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Abstract

Purpose Although endogenous testosterone levels are demonstrated to be affected by both acute exercise and resistance
training, the dynamic regulation of androgen production after physical activity is still a matter of debate. This meta-analysis
was designed to assess whether physical exercise acutely affects testosterone levels in men.

Methods The literature search was conducted to identify longitudinal trials evaluating the acute change of both total testos-
terone (TT) and free testosterone (fT) after physical activity in adult men. Sensitivity analyses were performed considering
the sample collected (blood or saliva), the intensity of the physical exercise and the interval between the end of the exercise
and the sample collection.

Results Forty-eight studies were included in the analysis, accounting for 126 trials. A total of 569 patients were enrolled
(mean age 29.7 + 13.1 years). The physical activity increased acutely TT (standardized mean difference 0.74, 95%CI: 0.56,
0.91 nmol/L), considering both serum and saliva samples (p < 0.001). Testosterone increased after moderate (p <0.001) and
high-intensity (p <0.001) exercises, but not after mild physical activity (p=0.19). Moreover, the testosterone increase was
evident when measured immediately at the end of the exercise and within 30 min (p <0.001), but not after 30 min (p =0.930).
Similar significant results were obtained considering fT, while SHBG did not change after physical activity (p =0.090).
Conclusion The comprehensive evaluation of the acute physical activity effect on testosterone levels identified a clear increase
after exercise, irrespective of the sample collected. The main determinant of this fluctuation was the exercise intensity, with
a mechanism that seems to be mostly SHBG independent. In particular, moderate/intense physical activity resulted able to
increase endogenous androgenic production, albeit acutely and transitory.

Trial registration number PROSPERO registration ID: 157348
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Introduction

Electronic supplementary material The online version of this Testosterone is the prime suspect in sport medicine during
article (https://doi.org/10.1007/s40618-020-01251-3) contains anti-doping practice, considering its documented performance-
supplementary material, which is available to authorized users. enhancing properties. In particular, testosterone stimulates
muscle mass, reduces body fat [1], improves physical resist-
ance and increases aggression and motivation for competition
[2, 3]. Thus, not surprisingly, many athletes tried to exploit the
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hormonal fluctuations and the illicit androgenic abuse, the
accurate knowledge of how physical activity could physiologi-
cally influence the hormonal equilibrium becomes crucial. In
recent years, the endocrine response to acute exercise bouts
has received considerable attention [7-9]. In particular, both
the acute cardiovascular exercise and the resistance training
are able to affect testosterone concentrations, although sev-
eral studies highlighted an increasing effect, whereas others
did not [10-12]. In 2014, O’Leary et al. highlighted an acute
testosterone raise after resistance exercise in nine clinical tri-
als enrolling lean sedentary men, but not considering obese
men [13]. This first systematic review evaluated only resist-
ance exercises, which are known to increase muscle mass and
to improve resting metabolic rate [14]. In 2015, Hayes et al.
performed a second meta-analysis, showing a cortisol increase,
without a significant testosterone change, probably due to the
limited number of trials included [15]. Interestingly, this sec-
ond meta-analysis considered trials in which hormonal meas-
urements were performed using saliva samples instead blood
ones. Indeed, the use of saliva for monitoring steroids, peptide
hormones and markers of immune function has become more
attractive to physicians involved in sport medicine, since it can
be collected rapidly, frequently, without the stress induced by
venepuncture, and outside of the laboratory setting. Addition-
ally, a recent meta-analysis enrolling hypogonadal men dem-
onstrated a significant total testosterone increase after physical
exercise that was proportional to the amount and the duration
of the exercise [16]. However, despite the available literature,
which is the dynamic regulation of endogenous hormonal pro-
duction during and after acute physical exercises is still a mat-
ter of debate in both men and women [6]. In particular, does
testosterone acutely increase after physical exercise? Which
exercise is able to affect testosterone levels in men? These two
questions are still unanswered and specific evidences should
be detected in this field.

With this in mind, the current meta-analysis was designed
to shed new evidences on the physiological hormonal
changes after physical activity, evaluating whether physical
exercise acutely affects testosterone levels in men. Moreover,
regarding the high heterogeneity of studies available in the
literature, this study intended to identify the main regulatory
factors of this suggested variation, considering the exercise
intensity, the time elapsed between the end of exercise and
the sample collection and the laboratory methodology used
to measure testosterone.

Materials and methods

First, this meta-analysis was registered in the International
Prospective Register of Systematic Reviews (PROSPERO;
registration ID 157348) to ensure originality and trans-
parency of the review process. Cochrane Collaboration
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and PRISMA statement were followed to perform the
meta-analysis.

Data sources and search

Literature search was performed considering the fol-
lowing criteria in MEDLINE and Embase databases:
(“testosterone”[All Fields] OR “testosterone serum
level”[All Fields] OR “testosterone level”[All Fields] OR
“androgens”[All Fields]) AND (“sport”[All Fields] OR
“exercise”’[All Fields] OR “physical activity”[All Fields]).
All studies published until October 31th 2019 were
considered.

Study selection and inclusion criteria

The following inclusion criteria were considered: (i) longi-
tudinal design, both prospectively and retrospectively, (ii)
male gender, (iii) adult subjects (age older than 18 years),
(iv) testosterone levels reported before and after physical
activity, (v) evaluation of an acute effect of physical activ-
ity, within 1 h of the end of the exercise, (vi) any physical
activity, (vii) no other concomitant treatments possibly inter-
fering with sexual hormones, such as hormones, diet, inte-
gration, etc. On the other hand, exclusion criteria were: (i)
pre-pubertal boys or men younger than 18 years, (ii) chronic
comorbidities, such as diabetes mellitus or genetic diseases,
(iii) evaluation of hormonal changes after chronic, fraction-
ated, physical activity (alternating periods of rest and activ-
ity), (iv) case—control studies in which the chronic physical
activity effect on hormones was evaluated comparing trained
with untrained subjects.

Data collection process and quality

Three authors performed separately the literature search and
extracted the abstracts of studies of interest. All abstracts
were evaluated for inclusion criteria and the data were
extracted from each study considered eligible, with regard to
the study design, year of publication and number of included
subjects.

Data were extracted using testosterone levels before
and after exercise as primary endpoint, considering sex
hormone-binding globulin (SHBG) and free testosterone as
secondary endpoints. All testosterone measurements were
converted in nmol/L and free testosterone into pmol/L.

Moreover, for each work included, the following param-
eters were extracted: (i) type of exercise, (ii) duration of
exercise, (iii) intensity of exercise, (iv) time elapsed between
the end of the exercise and hormone measurements and (V)
laboratory method used to measure testosterone levels, with
particular attention to the specimen selected for the assay
(i.e. serum and/or saliva).
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To classify physical activity intensity, one of the more
accurate measurements consist in the evaluation of the
maximal intensity of the exercise. Among different methods
available to obtain this parameter, the repetition maximum
(1RM) [17, 18] or the maximum oxygen uptake (VO,,..)
[19, 20] are the most used and reliable. We extracted all
definition of exercise intensity reported in each included
study, dividing the physical activity intensity in three catego-
ries (mild, moderate, high), considering either the intensity
reported in the manuscript or the percentage of the maximal
exercise intensity described. Thus, mild intensity was con-
sidered until the 60% of maximal exercise intensity, moder-
ate between 60 and 80% and high above than 80%.

Data synthesis and analysis

Using the Review Manager (RevMan) 5.3 Software (Ver-
sion 5.3.1 Copenhagen: The Nordic Cochrane Centre, The
Cochrane Collaboration, 2014), continuous variables were
comprehensively evaluated as inverse variance of mean vari-
ables. The fixed model was initially used, whereas the ran-
dom effect model was applied in case of /* higher than 60%.
However, since the validity of heterogeneity tests can be
limited with a small number of component studies, random
effect model was used also when heterogeneity was lower
than 60%. The heterogeneity degree among different stud-
ies was examined by inspecting both the scatter in the data
points and the overlap in their confidence intervals (CIs),
and by performing I? statistics. Weighted mean differences
and 95% ClIs were estimated for each endpoint. Standard-
ized mean difference was considered when standard devia-
tion showed higher heterogeneity among studies included in
the analysis. Values of p <0.05 were considered statistically
significant.

The analysis was performed considering the overall
group of studies included together and then subdivided
according to the sample collected (i.e. saliva or blood).
Indeed, since the potential surrogate role of salivary tes-
tosterone to measure serum testosterone remains to be
completely determined, the evaluation of physical activ-
ity effect on testosterone could be different considering
the assays used to detect hormone levels. Then, sensitivity
analyses were performed first considering the methodolo-
gies used to measure testosterone. Indeed, the intra- and
inter-assay coefficients of variation of radioimmunoassay
(RIA) have been reported to be below 5%, showing greater
sensitivity than enzyme-linked immunosorbent assay
(ELISA). Second, sensitivity analyses were performed
considering the intensity of the physical exercise as previ-
ously reported. Third, sensitivity analyses were performed
considering the interval between the end of the physical
activity and the samples collection. To this purpose, three
categories were created, considering samples obtained (i)

immediately after the activity (0—2 min), (ii) within 30 min
(3-30 min), and (iii) within 60 min (31-60 min). Finally,
since both professional and non-professional athletes have
been enrolled in studies included, we performed a sensitiv-
ity analysis, excluding those trials in which professional
men were considered. Meta-regression models were con-
ducted to investigate the possible covariates that could
affect the estimates.

Results
Study selection

Figure 1 shows the literature searching process. Of the 5120
publications initially identified, 4411 remained after dupli-
cates removal. According to inclusion criteria, 158 poten-
tially relevant studies have been extracted, based on the
information given in the abstract. All trials were thoroughly
appraised for eligibility in the meta-analysis and methodo-
logical quality. Among these, 110 studies were excluded
for the following reasons: (i) in 72 studies, numerical data
about testosterone levels before and after physical activity
could not be extrapolated, (ii) 17 trials evaluated hormonal
changes after chronic, fractionated, physical activity (alter-
nating periods of rest and activity), (iii) 9 studies did not
present an experimental study design (i.e. reviews of the lit-
erature), (iv) 4 studies did not consider any physical activity,
(v) three studies enrolled boys younger than 18 years, (vi) 2
studies enrolled only female athletes, (vii) 2 studies involved
animal models and (viii) 1 study considered the effect of tes-
tosterone replacement therapy on physical activity in hypo-
gonadal patients. Finally, 48 studies were included in the
analysis, accounting for 126 trials (Table 1, Fig. 1, Table 2).

Study characteristics

Table 1 reassumes study characteristics. Ten studies were
randomized clinical trials, whereas the remaining 79.2%
of included studies did not provide a randomization of
patients enrolled. Only the 14.6% of included studies (7 tri-
als), enrolled professional athletes (Table 1). A total of 569
patients were enrolled with a mean age of 29.7 +13.1 years.

Thirteen studies evaluated hormone levels on saliva
samples, whereas the vast majority of studies considered
serum samples (72.4%) (Table 1). All 126 trials included
in the analysis reported total testosterone levels before and
after physical activity (Table 2). SHBG measurements were
available in 8 studies, for a total of 28 trials (21.4%). Free
testosterone was reported in 12 studies, for a total of 26 tri-
als (20.6%).
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Fig.1 Study flow diagram

Total Testosterone change after physical activity

Overall, 77 trials evaluated serum testosterone levels and
49 saliva for a total of 3194 subjects. The acute physi-
cal activity increased total testosterone levels (p <0.001),
considering both serum (p <0.001) and saliva samples
(p <0.001) (Fig. 2). Considering the subjects age, seven
studies for nine trials evaluated men older than 40 years.
Excluding these trials, total testosterone remained signifi-
cantly higher after physical exercise both in serum (0.71,
95%CI 0.48, 0.94 nmol/L, p <0.001) and in saliva (0.79,
95%CI 0.48, 1.09 nmol/L, p <0.001). Similarly, testoster-
one raise remained statistical significant (p <0.001) also
after exclusion of studies enrolling professional athletes.

@ Springer

Sensitivity analyses were performed and studies were
divided according to the physical activity intensity. Tes-
tosterone levels significantly increased after moderate-
(p<0.001) and high-intensity (p <0.001) exercises. Mild
physical activity did not significantly change testosterone
levels (p=0.190) (Fig. 3). Testosterone raise remained sig-
nificant after moderate (0.87, 95%CI 0.58, 1.15 nmol/L,
p<0.001) and high (0.73, 95%CI 0.47, 1.00, p <0.001)
intensity exercise also considering only subjects younger
than 40 years.

Testosterone significantly increased after activity when
measured 0—2 min after the exercise (0.90, 95%CI 0.66,
1.14 nmol/L, p < 0.001), but not after 3 min (3—-30 min: 0.77,
95%CI 0.46, 1.09 nmol/L, p <0.001 and 31-60 min: — 0.02,
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Table 1 (continued)

Sample Laboratory

Physical Interval

Pshysical
activity

Physical activity type Physical activity

Year Subjects  Age (years) Profes- Athletes

Journal

Author

method

between

activity

duration

(description)

descrip-
tion

sional or
not-pro-
fessional

(n)

exercise
and

intensity
(catego-
rized)

intensity
(descrip-

tion)

examina-
tion

Blood RIA

0 min

High

Maximal

120 m run 15s

Not speci- Not speci-

20-26

1980 5

Scand J

Kuop-

speed

fied

fied

Clin Lab
Invest

pasalmi

ELISA enzyme-linked immunosorbent assay, HR,,, maximum heart rate, NAnot available, RIA radioimmunoassay, RM repetition maximum, VO,,,,. maximal oxygen uptake, W, . peak power

output

95%CI — 0.41, 0.38 nmol/L, p=0.930) (Supplementary
Fig. 1). Similarly, testosterone remained significantly higher
after exercise collecting sample 0—2 min (0.91, 95%CI 0.66,
1.16 nmol/L, p <0.001) and 3-30 min (0.70, 95%CI 0.37,
1.03 nmol/L, p <0.001) after activity, but not 31-60 min
(0.03, 95%CI — 0.37, 0.44 nmol/L, p=0.860) considering
subjects younger than 40 years. Meta-regression analysis
showed that increase in testosterone level after exercise
was inversely associated with the time elapsed between the
end of the exercise and hormone assessments (f=— 0.015;
p=0.02), meaning that each minute from the end of physical
activity resulting in 0.015 nmol/L decrease of total testos-
terone level.

Moreover, sensitivity analyses were performed consider-
ing the laboratory methodology used to measure testosterone
levels. Thus, two groups were created, considering ELISA
and RIA methods. Testosterone levels significantly increased
after physical exercise considering both ELISA (0.83,
95%CI1 0.42, 1.03 nmol/L, p <0.001) and RIA (0.64, 95%ClI
0.42, 0.87 nmol/L, p <0.001). Trials enrolling subjects older
than 40 years used only RIA methodology. Thus, sensitivity
analysis considering subjects younger than 40 years was per-
formed only for RIA methods, confirming the same signifi-
cant testosterone raise after physical activity (0.64, 95%CI:
0.40, 0.88 nmol/L, p <0.001). Furthermore, meta-regression
analysis showed a positive and significant association with
the duration of physical activity (p=0.004, p=0.002), but
not significant relationship with age of enrolled subjects
(p=0.55) was found.

Free testosterone change after physical activity

Twenty-six trials reported free testosterone measurement for
a total of 582 subjects. All trials used RIA to measure free
testosterone on serum sample. Free testosterone serum levels
significantly increased after physical activity (1.09, 95%CI
0.59, 1.59 pmol/L, p <0.001) (Supplementary Fig. 2). Con-
sidering subjects younger than 40 years, free testosterone
remained significantly higher after exercise (0.90, 95%CI
—0.42, 1.39, pmol/L, p <0.001). Similarly, free testoster-
one significantly increased (p <0.001) also after exclusion
of studies enrolling professional athletes.

Sensitivity analysis confirmed. Sensitivity analysis con-
firmed a significant free testosterone increase after exercise
only when moderate (p=0.002) or high intensity has been
applied (< 0.001). On the contrary, free testosterone did not
change after mild (p =0.270) physical activity (Fig. 4). Sim-
ilar results were maintained considering subjects younger
than 40 years. In particular, free testosterone remained sig-
nificantly high after physical exercise for moderate (0.68,
95%CI 0.20, 1.16 pmol/L, p=0.006) and high-intensity
exercise (1.73, 95%CI 0.25, 3.21 pmol/L, p =0.020).
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Table 2 126 trials included in the meta-analysis with regard to physical activity intensity (described and categorized)

Author Journal Year Physical activity Pshysical activity Physical activity Interval between
duration intensity (description) intensity (catego- exercise and
rized) examination
Poderoso Int J Environ Res 2019 NA High High 5 min
Public Health
Ahmadi (A) Sport Sci Health 2017 40 min High High 0 min
Ahmadi (B) Sport Sci Health 2017 40 min High High 0 min
Hayes Endocr Connect 2017 NA High High 5 min
Rosety Nutr Hosp 2017 NA High High 60 min
Hayes The aging male 2015 NA High High 60 min
Budnar (A) J Strength Cond Res 2014 30 min 70% of predictive Moderate 0 min
HR,,, for age
Budnar (B) J Strength Cond Res 2014 30 min 70% of predictive Moderate 15 min
HR_,, for age
Budnar (C) J Strength Cond Res 2014 30 min 70% of predictive Moderate 30 min
HR,,,, for age
Di Blasio (A) J Sports Med Phys 2014 NA High High 1 min
Fitness
Di Blasio (B) J Sports Med Phys 2014 NA High High 1 min
Fitness
Di Blasio (C) J Sports Med Phys 2014 NA High High 1 min
Fitness
Hayes (A) J Physiol Biochem 2014 NA High High 5 min
Hayes (B) J Physiol Biochem 2014 NA High High 5 min
Hayes (C) J Physiol Biochem 2014 NA High High 5 min
Hayes (D) J Physiol Biochem 2014 NA High High 5 min
Lane and Hackney Hormones 2014 30 min Low Mild 30 min
A)
Lane and Hackney Hormones 2014 30 min Low Mild 60 min
(B)
Lane and Hackney Hormones 2014 30 min Moderate Moderate 30 min
©
Lane and Hackney Hormones 2014 30 min Moderate Moderate 60 min
D)
Lane and Hackney (E) Hormones 2014 30 min High High 30 min
Lane and Hackney (F) Hormones 2014 30 min High High 60 min
Lane and Hackney Hormones 2014 30 min Low Mild 30 min
(©)
Lane and Hackney Hormones 2014 30 min Low Mild 60 min
(H)
Lane and Hackney (I) Hormones 2014 30 min Moderate Moderate 30 min
Lane and Hackney (L) Hormones 2014 30 min Moderate Moderate 60 min
Lane and Hackney Hormones 2014 30 min High High 30 min
M)
Lane and Hackney Hormones 2014 30 min High High 60 min
™)
Rosety-Rodriguez International Braz J 2014 30-45 min Moderate Moderate NA
Urol
Sgro (A) J Endocrinol Invest 2014 30 min Moderate Moderate 0 min
Sgro (B) J Endocrinol Invest 2014 30 min Moderate Moderate 15 min
Sgro (C) J Endocrinol Invest 2014 30 min Moderate Moderate 30 min
Sgro (D) J Endocrinol Invest 2014 30 min Moderate Moderate 60 minues
Sgro (E) J Endocrinol Invest 2014 NA High High 0 min
Sgro (F) J Endocrinol Invest 2014 NA High High 15 min
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Table 2 (continued)

Author Journal Year Physical activity Pshysical activity Physical activity Interval between
duration intensity (description) intensity (catego- exercise and
rized) examination
Sgro (G) J Endocrinol Invest 2014 NA High High 30 min
Sgro (H) J Endocrinol Invest 2014 NA High High 60 min
Cadore (A) J Strength Cond Res 2012 NA Medium (50 W) Moderate 15 min
Cadore (B) J Strength Cond Res 2012 NA Medium (50 W) Moderate 15 min
Caruso J Strength Cond Res 2012 NA High speed High 2 min
Crewther (A) Physiol Behav 2012 NA Moderate with Moderate 5 min
increasing range 40,
60, 70% of 1RM
Crewther (B) Physiol Behav 2012 NA Moderate with Moderate 5 min
increasing range 40,
60, 70% of 1IRM
Lovell (A) Steroids 2012 30 min High High 30 min
Lovell (B) Steroids 2012 30 min High High 30 min
Peeri (A) Middle East J Sci Res 2012 30 min 70% of HR . Moderate 0 min
Peeri (B) Middle East J Sci Res 2012 30 min 70% of HR . Moderate 60 min
Simao (A) Appl. Physiol. Nutr. 2012 NA High High 0 min
Metab
Simao (B) Appl. Physiol. Nutr. 2012 NA High High 0 min
Metab
Villanueva (A) J Strength Cond Res 2012 NA 85% of IRM High 2 min
Villanueva (B) J Strength Cond Res 2012 NA 85% of IRM High 15 min
Azarbayjani (A) Int J Exerc Sci 2011 25 min Medium (70% of Moderate 5 min
HRmax)
Azarbayjani (B) Int J Exerc Sci 2011 25 min Medium (70% of Moderate 5 min
HRmax)
Azarbayjani (C) Int J Exerc Sci 2011 25 min Medium (70% of Moderate 5 min
HRmax)
Azarbayjani (D) Int J Exerc Sci 2011 25 min Medium (85% of Moderate 5 min
HRmax)
Azarbayjani (E) Int J Exerc Sci 2011 25 min Medium (85% of Moderate 5 min
HRmax)
Azarbayjani (F) Int J Exerc Sci 2011 25 min Medium (85% of Moderate 5 min
HRmax)
Blair (A) J Strength Cond Res 2011 30 min 647+69 W Moderate 0 min
Blair (B) J Strength Cond Res 2011 30 min 2398 +345 W Moderate 0 min
Hough (A) J Strength Cond Res 2011 30 min Moderate (75% of Moderate 0 min
Wmax)
Hough (B) J Strength Cond Res 2011 30 min Moderate (75% of Moderate 0 min
Wmax)
Hough (C) J Strength Cond Res 2011 30 min Moderate (altern- Moderate 0 min
ing 60% to 90% of
Wmax)
Hough (D) J Strength Cond Res 2011 30 min Moderate (altern- Moderate 0 min
ing 60% to 90% of
Wmax)
Hough (E) J Strength Cond Res 2011 30 min Moderate (altern- Moderate 0 min
ing 55% to 80% of
Wmax)
Hough (F) J Strength Cond Res 2011 30 min Moderate (altern- Moderate 0 min
ing 55% to 80% of
Wmax)
Meckel (A) J Strength Cond Res 2011 NA Medium (80% of High 2 min

maximum speed)
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Table 2 (continued)

Author Journal Year Physical activity Pshysical activity Physical activity Interval between
duration intensity (description) intensity (catego- exercise and
rized) examination
Meckel (B) J Strength Cond Res 2011 NA Medium (80% of High 2 min
maximum speed)
Meckel (C) J Strength Cond Res 2011 NA Medium (80% of High 2 min
maximum speed)
Meckel (D) J Strength Cond Res 2011 NA Medium (80% of High 2 min
maximum speed)
Crewther (A) J Sports Med Phys 2010 30s NA Moderate 1 min
Fitness
Crewther (B) J Sports Med Phys 2010 30s NA Moderate 10 min
Fitness
Crewther (C) J Sports Med Phys 2010 30s NA Moderate 20 min
Fitness
Crewther (D) J Sports Med Phys 2010 30s NA Moderate 30 min
Fitness
Crewther (E) J Sports Med Phys 2010 30s NA Moderate 60 min
Fitness
Crewther (F) J Sports Med Phys 2010 30s NA Moderate 1 min
Fitness
Crewther (G) J Sports Med Phys 2010 30s NA Moderate 10 min
Fitness
Crewther (H) J Sports Med Phys 2010 30s NA Moderate 20 min
Fitness
Crewther (I) J Sports Med Phys 2010 30s NA Moderate 30 min
Fitness
Crewther (L) J Sports Med Phys 2010 30s 88% of 1 RM Moderate 60 min
Fitness
Fry Human Physiology 2010 NA 70% of 1 RM Moderate 5 min
Migiano (A) J Strength Cond Res 2009 30 min 80% of 1 RM High 0 min
Migiano (B) J Strength Cond Res 2009 30 min 80% of 1 RM High 5 min
Ramson (A) J Strength Cond Res 2009 40 min 80% of the inten- High 5 min
sity of anaerobic
threshold
Ramson (B) J Strength Cond Res 2009 40 min 80% of the inten- High 5 min
sity of anaerobic
threshold
Ramson (C) J Strength Cond Res 2009 40 min 80% of the inten- High 5 min
sity of anaerobic
threshold
Beaven (A) J Strength Cond Res 2008 NA 70% of 1 RM Moderate 0 min
Beaven (B) J Strength Cond Res 2008 NA 70% of 1 RM Moderate 30 min
Beaven (C) J Strength Cond Res 2008 NA 85% of 1 RM High 0 min
Beaven (D) J Strength Cond Res 2008 NA 85% of 1 RM High 30 min
Beaven (E) J Strength Cond Res 2008 NA 55% of 1 RM Mild 0 min
Beaven (F) J Strength Cond Res 2008 NA 55% of 1 RM Mild 30 minnutes
Beaven (G) J Strength Cond Res 2008 NA 40% of 1 RM Mild 0 min
Beaven (H) J Strength Cond Res 2008 NA 40% of 1 RM Mild 30 min
Cadore (A) J Strength Cond Res 2008 20 min 75% of the 1 RM Moderate 10 min
Cadore (B) J Strength Cond Res 2008 20 min 75% of 1 RM Moderate 10 min
Crewther (A) J Strength Cond Res 2008 22 min 45% of 1 RM Mild 0 min
Crewther (B) J Strength Cond Res 2008 22 min 75% of 1 RM Moderate 0 min
Crewther (C) J Strength Cond Res 2008 22 min 100% of 1 RM High 0 min
Karkoulias Eur J Intern Med 2008 4.4h (3.3-5.23) NA Moderate 60 min
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Table 2 (continued)

Author Journal Year Physical activity Pshysical activity Physical activity Interval between
duration intensity (description) intensity (catego- exercise and
rized) examination
Vuorimaa Scand J Med Sci 2008  2:21:54 (0:04:30) VO, 75.743.6 Moderate 10 min
Sports
Smilios (A) Int J Sport Med 2007 NA 60% of 1 RM Mild 0 min
Smilios (B) Int J Sport Med 2007 NA 60% of 1 RM Mild 0 min
Daly Eur J Appl Physiol 2005 84.8+3.8 min 100% of 1 RM High 0 min
Trembley (A) Eur J Appl Physiol 2005 40 min 50% of 1 RM Mild 40 min
Trembley (B) Eur J Appl Physiol 2005 120 min 55% of 1IRM Mild 0 min
Viinidnen (A) J Sport Med Phys 2004 3 h, 9 min, Classical skiing Moderate 60 min
Fitness 51s+35min, 7s technique
Viininen (B) J Sport Med Phys 2004 2 h, 44 min, Free skiing technique Moderate 60 min
Fitness 24 s+33 min, 22 s
Castellani (A) Eur J Appl Physiol 2001 20 min Ergometer resist- Moderate NA
ance set at 0.03 kg/
kg body mass;
hand rim pushing
frequency set by a
metronome at 60
strokes/minute
Castellani (B) Eur J Appl Physiol 2001 20 min Ergometer resist- Moderate NA
ance set at 0.03 kg/
kg body mass;
hand rim pushing
frequency set by a
metronome at 60
strokes/minute
Suay (A) Psychoneuroendocri- 1999 NA NA Moderate 10 min
nology
Suay (B) Psychoneuroendocri- 1999 NA NA Moderate 30 min
nology
Fahrner Int J Sport Med 1998 45 min 70% of VO,,.x Moderate 0 min
Bonifazi (A) Eur J Appl Physiol 1996 60 min in the morn-  Running speed Moderate 0 min
ing corresponding to
2 mmol’ 1-1 lactate
(v~), calculated
by extrapolation or
interpolation
Bonifazi (B) Eur J Appl Physiol 1996 60 min in the after- Running speed Moderate 0 min
noon corresponding to
2 mmol’ 1-1 lactate
(v~), calculated
by extrapolation or
interpolation
Zmuda Metabolism 1996 60 min Each exercise was Moderate 0 min
designed to approxi-
mate 50%, 60%,
70% and 80% of
HRmax
Marinelli Horm Res 1994 5h,39 minto 8 h, NA Moderate 0 min
34 min
Gray Eur J Appl Physiol 1993  to exhaustion VO, 64.3£3.8 Moderate 0 min
Hakkinen J Appl Physiol 1993 NA 70% of 1IRM Moderate 0 min
Jensen (A) Eur J Appl Physiol 1991 90 min VO, 68.4+4.6 Moderate 0 min
Jensen (B) Eur J Appl Physiol 1991 90 min 80% of IRM High 0 min
Pestel Clin Exp Pharmacol ~ 1989 NA NA Moderate 15 min
Physiol
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Table 2 (continued)

Author Journal Year Physical activity Pshysical activity Physical activity Interval between
duration intensity (description) intensity (catego- exercise and
rized) examination
Vogel Med Sci Sports Exerc 1985 45 min 50% of VO, ax Mild 15 min
Guglielmini (A) Int J Sport Med 1984 1 h, 30 min (1:24— NA High 0 min
1:34)
Guglielmini (B) Int J Sport Med 1984 1h NA High 0 min
Guglielmini (C) Int J Sport Med 1984 2 h, 33 min (2:19— NA High 0 min
2:52)
Guglielmini (D) Int J Sport Med 1984 14 h (7:45-19:36) NA High 0 min
Kuoppasalmi Scand J Clin Lab 1980 15s Maximal speed High 0 min
Invest

HR,,,.maximum heart rate, NAnot available, RM repetition maximum, VO,,, .. maximal oxygen uptake, W, . peak power output

The free testosterone increases after physical activity
remained when blood sample has been obtained 0—2 min
after exercise (1.77, 95%C1 0.75, 2.80 pmol/L, p <0.001) and
3-30 min after (0.95, 95%CI 0.44, 1.46 pmol/L, p <0.001).
On the other hand, no differences were obtained when blood
samples were collected 31-60 min after the physical exer-
cise (0.06, 95%CI — 0.69, 0.82 pmol/L, p=0.870) (Sup-
plementary Fig. 3). Similarly, free testosterone was signifi-
cantly higher after exercise in subjects younger than 40 years
when measured 0-2 min (1.48, 95%CI: 0.50, 2.46 pmol/L,
p=0.003) and 3-30 min (0.66, 95%CI: 0.29, 1.03, pmol/L,
p <0.001) after exercise, but nor when measured 31-60 min
after (0.28, 95%CI — 0.52, 1.08 pmol/L, p =0.490).

SHBG change after physical activity

Twenty-three trials reported SHBG levels, for a total of
531 subjects. All trials measured SHBG on serum sample.
SHBG did not change after physical activity (0.19, 95%CI
— 0.03, 0.40 nmol/L, p=0.090) (Supplementary Fig. 4).
Similar results were obtained considering only subjects
younger than 40 years (p =0.090) and after exclusion of
professional athletes (p =0.092).

SHBG serum levels were significantly higher after physi-
cal activity when high-intensity exercise was performed
(p=0.020). On the contrary, SHBG did not change after
physical activity considering moderate-intensity exercise
(»=0.530) (Fig. 5). However, when only subjects younger
than 40 years were considered, SHBG did not change after
exercise, considering both moderate (0.17, 95%CI — 0.08,
0.42 nmol/L, p=0.190) and high (0.30, 95%CI — 0.04, 0.64,
nmol/L, p=0.090) intensity exercise.

SHBG did not change after exercise, neither 0—2 min after
(0.25,95%CI — 0.22, 0.72, nmol/L, p =0.290) nor 3-30 min
(0.13, 95%CI — 0.13, 0.38 nmol/L, p=0.340), or 31-60 min
after the exercise (0.00, 95%CI — 0.48, 0.49 nmol/L,
p=0.990) (Supplementary Fig. 5). Similar results remained

@ Springer

considering only subjects younger than 40 years (data not
shown).

Discussion

The comprehensive evaluation of the acute physical exer-
cise influence on androgens serum levels clearly describes a
quick and transient testosterone increase. Here, we confirm
previous suggestion that physical activity increases testos-
terone levels in animal models [21, 22] and humans [13, 15].
Moreover, our systematic revision of the literature highlights
those factors potentially able to influence this hormonal
raise. First, testosterone increases immediately after physi-
cal activity and, in any case, within 30 min since the end of
the acute exercise. As a confirm, no differences with baseline
levels are detected after 1 h from the end of the physical
activity and meta-regression analysis showed an inverse rela-
tionship between testosterone level and time from the end of
physical activity. This detection suggests that physical exer-
cise rapidly influences the anabolic/catabolic balance in the
human body, with a potential stronger effect on anabolic hor-
mones. However, at the end of physical activity, this effect is
rapidly lost, returning the hormonal balance to its basal state.
In this setting, the physical exercise intensity seems to be the
most relevant influencing factor. Indeed, only moderate- and
high-intensity exercises (defined as higher than 80% of the
maximal exercise) are able to increase testosterone levels, as
opposed to mild exercise, which shows no effect. In details,
when a high physical intensity is performed, both total and
free testosterone increase, together with a SHBG serum lev-
els raise. Thus, the acute physical high/moderate-intensity
exercise stimulates the anabolic function of the body, with
also an increased protein production by the liver. Similar
alterations in serum SHBG levels are already reported in
different trials, although there is no unanimous consensus
on the overall trend [23]. Here, since an increase in free
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Fig.2 Forest plots depicting

the standardized mean differ-
ence in serum levels of total
testosterone between before and
after acute physical exercise.
Diamonds indicate the overall
summary estimates for the
analyses (width of the diamonds
represents the 95% CI); boxes
indicate the weight of individual
studies in the pooled analy-

ses. Serum total testosterone
levels are reported in nmol/l. CI
confidence interval, df degrees
of freedom, IV inverse variance,
M—-H Mantel-Haenszel, SD
standard deviation

SD_Total Weight

Std. Mean Difference

IV, Random, 95% CI Year

Std. Mean Difference
IV, Random, 95% CI

5
30
16

9

7
10

2

7

158
26.7
171
193
152
16.38
85
164
173
231
2

After

Study or Subgroup __Mean __SD_Total Mean
1.1.1 Blood

Kuoppasaimi 1980 157 34
Guglielmini 1984d 18.2 82
Guglielmini 1984¢ 248 158
Guglielmini 1984b. 267 13
Guglielmini 1984a 232 144
Vogel 1985 19.29 149
Pestel 1989 2 15
Jensen 1991a 25 53
Jensen 1991b 22 36
Hakkinen 1993 286 59
Gray 1993 3606 13.52
Marinelli 1994 11.57 244
Bonifazi 1996a 9.4 35
Bonifazi 1996b 153 45
Zmuda 1996 145 35
Fahrmer 1998 278 152
Suay 1999a 2711 198
Suay 1999 2122 135
Castellani 2001b 16.74 227
Castellani 2001a 171 076
Vaananen 2004a 108 38
Vaananen 2004b 92 3
Trembley 2005b 152 34
Daly 2005 21 25
Trembley 2005a 148 52
Smillos 2007a 215 9
Smillos 2007b 262 8
Cadore 2008a 19.1 31
Cadore 20080 208 9
Karkoulias 2008 1.8 3.1
Vuorimaa 2008 286 105
Migiano 2009b 28 2
Ramson 2009b 579 17.7
Migiano 2009a 31 2
Ramson 2009¢ 56.2 48
Ramson 2009a 53 125
Fry 2010 19.9 39
Crewther 2010e 124 18
Crewther 2010d 135 17
Crewther 2010c 15.1 22
Crewther 2010b 152 21
Crewther 2010a 15 14
Hough 2011c % 4
Hough 2011a 32 3
Hough 2011e 305 3
Meckel 2011b 177 38
Meckel 2011a 17 38
Meckel 2011c 187 38
Meckel 2011d 19.8 38
Cadore 2012a 187 4
Cadore 2012b 208 44
Simao 2012a 202 5.1
Simao 2012b 193 48
Villanueva 2012a 307 75
Villanueva 2012b 297 74
Lovell 2012a 196 12
Lovell 20120 193 18
Lane 2014d 225 45
Lane 2014e 234 39
Budnar 2014a 324 118
Budnar 2014c 265 104
Rosety-Rodriguez 2014 83 05
Lane 2014f 257 33
Lane 20142 27 34
Budnar 2014b 285 107
Sgro 2014e 28.05 48
Sgro 2014c 2587 644
Lane 2014c 245 49
Lane 2014b 218 38
Sgro 2014h 2178 454
Sgro 2014f 2538 567
Sgro 2014b 2672 579
Sgro 2014a 2877 6.02
Sgro 2014g 2392 559
Sqro 2014d 2604 58
Ahmadi 2017a 19.13 461

Ahmadi 2017b
Subtotal (95% CI)

i

17.71

39 5 07%
87 30 09%
76 16 09%
74 9 08%
82 7 07%
129 10 07%
15 2 00%
217 07%
23 7 07%
41 10 08%
867 8  0.8%
15 6 06%
91 9 08%
22 7 07%
37 7 07%

097 10 04%
159 26 09%
163 26 08%
29 5 07%
083 4 03%
4110 08%
32 10 08%
55 8 08%
24 22 09%
55 8 08%
61 8 08%
9 9 08%
38 21 09%
38 21 09%
73 11 08%
8 10 08%

2 10 08%
156 8 08%
2 10 08%
104 8 08%

17 8 08%
29 4 05%
16 9 08%
16 9 08%
16 9 08%
16 9 08%
16 9 08%

2 12 06%

110 05%
2 14 08%
38 12 09%
38 12 09%
38 12 08%
38 12 08%
38 10 08%
33 10 08%
48 20 09%
36 20 09%
64 6 07%
64 6 07%
1112 07%
15 12 08%
41 12 09%
29 12 09%
107 10 08%
107 10 08%
06 9 08%
29 12 08%
29 12 08%
107 10 08%
308 12 08%
449 12 08%
41 12 08%
29 12 09%
308 12 0.8%
308 12 08%
449 12 08%
449 12 0.8%
308 12 0.8%
449 12 08%
421 11 08%

1585 497 11 1683 452 11  08%
851

851  59.5%

Heterogeneity: Tau® = 0.68; Chi* = 314.96, df = 76 (P < 0.00001); I = 76%

Test for overall effect: Z = 6.41 (P < 0.00001)

1.1.2 Saliva

Beaven 2008e 0.87 0.11 23
Beaven 2008h 0.88 0.07 23
Beaven 2008a 049 016 11
Beaven 2008f 073 0.4 23
Beaven 2008g 076 021 "
Beaven 2008d 09 007 23
Beaven 2008c 08 014 23
Beaven 2008b 087 0.15 23
Crewther 2008¢ 046 0.11 "
Crewther 2008a 094 007 23
Crewther 2008b 0.79 0.1 23
Crewther 2010f 028 003 9
Crewther 2010g 031 004 9
Crewther 2010h 028 004 9
Crewther 2010i 026 0.04 9
Crewther 20101 021 0.04 9
Azarbayjani 2011e 119 051 10
Azarbayjani 2011f 0.87 068 10
Blair 2011b. 0.37 0.06 30
Hough 2011b 076 006 11
Hough 2011d 086 012 13
Hough 2011f 0.81 0.09 15
Azarbayjani 2011b 076 023 10
Blair 20112 031 004 30
Azarbayjani 2011¢c 09 051 10
Azarbayjani 2011d 07 033 10
Azarbayjani 2011a 099 038 10
Peeri 2012b 03 005 10
Peeri 2012a 032 001 10
Crewther 2012b 067 0.4 12
Caruso 2012 051 007 45
Crewther 2012a 062 0.15 12
Lane 2014h 047 0.08 12
Lane 2014g 042 008 12
Lane 20141 041 0.1 12
Lane 2014i 052 0.11 12
Lane 2014n 052 0.08 12
Lane 2014m 053 008 12
Di Blasio 2014a 058 0.08 8
Di Blasio 2014b 04 012 8
Di Blasio 2014c 033 008 8
Hayes 2014b 046 003 18
Hayes 2014a 047 007 18
Hayes 2014d 041 003 18
Hayes 2014c 048 004 18
Hayes 2015 035 003 17
Rosety 2017 0.34 0.02 17
Hayes 2017 046 003 17
Poderoso 2019 041 003 17
Subtotal (95% C) 746

076
0.84
048
076
047
083

09

09

05
084
0.83
023
023
023
023
023
0.89

05
038
056
056
057
0.89
036
073
0.87

06
029
029
048
044
0.46
041
041
039
039
041
041

03
028
022
041
043
035
048
041
034
041
034

01 23 09%
08 23 09%
012 11 08%
01 23 09%
011 11 0.8%
005 23 0.9%
014 23 0.9%
014 23 0.9%
041 11 08%
008 23 0.9%
005 23 0.9%
003 9 07%
003 9 07%
003 9 08%
003 9 0.8%
003 9 08%
054 10 0.8%
037 10 08%
006 30 1.0%
005 11 06%
006 13 07%
006 15 0.7%
065 10 0.8%
004 30 0.9%
025 10 08%
056 10 0.8%
03 10 08%
002 10 0.8%
002 10 0.7%
041 12 0.8%
01 45 10%
011 12 08%
008 12 0.8%
008 12 0.9%
008 12 09%
008 12 0.8%
009 12 0.8%
009 12 0.8%
005 8 05%
008 8 0.7%
004 8 07%
003 18 0.9%
003 18 0.9%
003 18 0.8%
002 18 0.9%
003 17 08%
003 17 0.9%
003 17 0.9%
003 17 08%
746 40.5%

Heterogeneity: Tau® = 0.88; Chit = 315.53, df = 48 (P < 0.00001); I = 85%

Test for overall effect: Z = 5.29 (P < 0.00001)

Total (95% CI) 1597
Heterogeneity: Tau? = 0.76; Chi* = 631.57, df = 125 (P < 0.00001); I = 80%

Test for overall effect: Z = 8.28 (P < 0.00001)

1597 100.0%

Test for subaroup differences: Chiz = 0.16, df = 1 (P = 0.69), I = 0%

0.02[1.26, 1.21]
0.9 [1.53, -0.45]
061[0.11,132]
067 [-0.29, 1.62]
64[:045,1.72]
2.00[0.88,3.12]
-2.48[-16.62, 11.67]
1.42(0.20, 2.63]
1.46 [0.23, 2.68]
1.04[0.09, 1.98]
0.84[-0.20, 1.87)
-1.61[-2.99, -0.23]
1.31[2.36, -0.27]
145 [0.23, 2.68]
099-0.15,2.12]
5.08[3.12,7.04]
211142, 2.80]
354 [2.65,4.43]
0.13[1.37, 1.11]
3.03[0.53,5.53]
070 [-1.61,021]
080[-1.72,0.12]
029[0.70, 1.28]
1.92[1.20, 2.65]
0.18[0.81, 1.16]
0481052, 1.48]
051[0.43, 1.46]
020[:041,080]
054 [-0.08, 1.16]
086 [1.74,002]
058031, 1.48]
-0.48-1.37,0.41]
0.14[-0.85, 1.12]
0.960.02, 1.89]
057043, 1.58]
0.08-0.90, 1.06]
1.87 [0.02, 3.76]
-0.89[-1.88,0.09]
-0.29 (1.2, 0.64]
54[:040, 1.49]
0.61[0.34, 1.56]
063032, 1.59]
397 [2.50, 5.44]
4.28[2.56, 6.00]
2.09[1.15,3.04]
036 [-0.45, 1.16]
0.18[:0.62, 098]
061021, 143]
0.89[0.04, 1.74]
0.12[[0.75, 1.00]
1.35 [0.36, 2.35]
057 0,06, 1.21]
053[-0.10, 1.16]
0.70[:048, 1.88]
057 [0.59, 1.74]
252140,3.63]
1.40(0.49, 2.31]
038043, 1.19]
034047, 1.14]
0.42[-0.47, 1.30]
0.09[:0.97,0.79]
1.38 [0.32, 2.43]
1.07[0.21,1.94]
055[-0.27, 1.37)
0.09[0.79,0.97]
2.01[1.00,3.02]
073[-0.11,1.56]
0.79[:0.05, 1.63]
0.03[0.83,0.77]
047035, 1.28]
1.16(0.28, 2.04]
0.94[0.08, 1.79]
1.29[0.39, 2.18]
086 [0.02, 1.70]
081[:0.03, 1.65]
031053, 1.15]
020 [-1.04,064]
0.71[0.49, 0.93]

1.03[0.41, 1.65]
007 [0.51,065]
007[:0.77,090]

024 [0.82,034]

1.6 [0.67, 2.66]
1.13[0.50, 1.76]

-0.70 [-1.30, -0.10]

0.20[0.78,0.38]

0.35[-1.19,049]
1.310.67,1.95]

050 [-1.08, 0.09]

1.59 [0.49, 2.68]
215(0.94,3.37]
1.35 [0.30, 2.40]
0.81[0.16, 1.78]

054 [-1.48,041]
0.55[-0.35, 1.44]
0.65[0.26, 1.55]

-0.16 [:0.67,0.34]

348(207,4.89]
3.06[1.88,4.25]
3.05[1.96,4.15]

026 [-1.14,063]

-1.23[1.79,-0.68]
0.41[048, 1.29]

0.35[-1.24,053]

1.09 [0.14, 2.0]
025[:063, 1.13]
1.82[0.74, 2.90]
146 [0.54, 2.38]
0.80(0.37, 1.23]
1.17 [0.30, 2.05]
072011, 1.56]
0.12[0.68,092]
0.21[-0.59, 1.02]
1.31[0.41, 2.20]
1.250.36, 2.14]
1.36 [0.46, 2.26]
3.97[2.11,5.83]
1.11[0.04, 2.19]
1,64 [0.46, 2.82]
1.63[0.86, 2.40]
0.73[0.05, 1.40]
1.96 [1.15, 2.77]
0.001-0.65,0.65]

1.95[2.79, -1.12]
000067, 0.67]

1.63[0.84, 2.42]
2.28[1.39, 3.16]
0.78[0.49,1.07]

0.740.56, 0.91]

1980
1984
1984
1984
1984
1985
1989
1991
1991
1993
1993
1994
1996
1996
1996
1998
1999
1999
2001
2001
2004
2004
2005
2005
2005
2007
2007
2008
2008
2008
2008
2009
2009
2009
2009
2009
2010
2010
2010
2010
2010
2010
2011
2011
2011
2011
2011
2011
2011
2012
2012
2012
2012
2012
2012
2012
2012
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2017
2017

2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2010
2010
2010
2010
2010
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2012
2012
2012
2012
2012
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2015
2017
2017
2019
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t M 1 After Before Std. Mean Difference Std. Mean Difference
Flg' 3 ForeSt plOt lnCIUdlng the Study or Subgroup Mean SD_Total Mean SD Total Weight 1V, Random, 95% CI Year IV, Random, 95% CI
. 2.1.1 Mild intensity
results of sub-group analysis Vogel 1835 1029 148 101638 120 10 07%  2000086,312) 1985 —
Trembley 2005b 15.2 34 8 138 55 8 0.8% 0.29[-0.70, 1.28] 2005 T
on total testosterone serum Trembley 2005a 148 52 8 138 55 8 08% 0.18 [0.81, 1.16] 2005 -
. . . Smillos 2007a 215 9 8 176 6.1 8 0.8% 0.48[-0.52, 1.48] 2007 ™
Smillos 2007b 26.2 8 9 216 9 9 0.8% 0.51[-0.43, 1.46] 2007 ™
level by eXCrClse lntenSIty' Crewther 2008a 046 0.11 11" 05 0.11 1 0.8% -0.35(-1.19, 0.49] 2008 |
. . . Beaven 2008h 08 0.14 23 0.9 0.14 23 0.9% -0.70 [-1.30, -0.10] 2008 |
Diamonds indicate the overall Beaven 2008e 09 007 23 083 005 23 09% 1.13(0.50, 1.76] 2008 -
. Beaven 2008g 0.87 0.15 23 0.9 0.14 23 0.9% -0.20 -0.78, 0.38] 2008 |
summary estimates for the Beaven 20081 079 01 23 083 005 23 09%  -0.50[1.08,009] 2008 B
> ’ Cane 2014 047 008 12 041 008 12 Os% 0720011156 2014 -
Lane 2014g 042 0.08 12 041 008 12 0.8% 0.12[-0.68,0.92] 2014 r
analyses (Wldth Of the dlamonds Lane 2014a 237 34 12 219 29 12 0.8% 0.55[-0.27, 1.37] 2014 ™
Lane 2014b 218 38 12 219 29 12 0.8% -0.03[-0.83,0.77] 2014 T
represents the 95% CI); boxes Subtetal (95% CI) 194 1 odden  vssloromm
. . . . .. Heterogeneity: Tau? = 0.32; Chi = 39.24, df = 13 (P = 0.0002); I* = 67%
indicate the weight of individual Testforovral fect: 2= 1.2 (= 0.19)
M 3 _ 2.1.2 Moderate Intensity
StUdleS ln the pOOled analy Pestel 1989 2 15 2 85 15 2 0.0% -248(-16.62,11.67) 1989 — |
Gray 1993 36.06 13.52 8 26 8.67 8 0.7% 0.84[-0.20, 1.87] 1993 I
ses. Serum total testosterone Fakdinen 1983 286 59 10 201 41 10 08%  104[009,18] 1983 -
. Marnel 1994 18 244 6 181 15 6 05% 1611290023 1904 —
levels are reported in nmol/l. CI Zmuda 1996 145 35 7 107 37 7 0%  099(0.15,212 199 —
R Bonifazi 1996a 94 35 9 189 91 9 0.7% -1.31[-2.36,-0.27] 1996 -
Bonifazi 1996b 15.3 45 7 98 22 7 0.7% 1.45[0.23,2.68] 1996 [
Conﬁdence lnterval’ df degrees Fahrmer 1998 278 152 10 21.04 097 10 0.4% 5.08[3.12,7.04] 1998 -
. . Suay 1999b 2122 135 26 15.84 163 26 0.8% 3.54[2.65,4.43] 1999 -
of freedom, 7V inverse variance, Suay 19958 2741 18 20 2025 155 20 0% 211[142280] 1998 -
Castellani 2001a 171 076 4 1433 083 4 03% 3.03[0.53,5.53] 2001 —
M-H Mantel—HaensZe] SD Castellani 2001b 1674 227 5 1742 29 5 0.7%  -0.13(-1.37,1.11] 2001
. . ? Vaananen 2004b 92 3 10 118 32 10 0.8% -0.80[-1.72,0.12] 2004 |
Vaananen 2004a 108 38 10 137 44 10 0.8% -0.70 [-1.61,0.21] 2004 -
Standard deVlathl’l Crewther 2008b 049 0.16 11 048 012 " 0.8% 0.07 [-0.77,0.90] 2008 T
Boaven 20085 08 007 23 084 08 23 0%  007(051 065 2008 t
Vuorimaa 2008 286 105 10 229 8 10 08% 058 [-0.31, 1.48] 2008 ™
Beaven 2008a 094 007 23 084 0.08 23 0.9% 1.31[0.67, 1.95] 2008 -
Karkoulias 2008 118 3.1 1 168 73 1 0.8% -0.86 [-1.74,0.02] 2008 1
Cadore 2008a 19.1 3.1 21 184 38 21 0.9% 0.20 [-0.41,0.80] 2008 T
Cadore 2008b 208 9 21 17 38 21 0.9% 0.54 [-0.08, 1.16] 2008 r
Crewther 20101 021 0.04 9 023 003 9 0.8% -0.54 [-1.48,0.41] 2010 T
Crewther 2010f 028 003 9 0230038 9 07% 159[0.49, 2.68] 2010 —
Fry 2010 19.9 39 4 125 29 4 0.5% 1.87[-0.02, 3.76] 2010 —
Crewther 2010e 124 18 9 14 16 9 0.8% -0.89(-1.88, 0.09] 2010 |
Crewther 2010b 15.2 21 9 14 16 9 0.8% 0.61[-0.34, 1.56] 2010 ™
Crewther 2010a 15 14 9 14 16 9 0.8% 0.63[-0.32, 1.59] 2010 ™
Crewther 2010d 135 17 9 14 16 9 0.8% -0.29[-1.22,0.64] 2010 T
Crewther 2010h 028 004 9 0230038 9 07% 1.35(0.30, 2.40] 2010 —
Crewther 2010c 151 22 9 14 16 9 0.8% 0.54 [-0.40, 1.49] 2010 ™
Crewther 2010i 026 0.04 9 023 003 9 0.8% 0.81[-0.16, 1.78] 2010 —
Crewther 2010g 031 0.04 9 023 003 9 0.7% 2.15[0.94,3.37] 2010 -
Hough 2011f 0.81 0.9 15 0.57 0.06 15 0.7% 3.05[1.96,4.15] 2011 -
lar 2011 037 006 0 038 005 0 0% 016107034 2011 1
Hough 2011c 36 4 12 23 2 12 06% 3.97 [2.50, 5.44] 2011 —
Hough 2011a 32 3 10 22 1 10 0.5% 4.28[2.56, 6.00] 2011 —_
Hough 2011d 086 0.12 13 056 0.06 13 0.7% 3.06 [1.88,4.25] 2011 -
Azarbayjani 2011e 119 051 10 0.89 054 10 0.8% 0.55[-0.35, 1.44] 2011 ™
Azarbayjani 2011a 0.99 038 10 06 03 10 0.8% 1.09[0.14, 2.05] 2011 I
Blair 2011a 031 0.04 30 036 0.04 30 0.9% -1.23[-1.79, -0.68] 2011 -
Azarbayjani 2011b 076 023 10 089 065 10 0.8% -0.26 [-1.14,0.63] 2011
Azarbayjani 2011f 087 068 10 0.5 037 10 0.8% 0.65[-0.26, 1.55] 2011 I
Hough 2011b 0.76 0.06 11 056 0.05 1 0.6% 3.48[2.07,4.89] 2011 —
Hough 2011e 305 3 14 25 2 14 0.8% 2.09[1.15,3.04] 2011 -
Azarbayjani 2011c 09 051 10 073 025 10 0.8% 0.41[-0.48,1.29] 2011 ™
Azarbayjani 2011d 07 033 10 087 056 10 0.8% -0.35[-1.24, 0.53] 2011 T
Crewther 2012b. 067 014 12 048 011 12 0.8% 1.46 [0.54, 2.38] 2012 -
Crewther 2012a 062 0.15 12 046 0.11 12 0.8% 1.17 [0.30, 2.05] 2012 I~
Cadore 2012b 208 44 10 153 33 10 0.8% 1.35[0.36, 2.35] 2012 I~
Cadore 2012a 187 4 10 182 38 10 0.8% 0.12[-0.75, 1.00] 2012
Peeri 2012b. 03 0.05 10 029 0.02 10 0.8% 0.25[-0.63, 1.13] 2012 ™
Peeri 2012a 0.32 001 10 029 0.02 10 0.7% 1.82[0.74,2.90] 2012 -
RoselyRodriguez2014 83 05 9 75 06 9 07% 138032243 2014 —
Lane 2014c 245 49 12 208 4.1 12 0.8% 0.79[-0.05, 1.63] 2014 I
Lane 20141 0.41 0.1 12 039 0.08 12 0.8% 0.21[-0.59, 1.02] 2014 ™
Lane 2014i 052 011 12 039 0.08 12 0.8% 1.31[0.41,2.20] 2014 —
Sgro 2014c 2587 6.44 12 217 449 12 0.8% 0.73[-0.11, 1.56] 2014 I
Sgro 2014a 2877 6.02 12217 449 12 08% 1.29[0.39,2.18] 2014 —
Lane 2014d 225 45 12 208 41 12 0.8% 0.38[-0.43, 1.19] 2014 ™
Budnar 2014b. 285 107 10 275 107 10 0.8% 0.09[-0.79, 0.97] 2014 T
Budnar 2014c 265 104 10 275 107 10 0.8% -0.09[-0.97,0.79] 2014 I
Budnar 2014a 324 118 10 275 107 10 0.8% 0.42[-0.47,1.30] 2014 ™
Sgro 2014d 26.04 5.8 12 217 449 12 0.8% 0.81[-0.03, 1.65] 2014 I
Sgro 2014b 2672 579 12217 449 12 08% 0.94[0.08, 1.79] 2014 I
Cane 20144 25 45 12 208 41 12 0%% 03043 119] 2014 -
Lane 2014c 245 49 12 208 4.1 12 0.8% 0.79(-0.05, 1.63] 2014 —
Subtotal (95% CI) 772 772 49.8% 0.82[0.55, 1.09] +
Heterogeneity: Tau? = 0.99; Chi* = 367.65, df = 65 (P < 0.00001); I = 82%
Test for overall effect: Z = 5.90 (P < 0.00001)
igh
Kuoppasaimi 1980 157 34 5 168 39 5 0% -0.02[1.26, 1.21] 1980
Guglielmini 1984c 248 158 16 171 76 16 0.9% 0.61[-0.11,1.32] 1984 r
Guglielmini 1984d 18.2 82 30 267 87 30 0.9% -0.99 [-1.53,-0.45] 1984 h
Guglielmini 1984a 232 144 7 152 82 7 07% 0.64 [-0.45, 1.72] 1984 ™
Guglielmini 1984b 26.7 13 9 193 74 9 0.8% 0.67 [-0.29, 1.62] 1984 ™
Jenson 18915 % 35 7 173 25 1 o 140025268 1001 —
Jensen 1991a 225 53 7 164 21 7 07% 1.42(0.20,2.63] 1991 —
Daly 2005 21 25 22 162 24 22 0.9% 1.92[1.20, 2.65] 2005 -
Crewther 2008c 0.87 0.1 23 076 01 23 0.9% 1.03 [0.41, 1.65] 2008 —
Beaven 2008d 0.76 0.21 11047 011 1" 0.8% 1.66 [0.67, 2.66] 2008 -
Beaven 2008c 073 0.4 23 076 01 23 0.9% -0.24 -0.82, 0.34] 2008 T
Ramson 20086 52 45 8 513104 B 0®h 057043158 2009 -
Ramson 2009a 53 125 8 517 17 8 08% 0.08[-0.90, 1.06] 2009 T
Ram: 2009b 579 17.7 8 555 156 8 0.8% 0.14[-0.85, 1.12] 2009 T
Migiano 2009a 31 2 10 29 2 10 0.8% 0.96 [0.02, 1.89] 2009 I
Migiano 2009b 28 2 10 29 2 10 0.8% -0.48 [-1.37,0.41] 2009 T
Meckel 2011¢c. 187 3.8 12 163 38 12 0.8% 0.61[-0.21, 1.43] 2011
Meckel 2011d 198 38 12 163 38 12 0.8% 0.89[0.04, 1.74] 2011
Meckel 2011b. 177 38 12 163 38 12 08% 0.36 [-0.45, 1.16] 2011
Meckel 2011a 17 38 12 163 38 12 0.8% 0.18[-0.62,0.98] 2011
Simao 2012a 202 5.1 20 173 48 20 0.9% 0.57 [-0.06, 1.21] 2012
Villanueva 2012a 30.7 75 6 254 64 6 0.7% 0.70 [-0.48, 1.88] 2012
Villanueva 2012b 297 74 6 254 64 6 0.7% 0.57 [-0.59, 1.74] 2012
Garuso 2012 051 007 45 04 o1 45 1ow 0800057123 2012
Simao 2012b 193 48 20 17 36 20 09% 0.53[-0.10, 1.16] 2012
Lovell 2012b 193 18 12 169 15 12 0.8% 1.40[0.49, 2.31] 2012
Lovell 2012a 196 12 12 166 1.1 12 0.7% 2.52[1.40,3.63] 2012
Lane 2014e 234 39 12 222 29 12 0.8% 0.34[-0.47, 1.14] 2014
Di Blasio 2014c. 033 0.08 8 022 004 8 0.7% 1.64[0.46,2.82] 2014
bilasio 20142 08 008 8 03005 8 05 3671211583 2014
Lane 2014m 053 008 12 041 009 12  08% 1.36[0.46, 2.26] 2014
Lane 2014f 257 33 12 2225 29 12 0.8% 1.07[0.21, 1.94] 2014
Hayes 2014c 048 0.04 18 048 0.02 18 0.9% 0.00 [-0.65, 0.65] 2014
Di Blasio 2014b 04 012 8 028 008 8 0.7% 1.11[0.04,2.19] 2014
Sgro 2014f 2538 5.67 12 19.9 3.08 12 0.8% 1.16[0.28, 2.04] 2014
Lane 2014n 052 0.08 12 041 0.09 12 0.8% 1.25[0.36, 2.14] 2014
Hayes 2014b 046 003 18 041 003 18 09% 1.63(0.86, 2.40] 2014
Sgro 2014g 2392 559 12 199 3.08 12 0.8% 0.86 [0.02, 1.70] 2014
Sgro 2014h 2178 454 12 199 3.08 12 0.8% 0.47 [-0.35, 1.28] 2014
Sgro 2014e 28.05 46 12 19.9 3.08 12 0.8% 2.01[1.00,3.02] 2014
Hayes 2014d 041 003 18 035 0.03 18 0.8% 1.96[1.15,2.77] 2014
Hayes 2014a 047 007 18 043 0.03 18 0.9% 0.73[0.05, 1.40] 2014
Hayes 2015 035 003 17 041 003 17 08%  -1.95[-279,-1.12] 2015
‘Ahmadi 2017a 19.13 461 11 17.71 421 1 0.8% 0.31[-0.53, 1.15] 2017
‘Ahmadi 2017b 15.85 4.97 11 16.83 4.52 1 0.8% -0.20 [-1.04, 0.64] 2017
Rosety 2017 034 0.02 17 034 003 17 0.9% 0.00 [-0.67, 0.67] 2017
Hayes 2017 046 0.03 17 041 003 7 0.8% 1.63[0.84, 2.42] 2017
Poderoso 2019 041 003 17 034 003 17 0.8% 2.28[1.39,3.16] 2019
‘Subtotal (95% Cl) 655 655 38.5% 0.78 [0.53, 1.03]

Heterogeneity: Tau? = 0.59; Chi* = 205.98, df = 47 (P < 0.00001); I = 7%
Test for overall effect: Z = 6.07 (P < 0.00001)

Total (95% CI) 1621 1621 100.0% 0.73[0.56,0.91] |
Heterogeneity: Tau = 0.75; Chi* = 632.04, df = 127 (P < 0.00001); I* = 80%
Test for overall effect: Z = 8.38 (P < 0.00001)

Test for subaroup differences: Chi = 6.98, df = 2 (P = 0.03). 1= 71.3%

0 5 5 10
Lower after activity Higher after activity
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After Before Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% ClI
7.1.1 Mild intensity
Trembley 2005a 93 26 8 86 22 8 3.9% 0.27 [-0.71, 1.26] T
Trembley 2005b 100 29 8 86 22 8 3.9% 0.51[-0.49, 1.52] T
Subtotal (95% CI) 16 16 7.8% 0.39 [-0.31, 1.10] *
Heterogeneity: Tau? = 0.00; Chi?=0.11,df =1 (P = 0.74); I? = 0%
Test for overall effect: Z=1.10 (P = 0.27)
7.1.2 Moderate intensity
Bonifazi 1996a 129 56 9 92 23 9 3.9% 0.82 [-0.15, 1.80] ~
Bonifazi 1996b 62 18 7 41 11 7 3.7% 1.32[0.12, 2.51] —
Crewther 2010a 267 33 9 249 36 9  4.0% 0.50 [-0.45, 1.44] T
Crewther 2010b 269 45 9 249 36 9 4.0% 0.47 [-0.47, 1.41] T
Crewther 2010c 264 47 9 249 36 9  4.0% 0.34 [-0.59, 1.27] T
Crewther 2010d 236 38 9 249 36 9 4.0% -0.33 [-1.27, 0.60] -
Daly 2005 148 28 22 152 32 22 43% -0.13[-0.72, 0.46] T
Fahrmer 1998 1347 84 10 969 44 10 2.6% 5.40 [3.34, 7.46] —
Hakkinen 1993 80.6 27.6 10 658 129 10 4.0% 0.66 [-0.25, 1.56] "—
Karkoulias 2008 273.9 38.1 11 362.3 152.6 11 4.1% -0.76 [-1.64, 0.11] ]
Marinelli 1994 230 50 6 300 30 6 3.5% -1.57 [-2.93, -0.20] I
Sgro 2014a 640 150 12 470 110 12 4.0% 1.25[0.36, 2.14] -
Sgro 2014b 600 140 12 470 110 12 41% 1.00 [0.14, 1.85] —
Sgro 2014c 600 170 12 470 110 12 41% 0.88[0.03, 1.72] —
Sgro 2014d 610 150 12 470 110 12 41% 1.03[0.17, 1.89] —
Subtotal (95% CI) 159 159 58.4% 0.58 [0.10, 1.06] *
Heterogeneity: Tau? = 0.64; Chi? = 54.58, df = 14 (P < 0.00001); I* = 74%
Test for overall effect: Z = 2.37 (P = 0.02)
7.1.3 High intensity
Crewther 2010e 212 40 9 249 36 9 39% -0.93 [-1.91, 0.06] -]
Lovell 2012a 64.4 4 12 539 2.9 12 3.7% 2.90[1.70, 4.10] -
Lovell 2012b 67.2 57 12 583 4.9 12 4.0% 1.62[0.67, 2.56] -
Sgro 2014e 610 100 12 450 60 12 3.9% 1.87[0.89, 2.86] -
Sgro 2014f 560 120 12 450 60 12 4.1% 1.12[0.25, 1.99] -
Sgro 2014g 550 130 12 450 60 12 41% 0.95[0.10, 1.81] —
Sgro 2014h 500 90 12 450 60 12 4.1% 0.63[-0.19, 1.45] —
Simao 2012a 460 10 10 410 10 20 3.3% 4.86 [3.34, 6.39] -
Simao 2012b 490 10 20 410 10 20 2.8% 7.84 [5.93, 9.75] ——
Subtotal (95% CI) 111 121 33.8% 2.17 [0.97, 3.37] <
Heterogeneity: Tau? = 3.03; Chi? = 96.60, df = 8 (P < 0.00001); 1> = 92%
Test for overall effect: Z = 3.54 (P = 0.0004)
Total (95% CI) 286 296 100.0% 1.09 [0.59, 1.59] ¢
Heterogeneity: Tau? = 1.43; Chi? = 174.69, df = 25 (P < 0.00001); I> = 86% N 1 0 5 5 5 1=0

Test for overall effect: Z = 4.24 (P < 0.0001)
Test for subaroup differences: Chi? = 6.71. df =2 (P = 0.03). I? = 70.2%

Fig.4 Forest plot including the results of sub-group analysis on free
testosterone level by exercise intensity. Diamonds indicate the over-
all summary estimates for the analyses (width of the diamonds rep-
resents the 95% CI); boxes indicate the weight of individual studies

testosterone remains evident after physical activity albeit in
the presence of an exercise-induced SHBG raise, we could
speculate that the hypothalamic—pituitary—gonadal (HPG)
axis is more stimulated by intense activity, compared to the
induction of protein synthesis by the liver. This mechanism
is confirmed in animal models in which diabetic rats have
been evaluated after physical exercise, showing a signifi-
cant increase in luteinizing hormone (LH) serum levels and
consequently in testosterone production [22]. Although the
HPG involvement after physical exercise is clear in animal
models, conflicting results are evident for humans. Indeed,
Tremblay et al. detected an LH reduction after endurance

Lower after activity Higher after activity

in the pooled analyses. Free total testosterone levels are reported in
pmol/l. CI confidence interval, df degrees of freedom, [V inverse vari-
ance, M—H Mantel-Haenszel, SD standard deviation

training in men [24], while Hackney et al. highlighted a LH
increase after exercise [25]. Thus, evidences available in the
literature suggested so far that physical activity could change
testosterone and gonadotropins serum levels. Here, we spec-
ulate that the testosterone raise observed after physical exer-
cise could be the consequence of the HPG axis activation.
The role of HPG axis underlying the testosterone raise
detected immediately after physical activity remains not
completely understood. Indeed, alongside the acute effect
of physical activity, it is well known that long-term exer-
cise, especially the so-called over-training exercise, nega-
tively affects testicular function [26]. Animal studies show

@ Springer
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After Before Std. Mean Difference Std. Mean Difference

Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
8.1.1 Moderate intensity
Bonifazi 1996a 28.2 7.7 9 51 10.9 9 2.0% -2.30 [-3.56, -1.05] -
Bonifazi 1996b 369 183 7 29 11.8 7 2.8% 0.48 [-0.59, 1.55] T
Cadore 2008a 25 19 21 34 18 21 8.4% -0.48 [-1.09, 0.14] il
Cadore 2008b 22 14 0 21 13 21 Not estimable
Crewther 2010a 17 3.6 9 153 35 9 3.6% 0.46 [-0.48, 1.40] T
Crewther 2010b 17.7 34 9 153 35 9 3.5% 0.66 [-0.29, 1.62] T
Crewther 2010c 171 3.3 9 153 35 9 3.6% 0.50 [-0.44, 1.45] e
Crewther 2010d 16.8 34 9 153 35 9 3.6% 0.41[-0.52, 1.35] T
Crewther 2010e 16.4 3.4 9 153 35 9 3.7% 0.30 [-0.63, 1.23] T
Fahrmer 1998 82.4 8.8 10 746 85 10 3.7% 0.86 [-0.06, 1.79] —
Gray 1993 33.1 8.8 8 30.7 9.2 8 3.3% 0.25[-0.73, 1.24] T
Sgro 2014a 36.45 947 12 3412 7.84 12 4.9% 0.26 [-0.55, 1.06] T
Sgro 2014b 3498 8.52 12 3412 7.84 12 4.9% 0.10 [-0.70, 0.90] T
Sgro 2014c¢ 3229 8.23 12 3412 7.84 12 4.9% -0.22 [-1.02, 0.58] -1
Sgro 2014d 3191 7.44 12 3412 7.84 12 4.9% -0.28 [-1.08, 0.53] -T
Subtotal (95% CI) 148 169 57.6% 0.08 [-0.16, 0.31] )
Heterogeneity: Chi? = 25.40, df = 13 (P = 0.02); I? = 49%
Test for overall effect: Z = 0.63 (P = 0.53)
8.1.2 High Intensity
Lovell 2012a 50.4 4.1 12 482 4 12 4.7% 0.52 [-0.29, 1.34] e
Lovell 2012b 51 4.6 12 513 45 12 4.9% -0.06 [-0.86, 0.74] T
Sgro 2014e 37.08 8.2 12 30.31 8.55 12 4.5% 0.78 [-0.06, 1.62] —
Sgro 2014f 34.37 10.73 12 30.31 8.55 12 4.8% 0.40 [-0.41, 1.21] e
Sgro 2014g 3196 8.02 12 30.31 855 12 4.9% 0.19 [-0.61, 0.99] T
Sgro 2014h 30.82 7.16 12 30.31 8.55 12 4.9% 0.06 [-0.74, 0.86] T
Simao 2012a 28.04 842 10 24.02 5.71 20 5.3% 0.58 [-0.19, 1.36] ™
Simao 2012b 2747 8.87 20 26.27 3.41 20 8.2% 0.18 [-0.45, 0.80] T
Subtotal (95% CI) 102 112 42.4% 0.32 [0.04, 0.59] *
Heterogeneity: Chi? = 3.48, df =7 (P = 0.84); I = 0%
Test for overall effect: Z = 2.27 (P = 0.02)
Total (95% CI) 250 281 100.0% 0.18 [0.00, 0.36] }

. 2 = - - .12 = 210, + + + +
Heterogeneity: Chi? = 30.60, df = 21 (P = 0.08); I> = 31% 10 5 0 5 10

Test for overall effect: Z = 1.96 (P = 0.05)
Test for subaroup differences: Chiz = 1.72, df =1 (P = 0.19). I? = 41.8%

Fig.5 Forest plot including the results of sub-group analysis on
SHBG level by exercise intensity. Diamonds indicate the overall sum-
mary estimates for the analyses (width of the diamonds represents the
95% CI); boxes indicate the weight of individual studies in the pooled

a negative relationship between prolonged intense training
and hormones and seminal parameters [27-29]. Recently,
mice models highlighted that high-intensity physical exer-
cise chronically performed leads to a reduction of transcrip-
tional levels of kisspeptin (Kiss) and gonadotropin releasing
hormone (GnRH) [30], suggesting that chronic intense activ-
ity could smooth the HPG axis activation. As a confirm, a
randomized controlled trial in humans showed that 60 weeks
of high-intensity exercise (VO,max > 80%) was associated
with decreased total testosterone levels, impaired seminal
parameters and decreased gonadotropins levels [31]. The
hypothesis that the intense activity-mediated suppression of
gonadal function is of central origin is similarly supported
also in females. Indeed, the functional hypothalamic amen-
orrhea possibly detected in exercising women seems to be
due to energy deficiency and suppressed hypothalamic cen-
tral drive [32, 33]. However, the exact mechanism by which
chronic high-intensity physical activity is able to depress
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analyses. Free total testosterone levels are reported in pmol/l. CI con-
fidence interval, df degrees of freedom, IV inverse variance, M—H
Mantel-Haenszel, SD standard deviation

gonadal function remains largely unknown [23]. Interest-
ingly, moderate-intensity exercise chronically performed is
conversely associated with increased androgen values, show-
ing that endocrine testicular function benefits from moder-
ate-intensity aerobic or endurance exercise [34—37]. These
studies suggested that physical training upregulates the HPG
axis, increasing LH and follicle-stimulating hormone (FSH)
production and consequentially stimulating functions of both
Leydig and Sertoli cells. Moreover, the exercise influence on
hormone levels could be exerted also in others testosterone-
sensible tissue, such as muscles. Indeed, recent animal stud-
ies suggested that physical activity is able to induce both
muscle steroidogenic enzymes and muscle testosterone pro-
duction, to obtain a sort of paracrine effect [38—40]. Here,
we confirm that moderate-to-high-intensity acute exercise
increase testosterone production within 30 min from the end
of the activity, contributing to hormonal changes previously
observed after chronic exercise. These oscillations, which
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we reported clearly for the first time, could contribute with
a feedback mechanism to the action of the entire HPG axis,
although the exact mechanism remains unexplored.

The testosterone raise is evident in both saliva and serum
samples, resulting independent from the laboratory method
applied. The reliability of this result confirms the overlap in
the measurement of testosterone levels in saliva and blood
samples, confirming that salivary testosterone levels reflect
its circulating levels [41, 42]. Since saliva sampling is easier
to be collected compared to blood, it could be considered
a non-invasive, stress-free, self-sampling procedure facili-
tating frequent monitoring of hormones changes that could
be required in sport medicine [43, 44]. Moreover, the acute
testosterone raise depicted in our analysis is confirmed when
only young subjects (<40 years) are considered. Therefore,
in our analysis, the subject age is irrelevant to androgen
oscillations after acute physical exercise. The testicular
function is strongly age-related, as demonstrated by several
longitudinal studies [45, 46]. Moreover, several trials have
shown that elderly men initiated to motor activity programs
show an improvement in androgen levels [47, 48]. In “aged”
animal models, physical activity modulates oxidative stress
and the levels of intratesticular proinflammatory cytokines
[49-51], which, in turns, seems to be responsible for the
Leydig cells function reduction with age. However, these
mechanisms require time, and are probably involved in
hormonal changes after chronic, rather than acute, physical
activity. The mechanisms causing variations in testosterone
levels after acute exercise are probably different, justifying
the age irrelevance emerging from our results.

This meta-analysis shows some limitations. First, a high
heterogeneity rate is evident in selected studies, and both
the division in subgroups and the application of sensitivity
analyses were not able to reduce the source of heterogeneity.
Indeed, the complexity of study designs and the variability of
physical exercises applied could be not deleted or adjusted.
In addition, both randomized clinical trials and uncontrolled
interventional studies are included in the overall analysis,
increasing the sample size but also the heterogeneity source.
Moreover, sensitivity analyses reduced the number of stud-
ies included in each analysis, probably limiting the statis-
tical power of these results. Furthermore, enrolled studies
recruited both professional and non-professional subjects.
With this approach, we are not able to discriminate whether
the basal training status of subjects enrolled could impact
on testosterone change after physical exercise. However, the
non-professional subjects were exercise-trained individuals,
balancing potential difference about the training status of
each man. We performed the sensitivity analysis excluding
professional athletes, to reduce this potential confounding
factor. Finally, in our study, gonadotropins serum levels are
not available, limiting the possibility to evaluate the HPG
functionality as a whole and to develop new hypotheses

about the mechanism by which physical activity influences
hormonal levels. Similarly, free testosterone was measured
using RIA, which is a known inaccurate methodology.

In conclusion, acute exercise increases free and total tes-
tosterone levels. This increase is detectable in both blood
and salivary samples within 30 min after the end of physical
exercise. The main determinant of this increase is the inten-
sity of exercise, with a mechanism independent of SHBG.
Specifically, moderate and intense physical exercise induces
a transitory increase in testosterone levels. Further proper
designed studies are needed to clarify the exact mechanism
by which HPG axis is modulated by physical activity and the
possible biological significance of such variations.
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