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Summary 
Warm-blooded animals such as birds and mammals are able to 
protect stable body temperature due to various thermogenic 
mechanisms. These processes can be facultative (occurring only 
under specific conditions, such as acute cold) and adaptive 
(adjusting their capacity according to long-term needs). They can 
represent a substantial part of overall energy expenditure and, 
therefore, affect energy balance. Classical mechanisms of 
facultative thermogenesis include shivering of skeletal muscles 
and (in mammals) non-shivering thermogenesis (NST) in brown 
adipose tissue (BAT), which depends on uncoupling protein 1 
(UCP1). Existence of several alternative thermogenic mechanisms 
has been suggested. However, their relative contribution to 
overall heat production and the extent to which they are adaptive 
and facultative still needs to be better defined. Here we focus on 
comparison of NST in BAT with thermogenesis in skeletal 
muscles, including shivering and NST. We present indications 
that muscle NST may be adaptive but not facultative, unlike 
UCP1-dependent NST. Due to its slow regulation and low energy 
efficiency, reflecting in part the anatomical location, induction of 
muscle NST may counteract development of obesity more 
effectively than UCP1-dependent thermogenesis in BAT. 
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Introduction 
 

Life is sustained by a constant supply of energy 
that propels cellular processes. However, no biochemical 
reaction is 100 % efficient, and portion of energy is 
inevitably “lost” as a heat [1]. Birds and mammals evolved 
an ability to utilize this metabolic inefficiency to keep 
stable body temperature. They are, therefore, endothermic, 
i.e. able to warm themselves using internal heat sources, 
and homeothermic, i.e. with stable body temperature. 
These enabled them to colonize environments with cold 
climates. Their basal metabolic rate is 5-10 times higher in 
comparison to other vertebrates with similar body weight 
but variable body temperature (poikilotherms), which 
depend mainly on ambient temperature (ectotherms) [2]. In 
the homeotherms, the heat dissipated by basal metabolism 
fully covers the cost of maintaining a stable body 
temperature under conditions of so called thermoneutral 
zone (i.e. ambient temperature typically in a range  
20-25 °C for lightly dressed human, and 29-33 °C for 
standard laboratory mouse during day and night [3]). At 
temperatures below the thermoneutral zone, homeotherms 
turn on several heat-saving and heat-generating processes 
[4-7]. As ambient temperature can change rapidly, it is 
essential to control these thermoregulatory mechanisms 
tightly, switching them on and off as needed to prevent 
hypothermia or overheating. Thus, the thermogenesis is 
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acutely adjustable, i.e. facultative. It includes shivering and 
non-shivering thermogenesis (NST; Fig. 1). Shivering is 
defined as the involuntary contractile activity of skeletal 
muscles triggered by motor neurons, producing heat but no 
external work. It is activated especially in response to acute 
cold stimuli. NST includes all potential facultative heat-
producing mechanisms independent on muscle contractile 
activity. NST is also adaptive: If a cold stimulus persists, 
the capacity for NST gradually increases, which allows 
cessation of shivering [7]. 
 
Thermoregulatory rather than diet-induced 
thermogenesis in brown fat 
 

Placental mammals developed a unique and 
particularly efficient mechanism of NST, allowing them 
to use the maximum amount of dissipated energy for 
thermoregulation. This NST is mediated by mito-
chondrial uncoupling protein 1 (UCP1) in brown adipose 
tissue (BAT; Fig. 1) [7]. UCP1 is activated in the cold, by 
the sympathetic nervous system and adrenergic receptor 
signaling via cAMP-dependent lipolysis (Fig. 1). 
Liberated free fatty acids directly activate the 
protonophoric activity of UCP1 while overriding the 
opposite effect of intracellular purine nucleotides 
(reviewed e.g. in [7]). This results in the uncoupling of 
respiratory chain activity from ATP synthesis, 
maximizing respiratory rate and dissipating the energy of 
the transmembrane electrochemical gradient of protons as 
heat. The increase in energy expenditure follows the 
stimulus within dozens of minutes at the latest, depending 
also on the increased blood flow through BAT, which 
supplies oxygen and nutrients [7]. Long-term cold 
exposure also regulates UCP1 at the level of mRNA and 
protein content, resulting in increased thermogenic 
capacity of BAT, which also reflects BAT growth and 
oxidative capacity. Thus, UCP1-mediated NST is both 
facultative and adaptive (Fig. 1). Adaptation to cold is 
accompanied by increased lipogenesis [8], possibly in 
order to replenish lipid stores in BAT. 

UCP1 is also present in inducible adipocytes 
interspersed in white adipose tissue (WAT) depots. These 
cells, later called brite or beige adipocytes [9,10], were 
described first by Leslie Paul Kozak, one of the most 
original and renowned scientists in the field of obesity 
and energy metabolism (see Table 1) [11,12]. L. P. Kozak 
has also characterized the mechanism of brown 
(brite/beige)-adipocyte-specific expression of Ucp1 by 
discovering the unique enhancer in the 5´-flanking region 

of Ucp1 [13,14], see also [15]. However, the capacity of 
these brite/beige cells for UCP1-dependent thermogenesis 
is somewhat limited compared to classical BAT [16,17]. 

It has been repeatedly and wishfully suggested 
that UCP1 plays a physiological role not only in 
protection against cold, but also against obesity [18-20]. 
This hypothesis is based on a concept of “diet-induced 
thermogenesis”, which supposes that BAT burns excess 
calories in states of positive energy balance to maintain 
stable body weight. The existence of such a physiological 
mechanism was challenged by L. P. Kozak in 2010, in his 
important but long overlooked article entitled “Brown Fat 
and the Myth of Diet-Induced Thermogenesis” [21]. 
There, he brought several arguments to support this 
skepticism, based mainly on experiments in mice with 
germline inactivation of Ucp1 in adipocytes (UCP1-KO 
mice) [22] or ectopic expression of Ucp1 in WAT, which 
models were developed in his laboratory [23]. Notably, 
mice with partially ablated BAT develop obesity [24], but 
this may only be a consequence of hyperphagia. Both 
hyperphagia and the development of obesity are absent 
when these mice are reared at thermoneutrality [25]. 
Similarly, the propensity to obesity of UCP1-KO mice 
depends on ambient temperature. At laboratory 
temperature, UCP1-KO mice do not develop obesity [22] 
or they even show paradoxical obesity resistance [26], 
while some authors report that these mice develop obe-
sity at thermoneutral temperature [27,28]. An increased  
level of UCP1, which indicates a high capacity for NST, 
is not directly associated with obesity resistance unless 
the biochemical (i.e. protonophoric) activity of the 
existing UCP1 is stimulated at the same time [29-31]. 
Thus, while diet-induced thermogenesis may be involved 
in acute control of food intake [32], UCP1 does not seem 
to play a physiological role in the prevention of body 
gain. Generally, it is not even clear to what extent body 
weight is under homeostatic control [33]. 

However, as already recognized by L. P. Kozak 
[21], artificial stimulation of both UCP1-mediated and 
UCP1-independent NST could be used clinically in body 
weight management, irrespective of the validity of the 
traditional concept of diet-induced thermogenesis. 
Induction of UCP1-mediated thermogenesis using  
β-adrenergic agonist can reduce obesity in mice [34] and 
even in humans [35], but cardiovascular side-effects 
prevented its clinical use [35]. Similarly, obesity 
development was counteracted by ectopic expression of 
Ucp1 gene in WAT of mice and pigs [23,36]. 
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Fig. 1. Two-level regulation of thermogenesis in brown adipose tissue (BAT) and skeletal muscle. UCP1-dependent thermogenesis in BAT is 
activated by fatty acids released by lipolysis of intracellular triacylglycerols (TAG) in response to norepinephrine from sympathetic nerve 
endings. The same mechanism causes adaptive rise in Ucp1 expression and UCP1 content. Shivering is acutely stimulated by acetylcholine 
from motor nerve endings, activation of acetylcholine receptors and consecutive calcium release from sarcoplasmic reticulum through 
ryanodine receptors (RyR). Efficiency of calcium recycling is affected by interaction between sarcoplasmic/endoplasmic reticulum  
Ca2+-ATPase (SERCA) and sarcolipin (SLN). The activity of SLN is probably regulated mostly at the level of gene expression. SLN may 
represent a mechanism of adaptive, long-term tuning of regulatory pathway of shivering and/or shivering-independent mechanism of NST. 
Created with Biorender.com. 
 
 
Table 1. Studies of Leslie Paul Kozak, PhD (1940 – 2023) focused on mechanism and role of NST. 
 

1991 – 1995, early studies focused on UCP1-mediated NST: 
• Characterization of brown-fat specific enhancer in the 5’-upstream region of murine Ucp1 [13,14] 
• Development of obesity in mice with genetic ablation of BAT [24] 
• Ectopic expression of Ucp1 in white fat prevents obesity [23] 

1997 – 2006, development of mice with germline inactivation of Ucp1 in adipocytes; results suggested that UCP1 was 
required for thermoregulatory thermogenesis but not for adaptive induction of NST by cold, resulting in obesity-
resistance. UCP1-independent NST involved metabolism in white fat and possibly also other tissues: 

• UCP1-KO mice are cold-sensitive but partially resistant to dietary obesity [22,25,26] 
• Dependence of NST on genetic background in UCP1-KO mice [112] 
• Both leptin and thyroid hormones are required for UCP1-independent NST in the cold [78] 
• UCP1-independent NST in white fat of UCP1-KO mice [42] 

1998 – 2011, brown fat cells could be induced in specific depots of white fat by cold: 
• Discovery of “inducible brown fat cells” in white fat [11,12] 

2010, physiological role of brown fat is protection against cold but not against obesity: 
• Brown fat and the myth of diet-induced thermogenesis [21] 

2015 – 2016, UCP1 and sarcolipin have complementary but distinct roles in NST: 
• Complementary roles of NST mediated by sarcolipin in skeletal muscle and UCP1 in BAT [99] 
• Sarcolipin and UCP1 play distinct roles in propensity to obesity and do not compensate for one another [28] 

 
List of selected publications of L. P. Kozak. For Kozak’s memories [120] and for a short biographical sketch and obituary, see [121]. 
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In addition to the UCP1-dependent thermogenic 
mechanism bypassing ATP synthase, also other 
biochemical pathways could mediate NST in BAT by 
dissipating the metabolic energy of ATP [37]. Mechanisms 
such as creatine cycling controlled by creatine kinase b 
(CKB) [38,39], esterification/lipolysis of triacylglycerols 
[40] and some others [41,42] may be involved and need to 
be better characterized. Namely the CKB-dependent 
pathway was recently suggested to represent  
a complementary mechanism to that mediated by UCP1 in 
adipocytes, with functional redundancy providing a robust 
mechanism for heat production (reviewed in [39]). 
Similarly to UCP1, these mechanisms are usually believed 
to be under adrenergic control (e.g. [43]), which challenges 
the view that only UCP1 could mediate adrenergically 
regulated facultative and adaptive NST [44]. 

Mechanisms of thermoregulatory NST in other 
organs and tissues besides BAT and their control are 
relatively poorly characterized. Increased energy 
expenditure in response to adrenergic stimulation [45] or 
cold [46] has been reported in perigonadal WAT. 
Moreover, NST could also take place in subcutaneous 
WAT [10,42,47], or liver [48,49]. It could also result from 
inter-organ futile metabolic cycling [50]. Although all of 
these mechanisms need to be further characterized, this 
short review will focus specifically on the thermogenic 
mechanisms in skeletal muscle, their contribution to the 
maintenance of a stable body temperature, and their impact 
on the propensity to obesity. 
 
Shivering and cold-induced changes in muscle 
 

Skeletal muscles evolved primarily to enable 
locomotion. However, with the advent of endothermy in 
birds and mammals, skeletal muscle also became engaged 
in thermogenesis comprising both shivering and putative 
NST. Muscle function is based on sliding actin and 
myosin filaments organized in sarcomeres, which 
consume ATP and generate force and potentially 
subsequent changes in muscle length. However, typical 
muscle is able to convert only 20-30 % of ATP to work, 
while the most of the remaining part is dissipated as heat 
(reviewed in [51]), which may contribute to thermos-
regulation. A major contribution of muscles to overall 
thermogenesis could be inferred from their high oxidative 
capacity. Thus, in adult humans, the capacity of skeletal 
muscles to burn fat energy stores is several-fold greater 
than that of BAT [52]. Blood flow through skeletal 
muscles can substantially increase during the transition 

from basal state to state of maximal physical activity. 
Even in the resting state, muscles can account for  
20-30 % of the total oxygen consumption [5,7]. Muscle 
metabolism is one of the major contributors to resting 
energy expenditure with a clear potential to affect the 
pathogenesis of obesity [53]. Shivering can increase the 
whole-body energy expenditure up to five times its basal 
values, corresponding to approximately 40 % of maximal 
oxygen consumption (VO2max) during exercise [54]. The 
putative contribution of muscle NST has not been reliably 
quantified. However, it is to be inferred that even a slight 
relative increase in muscle energy expenditure, 
independent of physical activity or shivering, would have 
a profound effect on whole body energy balance, 
potentially affecting fat deposition. 

Skeletal muscles are composed of long 
multinucleated cells (muscle fibers), which differ in their 
biochemical and functional properties: i) slow-twitch 
type I fibers have high content of mitochondria (causing 
dark red color), high oxidative capacity, and high fatigue 
resistance; ii) fast-twitch type IIa fibers have high content 
of mitochondria and rely both on glycolysis and oxidative 
metabolism; iii) fast-twitch type IIb fibers with low 
mitochondrial content (causing pale color) and high 
glycolytic activity, which are prone to rapid fatigue; and 
additionally iv) type IIx muscle fibers [55]. Fiber type 
composition of individual muscles is optimized for the 
typical work pattern of the respective muscle groups. It 
can be partially affected by muscle endurance training, 
which leads to increased mitochondrial biogenesis, as 
well as adaptation of mitochondrial network, contractile 
apparatus, and vasculature [56]. Some of these changes 
towards increased oxidative capacity have also been seen 
in animal models during prolonged cold exposure, 
suggesting a similar effect on muscle metabolism as 
endurance training and demonstrating a partially adaptive 
nature of shivering [57]. 

Skeletal muscles are relatively flexible in the 
utilization of various fuel mixtures under acute cold 
exposure [58], while chronic cold exposure leads to 
a proportional increase in the oxidation of lipids by the 
muscle [59]. The fiber composition is also a strong 
predictor of the shivering pattern evoked by acute cold 
[60]. While short-term activity can rely on glycolytic fast-
twitch fibers, prolonged endurance activity requires 
a higher proportion of oxidative slow-twitch fibers. The 
changes in muscle metabolism and fiber composition in 
response to cold exposure may reflect the activation  
of both shivering and NST. Rapid changes in muscle 
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metabolism are likely associated with shivering, which is 
activated at the beginning of cold exposure [61]. These 
changes may vary between individuals and depend on 
severity of cold exposure (see below). Sustained low-
intensity shivering in humans largely depends on lipid 
oxidation (50 %), while muscle glycogen and plasma 
glucose are used to a lesser extent (30 % and 10 %, 
respectively) [59]. Increased energy requirements during 
the transition from low to moderate shivering intensity 
are primarily met by increased glycogen consumption in 
humans [62]. Besides these changes in the biochemistry 
of muscle shivering, long-term exposure (i.e. acclimation) 
to cold environment results in an adaptive increase in  
the capacity for NST in BAT and possibly elsewhere, 
leading to the cessation of shivering [5-7,16,60,63]. 

Distinguishing between shivering and putative 
muscle NST is not straightforward, as the definition of 
shivering itself is ambiguous. There are at least two 
different types of muscle contractile thermogenic activities. 
Burst shivering (“classical shivering”) is associated with 
fatigued type II muscle fibers and, therefore, cannot be 
sustained for a prolonged time [63]. On the other hand, 
muscle tone, also reported as resting muscle mechanical 
activity [64], shivering microvibrations, minor tremor, or 
thermoregulatory tonus [65], can be continuous and 
therefore associated with fatigue resistant, oxidative 
type I muscle fibers [63]. When assessed by 
electromyography, burst and continuous shivering in 
humans typically show frequencies of 0.1-0.2 Hz and  
4-8 Hz, respectively ([63]; in general, the smaller the 
animal, the higher the frequency [64]). Burst shivering 
can be perceived visually, while continuous shivering 
may not be visually manifested. 

The relative contribution of each of these types 
of contractile activity to overall shivering thermogenesis 
is debated. It also exhibits high inter-individual 
variability, perhaps corresponding to variability in muscle 
fiber composition [58]. The mutation causing a shift 
towards higher proportion of slow-twitch muscles results 
in increased muscle tone and higher resistance to cold 
[66]. It has been observed that the intensity of continuous 
shivering increases linearly with decreasing ambient 
temperature below thermoneutral zone [57,64,65], 
whereas burst shivering is only triggered at very low 
temperatures (below 7 °C in rats [57]), when thermogenic 
capacity of continuous shivering is presumably 
insufficient. On the other hand, some authors do not 
report any continuous shivering preceding shivering 
bursts [63]. Interestingly, contractile activity similar to 

continuous shivering is also detected after vigorous 
exercise [65], suggesting a common mechanism linking  
it to skeletal muscle training. 

Assessment of shivering activity is further 
complicated by a broad range of muscle groups that can 
be involved in thermogenesis. Extensive continuous 
shivering was recorded e.g. in m. extensor digitorum 
longus, deep parts of m. tibialis, deep neck muscles and 
m. soleus (but not in the superficial part of m. tibialis and 
m. trapezius) [57]. The involvement of particular muscle 
groups can also considerably vary among individuals: 
While some humans rely on shivering in upper body 
muscles, others use upper leg muscles [54]. Hence, 
evaluating shivering activity in a specific muscle does not 
necessarily indicate the overall shivering activity. This 
complicates the quantification of the contribution of this 
mechanism to the total body heat production. 

As reviewed by Blondin and Haman [63], 
muscle metabolic activity and the relative importance of 
individual muscles can be indirectly visualized using 
positron emission tomography (PET) and the glucose 
analogue [18F]FDG. Shivering pattern of individual 
muscles can be characterized using electromyography 
(assessing regulatory muscle electric activity). While 
surface electromyography is widely used in humans, it is 
rarely applied to rodents (e.g. in [67]) because of 
technical constraints. Placing an electrode directly onto 
the muscle is more common in rodents [68-70]. However, 
it can produce misleading results due to the open surgery 
and prevailing effects of anaesthesia. Another way to 
collect data on whole-body shivering patterns is through 
mechanical methods, most commonly mechano-
myography [16,71]. This technique is getting in-
creasingly sensitive and provides output corresponding  
to electromyography [16]. However, a comprehensive 
comparison of the two techniques is missing. The least 
reliable and most subjective approach to assessing 
shivering is visual observation, which may fail to detect 
less striking forms of contractile activity. 

Shivering is thus a phenomenon of under-
estimated complexity. Proper quantification of its 
contribution to thermogenesis and overall energy 
expenditure is a technically challenging task, which is 
rarely sufficiently addressed in studies attempting to 
uncover potential alternative mechanisms of NST. 
However, without evaluation of at least presence of 
shivering, results of the whole-body studies focused on 
NST, conducted at ambient temperatures below 
thermoneutrality, are difficult to interpret (see below). 
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Muscle NST: Major role of slippage of sarco-
plasmic/endoplasmic reticulum Ca2+-ATPase? 
 

Prior to the identification of BAT as a major site 
of adrenergic thermogenesis, several investigators, 
including L. Jansky and his colleagues at the Charles 
University in Prague, suggested that adaptive NST occurs 
primarily in skeletal muscle [72-75]. Although the 
research focus later shifted predominantly towards BAT, 
several alternative mechanisms were proposed to play 
a role in NST in skeletal muscle, including i) UCP1-
independent mitochondrial proton leak [60,63];  
ii) impaired thermodynamic efficiency of Na+/K+-ATPase 
in the plasma membrane [76,77]; and iii) futile substrate 
cycling between de novo lipogenesis (DNL) and fatty 
acid (FA) oxidation (DNA/FAox cycle) controlled by 
leptin–AMP-activated protein kinase (AMPK) axis  
[78-81]. Also thermoregulatory tonus (continuous 
“shivering”) should be considered here (see above). 
However, major attention has been paid recently to NST 
resulting from slippage of sarcoplasmic/endoplasmic 
reticulum Ca2+-ATPase (SERCA) [42,63,82-84]. 

As stated above, only a relatively small 
proportion of ATP consumed in muscle is used directly to 
generate contractile force. Various muscles and 
organisms differ in contractile efficiency, which is the 
ratio of ATP consumed for contraction and for regulatory 
processes, particularly calcium cycling which requires 
SERCA. The regulatory processes can consume up to 
45 % of ATP [51]. Muscle contraction is initiated by  
a well-established signaling cascade that involves 
acetylcholine release from motor nerve endings at the 
neuromuscular junction and the stimulation of nicotinic 
acetylcholine receptors on the muscle membrane (Fig. 1). 
Local depolarization triggers action potential, which is 
further propagated across the plasma membrane and its 
invaginations (T-tubules) to the vicinity of sarcoplasmic 
reticulum (SER). Activated voltage-gated dihydropy-
ridine receptors in T-tubules open adjacent ryanodine 
receptors (RyR) in the membrane of SER, enabling the 
massive release of calcium from this reservoir to the 
cytoplasm. Elevated cytoplasmic calcium concentration is 
the critical signal to initiate the muscle contraction. In 
particular, calcium binding to regulatory protein troponin 
causes exposition of binding sites for myosin heads on 
actin filament and allows cross-bridge cycling, which 
hydrolyses ATP and generates the contraction force (see 
e.g. [85] for more detail). The single neural stimulus 
causes only short twitch contraction because calcium is 

rapidly removed from the cytoplasm by the activity of 
SERCA. If the second stimulus follows the first one 
before SERCA manages to remove calcium from the 
cytoplasm and reach resting calcium level, the twitches 
are partially summated, i.e. the cytoplasmic calcium 
concentration after the second twitch is higher and the 
generated tension is greater than those after a single 
twitch. A sequence of stimuli of sufficient frequency 
leads to complete summation of individual twitches into 
stronger and longer lasting tetanic contraction. Activity of 
SERCA is thus critical for regulation of strength of 
muscle contraction. 

Two SERCA genes (Atp2a1 for SERCA1 and 
Atp2a2 for SERCA2) are expressed in mammalian skeletal 
muscle, producing several splice variants. Fast kinetic 
SERCA1a and 1b are found in adult fast-twitch muscles, 
and SERCA1b also in neonates [86,87]. SERCA2a with 
slow kinetics is found in slow-twitch fibres [88] and its 
expression is induced by cold [16,89]. During neonatal 
development, gradual changes from SERCA2a and 
SERCA1b to SERCA1a were reported [88,89]. 

The activity of SERCA is affected by interaction 
with micropeptides phospholamban (particularly in heart 
ventricles) and sarcolipin (SLN; both in heart and  
skeletal muscle). The normal working cycle of SERCA 
comprises the binding of 2 calcium ions and a molecule 
of ATP to the cytosolic side of the pump, hydrolysis of 
ATP, and subsequent conformational change causing the 
release of both calcium ions to the sarcoplasmic 
reticulum [90,91]. Phospholamban interaction with 
SERCA (preferentially SERCA2a [92]) depends on 
phospholamban phosphorylation [93] and only happens if 
the cytoplasmic calcium level is low [91,94]. In heart 
ventricles, adrenergic stimulation leads to phosphor-
lamban phosphorylation and subsequent disinhibition of 
SERCA resulting in prolonged periods of high calcium 
concentration and therefore in increased cardiac 
contractility [95]. A similar function was suggested for 
SLN in heart atria [96] but attention was later shifted to 
activity of SLN in skeletal muscle. The kinetics of SLN is 
different from that of phospholamban: SLN binds to 
SERCA (preferentially SERCA1a [92]) regardless of 
calcium concentration [94]. The binding of SLN reduces 
maximal rate of SERCA calcium pumping without 
affecting SERCA affinity for calcium, resulting in 
calcium ions slipping back to the cytoplasm and in 
uncoupling of ATP hydrolysis from calcium pumping; 
i.e. heat production [91,97]. As an alternative to the effect 
of SLN on SERCA calcium pumping, calcium leak 
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through RyR has also been suggested to regulate 
thermogenesis in murine resting skeletal muscle [98]. 

Mice lacking either UCP1 or SLN can survive in 
the cold probably due to compensatory upregulation of the 
remaining thermogenic mechanisms, while UCP1/SLN 
double knockout mice cannot sustain long-term cold 
exposure [99]. Thus, both SLN and UCP1 may be involved 
in thermogenesis in cold [99]. Muscle SLN level is 
increased in mice with ablation of either interscapular BAT 
or UCP1 [99-101]. Thus, BAT and muscle may represent 
synergistic and potentially even partially redundant 
components of thermoregulatory NST [60,82]. Importantly 
in this respect, our own data suggest that the relative 
contribution of the discussed thermogenic mechanisms 
varies among different murine strains. C57BL/6 mice, 
which are typically used in the majority of metabolic 
studies, rely mainly on BAT, while A/J mice, known for 
their resistance to obesity, use muscle thermogenesis to  
a greater extent [16]. While the burst shivering rate does 
not differ between C57BL/6 and A/J mice at cold,  
A/J mice recruit larger amount of SLN in their muscles 
[16]. 

Calcium cycling (involving RyR and SERCA) 
was shown to be the primary thermogenic mechanism in 
specialized heater organs of some species of marine fish 
(e.g. [102]). Although these organs were derived from 
extraocular muscles, they lost their contractile apparatus.  
In contrast, in mammals, SLN- and RyR-dependent 
mechanisms operate in fully functional muscles where the 

primary role of calcium is to regulate sarcomere 
contraction. In such a system, proof of functional 
independence of shivering and calcium cycling is quite 
methodologically challenging. Similarly to continuous 
shivering, also SLN-dependent thermogenesis is thought to 
be localized in slow-twitch oxidative fibers relying 
primarily on lipid oxidation [89]. 

Although attempts were made to demonstrate that 
stimulation of SLN can occur in the absence of 
corresponding changes in shivering (e.g. [94]), these  
reports need to be taken with caution considering the above 
mentioned complexity of shivering (not only burst  
shivering but also the thermoregulatory tonus) and  
pitfalls of its assessment. Without any doubt, SLN-induced 
calcium slippage in SERCA may generate heat, but it is 
unclear whether this effect is potent enough and can be 
sufficiently quickly adjusted to play a role in facultative 
thermogenesis [83]. As regulation of SERCA activity is 
a common mechanism how to adjust heart contractility (see 
above), it is possible that the primary function of SERCA 
regulation in skeletal muscle is also to adjust the calcium 
level in the long term, which determines the thresholds for  
muscle contraction. Therefore, SLN may play a role in  
both the adaptive tuning of shivering activity and muscle 
NST. 

Regulation of the activity of SLN (and other 
putative muscle NST mechanisms) needs to be better 
understood (Fig. 2). Adrenergic signaling is for decades 
accepted as the mean of regulation of facultative NST [5].  

 
 

 
 
Fig. 2. Metabolic responses to acute and chronic cold exposure in mice (adapted from [7]). General increase of energy expenditure upon cold 
exposure reflects several thermogenic mechanisms. Muscle shivering and thermoregulatory tonus cover majority of heat production in response 
to acute cold stimulus. Continuing shivering leads to adaptation resembling exercise training, but shivering is gradually replaced by NST.  
NST mediated by UCP1 has a low capacity at thermoneutrality. However, if cold persist, capacity of UCP1-dependent NST adaptively rises and it 
gradually replaces shivering. It is facultative, i.e. it can be rapidly switched on and off due to its control by adrenergic nervous system 
(adrenergic thermogenesis). NST alternative to UCP1-mediated heat production, reflects several mechanisms, including NST in skeletal muscle. 
Preferential activation and adaptive increase of NST capacity in BAT or skeletal muscle depends on the genetic background of the mice. Control 
of muscle NST is probably relatively slow – it may not be facultative. Thus, when the contribution of muscle NST to total energy expenditure is 
relatively high compared to BAT (such as in A/J mice, see the main text), a substantial amount of energy is lost during the stay of cold-adapted 
mice in thermoneutral conditions. This phenomenon may contribute to resistance to obesity. Prolonged maintenance of cold-adapted animals 
at thermoneutral conditions results in reduction of the capacity of NST (not shown). Created with Biorender.com. 
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It was assumed that the adrenergic system also regulates 
SLN activity in skeletal muscles [103,104], similar to 
how phospholamban activity is regulated in the heart  
(see above). However, to our knowledge, this assumption 
has never been unambiguously proven. While adrenergic 
stimulation results also in some UCP1-independent rise 
in energy expenditure, this induction is not potentiated by 
cold adaptation in UCP1-KO animals [68]. Interestingly, 
while cold adaptation recruits adrenergic thermogenesis 
in C57BL/6 mice, A/J mice adapt to cold without 
recruiting capacity for adrenergic thermogenesis, 
presumably relying on muscle mechanisms that are 
regulated by different means [16]. Cold tolerance  
requires intact signaling including several hormones, 
namely leptin and thyroid hormones [78,105]. Similarly, 
corticotropin was suggested to mediate the thermogenic 
effect on muscle [106]. Thus, putative muscle NST may be 
under endocrine rather than sympathetic control. However, 
whether humoral regulation can be fast enough to govern 
facultative thermogenesis remains to be elucidated. 

Additional research is required to verify the 
involvement of various potential mechanisms of NST in 
skeletal muscles, as well as to understand their 
interdependence, regulation, and functional importance. 
The extent to which these mechanisms are facultative and 
adaptive is still a matter of debate. When assessing their 
contribution to energy balance, it is challenging to 
separate NST activation from both classic shivering and 
thermogenic tonus. This is because they occur 
simultaneously with muscle contractile activity in the 
same organ. 
 
States of myosin: The grey zone between 
shivering and NST 
 

During the last decade, one more mechanism for 
increased muscle energy dissipation has been described 
 in the grey zone between shivering and NST. During 
cross-bridge cycling, active myosin heads bind to the 
exposed myosin binding sites of the actin filament (see 
above) and, by conformational changes (driven by 
ATP hydrolysis), cause sliding of both filaments on each 
other, which results in muscle contraction. However, 
besides this active state, myosin heads can also exist in 
two different inactive states distinguished experimentally 
by following the kinetics of release of fluorescent 
ATP hydrolysis products from myosin [107]. Classical 
relaxed state (or disordered relaxed state; DRX) is 
characterized by low basal ATPase activity independent 

of binding to actin, while the newly identified super 
relaxed state (SRX) hydrolyzes nearly no ATP [107]. The 
ratios of these three states vary depending on parameters 
such as sarcomere length, phosphorylation of regulatory 
proteins, or calcium level [108]. The transition of part of 
myosin from SRX to DRX would significantly increase 
energy expenditure, and it was therefore suggested to 
play a role in cold adaptation [109]. Considerable effort  
is currently invested in identifying compounds that  
would affect the SRX/DRX ratio in order to treat 
pathologies including obesity by increasing muscle 
energy expenditure. 
 
Cold-induced adaptive induction of the 
capacity of NST in skeletal muscles rather than 
in BAT is associated with obesity resistance 
 

Experiments in mice suggest that putative  
SLN-dependent NST could affect the propensity to 
obesity, as SLN-deficient mice gain more weight than the 
control mice if exposed to high-fat diet [28,94] and 
muscle-specific Sln overexpression prevents diet-induced 
obesity [110]. Surprisingly, UCP1 and SLN double 
KO mice do not develop dietary obesity, possibly because 
of relying on less efficient mechanisms of NST [28]. 
Obesity-resistant inbred murine strains (such as A/J mice) 
exhibit higher muscle Sln expression than obesity-prone 
C57BL6 mice [16]. Besides SLN, another more generally 
expressed protein, neuronatin, was also recently claimed 
to cause SERCA uncoupling [111]. Neuronatin 
expression is affected by high-fat feeding [111], which is 
interpreted as an indication that SERCA-mediated NST is 
involved in a physiological negative feedback loop 
preventing the development of obesity. 

Muscle NST and UCP1-mediated NST in BAT 
differ in important features that could affect their impact 
on both thermal and energy homeostasis. To achieve the 
same level of protection against cold, more energy is 
required by thermogenesis in skeletal muscle compared to 
UCP1-mediated thermogenesis in BAT [21,82]. This is 
consistent with the more recent evolution of BAT as 
a specialized and precisely controlled thermogenic organ, 
as compared with muscle. The different energy efficiency 
of thermoregulatory thermogenesis exerted by BAT and 
muscle could result from differences in i) location and/or 
ii) regulation. 

Location of BAT depots in the center of the 
body, close to major arteries, allows relatively efficient 
transport of heat formed in BAT to the vital organs with 
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minimal losses, as compared with thermogenesis in the 
muscles, which are mostly somewhat peripherally located 
[6,21]. However, it was also noted that continuous 
shivering is often happening in highly vascularized deep 
muscles where heat losses are more minor, and muscle 
activity may efficiently heat venous blood returning from 
peripheral tissues [57]. 

Regulation of NST in BAT and muscle is very 
different. Thermogenesis in BAT is strictly activated 
during i) periods of cold exposure or ii) when animals are 
eating, i.e. during the dark phase of the day in mice [20]. 
On the other hand, muscle NST seems to be under 
a looser and less flexible control. When adaptively 
increased in response to long-lasting cold exposure, it 
could dissipate energy independent of actual energy 
intake (see below). 

Collectively, the combined effect of the relative 
thermogenic inefficiency, and absence of rapid flexible 
regulation of muscle NST in comparison to BAT, results in 
relatively high energy cost of NST mediated by skeletal 
muscles, which could lead to reduced propensity to 
obesity. Indeed, we have observed that both obesity-prone 
C57BL/6 and obesity-resistant A/J mice were able to 
survive in the cold with only a slight decrease in body 
temperature, using muscle shivering for thermogenesis at 
the beginning of cold exposure (6 °C). Prolonged 
maintenance of mice at low temperature led to increased 
capacity of NST in BAT in obesity-prone mice. 
Surprisingly, however, obesity-resistant A/J mice failed to 
activate BAT, but instead increased oxidative capacity in 
skeletal muscle. This putative muscle NST may be 
mediated by the SLN-SERCA mechanism, consuming 
additional ATP and allowing for the acceleration of 
mitochondrial oxidation [16]. Thus, resistance to obesity 
was associated with cold-induced rise of the capacity of 
NST in skeletal muscles rather than in BAT (Fig. 2), which 
is in line with earlier opinions about the adaptivity of 
muscle NST [5,6]. That capacity for NST in skeletal 
muscles could be adaptively induced was also documented 
in mice with genetic ablation of SLN, in accordance with 
the notion that UCP1- and SLN-SERCA-mediated NST 
complement each other [99]. 

The importance of genetic background 
(particularly the potential role of heterosis) in cold 
resistance was earlier reported by Kozak's lab [12,112]. 
Our results suggest that A/J mice represent a model for 
characterizing UCP1-independent mechanisms of NST 
[21,45,113,114] and their physiological role. Reflecting 
the relatively low thermogenic activity of their BAT, 

these mice may provide a better model of the situation in 
humans compared with C57BL/6 mice and mixed-
background mice, used in most of the previous studies in 
this field with the focus on the role of UCP1 [20,68], 
SERCA-SLN [82,99,101] or other mechanisms 
[26,40,42,45,78,115,116] of NST. To get further insight 
into the mechanisms engaged in NST, more inbred strains 
of mice differing in susceptibility to dietary obesity [117] 
should be characterized in future studies. 

Two common approaches used in the prevention 
and treatment of obesity are reducing calorie intake and 
increasing physical activity. However, in both rodents 
and humans, weight loss imposed by fasting leads to  
i) decreased leptinaemia and sympathetic nervous system 
activity and ii) increased muscle energy efficiency, i.e. 
decreased energy expenditure [118]. This can be reversed 
by normalizing the leptin levels in the context of 
reversing the decline in sympathetic activity [118,119]. 
Besides showing the importance of the genetic 
background of experimental animals for the study of 
muscle NST, our results support the notion that NST in 
skeletal muscle may partially counteract weight gain, and 
its induction could be used to treat obesity. More studies 
are required in order to elucidate the (i) mechanisms 
behind adaptivity of NST in skeletal muscle, and (ii) its 
quantitative importance with respect to overall energy 
balance. 
 
Conclusions 
 

Although NST includes several alternative 
mechanisms, UCP1-dependent NST is widely considered 
the only means of facultative and adaptive NST involved 
in the homeostasis of both body temperature and possibly 
body weight. This traditional view has recently been 
challenged. The involvement of BAT in the maintenance 
of a constant body weight and prevention of obesity has 
become increasingly controversial. Compared to small 
rodents, humans are rarely exposed to chronic cold and 
can rely more on muscle shivering. Our understanding of 
both shivering and putative muscle NST is not sufficient. 
In addition to classic burst shivering, the muscle can 
produce significant amounts of heat by increasing tonus, 
a type of muscle contractile activity that may not be 
visually manifested. Muscle contractions are rapidly 
regulated by the release and removal of calcium. The 
efficiency of calcium removal by SERCA is affected by 
the peptide SLN, which is up-regulated by cold. We 
propose here that SLN plays a role in the long-term 
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tuning of shivering activity. SLN decreases the efficiency 
of calcium pumping by SERCA, and promotes 
thermogenesis. Even though the mechanisms behind NST 
in skeletal muscles are not fully characterized, it is to be 
inferred that the slow regulation of muscle NST and its 
adaptive induction in response to cold may result in 
increased muscle thermogenesis even when it is not 
acutely required for thermal homeostasis. The ability to 
activate NST in the muscle or in BAT depends on the 
genetic background, which could contribute to strain-
specific differences in propensity to obesity in mice. 
Lower energy efficiency of muscle thermogenesis 
relative to that in BAT, reflecting the anatomic location, 
as well as the large oxidative capacity of the muscles, 
further augments the potential of muscle NST to reduce 
body fat. In adult humans, the capacity of skeletal muscle 

to burn fat energy stores is several-fold greater than in 
BAT. Thus, only a relatively small increase in 
thermogenesis in muscle could significantly reduce 
adipose tissue deposition. We propose that muscle 
NST represents a more promising target for weight-
reducing therapies than the traditionally studied BAT. 
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