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Sarcolipin (SLN) is a SERCA uncoupling protein associated with exercise perfor-
mance and lower adiposity in mice. To determine SLN protein expression in human 
skeletal muscle and its relationship with adiposity, resting energy expenditure (REE), 
and performance, SLN was assessed by Western blot in 199 biopsies from two pre-
vious studies. In one study, 15 overweight volunteers underwent a pretest followed 
by 4 days of caloric restriction and exercise (45-minute one-arm cranking + 8-hour 
walking), and 3  days on a control diet. Muscle biopsies were obtained from the 
trained and non-exercised deltoid, and vastus lateralis (VL). In another study, 16 
men performed seven sessions of 4-6 × 30-sec all-out sprints on the cycle ergometer 
with both limbs, and their VL and triceps brachii biopsied pre- and post-training. 
SLN expression was twofold and 44% higher in the VL than in the deltoids and tri-
ceps brachii, respectively. SLN was associated with neither adiposity nor REE, and 
was not altered by a severe energy deficit (5500 kcal/day). SLN and cortisol changes 
after the energy deficit were correlated (r = .38, P = .039). SLN was not altered by 
low-intensity exercise in the overweight subjects, whereas it was reduced after sprint 
training in the other group. The changes in SLN with sprint training were inversely 
associated with the changes in gross efficiency (r = −.59, P =  .016). No associa-
tion was observed between aerobic or anaerobic performance and SLN expression. 
In conclusion, sarcolipin appears to play no role in regulating the fat mass of men. 
Sprint training reduces sarcolipin expression, which may improve muscle efficiency.
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1 |  INTRODUCTION

Sarcolipin (SLN) is a 31-amino-acid protein expressed only 
in striated and cardiac muscle,1 which regulates muscle ther-
mogenesis.2 SLN expression increases with overloading3 and 
is associated with enhanced exercise performance in mice.4 
It remains unknown whether, in humans, the expression of 
SLN is influenced by loading and energy balance. Although 
it has been suggested that enhancing SLN activity could be 
an effective mechanism to increase energy expenditure and 
control weight gain,5 the role that SLN may play in the regu-
lation of fat mass is unknown in humans.6

Skeletal muscle accounts for 15%-17% of resting meta-
bolic rate (RMR).7 The majority of the energy expended 
by resting skeletal muscles is used to maintain the resting 
membrane potential and cytosolic [Ca2+], through the ac-
tion of the Na+-K+ ATPase and the sarcoplasmic reticulum 
Ca2+-ATPase (SERCA).8 In mice, skeletal muscles’ ATP 
consumption by the SERCA accounts for 40%-50% of the 
muscles’ RMR or 12%-15% of the whole-body VO2.

9 In op-
timal conditions, SERCA harnesses the energy released by 
one ATP phosphate bond to translocate two Ca2+ ions into 
the sarcoplasmic reticulum.10 The thermodynamic efficiency 
of SERCA is reduced by SLN binding, which decreases the 
net (Vmax) of Ca2+ uptake and uncouples Ca2+ transport from 
ATP hydrolysis.11 Mice exposed to cold can upregulate SLN 
expression to lower the SERCA Ca2+/ATP coupling ratio, 
resulting in increased ATP hydrolysis and heat production 
through the futile cycling of SERCA.12

Mice lacking sarcolipin (SLN−/−) become more obese 
than the wild-type (WT) littermates when on a high-fat diet 
(HFD),2 while mice overexpressing SLN (SLNOE) are re-
sistant against diet-induced obesity.13 Compared to WT, 
SLNOE mice have higher daily energy expenditure (+27%), 
which has been attributed to their increased skeletal muscle 
VO2 both at rest and during electrical stimulation.13 These 
mouse studies support a role for SLN in the regulation of fat 
mass such that higher levels of SLN expression could protect 
against obesity and vice versa. In contrast, experiments using 
human skeletal muscle cells (HSkMC) from seven lean and 
seven extremely obese women, which were differentiated into 
primary myocytes, reported a 3.5-fold higher SLN protein in 
the myocytes derived from HSkMC originating from obese 
women.14 Nevertheless, Paran et al14 did not report skeletal 
muscle SLN protein expression nor RMR data. Thus, it re-
mains unknown whether SLN in human skeletal muscle is 
associated with the degree of obesity and the magnitude of 
the RMR. Moreover, no study in humans has determined 
whether SLN protein expression is regulated in response to 
energy balance and exercise.

In rodents, SLN protein expression is relatively high in 
fetal and neonatal skeletal muscles but gradually becomes 
restricted to slow-twitch oxidative muscle fibers.1 Compared 

to rodents, SLN mRNA expression levels are several folds 
higher in slow- and fast-twitch muscles of larger mammals.15 
Comparative analyses of SLN protein expression levels in 
different human skeletal muscles are lacking. Moreover, 
functional overloading of plantaris muscle is associated with 
increased SLN mRNA3 and protein expression16 in mice sug-
gesting that chronic overload could stimulate SLN expres-
sion. It remains unknown how SLN expression responds to 
substantially different loading patterns in different human 
skeletal muscles. This knowledge could help in designing 
training programs aiming to either enhance or reduce SLN 
expression in specific muscle groups. A higher level of SLN 
in skeletal muscle may facilitate energy expenditure and 
could be of interest for patients with obesity. On the other 
hand, reducing SLN expression levels could enhance muscle 
efficiency and improve endurance.

Thus, the primary aim of this study was to determine 
whether SLN protein expression is increased in skeletal mus-
cles of overweight men submitted to high (vastus lateralis) 
and low (deltoid) daily loading and associated with the per-
centage of body fat. Secondary aims were as follows: (a) to 
find out whether SLN expression in skeletal muscle is asso-
ciated with myosin heavy chain composition; (b) to ascertain 
whether SLN protein expression is modified in human skel-
etal muscle in response to a large negative energy balance 
to reduce RMR; and (c) to determine whether SLN protein 
expression is altered by low- and high-intensity exercise.

To achieve these aims, we used muscle biopsies from two 
previous studies.17-20 The “Östersund walking study” was de-
signed to induce a severe energy deficit of 5500 kcal/day, for 
4 days, by energy restriction (3.2 kcal/kg body weight/day) 
and prolonged exercise (8-hour walking). This energy deficit 
was chosen to elicit a 2-3 kg reduction in body fat mass, as 
shown by dual-energy X-ray absorptiometry.18 Before walk-
ing, the subjects exercised one arm for 45 minutes at low-in-
tensity, while the other arm did not exercise and served as 
a control. This offered the opportunity to examine the im-
pact of a severe energy deficit with reduction of fat mass on 
SLN expression in different skeletal muscles from the same 
person submitted to no exercise and a small or large amount 
of low-intensity exercise. The subjects participating in the 
“Östersund walking study” were overweight, allowing to test 
whether SLN protein expression is related to the degree of 
adiposity. To study the effect of high-intensity exercise train-
ing on SLN expression in human skeletal muscle, we used bi-
opsies obtained from volunteers of the same population that 
participated in a sprint training program.19,20

Based on a greater SLN expression in the fast muscle fi-
bers of larger mammals,1 we hypothesized that the protein 
expression of SLN will be associated with a greater MHC 
type II composition in human skeletal muscles and that a se-
vere energy deficit would induce a reduction of SLN expres-
sion, as a mechanism to lower RMR. We also hypothesized 
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that large volumes of low-intensity exercise would reduce 
SLN expression, while high-intensity exercise training would 
increase the expression of SLN as a mechanism to improve 
muscle energetics and reduce fatigue, as observed in SLNOE 
mice.4

2 |  METHODS

2.1 | Participants

The characteristics of the two groups studied, experimental 
design, and general procedures have been reported previ-
ously. Fifteen physically active overweight men participated 
in the “Östersund walking study”17,18,21 (hereafter called 
“overweight walking group”), and sixteen men from the same 
population, fourteen of them with a body mass index (BMI) 
<25  kg/m2 and two overweight participated in a 2-week 
sprint training study19,20 on the cycle ergometer (Table 1). 
The fourteen subjects with a BMI < 25 were considered as 
“lean” and were compared to the overweight subjects of the 
Östersund walking study. The inclusion criteria for partici-
pants in the “Östersund walking study” have been previously 
reported.18 Briefly, the inclusion criteria were as follows: 
age between 18 and 55 years, stable body weight for the pre-
ceding three months before the start of the study, BMI of 
≥25 kg/m2, waist circumference of >102 cm, and body fat 
percentage between 20% and 40%. Exclusion criteria were as 
follows: orthopedic medical contraindications for prolonged 
walking, smoking, or chronic diseases. The subjects that par-
ticipated in the sprint training study were physically active 
non-smokers, exercising recreationally two or three times a 
week. After being informed of potential risks and benefits, all 
subjects provided their written consent to participate. Ethical 
approval was obtained from the Regional Ethical Review 
Board of Umeå University (Umeå, Sweden; 2010/236-31 and 
2014/91-31).

2.2 | Experimental protocol (overweight 
walking group)

The protocol for the overweight group consisted of a pre-
test phase (PRE), caloric restriction combined with exercise 
for 4  days (CRE), immediately followed by a control diet 
with reduced exercise for 3 days (CD; Figure 1A). During 
the PRE, and at the end of the CRE and CD phases, body 
composition was assessed (Lunar iDXA, GE Healthcare)22; 
20 mL blood samples were drawn; resting metabolic rate was 
measured,23 and muscle biopsies were then taken from both 
deltoid muscles and the vastus lateralis of one leg (randomly 
assigned). All of these procedures were performed in the 
morning following a 12-hour overnight fast.18,21

2.3 | Experimental protocol (sprint training 
group)

The protocol for the sprint training group consisted of an 
initial phase of pretests when blood samples and muscle bi-
opsies were taken from the triceps brachii (TB) and the ipsi-
lateral vastus lateralis. This was followed by seven training 
sessions performed on the leg cycle ergometer or an ergom-
eter modified for arm cycling in 2 weeks, which included re-
peated sprints performed with either first the arms followed 
(1-hour rest period) by the legs or vice versa, according to the 
randomization assignment (Figure 1B). Half of the subjects 
trained first with the arms, while the other half started first 
with the legs. For both arms and legs, the subjects were in-
structed to perform (4-6) repeated 30-second all-out sprints, 
separated by 4 minutes of recovery (at unloaded pedaling or 
cranking at ~20 rpm). On the first and second days of train-
ing, each subject performed four sprints; on the third and 
fourth days, five sprints; and on the final 3 days, six sprints, 
for a total of 36 sprints with the arms and an equal number 
with the legs. Overall, subjects performed seven sprint train-
ing sessions over 2  weeks, and 48  hours later, the muscle 
biopsies and blood samples were repeated (Figure 1B).19

2.4 | Additional assessments

The methods used to carry out the rest of the assessment are 
reported in full detail in previous publications.17-19 Briefly, 
body composition was assessed using dual-energy X-ray ab-
sorptiometry (Lunar iDXA, GE Healthcare), and peak oxygen 
uptake (VO2peak) (AMIS 2001 model C, Innovision A/S) was 
determined by an incremental exercise test to exhaustion on 
the cycle ergometer (SRM GmbH). In the overweight walking 
group, one-arm VO2peak was determined using an arm crank-
ing incremental exercise test to exhaustion performed with each 
arm separately using a similar ergometer.17 In the sprint training 
group, arm cranking VO2peak was assessed using an incremen-
tal arm cranking test to exhaustion carried out with both arms.19 
The VO2 data collected during the incremental exercise tests 
were averaged every 20 seconds, and the highest 20-second av-
erage was taken as the VO2peak, as recommended elsewhere. 24

In the sprint training group, additional performance tests 
to measure peak (Wpeak) and mean (Wmean) power output 
during 30-second sprint tests (Wingate tests) were performed. 
The Wingate tests were followed by 20 minutes of rest and, 
immediately after, by a 5-minute time trial (TT).19

2.5 | Resting metabolic rate

In the overweight group, the resting metabolic rate (RMR) 
was assessed after a 12-hour overnight fast following at least 
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10 minutes of resting in the supine position using the same 
metabolic cart.23

2.6 | Muscle biopsies, extraction of total 
protein, Western blotting, and myosin heavy 
chain composition analysis

Muscle biopsies were taken by the same medical doctor using 
similar procedures in both studies.19,21 Briefly, 30 mg of mus-
cle was homogenized in urea lysis buffer and 15 μg of protein 
extract loaded onto each gel lane, and run together with four 
control samples. The gels were incubated overnight at 4°C. The 
same control extract was loaded in all gels to assure compara-
bility between gels.25 Proteins were transferred to Immun-Blot 
PVDF Membranes and subsequently stained with Reactive 
Brown 1026 to control for differences in loading and transfer 
efficiency, and the bands captured with the ChemiDocTM 
Touch Imaging System and quantified with the Image Lab 
5.2.1 software. The membranes were blocked for 1  hour in 
4% bovine serum albumin in Tris-buffered saline containing 

0.1% Tween-20 (TBS-T; BSA-blocking buffer) and incubated 
overnight at 4°C with the anti-sarcolipin antibody (catalog no. 
ABT13, EMD-Millipore) diluted 1:2000 in 4% BSA-blocking 
buffer. The protein bands were revealed by incubation with 
an HRP-conjugated anti-rabbit antibody (diluted 1:5,000 in 
Blotto blocking buffer) and visualized using Clarity™ Western 
ECL Substrate (Bio-Rad Laboratories) using a ChemiDoc™ 
Touch Imaging System (Bio-Rad Laboratories). Finally, the 
bands were quantified with the Image Lab© software 5.2.1 
(Bio-Rad Laboratories). Since loading was homogeneous in 
all membranes, the native band densities (without corrections 
for loading) were directly used, to avoid unnecessarily increas-
ing the variability.25 Myosin heavy chain composition was de-
termined as previously reported.27

2.7 | Biochemical and hormonal analyses

A detailed description of hormonal and plasma amino acid 
analysis is reported in previous publications.17,21 Briefly, 
serum insulin was quantified by an electrochemiluminescence 

 

Overweight subjects at PRE 
(n = 15) Sprint training study (n = 16)

Pre-intervention Post-CD Pre-training Post-training

Age (y) 41 ± 8.1   23.9 ± 3.7**  

Height (cm) 181 ± 5   184 ± 7  

Weight (kg) 99.1 ± 13.2 95.3 ± 12.6* 77.8 ± 6.9a,** 77.7 ± 6.8a,**

BMI (kg/m2) 30.4 ± 3.7 29.2 ± 3.5* 23.7 ± 2.8** 23.7 ± 2.8**

Lean mass (kg) 64.3 ± 4.9 63.3 ± 4.5* 60.9 ± 5.8a,** 61.1 ± 5.8a,**

Legs lean mass 
(kg)

23.0 ± 2.2 22.6 ± 2.1* 21.0 ± 2.0** 21.0 ± 2.1**

Arms lean 
mass (kg)

8.4 ± 0.8 8.1 ± 0.7* 8.3 ± 1.1 8.3 ± 1.0

Fat mass (kg) 31.5 ± 8.8 28.6 ± 8.5* 13.5 ± 4.2a,** 13.2 ± 3.9a,**

Body fat (%) 31.2 ± 4.6 29.5 ± 4.9* 18.1 ± 4.9a,** 17.8 ± 4.7a,**

VO2max (L/
min)

3.84 ± 0.33 3.61 ± 0.42 3.79 ± 0.44 4.08 ± 0.45*

Note: Values are mean ± SD.
In the overweight group, 10 subjects had a BMI 25≥ and <30, and the other five had a BMI > 30. Post-CD: 
after 3 d on a control diet with reduced exercise.
a(n = 15). 
*P < .01 compared to the pre-training value. 
**P < .05 compared to the overweight group. 

T A B L E  1  Physical characteristics, 
body composition, and VO2max

F I G U R E  1  A, Schematic illustration of the experimental protocol for the overweight walking group. PRE: pretest; CRE: four days of 
caloric restriction (320 kcal/day) and exercise (45 min of single-arm cranking and 8 h of walking each day); CD: three days on a diet isoenergetic 
(compared with that observed during the PRE phase) with reduced exercise (<10 000 steps per day). B, Experimental protocol for the sprint 
training group. All exercise bouts during testing and training were 30-s all-out sprints performed employing both leg pedaling (left) and arm 
cranking. The values between brackets indicate the number of 30-s sprints per training session. DXA: dual-energy X-ray absorptiometry; IPAQ: 
international physical activity questionnaire
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immunoassay (Modular Analytics Analyzer E170, Roche 
Diagnostics SL, Barcelona, Spain), at a sensitivity of 0.2 µU/
mL (intra- and inter-assay coefficients of variation (CV) of 
2.0 and 2.6%, respectively). Cortisol and total testosterone 
were measured with chemiluminescence enzyme immunoas-
says (Immulite 2000 Cortisol, Ref. L2KCO2, Immulite 2000 
Total Testosterone, Ref. L2KTW2; Siemens) at a sensitivity 
of 5.5 and 0.5 nmol/L and intra- and inter-assay CV of 6.2% 
and 7.3%, and 8.2% and 9.1%, respectively. Free testoster-
one was determined by a radioimmunoassay (Coat-A-Count 
Free Testosterone, Ref. TKTF1; Siemens) with a sensitivity 
of 0.5 pmol/L and intra- and inter-assay CV of less than 8%. 
Serum leptin was determined by the enzyme-linked immu-
nosorbent assay (Linco Research #EZHL-80SK) with a sen-
sitivity of 0.05 ng/mL and intra- and inter-assay CV of 3.8% 
and 4.4%, respectively.

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.

2.8 | Statistical analyses

Descriptive values are presented as means ± standard devia-
tions (SD). The statistical analysis was based on repeated-
measures ANOVAs. Pairwise comparisons (t tests) at specific 
time-points were adjusted for multiple comparisons with the 
Holm-Bonferroni procedure. Comparisons between the over-
weight group (PRE samples) and sprint training groups (PRE 
training samples) were performed using the unpaired t test. 
Associations between variables were evaluated using linear 
regression. All of these analyses were performed in the SPSS 
v.21 software for Windows (SPSS Inc).

3 |  RESULTS

The general effects of the interventions are reported with 
more detail in previous publications.17-21,28 Briefly, in the 
overweight walking group, the combination of caloric re-
striction with prolonged exercise elicited an energy deficit of 
5500 kcal/day.18 Consequently, from PRE to CRE and CD, 
total body mass was reduced by an average of 4.9 and 3.9 kg 
and fat mass by 2.1 and 2.8 kg, respectively (P <  .001).18 
This energy deficit was associated with reductions in serum 
concentrations of glucose, insulin, testosterone, free testos-
terone, and leptin, whereas serum cortisol concentration in-
creased.17,18 The resting metabolic rate was not significantly 
altered by the intervention. The vastus lateralis exhibited a 
higher proportion of MHC I than the deltoids (52.2 ± 14.4 
and 41.5 ± 5.5%, respectively, P = .005).21

No significant changes in body composition were ob-
served in the sprint training group. As previously reported, 
this training elicited improvements in VO2peak, Wingate test 
peak and mean power outputs, time trial performance, and 
arm cranking gross efficiency (~9%). Delta efficiency was 
42% greater for the leg than arm exercise and not signifi-
cantly altered by training (P = .43).19 The VL exhibited higher 
MHC I percentage than the triceps brachii (44.4 ± 10.7 and 
26.4 ± 9.0%, respectively, P < .001). 19

3.1 | Sarcolipin protein expression in human 
skeletal muscle and adiposity

The protein expression of sarcolipin in human skeletal mus-
cle presents marked differences between both individual 
muscles and subjects. The vastus lateralis expressed two-
fold more SLN than the deltoid muscles in the overweight 
group (P < .001; Figure 2A) and 44% more than the triceps 
brachii in the sprint training group (P = .002; Figure 2B). 
There was a linear relationship between the level of SLN 
expression in the arm (mean of both deltoids) and vastus 
lateralis in the overweight group (r  =  .76, P  <  .001). A 
similar relationship was confirmed between the triceps bra-
chii and the vastus lateralis in the lean subjects (r =  .95, 
P < .001). The deltoids and the triceps brachii of the over-
weight and lean subjects had similar SLN protein expression 
levels (P = .59; Figure 2B). Likewise, the vastus lateralis 
expressed similar amounts of SLN in both groups (P = .25; 
Figure 2B).

At baseline, vastus lateralis SLN protein expression was 
linearly related to the percentage of MHC II in the over-
weight group (r = .65, P = .009, n = 15; Figure 3), but not in 
the lean group (r = −0.25, P = .38, n = 14). No association 
between SLN protein expression and the percentage of MHC 
II was observed for the arm muscles in either group (r = .44, 
P = .10, n = 15 and r = .17, P = .52, n = 14, for the aver-
aged of both arms in the overweight and one arm in the lean 
groups, respectively).

No significant associations were observed between 
SLN protein expression and the percentage of whole-
body or trunk fat (data not shown) neither in overweight 
(Figure 4A,C,E) nor the lean group (data not shown). 
Similar results were observed when both groups were 
combined, that is, no association was observed between 
the percentage of whole-body fat and SLN protein expres-
sion (r = .21, P = .42). When both groups were combined, 
there was no association between SLN protein expression 
and RMR (in kcal/min/kg body mass) at PRE (Figure 
4B,D,F). The changes in SLN expression were not asso-
ciated with the changes in RMR (data not shown) in the 
overweight group.



414 |   MORALES-ALAMO Et AL.

3.2 | Sarcolipin expression and exercise

In the overweight group, SLN protein expression was not sig-
nificantly altered by exercise, caloric restriction, or the type 
of supplement administered during CRE (Figure 2A). SLN 
protein expression was reduced by 18% after sprint training 

(P = .017), mostly due to a 20% drop in the vastus lateralis 
(P = .027; Figure 2B).

Despite the lower SLN expression in the arm than leg 
muscles, both delta and gross efficiency were lower for arm 
cranking than leg pedaling19 in the sprint training group. 
Nevertheless, there was a trend for a negative association 

F I G U R E  2  Sarcolipin protein 
expression levels and representative blots. 
A, Overweight walking group (n = 15). 
SLN: sarcolipin; C. DT: control deltoid 
muscle (non-exercised); T. DT: trained 
deltoid muscle; VL: vastus lateralis muscle; 
means: (C. DT + T. DT + VL)/3; means 
DTs: (C. DT + T. DT)/2; exercised: (T. 
DT + VL)/2. B, Sprint training group 
(n = 16), both before (black bars) and after 
(gray bars) training. The mean values of 
both muscles in the right part of the figure 
represent the mean values of both muscles 
before (white bar) and after (hatched bar) 
training. Triceps B.: triceps brachii; Vastus 
L: vastus lateralis. Values are normalized to 
the mean value of control muscle extract and 
presented as arbitrary units (a.u.). The error 
bars represent the standard error (n = 15). 
*P < .05 compared to before training. PRE; 
$P < .05 compared to the legs
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between SLN protein expression in the legs (average of PRE 
and post-training) and the mean delta efficiency during ped-
aling (logarithm of the average of PRE and post-training; 
r = −.48, P =  .058). The improvement in gross efficiency 
during arm cranking was not associated with the changes 
observed in SLN (r = −.28, P =  .29). However, the small 
changes in leg pedaling gross efficiency were inversely and 
linearly related to the changes in SLN expression (r = −.59, 
P = .016). No relationship was observed between SLN pro-
tein expression and performance in either group.

Neither time trial nor Wingate test performance during 
arm cranking and leg pedaling was related to the respective 
SLN expression in the arm and leg muscles. The improve-
ments in time trial and Wingate test performance after train-
ing were not associated with the changes in SLN expression 
(data not shown).

3.3 | Relationships between sarcolipin 
protein expression, metabolites, and hormones 
in the overweight group

The changes in SLN protein expression (the mean of the 
two deltoids averaged with the vastus lateralis) from PRE 
to CRE and from PRE to CD were directly associated with 
the corresponding changes in cortisol (r  =  .38, P  =  .039; 
Figure 5). No significant associations were observed be-
tween the baseline levels of SLN protein expression and 
the serum concentrations of cortisol, total testosterone, free 
testosterone, leptin, insulin, HOMA, essential amino acids, 
branched amino acids, thyroid hormones, or cortisol/testos-
terone ratio.

4 |  DISCUSSION

This study shows that the protein sarcolipin is expressed in 
human skeletal muscle with considerable differences be-
tween subjects and upper and lower extremities, as reflected 
by the analysis of 199 muscle biopsies. The vastus lateralis 
expresses twice the amount of SLN observed in the deltoid 
and about 44% more than the triceps brachii. In partial agree-
ment with our hypothesis, SLN expression was positively as-
sociated with the percentage of MCH II, but exclusively in 
the vastus lateralis of the overweight men. In contrast to our 
hypothesis, SLN expression was not associated with adipos-
ity nor resting energy expenditure in overweight men, and 
therefore, similar levels of SLN expression were observed 
in overweight and lean men from the same population. Our 
results reveal an association between sprint training–induced 
changes in SLN expression and energy efficiency, which fits 
with a putative influence of SLN on exercise energy expendi-
ture. We have also shown that SLN protein levels in human 
skeletal muscle are not altered by a severe energy deficit 
(~5500 kcal/day for 4 days) that lowers fat mass by 2.8 kg. 
Importantly, this investigation has demonstrated that while 
SLN protein expression does not seem to change with low-
intensity exercise, it is reduced after just seven sessions of 
sprint training. Altogether, these results indicate that in con-
trast to previous postulates based on mouse data, SLN pro-
tein levels in skeletal muscles are not associated with resting 
energy expenditure or adiposity, in lean nor overweight hu-
mans. Finally, the present findings are compatible with a role 
of cortisol in the regulation of SLN protein levels in human 
skeletal muscle.

4.1 | Sarcolipin protein is more abundantly 
expressed in leg than arm skeletal muscles 
in humans

In agreement with our findings, the first data published on 
mRNA SLN expression in skeletal muscle showed SLN to 
be highly expressed in fast-twitch skeletal muscles and to 
a lesser extent in slow-twitch muscles and myocardium in 
rabbits and human beings.15 Protein levels of SLN were as-
sessed in various muscle tissues of mouse, rat, rabbit, and 
dog by Western blot analysis for the first time in 2007.1 In 
rodents, the SLN protein was only found in soleus muscle 
(predominantly composed by slow-twitch fibers in mice) 
and diaphragm, while it was not detected in Quadriceps 
(predominantly composed by fast-twitch fibers in mice).1 
Nonetheless, in larger mammals,1 SLN protein levels were 
detected in both slow- and fast-twitch skeletal muscles, but 
more abundantly in the latter. Here, we have observed a sta-
tistically significant linear relationship between SLN protein 
expression and MCH II proportion in the vastus lateralis but 

F I G U R E  3  Relationship between sarcolipin (SLN) protein 
expression in the vastus lateralis and myosin heavy chain type II 
composition (MHC II) in the overweight walking group before the 
intervention. Sarcolipin values are normalized to the mean value of 
control muscle extract and presented as arbitrary units (a.u.). n = 15 
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F I G U R E  4  Sarcolipin (SLN) protein expression, percentage of body fat, and resting energy expenditure (REE) in the overweight walking 
group before the intervention. A, Relationship between SLN protein expression in the vastus lateralis and the percentage of whole-body fat 
(n = 15). B, Relationship between SLN protein expression in the vastus lateralis and resting energy expenditure (n = 15). C, Relationship between 
SLN protein expression in the arms (mean of both deltoid muscles) and the percentage of whole-body fat (n = 15). D, Relationship between 
SLN protein expression in the arms (mean of both deltoid muscles) and resting energy expenditure (n = 15). E, Relationship between the overall 
mean SLN protein expression (mean of both arms averaged with the vastus lateralis value) and the percentage of whole-body fat (n = 15). F, 
Relationship between the overall mean SLN protein expression (mean of both arms averaged with the vastus lateralis value) and resting energy 
expenditure. FFM: fat-free mass (n = 15). Sarcolipin values are normalized to the mean value of control muscle extract and presented as arbitrary 
units (a.u.)
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not in the deltoid nor triceps brachii muscles, although this 
finding was observed in a relatively small sample (n = 15). 
The reason why this association was only observed in the 
vastus lateralis of the overweight subjects is not due to 
differences in MHC II composition since both groups had 
similar values. Although both groups had comparable height 
and lean mass in the upper extremities, the overweight sub-
jects had ~10% greater lean mass in the lower extremities 
reflecting an increased mechanical loading due to their ex-
cessive body mass. Even though functional overloading has 
been associated with increased SLN expression in mice,3,16 
no significant differences in vastus lateralis SLN protein 
expression were observed between the overweight and lean 
subjects. A potential explanation for this finding could be 
that much larger overloading may be required to increase 
SLN expression in humans.

4.2 | Caloric restriction does not alter 
sarcolipin protein expression

Caloric restriction and weight loss are associated with de-
creases in RMR and adaptive thermogenesis.29,30 Adaptive 
thermogenesis is the decrease in RMR not accounted for 
by changes in fat-free mass and fat mass.29-32 In the present 
investigation, we did not observe adaptive thermogenesis 
~12 hours after the end of the last prolonged walk, maybe 
due to the vast amount of exercise performed by our sub-
jects, which may result in a prolonged oxygen debt.33 Despite 
the large energy deficit and the reduction in fat mass, SLN 

expression remained unaltered in the three muscles biopsied, 
strongly suggesting that, in humans, SLN expression is not 
downregulated as a mechanism to spare energy. Thus, it is 
unlikely that SLN plays a role in adaptive thermogenesis in 
humans. In agreement, genetic deletion of SLN is not associ-
ated with reduced resting energy expenditure in mice.34

Although the mechanisms that may regulate the levels of 
SLN expression in skeletal muscle remain unknown, in rats, 
SLN mRNA increased in the diaphragm after the adminis-
tration of pharmacological doses of triamcinolone acetate (a 
potent corticosteroid).35 This concurs with the positive asso-
ciation between the changes in SLN protein expression and 
the changes in cortisol observed in our overweight subjects. 
Also, in favor of a neuroendocrine (or genetic) regulation of 
SLN protein expression in skeletal muscle, subjects having 
low expression levels in the arm muscles had also low expres-
sion levels in the vastus lateralis and vice versa.

4.3 | Sarcolipin protein expression is not 
altered by short-term low-intensity exercise but 
it is reduced by repeated sprint exercise

The present investigation indicates that SLN protein content 
is not modified by small (trained deltoid in the present study) 
or very large (vastus lateralis in the present study) amounts 
of low-intensity exercise. This finding could indicate that to 
elicit a change in SLN protein expression, a greater exercise 
intensity may be required.

In contrast with rodent data,3,16 here we have demonstrated 
that a short training program based on repeated high-intensity 
exercise reduced the SLN protein levels in vastus lateralis 
despite eliciting much less total energy expenditure than the 
4-day walking intervention. A principal difference between 
prolonged walking and repeated 30-second all-out sprints 
is the marked metabolic disturbances evoked by the sprints, 
which cause substantial lactic acidosis, oxidative stress, and 
sarcoplasmic reticulum stress.20,36-38 Endoplasmic reticulum 
stress reduces SLN expression in C2C12 cells.39 Genetic 
ablation of the Sln gene is associated with higher levels of 
glycolytic enzymes, including phosphofructokinase 1, hex-
okinase II, pyruvate kinase muscle, and pyruvate dehydro-
genase.40 It remains to be determined whether the reduction 
in SLN protein expression observed in the vastus lateralis 
may have facilitated the expression of glycolytic enzymes, as 
reported in previous research.41,42

4.4 | Sarcolipin and performance

Sarcolipin-overexpressing (SLNOE) mice produce more 
force and fatigue less than WT. 4 In the present study, sprint 
training resulted in improved endurance and enhanced peak 

F I G U R E  5  Changes in sarcolipin (SLN) protein expression and 
serum cortisol. Percentage change in skeletal muscle sarcolipin protein 
expression (mean of the two deltoid muscles averaged with the vastus 
lateralis) plotted against the corresponding change in serum cortisol 
concentration. PRE: pretest; CRE: four days of caloric restriction 
(320 kcal/day) and exercise (45 min of single-arm cranking and 8 h of 
walking each day); CD: three days on a diet isoenergetic (compared 
with that observed during the PRE phase) with reduced exercise 
(<10 000 steps per day)
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power and mean power output during the sprints, despite 
reducing SLN expression in vastus lateralis. Although the 
training program did not change the mean response of gross 
efficiency during leg pedaling, there were some individual 
fluctuations. Interestingly, the change in gross efficiency 
was inversely associated with the change in SLN. Thus, a 
reduction of SLN expression could be an adaptive mecha-
nism to spare energy during exercise, likely by increasing 
the Ca2+/ATP coupling ratio. Since no significant associa-
tions were observed between baseline SLN protein expres-
sion levels and performance, nor between changes in SLN 
and changes in performance with training, our results indi-
cate that SLN is not an important determinant of exercise 
capacity in humans, apart from a potential small influence 
on energy efficiency.

4.5 | Sarcolipin protein expression in 
human skeletal muscle is not associated with 
adiposity nor resting energy expenditure in 
overweight men

An influence of SLN protein expression in the total fat 
mass content and RMR has been shown in transgenic 
mice.5,13 Maurya et al13 used both SLN knockout (SLN−/−) 
and skeletal muscle-specific SLN-overexpressing (SLNOE) 
mice to determine the role of SLN on energy metabolism 
by pair feeding (fixed calories) and high-fat diet feeding 
(ad libitum) in mice. Interestingly, these authors observed 
that when receiving a similar quantity of calories SLNOE 
mice lost weight compared with the WT, but SLN−/− mice 
gained weight. Contrary to this, experiments using human 
skeletal muscle cells (HSkMC) from lean and obese women, 
which were differentiated into primary myocytes, reported 
higher SLN protein expression levels in the myocytes de-
rived from HSkMC of obese lineage.14 In the present in-
vestigation, despite ample inter-individual differences in 
the percentage of body fat, no association was observed 
between the percentage of whole-body fat and SLN protein 
expression in skeletal muscle. Moreover, after reducing fat 
mass by 2.8  kg no significant changes were observed in 
SLN protein expression in the present investigation. This 
finding concurs with the lack of association between SLN 
protein expression and RMR observed here in overweight 
men. In agreement, Paran et al14 have reported lower effi-
ciency of sarcolipin-dependent respiration in myocytes dif-
ferentiated by the culture of HSkMC obtained humans with 
severe obesity. According to Paran et al,14 this indicates 
that SLN effects are attenuated in severely obese humans, 
supporting the idea that SLN does not seem to have an es-
sential role in the regulation of resting metabolic rate in 
humans.

4.6 | Limitations

The mechanisms regulating SLN expression in human skel-
etal muscle remain unknown. Our subjects were young and 
middle-aged Caucasians, and it is unknown how race, sex, 
and age might influence the expression of SLN. The associa-
tion observed between changes in SLN expression and gross 
efficiency supports a role for SLN in the regulation of en-
ergy expenditure during exercise that should be confirmed 
with different experimental models. Chronic loading could 
explain the greater amount of SLN expressed in the vastus 
lateralis compared to the deltoid muscles, despite the lower 
amount of fast-twitch fibers in the former. However, studies 
using strength training programs or analyzing the effects of 
immobilization are required to confirm this finding. Finally, 
it is unclear whether an increase of SLN expression could be 
an effective treatment to counteract obesity in humans with-
out causing muscular dystrophy.43

In summary, sarcolipin is expressed in the human skeletal 
muscle, with the vastus lateralis containing twice as much 
as the deltoid and approximately 44% more than the triceps 
brachii. High-intensity exercise training reduces sarcolipin 
protein in skeletal muscle, which may explain part of the 
individual variation in muscle energy efficiency. In contrast 
to transgenic rodent data, no association between sarcolipin 
and performance was observed in the present investigation. 
Sarcolipin protein expression is not associated with adiposity 
nor resting energy expenditure and is not modified by a se-
vere energy deficit.

5 |  PERSPECTIVES

Overall, these results do not support a role for sarcolipin in 
the regulation of fat mass in young and middle-aged men. 
Future research should assess the effects of age, sex, extreme 
obesity, starvation, immobilization, and mechanical over-
loading on the level of sarcolipin in human skeletal muscle 
and associated functional consequences. 
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