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Abstract

Purpose This study aimed at determining the effects of
bed rest on the skeletal muscle leptin signaling system.
Methods Deltoid and vastus lateralis muscle biopsies
and blood samples were obtained from 12 healthy young
men (mean &= SD, BMI 22.8 4+ 2.7 kg/mz) before and after
7 days of bed rest. Leptin receptor isoforms (OB-Rs), sup-
pressor of cytokine signaling 3 (SOCS3) and protein tyros-
ine phosphatase 1B (PTP1B) protein expression and signal
transducer and activator of transcription 3 (STAT3) phos-
phorylation were analyzed by Western blot.

Results After bed rest basal insulin concentration was
increased by 53 % (P < 0.05), the homeostasis model
assessment (HOMA) by 40 % (P < 0.05), and serum leptin
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concentration by 35 % (P < 0.05) with no changes in body
fat mass. Although the soluble isoform of the leptin recep-
tor (s-OBR) remained unchanged, the molar excess of lep-
tin over sOB-R was increased by 1.4-fold after bed rest
(P < 0.05). OB-Rs and SOCS3 protein expression, and
STAT3 phosphorylation level remained unaffected in del-
toid and vastus lateralis by bed rest, as PTP1B in the del-
toid. PTP1B was increased by 90 % with bed rest in the
vastus lateralis (P < 0.05). There was a linear relationship
between the increase in vastus lateralis PTP1B and the
increase in both basal insulin concentrations (r = 0.66,
P < 0.05) and HOMA (r = 0.68, P < 0.05) with bed rest.
Conclusions One week of bed rest is associated with
increased leptin levels without augmenting STAT3 phos-
phorylation indicating some degree of leptin resistance in
skeletal muscle, which can be explained, at least in part, by
an elevation of PTP1B protein content in the vastus later-
alis muscle.
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Abbreviations
AMPK 5’ Adenosine monophosphate-activated protein
kinase

AUC Area under curve

BMI Body mass index

DEXA Dual-energy X-ray absorbtiometry

ELISA Enzyme-linked immunosorbent assay

FLI Molar excess of leptin over s-OBR

HOMA Homeostatic model assessment of insulin
resistance

JAK2 Janus kinase 2

OB-R128 Leptin receptor isoform of 128 kDa

OB-R170 Leptin receptor isoform of 170 kDa

OB-R98  Leptin receptor isoform of 98 kDa

OB-Rb Long isoform of the leptin receptor

OB-Rs Leptin receptor isoforms

OGTT Oral glucose tolerance test

PTP1B Protein tyrosine phosphatase 1B

SIRT1 Sirtuin 1

s-OBR Soluble isoform of the leptin receptor

SOCS3 Suppressor of cytokine signaling 3

STAT3 Signal transducer and activator of
transcription 3

TBS-T Tris-buffered saline with 0.1 % Tween 20

VOsmax Maximal oxygen consumption or maximal
oxygen uptake

Introduction

Sedentary lifestyle has been associated with obesity, glu-
cose intolerance, insulin resistance and leptin resistance
(Krawczewski Carhuatanta et al. 2011; Krogh-Madsen
et al. 2010; Must et al. 1999; Myers et al. 2008; Pedersen
2007; Steinberg et al. 2002). However, the molecular mech-
anisms by which physical inactivity induces leptin resist-
ance remain unknown. Recently, we have shown that just
7 days of bed rest induce inflammation and muscle insulin
resistance (Bienso et al. 2012; Bosutti et al. 2008; Ring-
holm et al. 2011). However, it remains unknown whether
physical inactivity induces muscle leptin resistance in
humans.

Human skeletal muscle expresses both long and short
isoforms of the leptin receptor (OB-Rs) (Guerra et al.
2007, 2008). Upon binding to the long isoform of the
leptin receptor (OB-Rb), leptin stimulates janus kinase 2
(JAK?2), which autophosphorylates and phosphorylates sev-
eral tyrosine residues of OB-Rb (Bjgrbek and Kahn 2004)
(Fig. 1). The signal transducer and activator of transcription
3 (STAT?3) binds to the phosphorylated Tyr1138 in OB-Rb,
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Fig. 1 Signaling pathway activated by leptin through the long iso-
form of the leptin receptor (OB-Rb). Upon binding to OB-Rb, leptin
stimulates Janus kinase 2 (JAK2), which autophosphorylates in tyros-
ine residues (Y'%719%) and phosphorylates several tyrosine residues
in the cytoplasmic domain of OB-Rb (Y*%, Y!'%77 and Y!1%%). The sig-
nal transducer and activator of transcription 3 (STAT3) binds to the
phosphorylated Y'!* and then is phosphorytaled (Y’*) and activated
by JAK2. Activated STAT3 dimerizes and translocates to the nucleus
where it modulates gene expression. Chronically augmented leptin
concentrations can stimulate the expression of protein suppressor
of cytokine signaling 3 (SOCS3), which binds to Y*** and Y'%7 and
blunts JAK/STAT3-dependent leptin signaling. The protein tyrosine
phosphatase 1B (PTP1B) is also able to blunt leptin signaling through
dephosphorylation of the leptin receptor-associated JAK2

and this interaction is required for tyrosine phosphoryla-
tion and activation of STAT3 by JAK2 (Bates et al. 2003)
(Fig. 1). Tyr1138-mediated phosphorylation of STAT3 on
Tyr705 is required for leptin regulation of energy balance
and body weight (Bates et al. 2003) (Fig. 1).

Leptin sensitivity in skeletal muscle can be enhanced
by exercise (Olmedillas et al. 2011; Steinberg et al. 2002)
and may, therefore, be decreased by physical inactivity. In
accordance, bed rest has been associated with increased
leptin concentrations, suggesting leptin resistance (Blanc
et al. 2000). A mechanism that may explain the potential
muscle leptin resistance induced by physical inactivity
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is a down-regulation of OB-Rs. In fact, we have recently
shown that OB-Rb protein expression is reduced in deltoid
and vastus lateralis muscles of obese human (Fuentes et al.
2010). This OB-Rb down-regulation may be responsible,
at least in part, for the peripheral leptin resistance typically
observed in sedentarism and obesity (Fuentes et al. 2010).
This hypothetically negative influence of physical inactiv-
ity on skeletal muscle leptin sensitivity may be accentuated
in muscles submitted to a high daily use, like the leg mus-
cles, compared with the muscles used more intermittently,
like the arm muscles.

Leptin resistance may be also caused by desensitization
of OB-Rs, among other mechanisms. In skeletal muscle,
chronic augmented leptin concentrations may induce mus-
cle leptin resistance by increasing the expression of pro-
tein suppressor of cytokine signaling 3 (SOCS3), which
blunts JAK2/STAT3-dependent leptin signaling (Jorgensen
et al. 2013; Steinberg et al. 2006) (Fig. 1). Up-regulation
of SOCS3 has been observed in vastus lateralis but not in
deltoid of humans with obesity (Fuentes et al. 2010). The
protein tyrosine phosphatase 1B (PTP1B) may also cause
leptin resistance in skeletal muscle (Cheng et al. 2002) by
blunting leptin signaling through dephosphorylation of the
leptin receptor-associated JAK2 (Dube and Tremblay 2005;
Hosoi et al. 2008; St-Pierre and Tremblay 2012) (Fig. 1).
PTPIB is also able to down-regulate insulin signaling
through dephosphorylation of insulin receptor and insu-
lin receptor substrate 1, which is also activated by leptin
through OB-Rb (Dube and Tremblay 2005). Moreover,
reduced STAT3 phosphorylation in the presence of chroni-
cally increased leptin concentrations (obesity) indicates
leptin resistance (Hosoi et al. 2008). In contrast, leptin
administration causes a marked muscle STAT3 phospho-
rylation in healthy humans (Wolsk et al. 2011).

To investigate the effect of physical inactivity on muscle
leptin sensitivity, 12 young healthy volunteers were studied
before and after 1 week of bed rest. Key signaling proteins
involved in the leptin signaling pathway were determined
in deltoid and vastus lateralis muscle biopsies obtained
before and after bed rest. We aimed at testing the hypoth-
esis that bed rest causes leptin resistance by inducing a
down-regulation of OB-R, up-regulation of SOCS3/PTP1B
protein expression and reduced STAT3 phosphorylation in
the resting human skeletal muscle and that these effects are
accentuated in leg compared with arm muscles.

Materials

The complete protease inhibitor cocktail and the Phospho-
Stop phosphatase inhibitor were obtained from Roche
Diagnostics (Mannheim, Germany; #04693116001 and
#04906845001, respectively). The polyclonal rabbit

anti-human leptin receptor antibody that is raised against
the extracellular domain of the human leptin receptor was
obtained from Linco Research (St. Charles, Missouri,
USA; #4781-L). The polyclonal rabbit anti-human SOCS3
antibody was obtained from Santa Cruz Biotechnology
(Santa Cruz, CA, USA; #sc-9023). The monoclonal mouse
anti-alpha-tubulin antibody was obtained from Biosigma
(Madrid, Spain; #T5168). The monoclonal mouse anti-
PTP1B antibody was obtained from Calbiochem (Darm-
stadt, Germany; #FG6-1G). The polyclonal rabbit anti-
Tyr’-STAT3 and the monoclonal mouse anti-STAT3
antibodies were from Cell Signaling Technology (Danvers,
MA, USA; #9145 and #9242, respectively). The secondary
HRP-conjugated goat anti-rabbit and donkey anti-mouse
antibodies were from Jackson ImmunoResearch (West
Grove, PA, USA; #111-035-144 and #715-035-150, respec-
tively). The Hybond-P transfer membranes, Hyperfilm ECL
and the ECL plus Western Blotting Detection System were
from Amersham Biosciences (Little Chalfont, Bucking-
hamshire, UK). The ChemiDoc XRS System and the image
analysis software Quantity One© were obtained from Bio-
Rad Laboratories (Hemel Hempstead Hertfordshire, UK).

Methods
Subjects

Twelve young, healthy male subjects with an average
(mean £ SD) age 26.2 4 5.3 year, weight 75.2 £+ 11.04 kg,
height 181.7 + 6.1 cm, body mass index 22.7 + 2.6 and
VO, 52 & 8 ml kg~ min~' (measured during an incre-
mental exercise test to exhaustion on a cycle ergometer)
participated in this study. The subjects were physically
active, as they all walked or bicycled for >1 h/day. The
subjects were given both written and oral information
about the experimental protocol and procedures and were
informed about potential risk before they gave their written
consent. The study was performed according to the Dec-
laration of Helsinki (2008) and approved by the Copenha-
gen and Frederiksberg Ethics Committee, Denmark (H-A-
2008-0024). This study has previously formed the basis for
three publications (Bienso et al. 2012; Kiilerich et al. 2011;
Ringholm et al. 2011).

Bed rest

Seven days of bed rest were used as a physical inactivity
intervention. The subjects were placed in hospital beds
with manual head and leg elevation adjustments. Dur-
ing the bed rest period, the subjects were allowed to sit
up for 5 h per day and they were at all times transported
in a wheelchair. During the bed rest period, subjects were
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served regular healthy food (10-20 % energy from pro-
tein, 50-60 % energy from carbohydrates, 25-35 % energy
from fat) ad libitum from Righospitalet kitchen, Denmark
(Kiilerich et al. 2011).

Body composition

Six to ten days before and immediately after the bed rest
period, fat and fat-free tissue mass of the whole body, trunk
and extremities were measured using a dual-energy X-ray
absorbtiometry (DEXA) scanner (Lunar Prodigy Advance,
GE Healthcare, Madison, WI, USA). The total energy con-
tent of the body was calculated from body composition
assigning energy values of 39.4 and 3.7 MJ/kg to fat and
lean mass, respectively (Elia et al. 2003).

Experimental protocol

The day prior to the experimental day before bed rest, the
subjects abstained from intense and prolonged exercise.
The day before the experimental day after bed rest, the sub-
jects were physically inactive because this was within the
bed rest period. The day before the experimental day (both
before and after the bed rest period), the subjects consumed
a prepackaged, standardized meal and evening snack regu-
lated for body weight (14.3 and 2.9 kcal/kg, respectively).
On the experimental day before bed rest, the subjects
arrived to the laboratory in the morning by minimum of
physical activity, and on the experimental day after bed rest
they were transported in wheelchairs. Under local anesthe-
sia (2 % lidocaine) a catheter was placed in one femoral
vein as described elsewhere (Bienso et al. 2012; Kiiler-
ich et al. 2011; Ringholm et al. 2011). Three and a half
hours after consuming a standardized breakfast (2.9 kcal/
kg), muscle biopsies were obtained from the vastus later-
alis and deltoid as described elsewhere (Bienso et al. 2012;
Kiilerich et al. 2011; Ringholm et al. 2011). Blood samples
were taken from the femoral vein just prior to the biopsies.
Serum was collected from blood samples and stored at
—80 °C.

This protocol was completed between 6 and 10 days
before and immediately after the 7 days of bed rest.

Oral glucose tolerance test and HOMA

An oral glucose tolerance test (OGTT) was performed
between 6 and 10 days before the onset of bed rest and
6 days into the bed rest. After an overnight fast each sub-
ject consumed 1 g of glucose per kg body mass, each
gram of glucose was dissolved in 6.67 ml water. After
consumption, blood was sampled from an arm vein after
30, 60 and 120 min, and the samples were subsequently
analyzed for plasma insulin and glucose (Department of
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Clinical Biochemistry, Rigshospitalet, Denmark). Home-
ostatic model assessment of insulin resistance (HOMA)
was calculated as HOMA = [glucose (mmol/l)-insulin
(mU/N)]/22.5.

Total protein extraction, electrophoresis
and Western blot analysis

Muscle protein extracts were prepared as described previ-
ously (Guerra et al. 2007) and total protein content was
quantified using the bicinchoninic acid assay (Smith et al.
1985). Equal amounts (50 pg) of each sample were sub-
jected to immunoblotting protocol as described previously
(Guerra et al. 2007). To determine leptin receptor isoforms
(OB-Rs), SOCS3 and PTP1B protein expression, specific
anti-human antibodies were used all diluted in 5 % blot-
ting grade blocker non-fat dry milk (Bio-Rad Laborato-
ries, Hercules, CA, USA) in Tris-buffered saline (TBS)
with 0.1 % Tween 20 (TBS-T) (blotto blocking buffer) as
described previously (Fuentes et al. 2010). As previously
reported (Guerra et al. 2008; Guerra et al. 2007), the anti-
body used in the present study to determine muscle OB-
Rs detected three specific bands with a molecular mass of
~170 [OB-R170; which seems to represent a posttransla-
tional modification of the long isoform of the leptin recep-
tor (OB-Rb)], 128 (OB-R128; with a similar molecular
mass than the OB-Rb) and 98 kDa [OB-R98; which is
likely to correspond to one of the short leptin receptor iso-
forms (OB-Ra)]. To determine Tyr’®-STAT3 phosphoryla-
tion level, specific antibodies directed against the phos-
phorylated and total form of this kinase were used both
diluted in 5 % bovine serum albumin in TBS-T (BSA-
blocking buffer) as reported elsewhere (Fuentes et al.
2010). To control for differences in loading and transfer
efficiency across membranes, membranes were incubated
with a monoclonal mouse anti-alpha-tubulin antibody
diluted in blotto blocking buffer. Antibody-specific labe-
ling was revealed by incubation with a HRP-conjugated
goat anti-rabbit antibody (1:20,000) or a HRP-conjugated
donkey anti-mouse (1:10,000) antibody both diluted in
blotto blocking buffer and visualized with the ECL chemi-
luminescence kit (Amersham Bisociences). Specific bands
were visualized with the ChemiDoc XRS system (Bio-
Rad Laboratories) and analyzed with the image analysis
program Quantity one© (Bio-Rad laboratories). The den-
sitometry analysis was carried out immediately before
saturation of the immunosignal. Data are reported as the
band intensity of immunostaining values (arbitrary units)
obtained for OB-R, PTP1B or SOCS3 relative to those
obtained for alpha-tubulin or as arbitrary units of band
density obtained for the phosphorylated form of STAT3
relative to those obtained for the total STAT3. Alpha tubu-
lin protein expression, used as a loading control in our
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immunoblotting assays, was not affected by bed rest and
was similar in both muscles. Western blot analysis of all
proteins studied was performed in triplicate for each mus-
cle biopsy with a variation coefficient less than 10 %.

Leptin assays

Serum leptin concentration was determined by Enzyme-
Linked Immunosorbent Assay (ELISA) (ELx800 Univer-
sal Microplate Reader, Bioteck Instruments Inc, Vermont,
USA), using reagent kits from Linco Research (#EZHL-
80SK, Linco Research St. Charles, Missouri, USA) and
following the manufacturer’s instructions. The sensitivity
of the total leptin assay was 0.05 ng/ml. The intra-assay
coefficient variation was 3.8 % and the inter-assay coeffi-
cient of variation was 4.4 %.

Soluble leptin receptor (sOB-R) assays

Serum OB-Rs were determined by ELISA (ELx800 Uni-
versal Microplate Reader, Bioteck Instruments Inc, Ver-
mont, USA), using reagent kits from R&D Systems
(#DOBRO00, R&D, Minneapolis, MN, USA) and following
the manufacturer’s instructions. The sensitivity of the solu-
ble leptin receptor (sOB-R) assays was 0.057 ng/ml. The
intra-assay coefficient variation was 4.4 % and the inter-
assay coefficient of variation was 6.8 %.

Statistical analysis

Variables were checked for normal distribution using the
Shapiro-Wilks test. Areas under the curve were determined
using the trapezoidal rule. Values in the text are given as
mean + SD. For comparisons between before and after bed
rest conditions Students’ ¢ test for paired observations was
employed. Correlations were evaluated using Pearson’s
linear correlation coefficient. Significance was accepted
at P < 0.05. The statistical analysis was performed using
SPSS (version 15.0) for Windows (SPSS, Chicago, IL,
USA).

Results
Physical characteristics and performance

Body mass and body mass index (BMI) were unaffected by
7 days of bed rest (Table 1). Consequently, the changes in
energy content (41.1 % after bed rest) were not significant
(P = 0.4). Leg lean mass was reduced by 3 % (P < 0.05),
whereas whole body fat was not significantly increased
(+300 g, P = 0.34) (Table 1). However, leg fat mass was
augmented by 4 % after bed rest (P < 0.05) (Table 1).

Table 1 Anthropometric and performance data before and after the
bed rest

Before bed rest After bed rest
Age (years)® 262+53 -
Height (cm)? 181.7 £ 6.1 -
Body mass (kg)? 752 +11.3 751+ 114
Body mass index (kg m~2)?* 228 +£2.7 227+28
Arm lean mass (kg) 7.13 +1.34 7.10 + 1.34
Leg lean mass (kg)* 20.6 = 3.4 20.0 4+ 3.2*
Total lean mass (kg)* 58.6 = 8.4 58.3+8.2
Arm fat mass (kg) 1.04 £ 0.5 1.05 £ 0.5
Leg fat mass (kg) 47+£15 49 £ 1.6*
Body fat mass (kg)* 133+6 13.6 £ 6.1
Body fat (%)* 182+£73 185+£73
Total energy content 741.7 £241.5 750.1 +248.2

of the body (MJ)

VO, (ml kg™ min~!) 52.0 £2.0 49.8 £+ 1.7*

Data are mean + SD. VO, .. maximal oxygen consumption
* Significantly different from before bed rest, P < 0.05
% Previously reported in Ringholm et al. (2011)

Bed rest reduced VO, per kg of fat free mass by 5 %
(P <0.05) (Table 1).

HOMA and oral glucose tolerance test

After bed rest, the basal insulin concentration was increased
by 53 % (from 29.8 & 14.9 to 45.5 & 11.3 pmol 1~!; before
and after bed rest, respectively, P < 0.05) and the HOMA
by 40 % (from 0.9 £ 0.5 to 1.3 + 0.4; before and after
bed rest, respectively, P < 0.05) relative to before bed rest
(Kiilerich et al. 2011). The area under the curve (AUC) was
calculated for plasma glucose and insulin in response to the
OGTT, before and after bed rest. The AUC for the glucose
response was unchanged; while AUC for insulin was 1.5-
fold larger (P < 0.05) after bed rest than before (Kiilerich
et al. 2011).

Effects of bed rest on body composition, serum
leptin, soluble isoform of the leptin receptor (s-OBR)
concentrations and free leptin index (FLI)

Neither body fat mass (13.3 &+ 6.0 and 13.6 £+ 6.1 kg;
before and after bed rest, respectively) nor the percentage
of body fat (18.2 & 7.3 and 18.5 &+ 7.3 %; before and after
bed rest, respectively) was significantly altered by bed rest
as previously reported (Bienso et al. 2012; Ringholm et al.
2011). Lean mass in the lower extremities was reduced by
3.1 %, while it remained unchanged in the upper extremi-
ties (7.13 £ 1.34 and 7.10 % 1.34 kg; before and after bed
rest, respectively) as previously reported (Kiilerich et al.
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2011). Both before and after bed rest, serum leptin concen-
tration was related to the percentage of body fat (r = 0.87
and r = 0.92, before and after bed rest, respectively,
P < 0.05). Serum leptin concentration was 35 % higher
after bed rest than before bed rest (P < 0.05) (Fig. 2a), and
this difference remained significant after accounting for the
differences in percentage of body fat (P = 0.01). There was
no relationship between the increase in serum leptin con-
centration and the non-significant change in fat mass with
bed rest (r = 0.36, P = 0.26). The delta increase in lep-
tin concentration showed a trend to be negatively related to
the reduction of lower extremities lean mass with bed rest
(r=—-0.52, P =0.08).

Serum soluble isoform of the leptin receptor (sOB-
R) concentration was unaffected by bed rest (P = 0.57)
(Fig. 2b). The molar excess of leptin over sOB-R (FLI) was
increased by bed rest (from 1.06 £ 0.23 to 1.45 + 0.27,
before and after bed rest, respectively, P < 0.05). There
was no significant relationship between serum s-OBR and
serum leptin concentrations at any time point.

Effects of bed rest on leptin receptor protein content
in skeletal muscle

Deltoid and vastus lateralis protein content of the three
leptin receptor isoforms (OB-R170, OB-128 and OBR-
98) (Fig. 3a) was unaffected by bed rest (Fig. 3b, ¢ and
d, respectively). Protein content of OB-R170, OB-R128
and OB-R98 was similar in deltoid and vastus lateralis
muscles both before and after bed rest (Fig. 2b, ¢ and d,
respectively).

Effects of bed rest on SOCS3 protein content in skeletal
muscle

Protein content of SOCS3 tended to be higher in deltoid
compared with vastus lateralis before bed rest (P = 0.091)
(Fig. 4a). However, SOCS3 protein expression was similar
in both muscles studied after bed rest (P = 0.6) (Fig. 4a).
SOCS3 protein content normalized by alpha-tubulin was
not affected by bed rest in either the deltoid or the vastus
lateralis (Fig. 4a).

Effects of bed rest on PTP1B protein content in skeletal
muscle

Deltoid and vastus lateralis muscles had similar protein
content levels of PTP1B (Fig. 4b). PTP1B protein expres-
sion was unaffected by bed rest in deltoid (Fig. 4b). How-
ever, PTP1B protein content was increased by 90 % with
bed rest in the vastus lateralis (P < 0.05) (Fig. 4b). There
was a linear relationship between the increase in vastus lat-
eralis PTP1B protein content and both the increase in basal
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Fig. 2 Serum leptin (a) and secreted isoform of the leptin recep-
tor (sOB-R) concentrations (b) in healthy subjects before (white
bar) and after (dark bar) 1 week of bed rest (n = 12). Values are
mean £+ SEM. *P < 0.05 versus before bed rest

insulin concentration (»r = 0.66, P < 0.05) and HOMA
(r =0.68, P <0.05) with bed rest.

Effects of bed rest on STAT3 phosphorylation
(Tyr’®) in skeletal muscle

Total STAT3 protein expression normalized by alpha-tubu-
lin was similar in deltoid and vastus lateralis and was not
affected by bed rest in either the deltoid (1.96 £ 0.45 and
1.94 £ 0.94 A.U.; before and after bed rest, respectively,
P = 0.95) or vastus lateralis (1.89 4= 0.44 and 1.77 + 0.66
A.U., before and after bed rest, respectively, P = 0.63).
STAT3 phosphorylation level was similar in deltoid and
vastus lateralis muscles both before (P = (0.70) and after
(P = 0.60) bed rest (Fig. 5). STAT3 phosphorylation level
normalized by total STAT3 protein expression was not
affected by bed rest (Fig. 5).

Before bed rest vastus lateralis STAT3 phosphorylation
level was linearly related to the OB-R128 protein con-
tent (r = 0.78, P < 0.05), to the OB-R98 protein content
(r = 0.65, P < 0.05) and to before bed rest serum leptin
concentration (r = 0.61, P < 0.05). Moreover, there was
a trend for a relationship between before bed rest STAT3
phosphorylation in the vastus lateralis and before bed rest
FLI (r = 0.55, P = 0.06). These correlations were lost after
bed rest.
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Discussion

In contrast to our hypothesis, this study shows that 1 week
of physical inactivity is not associated with down-regula-
tion of the long and short leptin receptor isoforms neither
in the deltoid nor in the vastus lateralis muscles, despite the
fact that both muscles were differently affected by inactiv-
ity, as reflected by the greater reduction of lean mass in the
legs. Moreover, Tyr’'®>-STAT3 phosphorylation and SOCS3
protein expression were unaffected by bed rest in the two
muscles studied. However, in agreement with our hypoth-
esis, PTP1B protein expression was markedly increased
after bed rest in the vastus lateralis muscle, although this
response was not observed in the deltoid muscle. This find-
ing may indicate that induction of PTP1B protein expres-
sion by physical inactivity affects mainly the muscles for
which bed rest imposes a greater change in the daily pat-
tern of activation. Because PTP1B dephosphorylates the
insulin receptor and also the janus kinase 2 (JAK2) (first
step in leptin signaling) (St-Pierre and Tremblay 2012), the
bed rest-induced elevation of PTP1B content in the vastus
lateralis may have contributed to causing both insulin and
leptin resistance in the vastus lateralis muscle.

Plasma leptin concentrations, sOB-R levels and bed rest

Previous studies have reported conflicting findings regard-
ing the plasma leptin response to bed rest in humans.
Bosutti et al. (2008) observed that serum leptin and insu-
lin concentrations did not change in response to bed rest

(2 weeks) under either eucaloric or hypocaloric diet. How-
ever, it has been shown that plasma leptin levels were aug-
mented in response to 5 weeks of bed rest in subjects who
increased their fat mass during the bed rest period (Biolo
et al. 2008). In agreement with our results, Blanc et al.
(2000) showed that 7 days of physical inactivity induced
by head-down bed rest (HDBR) increased leptin and insu-
lin levels in both men and women despite no significant
changes in fat mass.

The soluble isoform of the leptin receptor (sSOB-R) is the
main leptin-binding activity in human blood and regulates
the bioavailability of free leptin (Lammert et al. 2001; Sun
et al. 2010; Yang et al. 2004; Zastrow et al. 2003; Zhang
and Scarpace 2009). Recent studies have reported a pre-
dominant inhibitory effect of sSOB-R on leptin signaling
in cell (Schaab et al. 2012) and animal models (Zhang
and Scarpace 2009). The present investigation shows that
one-week bed rest does not induce a significant change
in sOB-R. Since the latter was accompanied by increased
serum leptin concentrations, the molar excess of leptin
over sOB-R (free leptin index) was increased after bed rest,
implying that more leptin was available to bind its receptor
after bed rest. Little information is available on the effects
of physical activity on sOB-R. A human strength training
study has reported increased sOB-R with no change in
leptin concentrations (Ara et al. 2006). In contrast, SOB-R
increases with weight loss (Laimer et al. 2002; van Dielen
et al. 2002). Thus, changes in leptin sensitivity with bed
rest cannot be attributed to an increase in sOB-R, at least
for a bed rest period up to 1 week.
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Fig. 4 SOCS3 (a) and PTP1B (b) protein expression in deltoid
(n =10 in A and n = 9 in B) and vastus lateralis muscle biopsies
(n =12 in A and n = 11 in B) obtained from healthy subjects before
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resentative Western blot assay. Lower panel densitometric immu-
nosignal values [arbitrary units (AU)]. Protein content is given
relative to alpha-tubulin protein content. Values are mean £+ SEM.
*P < 0.05 versus before bed rest

It has been suggested that leptin levels may not only
reflect the quantity of adipose tissue but also disturbances
in energy balance (Fuentes et al. 2010; Hilton and Loucks
2000). In accordance with this proposal, the increase in
plasma leptin concentration with bed rest in the present
study may indicate that free leptin acts as a homeostatic
mechanism to reduce appetite and maintain body mass
(Myers et al. 2008; Zhang et al. 2005) in response to the
reduced energy expenditure during the bed rest period. In
addition, it was evident that the subjects experiencing the
greatest elevation in serum leptin concentrations tended to
have lower reductions in lean mass in the lower extremi-
ties, suggesting that the increase in leptin concentration
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with bed rest may help to preserve the lean mass, although
this observation requires further studies to be confirmed. In
line with this possibility, some animal (Allen et al. 2008;
Arounleut et al. 2013; Hamrick et al. 2010; Sainz et al.
2009) and human studies (Olmedillas et al. 2010) indicate
that leptin may have anabolic or anticatabolic effects on
skeletal muscle. A greater level of leptin resistance in leg
compared with the arm muscles could explain at least in
part why the lean mass was only reduced in the legs and
not in the arms.

In the present investigation, leg fat mass was increased
by bed rest whilst arm fat mass remained unchanged,
despite the fact that both territories were exposed to simi-
larly increased circulating leptin concentrations. Leptin
stimulates muscle fatty acid oxidation through AMPK
activation in human (Wolsk et al. 2011). Therefore, the
increased leg fat mass induced by 7 days of bed rest may
reflect some degree of leptin resistance in leg muscles,
probably due to the increase in PTP1B protein expression
induced by bed rest. Several studies have suggested that
both the accumulation of intramyocellular lipids (IMCL)
and intermuscular adipose tissue (Murphy et al. 2012) are
associated with insulin resistance at least in untrained sub-
jects (Dela and Helge 2013; Eckardt et al. 2011). Accumu-
lated IMCL may generate bioactive lipid metabolites, such
as diacylglycerol (DAG) and ceramide, which may inter-
fere with insulin signaling causing muscular insulin resist-
ance (Eckardt et al. 2011). However, recent human studies
have also suggested that these bioactive lipid metabolites
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generated from IMCL are not responsible for muscle insu-
lin resistance (Amati 2012; Helge et al. 2011).

The increase in free leptin may have been facilitated by
the increase in insulin levels after bed rest (Bienso et al.
2012). Insulin stimulates leptin production independent of
the glucose tolerance status (Aas et al. 2009; Malmstrom
et al. 1996; Saad et al. 1998) by both increasing leptin
mRNA content and protein release in adipose tissue or by
a trophic effect on the adipose tissue (Remesar et al. 1997).

Cell-culture studies have shown that acute leptin admin-
istration causes an acute reduction in the expression of
leptin receptors indicating that the leptin receptor content
is controlled by leptin (Hikita et al. 2000; Liu et al. 2004).
Moreover, a reduction in circulating leptin levels by pro-
longed fasting in humans increases OB-R mRNA in periph-
eral mononuclear cells, while administration of human
recombinant leptin in fasting humans blunts the increase in
OB-R in mononuclear cells (Chan et al. 2002). However,
we did not find any significant change in the OB-Rs pro-
tein expression in skeletal muscle after bed rest despite the
observed increase in serum leptin concentration with bed
rest. Moreover, no relationship was observed in the present
study between leptin levels and the expression of leptin
receptors in either muscle as previously reported (Fuentes
et al. 2010; Guerra et al. 2007, 2008; Olmedillas et al.
2010). Thus, our findings indicate that the muscle OB-Rs
expression appears to be regulated by other mechanisms in
addition to circulating leptin levels.

Although leptin signaling elicits an increase in SOCS3
expression (Bjgrbak et al. 2000), no relationship was
observed in this study between the increase in serum lep-
tin concentration and the changes in muscle SOCS3 pro-
tein expression, neither in the deltoid nor the vastus later-
alis muscles. Moreover, the lack of a relationship between
leptin concentration and SOCS3 protein expression in the
vastus lateralis (Guerra et al. 2008; Olmedillas et al. 2010)
both before and after bed rest is in agreement with our pre-
vious studies. However, before bed rest there was a posi-
tive association between serum leptin concentrations and
SOCS3 protein content in the deltoid muscle which was not
found after bed rest, indicating that physical inactivity may
modulate the normal relationship between serum leptin lev-
els and SOCS3 protein expression in skeletal muscle, as
previously suggested (Olmedillas et al. 2010).

OB-R expression, muscle leptin resistance and bed rest

We have recently shown that OB-Rb protein expression is
reduced in deltoid and vastus lateralis muscles of humans
with obesity (Fuentes et al. 2010), but it is increased in
the dominant triceps brachii of professional tennis players
compared with the non-uploaded triceps (Olmedillas et al.
2010). A down-regulation of OB-Rb protein expression

in skeletal muscle could account for some of the periph-
eral leptin resistance typical of sedentarism and obesity
(Fuentes et al. 2010). Conversely, an increase in muscle
OB-R expression could be interpreted as an up-regulation
of leptin signaling and muscle leptin sensitivity (Olmedil-
las et al. 2010). However, using immunohistochemistry,
an increase in muscle leptin receptor protein expression
has also been reported in the human medial gastrocnemius
muscles after immobilization for 4-11 days (Chen et al.
2007). Chen et al. (2007) speculated that an up-regulation
of the leptin receptor expression may help to increase leptin
sensitivity and reduce fatty acid deposition in atrophic mus-
cles, although these results need to be confirmed by west-
ern blot. Despite that in the present investigation bed rest
was accompanied by muscle atrophy in the vastus lateralis,
but not in the deltoid muscle, no change was observed in
either muscle in leptin receptor protein expression, indicat-
ing that the leptin resistance induced by 7 days of bed rest
is not due to downregulation of the amount of leptin recep-
tors in skeletal muscle.

SOCS3 and PTP1B protein expression, muscle leptin
resistance and bed rest

Up-regulation of SOCS3 has been implicated as a poten-
tial mechanism of leptin resistance and of leptin-induced
insulin resistance (Bjgrbak et al. 2000; Jorgensen et al.
2013; Yang et al. 2012). Up-regulation of SOCS3 expres-
sion seems to be implicated in central and peripheral leptin
resistance because elevated levels are present in hypothala-
mus, white adipocytes and skeletal muscle of leptin-resist-
ant rodents (Eguchi et al. 2007; Steinberg et al. 2004; Wang
et al. 2000; Yang et al. 2012). In fact, muscle-specific over-
expression of SOCS3 in mice (MCK/SOCS3 mice) causes
both leptin and insulin resistance (Yang et al. 2012). Fur-
thermore, Steinberg et al. (2006) reported that SOCS3
mRNA is up-regulated in human myotubes cultured from
skeletal muscle of obese humans compared with myotubes
obtained from skeletal muscle of lean subjects. In addi-
tion, these authors showed that overexpression of SOCS3
via adenovirus-mediated infection in lean myotubes to a
similar degree as observed in obese myotubes prevented
AMP-kinase (AMPK) activation by leptin (Steinberg et al.
2006). In contrast to our hypothesis, bed rest for 7 days did
not induce a significant change in SOCS3 protein level in
either muscle examined, implying that SOCS3 is unlikely
to play a significant role in the increase of insulin and lep-
tin resistance with bed rest.

We have observed an increase in PTP1B protein content
in the vastus lateralis after bed rest, which may have been
facilitated by the concomitant reduction in SIRT1 (Sun
et al. 2007) in the m. vastus lateralis, as previously reported
(Ringholm et al. 2011). Protein tyrosine phosphatase
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1B (PTP1B) is a negative regulator of leptin and insulin
signaling (Dube and Tremblay 2005; St-Pierre and Trem-
blay 2012) and is increased in multiple insulin-and lep-
tin-responsive tissues in mice with diet induced obesity,
including the arcuate nucleus and medial hypothalamus,
important sites of PTP1B action on body weight regula-
tion, and in peripheral tissues, such as skeletal muscle, adi-
pose tissue and liver (Dube and Tremblay 2005; Zabolotny
et al. 2008). Moreover, skeletal muscle PTP1B overexpres-
sion in transgenic mice causes impaired insulin signaling
and whole body insulin resistance (Zabolotny et al. 2004).
In contrast, mice with the whole body deletion of PTP1B
were protected against the development of obesity and dia-
betes (Cheng et al. 2002).

Several studies have reported that PTP1B levels are
increased in skeletal muscle and adipose tissue of obese
humans (Ahmad et al. 1997a, b; Cheung et al. 1999). In
agreement, the present results showing a close relationship
between the increase in serum basal insulin concentration
and the increase in vastus lateralis muscle PTP1B protein
expression indicate that at least part of the bed rest-induced
insulin resistance in the present study (Bienso et al. 2012)
may be caused by the increased protein amount of PTP1B
in some, but not all skeletal muscles.

Because the vastus lateralis muscles are submitted
to greater use in normal life it may be speculated that
PTPIB is more likely to increase with physical inactivity
in the most active muscles. This muscle-specific response
of PTPIB to inactivity may also explain why other stud-
ies have reported unchanged or decreased PTP1B expres-
sion in obese and/or diabetic humans compared with con-
trols (Ahmad et al. 1997a; Fuentes et al. 2010; Kusari et al.
1994; Worm et al. 1999). These differences between arm
and leg muscles in inactivity-induced PTP1B protein up-
regulation may in part explain why there is better preserved
insulin sensitivity in arm than leg muscle in humans with
type 2 diabetes (Olsen et al. 2005).

STAT3 phosphorylation and bed rest

The signal transducer and activator of transcription 3
(STATS3) signaling pathway in human skeletal muscle is the
signal transducer of numerous stimuli in addition to leptin
signaling (Stepkowski et al. 2008) and is involved in the
regulation, among other processes, of cellular prolifera-
tion, differentiation, programmed cell death, inflammation,
muscle hypertrophy and the immune response (Akira 2000;
Judd et al. 2006). It has been reported that an acute infu-
sion of leptin in healthy humans causes a 17-fold increase
in muscle STAT3 phosphorylation (Wolsk et al. 2011). In
the present investigation, despite the increase in free lep-
tin, bed rest had no influence on the level of the STAT3
phosphorylation in leg and arm muscles, indicating some
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degree of skeletal muscle leptin resistance. In fact, before
bed rest there was a positive association between vastus lat-
eralis STAT3 phosphorylation and serum leptin concentra-
tions, which was not found after bed rest. Therefore, our
results could indicate that the increased PTP1B expression
observed in vastus lateralis after bed rest may have blunted
leptin signaling in this muscle, i.e., no increase in STAT3
phosphorylation despite an increase in circulating leptin
levels. The lack of correlation between leptin concentra-
tions and STAT3 phosphorylation levels, and the fact that
STAT3 phosphorylation is not related to the amount of
OB-R in deltoid muscle before and after, could just reflect
the influence of other signals overruling the effects of leptin
in the deltoid muscle.

Limitations

The main limitation of this study is that neither energy
expenditure nor energy intake was controlled during the
bed rest period. To maintain the energy balance during
bed rest a reduction in energy intake is required to com-
pensate for the lack of physical activity. Our energy bal-
ance analysis shows a modest 1.2 MJ/day (non-statisti-
cally significant) positive energy balance. This represents
~25 % of the daily energy expenditure due to physical
activity in men (Speakman and Westerterp 2010) implying
a relatively good adjustment in energy intake to almost
match the new energy expenditure. Thus, our energy bal-
ance results can only be explained if the energy intake
was reduced, indicating good central responsiveness to
the increase in leptin concentration. However, for a simi-
lar energy content and fat mass of the body a greater level
of circulating leptin was required to maintain the energy
balance during bed rest indicating some degree of central
leptin resistance.

Conclusions

This study shows that 1 week of bed rest is accompanied
by increased basal insulin and leptin serum concentrations,
despite lack of significant changes in whole body fat mass.
The increase in leptin serum concentration without a con-
comitant increase in STAT3 phosphorylation could indicate
some degree of leptin resistance in skeletal muscles, which
may be explained, at least in part, by the up-regulation of
PTPI1B protein expression in vastus lateralis with physical
inactivity. In addition, the present investigation suggests
that the up-regulation of PTP1B protein expression with
inactivity is more likely in previously loaded muscles, like
the leg muscles while the arm muscles seem more resistant
to this effect.
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