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Kvorning, Thue, Marianne Andersen, Kim Brixen, and Klavs
Madsen. Suppression of endogenous testosterone production attenu-
ates the response to strength training: a randomized, placebo-con-
trolled, and blinded intervention study. Am J Physiol Endocrinol
Metab 291: E1325–E1332, 2006. First published July 25, 2006;
doi:10.1152/ajpendo.00143.2006.—We hypothesized that suppres-
sion of endogenous testosterone would inhibit the adaptations to
strength training in otherwise healthy men. Twenty-two young men
with minor experience with strength training participated in this
randomized, placebo-controlled, double-blinded intervention study.
The subjects were randomized to treatment with the GnRH analog
goserelin (3.6 mg) or placebo (saline) subcutaneously every 4 wk for
12 wk. The strength training period of 8 wk, starting at week 4,
included exercises for all major muscles [3–4 sets per exercise �
6–10 repetitions with corresponding 6- to 10-repetition maximum
(RM) loads, 3/wk]. A strength test, blood sampling, and whole body
DEXA scan were performed at weeks 4 and 12. Endogenous testos-
terone decreased significantly (P � 0.01) in the goserelin group from
22.6 � 5.5 (mean � SD) nmol/l to 2.0 � 0.5 (week 4) and 1.1 � 0.6
nmol/l (week 12), whereas it remained constant in the placebo group.
The goserelin group showed no changes in isometric knee extension
strength after training, whereas the placebo group increased from
240.2 � 41.3 to 264.1 � 35.3 Nm (P � 0.05 within and P � 0.05
between groups). Lean mass of the legs increased 0.37 � 0.13 and
0.57 � 0.30 kg in the goserelin and placebo groups, respectively (P �
0.05 within and P � 0.05 between groups). Body fat mass increased
1.4 � 1.0 kg and decreased 0.6 � 1.2 kg in the goserelin and placebo
groups, respectively (P � 0.05 within and between groups). We
conclude that endogenous testosterone is of paramount importance to
the adaptation to strength training.

gonadotropin-releasing hormone analog; exercise; isometric strength;
lean body mass; fat mass

IT IS WELL ESTABLISHED THAT strength training elicits neural and
morphological adaptations that may lead to increased muscle
strength and muscle hypertrophy (19, 40, 46). Previous studies
have shown that strength training induces acute changes in the
circulating concentrations of testosterone, growth hormone
(GH), and insulin-like growth factor-I (IGF-I) (20, 21, 27–29).
It has been reported that endogenous testosterone together
with, GH, IGF-I, insulin, and cortisol mediates the adaptive
changes in muscles following strength training (e.g., muscle
protein synthesis) (27, 31, 49). Accordingly, increased muscle
protein synthesis has been observed after strength training (11,
36, 57). Furthermore, dramatic anabolic effects on skeletal
muscles have been reported after exogenous testosterone sup-

plementation in humans (6, 7, 47). The interaction, however,
between strength training, levels of circulating endogenous
testosterone, protein synthesis, muscle hypertrophy, and in-
creased strength are not fully understood.

Treatment with gonadotropin-releasing hormone (GnRH)
analogs (e.g., goserelin) inhibits pituitary secretion of LH and
thus testicular production of testosterone (12). In previous
studies, manipulation of the circulating testosterone concentra-
tions by simultaneous treatment with GnRH analogs and ex-
ogenous testosterone, a positive relationship between testoster-
one concentrations and fat-free mass, muscle size and strength
was reported (7, 47). Also, suppression of endogenous testos-
terone production by GnRH analogs in young men results in
decreased protein synthesis, decreased strength, and decreased
fat oxidation (37). However, the specific importance of endog-
enous testosterone is not fully clarified, although it is tempting
to speculate that testosterone initiates recuperation after
strength training. Thus the question is whether endogenous
testosterone is critical for increasing muscle strength and mus-
cle hypertrophy in response to strength training (11, 19, 21, 22,
24, 27, 33, 34, 54).

Therefore, the aim of the present study was to investigate the
importance of testosterone for increasing muscle mass and
muscle strength gain in a randomized, placebo-controlled,
double-blinded intervention study. Endogenous production of
testosterone was suppressed by the use of a GnRH analog,
which enabled us to study the role of testosterone in the
adaptations to strength training. We hypothesized that suppres-
sion of endogenous testosterone would inhibit the adaptation to
strength training and attenuate the increase in lean body mass
and muscle strength compared with a placebo group perform-
ing identical strength training.

MATERIAL AND METHODS

Subjects and study design. Twenty-six subjects volunteered to
participate in the study. The subjects were participating in leisure
sport once or twice a week but had only minor previous experience
with strength training, no more than 1 h/wk. None of the subjects was
participating in strength training activities on a regular basis before
entering the study. The study conformed to the guidelines in the
Declaration of Helsinki and was approved by the local Ethics Com-
mittee (VF 20040173). All subjects were informed of the risks and
purposes of the study before their written consent was obtained. The
subjects were carefully matched in pairs with regard to isometric knee
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extension strength, body mass index, and age. Within each pair, the
subjects were randomized to placebo (saline) or 3.6 mg of goserelin
(GnRH analog) injections once every fourth week, three times in total.
Clinical examination of the subjects was performed before the exper-
iment, and two subjects were disqualified due to exclusion criteria
(metabolic disorders, low testosterone levels, angina pectoris, lower
back disorders, prescription medication for heart or lung diseases, or
any recent physical trauma). Two subjects did not complete the study,
one due to an injury unrelated to the study and one due to side effects
of the GnRH analog treatment (hot flushes). Therefore, twenty-two
young men completed the study (Table 1). The subjects and investi-
gators involved in training and testing were blinded regarding the
allocation of the subjects whereas two investigators (M. Andersen and
K. Brixen) administering the study drugs and monitoring safety
parameters were aware of the allocation. The schedule of study
procedures is shown in Fig. 1.

Testing procedures. The subjects underwent three test procedures;
tests 1, 2, and 3, which included blood sampling, isometric strength
testing, and whole body dual-energy X-ray absorptiometry (DEXA)
scan (Fig. 1). The subjects were familiarized with the study proce-
dures �2 wk before entering the first test. This included measuring of
anthropometrics of the subjects and a careful introduction to the
testing procedures. Furthermore, each subject completed the entire
strength testing protocol and was introduced to the strength training
exercises. Thus the technique was carefully corrected until proper
technique was achieved. Subsequently a 10-repetition maximum
(RM) load was measured for all exercises in the training program to
determine the initial training load.

Treatment with goserelin. A 3.6-mg depot of goserelin (Zoladex,
AstraZeneca) was injected subcutaneously (abdomen sub cutis) once
every 4 wk to reduce and maintain endogenous testosterone concen-
trations within castrate range. Goserelin prevents the reappearance of
LHRH receptors and consequently inhibits the secretion of LH from
the pituitary gland and thus testicular production of testosterone (12).
All subjects received three injections in total starting right after the
first test (Fig. 1). The relatively short treatment period was chosen due
to ethical considerations; however, at the same time, the extent of the

training period was intended to be long enough to induce measurable
changes in strength, etc. (2, 6, 8, 17, 38, 41).

Training. A standardized warm-up was performed before training
consisting of four sets of squats with 20 repetitions without load and
with 1 min of rest between sets. The subjects from both groups trained
with the same strength training program, including exercises for the
entire body (Table 2). The training loads were increased due to RM
tests at the start of each of the three periods, but also, whenever the
subjects showed reserve of strength the load was increased. Subjects
showed a reserve of strength when they eventually were able to
perform more repetitions than expected with their respective previ-
ously measured RM load. Both groups showed the same progression
in training loads, therefore culminating in the same training volumes
after the strength training period (Table 3). All training sessions were
supervised in order to control the training techniques, training loads,
and training log books. Both groups carried through the same amount
of training (except for one training session), therefore subjects in the
goserelin group completed 23.7 training sessions on average, and the
placebo group completed 23.6 training sessions on average. All
subjects participated in a minimum of 22 training sessions. Previous
studies with similar strength training programs have demonstrated
significant acute increases in the level of testosterone (20, 28) and
significant increases for muscle strength and muscle mass (2, 6, 8, 17,
38, 41). Optimal nutrition is important to benefit from strength
training (15, 50), so each subject received 0.5 liter of skimmed
chocolate milk (containing 17.5 g protein, 50 g carbohydrate and 2.5 g
fat) directly after each strength training session, thereby ensuring
sufficient supplement of proteins and carbohydrates for recovery.

Blood sampling. Subjects reported to the laboratory between 0700
and 0900 and had been fasting from 2400 the day before and
refraining from strenuous physical activity for 48 h. Blood samples
were drawn from an antecubital vein at the same time of day for each
subject during tests 1, 2, and 3 after 30 min of supine rest for
determination of resting level of serum endogenous total testosterone,
free testosterone, GH, androstendione, dihydrotestosterone, estradiol,
sex hormone-binding globulin (SHBG), and dehydroepiandrosterone
sulfate. Thirty milliliters of blood were drawn for serum samples,
immediately chilled on ice, and centrifuged at 3,000 rpm for 10 min
at 20°C. All serum samples were then distributed to appropriate tubes
and stored at �80°C until analyzed. Body temperature was measured
during each blood sampling, showing identical temperatures in all
three tests.

Standardized breakfast. After blood sampling, a standardized
breakfast was served for the subjects followed by 1 h of rest before
they proceeded to strength testing. The amount of food was adjusted
in relation to body weight. Consequently, the subjects were divided in
three groups (i.e., light, medium, and heavy body mass group)
receiving three sizes of breakfast, containing 6.47 � 0.46 kcal/kg,

Fig. 1. Overview of the study design. Tests 1, 2, and 3
included blood sampling (resting level), isometric
strength testing, and whole body DEXA scan.

Table 1. Anthropometrics of subjects measured
before the training period

Group
Age,

yr
Height,

cm
Body Mass,

kg
BMI,
kg/m2

Goserelin (n � 12) 25�5 179.5�5.6 80.7�12.8 25.3�3.9
Placebo (n � 10) 23�2 185.0�4.5 83.4�12.3 24.5�3.4

Values are means � SD. BMI, body mass index. None of the parameters
differed significantly between groups.
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0.22 � 0.02 g protein/kg, 1.25 � 0.10 g carbohydrate/kg, and 0.06 �
0.00 g fat/kg.

Analysis of hormones. Serum total testosterone, androstenedione,
and dihydrotestosterone were measured using an in-house assay based
on extraction, chromatography, and a final, specific radioimmunoas-
say (RIA), as described in Lykkesfeldt et al. (35). Serum dehydroepi-
androsterone sulfate was measured by RIA on diluted serum using
tritiated dehydroepiandrosterone sulfate and antibodies raised against
DHA-3-hemissucinate-BSA. The method was calibrated with the
method described in Lykkesfeldt et al. (35). Serum GH and SHBG
was measured by a time-resolved fluoroimmunoassay by AutoDelfia
(Turku, Finland). Free testosterone (non-protein-bound) was calcu-
lated as described by Bartsch (5). Serum estradiol was measured using
a specific in-house RIA after extraction chromatography, as described
by Emment and Collins (14).

Isometric strength testing. After a 5-min standardized warm-up
procedure on a bicycle ergometer, the dominant leg was tested in a
KinCom dynamometer (KinCom 500H, software version 4.03; Chat-
tecx). Subjects were seated in an upright position, and the protocol
included isometric knee extensions. The dynamometer was adjusted to
fit the individual subject, and the specific positions were used in all
tests afterward. The lateral femoral epicondyle was chosen to repre-
sent the axis of knee joint rotation and was therefore aligned to the
axis of rotation on the dynamometer. The length of the lever arm was
adjusted to ensure that the ankle pad was fixed 2 cm above the lateral
and medial malleoli. Isometric contractions were performed at a
locked position of 70° knee flexion (0° � full extension). Subjects
were instructed to extend the knee as explosively and forcefully as
possible, and three attempts were performed with maximal contraction
held for 3 s. During testing, all subjects were instructed to hold arms
crossed on the chest and not to move limbs that were not involved in
the strength test. Visual feedback was given, with the highest value

shown on the computer monitor. Forty-five seconds of recovery
between trials were given, and the highest absolute value for isometric
measurements was used for further analysis. The isometric measure-
ments of torque were sampled on an external computer with a
sampling rate of 1,000 Hz and corrected for the influence of gravity
(1). All measurements were filtered by a 4th-order zero-lag Butter-
worth low-pass filter (10 Hz cut-off frequency) and analyzed for peak
torque. The isometric strength measurements in test 1 were obtained
to serve as control comparisons; however, for ease of illustration, only
tests 2 and 3 are depicted.

Whole body DEXA scan. Subjects were DEXA scanned (Hologic
4500A, Waltham, MA) before and after the training period (tests 2
and 3). The DEXA scan was conducted between 0800 and 1600 and
�24 h after training sessions (to avoid any impact of changes in
hydration). Whole body and regional lean body mass and fat mass
were measured. The coefficient of variation (CV) for lean body mass
is 0.5–1%. The results presented for whole body measurement do not
include the head.

Statistics. Differences in means within or between groups were
tested using paired and unpaired t-tests for strength and DEXA
measurements and for training load and volume. Hormone measure-
ments were analyzed by two-way ANOVA with repeated measure-
ments. Statistical analyses were performed using StatView (SAS
Institute, 1998). All data are presented as means � SD, and the level
of statistical significance was set at P � 0.05.

RESULTS

Pre values. No significant differences between the placebo
group and the goserelin group regarding baseline values before
the strength training period were observed in any of the
variables measured.

Endogenous testosterone, free testosterone, and GH. The
change in endogenous testosterone levels differed significantly
between the groups (P � 0.01). Thus serum testosterone
decreased in the goserelin group from 22.6 � 5.5 nmol/l
measured in test 1 to 2.0 � 0.5 and 1.1 � 0.6 nmol/l measured
in tests 2 and 3, respectively (P � 0.01), whereas it remained
constant in the placebo group throughout the intervention
period (22.2 � 4.5, 24.7 � 5.3, and 22.0 � 4.8 nmol/l in tests
1, 2, and 3, respectively; Fig. 2). Also, the change in endoge-
nous free testosterone levels differed significantly between the
groups (P � 0.01), with a decrease in the goserelin group from
0.62 � 0.11 to 0.05 � 0.01 and 0.02 � 0.01 nmol/l measured
in tests 1, 2, and 3, respectively (P � 0.01), whereas it
remained unchanged in the placebo group (0.60 � 0.10, 0.69 �
0.17, and 0.57 � 0.11 nmol/l in tests 1, 2, and 3, respectively;
Fig. 2). Serum GH levels remained unchanged throughout the
entire intervention period in the placebo and goserelin groups
(data not shown).

Table 2. Strength training program for the 8-wk training period

Exercises

Period 1 (8 training sessions) Period 2 (8 training sessions) Period 3 (8 training sessions)

Sets Reps Load Rest Sets Reps Load Rest Sets Reps Load Rest

Leg press 4 10 10-RM 2 min 4 6 6-RM 3 min 4 10 10-RM 2 min
Knee extensions 4 10 10-RM 2 min 4 6 6-RM 3 min 4 10 10-RM 2 min
Leg curl 4 10 10-RM 2 min 4 6 6-RM 3 min 4 10 10-RM 2 min
Bench press 3 10 10-RM 2 min 3 6 6-RM 3 min 3 10 10-RM 2 min
Lat pull down 3 10 10-RM 2 min 3 6 6-RM 3 min 3 10 10-RM 2 min
Biceps curl 3 10 10-RM 2 min 3 6 6-RM 3 min 3 10 10-RM 2 min
Elbow extensions 3 10 10-RM 2 min 3 6 6-RM 3 min 3 10 10-RM 2 min

The 8-wk period consisted of 24 training sessions (strength training was performed 3 times/wk) in 3 periods of 8 training sessions each. RM, repetition
maximum. The program was designed in accord with Kraemer et al. (30).

Table 3. Mean training volumes and 10-RM tests

Group Leg Press Bench Press

Training volume

Goserelin 194,752 � 28,126 26,443 � 4,624
Placebo 205,913 � 39,070 28,202 � 5,195

10-RM

Before After Before After
Goserelin 242�30 320�22 48�10 56�10
Placebo 258�42 327�30 47�5 55�10

Values are means � SD in kg. Mean training volume lifted during the entire
strength training period (calculated as load � repetitions for leg press and
bench press). There were no significant differences between training volumes
in the goserelin and placebo groups at any time point. Mean load lifted at the
10-RM tests measured before and after the strength training period. There were
no significant differences between the 10-RM loads in the goserelin and
placebo groups at any time point.
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Isometric strength. The change in isometric strength differed
significantly between the groups (P � 0.05). Thus isometric
strength increased significantly after 8 wk of strength training
in the placebo group, from 240.2 � 41.3 to 264.1 � 35.3 Nm
(P � 0.05), whereas the goserelin group showed no significant
change (224.8 � 44.4 and 230.0 � 39.8 Nm; Fig. 3).

Relative isometric strength. The changes in relative isomet-
ric strength in the two groups trended toward differing signif-
icantly (P � 0.08). However, it increased significantly after 8
wk of strength training in the placebo group, from 2.9 � 0.5 to
3.1 � 0.5 Nm/kg (P � 0.05), whereas the goserelin group
showed no changes (2.8 � 0.5 and 2.8 � 0.5 Nm/kg).

Lean mass of the legs. The increase in lean mass of the legs
in the placebo group was significantly different from the
goserelin group (P � 0.05). Thus lean mass of the legs
increased in the goserelin group from 10.02 � 1.21 to 10.39 �
1.21 kg and in the placebo group from 10.37 � 1.20 to 10.94 �
1.29 kg (P � 0.05; Fig. 4).

Lean body mass. The changes in lean body mass (head not
included) in the two groups showed a trend toward significant
difference (P � 0.07). Lean body mass increased significantly
within both groups, from 56.8 � 5.7 to 58.1 � 5.1 kg in the
goserelin group and in the placebo group from 57.5 � 5.7 to
59.8 � 6.3 kg (both P � 0.05).

Fat mass and fat percentage. The changes in fat mass and fat
percentage (head not included) differed significantly between
the groups (P � 0.05). Thus fat mass increased significantly in
the goserelin group, from 15.6 � 8.4 to 17.0 � 8.3 kg (P �
0.05), whereas the values for the placebo group decreased from
16.8 � 5.7 to 16.2 � 5.4 kg (P � 0.05). Fat percentage
increased significantly from 20.0 � 8.2 to 21.1 � 7.8% (P �
0.05) and decreased significantly from 21.4 � 5.5 to 20.2 �
5.1% (P � 0.05) in the goserelin and placebo groups, respec-
tively (Fig. 5).

Androgen and estrogen status. The serum levels of dihy-
drotestosterone and estradiol decreased in the goserelin group
and were significantly different from those in the placebo
group (P � 0.01). The level of androstenedione decreased
significantly over time in the goserelin group (P � 0.01),
whereas dehydroepiandrosterone sulfate and SHBG remained
unchanged (Fig. 6). The above-mentioned variables remained
unchanged in the placebo group.

DISCUSSION

To our knowledge, this is the first study on the effect of
strength training during suppression of endogenous testoster-
one production. In accord with earlier studies, treatment with
goserelin successfully suppressed both endogenous total and

Fig. 2. Resting levels of endogenous testosterone and free testosterone. Values
are means � SD. Test 1, before treatment; test 2, after 3 wk of treatment with
either goserelin or placebo and before strength training; test 3, after 8 wk of
strength training. #Significantly different from placebo (time and treatment
effect, P � 0.01).

Fig. 3. Isometric strength difference (posttraining minus pretraining). Values
are means � SD. *Significant increase (P � 0.05); #significant difference
between groups (P � 0.05).

Fig. 4. Lean leg mass difference (posttraining minus pretraining). Values are
means � SD. *Significant increase (P � 0.05); #significant difference between
groups (P � 0.05).
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free testosterone in the treated group (7, 37, 47). Our study
demonstrates that suppression of serum testosterone below
10% of normal levels strongly attenuates the increase in lean
mass and muscle strength and increases fat mass during
strength training.

In the placebo group, the magnitude of increments in iso-
metric and relative isometric strength (2, 8, 38, 41) and the
magnitude of increases in lean body mass (6, 17) were in
agreement with previous studies. We also found that resting
levels of testosterone and free testosterone were unchanged in
the placebo group. Similar findings have been reported previ-
ously (3, 9, 26).

The placebo group adapted to the strength training period by
significantly larger increases in both lean leg mass and isomet-
ric strength. Although those in the goserelin group were able to
have the same progression in training load as those in the
placebo group, they did not gain muscle mass or increased
isometric strength in the laboratory test. It could be explained
by a neural adaptation and improved coordination of the prime
mover muscles relevant for the respective exercises, which
were not transferable to the laboratory test. Nevertheless, these

Fig. 5. Fat percentage difference (posttraining minus pretraining). Values are
means � SD. *Significant increase (P � 0.05); #significant difference between
groups (P � 0.05).

Fig. 6. Androgen and estrogen status. Values are means � SD. *Significant time effect (P � 0.01); #significant difference from placebo (time and treatment
effect, P � 0.01).
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results demonstrate a direct link between endogenous testos-
terone and the adaptability to strength training. This is in
concurrence with our earlier study where the effect of strength
training and endogenously elevated anabolic hormone levels
was investigated (21). In that study, subjects were divided into
an arm-training-alone group and a leg-plus-arm-training group
to increase circulating levels of anabolic hormones. The sig-
nificantly larger relative increase in isometric arm strength
found in the leg-plus-arm-training group compared with the
arm-training-alone group was related to the larger hormonal
responses of testosterone and GH in the former compared with
the latter group. The hormonal response to strength training has
already been studied for years (3, 11, 20, 25, 27, 31, 33, 36, 46,
57). Our results strongly support the current theory of interac-
tion between endogenous testosterone and androgen receptors
in the subsequent phase of recovery, stimulating protein syn-
thesis, muscle hypertrophy, and strength.

We argue that the absence of endogenous testosterone ex-
plains the attenuated response to the strength training period
seen in the goserelin group. In support of this, chronic testos-
terone deficiency in young men decreases protein synthesis
(37). In addition, by inducing chronic changes in circulating
testosterone concentrations by GnRH analogs and testosterone
administration in five graded doses, a positive relationship was
found between testosterone concentrations and fat-free mass,
muscle size, strength, and power, and fat mass (7, 47). This is
furthermore supported by the fact that chronic supraphysiologi-
cal concentrations of testosterone (e.g., exogenous testosterone
supplementation) induce increases in muscle mass and strength
compared with a placebo group, and further increases are seen
when it is combined with strength training (6).

Changes in the neural system are important when one is
trying to explain the increase in muscle strength seen in the
present study. However, several studies have shown changes in
muscle mass after 8 wk of strength training (6, 10, 17, 39, 44,
48, 53) and even after 4 wk of training (55). Still, the relative
importance of neural changes and increased lean mass, respec-
tively, for the observed increase in muscle strength is difficult
to quantify. Thus both neural factors and factors related to
increase in lean mass and transitions in the quality of the
contractile proteins could be involved in the early phase adap-
tation to strength training. No measurements of electromyo-
graphy were included in our study; thus we are unable to
further address the possible impact of neural factors on iso-
metric strength. However, the increase in lean mass was greater
in the placebo group and coincided with a significant increase
in isometric strength seen only in the placebo group, strongly
suggesting that endogenous testosterone is important for gain
in lean mass and muscle strength.

Androstenedione, dihydrotestosterone, and estradiol showed
unchanged levels in the placebo group, similar to earlier
observations (9, 26). On the other hand, androstenedione,
dihydrotestosterone, and estradiol were significantly lowered
in the goserelin group in response to treatment. Changes in
androstenedione may to some extent explain the decrease in
circulating testosterone concentrations (32).

Endogenous testosterone levels may affect adaptation to
training by other mechanisms than the direct anabolic effect on
protein synthesis and degradation. Testosterone regulates and
influences many physiological mechanisms. Thus testosterone
acts on neural tissue through different mechanisms, ranging

from neurotransmitter synthesis and release to development
and remodeling of synaptic circuitry (4). Moreover, changes in
circulating steroid hormone levels may impair the sensitivity of
the neuroendocrine system (4). However, the goserelin group
showed the same progression during the training period, indi-
cating that some kind of neural adaptation in fact occurred. In
addition, it has been reported that testosterone indirectly stim-
ulates secretion of GH and IGF-I when testosterone is con-
verted to estradiol. Since GH and IGF-I may be important for
the integrated endocrine system mediating muscle hypertrophy
(23, 52), the low levels of estradiol in the goserelin group
indicate that this pathway was reduced and may thereby reduce
the magnitude of muscle hypertrophy following the strength
training period. In addition, a possible direct effect of testos-
terone on GH and IGF-I release exists. Thus Mauras et al. (37)
reported decreases in IGF-I mRNA concentration by inducing
androgen deficiency in young men, and they argue that andro-
gens are necessary for local IGF-I production. Similarly, Fer-
rando et al. (16) reported increased IGF-I protein expression
following testosterone supplementation to old men. Further-
more, testosterone may act as an antiglucocorticoid to suppress
protein degradation (e.g., blocking the effect of cortisol) and
may be involved in the exercise-induced glycogen supercom-
pensation (42, 56). In support of this, hypogonadism is re-
ported to be associated with poor glucose utilization (58).

In the present study, strength training did not neutralize the
side effect of hypogonadism regarding storage of fat, as fat
mass increased significantly in the goserelin group whereas fat
mass decreased in the placebo group. The level of endogenous
testosterone in the goserelin group is comparable to that in
severe hypogonadism, which is associated with increased body
fat content (58). Medical treatments using GnRH analogs have
comparable side effects, such as decreased fat oxidation and
increased adiposity. Tests at baseline and after 10 wk of
treatment (7.5 mg lupron injected 3 wk apart) revealed that
suppression of endogenous testosterone in young men was
associated with decreased fat oxidation, decreased resting en-
ergy expenditure, and increased adiposity (37). In another
study, using GnRH analogs for a period of 48 wk for the
treatment of prostate cancer (22.5 mg lupron injected 12 wk
apart), similar results were reported (45).

Despite low levels of serum testosterone, the goserelin group
demonstrated a significant increase in lean body mass, and two
subjects showed extreme increases in lean body mass com-
pared with their fellow subjects. The respective subjects gained
3.9 and 2.8 kg lean body mass compared with the mean gain of
1.3 � 1.2 kg for the goserelin group. Several mechanisms may
be responsible for this observation. First, the adrenal glands
secrete �10% of the total testosterone production and are not
suppressed by GnRH analogs (13). The very low level of
endogenous testosterone in the goserelin group, however, may
still have an effect on the adaptation to strength training.
Second, recent studies have revealed that several other medi-
ators may be involved in the adaptation to strength training: the
androgen receptors, IGF-IEa, IGF-IEb, IGF-IEc, myogenin,
myoD, myostatin, etc. (18, 33, 43, 51, 54). These mechanisms
may not be influenced by suppression of endogenous testos-
terone.

Finally, since strength training was performed simulta-
neously with the treatment with GnRH analogs, minimizing
loss of muscle mass and muscle strength, the subjects in the
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goserelin group did not go through an obligatory retraining
period. As anticipated, hot flushes, fatigue, and decreased
libido were seen in some of the subjects in the goserelin group;
however, only one subject stopped therapy prematurely. More-
over, serum testosterone had returned to pretreatment levels in
all subjects at the final testing 6 mo after the study.

In summary, the present study demonstrates that suppression
of endogenous testosterone production attenuates the increase
in lean mass, increases storage of fat, and abolishes the in-
crease in muscle strength during strength training in normal
young men. We conclude that endogenous testosterone is of
paramount importance for the muscular adaptation to strength
training.

ACKNOWLEDGMENTS

First of all, we thank the subjects who participated in the study. Second, we
thank the laboratory technicians Gitte Scheel Klemmensen, Bente Tøt, Donna
Arbuckle-Lund, Kirsten Westermann, and Anette Riis Madsen. We also thank
Cuno Rasmussen, Prof. Per Aagaard, Anders Holsgaard Larsen, Emil Ped-
ersen, and Jacob Soendergaard for their helpful cooperation during the study.

GRANTS

We thank Anti Doping Denmark and the Team Denmark Foundation for
their financial support and Arla Foods for sponsoring the chocolate milk.

REFERENCES

1. Aagaard P, Simonsen EB, Trolle M, Bangsbo J, and Klausen K.
Isokinetic hamstring/quadriceps strength ratio: influence from joint angu-
lar velocity, gravity correction and contraction mode. Acta Physiol Scand
4: 421–427, 1995.

2. Aagaard P, Simonsen EB, Andersen JL, Magnusson P, and Dyhre-
Poulsen P. Increased rate of force development and neural drive of human
skeletal muscle following resistance training. J Appl Physiol 93: 1318–
1326, 2002.

3. Ahtiainen JP, Pakarinen A, Alen M, Kraemer WJ, and Hakkinen K.
Muscle hypertrophy, hormonal adaptations and strength development
during strength training in strength-trained and untrained men. Eur J Appl
Physiol 89: 555–563, 2003.

4. Alonso-Solis R, Abreu P, Lopez-Coviella I, Hernandez G, Fajardo N,
Hernandez-Diaz F, Diaz-Cruz A, and Hernandez A. Gonadal steroid
modulation of neuroendocrine transduction: a transynaptic view. Cell Mol
Neurobiol 16: 357–382, 1996.

5. Bartsch W. Interrelationships between sex hormone-binding globulin and
testosterone, 5 alpha-dihydrotestosterone and oestradiol-17 beta in blood
of normal men. Maturitas 2: 109–118, 1980.

6. Bhasin S, Storer TW, Berman N, Callegari C, Clevenger B, Phillips J,
Bunnell TJ, Tricker R, Shirazi A, and Casaburi R. The effects of
supraphysiologic doses of testosterone on muscle size and strength in
normal men. Engl J Med 335: 1–7, 1996.

7. Bhasin S, Woodhouse L, Casaburi R, Singh AB, Bhasin D, Berman N,
Chen X, Yarasheski KE, Magliano L, Dzekov C, Dzekov J, Bross R,
Phillips J, Sinha-Hikim I, Shen R, and Storer TW. Testosterone
dose-response relationships in healthy young men. Am J Physiol Endocri-
nol Metab 281: E1172–E1181, 2001.

8. Braith RW, Graves JE, Pollock ML, Leggett SL, Carpenter DM, and
Colvin AB. Comparison of 2 vs 3 days/week of variable resistance
training during 10- and 18-week programs. Int J Sports Med 10: 450–454,
1989.

9. Brown GA, Vukovich MD, Sharp RL, Reifenrath TA, Parsons KA,
and King DS. Effect of oral DHEA on serum testosterone and adaptations
to resistance training in young men. J Appl Physiol 87: 2274–2283, 1999.

10. Campos GE, Luecke TJ, Wendeln HK, Toma K, Hagerman FC,
Murray TF, Ragg KE, Ratamess NA, Kraemer WJ, and Staron RS.
Muscular adaptations in response to three different resistance-training
regimens: specificity of repetition maximum training zones. Eur J Appl
Physiol 88: 50–60, 2002.

11. Chesley A, MacDougall JD, Tarnopolsky MA, Atkinson SA, and
Smith K. Changes in human muscle protein synthesis after exercise.
J Appl Physiol 73: 1383–1388, 1992.

12. Cockshott ID. Clinical pharmacokinetics of goserelin. Clin Pharmacoki-
net 39: 27–48, 2000.

13. Crawford ED, DeAntoni EP, Labrie F, Schroeder FH, and Geller J.
Current status of combined androgen blockade: optimal therapy for ad-
vanced prostate cancer. J Clin Endocrinol Metab 80: 1062–1066, 1995
[Erratum in J Clin Endocrinol Metab 80: 2056, 1995].

14. Emment Y and Collins WP. Radioimmunoassay of oestrone and oestra-
diol in human plasma. Acta Endocrinol 3: 567–582, 1972.

15. Esmarck B, Andersen JL, Olsen S, Richter EA, Mizuno M, and Kjaer
M. Timing of postexercise protein intake is important for muscle hyper-
trophy with resistance training in elderly humans. J Physiol 535: 301–311,
2001.

16. Ferrando AA, Sheffield-Moore M, Yeckel CW, Gilkison C, Jiang J,
Achacosa A, Lieberman SA, Tipton K, Wolfe RR, and Urban RJ.
Testosterone administration to older men improves muscle function:
molecular and physiological mechanisms. Am J Physiol Endocrinol Metab
282: E601–E607, 2002.

17. Glowacki SP, Martin SE, Maurer A, Baek W, Green JS, and Crouse
SF. Effects of resistance, endurance, and concurrent exercise on training
outcomes in men. Med Sci Sports Exerc 36: 2119–2127, 2004.

18. Goldspink G. Gene expression in muscle in response to exercise. J Mus-
cle Res Cell Motil 24: 121–126, 2003.

19. Hakkinen K, Pakkarinen A, Alen M, Kauhaunen H, and Komi PV.
Neuromuscular and hormonal adaptations in athletes to strength training in
two years. J Appl Physiol 65: 2406–2412, 1988.

20. Hakkinen K and Pakarinen A. Acute hormonal responses to two
different fatiguing heavy-resistance protocols in male athletes. J Appl
Physiol 74: 882–887, 1993.

21. Hansen S, Kvorning T, Kjaer M, and Sjoegaard G. The effect of
short-term strength training on human skeletal muscle: the importance of
physiologically elevated hormone levels. Scand J Med Sci Sports 11:
347–354, 2001.

22. Hickson RC, Hidaka K, Foster C, Falduto MT, and Chatterton RT,
JR. Successive time courses of strength development and steroid hormone
responses to heavy-resistance training. J Appl Physiol 76: 663–670, 1994.

23. Hobbs CJ, Plymate SR, Rosen CJ, and Adler RA. Testosterone admin-
istration increases insulin-like growth factor-I levels in normal men. J Clin
Endocrinol Metab 77: 776–779, 1993.

24. Inoue K, Yamasaki S, Fushiki T, Okada Y, and Sugimoto E. Androgen
receptor antagonist suppresses exercise-induced hypertrophy of skeletal
muscle. Eur J Appl Physiol 69: 88–91, 1994.

25. Kadi F. Adaptation of human skeletal muscle to training and anabolic
steroids. Acta Physiol Scand Suppl 646: 1–52, 2000.

26. King DS, Sharp RL, Vukovich MD, Brown GA, Reifenrath TA, Uhl
NL, and Parsons KA. Effect of oral androstenedione on serum testoster-
one and adaptations to resistance training in young men: a randomized
controlled trial. JAMA 281: 2020–2028, 1999.

27. Kraemer WJ, Marchitelli LJ, Gordon SE, Harman E, Dziados JE,
Frykman P, McCurry D, and Fleck SJ. Hormonal and growth factor
responses to heavy resistance exercise protocols. J Appl Physiol 69:
1442–1450, 1990.

28. Kraemer WJ, Staron RS, Hagerman FC, Hikida RS, Fry AC, Gordon
SE, Nindl BC, Gothshalk LA, Volek JS, Marx JO, Newton RU, and
Hakkinen K. The effects of short-term resistance training on endocrine
function in men and women. Eur J Appl Physiol 78: 69–76, 1998.

29. Kraemer WJ, Hakkinen K, Newton RU, Nindl BC, Volek JS, McCor-
mick M, Gotshalk LA, Gordon SE, Fleck SJ, Campbell WW, Pu-
tukian M, and Evans WJ. Effects of heavy-resistance training on
hormonal response patterns in younger vs. older men. J Appl Physiol 87:
982–992, 1999.

30. Kraemer WJ, Adams K, Cafarelli E, Dudley GA, Dooly C, Feigen-
baum MS, Fleck SJ, Franklin B, Fry AC, Hoffman JR, Newton RU,
Potteiger J, Stone MH, Ratamess NA, and Triplett-McBride T. Amer-
ican College of Sports Medicine position stand. Progression models in
resistance training for healthy adults. Med Sci Sports Exerc 34: 364–380,
2002.

31. Kraemer WJ and Mazzetti SA. Hormonal mechanisms related to the
expression of muscular strength and power. In: Strength and Power in
Sport, edited by Komi PV. Oxford, UK: Blackwell Science, 2003.

32. Kraemer WJ and Ratamess NA. Endocrine responses and adaptations to
strength training. In: Strength and Power in Sport, edited by Komi PV.
Oxford, UK: Blackwell Science, 2003.

33. Kraemer WJ and Ratamess NA. Hormonal responses and adaptations to
resistance exercise and training. Sports Med 35: 339–361, 2005.

E1331ENDOGENOUS TESTOSTERONE AND STRENGTH TRAINING

AJP-Endocrinol Metab • VOL 291 • DECEMBER 2006 • www.ajpendo.org

 on January 17, 2007 
ajpendo.physiology.org

D
ow

nloaded from
 

http://ajpendo.physiology.org


34. Lamb DR. Androgens and exercise. Med Sci Sports 7: 1–5, 1975.
35. Lykkesfeldt G, Bennett P, Lykkesfeldt AE, Micic S, Moller S, and

Svenstrup B. Abnormal androgen and oestrogen metabolism in men with
steroid sulphatase deficiency and recessive X-linked ichthyosis. Clin
Endocrinol 4: 385–393, 1985.

36. MacDougall JD, Gibala MJ, Tarnopolsky MA, MacDonald JR, Inter-
isano SA, and Yarasheski KE. The time course for elevated muscle
protein synthesis following heavy resistance exercise. Can J Appl Physiol
20: 480–486, 1995.

37. Mauras N, Hayes V, Welch S, Rini A, Helgeson K, Dokler M, Veldhuis
JD, and Urban RJ. Testosterone deficiency in young men: Marked
alterations in whole body protein kinetics, strength and adiposity. J Clin
Endocrinol Metab 83: 1886–1892, 1998.

38. McCarthy JP, Pozniak MA, and Agre JC. Neuromuscular adaptations
to concurrent strength and endurance training. Med Sci Sports Exerc 34:
511–519, 2002.

39. Moore DR, Phillips SM, Babraj JA, Smith K, and Rennie MJ.
Myofibrillar and collagen protein synthesis in human skeletal muscle in
young men after maximal shortening and lengthening contractions. Am J
Physiol Endocrinol Metab 288: E1153–E1159, 2005.

40. Moritani T and de Vries HA. Neural factors versus hypertrophy in the
time course of muscle strength gain. Am J Phys Med 58: 115–130, 1979.

41. Narici MV, Hoppeler H, Kayser B, Landoni L, Claassen H, Gavardi
C, Conti M, and Cerretelli P. Human quadriceps cross-sectional area,
torque and neural activation during 6 months strength training. Acta
Physiol Scand 157: 175–186, 1996.

42. Pagni R, Bergamini E, and Pellegrino C. The inhibition by denervation
of the effect of testosterone on glycogen metabolism in the levator ani
muscle. Endocrinology 92: 667–673, 1973.

43. Psilander N, Damsgaard R, and Pilegaard H. Resistance exercise alters
MRF and IGF-I mRNA content in human skeletal muscle. J Appl Physiol
95: 1038–1044, 2003.

44. Shepstone TN, Tang JE, Dallaire S, Schuenke MD, Staron RS, and
Phillips SM. Short-term high- vs. low-velocity isokinetic lengthening
training results in greater hypertrophy of the elbow flexors in young men.
J Appl Physiol 5: 1768–1776, 2005.

45. Smith MR, Finkelstein JS, McGorvern FJ, Zietman AL, Fallon MA,
Schoenfeld DA, and Kantoff PW. Changes in body composition during
androgen depriviation therapy for prostate cancer. J Clin Endocrinol
Metab 87: 599–603, 2002.

46. Staron RS, Karapondo DL, Kraemer WJ, Fry AC, Gordon SE, Falkel
JE, Hagerman FC, and Hikida RS. Skeletal muscle adaptations during
early phase of heavy-resistance training in men and women. J Appl
Physiol 76: 1247–1255, 1994.

47. Storer TW, Magliano L, Woodhouse L, Lee ML, Dzekov C, Dzekov J,
Casaburi R, and Bhasin S. Testosterone dose-dependently increases
maximal voluntary strength and leg power, but does not affect fatigability
or specific tension. J Clin Endocrinol Metab 88: 1478–1485, 2003.

48. Suetta C, Magnusson SP, Rosted A, Aagaard P, Jakobsen AK, Larsen
LH, Duus B, and Kjaer M. Resistance training in the early postoperative
phase reduces hospitalization and leads to muscle hypertrophy in elderly
hip surgery patients—a controlled, randomized study. J Am Geriatr Soc
12: 2016–2022, 2004.

49. Tipton KD and Wolfe RR. Exercise, protein metabolism, and muscle
growth. Int J Sport Nutr Exerc Metab 11: 109–132, 2001.

50. Volek JS. Influence of Nutrition on responses to resistance training. Med
Sci Sports Exerc 36: 689–696, 2004.

51. Walker KS, Kambadur R, Sharma M, and Smith HK. Resistance
training alters plasma myostatin but not IGF-1 in healthy men. Med Sci
Sports Exerc 36: 787–793, 2004.

52. Weissberger AJ and Ho KK. Activation of the somatotropic axis by
testosterone in adult males: evidence for the role of aromatization. J Clin
Endocrinol Metab 76: 1407–1412, 1993.

53. Widrick JJ, Stelzer JE, Shoepe TC, and Garner DP. Functional
properties of human muscle fibers after short-term resistance exercise
training. Am J Physiol Regul Integr Comp Physiol 283: R408–R416, 2002.

54. Willoughby DS and Taylor L. Effects of sequential bouts of resistance
exercise on androgen receptor expression. Med Sci Sports Exerc 36:
1499–1506, 2004.

55. Woolstenhulme MT, Conlee RK, Drummond MJ, Stites AW, and
Parcell AC. Temporal response of desmin and dystrophin proteins to
progressive resistance exercise in human skeletal muscle. J Appl Physiol
6: 1876–1882, 2006.

56. Wu FCW. Endocrine aspects of anabolic steroids. Clin Chem 43: 1289–
1292, 1997.

57. Yarasheski KE, Zachwieja JJ, and Bier DM. Acute effects of resistance
exercise on muscle protein synthesis rate in young and elderly men and
women. Am J Physiol Endocrinol Metab 265: E210–E214, 1993.

58. Zitzmann M and Nieschlag E. Effects of androgen replacement on
metabolism and physical performances in male hypogonadism. J Endo-
crinol Invest 26: 886–892, 2003.

E1332 ENDOGENOUS TESTOSTERONE AND STRENGTH TRAINING

AJP-Endocrinol Metab • VOL 291 • DECEMBER 2006 • www.ajpendo.org

 on January 17, 2007 
ajpendo.physiology.org

D
ow

nloaded from
 

http://ajpendo.physiology.org

