other studies that have found testos-
terone administration to have positive mood
effects when testosterone levels are restored to the
normal range and suggest that prolonged treat-
ment is likely to maintain these mood benefits,
but not to improve them further132–134. The
marked elevations in self-esteem scores and
positive mood states are likely to be concomitant
with the restoration of normal sexual function.
Therefore, it is possible that improvement in the
psychological functioning is related to changes
in sexual function.
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Figure 1 Scores (mean ± SEM) of aggressive behavior
in two groups of 20 hypogonadal men before and
during testosterone therapy with intramuscular | testos-
terone undecanoate (1000 mg every 6 weeks for the first
12 weeks and, thereafter, every 9 weeks) or v 250 mg
testosterone enanthate every 3 weeks. No significant
differences at any time (Wilcoxon rank test)126
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Conclusion

The influence of exogenous testosterone on
aggressive behavior in hypogonadal men is
marginal and dose–response relationships are not
detectable. However, important CNS effects of
testosterone are assumed to be connected with its
local aromatization to estrogen.

ANDROGENS AND PROSTATE

Prostate cancer

Androgen receptors (ARs) are widely distributed
in the prostate, and therefore testosterone may
influence prostate specific antigen (PSA) levels,
increase prostate size and obstructive symptoms,
and could activate occult prostatic malignancy135.

The literature on the relationships between
the androgenic milieu and prostate cancer is still
inconsistent. Since the publication by Huggins
and Hodges136 in 1941, on the favorable effects
of castration on the natural history of prostate
cancer, many scientists have been investigating
the relationships between endogenous androgen
activity and development of proliferative prostate
pathologies. Androgens have been presumed to
activate the proliferation of prostate cells directly
via the stimulation of growth factor synthesis137.

Testosterone therapy in men with erectile dys-
function and hypogonadism is associated with a
minor PSA elevation, but there does not appear
to be a short-term increase in risk for the develop-
ment of prostate cancer138. Current knowledge of
the correlation between exogenous testosterone
and the risk of prostate cancer has been summa-
rized in many reviews and is not discussed here in
greater detail84,139–144. Although there is no evi-
dence that normal levels of testosterone promote
the development of cancer of the prostate, it is
clear that the administration of testosterone could
enhance a pre-existing prostatic malignancy
(carcinoma in situ). However, current evidence
does not support the view that appropriate treat-
ment of older hypogonadal men with androgens
has a causal relationship with prostate cancer.
Nevertheless, more experience is needed before
firm conclusions can be drawn. In this context,
we should not ignore the meta-analysis by
Shaneyfelt and associates145, indicating that men
with either serum testosterone or IGF-I levels

in the upper quartile of the population distribu-
tion have an approximately two-fold higher risk
of developing prostate cancer.

Although prostate event rates have not been
significantly different between placebo- and
testosterone-treated men, in most of the recently
published studies of testosterone therapy in older
men, it is important to recognize that these studies
do not have sufficient power to detect significant
differences in relative risks. It has been estimated
that detection of a 30% difference in prostate
cancer incidence rates between the placebo- and
testosterone-treated groups would require inclu-
sion of approximately 6000 older men with low
testosterone levels for an average of 5 years. To
date, no study of this size has been funded144.

However, publications do exist that prove an
inverse correlation between serum testosterone
levels and the malignancy of prostate cancer. A
higher prevalence of biopsy-detectable prostate
cancer was identified in men with low total or
free testosterone146. Other publications have
shown that serum total and free testosterone levels
are reduced in patients with prostate cancer147 and
that patients with low free testosterone had more
metastatic disease148,149. Despite the dependency of
the normal prostate and most prostatic cancers
upon androgens, and the fact that tumors can be
produced in some rodent models by androgen
administration, Prehn150 speculated, and provoked
us by maintaining, contrary to prevalent opinion,
that declining rather than high levels of andro-
gens probably contribute more to human prostate
carcinogenesis and that androgen supplementation
would probably lower the incidence of prostate
cancer. However, this courageous conclusion
remains hypothetical at present.

Benign prostatic hyperplasia

For centuries, it has been known that benign
prostatic hyperplasia (BPH) occurs mainly in older
men and that it does not develop in men whose
testes were removed before puberty. In 1944
Moore151 reported that a group of 28 eunuchs,
eunuchoids and patients with pituitary infantilism
showed no evidence of BPH. Another study of
26 eunuchs from China was reported by Jie-ping
and Fang-liu in 1987152. Seven of these men were
castrated before puberty, and 18 were castrated
between the ages of 10 and 26. The age of
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castration of one man was not known. The
follow-up in the men occurred 41–65 years later,
and all exhibited non-palpable (81%) or very
small prostates (19%). None of the men had
obstructive voiding symptoms. However, 22
(85%!) had nocturia two to ten times per night.

It is interesting to note that, more than 100
years after castration was first performed in the
Western world for BPH, the exact role of the
testes and hormonal androgenic factors remains
unknown. In some studies, patients with BPH had
higher testosterone levels than healthy men153,154,
and the volume of hyperplastic prostate was posi-
tively correlated to the serum free testosterone
level155. Brochu and Belanger156 found higher
androsterone levels in patients with BPH com-
pared to healthy men. However, according to
Hammond and co-workers157, there were no
differences in serum androsterone levels between
men with BPH and healthy subjects. Patients
with BPH had a reduced urine androsterone/
etiocholanolone rate, which probably reflects the
diminished activity of 5α-reductase or relatively
increased activity of 5β-reductase158.

Others observed no differences in serum andro-
gen activity between men with and without
BPH159–162, and revealed no relationship between
serum free testosterone levels and prostate dimen-
sions. According to Gann and associates163, endo-
genous androgen activity in the general male
population did not affect the probability of
BPH occurrence. In men on hemodialysis, serum
levels of total and free testosterone, and estradiol
did not correlate with the prostate volume164.

Is BPH perhaps an androgen-deficiency disease?
Some authors found reduced serum testosterone
levels in men with BPH as compared to
controls165–167. A very provocative contribution
to the hypothesis that ‘BPH is a testosterone-
deficiency symptom’ came from Peshersky and
co-workers168, who demonstrated inverse relation-
ships between baseline serum testosterone levels
and the prostate volume and PSA (see also above).
This means that androgen replacement could be
beneficial for the treatment of BPH.

Other authors have paid particular attention
to the phenomenon of relative hyperestrogenism
among men with BPH, i.e. increase in the serum
estradiol/testosterone ratio166,169. Suzuki and
colleagues162,165 found positive correlations
between serum estradiol levels, the serum

estradiol/free testosterone ratio, and the prostate
size. In hypogonadal male mice, Bianco and asso-
ciates170 found that estradiol proliferated stromal
fibroblasts, whereas smooth-muscle cells were
reduced. There are at least two isoforms of estrogen
receptor. Estrogen receptor α is expressed by pro-
static stromal cells, while estrogen receptor β is
expressed by prostatic epithelial cells171. Since
estrogen receptors α and β are differentially
expressed, the estrogenic responsiveness of the
prostate will be dictated by the type of receptor
stimulated. Identification of genes that are differen-
tially regulated by two receptors could be essential
to defining the role of estrogen in the prostate in
more detail. The hormonal changes in the course
of the so-called ‘andropause’ (e.g. increase in the
estrogen/androgen ratio within hormone-
dependent tissues) seem, for some authors, to be
conducive to the development of BPH. The results
of Dahle and co-workers172 are along these lines.
Their results in 200 men with newly diagnosed
BPH suggest that abdominal obesity (negatively
correlated to testosterone and positively correlated
to estrogens) and increasing serum insulin are asso-
ciated with a higher risk of BPH. Shibata and
colleagues173 found an age-dependent decrease in
prostatic DHT and constant estradiol concentra-
tion leading to a relatively estrogen-dominant
local environment compared to that at younger
ages. The authors assumed that this relatively
estrogen-dominant status induces stromal pro-
liferation by some mechanism and leads to the
development of BPH. On the other hand, leptin
levels (which are androgen dependent) are unlikely
to affect substantially the risk of either prostate
cancer or BPH174. According to Gann and
associates175, the increased serum estradiol level
was presumed to promote the development of
BPH. A clinical trial, of 49 men with obstructive
BPH treated with relatively weak aromatase inhib-
itor, initially confirmed the above-mentioned
theory176. Unfortunately, the larger Schering
clinical study with the same compound did not
agree with these findings177.

Despite the fact that male aging is accompanied
by an increase in estrogen concentrations in many
peripheral tissues, i.e. in the prostate178, and also by
an increase in the serum estrogen/androgen
ratio165, some results do not confirm this increased
endogenous serum estrogen activity in men with
BPH. In other studies there were no differences
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in serum estradiol levels between patients
with BPH and healthy men157,160,161,174.

It has been demonstrated155 that BPH volume
correlates with free testosterone and estrogen levels
in the serum when adjusted for age. These findings
suggest that androgen levels, acting synergistically
with estrogen concentrations, might be important
factors in the persistence of BPH. Based on the
above studies, it can be assumed that persistent
androgenic stimulation, coupled with certain
estrogenic synergisms, are involved in the increase
in BPH with age. Intuitively, Partin179 assumed
that therapeutic attempts at simultaneously lower-
ing plasma testosterone levels and reducing estro-
gen levels could prevent progression of BPH.
This point of view can also explain, why the
administration of aromatase inhibitors is insuffi-
cient. There is only a reduction of the serum
estrogen levels, however, there is a simultaneous
increase in testosterone concentrations177.

In summary, there is great controversial dis-
cussion about the evidence that initiation and
development of BPH is definitively and/or domi-
nantly under endocrine control in humans. We do
know that BPH requires testicular androgens
during prostate development, puberty and aging,
and that the stromal cell plays a central role in
androgen-dependent paracrine-mediated growth
(at least from the point of view of older publica-
tions). We also know that canine models suggest
estrogen synergism with androgen exposure,
particularly DHT, in the development of BPH.
However, the translation of these more or less
pharmacological-endocrinological findings to
the concrete clinical situation in hypogonadal
testosterone-treated men remains difficult.

More interesting is the clinical point of view.
Based on a meta-analysis of relevant published
clinical studies, Bosch and colleagues180 found no
signs indicative of testosterone supplementation
in hypogonadal men increasing prostate volume
or of PSA levels over the range of same-age
eugonadal controls38,181. Nor did Bhasin and
associates41 find any dose-effective relationships
regarding PSA and prostate volume with testos-
terone enanthate in an extremely wide dose
regimen.

In a recent publication, Gooren36 stated that
relevant epidemiological studies provide no clues
that the levels of circulating androgen are corre-
lated with or predict prostate disease. It would

seem that non-obstructive BPH is not a contra-
indication against androgen administration, but
obstructive BPH is. In this context, Bhasin and
co-workers144 also argued that testosterone therapy
can be administered safely to men with BPH who
have mild to moderate symptom scores.

Conclusion

There are no clear relationships between the
incidence of prostate cancer and exogenous
testosterone. As to prostate volume or PSA and
exogenous testosterone, there are no linear dose–
response relationships. In hypogonadal men,
testosterone replacement restores prostate volume
and PSA to levels comparable to those of eugona-
dal men of the same age. The role of estrogens, and
thus aromatization of testosterone to estrogens,
has been discussed with regard to being a possible
cause or concomitant circumstance of BPH.

REDUCTION VERSUS
AROMATIZATION

As discussed above, there are three modes of
action of testosterone. It may act directly on the
nuclear or membranous ARs, be converted by
5α-reductase enzymes 1 and 2 to DHT before
acting on the AR, or be aromatized to estrogens
that act on the nuclear or membranous estrogen
receptors.

The phenotypic appearance of men with
congenital 5α-reductase enzyme 2 deficiency has
demonstrated the critical role of DHT on some
androgen target tissues such as the external
genitalia, prostate and skin. Men with this con-
genital enzyme defect have very small prostate
glands and ambiguous external genitalia, but have
increased muscle mass at puberty and are not
osteoporotic182–185.

On the other hand, testosterone is the major
source of plasma estradiol in men. Only 20% of
this estrogen is secreted by the Leydig cells in the
testes107. Whereas to date fatty tissue aromatase has
been assumed to be the main source of estrogen
production in men, Larionov and colleagues28

have shown that estrogen formation also may be
controlled by glucocorticoid as well as by cAMP-
dependent promotors of the aromatase gene in
the muscle.
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Estrogens play a major role in many metabolic
processes in men14,105,106,108,109,186. Also, mood and
cognition187, cardiovascular diseases82,188–190, sexual
function including libido191 and bone turn-
over192,193 are estrogen-influenced in men.

Figure 2 summarizes the different possible
androgenic effects depending on the respective
metabolism of testosterone. It becomes apparent
that either the natural aromatizable testosterone or
aromatizable testosterone derivatives should be
preferred to androgen therapy. In contrast to
this, the therapeutic potential of DHT or DHT
derivatives appears relatively limited74,194.

Fred Wu (Manchester), in a personal communi-
cation, supplied the idea and the work of Shalender
Bhasin’s group, on GnRH-suppressed eugonadal
men with a wide dose range for testosterone

enanthate41, the inspiration for Figure 3. It shows
that the metabolism of exogenous testosterone
(reduction vs. aromatization) is also of toxico-
logical relevance. All endpoints or targets
of testosterone actions showing clear linear
dose–response relationships up to extremely high
dose ranges depend, at least in part, on reduction of
testosterone to DHT, i.e. the 5α-reduction has an
accompanying part. In addition, these phenomena
cannot be explained by a single mode of testos-
terone action, but often by testosterone becoming
active at different points of action. This group of
testosterone actions are skeletal muscle (body lean
mass), erythropoiesis and lipid profile including
body fat distribution. However, this also means
that these targets involve the risk of testosterone
abuse or overdosage in self-medication because,
for example, muscle growth and reduction of
visceral fat can be counted among the desirable
‘cosmetic’ or life-style effects of testosterone
therapy. This point of view should be taken into
account with testosterone preparations for self-
medication such as transdermal application forms.
However, long-term overdosage of testosterone
may cause life-threatening increases in hematocrit.
Toxicologically, therefore, hematocrit is a critical
and reliable parameter for the monitoring of a
testosterone therapy and should be checked
periodically.

On the other hand, for the CNS effects of
testosterone, like improvement of mood or the
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influence on the different domains of behavior,
the activities on bone and for the effects of
testosterone on the prostate, no clear and linear
dose–response relationships have been recognized
(plateauing). For most of these targets or para-
meters with bent dose–response curves,
aromatization of testosterone to 17β-estradiol
plays a part. Obviously, no risk of abuse or over-
dosage has been recognized for these targets.

These considerations are hypothetical but
should provide some hints to the attending physi-
cian to enable prevention or remedy of unwanted
side-effects due to testosterone abuse.

Conclusion

Increase in lean body mass and reduction of visceral
fat mass are effects of testosterone therapy that are
among the preferred endpoints for the hypo-
gonadal patient. As these targets over a wide dose
range show linear dose–response curves, testos-
terone preparations for self-medication involve
the risk of abuse due to self-induced overdosage
by the patient. The most important toxicological
parameter in this context is the rise in hematocrit.
However, it is possible to monitor testosterone
therapy by checking the hematocrit regularly. On
the other hand, the testosterone effects on the
CNS, bone and prostate gland are less problematic
from a toxicological point of view.

RECEPTOR POLYMORPHISMS

It is well recognized that different people or ethnic
groups respond in different ways to the same medi-
cation. These differences are often greater among
members of a population than they are within
the same person at different times (or between
monozygotic twins). The existence of large
population differences with small intrapatient
variability is consistent with inheritance as a deter-
minant of drug response and also for toxicological
aspects of testosterone action. It is estimated that
genetics can account for 20–95% of variability
in drug disposition including pharmacodynamic
and toxicological effects195.

In principle, polymorphisms of genes of
androgen-transforming enzymes are also impor-
tant for the toxicological assessment of testosterone
therapy. For example, polymorphisms of the genes
for human type 1 and type 2 3β-hydroxysteroid

dehydrogenase196, for type II 5α-reductase197,198,
for CYP3A4 which is responsible for hydroxy-
lation of testosterone199 and for SHBG200 have
been described. There are significant ethnic varia-
tions in total and free serum concentrations of
testosterone in healthy men201. Finally, a poly-
morphism of the gene which codes LHβ is also
known202,203.

An androgen insensitivity syndrome can be a
result of over 300 mutations in the AR gene
known at present204. However, what should
interest us from a toxicological angle are only the
polymorphisms of the AR gene. Three poly-
morphic markers of AR are known: ARStuI
at codon 211 (G1733A), poly-G (GGC)n and
poly-Q (CAG)n at exon 1205,206. The latter has met
with particular scientific interest.

In the 5′ end of the coding region of the first
exon of the AR gene, starting from codon 58,
there is a polymorphic (CAG)10–35 triplet repeat
sequence, which codes for polyglutamine207,208.
The length of this polyglutamine tract is inversely
correlated with the transactivation activity of
AR209,210. In normal men approximately 14–33
CAG repeats are present211. Shorter CAG repeats
have been discussed as increasing the risk
of prostate cancer and earlier age of onset of
prostate cancer207,208,210–217. In contrast, Chen and
colleagues218 do not support the hypothesis that a
small number of CAG or GGC repeats in the AR
increase a man’s risk of prostate cancer.

An increase in CAG repeat length is associated
with diminished coactivator interaction and trans-
criptional activity219. Long CAG repeats have
been reported to be associated with the androgen
insensitivity syndrome220, or with impaired sperm
production and undermasculinized genitalia221.
Expansion of the CAG repeat to ≥ 38 causes spinal
and bulbar muscular atrophy (SBMA; Kennedy
disease)222. This has also been demonstrated clini-
cally in patients with Kennedy’s disease (40–62
CAG repeats), where 80% of patients showed
clinical signs of partial androgen resistance with
gynecomastia being the most prominent223.

Other evidence for inverse correlations of the
number of CAG repeats and androgen-influenced
conditions has been provided for BPH224,225 and
sperm production226,227. According to Zitmann
and associates228, the number of CAG repeats is
negatively correlated with prostate volume as well
as prostate growth. The same group found that
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vascular reactivity is increased in healthy men
with longer triplet residues229.

As to hormonal contraception, in cases with
incomplete gonadotropin suppression the chances
of becoming azoospermic were 2.5 times higher
in men having more than 22 CAG repeats230,
indicating more distinct reduction of testosterone
secretion. The decrease of transactivation activity
of the AR with increasing CAP repeats231 can
explain this finding. Furthermore, bone density232,
endothelial function and HDL cholesterol concen-
trations are correlated with the number of CAG
repeats. The CAG repeat polymorphism modu-
lates body fat mass and serum concentrations of
leptin and insulin in men. A low number of CAG
repeats were independently associated with pro-
tective parameters (low body fat mass and plasma
insulin), as well as with adverse parameters such as
low HDL concentrations233. Short CAG repeats in
healthy men have been associated with increased
bone mineral density232. However, Woodhouse
and co-workers234 found that the length of
CAG tract was only a weak predictor for the
androgenic response in thigh muscle volume and
lean body mass.

What can be said about the CNS effects of
testosterone and AR polymorphism? Seidman
and colleagues235 found a correlation between
CAG repeats and depression. This agrees with our
own findings obtained in 213 Finnish men. The
repeat number was positively correlated with
decreased potency, depression as expressed by the
wish to be dead, depressed mood, anxiety, deterio-
ration of general well-being and decreased beard
growth236. On the other hand, short alleles (≤ 20
CAG repeats) were associated with Alzheimer’s
disease in men, but not in women237.

Interestingly, there is no obvious correlation
between CAG repeats and serum testosterone238.
Thus, with androgen production being the same,
the clinical androgen effect is substantially influ-
enced by the AR polymorphism. Abnormal

expansion of the CAG motif lengths leads to
Kennedy’s disease, which is accompanied by
morphological hypoandrogenic status26,239. How-
ever, it has been shown in the Massachusetts Male
Aging Study that the age-related decline in serum
testosterone levels in older men is associated with
the number of CAG repeats. Men with shorter
CAG repeat length had a greater decline in serum
testosterone levels, suggesting that testosterone
levels may be modulated by the AR genotype240.
For clinical practice of testosterone therapy and
toxicological considerations, it remains to be eluci-
dated whether these insights are important enough
to become part of routine laboratory assessments241

or for preventive estimating of certain risks of
testosterone therapy.

Figure 4 shows the postulated links between
poly-Q (CAG)n polymorphism of AR and the
possible clinical as well as toxicological conse-
quences for the testosterone therapy in a schematic
way. Of course, this preliminary and incomplete
point of view has to be qualified with our increas-
ing knowledge about the relationships between
AR polymorphisms and testosterone action.

Conclusion

Polymorphisms of the androgen receptor can
significantly influence the quantitative extent of
androgenic action. Further investigations are
necessary to determine whether the diagnostic
determination of polymorphisms of AR are
routinely recommendable to individualize the
dosages of testosterone, thus minimizing the toxi-
cological risk.

CONCLUDING REMARKS

During the past few years, the relative risk of
unwanted side-effects of testosterone therapy in
hypogonadal men has clearly been reduced con-
comitantly with the increase in clinical experience
of the signs and symptoms of androgen deficiency
and the varying therapeutic options. To date, the
key messages of Bhasin and colleagues242 are still
important:

(1) Use natural testosterone;

(2) Aim at a physiological serum testosterone
profile;
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(3) Allow withdrawal if necessary.

Two points are of particular importance:

(1) Testosterone therapy should be used only in
hypogonadal men with clear and stable clinical
symptomatology and with repeated and
validated estimations of reduced serum
testosterone levels.

(2) Use of testosterone preparations which allows
a ‘physiological’ replacement by avoiding
supraphysiological serum concentrations.
This recommendation is fulfilled by different
transdermal preparations such as gels and
patches, by buccal preparations and by suitable
new intramuscular testosterone esters.

Thus, the discussion about the toxicology of
testosterone therapy is changing. The liver toxicity
of orally active 17α-methylated or -alkylated
androgens and the transient side-effects due to
poor pharmacokinetics of the intramuscularly
administered old testosterone esters (with short-
term phases of supraphysiological testosterone
serum concentrations) are no longer to the fore.
Interest is now being directed towards the tissue-
or target-specific androgen actions and indivi-
dualizing testosterone therapy.

On the basis of a review of suitable publications,
investigation of toxicologically relevant targets or
endpoints, e.g. skeletal muscle, erythropoiesis,
lipid metabolism including body fat distribution,
aggressive behavior and prostate diseases, regarding
the correlations between dose–response (linear
or non-linear) and metabolism of exogenous
testosterone has been attempted. Over a wide dose
range there are linear dose–response relationships
for the augmentation of lean body mass and
erythropoiesis (hematocrit/hemoglobin), as well
as for the decline of visceral fat mass. Since the
proportions of lean and fat body mass can be given
particular attention by the hypogonadal patients
(life-style effects), the possibility of overdosage
exists with self-medication. Monitoring will
succeed with regular checking of the hematocrit.

Other targets of androgenic action such as CNS,
bone and prostate show curved, non-linear dose–

response relationships with plateauing already
occurring at relatively low serum testosterone
levels. At these endpoints the risk of overdosage
is deemed to be reduced. However, these con-
siderations are still hypothetical and require precise
clinical investigation.

Polymorphisms of the AR are also of increasing
importance for the assessment of toxicological
risk and for the individualization of testosterone
therapy. The individual response to a given testos-
terone dose may for example be influenced sub-
stantially by the number of CAG repeats.

What can the future offer from the pharmaco-
logical as well as toxicological angle? To date,
androgens/anabolics have been screened almost
exclusively with the same pharmacological model.
The so-called Hershberger assay in immature,
castrated male rats was designed as an in vivo test
system to monitor androgenic and myotropic
activity of steroids by their ability to induce growth
in the levator ani muscle, seminal vesicles and
prostate243. Therefore it can be easily imagined
that the pharmacological profile of the previously
known androgens and anabolics will more or less
always be the same. The situation has changed
drastically with the introduction of modern
molecular biological methods for screening of
tissue-specific androgens using certain steroid-
transforming enzymes or different co-factors of
AR as a target. Selective androgen receptor
modulators (SARMs) may act tissue selectively, i.e.
they may increase the transactivation of AR in
certain target organs, but show reduced or anti-
androgenic action in other tissues, and could
open a new era in androgen therapy with further
reduced toxicological problems244–248.

Finally, endocrine-toxicological aspects of
testosterone therapy should be considered and
discussed in context with corresponding guidelines
or consensus documents144,249–258. To date, the
only international society that has issued official
recommendations for testosterone treatment is
ISSAM258. Whilst it seems that these papers are
more or less concordant, a harmonization of the
national, continental and international documents
is desirable.
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