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ABSTRACT. Background and aim: There is limited data on the
effects of inactivity (prolonged bed-rest) on parameters of en-
docrine and metabolic function; we therefore aimed to exam-
ine changes in these systems during and after prolonged (56-
day) bed-rest in male adults. Subjects and methods: Twenty
healthy male subjects underwent 8 weeks of strict bed-rest
and 12 months of follow-up as part of the Berlin Bed Rest
Study. Subjects were randomized to an inactive group or a
group that performed resistive vibration exercise (RVE) dur-
ing bed-rest. All outcome parameters were measured before,
during and after bed-rest. These included body composition
(by whole body dual X-ray absorptiometry), SHBG, testos-
terone (T), estradiol (E,), PRL, cortisol (C), TSH and free T5 (FT3).

INTRODUCTION

Experimental bed-rest in healthy subjects, typically used
as a model for spaceflight simulation (1), results in pro-
found changes in a number of body systems. The most
evident amongst these changes are a loss of muscle and
bone mass, particularly in the load-bearing skeleton (2) as
well as the development of orthostatic intolerance (3).
Some studies have investigated the effect of prolonged
bed-rest on endocrine regulation, although most of these
have focused on glucocorticoid-related changes (4-16). In
contrast, few studies have investigated the effects of pro-
longed bed-rest on multiple and interacting endocrine
and metabolic parameters. In particular, sex hormones,
their binding proteins and prolactin have received com-
paratively little attention in the spaceflight and bed-rest
literature. Some studies have included these indices in
short (£7-days) (8, 14, 17) and longer term (15- to 42-
days) (12, 16, 18, 19) bed-rest studies, but the results of
these investigations remain controversial. Thus, some re-
ports have found testosterone or prolactin levels to ei-
ther remain unchanged (12, 17-19) or to decrease (8, 14,
16, 20). Furthermore, epidemiological studies (21-23)
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Results: Serum SHBG levels decreased in inactive subjects but
remained unchanged in the RVE group (p<0.001). Serum T
concentrations increased during the first 3 weeks of bed-rest
in both groups (p<0.0001), while E;, levels sharply rose with
re-mobilization (p<0.0001). Serum PRL decreased in the con-
trol group but increased in the RVE group (p=0.021). C levels
did not change over time (p=0.10). TSH increased whilst FT3
decreased during bed-rest (p all <0.0013). Conclusions: Pro-
longed bed-rest has significant effects on parameters of en-
docrine and metabolic function, some of which are related to,
or counteracted by physical activity.

(J. Endocrinol. Invest. 35: 54-62, 2012)

©2012, Editrice Kurtis

have reported conflicting results in examining the rela-
tionship between sex steroid hormones and physical ac-
tivity. Also, we have been unable to identify any studies
considering changes in SHBG levels during bed-rest or
spaceflight.

This lack of reliable data is somewhat surprising given
the potential of endocrine regulation of sex and other
centrally controled hormones to impact upon muscu-
loskeletal health. In the present study, we explored the
effects of prolonged (56 days) bed-rest on clinically rele-
vant parameters of endocrine regulation in young male
adults, with an emphasis on sex hormones. To aid in the
understanding of potential changes in the regulation of
these indices, serum levels of cortisol, creatine kinase,
TSH and free T3 (FT3), as well as changes in body com-
position (by whole body dual X-ray absorptiometry) were
measured.

METHODS
Bed-rest protocol

The Berlin Bed Rest Study was undertaken at the Charité Cam-
pus Benjamin Franklin Hospital in Berlin, Germany, from Febru-
ary 2003 to June 2005. Twenty male subjects underwent 8-
weeks of strict horizontal bed-rest with a subsequent 12-month
follow-up recovery period. The bed-rest protocol, as well as in-
clusion and exclusion criteria, is discussed in detail elsewhere
(24). In brief, however, subjects were randomly allocated to ei-
ther a group that remained inactive (control, CTRL group) or a
group that underwent a whole body resistive vibration exercise
countermeasure programme (RVE group) using the Galileo
Space exercise device (Novotec Medical, Pforzheim, Germany).
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Table 1 - Baseline (BDC-2) endocrinological and metabolic mark-
er levels.

Parameter Subject group

CTRL RVE
no. 10 10
Age (yr) 33.4(6.6) 32.6 (4.8)
Height (cm) 185 (7) 183 (9)
Weight (kg) 79.4(9.7) 81.7 (14.4)
Body mass index (kg/m?2) 23.3(1.7) 24.2 (2.6)
Lean mass (kg) 57.8 (4.9) 56.4 (6.5)
Fat mass (kg) 13.1(5.5) 17.0(7.5)
Testosterone (ug/l; 0.020) 5.9(1.2) 55(1.1)
SHBG (nmol/l; 0.35) 40.1 (8.4) 32.3(12.2)
PRL (ug/l; 0.47) 19.4 (10.4) 14.7 (8.3)
Estradiol (ng/l; 5.0) 28.2 (9.5) 27.9 (7.3)
Cortisol (ug/l; 0.18) 185.3 (37.0) 155.4 (43.7)
Creatine kinase (U/l; 7) 124.3 (53.1) 202.0 (152.7)
TSH (mIU/I; 0.005) 1.3(0.7) 1.4(0.7)
Free T3 (pmol/l; 0.4) 5.0 (0.6) 5.2(0.7)

Values are mean (SD). No differences between groups at baseline
(F1,18<2.6, p>0.11). Values given after units of concentration of each ga—
rameter represent the “lower limit of detection” which is capable of be-
ing differentiated from a concentration of zero. The reader will note that
the concentrations found in the current study are well above these limits.
CTRL: control group; RVE: resistive vibration exercise group.

Mainly for practical reasons but also to avoid seasonal effects
impacting upon the findings of the study, five campaigns were
conducted of four subjects (two control, two countermeasure
exercise) each over the course of 14 months. Baseline anthro-
pometric characteristics are given in Table 1. The Ethics Com-
mittee of the Charité University Medicine approved this study
and subjects gave their informed written consent.

Countermeasure exercise

RVE was performed using a dedicated prototype (Galileo Space)
of a commercially available vibration platform (Novotec Medical,
Pforzheim, Germany). The countermeasure exercise protocol is
described in detail elsewhere (24). In brief, the subjects were
placed in supine position (Fig. 1), an axial force between 1.0 and
1.8 times body weight was placed through the subjects’ trunk
and spine via elastic shoulder straps and whole-body vibration
was applied at the feet. Six morning and five afternoon exercise
sessions of 30 min duration each week were performed. For each
morning session, the following exercises were performed: squat-
ting, heel raises, toe raises, explosive kicks. In the afternoon ses-
sion, only one exercise was performed and subjects retained
their feet on the platform in nearly extended position without
movement. Further details of the training protocol have been
published elsewhere (25).

Nutrition

The diet during bed-rest was balanced with regards to caloric
intake, using the Harris-Benedict equation (26) with an adjust-
ment by an activity factor of 1.2 for bed-rest. Calcium input was
set at 1000 mg/day. Daily diet plans were prepared, using the
nutrition-software EBISpro (Dr. Erhardt, University of Hohen-
heim, Germany). All meal components were weighed, and their
nutritional contents [energy (kJ), water (g), protein (g), fat (g),
carbohydrates (g), vitamine D (g), sodium (mg), potassium (mg),
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calcium (mg), magnesium (mg), iron (mg)] were taken from pre-
pared meal charts. Every second Sunday, higher caloric intakes
(i.e. pizza or pasta meal of own choice) were allowed to keep
up motivation. Resting energy expenditure was regularly as-
sessed to correct the caloric intake if necessary.

Whole body composition

Whole body dual X-ray absorptiometry (DXA; Delphi W; Ho-
logic, Waltham, MA) was performed following standard proce-
dures at baseline (baseline data collection, BDC), 3 days prior
to the start of bed-rest (BDC-3), on bed-rest (BR) days BR2,
BR17, BR31, BR45 and BR55 and on post-bed-rest recovery (R+)
days R+14, R+28, R+90, R+180 and R+360. Due to the height
of the subjects and the technical requirements of the scanner, it
was not possible to include the head in a number of the sub-
jects during measurement. Sub-total (excluding head) bone, lean
and fat tissue mass (kg) were calculated. All scanning and anal-
yses were performed by the same operator to ensure consis-
tency and standard quality control procedures were followed.
The sub-total bone mass data has been published elsewhere
(25), but is used here for correlation analyses.

Blood drawings

Venous blood samples were taken between 07:00 and 08:00 h
after 12 h in fasting state during baseline collection at two days
before the start of bed-rest (BDC-2), on BR1, BR3, BR5, BR12,
BR19, BR26, BR33, BR40, BR47 and BR56 and on R+1, R+3, R+7,
R+28, R+90 and R+180. Samples were centrifuged at 3500 rpm
for 10 min 30 min after drawing, serum obtained and stored at
-80 C until analysis.

Serum analyses

TSH, FTs;, cortisol, SHBG, total testosterone, prolactin and estra-
diol (Roche Diagnostics, Penzberg, Germany) were measured
by means of an automated electrochemiluminescence im-
munoassay (ECLIA). The MODULAR ANALYTICS® E170 im-
munoanalyzer (Roche Diagnostics, Penzberg, Germany) is using
ruthenium electrochemiluminescence and biotinylated compo-
nents, together with streptavidin coated microparticle technol-

Fig. 1 - Resistive vibration exercise countermeasure during bed-
rest. Subjects were required to perform leg exercises against a
resistive force transmitted via belts at the waist and shoulders
and via hand-grips. Vibratory stimuli in the legs are generated by
rotation of the suspended platform around a vertically oriented
axis. Axial loading of the spine occurs via the shoulder straps.



ogy resulting in fast assays (either sandwich or competitive assay
formats) with high sensitivity, low imprecision and a broad mea-
suring range. Total imprecision data of the various assays have
been retrieved from our internal quality assurance database and
are given according to the concentration range of the measured
hormone values in the healthy male subjects listed in Table 1.
The coefficient of variation was 3.9% for testosterone, 3.4% for
SHBG, 4.1% for prolactin, 4.6% for estradiol and 2.4% for corti-
sol, respectively. Creatine kinase (NAC-act) was measured by
means of an automated clinical chemistry analyzer MODULAR
ANALYTICS®P-Module (Roche Diagnostics, Penzberg, Ger-
many). The coefficient of variation was 2.5% for creatine kinase.
All analytical platforms and assays were used in the laboratory for
routine testing. They were run strictly in accordance with the
guidelines given by the manufacturers and were subject to con-
tinuous maintenance and service according to the laboratories
standard operating procedures for good laboratory practice.
Samples were shipped on dry ice to the laboratory (Labor Li-
mach, Heidelberg, Germany) and stored at =80 C until analysis.
Serum samples were thawed at the day of analysis at ambient
temperature, homogenized on a head-over-head mixer and cen-
trifuged before measurement. To further reduce imprecision of
measurement, all serum samples were analyzed in one batch
utilizing one reagent lot.

Statistical analysis

Linear mixed-effects models were employed in statistical analy-
sis (27). For all variables separate statistical models were built
for the bed-rest and recovery phases. In analysis of variance
(ANOVA,) for each parameter, fixed effects of subject group
(CTRL, RVE) and study date, as well as a 2-way interaction be-
tween these variables were considered. Baseline data were in-
cluded as a linear covariate in analyses. The “R" statistical envi-
ronment (version 2.4.1, www.r-project.org) was used to imple-
ment these analyses. An a of 0.05 was taken for statistical sig-
nificance. The normality of distribution of residuals from model
fitting was checked via diagnostic plots.

Partial correlation analyses (controling for study date, subject-
group and their interaction) were performed between the serum
markers and body-composition variables. SPSS for Windows (ver-
sion 10.0.1, www.SPSS.com) was used in these analyses. An o of
0.001 was taken for statistical significance.

RESULTS

No baseline differences existed between groups for sub-
total (without head) fat or lean mass (F<1.63, p>0.21)
(Table 1) or for any of the serum markers examined
(F<2.6, p>0.11) (Table 1). For recovery examinations 2
weeks after bed-rest (R+14) and beyond, data were not
available from all subjects (Table 2). On the remaining
testing days before, during and in the first week after
bed-rest data were available from all subjects.

Whole body composition (dual X-ray absorptiometry)

Significant changes in fat mass occurred during both bed-
rest [study date (BDC to BR55): F=19.6, p<0.0001] and re-
covery [study date (BR55 to R+360): F=2.8, p=00.039],
with the CTRL group showing increases in sub-total body
fat over the course of bed-rest which persisted through
the recovery phase (p=0.09 at R+360) (Table 3). The in-
crease in sub-total body fat was less pronounced in the
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Table 2 - Number of subjects available for analysis at each study-
date in recovery.

Serum parameters DXA
Study-date ~ CTRL ~ RVE CTRL RVE  Study-date
9 9 R+14
R+28 10 9 10 9 R+28
R+90 10 9 10 9 R+90
R+180 9* 10* 9 10 R+180
9 9 R+360

*For TSH and free T; at R+180 there were samples available from 7 sub-
jects in the control (CTRL) group and 8 subjects in the resistive vibration
exercise (RVE) group. On all other testing dates, data/samples from 10
subjects in each group were available. R+: day of recovery; DXA: whole
body dual X-ray absorptiometry.

RVE group [on average between BR31 and BR55 RVE in-
creased 6.2(3.5)%, p=0.094 and CTRL increased 9.7(3.6)%,
p=0.015), but this difference was not statistically signifi-
cant (groupxstudy date: F both 1.8, p both >0.11).
ANOVA showed only a trend for changes in sub-total
body lean mass during bed-rest [study date (BDC to
BR55): F=2.3, p=0.061] (Table 3). The CTRL group
showed marginal (on BR31 and BR55 p=0.06) decreases
in lean body mass during bed-rest (Table 3) and although
the RVE group did not, these marginal differences be-
tween groups were not significant [groupxstudy date BDC
to BR55): F=0.5, p=0.72]. In the recovery phase there was
evidence for a different response in the two groups [study
date (BR55 to R+360): F=6.1, p=0.0001: groupxstudy
date (BR55 to R+360): F=3.1, p=0.014] with the CTRL
group showing increases in lean mass above pre-bed-rest
levels and the RVE group not deviating significantly from
pre-bed-rest levels (Table 3).

Endocrine and metabolic parameters

With the exception of cortisol, ANOVA suggested sig-
nificant changes in all parameters (SHBG, prolactin,

Table 3 - Body composition from dual X-ray absorptiometry.

Study-date Lean mass (kg) Fat mass (kg)
CTRL RVE CTRL RVE

Baseline 57.8(1.6) 56.4(2.1) 13.1(1.9 17.0(2.4)
BR18 57.6 (1.6) 56.4(2.1) 13.0(1.9) 16.8(2.4)
BR31 57.0(1.6) 56.0(2.1) 141 (1.9% 17.5(2.4)
BR44 57.3(1.7) 56.9(2.1) 14.3(1.9% 17.1(2.5)
BR55 57.0(1.6) 55.7(2.2) 15.2 (1.9% 18.6 (2.5)°
R+14 58.5(1.6) 57.3(2.1) 15.7 (1.9t 18.5(2.5)°
R+28 58.6 (1.6) 57.3(2.1) 15.7 (2.0t 18.3 (2.5)*
R+90 58.7 (1.6)* 56.9 (2.2) 15.4 (2.1)° 16.8(2.5)
R+180 59.1(1.6)° 56.0(2.1) 15.2 (2.1)* 16.3(2.5)
R+360 58.8 (1.6)* 56.1(2.2) 14.9 (2.2) 16.0(2.6)

Values are mean (SEM). *p<0.05; °p<0.01; #p<0.001 and indicate signif-
icance of difference to baseline value (combined data from BDC-3 and
BR2). BR: day of bed-rest; R+: day of recovery; CTRL: control group; RVE:
resistive vibration exercise group. There was little evidence on analysis
of variance for a group difference on changes in body composition dur-
ing bed-rest (p>0.11). After bed-rest, evidence for a different response in
the two groups was present for lean-mass only (p=0.014). See text for
further details.
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Fig. 2 - Effect of bed-rest and countermeasure exercise on sex hormones. A) SHBG; B) PRL; C) total testosterone; D) estradiol. Val-
ues are mean (SEM) percentage change compared to baseline. Time axis is to scale up until R+7. Control (CTRL) and resistive vibra-
tion exercise (RVE) groups have been offset slightly. Significance of difference to baseline indicated by: *0<0.05; 1p<0.01; p<0.001.
Increase of estradiol at R+1 in the CTRL group is significant (p=0.0036). R+1 blood-drawing occurred prior to subjects re-ambulating.

testosterone, estradiol, TSH, FT;, creatine kinase) in both
the bed-rest (F>2.6, p<0.0035) and recovery phases
(F=5.4, p<0.0002). Serum SHBG concentrations continu-
ously decreased in the CTRL group during bed-rest and
this reduction persisted for up to a week after remobi-
lization (Fig. 2A). By day 28 post recovery, serum SHBG
levels had reached baseline levels. In the RVE group, in
contrast, serum SHBG levels remained unchanged during
bed-rest, but increased significantly during recovery. The
differences between the CTRL and RVE groups in SHBG
were significant in bed-rest (F=9.6, p<0.0001) and re-
covery (F=48.2, p<0.0001).

Although no significant changes compared to baseline oc-
curred for serum prolactin within each group during bed-
rest (Fig. 2B), prolactin decreased on average during bed-
rest by 15.0% in the CTRL group (BR3-R+1) and increased
by 15.3% in the RVE group. The difference between the
groups during bed-rest was significant (F=2.1, p=0.021).
After re-ambulation (R+3 and beyond), prolactin decreased
similarly in both groups. Total testosterone concentrations
increased early during bed-rest up until day 19 in both
groups (Fig. 2C) by which time they returned to baseline
until re-ambulation. During recovery, testosterone con-
centrations dropped significantly and remained decreased
up until R+7. The responses were similar in both subject
groups (F<1.9, p=0.10). Serum estradiol concentrations in-
creased towards the end of bed-rest (Fig. 2D), but coun-
termeasure exercise did not appear to impact upon these
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changes (F=0.63, p=0.80). Serum estradiol levels increased
sharply following re-ambulation, and these changes were
more pronounced in the CTRL group than in the RVE
group (F=3.3, p=0.0090).

Serum TSH was increased during bed-rest and also dur-
ing recovery (Fig. 3A), with no evidence for a different
response between the two groups (F<1.7, p>0.15). Serum
FT3 concentrations decreased within the first few days of
bed-rest, but then recovered to baseline levels within the
first week after re-ambulation (by R+7) (Fig. 3B), with both
subject groups showing a similar response (F<1.4,
p=0.25). Cortisol levels were generally decreased in the
CTRL group (p<0.022 at BR5, BR12 and BR33) with no
changes in the RVE group, and after re-ambulation, cor-
tisol levels tended to increase in the RVE group (p<0.015
at R+3 and R+90) and return to baseline in the CTRL
group (Fig. 3C). Despite this, little evidence existed over-
all from ANOVA supporting the hypothesis of changes
in cortisol levels during bed-rest or for different response
in the two groups in either phase of the study (F<1.6,
©0=0.10). Serum creatine kinase levels decreased to a sim-
ilar extent in both groups during bed-rest (F=1.3, p=0.21)
(Fig. 3D). Increases in serum creatine kinase were seen
after bed-rest up until 28 days later and whilst the in-
crease in creatine kinase in the CTRL group was signifi-
cant at R+3, but not in the RVE group (Fig. 3D), ANOVA
did not provide evidence for a different response of the
two groups after bed-rest (F=0.7, p=0.65).
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Fig. 3 - Effect of bed-rest and countermeasure exercise on thyroid hormones, cortisol and creatine kinase. A) TSH; B) free T3 (FT3); C) cor-
tisol; D) creatine kinase. Values are mean (SEM) percentage change compared to baseline. Time axis is to scale up until R+7. Control (CTRL)
and resistive vibration exercise (RVE) groups have been offset slightly. Significance of difference to baseline indicated by: *p<0.05; 1p<0.01;
#p<0.001. FT3 is significantly lower than at baseline on R+1 (p<0.05). R+1 blood-drawing occurred prior to subjects re-ambulating.

Partial correlation analyses Table 4 - Partial correlations between body-composition and
The aim of these partial correlation analyses was to help endocrinological/metabolic markers.
evaluate potential mechanisms underlying the changes Body composition (DXA)

seen during bed-rest and as a result of countermeasure
exercise. By (statistically) controling for the effect of bed-

Bone mass Fat mass Lean mass

rest and/or exercise, it is possible to see if there is any co- Cortisol ~0.09 0.13 0.07
variation in movement of parameter values. This helps to Testosterone 0.12 .07 011
indicate whether there could be a link between changes SHBG 015 0.60¢ 037

in various parameters without the confounding factor of PRL 0.01 0.21 0.09
bed-rest and/or exercise. Partial correlation analyses Estradiol 0.06 -0.04 -0.09
showed, after controling for the main effects of study date, TSH -0.12 -0.10 0.06
training group and their interaction, no relationship be- FTs -0.32 0.00 -0.15
tween ?hanges n bon_e or lean mass and changes in the Values are partial correlation coefficients controlling for study date, sub-
endocrine or metabolic parameters (Table 4). However, ject group and their interaction. Data from bed-rest phase only used.
increases in fat mass were associated with decreases in #p<0.001. DXA: dual X-ray absorptiometry; FT: free T.

SHBG. Partial correlation analyses between the individu-
al endocrine and metabolic parameters (Table 5) showed

that increases in prolactin were associated with increases bed-rest, and then returned to baseline in both groups,
in cortisol and that increases in testosterone were associ- but decreased in the first week after re-ambulation. Pro-
ated with increases in both estradiol but decreases in TSH. lactin levels decreased by 15.0% in the inactive subjects

and increased by 15.3% in the countermeasure subjects,
but the differences compared to baseline levels were not

DISCUSSION significant. Decreases in SHBG levels during bed-rest cor-
The main findings of the current study with respect to related moderately with increases in total body fat, but no
sex steroids were a reduction of SHBG in the inactive significant correlation was seen between the other en-
(control) subjects during 56 days of bed-rest, but stable docrine and metabolic parameters and changes in body
levels of SHBG in the exercise subjects. Furthermore, to- composition.

tal testosterone levels increased in the first 3 weeks of To our knowledge, this is the first study to examine SHBG
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Table 5 - Partial correlations between endocrinological and
metabolic markers.

Creatine Cortisol Testos- SHBG PRL Estradiol TSH
kinase terone

Cortisol -0.02

Testosterone  0.13 -0.20

SHBG -0.05 -0.17 0.34

PRL -0.11 0.51+ 0.01 -0.29

Estradiol 0.03 -0.04 0.55+ -0.04 0.30

TSH -0.23 0.36 -0.47¢+ -0.06 0.13 -0.31

FT3 0.23 0.19 0.04 0.17 -0.13 -0.06 0.05

Values are partial correlation coefficients controlling for study date, sub-
ject group and their interaction. Data from bed-rest phase only used.
+p<0.001.

in spaceflight simulation. The different response of SHBG
in the exercise and inactive control subjects during bed-
rest is quite remarkable, and not wholly explained by
changes in other hormones. T5 is known to be important
in stimulating SHBG secretion (28). Increased concentra-
tions of testosterone early in bed-rest could also result
in a reduction of SHBG levels (29). Whilst these findings
may help to explain the changes in SHBG seen in the in-
active subjects, they cannot explain the stable SHBG val-
ues seen in the countermeasure group: both groups
showed similar patterns of FT3 (decrease) and testos-
terone (increased up to week 3 of bed-rest). Bodly fat, in
contrast, is associated with SHBG levels, with obese peo-
ple usually showing lower levels (30) and anorexic females
showing higher serum SHBG concentrations (31). In-
creased levels of insulin were seen in both subject groups
(unpublished observations) and the changes in insulin
were uncorrelated (r=-0.09) with the changes in SHBG.
Hence, changes in resting insulin levels are unlikely to be
able to explain the changes observed in SHBG. Unfortu-
nately, data on insulin resistance and carbohydrate in-
take are not available for these subjects. In the current
study, however, a moderate inverse correlation was seen
between changes in total body fat and changes in SHBG
levels within subject during bed-rest. This may form part
of the explanation for decreases in SHBG levels in the in-
active subjects, but given that the exercise subjects also
showed increased fat levels despite stable SHBG levels,
this association is unlikely to completely explain the phe-
nomenon.

Physical activity itself may help to explain the differential
response of SHBG in the two subject groups. With the
additional physical activity load imposed upon the exer-
cise subjects, this may have been the key factor in pre-
venting reductions in SHBG. Cross-sectional studies have
suggested that reductions in physical activity influence
serum levels of SHBG (21-23).

It is noteworthy that acute resistance exercise has been
shown to increase SHBG levels (32, 33) and although no
studies have yet examined the effect of whole-body vi-
bration exercise on SHBG, whole-body vibration has
been shown to impact upon growth hormone (34, 35),
glucose metabolism (35) and catecholamine levels (35-
37). However, given the limited relationship in the cur-
rent study of changes in SHBG with other endocrino-
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logical and metabolic markers during bed-rest, under-
standing the mechanisms of any relationship between
physical activity and SHBG is difficult. Understanding this
is, however, important as lower SHBG levels have been
found predictive of the subsequent development of
metabolic syndrome (38) and prior works have consid-
ered the potential link between SHBG and cardiovascu-
lar disease (39).

The increases in testosterone concentrations at the be-
ginning of bed-rest and decreases upon re-ambulation
are unlikely to be associated with changes in muscle or
bone mass. The administration of testosterone in males
is well-known to promote increases in muscle mass (40)
and lower serum levels of free testosterone in men are
found to correlate with lower levels of muscle mass (41).
In contrast, in the current study, concentrations of total
testosterone (and presumably free testosterone given
changes in SHBG) are increased as muscle mass is being
lost. Furthermore, the countermeasure exercise did not
influence changes in testosterone and no correlation was
apparent between changes in testosterone and changes
in bone or muscle. Changes in hemoconcentration in the
first few weeks of bed-rest with subsequent re-hydration
after bed-rest may explain the 15.6% increase during
bed-rest (BR12) and subsequent 20.0% decrease after
bed-rest (R+3) of total testosterone concentration, but
unfortunately data on hematocrit or hemoglobin levels in
these subjects are not available. Prior studies have found
hematocrit levels (an indicator of hemoconcentration) to
be increased during bed-rest (42) and decreased after-
wards (43). Thus, fluid loss and hemoconcentration may
have played a role in the changes seen in testosterone
in the current study, but this is unclear. Irrespective of
the underlying cause, pharmacodynamic studies (44, 45)
suggest the half-life of testosterone to be on the order
of weeks, which fits well with the amount of time taken
for testosterone concentrations to return to baseline lev-
els (by day 33 of bed-rest). Prior works in bed-rest have
shown conflicting results with decreases in testosterone
levels in during bed-rest (14, 16) or no change (17, 18).
Evidently, the effect of extreme changes of activity (such
as bed-rest) on testosterone levels is not clear, but the
correlation analyses in current study suggests that en-
dogenous testosterone levels do not appear to influence
losses of muscle or bone during bed-rest.

Estradiol levels were generally increased during bed-rest,
though this effect was significant only late in bed-rest.
The additional exercise during bed-rest in the counter-
measure group did not appear to affect any influence on
estradiol levels. Also, no relationship was apparent be-
tween changes in estradiol levels during bed-rest and
changes in muscle or bone mass. A prior study examin-
ing the effect of bed-rest on estradiol in men (46) found
that estradiol levels were increased by 9.1% on the third
day of bed-rest, which is comparable to our results. After
bed-rest, marked increases in estradiol levels were seen
with the inactive subjects showing greater increases in
estradiol than the countermeasure exercise subjects. Oth-
er authors have suggested estrogen to have a role in pro-
tecting against muscle tissue damage (47), with more re-
cent animal studies supporting this assertion (48) and oth-
er works showing higher estrogen levels facilitates mus-



cle repair after damage (49). Furthermore, women (hav-
ing higher estrogen levels) show a more limited inflam-
matory response than men in response to eccentric ex-
ercise (50) and animal studies show the treatment of
spinal-cord injured rats with estradiol reduces edema
and inflammation (51). Upon re-ambulation, due to
greater muscular deconditioning (52, 53), the inactive
subjects likely experience more muscle damage, which
is supported by the findings of a 290% increase in crea-
tine kinase 3 days after bed-rest in the inactive subjects,
but only a 45% increase in the exercise subjects. Whilst
evidence suggests that estrogen can act to reduce mus-
cle damage in response to overloading, we have not
identified any works examining whether estrogen in-
creases in response to muscle damage and the role of
estrogen in muscle damage remains controversial (54). It
remains possible, however, that the increases of estradiol
in the current study after bed-rest may be part of an en-
docrine response to muscle damage after muscle re-
conditioning and re-loading for protection and/or repair
of muscle tissue.

The responses of prolactin and cortisol to bed-rest were
limited, through the effects seen may be associated with
stress responses. Prior investigations in bed-rest and
spaceflight (4-16) have not shown a consistent pattern of
change in glucocorticoids, though cortisol has been
shown to increase in response to acute stress in bed-rest
(55). Prolactin has been studied little with one 4-day bed-
rest study finding no change (8) and another 42-day study
finding an increase in prolactin in the first 5 weeks with
subsequent return to baseline levels prior to the end of
bed-rest (12). Prolactin is also known be released in re-
sponse to stress (56) and we observed a moderate cor-
relation between the changes in prolactin and cortisol
levels. It may be that the inactive subjects experienced
lower levels of stress during bed-rest (or higher levels pri-
or to bed-rest) than the exercise subjects. It is also worth
noting that although the administration of glucocorticoids
can have a catabolic effect on muscle and bone, there is
little evidence, both from the current or other studies for
a consistent impact of the glucocorticoids on bone or
muscle loss during bed-rest. Indeed, prior work has sug-
gested that increases in glucocorticoid levels within nor-
mal physiological ranges do no influence muscle protein
breakdown (57). Furthermore, we observed no correla-
tion between within-subject changes in cortisol and bone
or muscle mass. Overall, these results suggest that en-
dogenous cortisol has little influence upon muscle or
bone loss during bed-rest.

It is important to mention some specific limitations of the
current study. Firstly, the small sample size could have
resulted in certain comparisons not reaching statistical
significance. Hence, some caution should be applied
when interpreting the non-significant findings from the
current study. Furthermore, some other parameters, such
as C-reactive protein, and hormone receptor density,
could not be measured which could help to shed further
light on some findings. A number of parameters (e.g. cor-
tisol) have a typical 24-h variation in their concentration
and we performed all of our measurements at the same
time of day (08:00 h) in order to avoid the influence of
intra-day variation on our results. It remains a possibility
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however, that measurements performed at other times
of the day may have then shown different effects of bed-
rest. Also, in the current work, we report total testos-
terone and estradiol concentrations as calculations of
“free” or “biocavailable” hormones has never been clear-
ly proven to be of any clinical relevance: the effects of all
(sex) hormones depend on tissue metabolism, receptor
density and a number of other factors that cannot easily
be measured and hence we feel attempting to calculate
free or bioavailable levels of certain hormones would not
aid to enlighten us further as to the potential effects of
bed-rest on the endocrinological system. Analyses of re-
ceptor density would however improve our ability to un-
derstand the physiological implications of the changes
seen and could be considered in future work.

In conclusion, the current study found that SHBG levels
are reduced significantly during bed-rest in inactive sub-
jects but remained stable in subjects undergoing a RVE
program during bed-rest. Increases of estradiol levels
were seen after bed-rest and are in response to muscle
damage upon re-ambulation. The alteration of thyroid
function (TSH, FT3) can largely be explained by decreased
energy expenditure (13, 58). Prolactin showed little
change during or after bed-rest. Changes in the sex hor-
mones, cortisol, TSH and FT3 appear unrelated to losses
of muscle or bone in men during bed-rest. Due to the
limited number of subjects, caution should be applied in
interpreting these negative findings.
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