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Perez-Suarez I, Ponce-González JG, de La Calle-Herrero J,
Losa-Reyna J, Martin-Rincon M, Morales-Alamo D, Santana A,
Holmberg HC, Calbet JA. Severe energy deficit upregulates leptin
receptors, leptin signaling, and PTP1B in human skeletal muscle. J
Appl Physiol 123: 1276–1287, 2017. First published July 20, 2017;
doi:10.1152/japplphysiol.00454.2017.—In obesity, leptin receptors
(OBR) and leptin signaling in skeletal muscle are downregulated. To
determine whether OBR and leptin signaling are upregulated with a
severe energy deficit, 15 overweight men were assessed before the
intervention (PRE), after 4 days of caloric restriction (3.2 kcal·kg
body wt�1·day�1) in combination with prolonged exercise (CRE; 8 h
walking � 45 min single-arm cranking/day) to induce an energy
deficit of ~5,500 kcal/day, and following 3 days of control diet
(isoenergetic) and reduced exercise (CD). During CRE, the diet
consisted solely of whey protein (n � 8) or sucrose (n � 7; 0.8 g·kg
body wt�1·day�1). Muscle biopsies were obtained from the exercised
and the nonexercised deltoid muscles and from the vastus lateralis.
From PRE to CRE, serum glucose, insulin, and leptin were reduced.
OBR expression was augmented in all examined muscles associated
with increased maximal fat oxidation. Compared with PRE, after CD,
phospho-Tyr1141OBR, phospho-Tyr985OBR, JAK2, and phospho-
Tyr1007/1008JAK2 protein expression were increased in all muscles,
whereas STAT3 and phospho-Tyr705STAT3 were increased only in
the arms. The expression of protein tyrosine phosphatase 1B (PTP1B)
in skeletal muscle was increased by 18 and 45% after CRE and CD,
respectively (P � 0.05). Suppressor of cytokine signaling 3 (SOCS3)
tended to increase in the legs and decrease in the arm muscles
(ANOVA interaction: P � 0.05). Myosin heavy chain I isoform was
associated with OBR protein expression (r � �0.75), phospho-
Tyr985OBR (r � 0.88), and phospho-Tyr705STAT3/STAT3 (r �
0.74). In summary, despite increased PTP1B expression, skeletal
muscle OBR and signaling are upregulated by a severe energy deficit
with greater response in the arm than in the legs likely due to SOCS3
upregulation in the leg muscles.

NEW & NOTEWORTHY This study shows that the skeletal muscle
leptin receptors and their corresponding signaling cascade are upregu-
lated in response to a severe energy deficit, contributing to increase
maximal fat oxidation. The responses are more prominent in the arm
muscles than in the legs but partly blunted by whey protein ingestion

and high volume of exercise. This occurs despite an increase of
protein tyrosine phosphatase 1B protein expression, a known inhibitor
of insulin and leptin signaling.

energy balance; leptin; protein tyrosine phosphatase 1B; STAT3;
ultraendurance

PLASMA LEPTIN CONCENTRATION is elevated in obesity (17, 38,
47). Hyperleptinemia causes leptin resistance (28), which is
associated with downregulation of leptin receptors (OBR) and
reduced activation of the leptin signaling cascade in skeletal
muscle of obese subjects (18). It remains unknown whether a
reduction of circulating leptin concentration is associated with
upregulation of leptin receptors and increased activation of the
leptin signaling cascade in the skeletal muscles of the upper
and lower extremities.

When leptin binds to its receptors in the skeletal muscle (24,
55), it activates Janus-activated kinase 2 (JAK2), which auto-
phosphorylates in Tyr1007/1008 (pJAK2) and, subsequently, phos-
phorylates tyrosine residues Tyr813, Tyr985, Tyr1077, and Tyr1138

(Tyr1138 in rodent OBR is equivalent to Tyr1141 in human OBR;
51). Phosphorylation of Tyr813 activates the Akt-phosphatidylino-
sitol-3-kinase pathway, whereas Tyr985 phosphorylation acti-
vates the ERK/MAP kinase pathway (3, 32). Binding of signal
transducer and activator of transcription 3 (STAT3) to the
phosphorylated Tyr1147 in OBR is required for tyrosine phosphor-
ylation and activation of STAT3 at Tyr705 (pSTAT3) by pJAK2
(3). Thereafter, phospho-Tyr705STAT3 forms homodimers acting
as a transcription factor to induce the leptin-dependent gene
expression program (3, 5). Leptin signaling may be downregu-
lated by two main actors: protein tyrosine phosphatase 1B
(PTP1B, an endoplasmic reticulum-associated enzyme) and sup-
pressor of cytokine signaling 3 (SOCS3). PTP1B dephosphory-
lates and deactivates pJAK2 (48), whereas SOCS3 inhibits
leptin signaling by binding to Tyr985 (7, 29; Fig. 1).

Chronic exercise is associated with upregulation of OBR in
the arm (41), but not in the thigh muscles (40). Moreover,
high-intensity exercise acts as a leptin mimetic, activating the
leptin signaling cascade in the vastus lateralis (22). In contrast,
1 wk of bed rest elevates serum leptin concentration slightly
without augmenting STAT3 phosphorylation or OBR expres-
sion, indicating some degree of leptin resistance in the skeletal
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muscle, in part explained by increased PTP1B protein expres-
sion in the vastus lateralis (23). Nevertheless, it remains un-
known whether low-intensity exercise in combination with diet
affects OBR and leptin signaling in the skeletal muscle. Inter-
estingly, fasting upregulates OBR and JAK2/STAT3 signaling
in acute lymphoblastic leukemia cells in mice but does not alter
OBR expression in normal myeloid and lymphoid cells in
healthy mice (33). It remains unknown whether a severe
energy deficit exerts similar effects on human skeletal muscles.

Accordingly, our principal aim was to test the hypothesis
that as in lymphoblastic leukemia cells, a marked reduction of
circulating leptin levels evoked by a very low calorie diet in
combination with prolonged exercise will result in upregula-
tion of leptin receptors and activation of the leptin signaling
cascade in human skeletal muscle. Since the leptin signaling
cascade seems more responsive to chronic loading in the arms
than in the leg muscles, we also hypothesized that the upregu-
lation of leptin signaling will be more accentuated in the arm
than in the leg muscles and will be facilitated by exercise.

METHODS

Participants. A full description of our study population and general
procedures has been published previously (9; Table 1). The sample
size was calculated to reveal any significant difference �1.5-fold
larger than the coefficient of variation (which was �10% in most
cases) between the mean values for any individual variable, with a
significance level of P � 0.05 and statistical power of 0.8. Ethical
approval was obtained from the Regional Ethical Review Board of
Umeå University (Umeå, Sweden), as well as the ethical committee of
the University of Las Palmas de Gran Canaria (Canary Islands,
Spain). All subjects were informed about potential risks and benefits
before providing their written consent.

Experimental protocol. The experimental protocol consisted of a
three consecutive phases: pretest (PRE), caloric restriction with exer-
cise for 4 days (CRE), and a controlled diet with reduced exercise for
3 days (CD; Fig. 2). The aim of the CD phase was to allow the
reestablishment of water shifts due to changes in glycogen stores and
to reveal changes in protein expression involved in leptin signaling,
which may require 2–3 days to develop. During the PRE and at the
end of the CRE and CD phases, body composition was assessed by
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Fig. 1. Leptin signaling in skeletal muscle. Leptin binding to the leptin receptor (OB-Rb) activates Janus kinase 2 (JAK2), which autophosphorylates on
Tyr1007/1008 and phosphorylates (P) several tyrosine sites of the OBR including Tyr985, Tyr1077, Tyr813, and Tyr1141. JAK2 phosphorylates and activates the insulin
receptor substrates (IRSs), which are also activated by insulin binding to its receptor (IR�) via Tyr1162/Tyr1163 �-subunit protein tyrosine kinase (PTK)
phosphorylation and activation (pY, phosphotyrosine). Phosphorylation of IRSs leads to phosphatidylinositol-3-kinase (PI3K) activation, which induces the
translocation of glucose transporter GLUT4 to the plasma membrane. Signal transducer and activator of transcription 3 (STAT3) binds to the phosphorylated
Tyr1141 in OBR via its Src homology 2 domain (src). JAK2 phosphorylates STAT3, which dimerizes, translocates to the nucleus, and induces the expression of
specific genes [cell division cycle 14 homolog A (Cdc14a); myosin heavy chain 3 (Myh3); carnitine O-palmitoyltransferase I, muscle isoform (CPT-1M); and
peroxisome proliferator-activated receptor-� coactivator-1� (PGC1�); among others]. When the plasma leptin concentration is elevated, suppressor of cytokine
signaling 3 (SOCS3) becomes overexpressed by a STAT3-dependent mechanism. SOCS3 binds to the OBR Tyr985 and Tyr1077 blocking leptin signaling. Protein
tyrosine phosphatase (PTP1B) inhibits leptin and insulin signaling by interfering with both signaling cascades by dephosphorylating JAK2, the IR�, and the IRSs.
Leptin signaling elicits AMP-activated protein kinase (AMPK) activation, which phosphorylates and inhibits acetyl-coenzyme A carboxylase-� (ACC�),
facilitating fatty acid oxidation (FAO). Activating and inhibiting actions are represented by black and red connecting lines, respectively.
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dual-energy X-ray absorptiometry (Lunar iDXA; GE Healthcare,
Madison, WI; 9); 30-ml blood samples were drawn (in the supine
position) following a 12-h overnight fast; and three muscle biopsies
were obtained, one from each deltoid muscle (posterior portion) and
one from the middle portion of the vastus lateralis (Fig. 2). All muscle
biopsies were obtained early in the morning, immediately after draw-
ing the blood samples. The PRE biopsies were obtained 7 days before
the start of the CRE phase. The second round of biopsies was taken
the starting day of the CD phase, i.e., in the morning of the first day
after the end of the CRE phase. The last biopsies were performed the
day after the end of the CD phase. During PRE and after CRE and CD,
maximal fat oxidation (MFO) and peak oxygen uptake (V̇O2peak) were
determined separately during arm cranking (in each arm separately)
and two-legged pedaling by indirect calorimetry.

During CRE, the subjects were assigned randomly to ingest a very
low calorie diet (0.8 kcal·kg body wt�1·day�1) consisting of either
sucrose (n � 7) or whey protein (n � 8; Syntrax Nectar; Syntrax
Innovations, Scott City, MO). This experimental approach allowed
testing of the metabolic and molecular effects of the recommended
dietary allowance for protein compared with ingestion of the same
amount of energy as carbohydrates. With this experimental design, we
avoided potential confusing effects due to other constituents of the
diet, had mixed low-calorie diets been used. The CRE phase began
with a 12-h overnight fast, after which a blood sample was taken
between 6:30 and 8:00 AM. Each day, the subjects performed 45 min
of one-arm cranking (at 15% of maximal intensity), followed by 8 h
of walking at 4.5 km/h (35 km/day; at environmental temperatures
ranging from 2.9 to 10.2°C). In a double-blind fashion they ingested
sucrose (0.8 g/kg body wt) or whey protein (0.8 g/kg body wt), both
dissolved in 1.5 liters of distilled water. The whey protein solution
also contained Na� (308 mg/l) and K� (370 mg/l), as did the sucrose
solution (160 and 100 mg/l, respectively). The subjects drank 0.5 liters
of the assigned solution in the morning (just before arm cranking) and
again at midday and 8 PM. In addition, both groups were allowed to
drink a hypotonic rehydrating solution containing Na� (160 mg/l),
Cl� (200 mg/l), K� (100 mg/l), citrate (700 mg/l), and sucrose (3 g/l)
ad libitum.

Each day during the CD phase, each participant ate three standard-
ized meals containing his normal daily intake of energy (as assessed
by weighing all food ingested during 7 days of the pretest period) and
was not allowed to walk 	10,000 steps.

MFO and V̇O2peak. Oxygen uptake and CO2 production were
assessed by employing a metabolic cart (Jaeger Oxycon Pro; Viasys
Healthcare, Hoechberg, Germany), calibrated with 16.0% O2 and
4.0% CO2 (Air Liquid, Kungsängen, Sweden), at low, medium, and
high flow rates with a 3-liter air syringe (Hans Rudolph, Kansas City,
MO), in accordance with the recommendations of the manufacturer.

MFO was determined using three separate incremental tests: one-arm
cranking with the control or the exercised arm alone in random order,
followed by two-legged pedaling (1, 42). The arm-cranking MFO test
began at 10 W for 5 min followed by a 10-W increase every 3 min.
The leg MFO test started at 30 W for 5 min, followed by a 30-W
increment every 3 min. At the end of the 3-min period during which
the subjects exhibited a respiratory exchange ratio 	1.0, the exercise
was stopped. After 5 min of recovery, an incremental test (10 and 30
W/min for the arm and leg protocols, respectively) beginning at the
highest load reached during the MFO test was performed to determine
the V̇O2peak. During the tests they were instructed to maintain cranking
and pedaling rates at 80 rpm. Between the incremental exercise tests,
the subjects rested for 30 min or until the earlobe blood lactate
concentration fell below 3.0 mmol/l (Biosen C-line; EKF Diagnostics,
Barleben, Germany). Fat and carbohydrate oxidation were calculated
from the oxygen uptake (V̇O2) and carbon dioxide production (V̇CO2)
values observed during the last 60 s of the 3-min steps of the MFO
tests (16), assuming that the rate of protein oxidation was small and
remained relatively constant. We also assumed that nearly steady-state
conditions were reached during the last minutes of a 3-min constant-
intensity load, as the load increments were small and the intensities
were low (1). The highest V̇O2 value during any 20-s interval of an
incremental test on the cycle ergometer (Monark Ergomedic 839E;
Monark Exercise, Vansbro, Sweden) was designated as the V̇O2peak.

Assessment of physical activity and nutrition. Physical activity was
assessed with the International Physical Activity Questionnaire (13,
45), and nutrition was assessed with a 7-day dietary record (Dietist
XP; Kost & Näringsdata, Bromma, Sweden). During CD, each subject
received a diet with the same energy content as that recorded during
PRE containing 17% protein, 30% fat, and 53% carbohydrate. This
food was provided and eaten in our facilities, so the weight of the food
consumed could be measured and its composition determined with the
Dietist XP software. During this phase, the sucrose and whey protein
groups ingested 2,135 
 390 and 2,129 
 404 kcal/day (means 

SD), respectively.

Biochemical and hormonal analyses. After a 12-h overnight fast,
30-ml blood samples were drawn from a forearm vein directly into
Vacutainer tubes (no. 368499 and no. 368498; BD Vacutainer, Stock-
holm, Sweden), and the serum concentration of glucose, insulin, and
free fatty acids was quantified as previously reported (9). The Ho-
meostasis Model Assessment index (HOMA) was calculated as fast-
ing plasma concentration of insulin (�U/ml) � corresponding con-
centration of glucose (mmol/l)/22.5 (35). Cortisol and total testoster-
one were measured with chemiluminescence enzyme immunoassays
(Immulite 2000 Cortisol, no. L2KCO2, and Immulite 2000 Total
Testosterone, no. L2KTW2; Siemens) exhibiting sensitivities of 5.5

Dietary analysis, IPAQ

2 DAYS 1 WEEK (NORMAL LIFE) 1 WEEK (INTERVENTION)
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Fig. 2. Experimental protocol. DXA, dual-energy X-ray absorptiometry; PRE,
before the intervention; CRE, caloric restriction in combination with prolonged
exercise; CD, isocaloric control diet.

Table 1. Baseline characteristics of our subjects

Diet

Sucrose
(n � 7)

Whey Protein
(n � 8)

Age, yr 38.7 
 8.2 43.0 
 8.0
Height, cm 181 
 5.5 180 
 4.2
Weight, kg 98 
 12.0 100 
 14.9
BMI, kg/m2 29.9 
 3.1 30.9 
 4.2
Lean mass, kg 63.1 
 3.1 65.4 
 6.0
Fat mass, kg 31.5 
 9.1 31.4 
 9.2
Body fat, % 31.6 
 5.3 30.9 
 4.1
V̇O2max, l/min 3.8 
 0.3 3.9 
 0.3
Daily energy intake, kcal 2,256 
 513 2,086 
 489
Physical activity (IPAQ), kcal/day 612 
 315 601 
 289

Values are means 
 SD. BMI, body mass index. IPAQ, International
Physical Activity Questionnaire. Only men were included in this study.
[Modified from Calbet et al. (9).]
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and 0.5 nmol/l and intra-assay and interassay coefficients of variation
of 6.2 and 7.3% and 8.2 and 9.1%, respectively. Free testosterone was
determined by a radioimmunoassay (Coat-A-Count Free Testosterone,
no. TKTF1; Siemens) with a sensitivity of 0.5 pmol/l and intra-assay
and interassay coefficients of variation of �8%. Sex hormone-binding
globulin (SHBG) was assessed with a chemiluminescence enzyme
immunoassay (Immulite SHBG, no. L2KSH2; Siemens) having a
sensitivity of 0.02 nmol/l and intra-assay and interassay coefficients of
variation of 2.7 and 5.2%, respectively. The free androgen index was
calculated as [TT (nmol/l)/SHBG (nmol/l)] � 100, where TT is total
testosterone.

Following automated precolumn derivatization of plasma amino
acids with o-phthalaldehyde, the resulting derivatives were separated
by reversed-phase HPLC (on a 5-�m Resolve C18 column; Waters)
and quantified by fluorescence detection.

Muscle biopsies, extraction of total protein, Western blotting, PCR,
and myosin heavy chain composition. Muscle biopsies were taken
under local anesthesia. After disinfection, the skin and subcutaneous
adipose tissue were infiltrated with 1–2 ml of lidocaine 2%, avoiding
the injection of anesthetic below the superficial fascia. Ten minutes
later, a 6–7-mm incision was made, and a Bergstrom-type biopsy
needle was inserted 2 cm into the muscle belly to obtain ~100 mg of
tissue. The muscle sample was dissected free of any debris and
adipose tissue, immediately frozen in liquid nitrogen, and stored at
�80°C for later analysis.

Extracts of muscle protein were prepared as described previously
(37), and total protein content was quantified using the bicinchoninic
acid assay (46). In brief, 30 mg of muscle were homogenized in urea
lysis buffer (6 M urea, 1% SDS, 1� Complete protease inhibitor
cocktail, and 1� PhosSTOP phosphatases inhibitor cocktail), and the
lysate then was centrifuged for 15 min at 20,000 rpm at 4°C. The
resulting supernatant was diluted with electrophoresis loading buffer
(62.50 mM Tris·HCl, pH 6.8; 2.3% SDS; 10% glycerol; 5% �-mer-
captoethanol; and bromophenol blue), and 35 �g of protein were then
loaded onto each gel. The nine samples from each subject and four
control samples (prepared from healthy human skeletal muscle) were
loaded onto the same gel; that is, the four control samples always had
the same composition. The sample protein bands were normalized to
the mean value of the control band densities to account for the
variability between gels (4). Proteins were labeled with the specific
antibodies diluted in 4% BSA in Tris-buffered saline containing 0.1%
Tween 20 (TBS-T; BSA-blocking buffer). The protein bands were
revealed by incubation with a horseradish peroxidase-conjugated
anti-rabbit antibody (diluted 1:20,000 in Blotto blocking buffer) and
visualized using Immmuno Western CTM-Star (Bio-Rad Laborato-
ries, Hemel Hempstead, United Kingdom) using a ChemiDoc XRS
system (Bio-Rad Laboratories, Hercules, CA). Finally, the bands were
quantified with the Quantity One image analyzer (Bio-Rad Laborato-
ries, Hercules, CA). To control for differences in loading and transfer
efficiency, the membranes were subsequently stained with Reactive
Brown 10 (56), and the bands were quantified with the ChemiDoc
XRS. Since loading was homogeneous in all membranes, no further
corrections were performed.

The levels of OBR mRNA in the muscle biopsies were determined
by real-time PCR. Total RNA was isolated using a RNeasy tissue
fibrous kit (Qiagen, Valencia, CA), and its concentration was mea-
sured with spectrophotometry (Nanodrop; Thermo Scientific, Wil-
mington, DE); all RNA measurements had a ratio of absorbance at
260 nm (A260) to A280 of 2.0 
 0.2. An aliquot of each RNA sample
was used to determine the RNA quality indicator (RQI; Experion;
Bio-Rad Laboratories), which was comprised between 5 and 8. For
synthesis of first-strand cDNA, 100 ng of total RNA were reverse
transcribed using a mix of oligo(dT) and random hexamer primers
(Transcriptor; Roche Diagnostics, Mannheim, Germany). The tran-
script levels of OBR gene were quantified by real-time PCR (Light
Cycler 480; Roche Diagnostics) using primers and Taqman probes
designed with the Universal ProbeLibrary (UPL) assay system (Roche

Diagnostics). Each cDNA was amplified using LC 480 Probes Master
Mix (Roche Diagnostics) under the following conditions: 95°C for 10
min, followed by 35 cycles of 10 s at 95°C, 30 s at 60°C, and 15 s at
72°C. All the results were normalized to the levels of two housekeep-
ing transcripts (cyclophilin gene and GAPDH), and relative quantifi-
cation was calculated by the Livak method with an “all-to-mean”
analysis including an interassay normalization (calibrator). All sam-
ples were run in duplicate, the average values were calculated, and the
relative mRNA levels were reported as fold expression over the
calibrator.

Myosin heavy chain composition was determined as previously
reported (20).

Materials. The Complete protease inhibitor cocktail and PhosSTOP
phosphatases inhibitor cocktail were obtained from Roche Diagnos-
tics (no. 04693116001 and no. 04906845001, respectively). The
horseradish peroxidase-conjugated secondary anti-rabbit antibody
was from Jackson ImmunoResearch (no. 111-035-144 and no. 715-
035-150, respectively; West Grove, PA). The Immun-Blot nitrocellu-
lose membranes and the Inmmun-Star WesternC were from Bio-Rad
Laboratories (Hemel Hempstead, United Kingdom). The ChemiDoc
XRS System and the image analysis software Quantity One were
obtained from Bio-Rad Laboratories. The corresponding catalog num-
bers of the antibodies from Cell Signaling were as follows: anti-phospho-
STAT3 (Tyr705), no. 9145; anti-STAT3 no. 9139; anti-phospho-JAK2
(Tyr1007/1008), no. 3771; and anti- JAK2, no. 3229. The polyclonal rabbit
anti-human SOCS3 (no. sc-9023), anti-Tyr1141OBR (no. sc-16420), and
anti-Tyr985OBR (no. sc-16419) antibodies were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). The monoclonal mouse anti-
PTP1B antibody was obtained from Calbiochem (no. FG6-1G; Darm-
stadt, Germany). The polyclonal rabbit anti-human leptin receptor
antibody was obtained from Linco Research (no. 4781-L; St. Charles,
MO). The anti-�-tubulin antibody was obtained from Biosigma (no.
T5168, Madrid, Spain).

The primers and UPL probes used for PCR were as follows: OBR
gene (NM_002303.5*), forward (5=-CCTGGGCACAAGGACT-
TAAT-3=) and reverse (5=-TGTCACTGATGCTGTATGCTTG-3=),
UPL no. 129; cyclophilin gene (NM_000942.4), forward (5=-TGTG-
GTGTTTGGCAAAGTTC-3=) and reverse (5=-GTTTATCCCGGCT-
GTCTGTC-3=), UPL no. 10; and GAPDH gene (NM_002046.3),
forward (5=-AGCCACATCGCTCAGACAG-3=) and reverse (5=-GC-
CCAATACGACCAAATCC-3=), UPL no. 60.

Statistical analyses. Values were checked for normal distribution
using the Shapiro-Wilks test and, when necessary, transformed loga-
rithmically before the analysis. A repeated-measures ANOVA with
time and the two different diets (sucrose vs. whey protein) as within-
subjects factors was used for analysis of the amino acids and hor-
monal mean responses. OBR mRNA and protein band densities were
analyzed using repeated-measures ANOVA with time, the two differ-
ent diets (sucrose vs. whey protein) and the three extremities as
within-subjects factors. Mauchly’s test of sphericity was run before
the ANOVA, and in the case of violation of the sphericity assumption
the degrees of freedom were adjusted according to the Huynh-Feldt
test. When a significant main effect or interaction was observed,
pairwise comparisons at specific time points were adjusted for mul-
tiple comparisons with the Holm-Bonferroni procedure. The relation-
ship between variables was examined by simple multiple linear
regression. The values reported are means 
 SD, and a P value �
0.05 was considered to be statistically significant. All statistical
analyses were performed using SPSS v.15.0 for Windows (SPSS,
Chicago, IL).

RESULTS

The overall effects of this intervention on body compo-
sition and the major hormonal and metabolic responses have
been described previously and will therefore only be sum-
marized here (9). As previously reported, from PRE to CRE
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and CD, total body mass was reduced by an average of 4.9
and 3.9 kg, and fat mass was reduced by 2.1 and 2.8 kg,
respectively (P � 0.001). From PRE to CRE, the serum
concentrations of glucose, insulin, and leptin were reduced by
15, 49, and 64%, respectively (P � 0.05). Insulin and leptin
concentrations remained 32 and 50% below PRE levels after
CD (P � 0.05; 9).

Myosin heavy chain composition (MHC) was not altered by
the intervention. The vastus lateralis exhibited a higher pro-
portion of MHC I compared with the deltoids (52.2 
 14.4 and
41.5 
 5.5%, respectively, P � 0.01). Compared with PRE,
MFO was increased after CRE by 42, 35, and 73%, for the
control arm, the trained arm, and the legs, respectively (Fig. 3).

Leptin receptors. Compared with PRE, the level of OBR
mRNA was 24.5% higher after CRE (P � 0.059), because of
a 45.7% increase in the exercised arm and legs (P � 0.008;
ANOVA interaction: P � 0.05; Fig. 4A). Following CD, OBR
mRNA levels returned to values similar to PRE. Since essen-
tially similar results were obtained when the three OBR bands
identified at 170, 128, and 98 kDa were analyzed separately,
the total amount of OBR is reported (Fig. 4B).

The total level of OBR protein was 37.7% greater in the
deltoid than in the vastus lateralis. Compared with PRE, after
CRE, OBR expression was increased by 19% in the deltoids,
whereas it remained unchanged (�6.6%, P � 0.08) in the
vastus lateralis. After CD, a further elevation in OBR protein
was observed in both deltoids (�54% compared with PRE) and
the vastus lateralis (�14.8%, P � 0.05). From PRE to CD, the
fractional phosphorylation of OBR at Tyr985 was reduced by
23.7%. In the case of the vastus lateralis, the fractional phos-
phorylation of OBR at Tyr985 increased by 9.3% from PRE to
CRE and then returned to the PRE values after CD. Compared
with PRE, after CD, phospho-Tyr985OBR was elevated by
8.3% (Fig. 4C), and phospho-Tyr1141OBR was elevated by
6.3% (P � 0.05; Fig. 4D). From PRE to CD, the fractional
phosphorylation of OBR at Tyr1141 was reduced by 22.4% in
both deltoid muscles and by 8.8% in the vastus lateralis.

JAK2. JAK2 protein expression was 15% greater in the
deltoid than in the vastus lateralis (P � 0.05; Fig. 5A).
Compared with PRE, JAK2 protein expression was 10% lower
(P � 0.06) after CRE but increased by 14% after CD (P �
0.018). These effects were blunted in the exercised muscles of
the whey protein group (ANOVA extremity by supplementa-
tion interaction: P � 0.05). However, compared with PRE, the
amount of phospho-Tyr1007/1008JAK2 was increased by 16%
after CD (Fig. 5B). Likewise, these effects were blunted in the

vastus lateralis of the whey protein group (ANOVA extremity
by time by supplementation interaction: P � 0.05). From CRE
to CD, the fractional phosphorylation of JAK2 rose by 10%
(ANOVA time effect: P � 0.042).

STAT3. Compared with PRE, the total level of STAT3
protein was elevated by 70% after CD in the trained deltoid,
but it remained unchanged in the vastus lateralis (Fig. 5C).
From PRE to CD, Tyr705STAT3 phosphorylation rose by
2.9-fold in the deltoids but not in the vastus lateralis (Fig. 5D).
The increase of phospho-Tyr705STAT3 was more marked in
the sucrose than in the whey protein group (ANOVA extremity
by supplementation interaction: P � 0.036). The fractional
phosphorylation of STAT3 was elevated 2.5-fold after CD, but
only in the arms (Fig. 5E).

PTP1B and SOCS3. Compared with PRE, PTP1B protein
expression rose by 18 and 45% after CRE and CD, respectively
(Fig. 6A). These effects were similar in both groups and in the
three muscles examined. SOCS3 protein expression tended to
increase in the vastus lateralis and decrease in the deltoids
(ANOVA extremity by time interaction linear trend: P �
0.045; Fig. 6B). Representative blots are presented in Fig. 7.

Correlations. There was a negative association between the
changes in OBR mRNA (mean of the 3 muscles) and the
changes in serum insulin (r � �0.39, P � 0.03, from PRE to
CRE and from CRE to CD analyzed conjointly, n � 30). In the
legs, the changes in OBR protein expression from PRE to CRE
were negatively associated with the changes in serum insulin
(r � �0.59, P � 0.021, n � 15) and HOMA (r � �0.62, P �
0.01, n � 15). There was also a negative association between
the changes in serum leucine concentration and the changes in
OBR protein expression (r � �0.42, P � 0.02, from PRE to
CRE and from CRE to CD analyzed conjointly, n � 30). The
changes in phospho-Tyr985OBR were associated with the
changes in serum leptin (r � 0.52, P � 0.03, from PRE to CRE
and from CRE to CD analyzed conjointly, n � 30). There was
a positive association between the mean JAK2 protein expres-
sion of the three muscles and the values of leptin (r � 0.37,
P � 0.01, PRE, CRE, and CD analyzed conjointly, n � 45),
insulin serum concentration (r � 0.37, P � 0.01, n � 45), and
HOMA (r � 0.36, P � 0.02, n � 45).

The proportion of MHC I isoform was associated with OBR
protein expression (r � �0.75, P � 0.05, n � 9, each value
represents the mean of all measurements performed in a given
muscle), phospho-Tyr985OBR (r � 0.88, P � 0.05, n � 9), and
phospho-Tyr705STAT3/STAT3 (r � 0.74, P � 0.05, n � 9).

Fig. 3. Maximal fat oxidation before the interven-
tion (PRE), after 4 days of prolonged exercise [45
min of 1-arm cranking at 15% of the power reached
during the incremental exercise to exhaustion, fol-
lowed by 8 h walking at ~4.5 km/h (CRE)], and after
3 days on an isocaloric control diet (CD). The bars
represent the mean values for both groups combined
(n � 15), and the error bars represent SE. C. arm,
control arm; T. arm, trained arm; means, the mean
value for the three extremities; arms, the mean value
for the arms; exercised, the mean value for the
exercised arm and legs. *Compared with PRE,
†compared with CRE, $compared with the legs.
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MFO was associated with the fractional phosphorylation of
OBR at Tyr985 (r � 0.29, P � 0.01, n � 135) and
Tyr705STAT3 phosphorylation (r � 0.30, P � 0.01, n � 135).
These associations remained statistically significant when

mean values were calculated for each muscle (r � 0.66, P �
0.05, n � 9; and r � 0.68, P � 0.05, n � 9, respectively).

There was a negative association between the serum con-
centration of plasma free fatty acids and PTP1B mean expres-

Fig. 4. Levels of leptin receptor mRNA (mRNA OBR; A) and
protein (OBR) expression (B), as well as of OBR phosphor-
ylated at Tyr985 (C) and Tyr1141 (D) before the intervention
(PRE), after 4 days of prolonged exercise [45 min of 1-arm
cranking at 15% of the power reached during the incremental
exercise to exhaustion, followed by 8 h walking at ~4.5 km/h
(CRE)], and after 3 days on an isocaloric control diet (CD).
The level of OBR mRNA was analyzed using logarithmically
transformed data. The protein expression values have been
normalized to the mean of four internal controls. The bars
represent the mean values for both groups combined (n � 15),
and the error bars represent SE. C. arm, control arm; T. arm,
trained arm; means, the mean value for the three extremities;
arms, the mean value for the arms; exercised, the mean value
for the exercised arm and legs; a.u., arbitrary units. *Com-
pared with PRE, †compared with CRE, $compared with the
legs.
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sion (the mean of the 3 muscles) at PRE (r � �0.71, P � 0.01,
n � 15). Moreover, there was a negative association between
the increase of PTP1B expression and the increase of serum
free fatty acid concentration (r � �0.43, P � 0.05, n � 30).

DISCUSSION

This investigation has shown that leptin signaling is upregu-
lated in human skeletal muscle in response to a severe energy
deficit. The combination of exercise and a very low calorie diet
promotes the expression of the OBR gene, as reflected by the
increase of OBR mRNA in the exercised arm and leg muscles
after 4 days of prolonged walking. This increased expression of
the OBR gene was accompanied by a rise in the level of
expression of the corresponding protein in the exercised arm
after CRE and in both arms and legs after CD.

Although the comparison between arm and leg muscles
should be interpreted with caution because of differences in
physical activity patterns, muscle structure, and plasticity (60),
the fact that the protein levels of OBR increased in both the
exercised and control arms indicates that the primary underly-

ing mechanism driving this increase should be related more to
the energy deficit than to the local contractile activity. The
finding that the amount of OBR protein in the vastus lateralis
was not elevated after 4 days of walking further supports this
conclusion. Despite the increased OBR expression in the arms
after 4 days of severe energy deficit, there was no sign of
enhanced leptin signaling either in arms or leg muscles, likely
because of the increased expression of PTP1B, which was
independent of the amount of exercise performed by each
individual muscle.

Interestingly, when the subjects returned to their normal diet
with reduced exercise, the level of OBR protein rose even
further in the arms and also became elevated in the vastus
lateralis for the first time. This upregulation of OBR expression
was accompanied by enhanced leptin signaling in arm muscles
as reflected by the increased Tyr1007/1008JAK2, Tyr1141OBR,
and Tyr705STAT3 phosphorylations, despite a further elevation
of PTP1B expression at this time point. However, in vastus
lateralis, despite increased phosphorylation of JAK2 and
Tyr985OBR, Tyr1141OBR and Tyr705STAT3 phosphorylations

Fig. 5. Levels of Janus kinase 2 (JAK2; A and B) and STAT3 (C–E) before the intervention (PRE), after 4 days of prolonged exercise [45 min of 1-arm cranking
at 15% of the power reached during the incremental exercise to exhaustion, followed by 8 h walking at ~4.5 km/h (CRE)], and after 3 days on an isocaloric control
diet (CD). JAK2, STAT3, Tyr705STAT3, and Tyr705STAT3/STAT3 were analyzed using logarithmically transformed data. The protein expression values have
been normalized to the mean of four internal controls. The bars represent the mean values for both groups combined (n � 15), and the error bars represent SE. C.
arm, control arm; T. arm, trained arm; means, the mean value for the three extremities; arms, the mean value for the arms; exercised, the mean value for the
exercised arm and legs; a.u., arbitrary units. *Compared with PRE, †compared with CRE, $compared with the legs.
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remained unchanged, indicating that only the initial steps of the
leptin signaling cascade were activated in the vastus lateralis.
This situation may be explained by the increased expression of
SOCS3 in legs, but not in the arms, as revealed by the
interaction in the ANOVA analysis. At normal concentrations,
SOCS3 can only inhibit leptin signaling by binding to Tyr985 in
the OBR, but without Tyr985 phosphorylation, SOCS3 lacks
inhibitory capacity (7). The combination of both events, Tyr985

phosphorylation of OBR and increased protein levels of
SOCS3, blunts Tyr705STAT3 phosphorylation by JAK2 (7).

The additional augmentation of PTP1B expression from
CRE to CD may serve as a feedback mechanism to impede an
overactivation of leptin signaling when the expression of OBR
is upregulated and the leptin serum concentration is slightly
increased. Despite this increase in PTP1B, its inhibitory influ-
ence on leptin signaling was not sufficient to fully prevent the
upregulation of OBR observed 3 days after the resumption of
the isocaloric diet. This OBR upregulation might have been
facilitated by the sustained and marked reduction of circulating
leptin during the 4 days of walking and the following 3 days on
a controlled diet.

Although leptin receptors have been found to be upregulated
in several types of cancer (26, 44, 53, 54), the present inves-
tigation is the first to demonstrate upregulation of skeletal
muscle OBR in healthy men in response to a prolonged and
severe energy deficit. In agreement with our present results,
fasting upregulates the expression of OBR in acute lympho-
blastic leukemia cells in mice, an effect requiring a reduction in
circulating levels of leptin (33). Interestingly, the upregulation
of leptin receptors through fasting exerts pronounced antipro-

liferative effects on lymphoblastic leukemia cells (33). Met-
formin, a mimetic of caloric restriction (14) and the most
common antihyperglycemia agent used to treat type 2 diabetes
mellitus, reduces leptin serum concentrations and increases the
level of OBR mRNA in the liver, but not the kidney, of mice
(50); that is, different cells and organs exhibit distinct re-
sponses to alterations in leptin concentration.

Expression of PTP1B in skeletal muscle is increased in
response to a severe energy deficit. This investigation showed
that the expression of PTP1B was upregulated in human
skeletal muscle during a severe energy deficit and its level was
further increased 3 days later when an isocaloric diet was read-
ministered and exercise was reduced. This effect was independent
of local contractile activity and was similar in arm and leg
muscles. The expression of PTP1B may be regulated by glu-
cose, leptin, and inflammatory cytokines such as TNF-� and
interleukins (30, 36, 43, 59). In addition, free fatty acids have
been reported to induce the expression of PTP1B in cell
cultures (36, 39). In contrast, a negative association was
observed here between basal serum free fatty acid concentra-
tion and the basal level of PTP1B protein in skeletal muscle
and, more importantly, between the changes in PTP1B and
serum free fatty acids.

The enhanced leptin signaling in skeletal muscle was ac-
companied by elevated PTP1B expression, which causes resis-
tance to both insulin (49, 58) and leptin (12). The insulin
resistance in skeletal muscle during severe energy deficit pre-
serves blood glucose for glucose-dependent tissues such as the
central nervous system (8), whereas upregulation of leptin
signaling facilitates fatty acid oxidation (55). This is in agree-

Fig. 6. Levels of protein tyrosine phosphatase 1B
(PTP1B; A) and suppressor of cytokine signaling 3
(SOCS3; B) before the intervention (PRE), after 4 days
of prolonged exercise [45 min of 1-arm cranking at 15%
of the power reached during the incremental exercise to
exhaustion, followed by 8 h walking at ~4.5 km/h
(CRE)], and after 3 days on an isocaloric control diet
(CD). The levels of PTP1B and SOCS3 were analyzed
using logarithmically transformed data. The protein ex-
pression values have been normalized to the mean of
four internal controls. The bars represent the mean
values for both groups combined (n � 15), and the error
bars represent SE. C. arm, control arm; T. arm, trained
arm; means, the mean value for the three extremities;
arms, the mean value for the arms; exercised, the mean
value for the exercised arm and legs; a.u., arbitrary units.
*Compared with PRE, †compared with CRE.
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ment with the association observed here between maximal fat
oxidation capacity and leptin signaling during PRE, supporting
the idea that the upregulation of leptin signaling in skeletal
muscle during a severe energy deficit facilitates fat oxidation at
rest.

Regulation of the expression of OBR in skeletal muscle. Our
results indicate that leptin receptors are more abundant in
fast-twitch fibers. This finding agrees with previous studies in
humans reporting greater OBR protein expression in the triceps
brachii (41) or deltoid (18) than in the vastus lateralis, since the
former two muscles contain a larger proportion of fast-twitch
fibers (18, 41, 60). Our findings also agree with the increase in
the level of OBR mRNA after immobilization, which is known
to promote a shift from slow- to fast-twitch fibers in skeletal
muscle (11). A greater expression of OBR in the arm muscle
may serve to partly compensate for their lower basal leptin
sensitivity compared with the leg muscles.

In previous studies, we compared the dominant and non-
dominant arms of professional tennis players and found a
higher level of OBR in the hypertrophied dominant arm (41),
indicating that at least in the arms, chronic loading is associ-
ated with increased expression of OBR. However, no changes
in OBR expression were observed in vastus lateralis after

strength training combined with endurance exercise (40). In the
present investigation, the increase in OBR protein occurred
during the severe energy deficit and was not influenced by 45
min of arm cranking, suggesting that low-intensity contractile
activity has no effect on skeletal muscle OBR. However,
prolonged walking (8 h/day) impeded an increase of OBR
expression in the vastus lateralis, which only occurred when
the amount of physical activity was reduced and the normal
diet was reestablished. This finding could indicate that pro-
longed contractile activity may inhibit OBR expression in the
vastus lateralis, which should otherwise have been stimulated
by the reduction in the circulating level of leptin from PRE to
CRE.

Although little is known about the endocrine regulation of
OBR expression in human skeletal muscles, leptin, insulin,
insulin-like growth factor I (IGF-I), testosterone, and estradiol
have been shown to influence OBR expression in cell cultures,
rodents (2, 15, 25), and human tissues (27). However, since the
three skeletal muscles examined here were presumably ex-
posed to similar concentrations of circulating hormones, the
difference in the responses of the arm and leg muscles with
respect to OBR expression must also involve local factors.
Women have higher estrogen and lower testosterone levels in

Fig. 7. Representative Western blots for each
protein of interest and its regulatory phos-
phorylations. The representative Western
blots correspond to a subject from the su-
crose group. From top to bottom: OBR,
phospho-Tyr985, phospho-Tyr1141, JAK2,
phospho-Tyr1007/1008JAK2, STAT3, pho-
spho-Tyr705STAT3, SOCS3, �-tubulin, and
PTP1B. PTP1B was loaded with a molecular
weight standard (MW) between third control
(C) and the PRE leg sample. OBR, leptin
receptor; Tyr985, OBR phosphorylated in
Tyr985; Tyr1141, OBR phosphorylated in
Tyr1141; CRE, control exercise; CD, control
diet; CA, control arm; TA, training arm; LEG,
leg.
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plasma than men but express twice as much OBR protein in
their vastus lateralis (21). Although the total serum level of
testosterone and the free androgen index were reduced signif-
icantly after the 4 days of walking (10), no association was
observed between the changes in OBR protein expression and
the changes in total testosterone and free androgen index.

As previously reported, our subjects experienced a marked
reduction of serum insulin and HOMA after the 4 days of
exercise with caloric restriction (9). Although in cancer cell
lines, insulin increases the expression of OBR (19), no asso-
ciation was observed here between the changes in serum levels
of insulin and OBR expression.

Ingestion of whey protein during a severe energy deficit
partially blunts leptin signaling without influencing OBR ex-
pression in skeletal muscle. In rats fed a high-fat diet, leucine
supplementation is associated with increased expression of
OBR in the hypothalamus and adipose tissue, while reducing
serum leptin levels (57). Mao et al. (34) demonstrated that
dietary leucine supplementation to mice for 14 days signifi-
cantly stimulates both the mRNA and protein expression of
OBR in the skeletal muscles. In contrast, here we observed a
negative association between changes in OBR and leucine.
Moreover, we found similar increases of OBR protein expres-
sion in both the sucrose and whey protein groups, despite a
20% higher serum level of leucine in the latter. In humans and
some rodent experiments, branched-chain amino acid supple-
mentation has not been associated with reduced serum levels of
leptin (57), whereas in other rodent studies it has (6, 31, 52).
Thus the leptin/OBR system seems to respond to the increase
in serum leucine differently in rodents and humans.

In summary, the present investigation reveals that the leptin
signaling cascade in human skeletal muscle is upregulated in
response to a severe energy deficit. Leptin receptors are ex-
pressed differently in arm and leg skeletal muscles with greater
levels of expression in fast-twitch fibers. The ingestion of
either protein or sucrose alone does not influence the upregu-
lation of leptin receptors, but whey protein may partly blunt
some steps in the leptin signaling cascade in response to a
severe energy deficit. PTP1B expression in skeletal muscle is
upregulated in response to a severe energy deficit, attenuating
the potential downstream effects of the upregulation of leptin
receptors. These findings indicate that one of the mechanisms
by which very low calorie diets combined with extensive
exercise may contribute to metabolic health is through the
upregulation of the leptin signaling system in skeletal muscles
to favor fat oxidation. Given the widespread expression of
leptin receptors, it would be interesting to determine, in future
studies, how the leptin signaling system is regulated by a
severe energy deficit in other tissues, particularly in the central
nervous system.
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