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Context: Energy balance and physical activity potentially influence systemic inflammation.

Objective: Our objective was to test the hypothesis that moderate energy restriction may prevent
activation of inactivity-induced inflammatory response.

Design: Participants were studied four times at the end of 14-d periods of experimental bed rest
or controlled ambulation, after receiving eucaloric or hypocaloric diets.

Setting: The study was conducted at the clinical research center of the German Space Agency.

Subjects: Nine healthy young volunteers participated.

Interventions: Energy intake was calibrated to physical activity and decreased by about 20% in
hypocaloric conditions.

Main Outcome Measures: Changes in body fat by dual-energy x-ray absorptiometry as well as
plasma inflammatory markers and cytokine mRNA levels in blood cells were measured.

Results: Fat mass did not change significantly in eucaloric conditions and decreased in hypocaloric
periods (�1.0 � 0.3 and �1.0 � 0.3 kg in ambulatory and bed rest, respectively). Bed rest in eucaloric
conditions increased plasma C-reactive protein (CRP) (�143 � 53%) and both the ratios between
plasma IL-6 and IL-10 (4�1 times) and white blood cell IL-6 and IL-10 mRNAs (5 � 1 times). Energy
restriction prevented bed-rest-mediated increases in CRP and the IL-6 to IL-10 ratio. Bed rest in-
creased (P � 0.03) long pentraxin-3 (PTX3) plasma concentration, without significant activity-by-
diet interaction. In all conditions (n � 36), CRP and PTX3 were inversely correlated (r � �0.61; P �

0.001). Changes in fat mass, leptin, and IL-6 directly correlated with CRP and inversely correlated
with PTX3. IL-10 inversely correlated with CRP and directly correlated with PTX3 (r � 0.52; P � 0.01).

Conclusions: Calorie restriction prevents the inflammatory response induced by 14 d of bed rest.
We suggest an inverse regulation of CRP and PTX3 in response to changes in energy balance. (J Clin
Endocrinol Metab 93: 3226–3229, 2008)

Physical activity and energy balance potentially influence in-
flammatory response. Exercise training down-regulates C-

reactive protein (CRP) and proinflammatory cytokines indepen-
dently from changes in body composition (1). Sedentary lifestyle

is associated with an inflammatory response in population-based
studies (2, 3) leading to increased cardiovascular risk (3). Calorie
restriction decreases inflammation, whereas energy excess and
fat deposition activate the inflammatory response (4). Leptin is
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a proinflammatory mediator secreted by adipose tissue in re-
sponse to energy availability and level of physical activity (5, 6).
Physical activity and energy balance can modulate inflamma-
tion, either directly through cytokine production in skeletal mus-
cle and adipose tissue (1, 5–7) or indirectly through changes in
endothelial function and free radical production (8).

In the attempt to discriminate the effect of physical inactivity
from that of changes in energy balance, healthy volunteers were
studied four times at the end of 14-d periods of experimental bed
rest or controlled ambulation while receiving eucaloric or hy-
pocaloric diets (9). Energy balance was defined by fat-mass
changes throughout the intervention periods (9). We hypothe-
sized that bed-rest-mediated activation of inflammation would
be prevented by moderate energy restriction. Markers of inflam-
mation included pro- and antiinflammatory cytokines as well as
two representative acute-phase proteins as CRP and long pen-
traxin-3 (PTX3). These acute-phase reactants are structurally
related (10), but whereas CRP is mainly derived from liver syn-
thesis, circulating PTX3 is released from a variety of tissues,
including skeletal muscle, heart, fat, and endothelium (11, 12).

Subjects and Methods

The experimental design has been previously described (9). The study
was conformed to the standards set by the Declaration of Helsinki
(2002). Briefly, nine healthy male subjects [age, 24 � 1 (SEM) yr; body
mass index, 23 � 1 kg/m2] were studied four times during separate 14-d
periods in ambulatory-eucaloric, bed-rest-eucaloric, ambulatory-hy-
pocaloric and bed-rest-hypocaloric conditions. During the first phase
(July to August 2001), four subjects in ambulatory-eucaloric conditions
and five subjects in bed-rest-eucaloric conditions were studies for a pe-
riod of 14 d. Five months later, during the second phase (February to
March 2002), the subject group crossover was performed; the four
patients previously studied in ambulatory-eucaloric conditions were
studied in bed-rest-eucaloric conditions, and the five subjects studied in
bed-rest-eucaloric conditions in the first phase were studied in ambula-
tory-eucaloric conditions. The third (July to August 2002) and fourth
(February to March 2003) phases involved studying subjects in hypoca-
loric conditions according to the same ambulatory-bed-rest crossover
described for the first and second phases. The crossover design random-
ized potential seasonal effects on inflammatory markers. In bed rest
conditions participants were continuously exposed to 6° head-down-tilt
bed rest for 14 d. In ambulatory conditions, participants were exposed
to a controlled level of physical activity for 14 d (9). In eucaloric con-
ditions, energy intake was 1.4 (ambulatory) or 1.1 (bed rest) times the
calculated resting energy expenditure (9). In hypocaloric conditions, en-
ergy intake was 1.1 (ambulatory) or 0.9 (bed rest) times the calculated
resting energy expenditure. Ten percent of total kilocalories was added
to account for dietary-induced thermogenesis. Mean total energy intake
(kcal/kg�d) was as follows: ambulatory-eucaloric condition, 36 � 0.4;
bed-rest-eucaloric condition, 28.5 � 0.3; ambulatory-hypocaloric con-
dition, 28.8 � 0.4; bed-rest-hypocaloric condition, 23.4 � 0.4. Dietary
fat content was 30% of energy during eucaloric periods. During hypoca-
loric periods, energy restriction was achieved by decreasing fat intake to
a minimum of 60 g/d. Subjects received 1 g protein/kg body weight per
day in all study phases. Body composition was measured by dual-energy
x-ray absorptiometry at the end of the adaptation period and at the
beginning of the recovery period with a Hologic QDR-2000 (Waltham,
MA). Blood samples were taken in the fasting state in the morning at the
end of each intervention period to determine markers of energy balance
and inflammation.

Plasma CRP levels were determined using a high-sensitivity CRP
ELISA kit (Diagnostics Biochem, Canada Inc., London, Ontario, Canada).

Plasma leptin concentrations were determined by ELISA (catalog item
DLP00; R&D Systems, Minneapolis, MN). Plasma insulin concentra-
tions were determined by RIA (Insulin RIA; Adaltis, Montreal, Canada).
Plasma levels of IL-6, interferon (IFN)-�, TNF-�, IL-10, and transform-
ing growth factor (TGF)-�1 were determined using Quantikine ELISA
kits (R&D Systems). TGF-�1 was activated from the latent to immuno-
reactive form detectable by the Quantikine ELISA TGF-�1 immunoassay
as follows: 0.1 ml 2.5 N acetic acid/10 M urea was added to 0.1 ml of
platelet-poor plasma. After incubation at room temperature, sample so-
lutions were neutralized by adding 0.1 ml 2.7 N NaOH/1 M HEPES.
Plasma PTX3 concentrations were quantified by a sandwich ELISA de-
tection system (Alexis Biochemical Italia, Vinci, Italy) as previously de-
scribed (13). TNF-�, IL-6, IFN-�, TGF-�, and IL-10 mRNA levels were
determined in blood cells by real-time PCR (7900 Sequence Detection
System; Applied Biosystems, Foster City, CA) as previously described
(14). Cytokine mRNA amounts were expressed as fraction of GAPDH
mRNA levels.

All data were expressed as means � SEM. All data were log-trans-
formed when appropriate and analyzed by repeated-measures ANOVA
with activity (ambulatory or bed rest) and diet (eucaloric or hypocaloric)
as the two factors. Post hoc analysis was performed, when appropriate,
by using a t test with Bonferroni’s adjustment. Regression analysis was
performed in individual data obtained from the four experimental pe-
riods (n � 36). Statistical analysis was performed with SPSS software
(version 12; SPSS Inc., Chicago, IL).

Results

Baseline and postintervention values of lean and fat mass during
the ambulatory and bed rest periods with eucaloric and hypoca-
loric diets have been previously reported (9). During the 14-d
intervention periods, fat mass did not change significantly in
eucaloric conditions (ambulatory, 0.1 � 0.3 kg; bed rest, �0.3 �

0.2 kg), although it was significantly decreased from baseline
(P � 0.001) in hypocaloric conditions (ambulatory, �1.0 � 0.3
kg; bed rest, �1.0 � 0.3 kg). Table 1 shows the effects of bed rest
at different energy intake on selected hormones, acute-phase pro-
teins, and cytokines. Bed rest did not change insulin and leptin
plasma concentrations during either eucaloric or hypocaloric
diets. There was a significant bed rest effect in increasing PTX3
plasma concentration, without significant activity-by-diet inter-
action. There was a significant effect of hypocaloric diet in de-
creasing plasma CRP concentration by 143 � 53%, with signif-
icant activity-by-diet interaction. Bed rest significantly increased
CRP concentrations in eucaloric conditions. Bed-rest-mediated
changes in CRP concentrations were significantly greater (P �

0.04) in eucaloric conditions than during hypocaloric diet. There
was significant activity-by-diet interaction for plasma concen-
tration of IL-6. Bed-rest-mediated changes in IL-6 concentra-
tions were significantly greater (P � 0.01) in eucaloric conditions
(299 � 74%) than during the hypocaloric diet. Significant
changes in plasma concentrations of the other cytokines, medi-
ated either by bed rest or hypocaloric nutrition, were not ob-
served. mRNA levels of the antiinflammatory cytokine IL-10
decreased by �51 � 23% in bed rest and eucaloric diet, although
it did not significantly change during bed rest in hypocaloric
conditions. There was significant activity-by-diet interaction for
IL-10 mRNA levels. Bed-rest-mediated changes in IL-10 mRNA
levels were significantly lower (P � 0.03) in eucaloric conditions
than during hypocaloric diet. Significant changes in mRNA lev-
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els of the other three cytokines, mediated by either bed rest or
hypocaloric nutrition, were not observed. There was significant
activity-by-diet interaction for the ratios between IL-6 and IL-10.
Bed rest in eucaloric conditions increased both the ratios between
IL-6 and IL-10 plasma concentrations by 4 � 1 times (P � 0.01)
and between IL-6 and IL-10 white blood cell mRNAs by 5 � 1
times (P � 0.001). Energy restriction prevented bed-rest-medi-
ated increases in IL-6/IL-10 concentrations and mRNAs.

Regression analysis was performed in individual data ob-
tained from the four experimental periods (n � 36) to define
determinants of hormone and inflammatory marker variability
(Table 2). Plasma insulin and leptin concentrations were directly
correlated with fat mass, energy intake, and CRP concentration.
In addition, leptin correlated directly with energy balance, as

expressed by changes in fat mass over the intervention periods,
and indirectly with PTX3 and IL-10. The best regression model
predicting plasma leptin variability (multiple r � 0.86;
P � 0.0001) included fat mass (coefficient � SEM, 0.00046 �

0.00006) and energy intake (coefficient � SEM, 0.00328 �

0.00149). CRP and PTX3 were inversely correlated. CRP di-
rectly correlated with fat mass and energy balance as well as with
insulin, leptin, and IL-6 levels, whereas PTX3 inversely corre-
lated with the same parameters (statistical significance was not
achieved with energy intake and insulin). Plasma IL-10 concen-
trations directly correlated with PTX3 and inversely correlated
with CRP. Multiple regression analysis indicated that only leptin
concentrations independently predicted CRP concentrations
(P � 0.001). In contrast, the best model predicting variability of
PTX3 (multiple r�0.59; P�0.001) included changes in fat mass
(coefficient � SEM, �0.19 � 0.08) and IL-10 (coefficient � SEM,
95 � 33).

Discussion

The most important finding in this study was that 2-wk bed rest
at neutral energy balance activated proinflammatory cascade, as
shown by increases in plasma CRP and IL-6 and decreases in
mRNA transcript of antiinflammatory cytokine IL-10. The IL-6
to IL-10 ratios in plasma and mRNA transcripts increased to a
similar extent after bed rest, suggesting an imbalance in the ex-
pression of pro- and antiinflammatory cytokines. The proin-
flammatory effect of bed rest was completely abolished by mod-
erate energy restriction leading to about 5% loss of fat mass. This
is in agreement with previous evidence showing antiinflamma-
tory effects of negative energy balance (4). Leptin variability
throughout the four experimental phases (in response to changes
in activity, fat mass, and energy intake and balance) indepen-

TABLE 1. Effects of bed rest at different energy intake levels on selected hormones, acute-phase proteins, and cytokines

Eucaloric diet Hypocaloric diet P

Ambulatory Bed rest Ambulatory Bed rest Activity effect Diet effect Interaction

Plasma concentrations
Insulin (�U/ml) 6.8 � 0.6 6.1 � 0.4 7.3 � 1.1 6.4 � 0.8 0.29 0.45 0.76
Leptin (ng/ml) 5.2 � 1.1 4.1 � 0.8 5.2 � 1.4 4.2 � 1.0 0.17 0.27 0.86
PTX3 (pg/ml) 808 � 126 934 � 177 901 � 178 1139 � 205 0.03 0.28 0.72
CRP (�g/ml) 1.2 � 0.4 2.3 � 0.6a 1.1 � 0.4 0.8 � 0.2 0.20 0.02 0.03
IL-6 (pg/ml) 3.4 � 1.0 11.4 � 3.4a 3.4 � 0.7 1.7 � 0.3 0.23 0.08 0.01
IFN-� (pg/ml) 5.1 � 0.5 6.2 � 0.5 6.6 � 0.6 6.8 � 0.7 0.21 0.19 0.35
TNF-� (pg/ml) 16 � 2 22 � 4
IL-10 (pg/ml) 9.2 � 0.5 9.5 � 0.9 9.0 � 0.5 9.9 � 1.1 0.75 0.99 0.74
TGF-� (pg/ml) 1143 � 190 1055 � 164
IL-6/IL-10 0.4 � 0.1 1.4 � 0.5a 0.4 � 0.1 0.2 � 0.1 0.33 0.08 0.01

White blood cell mRNA
IL-6 4.9 � 0.8 5.2 � 1.3 6.3 � 1.3 6.8 � 1.8 0.63 0.59 0.81
IFN-� 143 � 28 188 � 52 75 � 21 173 � 49 0.21 0.09 0.12
TNF-� 0.6 � 0.1 0.9 � 0.4 1.0 � 0.2 0.8 � 0.2 0.37 0.08 0.47
IL-10 0.72 � 0.20 0.24 � 0.08a 0.47 � 0.09 0.50 � 0.13 0.02 0.45 0.01
TGF-� 111 � 22 67 � 9 66 � 31 51 � 24 0.16 0.03 0.84
IL-6/IL-10 9 � 2 44 � 15a 16 � 3 20 � 5 0.06 0.64 0.02

For P values, data were analyzed with two-factor (activity � diet) ANOVA with interaction.
a Significantly different from ambulatory condition at P � 0.025 based on Bonferroni’s post hoc analysis to assess the effects of bed rest either in eucaloric or
hypocaloric diets.

TABLE 2. Correlations between selected variables at different
levels of activity and energy intake

Variable Insulin Leptin CRP PTX3

Fat mass (g) 0.59c 0.78c 0.62c �0.35a

Changes in fat mass (g/14 d) 0.31 0.40a 0.51b �0.43b

Energy intake (kcal/d) 0.51b 0.60c 0.40a �0.24
Insulin (�U/ml) 0.51b 0.45b �0.14
Leptin (ng/ml) 0.51b 0.63c �0.53c

CRP (�g/ml) 0.45b 0.63c �0.61c

PTX3 (pg/ml) �0.14 �0.53c �0.61c

IL-6 (pg/ml) 0.19 0.31 0.49b �0.38a

IFN-� (pg/ml) 0.11 0.12 0.06 0.22
IL-10 (pg/ml) �0.17 �0.35a �0.37a 0.52b

Correlation analysis of individual data from the four experimental periods (n �
36): ambulatory-eucaloric diet, bed-rest-eucaloric diet, ambulatory-hypocaloric
diet, and bed-rest-hypocaloric diet. Data are Pearson’s r correlation coefficients.
Significant correlation between variables is indicated by superscript letters.
a P � 0.05.
b P � 0.01.
c P � 0.001.
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dently predicted individual CRP levels, supporting the concept
that this adipose tissue hormone is a link between energy me-
tabolism and inflammation (6, 15). We have studied a selected
population of healthy, young male volunteers, but bed rest ef-
fects on inflammatory response could also be enhanced or down-
regulated by genetic or environmental factors, such as cytokine
polymorphisms, gender, age, or disease states (14, 16, 17). Fu-
ture studies are needed to determine whether less extreme re-
ductions in physical activity, such as reducing daily step numbers
(18), would also lead to increases in inflammatory markers as
shown here in the more extreme condition of bed rest.

PTX3 is an acute-phase reactant structurally related but dis-
tinct from CRP (10). PTX3 is either associated with increased
systemic inflammation or involved in termination of acute in-
flammatory response (10, 19). In the present study, bed rest
significantly increased PTX3 plasma concentration, without sig-
nificant activity-by-diet interaction. Furthermore, PTX3 in-
versely correlated with fat mass, energy balance, and leptin, sug-
gesting that, in addition to inactivity, nutritional factors may
play a role in regulation of this acute-phase reactant. Our data
show that nutrient intake and decreases in body fat affect plasma
levels of CRP and PTX3 in opposite directions. An inverse re-
lationship between PTX3 and body fat decreases represents a
novel finding. PTX3 is highly expressed in adipose tissue and is
modulated by cytokines with paracrine mechanisms (11, 12). In
our study, IL-10 levels were independent determinants of PTX3
variability. We may therefore speculate that the association
between negative energy balance and increases in PTX3 levels
could be mediated by increases in expression of antiinflam-
matory cytokines, like IL-10, in circulating cells or in adipose
tissue (20).

In conclusion, the results of our study are relevant in under-
standing the interactions between physical inactivity and energy
balance in the pathogenesis and progression of diseases charac-
terized by low-grade inflammation, such as diabetes and cardio-
vascular diseases (3). Novel insight was also provided into the
inverse regulation of the acute-phase reactants PTX3 and CRP
by energy balance.
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