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Obesity and diabetes has become a major epidemic across the globe. Controlling obesity has been a challenge since this would re-
quire either increased physical activity or reduced caloric intake; both are difficult to enforce. There has been renewed interest in 
exploiting pathways such as uncoupling protein 1 (UCP1)-mediated uncoupling in brown adipose tissue (BAT) and white adi-
pose tissue to increase energy expenditure to control weight gain. However, relying on UCP1-based thermogenesis alone may not 
be sufficient to control obesity in humans. On the other hand, skeletal muscle is the largest organ and a major contributor to basal 
metabolic rate and increasing energy expenditure in muscle through nonshivering thermogenic mechanisms, which can substan-
tially affect whole body metabolism and weight gain. In this review we will describe the role of Sarcolipin-mediated uncoupling of 
Sarcoplasmic Reticulum Calcium ATPase (SERCA) as a potential mechanism for increased energy expenditure both during cold 
and diet-induced thermogenesis.
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INTRODUCTION

Obesity results from an imbalance in caloric intake over ener-
gy expenditure and is a major health burden with annual costs 
exceeding 100 billion dollars [1,2]. The abundance of caloric-
rich diets and lack of physical activity has increased the global 
occurrence of obesity at an alarming rate; equally as alarming 
is the drastically increasing prevalence of obesity among chil-
dren [3,4]. The World Health Organization has identified obe-
sity as one of the major emerging chronic diseases of the 21st 
century. Obesity increases the risk of type 2 diabetes mellitus, 
hypertension, dyslipidemias, and cardiovascular disease, re-
ducing life expectancy. Thirty-six percent of United States 
adults are obese and many cannot lose sufficient weight to im-
prove health with lifestyle interventions alone. The currently 
available weight loss drugs cannot effectively control obesity 

without serious health side effects. More often than not, physi-
cians recommend regular exercise as the most effective way of 
controlling weight gain, perhaps second only to dietary caloric 
restriction. However, it has been extremely difficult to enforce 
regular exercise to prevent weight gain. A recent study warns 
of the urgent need for safe and effective strategies to curb the 
rising prevalence of obesity, and medications may play more 
prominent role in future therapeutic regimens [5].

Skeletal muscle is the largest organ in the body; in most 
mammals it makes up to ~45% to 55% body mass and is a ma-
jor determinant of the basal metabolic rate [6-8]. Importantly, 
muscle can be recruited to increase energy expenditure several 
fold through physical activity, including sports, voluntary exer-
cise, and/or resistance weight training [9-11]. Muscle is re-
sponsible for consuming nearly 80% of insulin-stimulated glu-
cose uptake; thus, serving a major role in glucose disposal 
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[9,12]. During prolonged energy demand, muscle has the abil-
ity to switch from carbohydrates to fatty acid utilization. In ad-
dition to being a contractile machine, skeletal muscle plays a 
central role in temperature homeostasis; it can be recruited to 
produce heat through shivering and nonshivering thermogen-
esis (NST) [13,14]. There is also evidence that skeletal muscle 
plays an important role in diet-induced thermogenesis [15,16]. 
Heat production through skeletal muscle shivering is a known 
mechanism; however, its ability to generate heat through non-
shivering mechanisms is not well understood. Studies from 
our laboratory and others have shown that futile sarcoplasmic 
reticulum calcium ATPase (SERCA) pump activity induced by 
sarcolipin (SLN) binding can lead to increased heat production 
and energy expenditure in muscle (Fig. 1) [17-21]. The prima-
ry objective of this review is to highlight recent progress on our 
understanding of muscle thermogenesis and their role in ener-
gy expenditure and whole body metabolism. 

MUSCLE IS AN ANCIENT THERMOGENIC 
ORGAN

Muscle is the primary thermogenic organ in most vertebrates, 
since muscle contraction is coupled to heat production [22,23]. 
During muscle contraction, heat is generated through both 
myosin-mediated adenosine triphosphate (ATP) hydrolysis 
and Ca2+ transport driven by the SERCA pump. It is well 
known that heat production in muscle is beneficial, since mus-
cles perform better once warmed up; however, prolonged 
muscle activity can generate excessive amount of heat. Con-
traction-mediated heat production is exploited by shivering, a 
repetitive mode of involuntary contractions resulting in exces-
sive heat production. High intensity shivering activates large 
muscles and increases glycolysis as the main source for heat 
production. Since no work is done during shivering, the major 
part of the chemical energy is liberated as heat within muscle 
tissue. Constant shivering can be detrimental because it ex-
hausts the muscle and therefore, nonshivering thermogenic 
mechanisms have evolved to better adapt to colder environ-
ments. Many ectoderms have adapted muscle to produce par-
tial endothermy. Among them, fish and reptiles can exploit 
rhythmic muscle contractions to generate local heat in times of 
need. To achieve cranial endothermy, for instance, certain 
types of fish like the opah (Lampris guttatus) have evolved re-
gional endothermy by activating contractions of the extraocu-
lar muscles in order to elevate cranial temperatures [24]. Mus-

cle heat production provides selective advantage for the opah: 
(1) it protects the central nervous system from cold and (2) en-
hances vision and detection of prey. Among reptiles, brooding 
pythons can use a type of shivering thermogenesis to keep 
their eggs warm to promote embryonic development, and then 
revert to heterothermy after brooding. These examples illus-
trate that contraction-based heat production has been exploit-
ed by vertebrates to achieve partial endothermy long before 
complete endothermy evolved in birds and mammals.

MUSCLE HEAT PRODUCTION 
INDEPENDENT OF MUSCLE 
CONTRACTION: SARCOPLASMIC 
RETICULUM-Ca2+ CYCLING IS SUFFICIENT 
TO GENERATE HEAT AND MAINTAIN 
PARTIAL ENDOTHERMY

In addition to contraction-dependent heat production, certain 
species of deep sea fishes have evolved a unique mechanism of 
heat production through a continuous process of Ca2+ release 
and reuptake [22]. These species of fish include bill fish, sword 
fish, tuna, and mackerel which have modified muscle to be-
come a heater organ. The heater organ is derived from extra 
ocular eye muscle which lacks the typical myofibrillar struc-
ture but is instead, densely packed with mitochondria and ex-
tensive sarcoplasmic reticulum (SR) networks in between [22]. 
The SR is equipped with both Ca2+ release and reuptake mech-
anisms found in most muscle. It is believed that neuronal stim-
ulation depolarizes the heater organ sarcolemmal membrane 
leading to SR-Ca2+ release through the ryanodine receptor 
(RyR), subsequently activating SR-Ca2+ ATPase to transport 
the myoplasmic Ca2+ across SR membrane. The translocation 
of calcium ions from the myoplasm to the SR lumen by SER-
CA requires ATP hydrolysis; thus, heat is produced by SERCA’s 
ATPase activity without needing muscle contraction. This type 
of heat production involves futile Ca2+ cycling which can be 
energetically costly. However, the increased energy demand is 
well supported by an abundant mitochondrial population in 
these specialized cells. Of note, fishes have no brown adipose 
tissue (BAT) so they rely primarily on striated muscle to gener-
ate heat. These studies in fish led to the suggestion that muscle 
can also generate heat independently of muscle contraction 
through futile SR Ca2+ cycling. 
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MALIGNANT HYPERTHERMIA AND HEAT 
PRODUCTION IS DUE TO UNCONTROLLED 
Ca2+ CYCLING

Skeletal muscle plays an important role in both activity-depen-
dent and independent heat production. Even while an animal 
is at rest, muscle can contribute to a significant amount of basal 
energy expenditure and heat production due to its high meta-
bolic activity. Among the mechanisms that contribute to basal 
heat production is intracellular calcium ion homeostasis driv-
en by SERCA. The SERCA pump depends on ATP hydrolysis 
for Ca2+ uptake; it translocates 2 Ca2+ ions per ATP molecule 
hydrolyzed. In resting conditions, the SR luminal concentra-
tion of Ca2+ is high (1×10–3M) compared to low cytoplasmic 
Ca2+ (1×10–7M), which produces a 10,000-fold concentration 

gradient. Due to this strong gradient, the RyR channel is under 
high luminal pressure and can spontaneously leak Ca2+, a phe-
nomenon that may be exacerbated by both physiological and 
pathological changes to RyR protein and or its immediate lipid 
environment. Malignant hyperthermia (MH), a genetic life 
threatening disease, is one such example where continuous 
Ca2+ recycling by the SR membrane can lead to excessive heat 
production by muscle. MH patients are susceptible to volatile 
anesthetics (halothane) and often end up with abnormal con-
tracture and hyperthermia [25]. First identified in 1960 in an 
Australian family who lost 10 members of the family accident-
ly during surgical anesthetics, the disease is found also in pigs, 
and it is now known that the genetic defect is largely due to 
mutations in RyR, which encodes the Ca2+ release channel 
present primarily in skeletal muscle [26-28]. The consequence 
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Fig. 1. Proposed mechanism to show how sarcolipin (SLN)/sarcoendoplasmic reticulum calcium APTase (SERCA) interaction 
affects muscle metabolism. SERCA uses adenosine triphosphate (ATP) hydrolysis to actively transport Ca2+ from the cytosol into 
the sarcoplasmic reticulum lumen. SLN and Ca2+ bind competitively to SERCA during Ca2+ transport. SLN binding to SERCA 
does not inhibit ATP hydrolysis but prevents Ca2+ transport by a mechanism named uncoupling, where Ca2+ slips back into cyto-
sol. Uncoupling of SERCA leads to futile cycling of the SERCA pump resulting in increased ATP hydrolysis/heat production; 
thus, creating energy demand. Uncoupling of SERCA increases cytosolic Ca2+ acutely, thereby promoting Ca2+ entry into mito-
chondria matrix activating the oxidative metabolism and ATP synthesis. RyR1, ryanodine receptor 1; ADP, adenosine diphos-
phate; Pi, inorganic phosphate.
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of mutations in the RyR gene is a sustained Ca2+ release follow-
ing anesthetic exposure; however, the release mechanism itself 
is not responsible for heat production. A sustained elevation of 
myoplasmic Ca2+ results in (1) abnormal contracture of muscle 
due to inability to relax and (2) chronic SERCA pump activity 
due to continuous Ca2+ leak which results in excessive heat 
production. Thus, futile Ca2+ cycling by SERCA pump is the 
primary mechanism for heat production. On the other hand, a 
sustained level of cytoplasmic Ca2+ activates glycolysis and oxi-
dative metabolism through Ca2+-dependent enzymes, and by 
Ca2+ itself entering through mitochondria uniporter and acting 
as a second messenger to activate key enzymes (pyruvate dehy-
drogenase, ATP synthase). Without pharmacological interven-
tion this can lead to both excessive heat production and energy 
demand resulting in a hypermetabolic state. Since the develop-
ment of the drug named dantrolene, an inhibitor of RyR, MH 
has been tightly controlled [29]. Studies in MH in both pigs 
and human have highlighted that SR Ca2+ cycling can be an 
important mechanism for heat production and energy expen-
diture. However, its contribution to the latter is often over-
looked by muscle physiologists due to the belief that it is a 
component of contractile activity of the muscle. 

SKELETAL MUSCLE, FIBER TYPES, AND THEIR ROLE 
IN THERMOGENESIS AND METABOLISM

Skeletal muscle is highly dependent on energy supply, and its 
energy demand varies by several orders of magnitude depend-
ing on its needs (active or at rest), and depending on the fiber 
type. Thus, energy metabolism has to be tightly regulated in 
order to meet varying energy requirements [30]. Mammalian 
skeletal muscle was initially characterized into fast and slow fi-
ber types, based on their contractile characteristics that are de-
termined by myosin isoforms IIb, IIa, IIx, and type I. But the 
skeletal muscle has also been classified into three different fiber 
types based on their metabolic characteristics, as follows. 

Slow oxidative fibers
These fibers are found in muscle groups that are responsible 
for posture maintenance such as soleus muscle. The slow 
twitch muscle expresses type I myosin isoform, SERCA2a, and 
SLN. It is red in color due to high vascularization, is quite rich 
in mitochondria and predominantly relies on fatty acid as a 
substrate to meet the high-energy demands of the postural 
muscles. These muscles contract slowly, produce lesser force 

but are more resistant to fatigue, and are recruited during pro-
longed muscle activity such as marathon running and adapta-
tion to cold.

Fast oxidative fibers
These fibers are abundant in most muscle groups in large 
mammals. These fibers express type IIA myosin isoform, SER-
CA1a, and SLN. They have an intermediate diameter, capillary 
volume and mitochondrial density. These fibers can generate 
explosive power for a short period and are often recruited dur-
ing short burst of activities such as basketball, soccer, tennis, 
and hockey. They rely on both glycolysis and oxidative metab-
olism and have the ability to switch between carbohydrates 
and fatty acid utilization depending on substrate availability. 
These muscle fibers produce more force but they exhibit less 
fatigue resistance, so they are in the middle of the muscle fiber 
spectrum.

Fast glycolytic fibers
These muscle fibers are the fastest and they can generate the 
most power and speed, and they are present in large muscle 
groups including gastrocnemius and quadriceps. They express 
type 2b and 2x myosin isoforms, SERCA1a but do not contain 
SLN. These types of fibers are recruited in activities that re-
quire an all-out burst of power and only act for an extremely 
short period of time, as the total length of their contractions 
usually last ~7.5 milliseconds. They tend to fatigue very quick-
ly compared to fast oxidative fibers because they rely primarily 
on anaerobic glycolysis to produce ATP, a process in which 
lactic acid accumulates and promotes a condition called acido-
sis, compromising muscle function. 

All three types of muscle fibers are recruited during shiver-
ing-induced thermogenesis, although some studies have sug-
gested that glycolytic fibers are most recruited during high in-
tensity shivering in rodents and oxidative fibers during low in-
tensity shivering. During prolonged cold adaptation shivering 
is completely replaced by NST and the mechanism behind 
NST is just only beginning to be understood.

MUSCLE IS A SITE OF SHIVERING AND 
NONSHIVERING THERMOGENESIS

Shivering is the most well-known form of heat production in 
muscle and it is activated during an acute cold exposure. Only 
birds and mammals have the ability to shiver, and the mecha-
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nism is similar to muscle contraction. During shivering, heat is 
primarily produced by the major ATP-utilizing enzymes, nota-
bly, myosin ATPase and SERCA. Although shivering is the first 
response to an acute cold exposure, shivering is energetically 
very costly and may even compromise muscle function. In ad-
dition to shivering, mammals have evolved NST mechanisms 
to adapt and thrive in colder climates. Pioneering studies per-
formed in newborn mammals and rodents have shown that 
BAT is an important site of NST [31-33]. BAT is a highly spe-
cialized organ enriched with mitochondria that expresses a 
mitochondrial transmembrane protein called uncoupling pro-
tein 1 (UCP1) [31-34]. Significant progress has been made to-
wards understanding the activation and regulation of UCP1-
dependent thermogenesis in BAT [35-37]. However, in large 
mammals including humans, BAT is restricted to neonatal 
stages and becomes a minor component in adult life. There-
fore, large mammals especially humans have to rely on muscle-
based thermogenesis for temperature homeostasis [23]. Inter-
estingly, BAT is either absent or inactive in certain endo-
therms, particularly in birds. In some mammals (boars and 
pigs), the gene encoding UCP1 is mutated and they must com-
pletely rely on muscle for thermogenesis [23]. These findings 
suggested that there must be other NST which may also con-
tribute to whole body temperature (Tc). 

The first evidence that skeletal muscle can also be an impor-
tant site of NST comes from studies performed in avian species 
by Duchamp et al. [38,39]. Using direct blood-flow measure-
ments in 5-week thermoneutral- (TN, 25°C) and cold-accli-
matized (CA, 4°C) ducklings (Cairina moschata), and then ex-
posed to 8°C, they were able to show that total muscle blood 
flow increased equally in the TN and CA ducklings, but the 
CA ducklings did not shiver compared to TN. Both groups 
were also able to maintain Tc in the optimal range [38,39]. 
Thus, skeletal muscles from CA ducklings were able to produce 
the same amount of heat as muscles from shivering TN duck-
lings, demonstrating the existence of NST in skeletal muscle. 
Although these studies identified that muscle could serve as a 
site of NST, they did not provide a detailed mechanism for the 
source of heat production. In a subsequent study, Dumonteil et 
al. [40] performed detailed analyses to show how changes in 
SERCA and RyR gene expression patterns coincided with the 
activation of NST. Thus, these studies indicated that enhanced 
Ca2+ cycling could be responsible for muscle-based NST. Stud-
ies conducted by Arruda et al. [41,42] also showed that when 
rabbits are CA, SERCA1 expression is increased in red muscle 

(SERCA2 levels are unaffected) but not in white muscle. Fur-
thermore, in vitro preparations of these CA muscles showed 
that cold exposure increased the heat released during ATP hy-
drolysis 2-fold in red muscle, in which oxidative (mitochon-
drial) capacity is at least 2-fold greater than white muscle. 
Thus, cold exposure increased the heat-generating capacity of 
rabbit red muscle [43]. These results also suggest that en-
hanced Ca2+ cycling might be involved in heat production.

THE ROLE OF SLN AND SERCA PUMP IN 
MUSCLE NONSHIVERING THERMOGENESIS

The SERCA pump plays a central role in SR Ca2+ cycling and 
muscle contraction. By actively transporting Ca2+, it maintains 
a low cytosolic but a high luminal SR Ca2+ concentration. The 
SERCA pump in skeletal muscle is encoded by SERCA1 and 
SERCA2 genes; SERCA1a being the major isoform in fast 
twitch fibers, whereas the slow twitch/oxidative fibers express 
both SERCA1a and SERCA2a protein [14,44,45]. SERCA ac-
tivity is regulated by two small molecular weight proteins in 
muscle, namely phospholamban (PLB, 52 aa) and SLN (31 aa) 
[17,19,46]. Although PLB and SLN occupy the same site on 
SERCA protein, they affect SERCA pump activity very differ-
ently. PLB binding inhibits SERCA pump activity (at low cyto-
solic Ca2+) and its inhibitory interaction is relieved by an in-
crease in cytosolic Ca2+ and or phosphorylation of PLB. The 
mechanism of PLB interaction and regulation of SERCA pump 
activity has been extensively reviewed and therefore will not be 
discussed here. SLN is encoded by a single gene, composed of 
two exons and differs structurally from PLB. SLN expression is 
predominant in skeletal muscle but is also present in atrial 
chamber of the heart [46]. SLN protein expression is high in 
embryonic/neonatal skeletal muscle; whereas in adult stages it 
is absent in glycolytic muscle fibers but is expressed abundant-
ly in oxidative and slow twitch muscle fibers. In comparison to 
rodents, SLN expression is several folds higher in large mam-
mals (including human) due to the high proportion of oxida-
tive/slow twitch fibers [13,23].

Although SLN was discovered nearly 30 years ago, its exact 
function remained largely unknown. In an effort to understand 
its role in muscle, we began studying how SLN binding affects 
SERCA activity using an in vitro biochemical approach. Our 
biochemical studies showed that SLN binds to SERCA even at 
high cytoplasmic Ca2+ and remains bound to SERCA during 
the Ca2+ transport cycle. In contrast, PLB binding to SERCA 
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only occurs in the Ca2+-free state; therefore, Ca2+ and PLB 
binding to SERCA are mutually exclusive. Interestingly, SLN 
binding to SERCA does not affect ATP hydrolysis, but decreas-
es the Vmax of Ca2+ uptake by blocking Ca2+ transport into the 
SR lumen. Using reconstituted synthetic SLN and SERCA, 
Mall et al. [47] and Smith et al. [48] initially proposed the idea 
that SLN binding to SERCA could promote uncoupling of ATP 
hydrolysis from Ca2+ transport. They showed that Ca2+ accu-
mulation in the vesicles decreased, but the heat released by 
SERCA increased in the presence of SLN. These studies sug-
gested that SLN binding to SERCA promotes slippage of Ca2+ 
back into the cytosol and the energy from the resulting ATP 
hydrolysis would thus be released as heat, without any Ca2+ 
transport. These and other studies suggested that binding of 
SLN promotes futile cycling of SERCA pump, resulting in a to-
tal increase in ATP hydrolysis and heat production.

SLN PLAYS A KEY ROLE IN COLD-INDUCED 
MUSCLE THERMOGENESIS

Although initial in vitro studies predicted that SLN could play 
a role in muscle thermogenesis, direct evidence in support of 
this was missing. Therefore, our laboratory generated SLN 
knockout mice (SLN-KO) and explored how SLN impacts 
muscle function and muscle-based thermogenesis [20,21]. In-
terestingly, loss of SLN did not affect muscle growth and/or 
function and the KO mice could not be distinguished easily 
from its wild type (WT) littermates. Regarding muscle-based 
thermogenesis, we decided to challenge the SLN-KO mice to 
acute cold (4°C) in a temperature controlled Comprehensive 
Lab Animal Monitoring System (CLAMS) set up [20]. We sur-
gically removed interscapular BAT (iBAT) to minimize contri-
bution from BAT, a key contributor to thermogenesis. Surpris-
ingly, we found that iBAT-ablated SLN-KO mice were unable 
to maintain their Tc; within the first 4 hours, the majority de-
veloped hypothermia, and would die if not removed from cold 
[20]. On the other hand, WT (iBAT-ablated control mice) were 
able to maintain their body Tc despite having SLN expression 
restricted mainly to oxidative fibers that are non-abundant in 
mice, what highlights the importance of SLN in muscle ther-
mogenesis. This was further confirmed by the finding that 
SLN-KO mice could be rescued following reintroduction of 
SLN [20,49]. These in vivo studies using SLN null mice validat-
ed the initial in vitro findings, which suggested that SLN inter-
action with SERCA promotes uncoupling of SERCA, resulting 

in increased ATP hydrolysis and heat production.
Unlike large mammals, rodents contain substantial BAT in 

their adult life and BAT is very important for cold adaptation 
in rodents. Interestingly, studies in UCP1-KO mice showed 
that while these mice are cold sensitive, they can be gradually 
cold adapted to 4°C, suggesting compensation by muscle-
based thermogenic mechanisms [50]. Therefore, we examined 
if there was a cross-talk between muscle and BAT-dependent 
thermogenesis during cold adaptation and if they could com-
pensate for each other when one mechanism would fail. Our 
studies revealed that cold adaptation in mice relies on both 
muscle and BAT-based thermogenesis. Interestingly, even mild 
cold exposure recruits both muscle and BAT-based heat pro-
duction [51]. We next investigated if muscle could compensate 
for the loss of BAT function using either iBAT-ablated or 
UCP1-KO. We found that gradual cold adaptation of iBAT ab-
lated or UCP1-KO mice upregulates SLN expression in the 
skeletal muscle; which suggests that muscle thermogenesis is 
recruited to a greater extent when BAT function is minimized 
[51-53]. We have also shown that when iBAT was surgically 
removed, the mice were able to adapt to cold but at an in-
creased energy cost [51]. The skeletal muscles in these mice 
underwent extensive remodeling of both SR and mitochon-
dria, including alteration in the expression of key components 
of Ca2+ handling such as SLN, SERCA, and RyR1. Interestingly, 
when neonatal mice were cold-adapted to 4°C, the normally 
occurring developmental SLN downregulation in fast twitch 
muscle was prevented. These studies further showed that SLN/
SERCA-based thermogenesis could be an important NST 
mechanism in skeletal muscle. 

SLN PLAYS AN IMPORTANT ROLE IN DIET-
INDUCED THERMOGENESIS IN MUSCLE

The concept of diet induced thermogenesis (DIT) was first de-
scribed by Rothwell and Stock [54] and Stock [55]. They 
showed that rodents can increase energy expenditure in re-
sponse to overfeeding to prevent excessive weight gain. They 
suggested that (DIT) can be beneficial to dispose excess calories 
and prevent metabolic diseases. The role of BAT and UCP1 has 
been extensively studied as a major mechanism for DIT in ro-
dents [33,36,37,55-57]. Although the detailed mechanism re-
sponsible for DIT remains less well understood, there is sub-
stantial evidence to show that diet rich in fat activates heat pro-
duction in BAT due to increased sympathetic nervous system 
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activity [58]. Since muscle is a consumer of metabolites and 
SLN uncoupling of SERCA can increase energy expenditure, 
we wanted to further explore the role of SLN in diet-induced 
thermogenesis in muscle. We initially showed that SLN-KO 
mice were prone to diet-induced obesity when fed with high fat 
diet (HFD); whereas WT mice showed increased SLN expres-
sion [20]. To understand the relative contribution of BAT versus 
skeletal muscle to DIT, UCP1-KO, SLN-KO, and SLN overex-
pression (SLN-OE) mice were fed with a HFD for a period of 
12 weeks [59,60]. A key finding was that SLN-KO mice gained 
comparable weight as UCP1-KO mice on HFD, suggesting that 
loss of muscle-based thermogenesis has similar consequences 
on weight gain as loss of BAT-mediated DIT [60]. This may 
suggest that both SLN- and UCP1-based thermogenesis con-
tribute to DIT to a similar extent in rodents. Although SLN-KO 
mice had intact BAT, SLN deficiency was sufficient to cause in-
creased obesity, which suggests that muscle-based NST is a crit-
ical component of DIT and can be very well recruited during 
caloric excess. We further investigated if SLN-OE in both glyco-
lytic and oxidative muscles can be beneficial to increase fatty 
acid oxidative metabolism. We found that mice overexpressing 
SLN were significantly less obese than WT mice and were resis-
tant to HFD-induced obesity [59]. An interesting finding was 
that fast glycolytic skeletal muscles such as tibialis anterior and 
extensor digitorum longus from SLN-OE mice showed a strik-
ing increase in mitochondrial content and upregulation of met-
abolic enzymes involved in fatty acid oxidation, suggesting that 
SLN promotes oxidative metabolism. Considering that muscle 
represents ~45% to 50% body mass, even small increases in the 
energy demand/expenditure in muscle can have significant ef-
fects on whole-body energy expenditure [15,16]. These studies 
led us to suggest that SLN expression can create both energy 
demand and increase energy expenditure through increased 
oxidative metabolism and can be a novel mechanism to in-
crease energy expenditure in muscle.

CONCLUSIONS

Obesity and diabetes have increased globally during the last 
two decades at an alarming rate. Many factors have contribut-
ed to the growth and prevalence of obesity. These include ex-
cessive consumption of caloric-rich diet, limited physical ac-
tivity and urban life style. There are no effective treatments to 
reduce obesity other than caloric restriction and exercise which 
are difficult to enforce on a daily basis. Our hope is to look for 

answers within our own body and, skeletal muscle has enor-
mous potential due to its ability to increase metabolism signifi-
cantly and may be our best choice to increase energy expendi-
ture. As a result of life style change, there is a significant reduc-
tion in physical activity, and so we have to find alternate ways 
to promote energy expenditure and even if it entails taking 
pills to enhance this process. The discovery of SLN as an un-
coupler of SERCA pump provides a promising target to in-
crease energy expenditure in muscle. The molecular basis be-
hind NST requires further investigation towards the identifica-
tion of upstream mechanisms and pathways from SLN to in-
duce muscle NST. It is our hope that future research will en-
deavor to identify novel targets to pharmacologically activate 
energy expenditure in muscle, since this will become critical in 
conditions where physical activity is increasingly limited. One 
of the directions worth exploring is the synergistic effect of 
both cold and pharmacological agents known to increase ener-
gy expenditure in muscle, in a combined therapy. 
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