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THESIS ABSTRACT

The focus of this thesis was to further elucidate the tissues and metabolic processes contributing
to heat production during cold exposure, examine the interaction between the primary
thermogenic organs and investigate the plasticity of these processes following a cold-acclimation
protocol. The manuscripts contained within the thesis describe how this was accomplished. First,
we began by examining the role of brown adipose tissue (BAT) in producing heat in adult
humans. Prior to 2009, this tissue was considered metabolically irrelevant following infancy.
However, our first manuscript showed that in fact this tissue can contribute to metabolic heat
production during cold exposure but to an extent that varies from person to person, with some
individuals relying predominantly on BAT to produce heat whereas others relied on shivering
muscles. We then proceeded to examine the interaction and contribution of these two tissues in
producing heat and clearing circulating substrates, such as glucose and fatty acids. In the process
we also investigated the energy storing and dissipation relationship between white and brown
adipose tissue. There were suggestions in the literature that perhaps the mechanisms that lead to
white adipose tissue dysfunctions in obese and diabetic individuals may be shared with brown
adipose tissue, explaining the apparent scarcity of this tissue in those populations. What was clear
in this second manuscript, was that such a relationship is very plausible but, in addition, the
thermogenic and substrate handling potential of skeletal muscle far exceeds the capacity from
BAT and may be a more viable target to assist in the treatment of these metabolic diseases. The
two final manuscripts focused on describing the potential for both BAT and skeletal muscle to
change its phenotype in response to four weeks of daily cold exposure. The first of these two
manuscripts investigated the plasticity of BAT and its subsequent effect on shivering and whole
body energy metabolism, when exposed to a temperature that is slightly warmer than the
temperature participants were acclimatized. Although BAT increased in volume and oxidative
metabolism, its potential to alter whole body responses were not evident. Consequently, we
explored the possibility that perhaps a colder thermal challenge was required in order to provoke
the necessary response that demonstrates the thermogenic potential of this tissue. In this final
manuscript, we found that even at colder temperatures, shivering intensity remained the same
after a four week cold acclimation intervention, but that simply its onset and the skin temperature
threshold to trigger detectable levels of shivering were shifted later in the acute cold exposure

period. Interestingly, by taking muscle biopsy samples during these colder thermal challenges,
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we were able to identify that skeletal muscle had also altered its phenotype over the four weeks,
by reducing the cold-induced mitochondrial uncoupling that was apparent in the non-acclimated
participants. This suggested that perhaps the simultaneous changes that occurred in BAT and
skeletal muscle were neutralized when examining whole-body measurements, which resulted in
no detectable changes in whole body heat production following a four-week cold acclimation.
What we discovered in the end was that, indeed, BAT is thermogenically relevant in adult
humans and under mild cold conditions its thermogenic contribution compared to shivering
muscles varies tremendously between individuals. Further, both BAT and skeletal muscle
demonstrated tremendous plasticity as a result of daily cold exposure. However, what was also
clear is that both the contribution of BAT thermogenesis to whole body heat production and the
ability to clear circulating substrates is quite limited when compared to skeletal muscle.
Combined, the findings from this thesis provided indications that BAT may play a more local
thermoregulatory role and perhaps clear circulating substrates sufficiently to manage small
amounts of substrates in circulation, but unlikely to be sufficiently potent to reverse the effects of

diabetes and obesity, where excessive levels of substrates are present.
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1. INTRODUCTION



1. INTRODUCTION
As endotherms, humans exposed to a compensable cold environment can remain

homeothermic by producing sufficient heat to counteract the rate of heat loss. Under such

conditions, this rate of heat production (H) can increase by as much as five times the basal
levels without modifying core temperature (Eyolfson et al., 2001; Haman et al., 2007). Since
heat production (thermogenesis) is a by-product of the combustion of substrates and
inefficiencies in biochemical reactions, it occurs within various tissues throughout the body. The
sum of these metabolic processes represents whole body heat production. While under basal
conditions the contribution of the major oxygen-consuming organs to this metabolic heat
production is relatively well known, the partitioning of heat production among these tissues
during a cold stress remains to be elucidated. A common assumption has been that the cold-
induced rise in energy expenditure is almost entirely attributable to shivering muscles. It is
unlikely that the rise in energy use during a cold stress is a process that is additive to the basal
metabolic rate. Rather, the heat producing processes involved at rest are likely modulated during
a cold stress thus repartitioning the sources of heat production and are subsequently
supplemented by voluntary and/or involuntary sources of heat production. The voluntary sources
include exercise-induced thermogenesis while shivering thermogenesis (ST) and cold-induced
non-shivering thermogenesis (NST) are involuntary contributors. When exercise is not possible,

activation of NST and ST is essential for maintaining a thermal balance. To date, very little is

known about the respective contribution of NST and ST toH . If animal models are any
indication, these metabolic processes demonstrate significant plasticity to adapt to environmental
stressors. This is evidenced by the various adaptations to chronic cold exposure demonstrated in

rodents (Cannon & Nedergaard, 2004), monkeys (Steegman et al., 2002) and various other



mammals (Chaffee & Roberts, 1971; Hohtola, 2004). Whether the potential for similar
adaptations is preserved in humans remains to be investigated. The focus of this thesis is to
further elucidate the tissues and mechanisms contributing to heat production during cold
exposure, examine the interaction between the primary thermogenic organs and elucidate
the plasticity of these processes following a cold-acclimation protocol. This will be
accomplished by:
1) Characterizing brown adipose tissue (BAT) metabolism and its contribution to cold-
induced NST.
2) Characterizing the interaction between skeletal muscle and BAT derived thermogenesis
and fuel selection and their influence on whole body metabolism.
3) Examining the plasticity of both skeletal muscle and BAT and their effects on the whole
body thermal responses and energy metabolism under two different thermal conditions.
Results from these studies will help to further clarify the role of tissue-specific metabolism on
whole body heat production and oxidative fuel selection when exposed to a mild cold and to
determine the plasticity of these mechanisms. Given the increasing evidence demonstrating the
therapeutic benefits of cold exposure, these studies are crucial for understanding the extent to

which these mechanisms can be modulated to improve processes that are otherwise dysregulated

(eg. lipid metabolism in obese and glycemia in type 2 diabetes).



1.1. Temperature regulation - acute cold exposure in humans.

Historically, humans have relied primarily on behavioural strategies such as building or
seeking shelter, wearing clothing or mastering fire to counteract environmental cold stresses
(Steegman et al., 2002; Wells & Stock, 2007). Among non-behavioural mechanisms of cold
defence are the energetically costly (in ascending order of cost) vasoconstriction to conserve
heat, NST, ST and exercise. Normothermia, environmental conditions whereby core temperature
(Teore) can be defended, can be maintained within a large range of ambient temperatures by
relying on these non-behavioural mechanisms of cold defence. Although exercise provides the
greatest increase in thermogenic rate, reaching values 15 to 20 times above the resting metabolic
rate (RMR), it also has its associated risks and is not always advisable under a cold stress
[reviewed in (Castellani et al., 2010)]. Consequently, there is a greater reliance on superficial
vasomotor activity, ST and NST to maintain a thermal balance.

Much of our understanding regarding the central neural pathways involved in these
involuntary thermoregulatory responses are derived from the use of transsynaptic retrograde
tracing techniques using pseudorabies virus, direct electrical brain stimulation or
pharmocological stimulation and inhibition of neural pathways in various animal models. Only
recently have functional magnetic resonance imaging (fMRI) (Davis et al., 1998; Kanosue ef al.,
2002; McAllen et al., 2006) and positron emission tomography coupled with computed
tomography (PET/CT) been used to map the thermoregulatory centres of the human brain (Casey
et al., 1996; Egan et al., 2005). As demonstrated in Figure 1, the thermoregulatory system

consists of a sensory afferent axis, an integration centre and an efferent pathway.
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Figure 1. Conceptual demonstration of feedforward and feedback input of the thermoregulatory
system (A) and the neural networks that make up the somatosensory and autonomic pathways

(B). Adapted from Morrison (2011) and Nakamura (2011).

Cooling the skin activates the temperature-sensitive transient receptor ion channels (termed
thermoTRP), expressed in free nerve endings located in the dermis and epidermis (Wang et al.,
1990; Hilliges et al., 1995). This stimulation, conveys thermal afferent information through the
spinal cord, to the thalamus and cerebral cortex for the conscious perception and localization of
changes in temperature (Davis et al., 1998; Egan et al., 2005) as well as to the thermoregulatory
centre located in the preoptic area of the hypothalamus to activate homeostatic cold-defence
responses (Egan et al., 2005). Interestingly, the spinothalamocortical pathway that is involved in
temperature perception does not mediate the autonomous thermoregulatory responses (Morrison,

2011). The feed-forward response resulting from skin cooling, whereby cold defence effectors



are activated prior to changes in T.y., ensure that thermoregulatory responses are activated
before the environmental thermal challenge can elicit such an influence on Tc. The threshold
skin temperature that triggers each cold-defence effector may vary depending upon the effector,
with shivering, for example, demonstrating a lower threshold than BAT and cutaneous
vasoconstriction (CVC) in rodents (Nakamura, 2011). A number of thermoTRPs have been
identified, each sensitive to a relatively narrow and distinct range of temperatures but
collectively detect a span of temperatures ranging from innocuous to noxious (painful) (Schepers
& Ringkamp, 2010). In addition to being found subcutaneously, thermoTRPs are also expressed
among afferent nerve fibers located in the abdomen/viscera, spinal cord and hypothalamus, with
this afferent input providing feedback on the present thermal state which may potentiate
responses of some but not all thermoeffectors (McAllen et al., 2010). Both the peripheral and
central cold-sensitive receptors exhibit a vigorous increase in nerve impulse activity upon a
decrease in ambient or skin temperate followed by a steady-state continuous discharge when the
temperature is held constant (Darian-Smith ef al., 1973; Campero et al., 2001), demonstrating an
acute habituation effect. Both the dynamic and steady-state firing patterns can also be seen in the
activation of the effector responses to an innocuous cold stimulus, whereby upon cooling
shivering electromyography increases dramatically, before stabilizing to a lower amplitude
(Imbeault et al., 2013).

The preoptic area of the hypothalamus is recognized as the thermoregulatory centre in
that it integrates afferent signals and initiates autonomic thermoregulatory responses such as skin
vasomotor responses, BAT stimulation and shivering during cold exposure. In ambient
conditions, warm-sensitive neurons in the preoptic area are tonically active to suppress

thermogenic thermoeffectors. This tonic discharge is reduced by skin cooling thereby



disinhibiting thermoeffector neurons that drive these cold-defence responses. Neural output from
raphé pallidus/arcuate nucleus in the medulla appears to increase as a function of decreases in
skin temperature (McAllen et al., 2006) in humans. Interestingly, despite the common afferent
input, cold-defence thermoeffectors are controlled largely independently of one another and
activated in parallel but possibly at different threshold temperatures suggesting that their
interactions may simply be by-products of the afferent feedback received. For example,
following the neural relay of the medullary raphé, activated sympathetic premotor neurons
provide excitatory input to sympathetic preganglionic neurons in the intermediolateral nucleus to
drive BAT stimulation and CVC responses, while premotor neurons in this same medullary
region provide excitatory input to somatomotor neurons in the ventral horn which excite the
alpha (o) and gamma (y) motoneurons required for shivering (Nakamura, 2011). Consequently,
rather than having complementary functions, there is evidence to suggest redundancies in the
thermoregulatory system.

Of final note, understanding the thermoregulatory network in play when designing
investigations is critical in ensuring that desired outcomes are likely to be met and that
appropriate interpretations are made. With the recent surge in investigations examining the BAT
function in humans, a trend has developed in the application of cold air exposure (19°C)
combined with intermittently putting legs of the participant on blocks of ice (Saito et al., 2009;
Yoneshiro et al., 2011) or in ice water (Virtanen et al., 2009; Orava et al., 2011; Orava et al.,
2013). There are two important limitations to such a strategy. First, the unintended consequence
of applying legs on blocks of ice or in ice water is the stimulation of pain sensitive receptors
(nocireceptors). When stimulated these receptors, in addition to signaling a painful cold

sensation, stimulate afferent fibers which normally would be sensitive to heat stimuli, which



explains this hot or burning sensation. As a consequence, such an extreme cold may have an
inhibitory or blunting effect on the cold-evoked thermoeffectors, such as BAT stimulation
(Schepers & Ringkamp, 2010). Second, different brain activation patterns have previously been
observed between conditions of local cooling (hand cooling) compared to whole-body cooling
(Craig et al., 2000; Egan et al., 2005). These limitations could explain the high variability in
BAT activation in these studies compared to the near 100% BAT activation found in studies
simply applying cold air (van Marken Lichtenbelt ez al., 2009; Vijgen ef al., 2011; Vosselman et

al., 2012) or a liquid-perfused garment (Ouellet et al., 2012).

1.2. Cold-induced metabolic heat production.

Although progress has been made in characterizing the thermoregulatory neural circuits
in humans, little is known regarding the interaction between the cold-defence thermoeffectors.
For example, the current knowledge on the respective contribution of NST and ST to total heat
production during cold exposure has largely been limited to animal models. While the energy
costs of maintaining a thermal balance under basal conditions and the organs contributing to this
balance is relatively well characterized (Figure 2), much less is known about their respective
contributions under cold conditions requiring an increased thermogenic rate. Further, for reasons
still unknown, involuntary forms of thermogenesis are limited to ~40% of maximal oxygen
consumption [~25 kj-kg™-min™' or ~5 times resting metabolic rate (X RMR)] (Eyolfson et al.,
2001); a value at least 3-times lower than the maximal aerobic capacity. It has been suggested
that, like rodents and other mammals, BAT and skeletal muscle are likely the most significant
contributors to cold-induced thermogenesis via mitochondrial uncoupling in BAT (Cannon &

Nedergaard, 2004) or both uncoupling and ATPase-related mechanisms in the muscle (Himms-



Hagen, 2004; Silva, 2006; Wijers et al., 2008). The metabolic activity of other organs, such as
the liver and heart, may also be upregulated to support these processes. The following section
will focus primarily on describing what is currently known regarding shivering and non-

shivering forms of cold-induced thermogenesis.
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1.2.1 Shivering thermogenesis. Shivering has often been considered an ancillary
component of cold-induced thermogenesis (Himms-Hagen, 2004; Morrison, 2011). In many
mammals, including likely humans, the involuntary, rhythmic muscle contractions of ST is the
final thermoregulatory mechanism to be activated during cold exposure given its high energy
cost and its effect on motor control/locomotion (Morrison, 2011). The neural mechanisms
involved in inducing and regulating ST is still relatively unknown, but as described previously
(see 1.1. Temperature regulation - acute cold exposure in humans), is regulated by

feedfoward signaling from skin thermoreceptors (Tanaka et al., 2006; Nakamura & Morrison,

2008; McAllen et al., 2010). In brief, upon exposure to a compensable cold challenge peripheral
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thermal afferents are relayed to the hypothalamus, resulting in a disinhibition of warm-sensitive
neurons in the preoptic area, which then leads to the excitation of shivering-promoting neurons
in the reticulospinal tract. At this point in the descending pathway, the spinal circuit becomes
much less clear. The most common hypothesis is that y-motoneurons are activated as a reflex
response to skin cooling prior to any changes in core temperature, which may then activate the
stretch reflex, resulting in an increase in a-motoneuron activity (and subsequent silencing of y-
motoneurons) (Meigal, 2002; Tanaka et al., 2006). The early activation of y-motoneurons is
manifested as the thermoregulatory muscle tone observed early in a mild cold exposure and may
potentiate the stretch reflex, on which shivering is dependent upon (McAllen et al., 2010). The
rhythmicity, shivering intensity and pattern have all been suggested to be determined locally in
the spinal cord (Perkins, 1945; Tanaka et al., 2006). The activation of neurons in the
reticulospinal tract, which in primates excites motoneurons primarily of proximal muscles and to
a smaller extent distal muscles (Shapovalov, 1972; Davidson & Buford, 2004; Riddle et al.,
2009), also suggest that proximal muscle groups may be preferentially recruited over distal
muscle groups during ST; proximal muscle group activation being only observable non-
invasively using nuclear imaging techniques, has never been attempted.

Using electromyography (EMG) methodologies, two distinct patterns have been
identified in individual shivering muscles based on differences in intensity [2-5 vs. 7-15 % of
maximal voluntary contraction (%MVC)] and rate of occurrence (8-10 vs. 0.1-0.2 Hz) (Israel &
Pozos, 1989; Haman et al., 2004a), which are associated to the recruitment of specific motor
units. An example of an EMG signal from a shivering muscle is presented in Figure 3. In brief,
continuous, low-intensity shivering (2-5% MVC, 8-10 Hz), commonly referred to as

thermoregulatory muscle tone, is associated with the recruitment of low-threshold type I motor units
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(specialized for lipid use), while high-intensity bursts (7-15% MVC, 0.1-0.2 Hz) are associated
with high-threshold type II motor units (fast-glycolytic, specialized for CHO use) (Meigal,
2002). This shivering pattern appears to vary between individuals and seems to be strongly

associated to fuel selection (Haman et al., 2004b).

Shivering intensity
(%MVC)
N
o

‘}:type J

20 40 60 80
Time (s)
Figure 3. Example of EMG signal of shivering muscle. Low-intensity, continuous shivering is
represented by the red horizontal line, and high intensity, burst shivering is indicated by the blue
arrows. Figure from Haman ef al.,(2005).

1.2.2. Cold-induced NST. Since heat production is a by-product of both the inefficiency
of ATP production and ATP utilization, muscle contractions are not always necessary to produce

heat. Given the energetic cost and associated limitations to sustaining ST, establishing the

contribution of NST to total H and examining means of increasing its role in various degrees of
cold exposure is required. Cold-induced NST may come from multiple sources in various tissues.
The predominant sources of cold-induced NST have been suggested to come from either an
ATPase-related mechanism of thermogenesis, consumers of ATP such as what is used to
maintain ion gradients, or thermogenic mechanisms resulting from uncoupled oxidative
phosphorylation [reviewed in (Rolfe & Brown, 1997; Himms-Hagen, 2004; Silva, 2006)]. Some
have suggested that cold-induced NST occurs predominantly in skeletal muscle via: (1) futile

calcium (Ca”") cycling resulting from the leakage of Ca®" from the sarcoplasmic reticulum,
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which may be mediated by increased thyroxine 5'-deiodinase type 2 (TD2) activity in the muscle
(Himms-Hagen, 2004) and/or (2) cold-induced mitochondrial uncoupling (Wijers et al., 2008).
The mechanism of the latter remains unclear. According to the investigation from Wijers et al.
(2008), the authors suggested that because the protein content of the uncoupling protein isoform
found in skeletal muscle (UCP3) did not increase, the mitochondrial uncoupling must not be
mediated by this protein. However, a cold-induced up-regulation in UCP3-mediated proton
leakage may still be present without changing protein content. A recent investigation has shown
that UCP3-mediated proton leakage is activated by reactive oxygen species production, which
elicits a negative feedback loop to mitigate further ROS production (Mailloux et al., 2011). It
remains unclear whether this same mechanism is evoking the cold-induced proton leakage
observed previously. With skeletal muscle representing ~40% of total body mass and uncoupled
respiration accounting for ~20-40 % of respiration in skeletal muscle at rest (Rolfe & Brown,
1997), the potential for this mechanism to contribute significantly to cold-induced thermogenesis
1s intriguing to investigate.

Another location of cold-induced NST is found in BAT through mitochondrial
uncoupling. With BAT volume estimated at ~130 cm” in lean men at a density of 0.9 g/ cm® (van
Marken Lichtenbelt ef al., 2009) and the metabolic rate of this tissue estimated at 1.7 mL O, per
g of tissue per min (Rothwell & Stock, 1983), the maximal stimulation of this tissue alone could
contribute up to 25% of cold-induced thermogenesis (Haman et al., 2010). Until recently, this
tissue was considered to be only present in significant volume and activity in infants. This was
despite necropsy studies indicating that this tissue persisted, albeit in fewer sites and smaller
volumes, in adult humans but its presence appeared to decrease with age (Heaton, 1972).

Preliminary epidemiological studies, where retrospective analysis of PET/CT scans for cancer
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diagnosis were conducted, showed a relatively low prevalence of spontanecous BAT activity in
adult humans (5-10% of population studied; (Au-Yong et al., 2009; Cypess et al., 2009; Ouellet
et al., 2011)). In 2009, seminal papers describing the presence of functional BAT in adult
humans were published (Cypess et al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen et
al., 2009), which triggered an increase in studies examining this tissue in humans. Significant
progress has since been made in characterizing its developmental origin (Sharp et al., 2012; Wu
et al., 2012), function (Ouellet et al., 2012; Vosselman et al., 2013) and distribution (Ouellet et
al., 2011; Cypess et al., 2013). Recent studies have demonstrated that most BAT depots in
humans exhibit molecular signatures and histological features resembling the inducible brown
adipocytes (known as beige, brown-in-white or brite) clustered within white adipose tissue
depots of cold-exposed rodents (Sharp et al., 2012; Wu et al., 2012) but may also contain
classical BAT (Cypess et al., 2013; Jespersen et al., 2013). The differentiation of both the
classical and beige/brite brown adipocytes (Wu et al., 2012; Schulz et al., 2013; Yin et al., 2013)
and its activation (van Marken Lichtenbelt ef al., 2009; Virtanen et al., 2009; Ouellet et al.,
2012) appear to be largely mediated by a sympathetic input. To date, the most potent and
effective sympathetic stimulator of BAT differentiation and activation in humans has been cold
exposure, as most sympathomimetics applied in vivo have shown little to no effect on BAT
activation (Cypess ef al., 2012; Vosselman et al., 2012; Carey et al., 2013). The large BAT mass
and activity in patients with pheochromocytomas [catecholamine-secreting tumors; (Ricquier et
al., 1982; Lean et al., 1986)] and in individuals chronically exposed to the cold (Huttunen et al.,
1981) suggests that this tissue can be developed with the appropriate stressor (sympathetic
stimulation) and when stimulated for prolonged or intermittent periods. In addition, very recent

investigations have demonstrated that relative BAT glucose uptake as assessed by increased '°F-
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fluorodeoxyglucose (‘*FDG) standard uptake value (SUV) with PET can be increased by
repeated cold exposure in humans (van der Lans ef al., 2013; Yoneshiro et al., 2013). Whether
the increased volume of glucose uptake observed is a result of proliferation of classical brown
adipocytes, a de novo recruitment of brite adipocytes from white adipose tissue precursors (Wu
et al., 2012) or simply a direct interconversion of mature white adipocytes into a brown
adipocyte phenotype or "browning" (Frontini et al., 2013; Rosenwald et al., 2013), is unclear.
The use of "*FDG uptake has allowed investigators to simply establish the presence of BAT and
some have estimated the extent of its activity and contribution to the thermogenic rate by the
degree of '*FDG uptake. However, '"FDG uptake is a marker of glucose uptake and, in absolute
terms, does not accurately reflect the metabolic rate of BAT, given that only 10% of total BAT
metabolism is supported by glucose (Ma & Foster, 1986). Other PET tracers may be more
appropriate to characterize BAT metabolism in humans, such as the fatty acid analogue, 14(R,S)-
" fluoro-6-thia-heptadecanoic acid (‘*FTHA), ''C-acetate (a marker of Krebs cycle activity), or
'*0-oxygen to measure tissue respiration. Each tracer, however, has its own strengths and
limitations, which will be further discussed in 1.6.3. PET nuclear imaging. Of relevance here is
that both '""FDG and 'FTHA uptake may be influenced by either substrate availability or
utilization rate, whereas '' C-acetate or '°O-oxygen are not affected by either (Klein et al., 2001).
Finally, studies conducted using the rodent model have provided valuable insight on the
metabolic and thermogenic potential of BAT and the possible cross-talk that may occur between
it and other organs. For example, BAT in rodents has been shown to play an important role in the
post-prandial clearing of triglyceride-rich lipoproteins (to the extent comparable to the liver;
(Bartelt et al., 2011), when transplanted into the visceral cavity can improve glucose metabolism

and insulin sensitivity in a dose-dependent manner; (Stanford et al., 2013) and can be activated
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by adrenergic-independent mechanisms (Villarroya & Vidal-Puig, 2013). These findings have
shown the prospective therapeutic potential of this tissue. However, much work remains to be

done to confirm whether similar mechanisms are present in humans.

1.3. Skeletal muscle - brown adipose tissue interaction

An important recent trend has shown important interactions between skeletal muscle and
BAT. Although it is unequivocal that BAT is a vestigial organ of thermoregulatory importance,
increasingly, evidence is surfacing demonstrating the metabolic consequences of its high
thermogenic capacity. With locomotion and motor control being the primary function of skeletal
muscle, relieving this organ from thermoregulatory functions is clearly of great importance. Prior
to describing the interactions recently described in the scientific literature, it is important to
recognize the context in which this interaction may be important. First, epidemiological studies
examining the prevalence of spontaneous '*FDG uptake in BAT have consistently demonstrated
that diabetes status and BMI are negatively associated to the presence of BAT (Saito et al., 2009;
Ouellet ef al., 2011). Under acute cold stimulation, BAT '"*FDG uptake is lower in obese (Orava
et al., 2013) and morbidly obese (Vijgen et al., 2011; Vijgen et al., 2012) compared to lean
individuals and is more insulin resistant in obese compared to lean individuals (Orava et al.,
2013). Although, further evidence is required to validate these findings, since interpretation of
these findings have been somewhat contentious, in rodents, BAT has been shown to defend
against diet-induced obesity, improve glucose homeostasis and hyperlipidemia and play an
important role in postprandial energy partitioning (Cannon & Nedergaard, 2004; Bartelt et al.,
2011; Stanford et al., 2013). Type 2 diabetes is also characterized by a dysregulation of

postprandial substrate partitioning and metabolic inflexibility of plasma lipid fluxes in white
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adipose tissue, which tends to result in the overexposure of lean tissues to fatty acids. This
ultimately influences cardiac function (Labbe ef al., 2012) and impairs substrate handling in liver
and skeletal muscles (Labbe et al, 2011). All these dysfunctions can lead back to the
impairments in both cathecholamine-induced nonesterified fatty acid mobilization and insulin-
stimulated storage of meal fatty acids in WAT. Consistent with the impairments currently seen in
BAT of obese individuals, there is a suggestion that resistance to both insulin-mediated storage
of dietary fatty acids and catecholamine-mediated lipolysis of intracellular triglycerides may be
generalized to both BAT and WAT, with the resulting dysregulation of energy storage and
utilization thus contributing to the overexposure of lipids in lean tissues (Grenier-Larouche et al.,
2012). The consequence of this with regards to thermoregulation, is a greater reliance on skeletal
muscle to produce heat due to the potential dysfunction of BAT. However, the relationship
between BAT and skeletal muscle in thermoregulation and metaboregulation, has never been
examined.

Two recent papers have begun shedding some light on the relationship between these
highly thermogenic organs. The first was an investigation from Wu et al. (2012), which
identified a novel myokine released following exercise after a 10-week endurance exercise
intervention, which when exogenously administered to rats induced a browning of subcutaneous
fat. This myokine, named Irisin, is cleaved and secreted into circulation as a portion of the
membrane protein fibronectin type III domain containing 5 (FNDCS5), with the expression of
FNDCS stimulated by an exercise-induced increased expression of the transcriptional co-
activator PPAR-y co-activator-1 a (PGC1-a). Irisin in turn, when administered exogenously to
rats acted on white adipocytes in culture and subcutaneous fat depots in vivo to induce a

browning of white adipose tissue (ie. display a brown adipocyte phenotype within a white
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adipocyte depot). Interestingly, irisin-induced browning was never confirmed in the older, obese
individuals (> 60 years old) taking part in exercise intervention and has since received much
criticism in the literature. However, this study did provide some insight into the possible skeletal
muscle-brown adipose tissue interaction that from an evolution perspective would seem to
represent a positive adaptation to reduce the thermoregulatory function of skeletal muscle.

The second investigation that has provided valuable insight on the interaction between
these highly thermogenic tissue is that of Yin et al. (2013). Lineage-tracing experiments have
shown that brown adipocytes are derived from at least two types of developmental lineages.
Classical brown adipocytes are derived from a myoblastic lineage [Myf-5 positive myoblast
precursors; (Seale et al., 2008)], whereas the brown adipocytes found in clusters within white
adipose depots (known as brown-in-white or brite) are derived from Myf-5 negative progenitor
cells, similar to white adipocytes (Petrovic et al., 2010). Yin et al. (2013) showed that
microRNA-133, expressed in adult satellite cells, plays a critical role regulating the brown
adipogenic or myogenic commitment of these cells. More importantly, they found that cold
exposure represses the expression of microRNA-133, inducing an increase in satellite cell-
derived brown adipocytes which appeared to be greatest in intercostal, paraspinal and upper back
muscles (central muscles) compared to limb muscles. This effect may not be incidental and may
be linked to the cold-defence neural pathways that are stimulated during cold exposure.
Together, these two studies combined with the recent studies in rodents and examining the
pathophysiology of type 2 diabetes (T2D) have lead to many questions regarding the interaction

between skeletal muscle and BAT which warrant further investigation.
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1.4. Fueling thermogenesis during cold exposure

The thermogenic mechanisms described above are fuelled by the combustion of
carbohydrates (CHO), lipids and proteins. Our current understanding of fuel selection during
cold exposure suggests that the contribution of each fuel is influenced by differences in shivering
intensity (Haman et al., 2005; Haman et al., 2007), variations in muscle fiber recruitment as
indicated by the burst shivering rate (Haman e al., 2004b) and changes in the size of CHO
reserves prior to cold exposure (Martineau & Jacobs, 1989; Young et al., 1989; Haman et al.,
2004c¢). In non-acclimatized men fasted overnight for 12-14 h, exposure to a moderate cold stress
(<2.5 X RMR) results in the oxidation of CHO, lipids and proteins contributing ~40%, 50% and

10 % of total heat production respectively (Haman et al., 2002; Haman et al., 2005). As the cold
stress increases (2.5-3.8 X RMR) the relative contribution of CHO utilization to total H

increases to as high as 62% while the lipid contribution falls to ~35% of H (Haman et al., 2005;
Haman et al., 2007). This shift in substrate utilization is linked to differences in muscle fibre
recruitment. For example, a study by Haman et al. (2004b) demonstrated a high variability in
fuel selection between participants during a cold exposure inducing moderate-intensity shivering.
This high variability was attributed to differences in shivering pattern/muscle fibre recruitment,
as those demonstrating a greater reliance on lipids recruited predominantly more type I
(oxidative fibres) compared to those relying more on CHO who recruited predominantly type I1
(glycolytic fibres). To date, only the partitioning of CHO utilization has been examined during
cold exposure, while very little is known regarding lipid metabolism. Results from studies
examining the importance of CHO reserves have indicated that muscle glycogen always provides
most of the glucose required to sustain CHO oxidation (~75-80% of total CHO oxidation)
whereas the contribution of plasma glucose remains constant at ~20-25% regardless of shivering

intensity (Haman et al., 2005), muscle fiber recruitment (Haman et al., 2004a), or the status of
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glycogen reserves (Haman et al., 2004c). With lipids providing the most abundant energy source
and characterized by its high energy density (energy per gram), there is tremendous value in

further examining the role of this substrate and its various sources during cold exposure.

A number of questions remain regarding fuel selection during cold exposure. If highly
metabolically active tissues are contributing to the increased thermogenic rate during a cold
stress, to what extent are their substrate utilization reflected in the whole body measurements?
Would their contribution explain the differences in the whole body fuel selection pattern
observed between exercise and cold-induced thermogenesis of the same metabolic rate? Further
research is required to clarify: (1) the role of tissue-specific metabolism to whole body fuel
selection, (2) whether the recruitment of specific muscle groups are contributing to this fuel

selection pattern and (3) how these two are modulated over a wide range of cold stresses.

1.5. Adaptation, acclimatization and acclimation to cold

As a preface to this section, it is important to define and distinguish the following three
terms: adaptation, acclimatization and acclimation. Although all apparently similar and often
used interchangeably, each term carries very important distinctions. Adaptation refers to
genotypic characteristics having evolved through natural selection to favour survival in a
particular environment (IUPS Thermal Commission, 2001). Acclimatization refers to
physiological changes naturally occurring as a result of the natural climate in which the organism
is exposed to (e.g. seasonal, geographical, working conditions) (IUPS Thermal Commission,
2001). Finally, acclimation refers to physiological changes induced experimentally. The

distinctions are not only important as means of establishing operational definitions, but because
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the physiological changes that occur through acclimatization can often help explain some of the
physiological changes evoked through acclimation.

Humans chronically or repeatedly exposed to a cold stress exhibit modified physiological
responses to a cold stimulus. These responses can even differ as a result of living or working in
cold environments (cold-acclimatized) versus experimentally-induced cold exposures (cold-
acclimated). Some of the modified physiological responses commonly observed are either:
metabolic, insulative, or hypothermic in nature or a combination of these. A metabolic
adjustment refers to an increase in cold-induced heat production which is often accompanied by
higher skin temperatures but a normal core temperature (Tcoe). To our knowledge such
adjustments have only been found in certain populations living in cold conditions (e.g. Hammel
et al., 1959; Elsner et al., 1960; Hart et al., 1962) and thus are likely genetic adaptations or
related to differences in physical characteristics (ie. morphology, fitness) or dietary factors
between this population and the control comparison group. Insulative adjustments are
characterized by lower skin temperatures and a normal metabolic response and Tcg. Similar to
the metabolic adjustments, this type of response has only been observed in a coastal tribe of
Northern Australia (Scholander ef al., 1958) and traditional Korean and Japanese Ama divers
(Hong, 1973). An example of hypothermic adjustments to repeated cold exposure is presented in
Figure 4. In brief, this adjustment is characterized by a fall in core temperature, due to a lower

metabolic response to the same skin temperature or rate of heat loss.
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Figure 4. Rectal temperature (Tye; panel A), T, (panel B) and metabolic rate in relative to body

surface area (panel C) during 120 min of cold air exposure (13.5°C) before (Pre-Acclimation)
and after (Post-Acclimation) 31 days of cold air exposure (6 days/week for 8hrs/day @ 11.8-
13.5°C). Figure from Davis et al. (1961).

To date, the results and interpretation of results from cold acclimation studies (ie. experimentally

induced cold exposure) are quite contradictory. While some have demonstrated a 17% decrease

in H (Hesslink et al., 1992), others have demonstrated either a slight ~10% increase in H (Bittel,
1987) or no change (Young et al., 1986). Both Young et al. (1986) and Bittel (1987) observed

significantly lower mean skin temperatures ( T,

i) following their cold-acclimation protocols, but
one study found a lower T post-acclimation (Young et al., 1986) and was thus considered an
insulative-hypothermic acclimation (Figure 5), while the other did not and was thus considered a
metabolic-insulative acclimation (Bittel, 1987) (Figure 6). The insulative-hypothermic
acclimation pattern is the most often observed response with the majority of cold-acclimation
studies reporting similar findings (Lapp & Gee, 1967; Golden & Tipton, 1988; Jansky et al.,

1996; Stocks et al., 2001). This may simply be an unavoidable consequence of conducting these

investigations during periods when participants are considered least acclimatized to the cold, in
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late summer. During such studies, the influence of the cold stress combined with the heat stress

during the day seems to elicit similar cold-acclimation patterns as that observed in primitive

people living in temperate weather who experience cold nights and hot days [see Young, (1996)

for review].
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Figure 5. T, (panel A), change in Ty (ATye; panel B), T, (panel C) and metabolic rate in
absolute (panel D) and relative to body surface area (panel E) during 90 min of cold air exposure
(5°C) before (Pre-Acclimation) and after (Post-Acclimation) 5 weeks of repeated cold water
immersions (5 days/week for 90 min @ 18 °C). Figure from Young et al.(1986).
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Figure 6. Ty (panel A), T, (panel B) and metabolic rate in relative to body surface area (panel

C) during 120 min of cold air exposure (10°C) before (Pre-Acclimation) and after (Post-
Acclimation) 2 months of cold water immersion (5 consecutive days/week for 1-3 hrs/day @ 10-
15°C). Figure from Bittel (1987).

The divergent thermoregulatory adjustments exhibited in response to experimentally induced
cold-acclimation may be related in part to differences in acclimation protocols; 30 min twice
daily at 4.4°C for 8 weeks (Hesslink et al., 1992), 90 min 5 days a week for 5 weeks in 18°C
water (Young et al., 1986) and 60-180 min for 4 to 5 days per week depending on individual
tolerance in 10-15°C water for 8 weeks (Bittel, 1987). In this previous work, the main focus was
placed on changes in H measured from changes in rates of oxygen consumption. Consequently,

no information is currently available on whole-body changes in ST and NST. It is likely that

changes in the respective contribution of ST and NST to total H can occur without modifying
rates of oxygen consumption. To date only one study has provided semi-quantitative information

on shivering activity from cold-acclimation and their findings support such a hypothesis. Six
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unacclimated men were exposed to 12-14°C air, 8h/day for 31 consecutive days and found that

mean shivering activity fell to 80% of pre-acclimation values, without observable changes in H
(Davis, 1961). By definition this implies an increase in cold-induced NST. Further research is
needed to confirm this hypothesis as well as determine whether such a change can occur with
shorter intermittent periods of cold exposure. If rodent models are any indication (Wiesinger et
al., 1990), it is plausible for such an acclimation to induce similar physiological alterations and
for a full transition towards a nearly complete reliance on NST to occur within 4 weeks [Figure
7; (Cannon & Nedergaard, 2004)]. Given the 30% increase in plasma norepinephrine (NE)
concentration observed during an acute cold stress test, following a five week acclimation
protocol (Young et al., 1986), this increased NST may come from increased BAT activity which,
if intermittently exposed to NE, may have also increased in volume and capacity. A recent study
has shown that exposure to 15-16°C cold air for six hours per day for 10 consecutive days could
increase the volume of metabolically active BAT by 27% in women and 38% in men (van der
Lans et al., 2013). It remains unclear whether the oxidative capacity of this tissue has also

changed.
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1.6. Measuring metabolism from whole-body to organs.

Traditionally, estimating whole body to tissue-specific metabolism has required a range
of techniques which have also varied in their level of complexity and invasiveness. These
techniques have varied from indirect calorimetry to more invasive techniques such as arterial and
venous catheterization techniques to measure arterio-venous metabolite gradients. This section
will aim to describe some of the techniques used in the present thesis which include: indirect

calorimetry, stable and radioactive isotope methodologies and PET imaging.

1.6.1. Indirect calorimetry. Whole body metabolic rate and fuel selection will be

quantified by indirect calorimetry, using flow-through respirometry. The rates of oxygen
consumption (VO,) and carbon dioxide production (VCO,) will be calculated using the

following equations derived by Brown et al. (1984) adapted for its application with a canopy:

(1) Correction for the dilution effect of water vapour pressure (Py,) on fractions of O,

(Foz) and CO; (Fco,) and the flow rate (F) of the air being drawn:

Fo,' = Fo, X Py/( Py- Py) (1)
Fcox' =Pcos X Po/( Py - Py) (2)
F'=F x (Py- Py)/Pp (3)

Py, barometric pressure

(2) A background baselining technique, developed by Sable Systems International,

described in Melanson et al. (2010), was then applied to correct for analyser drift.

(3) The following respirometry equations were then applied:
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7Oy — [ (FO2") — 0.2095 x (PCO2/) (4)
VO, =F'X ( (1 -0.2095) )
VC02 —frx ((PCOZ') - 0.0005 X (POZ’)) (5)
(1 -0.0005)

This approach allows for a constant measurement and subsequent correction for the

dilution effect of water vapor pressure on VO, and VCO, and ensures that all variables are
measured and accounted for in the calculation of VO,and VCO,, without making any

assumptions. VO, and VCO, will be subsequently used to quantify whole body substrate

utilization and total thermogenic rate.

Total protein (RP,y), carbohydrate (RC,y) and lipid (RF,x) oxidation rates (in g/min) will

be calculated as follows:

RPyy (g/min) = 2.9 x UREA yine (g/min) (6)
RC,, (g/min) = 4.59 VCO, (I/min) - 3.23 VO, (I/min) (7)
RF,, (¢/min) = -1.70 VCO, (I/min) + 1.70 VO, (I/min) (8)

where urinary urea excretion (UREA ;ine) 1s measured in urine collected in ambient conditions
and again at the end of cold exposure, and \'/CO2 (I/min) and \702 (I/min) corrected for the

volumes of O, and CO; corresponding to protein oxidation (1.010 and 0.843 1/g, respectively).
Energy potentials of 16.3 kJ/g (CHO), 40.8 kJ/g (lipids), and 19.7 kJ/g (proteins) will be used to
calculate the relative contributions of each fuel to the total thermogenic rate (Elia, 1991;

Péronnet & Massicotte, 1991).

1.6.2. Stable and radioactive tracers. A number of stable and radioactive tracers will be

used over the course of the investigations that make up this thesis. Tracers are biological
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compounds that contain one or many atoms that are isotopes of the atoms that make up the
native/naturally occurring compound. These isotopes are low in natural abundance, which allows
for the fate of a labelled-compound to be easily monitored continuously. In particular, these
tracers will allow us to determine whole body rates of appearance and disappearance of labelled
molecules. The three most commonly used isotopes in human studies include carbon-13 (**C),
deuterium (*H) and tritium (*H); the latter being a radioactive isotope. Although radioactive, *H
tends to be used preferentially above other radioactive isotopes, such as carbon-14 (**C), due to
its relatively shorter half-life and final destination/incorporation in human tissues which renders
it much safer in comparison. For example, the half-life of *H is 12.32 years, however it is often
cleared from the human body within 7 to 14 days under the form of water, be it through urine,
perspiration, respiration or other water-eliminating processes. In contrast, '*C has a half-life of
~5730 years and in many instances, when metabolized to form '*CO, can be exchanged with the

bone CO, compartment (Poyart et al., 1975) where it becomes trapped for an indefinite period.

In the investigations presented here, three tracers will be described. They include: [3-°H]-
glucose, [U—13C]—palmitate and [1,2-*C]-sodium acetate. Whole body plasma glucose and non-
esterified fatty acid (NEFA) kinetics will be quantified using a primed continuous infusion of [3-
3H]-glucose and [U-BC]-palmitate. [U-BC]-palmitate infusion will be preceded by an
intravenous (IV) bolus of [1-"*C]-sodium bicarbonate to prime the bicarbonate pool (Wolfe &
Chinkes, 2005). During protocol A of Article #1, [1,2-"°C]-sodium acetate will be infused
intravenously, preceded by a bolus of [1-"°CJ-sodium bicarbonate, to determine the acetate
retention factor which will correct for the fixation of °C into products of the tricarboxylic acid
cycle prior to the recovery of expired *CO, during protocol B of Article #1, when [U-"C]-

palmitate oxidation will be quantified (Sidossis et al., 1995). Subsequently the rate of
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appearance (Ragiucose; Ranera) and disappearance (Rdgiucose, Rdnera) of these substrates will be

calculated using Steele’s non-steady state equations (Steele, 1959):

F- V[(Cz + Cl)/2][(E2 - El)/(tz - tl)] 9)
Ra =
(Ez + E1)/2
Rd:Ra—Vx(SZ:?j (10)

where F is the infusion rate (umol-kg'-min™), V is the distribution volume for glucose or
palmitate [162.5 or 90 ml/kg respectively; (Carpentier et al., 2001)], C; and C; are the glucose or
palmitate concentrations (mmol/l) at time I (¢,) and 2 (#,) respectively, E; and E,; are the plasma
glucose or palmitate enrichments at time 1 and 2, respectively.

Plasma palmitate oxidation (RoXpaimitate) Will also be quantified through breath Bco,
enrichment during [U-">C]-palmitate infusion, corrected for the fractional recovery of C in
expired CO; observed after the infusion of labelled acetate (Sidossis et al., 1995).

ROXpaimitate Will be determined using the equations:

ROXpalmitate = (VC02 ><lzexp) / (F[U-13C]palmitate x 16 x k) (1 1)

where VCO, is expressed in micromoles per lean body mass per minute, Rexp 18 the isotopic

enrichment of expired CO;, Fju.i3cpaimitate 1S the palmitate tracer infusion rate (pumol-kg
'"LBM'min™), 16 is the number of carbon atoms in palmitate and & is the fractional recovery of

BCin expired CO,, observed after the infusion of labelled acetate, which is calculated as:

k= (VC02 ><Rexp) / (F[1,2—13C]acetate X 2) (12)

where Fj12-13¢)acetate 1S the [1,2-13C]-sodium acetate infusion rate.
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Total plasma NEFA oxidation will be calculated by dividing palmitate oxidation rates by the

fractional contribution of plasma palmitate to total plasma NEFA concentration.

1.6.3. PET nuclear imaging. PET is a medical imaging technique which has traditionally
been used in oncology to detect and classify the stage of malignant tumors as well as for
radiation therapy. In metabolic research, it is more commonly being used as a non-invasive
means of quantifying tissue-specific substrate uptake and metabolism. As the name implies, the
basis of its utilization revolves around the use of positron-emitting radionucleotides ('c, PN,
150, "F), which are produced using a cyclotron. Once injected, the positron (positive electron)
will travel through matter, losing energy along the way, and once having lost enough energy will
be annihilated with a nearby electron and yield two gamma photons emitting 511 keV (511 000
electron volts) of energy that are emitted 180° from one another and detected simultaneously by

scintillators (Turkington, 2001). These scintillation detectors make up the ring seen in Figure 8.

[

Figure 8. (A) Philips Gemini TF PET/CT scanner. CT and PET cameras can be seen in 1st and
2nd ring, respectively. Each ring offers an axial field of view for image acquisition of up to 18
cm. (B) Gamma photons emitted during positron annihilation are detected by scintillators,
structured as a ring (figure from http://www.laradioactivite.com).
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The accumulation of these gamma rays allows for the construction of tomographic cross-sections
of the participant and, using reconstruction algorithms, creates a three-dimensional image. These
images are then used to delimit regions of interest for a tissue of interest to determine the
metabolic activity within. PET images are then combined with x-ray computed tomography (CT)
images, usually acquired prior to the PET scan, to correlate the anatomical location with the

spatial distribution of the metabolic activity detected by PET.

In the investigations presented in this thesis, both static and dynamic PET image
acquisition will be used. The static acquisition allows for the whole body bio-distribution of the
radio-tracer being given to be determined. This is demonstrated in the left panel of Figure 9,
where the bio-distribution of a fluorine-18 (*°F) glucose analogue ('"*FDG) and long chain fatty

acid analogue (‘*FTHA) can be seen (metabolism of each described in 1.6.3.1 and 1.6.3.2,

respectively).
A Static Acquisition B Dynamic Acquisition
'®FDG "®FTHA
High SUV
ve~@
L

Figure 9. (A) Static PET acquisition of a fluorine-18 labelled glucose analogue (‘*FDG) and
long chain fatty acid analogue ("*FTHA). (B) Low-dose (40 mAS) computed tomography scan
(left panel), dynamic PET scan (middle panel) and PET/CT fused image (right panel) centred at
the cervicothoracic junction. Image represents a single slice and a single frame (single time
point). Red circle represents BAT deposit.
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In each instance, the radio-labelled tracer was injected 60 - 75 minutes prior to these scans being
taken. These images represent the accumulation of the respective tracer over the course of post-
injection period, presented as a mean value of pixels (or mean standard uptake value; mean

SUV) according to the following equation:

Standard Uptake Value (SUV) = Cyssue/(radioactivity injected/kg body weight) (13)

where Cissue represents tissue concentration (in kBg/mL of tissue) of the defined region of

interest.

Dynamic acquisitions allow for the time-dependent uptake of the radio-labelled tracer to
be determined, in order to quantify the flux of substrates entering the tissue and in some
instances its metabolism once taken up by the tissue. The dynamic acquisition can be broken
down into various time sequences depending on the radio-isotope being infused and the
modeling being applied (see Patlak linearization model presented in Figure 10). For example,
using '"*FDG or '""FTHA, a 40-minute dynamic PET acquisition is performed with an image
(frame) captured at the following intervals, sequentially: 12 images at 10 second intervals, 8
images at 30 second intervals, 6 images at 90 second intervals and the final 5 images at 300
second intervals. As this model clearly illustrates, the uptake of the radio-isotope can be followed
from the moment it reaches the aortic arch to when it is distributed to the rest of the body to the
tissue of interest. Recent advances in PET modeling has allowed for arterial input functions,
derived from repeated arterialized blood sampling, to be replaced with image-derived input
functions (Croteau et al., 2010), which eliminates the additional stress on participants and
provides a more accurate reflection of the isotope distribution. In brief, regions of interest are

drawn on the aortic arch and the tissues of interest, within the field of view available (see Figure
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9B). These regions of interest are then copied to each frame, which represent a particular time

point and can be used to create time-radioactivity curves.

1.6.3.1. 2-deoxy-2-["* F]-fluoro-D-glucose ("* FDG). '*FDG is a fluorine-18-labelled
glucose analogue, that is very commonly used in nuclear medicine and metabolic investigations
for the purpose of detecting neoplastic pathologies as well as examine glucose metabolism in the
brain, heart and various other tissues. As a fluorine-18-labelled molecule, its half-life is 110 min.
The metabolic fate of '"FDG follows the same fate as other deoxyglucose tracers. '*FDG is
transported in a cell through the same transporters as glucose. Once transported BEDG is
phosphorylated by hexokinase to form EDG-6-phosphate. '*FDG-6-phosphate does not
participate any further in glycolysis and is subsequently irreversibly trapped within the cell and
accumulates in proportion to the glycolytic rate (Phelps, 2000). Non-phosphorylated BEDG can
return to the circulation and be taken up elsewhere. Arterial plasma and tissue time-radioactivity
curves can be created by drawing regions of interest on the aortic arch and tissues of interest,
respectively (as previously described). These curves are then analyzed using the Patlak
linearization method (Patlak ef al., 1983). This model is only interested in the end outcome of
"EDG accumulation within the cell and does not distinguish between the number of intracellular
compartments in which it might exchange with. The slope of the plot in the graphical analysis is
equal to the tissue glucose extraction constant of EDG (K;, in min" of '"*FDG). This represents
the amount of glucose extracted by the tissue, relative to what it sees and is corrected for tissue
density. Other multi-compartmental models may also be applied to distinguish between these
pools, but are beyond the scope of this thesis. The product of the fractional extraction (K;) and
arterial plasma glucose concentration yields the net glucose uptake of the tissue of interest (K,

in pmol of glucose'mL of tissue™ min™"). The arterial plasma glucose concentration is corrected
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for the differences in the transport and phosphorylation between glucose and '*FDG [1.2 in

skeletal muscle and 1.0 in other tissues; (Kelley ef al., 1999)].

, 2.07 slope = K; = fractional extraction
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Figure 10. (A) Metabolic fate of BEDG. Adapted from (Phelps, 2000). (B) Time-activity curve
representing aorta and brown adipose tissue '‘FDG activity (left panel). Patlak linearization
graphical analysis (right panel) applying the equations of Patlak et al. (1983). ROI (t), represents
region of interest of the tissue of interest (BAT here); ROI (p), represents region of interest of the
arterial plasma.

1.6.3.2. ["*F]-fluoro-6-thia-heptadecanoic acid (*FTHA). "*FTHA is an '“F-labelled
long chain fatty acid analogue with a thioether on the 6th carbon (see Figure 11). Like other
fatty acids, it is found bound to albumin in the plasma and must ultimately disassociate from
albumin to enter a cell. Once taken up by tissues it is activated by acyl-CoA synthetase and
transported within the mitochondria where it undergoes the initial steps of p-oxidation.
Following the formation of the first two acetyl CoA, the remaining part of the fatty acid chain is
trapped within the mitochondria as further oxidation is blocked at its sulfur heteroatom located at

the sixth carbon of the fatty acid chain (DeGrado e al, 2000). '*FTHA may also be

incorporated into complex lipids, such as phospholipids and triglycerides (DeGrado et al., 1991).
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The esterification of '"*FTHA into triglycerides is much less than non-labelled NEFA, which is
compensated by its incorporation into diacylglycerides and phospholipids (Ci et al., 2006). The
metabolic fate of "FTHA also appears to be tissue-specific. For instance, in a study conducted
in pigs, 89% of myocardial '*FTHA uptake entered the mitochondria compared to only 36% in
muscle [consistent with humans; (Kelley ef al., 1993)], which suggests that the uptake and
retention of this radio-isotope represents -oxidation in the heart but NEFA uptake in skeletal
muscle (Takala ez al., 2002). Similar to '"*FDG, Patlak linearization graphical analysis is applied
using the equations of Patlak ef al. (1983) to determine the fractional extraction of '*FTHA by
the delimited tissue (K, in min"! of 18FTHA). The fractional extraction of '*FTHA is then
multiplied by the arterial plasma NEFA concentration, corrected using a lumped constant of 1.0
as the actual value is unknown in humans, to obtain the net '"SFTHA uptake (K, in pmol of

NEFA-mL of tissue” min™).

18
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Figure 11. 14(R,S)—[1SF]—ﬂuoro—6—thia—heptadecan0ic acid

1.6.3.3. 1-"'C-acetate. As a carbon-11-labelled radio-tracer, "C-acetate offers a number
of great advantages compared to the tracers previously described, particularly in research
examining BAT metabolism in vivo in humans. This is a tracer that has been used to investigate
myocardial blood flow and as an index of myocardial oxygen consumption since the 1980's (Pike
et al., 1982; Brown et al., 1989), but increasingly, it is being applied to investigate the perfusion
or oxidative metabolism of other tissues [e.g. brain (Wyss ef al., 2009) and kidney (Hussain et

al., 2009)]. The primary advantage of this radiotracer is that in some tissues it can serve as an
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excellent marker of tricarboxylic acid cycle (TCA) activity and a surrogate to oxidative
metabolism, since its product, acetyl CoA, is the final common pathway for all the major
oxidative fuels that enter the TCA and the TCA is tightly coupled to oxygen consumption.
Indeed, in the heart, the only major metabolic pathway for acetate once converted to acetyl CoA
is to enter the TCA cycle where it is readily oxidized to form two molecules of CO; (Buxton et
al., 1988). In other tissues, the metabolic fate of ''C-acetate may also include incorporation into
lipids, where it can subsequently decay over time, production of ketones or, once in the TCA
cycle, the rapid conversion to amino acids which are then taken up again by the TCA cycle
(Klein et al., 2001). The clearance of ''C radioactivity in highly metabolically active tissues may
appear biphasic at times, as demonstrated in the multi-compartmental kinetics model found in
Figure 12B. Here we see an early rapid decay (k; or Phase 1 in Figure 12B) followed by a
slower decay (k; or Phase 2 in Figure 12B). The former is a result of the decarboxylation of ''C-
acetate-derived citrate (if the C-6 carbon of citrate is labelled with ''C) or a-ketoglutarate (if the
C-1 carbon is labelled with ''C), which only occurs in the second cycle of the TCA, whereas the
latter results from the late decarboxylation of a-ketoglutarate following an exchange with
glutamate (Klein et al., 2001). However, often a more simple mono-exponential fitting provides
a more valid index of oxidative metabolism since the a-ketoglutarate exchange with glutamate
may be negligible (as illustrated in Figure 12C). In conditions where TCA cycle activity is low,
the time-activity curve will simply be represented by a slow decay of the ''C, which suggests

that it has been incorporated into lipids.
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Figure 12. (A) Example of a ''C-acetate time-activity curve for BAT following an intravenous
injection of ~185 MBq of ''C-acetate, injected at room temperature and again during cold
exposure. (B) Determination of tissue oxidative activity is performed by modeling the two decay
constants for a two-phase decay [figure adapted from Armbrecht et al. (1989)] or (C) a mono-
exponential decay from the peak tissue activity.

Another advantage of this tracer is that its uptake and metabolism is not influenced by the
metabolic state of the tissue, unlike the previous two PET tracers described. The main limitation
of ''C-acetate relates to its relatively short half-life. With a 20.3 min half-life, only the kinetics
of tissues located within the 18 cm PET field of view chosen can be investigated for a single
injection of ''C-acetate, since 20-30 min is required to obtain the time-activity curve required to
model the metabolic activity. This limits the ability to compare the oxidative metabolism of

various tissues simultaneously or examine the bio-distribution of this tracer, since whole body

static scans require 40-50 minutes to complete (representing two half-lives of the tracer).
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Consequently, careful consideration is required when planning studies using ''C-acetate. The
shorter half-life, does offer some advantages, by reducing the exposure to radioactivity and
allowing for the serial use of multiple ''C-labelled substrates such as palmitate, glucose or

acetoacetate.

1.6.3.4. P0-oxygen (H,"0, C"0, 0. Although not used in the investigations
presented in this thesis, it is important to distinguish the use of this tracer compared to ''C-
acetate. Similar to ''C-acetate, oxygen-15(>0)-labelled molecules are used to measure tissue
perfusion (H,'°0O) (Orava et al., 2011; Orava et al., 2013) and tissue metabolic rate (°O,) (Muzik
et al., 2012). Tissue blood volume can also be measured using either ''C-labelled or '°O-labelled
carbon monoxide (''CO or C"0, respectively). However, the greatest distinction between these
two tracers are their half-lives. As previously described, the half-life of ''C is 20.3 minutes.
Since the half-life of °O-labelled oxygen is 124 seconds, the timing of its utilization is of greater
importance and contains very important temporal limitations and requires very specialized set-
ups. Consequently, the production of these particular radioisotopes must be produced on-site by
a radiochemist with the use of a cyclotron contained within or near the PET scanning room. In
addition, although tissue metabolic rate can be quite valuable, often only H,'"°O is used to
measure perfusion and subsequently interpreted to represent the metabolic rate of the tissue.
While strong correlations between tissue perfusion and tissue-specific metabolic rate or substrate
utilization/extraction may be found, there are a number of conditions where such correlations are

not evident, such as under insulin stimulation [see Orava et al. (2011) for example].
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2.1 Specific aims
The focus of this thesis is to further elucidate the tissues and processes contributing to heat
production during cold exposure, examine the interaction between the primary thermogenic
organs and elucidate the plasticity of these processes following a cold-acclimation protocol. This
will be accomplished by:
1) Characterizing BAT metabolism and its effect on whole body metabolism by:
a. Quantifying whole body heat production and tissue-specific glucose and fatty acid
metabolism and oxidative metabolism using nuclear imaging techniques
(PET/CT).
b. Examine their effect on whole body thermal responses and shivering activity

using EMG.

2) Characterizing the interaction between BAT- and skeletal muscle-derived thermogenesis
and their influence on whole body metabolism by:

a. Examining the relationship between whole-body sympathetically induced
lipolysis and BAT metabolism.

b. Examining the thermoregulatory relationship between BAT and skeletal muscles.

c. Examining the relationship of BAT and skeletal muscle in the handling of
circulating glucose.

d. Map the muscle activation pattern using the complementary techniques of EMG

and PET/CT.
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3) Examining the plasticity of both skeletal muscle and BAT and their effects on the whole
body thermal responses and energy metabolism under two different thermal conditions.
At a temperature warmer than the acclimation temperature:

a. Examine the changes to the volume of metabolically active BAT and its oxidative
capacity and

b. The effects of these changes on shivering and muscle metabolism, using EMG
and PET/CT.

At a temperature colder than the acclimation temperature:

a. Establish the temporal changes in the thermoregulatory responses resulting from
daily cold exposure, particularly whole body heat production and shivering
intensity.

b. Determine whether the electromyographic pattern of muscle recruitment or the
recruitment of particular muscle groups were modulated as a result of daily cold
exposure

c. Examine the consequent effects on substrate metabolism.
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2.2. Hypotheses

During cold exposure, thermogenic and thermolytic responses are recruited to maintain a thermal
balance. We expect that, during a mild cold exposure, highly metabolically active tissues such as
brown adipose tissue will provide a significant contribution to metabolic heat production and the
utilization of circulating glucose and fatty acids. Given the suspected central neural pathways
implicated in shivering, we also expect that deeper proximally located muscles will be
preferentially recruited for ST. We expect individuals demonstrating greater BAT stimulation
will elicit a lower whole body shivering intensity and reduced burst shivering activity,
subsequently diminishing whole body CHO utilisation. Further, we expect a continuous low-
intensity shivering pattern to predominate but this should not have any consequences on the
uptake of glucose or fatty acids given their respective dependences on contraction-stimulated
transport into skeletal muscle. Finally, we expect that whole body oxygen consumption will
remain the same following 4 weeks of intermittent cold-exposure but whole body shivering
intensity and muscle burst activity will decrease as a result of an increased volume and oxidative
capacity of BAT, subsequently reducing whole body CHO utilisation. We hypothesize that the
plasticity demonstrated by BAT will be more greatly manifested during a thermal challenge that

is colder than the acclimation temperature.
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3.1 Article I

Final accepted version of article published in Journal of Clinical Investigations, 122 (2): 545-552, 2012
(Appendix C)

Brown adipose tissue oxidative metabolism contributes to energy expenditure
during acute cold exposure in humans

Véronique Ouellet 1, Sébastien M. Labbé 2, Denis P. Blondin 3, Serge Phoenix 2’4, Brigitte Guérin

4 Francois Haman °, Eric E. Turcotte *, Denis Richard ', André C. Carpentier 2

!Centre de recherche de I’Institut universitaire de cardiologie et de pneumologie de Québec,
Université Laval, Quebec City, Quebec, Canada; * Department of Medicine, Centre de recherche
clinique Etienne-Le Bel, Université de Sherbrooke, Sherbrooke , Quebec, Canada, 3 Unité de
recherche sur la nutrition et le métabolisme, Montfort Hospital, University of Ottawa, Ottawa,
Ontario, Canada, * Department of Nuclear Medicine and Radiobiology, Université de
Sherbrooke, Québec, Canada.
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Abstract

Recent studies using PET with '®F-fluorodeoxyglucose (‘*FDG) have shown the presence of
brown adipose tissue (BAT). Whether BAT contributes to cold-induced non-shivering
thermogenesis has however not been proven in adult humans. Using PET with ''C-acetate, "*FDG
and 18F-ﬂuoro-thiaheptadecanoic acid (ISFTHA, a fatty acid tracer), BAT oxidative metabolism,
glucose and nonesterified fatty acid (NEFA) turnover were quantified in six healthy men under
controlled cold exposure condition designed to minimize shivering. Upon cold exposure, we
showed significant NEFA uptake in addition to glucose uptake. We demonstrated significant
cold-induced activation of oxidative metabolism in BAT, but not in adjoining skeletal muscles
and subcutaneous adipose tissue. This was associated with a 1.8-fold increase in total energy
expenditure. We found a significant inverse relationship between BAT volume of activity and
shivering and significant increase in BAT radio-density, indicating reduced BAT triglyceride
content. The present study demonstrates that BAT represents a non-shivering thermogenesis

effector in humans.
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Introduction

Brown adipose tissue (BAT) is a specialized tissue whose function is to produce heat
(Cannon & Nedergaard, 2004; Richard & Picard, 2011). Its thermogenic capacity is such that it
allows mammals to live below thermoneutral condition without having to rely on shivering
muscles. The exceptional thermogenic potential of BAT is conferred by abundant well-developed
mitochondria comprising uncoupling protein 1 (UCP1), a protein uncoupling mitochondrial
respiration from adenosine-5'-triphosphate (ATP) synthesis (Richard & Picard, 2011). BAT is
highly vascularized and richly innervated by terminal fibers of the postganglionic neurons of the
sympathetic nervous system (Cannon & Nedergaard, 2004; Sell ef al., 2004; Richard & Picard,

2011).

Positron emission tomography / computed tomography (PET/CT) scanning investigations
using '*F-fluorodeoxyglucose (‘*FDG) have revealed symmetrical cervical, supra-clavicular
metabolically active fat depots, which were suggested by Hany and colleagues to represent
brown adipose tissue (Hany et al., 2002; Cypess et al., 2009; Saito et al., 2009; Virtanen et al.,
2009). These fat depots comprise sympathetically innervated multilocular adipocytes expressing
UCPI (Zingaretti et al., 2009), the ultimate marker of brown fat cells. The magnitude of '*FDG
uptake by BAT was reported to increase with exposure to low temperature, to be higher in
women than men, and to decrease with age and body fat mass (Cohade et al., 2003; Garcia et al.,
2006; Kim et al., 2008; Cypess et al., 2009; Saito et al., 2009; Zingaretti et al., 2009; Ouellet et
al., 2011). These observations tend to support a germane BAT participation to energy
expenditure (Cannon & Nedergaard, 2010; Enerback, 2010; Richard & Picard, 2011). As these

observations have only been based on '""FDG uptake, however, the studies carried out so far in
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humans have only allowed speculative conclusions regarding the oxidative capacity/activity of

BAT.

The present study was thus designed to determine whether BAT is metabolically active
and contributes to cold-induced non-shivering thermogenesis in humans. Using PET with ''C-
acetate (to determine tissue oxidative activity), '"FDG (a glucose analogue) and '*F-fluoro-
thiaheptadecanoic acid (‘*FTHA, a fatty acid tracer), BAT oxidative metabolism, glucose and
nonesterified fatty acid (NEFA) uptake were quantified in adult humans subjected to cold

exposure conditions designed to minimize shivering.
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Results

Six healthy men aged from 23 to 42 years, with a BMI of 23.7 to 31.0 kg/m? and taking
no medication participated in the present study protocols (Figure 1). During cold exposure,
average skin temperature was reduced by 3.8 + 0.4°C without change in core body temperature,
and VO,, VCO; and resting energy expenditure increased ~1.8-fold (Table 1). Plasma glucose,
triglycerides, tritodothyronine, thyroxin, thyroid-stimulating hormone, cortisol or ACTH levels
did not change significantly with cold exposure, whereas NEFA levels and NEFA rate of
appearance in blood increased significantly (Table 1). By design, shivering was controlled and
minimized to 1.6 = 0.5% (range 1.1 to 2.4%) of maximal voluntary contraction as continuously
recorded by electromyography (EMG) in 4 large muscle groups known to contribute

significantly to shivering during cold exposure (Haman et al., 2004a; Haman et al., 2004b;

Haman et al., 2010).
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Table 1

Average body temperatures, indirect calorimetry, circulating metabolites and hormones and

plasma glucose and NEFA appearance rates at ambient temperature (warm) and during

cold exposure (cold).

1 2 3 4 5 6 Mean £ SEM
SkinTe | warm | 329 | 331 | 326 | 342 | 331 | 327 | 33102
) cold | 282 | 305 | 285 | 307 | 2902 | 282 | 29.6+04*
CoreTo  |warm | 370 | 370 | 374 | 370 | 366 | 366 | 37.0%0.1
C) cold | 364 | 364 | 374 | 368 | 362 | 367 | 36.6+02
VO, warm | 0318 | 0346 | 0356 | 0375 | 0.386 | 0.441 | 0.370£0.017
(Umin) cold | 0563 | 0.661 | 0.473 | 0.615 | 0.678 | 0.923 | 0.652 + 0.062*
veo, warm | 0275 | 0302 | 0320 | 0.324 | 0.310 | 0.390 | 0.320£0.016
(V/min) cold | 0503 | 0.643 | 0431 | 0.497 | 0.535 | 0.893 | 0.584 = 0.068*
TEE warm | 154 | 1.69 | 1.75 | 1.82 | 1.85 | 2.15 | 1.80£0.08
(keal/min) | o4 | 276 | 329 | 233 | 295 | 324 | 459 | 3.19+031*
Glucose | warm | 37 | 44 | 41 | 33 | 42 | 40 40+02
(mmoll) | coiq | 38 | 45 | 37 | 39 | 42 | 39 40+0.1
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Ragee | ¥@m | ND | ND | ND | ND | ND | ND ND
(wmol/min) | oo1q | 950 | 957 | 1,133 | 1,703 | 3,661 | 556 | 1493+ 460
Insulin warm | 65 | 67 | 74 | 53 | 45 | 125 71£11
(pmol) 1 ooiq | 69 | 62 | 45 | 57 | 62 | s4 63+5
G warm | 0.88 | 0.87 | 152 | 069 | 049 | 1.15 | 093%0.15
(mmol/l) | coiq | 089 | 0.78 | 1.61 | 062 | 057 | 1.06 | 0.92+0.16
NEFA warm | 366 | 352 | 645 | 689 | 311 | 484 474 £ 66
(mmol) ool | 475 | 535 | 805 | 897 | 476 | 677 | 644=73*
Raxrs warm | 708 | ND | 740 | 845 | 759 | 813 773 + 25
(wmol/min) | ol | 901 | ND | 937 | 1,011 | 884 | 1278 | 1,002+ 72%
TSH warm | 091 | 159 | 087 | 221 | 172 | 097 | 138022
(/) cold | 091 | 1.66 | 080 | 217 | 1.59 | 093 | 1.34+022
FreeT3  |warm | 53 | 46 | 52 | 59 | 57 | 6.1 55+02
(pmol/) o | 50 | 46 | 52 | 60 | 55 | 62 5.4+02
FreeTa | wam | 183 | 181 | 17.1 | 165 | 162 | 172 | 172%04
(pmol/l) | coig | 186 | 189 | 176 | 158 | 167 | 17.8 | 17.5+05
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Cortisol warm | 216 | 277 | 184 | 237 | 274 | 257 241+ 15
(nmol/1) cold | 256 | 284 | 197 | 255 | 269 | 302 260 + 15
BAT K. warm | ND | ND | ND | ND | ND | ND ND
BEDG
cold | 0.013 | 0.009 | 0.009 | 0.019 | 0.011 | 0.027 | 0.015 = 0.003

BAT K. warm | ND | ND | ND | ND | ND | ND ND
18

FTHA cold | 0.018 | 0.013 | 0.015 | 0.022 | 0.020 | 0.023 | 0.018 +0.002

Values from all participants at ambient temperature (between times 80 and 120 min) and during
cold exposure (between times 180 and 300 min) were averaged from both protocols (no
difference between protocol A and B), except for Ragjucose and Rangra that were only determined
in protocol A and B, respectively, at isotopic steady state enrichment (between times 100 and
120 min and times 280 and 300 min). * P < 0.05 by Wilcoxon test. BAT: supraclavicular brown
adipose tissue; FDG: fluorodeoxyglucose; FTHA: fluoro-6-thia-heptadecanoic acid; K;:
fractional uptake rate; ND: not determined; NEFA: nonesterified fatty acids; Ra: rate of
appearance; T3: triiodothyronine; T4: thyroxine; TEE: total energy expenditure; TSH: thyroid-

stimulating hormone.
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EDG uptake during the cervico-thoracic dynamic PET/CT acquisition upon cold
exposure of one representative participant is shown in Figure 2A. During cold exposure,
fractional uptake (K;) of '*FDG (Figure 2B) was higher in supraclavicular BAT compared to
trapezius and deltoid muscles and subcutaneous adipose tissue but not compared to the longus
colli (a small muscle located on the anterior surface of the cervical spine, between the atlas and
the third dorsal vertebra). Net tissue glucose uptake (K,,) (Figure 2C) was higher in BAT vs.
subcutaneous adipose tissue, trapezius and deltoid, but not compared to the longus colli. Whole
body "*FDG uptake in one of the participants at the end of the protocol is shown in Figure 2D.
BAT mean total volume of activity was 168 + 56 ml (range 31 to 329 ml) based on '*FDG
uptake. Glucose uptake by BAT amounted to 10.8 + 4.5 pmol/min (range 1.3 to 28.7 pmol/min).
Given a plasma glucose appearance rate of 1,493 + 460 umol/min, BAT glucose uptake

accounted for 1.3 = 0.8 % of plasma glucose turnover (range 0.04 to 5.2 %).
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Figure 2

Tissue glucose uptake. (A) Transversal computed tomography (left panel), positron emission
tomography (right panel) and fusion scan (middle panel) views of the cervico-thoracic junction
in one of the participants. The red circle denotes supraclavicular brown adipose tissue. (B)
Fractional (K;) and (C) net (K,,) glucose uptake in cervico-thoracic tissues. (D) Coronal view
(postero-anterior projection) of whole body '*FDG uptake during cold exposure. * denotes
ANOVA with Dunnett’s post-hoc test P < 0.05 vs. brown adipose tissue. BAT: brown adipose
tissue; FDG: fluorodeoxyglucose; SC: subcutaneous.
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"ETHA uptake during the cervico-thoracic dynamic PET/CT acquisition upon cold
exposure of one representative participant is shown in Figure 3A. During cold exposure,
fractional uptake (K;) of SETHA (Figure 3B) and net tissue NEFA uptake (K,,) (Figure 3C)
were significantly higher in supraclavicular BAT compared to subcutaneous adipose tissue,
trapezius and deltoid but not different from that of the longus colli. Whole body "*FTHA uptake
at the end of the protocol in one of the participants is shown in Figure 3D. NEFA uptake by
BAT amounted to 2.3 = 0.8 umol/min (range 0.3 to 4.4 pmol/min). Given a plasma NEFA
appearance rate of 1,002 £ 72 pmol/min, BAT NEFA uptake accounted for approximately 0.25

+0.08 % of plasma NEFA turnover (range 0.04 to 0.44 %).
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Figure 3

Tissue nonesterified fatty acid uptake. (A) Transversal computed tomography (left panel),
positron emission tomography (right panel) and fusion scan (middle panel) views of the cervico-
thoracic junction in one of the participants. The red circle shows supraclavicular brown adipose
tissue. (B) Fractional (K;) and (C) net (K,,) nonesterified fatty acid uptake in cervico-thoracic
tissues. (D) Coronal view (postero-anterior projection) of whole body '*FTHA uptake during
cold exposure. * denotes ANOVA with Dunnett’s post-hoc test P < 0.05 vs. brown adipose
tissue. BAT: brown adipose tissue; NEFA: nonesterified fatty acid; FTHA: fluoro-6-thia-
heptadecanoic acid; SC: subcutaneous.
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After IV injection of ''C-acetate, blood ''C radioactivity over time was not significantly
different during cold exposure compared to room temperature (Figure 4A). BAT (Figure 4B),
but not subcutaneous adipose tissue (Figure 4C) ''C radioactivity was increased throughout
exposure to cold. The longi colli (Figure 4D) and sternocleidomastoids (not shown) were the
only cervical and upper thoracic muscles that displayed significant cold-induced increase in ''C
radioactivity over time. ''C radioactivity over time in trapezius and deltoids are shown in Figure
4E and 4F, respectively. The area under the curve (AUC) of tissues ''C radioactivity, a marker
of tissue oxidative and/or non-oxidative metabolism (acetate retention) was elevated in BAT and
longus colli. The monoexponential decay slope from tissue peak ''C activity (''C-acetate k), a
valid surrogate of tissue oxidative metabolism (Brown et al., 1987; Ng et al., 1994), was
however increased in BAT in all participants (Figure 4G) but not in longus colli (Figure 4H),
demonstrating that the former tissue plays an important role in cold-induced non-shivering
thermogenesis whereas the latter tissue mostly retained acetate in non-oxidative pathways. BAT
CT radio-density (in Hounsfield units) increased in all participants (by 17 £ 5%, range 6 to 41%,
P = 0.03) (Figure 4I) whereas WAT radio-density did not change (3 £ 5%, P = 1.00).
Supplemental Figure 1 shows actual PET, CT and fusion images of the integrated tissue
activity in the neck and upper chest area from dynamic list-mode acquisitions at room

temperature and during cold exposure in one of the participants.

There was a significant inverse correlation between BAT volume of activity and
shivering expressed as % of voluntary maximal contraction (Spearman r = -0.89, P = 0.03)
(Supplemental Figure 2). We found no other significant correlations between BAT volume of
activity and energy expenditure (Supplemental Table), although our small sample size severely

limits the power of these analyses.
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Figure 4

"'C-acetate kinetics. ''C time-radioactivity curves over the first 500 seconds of acquisition after
HC-acetate injection at room temperature (in red) and during cold exposure (in blue) in (A)
blood in the aorta, (B) supraclavicular brown adipose tissue, (C) subcutaneous adipose tissue,
(D) longus colli, (E) trapezius and (F) deltoid. ''C time-radioactivity curves were different
during cold exposure vs. at room temperature in BAT (two-way ANOVA P = 0.05, interaction
with time P < 0.001) and in longi colli (two-way ANOVA P = 0.02, interaction with time P <
0.001), but not in other organs. Monoexponential decay slope from peak tissue ''C activity (''C-
acetate k) in (G) supraclavicular brown adipose tissue and (H) longus colli. (I) Brown adipose
tissue radio-density by computed tomography. BAT: brown adipose tissue; SCAT: subcutaneous
adipose tissue.
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Discussion

Based on ''C-acetate tissue kinetics the present results demonstrate significant cold-
induced activation of BAT oxidative metabolism in all subjects studied under well-controlled
cold exposure conditions designed to minimize shivering. We also determined, for the first time
in vivo in humans that plasma NEFA uptake is increased in cold-activated BAT compared to

resting skeletal muscles and subcutaneous adipose tissues.

A cold-induced total BAT glucose uptake averaging 10.8 £ 2.9 umol/min lies within the
range reported by Virtanen et al. (Virtanen et al., 2009). In addition, the present results
demonstrate the ability of human BAT to also increase its NEFA uptake during cold exposure.
Whole body '"FTHA uptake at the end of the protocol predicts a NEFA uptake by BAT
amounting to 2.3 £ 0.8 umol/min (range 0.3 to 4.4 pumol/min). One limitation of our
experimental design was the impossibility to assess '*FDG and '*FTHA BAT uptake at ambient
temperature given the complexity of design and acceptable limits of radiation exposure of
research participants. However, significant BAT glucose and NEFA uptake is not detectable in
the vast majority of individuals at ambient temperature (Labbe ef al., 2011; Ouellet et al., 2011).
In rodents, the contribution from glucose and NEFA uptake has proved to be a relatively small
fraction of total BAT metabolism during acute cold-induced thermogenesis compared to
intracellular brown adipocyte triglycerides (Ma & Foster, 1986). Also, we did not assess BAT
utilization of fatty acids from circulating lipoproteins, another potential source of BAT energy
substrates (Bartelt et al., 2011). However, unlike what has been observed in mice in the latter
study, we did not find any reduction in circulating triglycerides in the present study (Table 1).
Assuming a volume of distribution of 0.45 dl/kg of body weight (Carpentier et al., 2001) with an

average body weight of 80.7 kg and a plasma triglyceride level of 0.93 mmol/I (82 mg/dl), mean
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total circulating triglyceride content is estimated at approximately 3 g in the participants of the
present study. As the half-life of circulating triglycerides during fasting (mostly VLDL) is
relatively long (approximately 2 hours, i.e. a fractional clearance rate of 0.5/h — (Carpentier ef al.,
2001)) compared to the length of cold exposure in the present study, it is very unlikely that the
pool of circulating triglycerides, even if it was fully utilized, could account for the 250 extra kcal
of energy expenditure observed (i.e. approximately 28 g of triglycerides). It is also noteworthy
that our subjects were not, in contrast to the mice in Bartelt’s study (Bartelt ez al., 2011), adapted
to a temperature below thermoneutrality, which may render BAT adipocytes more prepared to

clear circulating glucose and lipid.

The six subjects of the present study all exhibited increases in BAT metabolism upon
cold exposure, albeit to various degrees. The variability in the response occurred despite
application of a cold exposure protocol that not only restricted shivering but also dictated the
strength of the cold response from strict body and skin temperature monitoring and indirect
calorimetry measurements. Such variation would seem to be accounted for by inter-individual
differences in BAT capacity (volume). The wide inter-individual difference in detectable BAT
volume of activity (from to 31 to 329 ml) observed in young healthy men in the present study
suggests that unknown factors may modulate BAT volume and thermogenic capacity in addition
to age, gender, body mass index, and diabetes (Richard et al., 2010). Furthermore, we found a
significant inverse relationship between BAT volume of activity and shivering. Interestingly,
BAT precursor cells are present in supra-clavicular fat independent of the presence or not of
spontaneous '*FDG uptake (Lee et al., 2011). Of note, a very recent publication demonstrated

cold-induced increased blood flow in BAT that was associated with increased energy
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expenditure (Orava et al., 2011). The latter is consistent with the present results which

demonstrate cold-induced BAT thermogenesis in humans.

Our demonstration of BAT oxidative metabolism with trivial rates of plasma glucose and
NEFA utilization, and rapid increase in BAT radio-density during cold exposure is suggestive of
increased intracellular triglyceride utilization as the main source of energy for BAT
thermogenesis. Intracellular triglycerides are the main fuel to sustain BAT energy metabolism
during cold exposure in animal models (Aherne & Hull, 1966; Baba et al., 2010; Richard &
Picard, 2011). In room temperature-acclimated rats, short-term acute exposure to cold has been
reported to lead to a near-complete depletion of BAT lipid (Baba ef al, 2010). A similar
depletion of BAT lipid has been reported at necropsy in newborn infants and adults who died
from hypothermia (Aherne & Hull, 1966). Intracellular brown adipocyte triglycerides represent
half of the brown adipocyte volume (Aherne & Hull, 1966). From a mass of 168 g (the average
BAT mass seen in the present study), one can predict a BAT fat content of ~84 g. Mobilization
of one third of that lipid reserve (28 g), which seems possible based on previous investigations
(Baba et al., 2010), would be sufficient to account for the extra energy (250 + 45 kcal) expended
during the 3-hour period of cold exposure in the present study. Although the 80% increase in
TEE that we observed during acute cold exposure appears important, it is therefore very likely
that BAT thermogenesis accounted for an important fraction of this increase in TEE. Future
studies will need to determine the contribution of intracellular triglycerides to BAT

thermogenesis.

In addition, we cannot exclude the contribution of other tissues to cold-induced
thermogenesis. We recorded increased glucose, NEFA and acetate uptake in the longus colli.

Nonetheless, the observation that significant cold-induced increase in ''C-acetate oxidative
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metabolism was only seen in BAT demonstrates a significant role of this tissue in the non-
shivering thermogenic response to cold. The limited field-of-view of our PET/CT scanner (18 cm
length) during dynamic acquisitions prevents us from assessing oxidative metabolism from the
"'C-acetate method in other internal organs such as the heart and other deep central muscles that
might have been activated by cold. Despite the low number of subjects studied, this due to the
complexity of our measurements, we are nonetheless confident that our findings apply to other
populations since they were very consistent. Finally, it is not possible to exclude an effect of the
2-hour daily time difference in ''C-acetate injection between the two protocols in the present
study. To our knowledge, the effect of nycthemeral cycle on BAT metabolism has not been

previously studied in humans.

The present findings support a role of BAT for non-shivering thermogenesis in humans
with intracellular triglycerides as the main source of energy for this process, as observed in
rodents. However, it remains to be demonstrated whether chronic and frequent bouts of cold
exposure may contribute to increase BAT capacity and/or activity and may be a viable adjunct
therapeutic strategy to other lifestyle interventions to prevent or treat obesity and its metabolic
complications. It is also possible that energy substrate uptake by BAT could be substantially
increased once intracellular triglyceride stores are depleted and/or BAT is fully cold adapted as
recently shown in rodents (Bartelt et al., 2011). Quantitative assessment of the contribution of
intracellular triglyceride oxidation in BAT thermogenesis awaits further methodological

developments.

In summary, the present study demonstrates that a cold-exposure stimulus designed to
minimize muscle-mediated shivering thermogenesis enhances BAT oxidative metabolism as well

as glucose and NEFA uptake in adult humans. The enhanced BAT activity was associated with a
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1.8-fold increase in whole body energy expenditure. We found a significant inverse relationship
between BAT volume of activity and shivering and a significant increase in BAT radio-density
within 3 hours of cold exposure, indicating rapid reduction in BAT triglyceride content. The
present results demonstrate that BAT is undoubtedly involved in non-shivering thermogenesis in

humans.
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Methods

Protocols A and B are 4.5-hour metabolic tests performed in random order, within an
average of 20 days of each other (range 7 to 36 days) and designed to assess whole body and
BAT-specific energy substrate turnover and oxidation and energy expenditure at room
temperature (~25°C, time 0 to 120 min) and during acute exposure to cold (time 120 to 270 min)
(Figure 1). Participants were instrumented and fitted with a liquid-conditioned tube suit (Allen-
Vanguard Inc.). Following the room temperature period (time 0 to 120 min), the liquid-
conditioned tube suit was perfused with ~18°C water using a temperature and flow-controlled
circulation bath (Endocal, NESLAB and Model 200-00, Micropump Inc.). Briefly, the same suit
was used for all subjects to maintain consistent tubing density. In addition, the flow and
temperature of water through the suit was produced with the same cooling bath. Based on pilot
experiments, we determined that circulating water in the suit at 18°C minimized overt shivering
in healthy participants while achieving a significant reduction in skin temperature of at least
2.5°C. We did not try to avoid the slight but significant increase in EMG activity observed
during the experiments. Therefore, EMG activity could slightly differ between individuals
despite similar cold exposure depending on their degree of non-shivering thermogenesis. This
difference in extent of EMG activity thus masked any possibility to discern a correlation between
non-shivering thermogenesis and TEE. Change in total heat production was calculated by
indirect calorimetry (Vmax29n, Sensormedics) (Carpentier et al., 2005) at room temperature and
between times 180 to 200 min and 280 to 300 min (i.e. 60 to 80 min and 160 to 180 min after the
beginning of cold exposure). TEE rapidly increased by time 180 to 200 min to ~79% of that
recorded between times 280 to 300 min. Only indirect calorimetry and EMG measurements

during the latter period are reported. Dry heat loss from the difference between water
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temperature entering and exiting the tube suit at a given flow rate was determined (Blondin ef al.,
2010). Skin and core temperatures were monitored as previously described (Dubois & Dubois,
1916; Hardy & Dubois, 1937). Changes in whole-body heat production, heat loss, core and mean
skin temperatures as well as muscle shivering intensity by EMG were determined as previously
described (Haman et al., 2004a; Haman et al., 2004b; Haman et al., 2004c; Haman et al., 2005).
This protocol achieved consistent skin temperature (difference = -0.2 £ 0.3°C) and energy

expenditure (difference 2.2 + 7.0%) between protocols A and B during cold exposure.

Plasma glucose appearance rate (Ragjucose) Was determined using a primed continuous
infusion (0.33 x 10° dpm/min) of [3—3H]—glucose during protocol A (Carpentier et al., 2001) (23).
Rangra was measured using IV administration of [U—13C]—palmitate during protocol B using
Steele’s steady state equation, as previously described (Carpentier ef al., 2005; Carpentier et al.,
2007). Tissue oxidative metabolism was determined after IV bolus injection of HC-acetate (~185
MBq) at time 90 min (room temperature) and at time 210 min (i.e. 90 min after onset of cold
exposure) followed by 30min list-mode dynamic PET acquisition, preceded by a 40mAs CT
acquisition centered at the cervico-thoracic junction, as described (Labbe et al., 2011). Tissue
oxidative metabolism index (the rapid fractional tissue clearance of 11C—aceta‘[e, k, in sec'l) were
estimated from tissue ''C activity over time using monoexponential fit from the time of peak
tissue activity (Buck ef al., 1991). This method is based on the following assumptions (Klein et
al., 2001): 1) acetate enters the Krebs cycle freely after rapid conversion into acetyl-CoA; 2)
other acetate metabolic fates (e.g. de novo lipogenesis) are relatively slow compared to the Krebs
cycle carbon fluxes; 3) carbon fluxes into the Krebs cycle through acetyl-CoA is directly coupled

to the production of reducing equivalents; 4) the Krebs cycle contribution to the production of
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reducing equivalents is stable and accounts for approximately two thirds of total production; 5)

the production of reducing equivalents is tightly coupled to oxygen consumption.

In protocol A, each participant received an IV bolus of '*F-fluorodeoxyglucose (‘*FDG)
(~185 MBq) at time 240 min (i.e. 2 hours after the onset of cold exposure) with 30 min list-mode
dynamic PET acquisition centered at the cervico-thoracic junction to determine tissue glucose
uptake using Patlak graphical analysis (Menard et al., 2010). This was followed by a whole
body CT scan (16 mAs) to correct for attenuation and for definition of PET regions of interests,
followed by a whole body PET acquisition to determine whole body '*FDG uptake. In protocol
B, the same procedure was performed but with IV bolus administration of '*Fluoro-6-thia-
heptadecanoic acid ("*FTHA, ~185 MBq) instead of '*FDG to determine tissue NEFA uptake
after correction for plasma metabolites using Patlak linearization (Ci et al., 2006; Menard et al.,
2010; Labbe et al., 2011). For dynamic PET acquisitions, mean value of pixels (mean standard
uptake value — SUV) for each frame were recorded. Regions of interest were drawn on the aortic
arch for blood activity (input functions) and on supraclavicular BAT according to the following
criteria: a tissue radio-density between -10 and -100 Hounsfield units and '*FDG uptake during
cold exposure of more than 1 SUV unit (Ouellet ef al., 2011). We also calculated total BAT
volume of activity on whole body scans according to the later criteria, as previously described
(Ouellet et al., 2011). The regions of interest were first defined from the transaxial CT slices,
then copied to '*FDG, and then to ''C-acetate and '*FTHA image sequences. For whole-body
scans, mean values of pixels (mean SUV) for all tissues of interest were recorded. In the cervico-
thoracic dynamic sequences, ROI were drawn on the two largest muscles in the field of view
(deltoid and trapezius, the latter also being electromyographically recorded), on posterior

cervical subcutaneous adipose tissue and on any muscle or tissue structures that showed
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significant (> 1 SUV unit) '"FDG uptake during cold exposure. The latter occurred
systematically only in small paraspinal muscles of the neck (longi colli) within the field of view

of dynamic scans.

Statistical Analyses

Data are expressed as mean + SEM. Wilcoxon test was used to compare characteristics
and averaged steady state hormone and metabolite levels between room temperature vs. cold
exposure. Two-way ANOVA for repeated measures with temperature, time and interaction as the
independent variables was used to analyze time and temperature-dependent differences in blood
and tissue PET-acquired activities throughout the protocols. ANOVA for repeated measures with
Dunnett’s post-hoc test were performed to compare fractional and net glucose and NEFA uptake
between BAT vs. other tissues during cold exposure. Appropriate transformation of variables
was performed when normal distribution was not observed for parametric statistical testing. A
two-tailed P value < 0.05 was considered significant. All analyses were performed with the

GraphPad Prism version 5.00 for Windows (San Diego, CA).

Study approval

Informed written consent was obtained from all participants in accordance with the
Declaration of Helsinki and the protocol received approval from the Human Ethics Committee of

the Centre de recherche clinique Etienne-LeBel.
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Room Temperature

Cold Exposition

Supplemental Figure 1:

PET (left panels) , CT (middle panels) and fusion images (right panels) of the integrated tissue
activity in the neck and upper chest area from dynamic list-mode acquisitions at room
temperature (upper row) and during cold exposure (lower row) in one of the participants. The
arrow in all frames points to the supraclavicular BAT, showing an increase in ''C-acetate activity
in BAT during cold exposure vs. at room temperature.
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Supplemental Figure 2

Correlation between BAT volume of activity and shivering during cold exposure expressed as %
maximal voluntary muscle contraction.
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Supplemental Table:

Spearman correlation between brown adipose tissue volume of activity and

metabolic parameters

r P
BAT K, FDG (nmol/ml/min) 0.66 0.18
BAT K, FTHA (nmol/ml/min) 0.37 0.50
ARangra (Lmol/min) 0.50 0.45
ATEE (kcal/min) 0.20 0.71
Muscle shivering (% MVC) -0.89 0.03
ABAT "'C-acetate K -0.66 0.18

BAT: brown adipose tissue; A: change between cold exposure vs. room temperature; K, FDG:
glucose uptake; K,, FTHA: nonesterified fatty acid uptake; MVC: maximal voluntary
contraction; Rangra: nonesterified fatty acid rate of appearance in plasma; TEE: total energy

expenditure.
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KEY POINTS

Both BAT and skeletal muscle metabolic activation contribute to energy expenditure
upon acute cold exposure in healthy men even if effort is made to minimize the shivering
response;

Activation of adipose tissue intracellular lipolysis is associated with BAT metabolic
response upon acute cold exposure in healthy men;

Although BAT glucose uptake per volume of tissue is important, the bulk of glucose
turnover during cold exposure is mediated by skeletal muscle metabolic activation even

when shivering is minimized.
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ABSTRACT

Cold exposure stimulates the sympathetic nervous system (SNS), triggering the activation of cold-defense
responses and mobilizing substrates to fuel the thermogenic processes. Although these processes have
been investigated independently, the physiological interaction and coordinated contribution of the tissues
involved in producing heat or mobilizing substrates has never been investigated in humans. Using [U-
PC]-palmitate and [3-’H]-glucose tracer methodologies coupled with PET using ''C-acetate and '*F-
fluorodeoxyglucose ("*FDG), we examined the relationship between whole body sympathetically-induced
WAT lipolysis and BAT metabolism and mapped the skeletal muscle shivering and metabolic activation
pattern during a mild, acute cold exposure designed to minimize shivering response in 12 lean healthy
men. Cold-induced increase in NEFA appearance rate was strongly associated with the volume of
metabolically active BAT (r = 0.64, P = 0.04), total BAT oxidative metabolism (r = 0.72, P = 0.02) and
BAT glucose uptake (r = 0.72, P = 0.02), but not muscle glucose metabolism. Cold-induced increase in
whole-body oxygen consumption was not independently associated with BAT volume of activity, BAT
oxidative metabolism or muscle metabolism or shivering intensity, but rather, depended on the sum of
responses of these two thermogenic tissues. The total glucose uptake was more than one order of
magnitude greater in skeletal muscles compared to BAT during cold exposure (675124 pmol-min™ vs.
16+8 pmol-min™', respectively, P < 0.001). "*FDG uptake demonstrated that deeper, centrally located
muscles of the neck, back and inner thigh were the greatest contributors of muscle glucose uptake during
cold exposure due to their more important shivering response. In summary, these results demonstrate for
the first time that increase in plasma NEFA appearance from WAT lipolysis is closely associated with
BAT metabolic activation upon acute cold exposure in healthy men. In humans, muscle glucose
utilization during shivering contributes to a much greater extent than BAT to systemic glucose utilization

during acute cold exposure.

Key words: energy metabolism; skeletal muscle; brown adipose tissue; cold exposure; adipose
tissue intracellular lipolysis.

Abbreviations: BAT, brown adipose tissue; EMG, electromyography; '*FDG, '*F-
fluorodeoxyglucose; K;: fractional uptake; K,,: net uptake; MVC, maximal voluntary contraction;
NEFA: nonesterified fatty acids; PET: positron emission tomography; sEMG, surface
electromyography; SNS: sympathetic nervous system; Ra: rate of appearance; SUV: standard
uptake value; TG, triglycerides; WAT, white adipose tissue
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INTRODUCTION

BAT investigations in humans to date have usually reported absence of overt shivering
by non-quantitative direct observation and/or subjective report of subjects (van Marken
Lichtenbelt et al., 2009; Vijgen et al., 2011; Yoneshiro et al., 2011; Cypess et al., 2012; Muzik
et al., 2012; Vijgen et al., 2012). We previously have simultaneously quantified both shivering
and BAT activity in healthy men (Ouellet et al., 2012). In the latter study, a significant increase
in cold-induced BAT oxidative metabolism was accompanied by limited but detectable level of
shivering activity, measured by surface electromyography (sEMG), representing ~2% of a
maximal voluntary contraction. The inverse relationship between BAT volume of metabolic
activity and shivering activity in the latter study also suggested that cold-stimulated oxidative
metabolism is driven by the integration of both shivering and BAT thermogenesis in healthy
men. Deeper muscles that are not accessible by sSEMG may also contribute significantly to the
whole body metabolic response observed during mild, acute cold exposure (Ouellet ef al., 2012).
However, no quantification of the relative contribution of muscle shivering response vs. BAT

metabolic response to circulating energy substrate metabolism has been reported to date.

Sympathetic nervous system (SNS) stimulation by acute cold exposure triggers the
activation of cold-defence responses and mobilizes substrates to fuel the thermogenic processes.
Given the sympathetic innervation of adipose tissues, cold-mediated SNS activation stimulates
B-adrenergic receptor signaling in white adipose tissue (WAT) and brown adipose tissue (BAT),
thus activating intracellular lipolysis in both organs. Whereas sympathetic B-adrenergic
stimulation of lipolysis in WAT mobilizes NEFA towards thermogenic organs, such as brown
adipose tissue (BAT) and shivering skeletal muscles (Ouellet et al., 2012), SNS-mediated

lipolysis of intracellular triglycerides (TG) in BAT serves to activate and fuel BAT
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thermogenesis (Cannon & Nedergaard, 2004). Regional differences in catecholamine-mediated
lipolysis and adrenoreceptor activity across various WAT depots have previously been
documented in humans (Leibel & Hirsch, 1987; Mauriege ef al., 1987; Wahrenberg et al., 1989;
Mauriege ef al., 1991). However, it remains unclear whether sympathetically-triggered lipolysis

in WAT and BAT thermogenesis are associated or distinct processes in humans.

The aims of this study were 1) to characterize BAT and skeletal muscle glucose
metabolism during acute cold exposure and 2) to assess the relationship between BAT, skeletal
muscle metabolic responses and total energy expenditure and cold-induced activation of adipose
tissue lipolysis in healthy men. We hypothesized that 1) both skeletal muscles and BAT would
contribute to energy expenditure and glucose metabolism during acute cold exposure and 2) that

cold-induced whole-body lipolysis of WAT would be associated with BAT metabolic response.
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MATERIALS AND METHODS
Methods
Ethical approval

Twelve healthy, non-cold acclimatized men aged 24 + 1 years with a BMI of 25.5 + 0.8
kg/m® were fully informed of the risks and methodologies applied and provided their written
consent to participate in this study, in accordance with the Declaration of Helsinki. This study
received ethics approval from the Human Ethics Committee of the Centre de Recherche du
Centre hospitalier universitaire de Sherbrooke. None of the participants were diagnosed with
diabetes, based on medical history, repeated assessment of fasting glucose concentration and 75
g oral glucose tolerance test. None were taking any medication, had any current medical
condition known to affect lipid levels or insulin sensitivity, or had known cardiovascular or other

medical conditions.
Experimental Protocols

All subjects participated in a single metabolic protocol designed to assess whole-body
and tissue-specific metabolic rate as well as glucose turnover during an acute cold exposure. The
metabolic protocol consisted of a 120 min baseline period at ambient temperature (~25 °C)
followed by 180 min of exposure to a mild cold, elicited using a liquid conditioned suit (Three
Piece, Allen-Vanguard, Ottawa, ON) perfused with water at 18°C using a temperature and flow-
controlled circulation bath (Endocal, NESLAB Model 200-00, Micropump, Vancouver, WA,
USA). Experiments were conducted between 7h30 and 15h00, following a 12h fast and 48h
without strenuous physical activity. Subjects were asked to follow a two-day standard isocaloric

diet based upon a 3-day food record, filled a validated questionnaire for physical activity (Sallis
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et al., 1985) and underwent portable arm band accelerometry for 7 days (St-Onge et al., 2007).
Upon their arrival in the laboratory, subjects wearing only shorts were weighed and instrumented
with autonomous wireless temperature sensors (Thermochron iButton® model DS1922H,
Maxim) placed on the forehead, chest, forearm, back of hand, lower back and quadricep to
measure mean skin temperature (Palmes & Park, 1947). Surface electromyography electrodes
(Delsys, EMG System, USA) were placed on the belly of 8 large muscles known to contribute
significantly to shivering during cold exposure (Bell et al., 1992; Haman et al., 2004b; Haman et
al., 2005): m. pectoralis major, m. deltoideus, m. trapezius, m. sternocleidomastoid, m. rectus
abdominis, m. rectus femoris, m. vastus medialis and m. vastus lateralis. Participants were then
fitted with the liquid-conditioned suit, swallowed a telemetric thermometry capsule to measure
core temperature (Vital Sense monitor and Jonah temperature capsule, Mini Mitter Co., Inc.,
Bend, OR, USA) and performed a series of maximal voluntary contractions (MVC) of each of
the 8 muscles being recorded by sEMG for qualibration of the measures. Indwelling catheters
were then placed in an antecubital vein in both arms for blood sampling and tracer infusions.
Participants were asked to empty their bladder and a primed continuous infusion of [3-°H]-
glucose to measure Ragjycose (3.3 X 10° dpm min”! bolus + infusion at 0.33 x 10° dpm min']) and

[U-"*C]-palmitate to measure RaNEFA (1.2 umol kg™ bolus of [1-"*C]-NaH">CO5 + 0.01 pmol kg™

min™ infusion of [U-BC]-palmitate in 100 mL of 25% human serum albumin) were started (time
= 0 min) (Carpentier et al., 2001; Carpentier et al., 2005; Carpentier et al., 2007; Ouellet et al.,
2012). Whole body and muscle-specific shivering intensity and pattern as well as mean skin and
core temperatures were measured continuously from time 90 to 300 min as previously described
(Haman et al., 2004b). Only the mean of the final 30 min of the ambient period and final 120

min of the cold exposure are reported. Whole body oxygen consumption (VO,) and energy
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expenditure was determined by indirect respiratory calorimetry (Vmax 29n; Sensormedics)
(Haman et al., 2002; Haman et al., 2004c) (Carpentier AC AJP 2005) at room temperature and
between times 180 to 200 min and 280 to 300 min (i.e., 60 to 80 min and 160 to 180 min after

the beginning of cold exposure).
PET/CT protocol

Participants remained supine in a PET/CT scanner (Philips Gemini GXL; Philips,
Eindhoven, The Netherlands) for 120 min at ambient temperature (~25°C). Following this
ambient period, the liquid-conditioned suit was perfused with 18°C water for 180 min (between
120 and 300 min) while the participant remained supine in the PET/CT scanner. BAT oxidative
metabolism was determined by first performing a CT scan (40 mAs) centered at the cervico-
thoracic junction to correct for attenuation and to define PET regions of interest (ROI). At time
210 minutes (i.e. 90 minutes after onset of cold exposure), a ~185 MBq bolus of ''C-acetate was
injected intravenously, and was followed by a 30 minute list-mode dynamic PET acquisition.
This was immediately followed by another regional CT scan (40 mAS) and a ~185 MBq 1i.v.
bolus of '*F-fluorodeoxyglucose (‘*FDG) at time 240 min (i.e. 120 min after onset of cold
exposure) followed by a 40 minute list-mode dynamic PET acquisition. At time 300 min, a
whole body CT scan (16 mAs) and whole body static PET acquisition were performed to

determine whole body '"*FDG organ distribution and tissue standard uptake value (SUV).
PET/CT image analyses

ROI were first defined from the transaxial CT slices, then copied to ''C-acetate and then
to "*FDG PET image sequences. For dynamic PET acquisitions, mean value of pixels (mean

standard uptake value [SUV]) for each frame was recorded. ROI were drawn on the aortic arch
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for blood activity (input functions), the larger skeletal muscles in the field of view (e.g. m.
sternocleidomastoid, m. longus colli, m. trapezius, m. pectoralis major, m. deltoideus), on
posterior cervical subcutaneous adipose tissue and on supraclavicular BAT. For whole-body
scans, ROI were first defined from the transaxial CT slices and then co-registered to "*FDG
image sequences. Mean values of pixels (mean SUV) of ROI were determined bilaterally for
BAT, abdominal subcutaneous white adipose tissue (scWAT) and the following muscles: m.
sternocleidomastoid (SCM), m. longus colli (LC), m. trapezius (TR), m. lattissimus dorsi (LD),
m. pectoralis major (PM), m. deltoideus (DT), m. biceps brachii (BB), m. triceps brachii (TB),
m.brachioradialis (BR), m. erector spinae (ES), m.rectus abdominis (RA), m. psoas major (PS),
m. adductor magnus (AM), m. gluteus maximus (GM), m. biceps femoris (BF), m. rectus femoris

(RF), m. vastus medialis (VM), m. vastus lateralis (VL).
Calculations

The volume of supraclavicular BAT was determined according to the following criteria: a
tissue radio density between —30 and —150 Hounsfield units and '*FDG uptake during cold
exposure of more than 1.5 SUV unit (Ouellet et al., 2011). BAT total oxidative metabolism
index was calculated as the product of the total volume of supraclavicular BAT and BAT
oxidative metabolism index. To determine tissue glucose uptake, plasma and tissue time-
radioactivity curves were analyzed graphically using the Patlak linearization method (Menard et
al., 2010), with the image-derived arterial input function taken from the aortic arch (Croteau et
al., 2010). The slope of the plot in the graphical analysis is equal to BAT glucose fractional
uptake (K; in min™). BAT net glucose uptake (K,,) was then calculated by multiplying K; by
plasma glucose concentration, measured during the PET imaging protocol, which assumes a

lump constant value of 1.0 compared with endogenous plasma glucose. BAT oxidative
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metabolism index (the rapid fractional tissue clearance of ''C-acetate, k, in sec ') was estimated
from BAT ''C activity over time using a monoexponential fit from the time of peak tissue

activity (Buck et al., 1991).

Shivering EMG signals were recorded from the following muscle groups: PM, DT, TR,
SCM, RA, RF, VM and VL. Raw EMG signals were collected at 1000 Hz, filtered to remove
spectral components below 20 Hz and above 500 Hz as well as 60-Hz contamination and related
harmonics, and analyzed using custom-designed MATLAB algorithms (Mathworks, Natick,
MA). Shivering intensity of individual muscles was determined from root-mean-square (RMS)
values calculated from raw EMG. In brief, baseline RMS values (RMSpaseline: 5 min RMS
average measured prior to cold exposure) were subtracted from shivering RMS (RMSgiy) values
and RMS values obtained from the maximal voluntary contractions of individual muscles

(RMS¢). Shivering intensity was normalized to RMS,,,,. by using the following equation:

RMSshiv - RMSbaseline
Shivering Intensity (%MVC) = X 100 (1)

RMSmVC — RMSbaseline

Shivering intensity was determined by using a weighted mean of the shivering intensity of all 8

muscles, as previously described (Haman et al., 2004a).

The muscles identified by PET/CT scanning were grouped into upper body (e.g. SCM,
LC, TR, LD, PM, DT, BB, TB, BR, ES, RA) vs. lower body (e.g. PS, AM, GM, BF, RF, VM,
VL), peripheral (e.g. DT, BB, TB, BR, GM, BF, RF, VM, VL) vs. central (e.g. SCM, LC, TR,
LD, PM, ES, RA, PS, AM), and deep (e.g. LC, ES, AM, PS,) vs. superficial (e.g. SCM, TR, LD,

PM, DT, BB, TB, BR, RA, GM, BF, RF, VM, VL). A weighted average of glucose partitioning
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(SUV) of the 18 skeletal muscles, which include deep muscles that are inaccessible using surface

electromyography, was also used as a shivering metabolic index.
Laboratory assays

Insulin, cortisol, TSH, free T3 and free T4 were measured by specific radioimmunoassays
(Linco, St. Charles, MO, and Nichols Institute Diagnostics, San Juan Capistrano, CA). Glucose,
total plasma NEFA and triglycerides were measured using colorimetric assays (Wako Industrials
and Thermo DMA, respectively). To measure plasma palmitate, linoleate, oleate, and [U-C]-
palmitate enrichment, heptadecanoic acid was added as an internal standard to 100 pl of plasma
and mixed with 500 pul of methanol. After centrifugation, the supernatant was filtered and
injected on a Hypersil ODS column (5 um, 4.0 x 125 mm) on an LC/MSD series 1100 (Agilent)
with monitoring of ions 279 (C18:2), 281 (C18:1), 255 (C16:0), 271 (C16:0 M +16), and 269
(C17, internal standard). Standard curves were generated for C16:0, C18:1, C18:2, and C16:0 M

+16 enrichment by use of purified standards of known concentration.

Statistical analysis

Data are expressed as mean + SEM. Paired #-test was used to compare averaged steady-
state mean values of all end-points of interest between room temperature and cold exposure.
ANOVA for repeated measures with Bonferroni post-hoc test was used to compare glucose
partitioning and shivering intensity between the different tissues or muscles. Spearman
correlation was used to determine correlation between variables. A 2-tailed P value of less than

0.05 was considered significant. All analyses were performed using SPSS for Windows (version
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16.0; SPSS Inc., Chicago IL) or GraphPad Prism version 6.01 for Windows (GraphPad, San

Diego, CA).

RESULTS

During cold exposure, average skin temperature and core temperature decreased by 4.5 +
0.3 °C and 0.4 £ 0.1 °C, respectively, eliciting an 82% increase in energy expenditure (Table 1).
By design, whole body shivering intensity was controlled and maintained to 1.6 + 0.4 % MVC
(Table 1). Plasma glucose, insulin and triglyceride concentrations did not change during cold
exposure (Table 1), whereas NEFA levels increased by 48% (P < 0.001, Figure 1A). This was a
result of a cold-induced increase in the R, of NEFA (Figure 1C), which increased by 41% in the
cold (868 + 71 pmol'min™ in the cold vs. 616 + 60 pmol'min” at room temperature). The
monoexponential decay slope from tissue peak ''C activity (‘' C-acetate k), a surrogate of tissue
oxidative metabolism (Brown et al., 1987; Ng et al., 1994), increased 2.3-fold during cold
exposure (Figure 1C) which was paralleled by an increase in the radiodensity of BAT (Figure

D).
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Figure 1. Whole-body NEFA Kkinetics and BAT lipolysis and oxidative metabolism. Plasma
NEFA concentrations (A), BAT monoexponential decay slope from peak ''C activity (BAT ''C-
acetate k; B), NEFA rate of appearance in circulation (C) and BAT radiodensity at room
temperature and during cold exposure (D). Values presented as mean + SEM (n = 12). *
Different from room temperature, P < 0.01, **, P <0.001.
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TABLE 1. Core and mean skin temperature, energy expenditure, circulating metabolites and
hormones and plasma glucose and NEFA appearance rates.

Tenlli)(::"l;ure Exf)zls?lre PValue
Mean skin temperature (°C) 33.1+£0.3 28.6+0.3 0.0001
Core temperature (°C) 36.5+0.1 36.1 £0.1 0.001
Energy expenditure (kJ min™) 6.7+0.3 122 +0.8 0.0001
Shivering intensity (% MVC) - 1.6+0.3 -
Shivering index (mean SUV) - 0.8 0.1 -
Glucose (mmol I™") 44+02 44+02 0.71
Ragiycose (WMol min™) - 1600 + 235 -
Insulin (pmol 1) 65.1+7.2 58.1+4.8 0.15
Triglycerides (mmol 1™ 1.02+0.23 1.03+0.21 0.98
Cortisol (nmol I™") 285 +£22 284 + 20 0.97
TSH (IU 1) 1.95+0.41 1.65+0.29 0.06
Free T4 (pmol ') 16.7+ 0.4 17.1+0.4 0.02
Free T3 (pmol I'") 57+£0.2 56+0.2 0.21

Data are expressed as mean = SEM for steady-state values during the last 30 min at each

temperature (7 = 12). Ragjucose, glucose rate of appearance.
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The mean BAT volume of activity represented 117+34 mL (Figure 2A), which when
multiplied by the tissue oxidative metabolism provided a more accurate perspective on total BAT
oxidative metabolism and demonstrated a 69% increase due to cold exposure (from 0.91+0.47
mL of BAT-''C-acetate sec” to 1.69 + 0.59 mL of BAT-''C-acetate sec”’; Figure 2B). During
cold exposure, the fractional uptake (K;; Figure 2C) and net uptake (K,,; Figure 2D) of "*FDG,
during the cervicothoracic dynamic PET/CT acquisition, was significantly greater in
supraclavicular BAT compared with m. deltoideus, m. trapezius, and subcutaneous adipose tissue
but not compared to the m. pectoralis major, m. sternocleidomastoid and m. longus colli. A
strong association between the relative uptake of '"FDG in BAT (in mean SUV) and both the
fractional and net uptake of '""FDG in BAT (Figure 2E-F) suggests that the relative uptake of

"EDG may be a reliable surrogate to estimate net glucose uptake in BAT.
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Figure 2. BAT energy metabolism during acute cold exposure. BAT volume of activity (A)
during cold exposure. BAT total oxidative metabolism index (B) at room temperature and during
cold exposure. Fractional (K;) (C) and net (K,,) glucose uptake (D) in cervicothoracic tissues. The
relationship between the relative uptake of '*FDG in BAT and fractional and net glucose uptake
in BAT (E-F). Values presented as mean + SEM (n = 12). * Different from room temperature, P
<0.01, * Different from BAT, P<0.01.
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To further investigate the relationship between sympathetically-mediated whole body lipolysis

and BAT metabolism, we examined the association between the cold-induced changes in the

NEFA R, (A R, NEFA) and BAT volume of activity (Figure 3A), cold-induced total BAT

oxidative metabolism (A BAT total oxidative metabolism index, Figure 3B) and BAT total

glucose uptake (Figure 3C). We found a strong association between the A R, NEFA and the BAT

metabolic variables, but no such association between A R, NEFA and cold-induced muscle

metabolism (Figures 3D-F).
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Figure 3. Sympathetic nervous system-mediated WAT lipolysis and BAT and skeletal
muscle metabolism. Spearman correlation between whole-body changes in NEFA Ra (A R,
NEFA) and BAT volume of activity (A), change in BAT total oxidative metabolism index (B),
BAT total glucose uptake (C), shivering intensity (D), PET-determined shivering index (E) and
skeletal muscle total glucose uptake (F).
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To begin investigating BAT energy metabolism and the role of circulating glucose, we examined
the association between '"FDG uptake and the radiodensity of BAT prior to i.v. injection of
"EDG during cold exposure (Figure 4A-B) and cold-induced BAT oxidative metabolism (Figure
4C-D). We found that the radiodensity of BAT prior to i.v. injection of "*FDG during cold
exposure was strongly associated with the fractional and net '*FDG uptake (Figure 4A-B). This
provides some indications of both the effect of TG content on '*FDG uptake and the possible
metabolic fate of the glucose taken up by BAT. That the fractional and net '*FDG uptake did not
correlate with the oxidative metabolism of BAT (Figure 4C-D), suggests that it is likely

indirectly fueling BAT thermogenesis, via de novo lipogenesis.
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The fall in mean skin temperature induced a 1.8-fold increase in VO, (Figure 5A; 0.328 = 0.016
L'min” to 0.582 + 0.040 L-min™"). No relationship between this change in VO, and either
shivering intensity (Figure 5D; r = 0.44, P = 0.15), BAT volume of activity (Figure 5E; r = 0.40,
P = 0.20) or BAT total oxidative capacity (Figure 5F; r = 0.19, P = 0.57) was identified.
Interestingly, no relationship between the shivering intensity and BAT volume of activity or

BAT total oxidative metabolism was found either (Figure 5B-C).
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Figure 5. BAT - skeletal muscle thermoregulatory interaction during cold exposure.
Oxygen consumption ( VO, ) at room temperature and during cold exposure (values presented as
mean + SEM; A). Spearman correlation between shivering intensity and BAT volume of activity
(B) and cold-induced BAT total oxidative capacity (A BAT total oxidative metabolism index;
C). Spearman correlation between cold-induced change in VO, (A VO, ) and shivering intensity

(D), BAT volume of activity (E) and cold-induced BAT total oxidative capacity (F). ***
Different from room temperature, P < 0.0001.
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To quantify the contribution of BAT and shivering muscles in clearing circulating glucose, we
estimated total glucose uptake and plasma glucose turnover in these two tissues (Figure 6A-B).
Total glucose uptake during cold exposure was 42-times greater in skeletal muscle compared to
BAT (675+124 umol-min'1 in skeletal muscle vs. 16+8 pmol-min™ in BAT). This represented

47+7 % of glucose turnover occurring in muscle compared to 1 =1 % in BAT.
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Figure 6. BAT and skeletal muscle metabolic regulatory function during cold exposure.
Total glucose uptake (A) and plasma glucose turnover (B) of skeletal muscle (red bar) and BAT

(brown bar). Values presented as mean + SEM (n = 12). **Different from BAT, P < 0.001, ***
P <0.0001 .

Whole body static PET acquisition showing the relative bio-distribution of '*FDG and is
presented in Figure 7A. The relative uptake of '®FDG, as assessed by the mean SUV, varied
considerably between muscles and relative to BAT (P < 0.0001, between all muscles and BAT).
Of the eight muscles that were examined concomitantly by SEMG, the mean SUV of "*FDG was
significantly greater in the m. pectoralis major relative to m. vastus lateralis, m. vastus medialis,
m. rectus femoris, m. rectus abdominis, m.deltoideus and m. trapezius (P < 0.001), but not
m.sternocleidomastoid (P = 0.76). The relative uptake of BEDG between BAT and all skeletal
muscles was compared and showed no significant difference between BAT and m. longus colli,

m. psoas major and m. sternocleidomastoid (3.72 = 0.71 vs. 2.80 = 0.31, 1.73 +£ 0.45, 1.44 £ 0.29
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mean SUV, respectively, P > 0.05). Muscle-dependent differences in shivering intensity were
observed (P < 0.001) during cold exposure, assessed by sEMG, with m.pectoralis major showing
greater shivering activity than m. rectus femoris, m. vastus lateralis, m. rectus abdominis, m.
vastus medialis and m. deltoideus but not compared to m. trapezius and m. sternocleidomastoid
(Figure 7B). To determine whether the relative uptake of 'SFDG could serve as a reliable
surrogate to SEMG, we compared the shivering intensity, determined by sSEMG, with a shivering
index, determined by PET (Figure 7C). We found a positive association between these two
variables (r* = 0.36, P = 0.04), with the remaining variability likely explained by the activity of
deep muscle groups which are detectable by PET but not by sSEMG. Indeed, the relative uptake
of ""FDG was significantly greater in centrally located muscles relative to peripheral muscles (P
< 0.0001) and deep muscles compared to superficial muscle groups (P < 0.001), whereas no

difference was seen between upper body and lower body muscles (P = 0.19; Figure 7D).
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Figure 7. Bio-distribution of glucose and muscle recruitment during cold exposure. Relative
uptake of '*FDG in BAT, subcutaneous WAT (scWAT) and skeletal muscles during cold
exposure (A,D). Shivering intensity of m. pectoralis major, m. trapezius, m. sternocleidomastoid
(n=9), m. rectus femoris, m. vastus lateralis (n =9), m. rectus abdominis, m. vastus medialis (n
=9) and m. deltoideus (n = 9), determined by surface EMG (B). Spearman correlation between
shivering intensity determined by surface EMG and a shivering index calculated using the
relative uptake of 'FDG in skeletal muscles. Values presented as mean = SEM (n = 12, unless
otherwise indicated). *Different from BAT, P <0.05, ** P <0.001. * Different from m.
pectoralis major, P <0.05,¥* P<0.001. ** Significant difference, P < 0.001.
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DISCUSSION

The primary focus of this paper was to examine the inter-relationship between WAT,
stimulated BAT and skeletal muscle on whole-body thermogenesis and substrate handling. The
current findings establish a direct association between sympathetically-induced WAT lipolysis
and BAT metabolism in humans. Additionally, in our lean, healthy cohort, cold-induced
thermogenesis was derived from a balanced contribution between BAT and skeletal muscle with
the latter providing the greatest thermogenic potential and capacity to regulate whole-body
energy homeostasis under these thermal conditions. By mapping the bio-distribution of the
positron-emitting glucose analog '*FDG among a series of muscle groups, a pattern of muscle
recruitment emerged whereby deep, centrally-located muscles were preferentially recruited over
superficial, peripherally-located muscles for thermogenesis. Such a recruitment pattern is not
only a reflection of the central efferent pathways involved, but may also be of significance in
partially relieving skeletal muscle from its thermoregulatory function in favour of its more

essential motor function.

Cold-induced WAT lipolysis and BAT thermogenesis

Sympathetic B-adrenergic stimulation initiates the hydrolysis of intracellular TG in WAT and
BAT. In brown adipocytes, the hydrolysed intracellular TG generate fatty acids that serve as both
the activator and metabolic substrate fueling BAT thermogenesis. Rodent models have shown
regional variations in the sympathetic drive of various adipose depots, which appears to be
influenced by the lipolytic stimulus (Brito ef al., 2008). Cold exposure elicited the greatest
sympathetic drive and thus lipolytic activity, which seemed to be generalized across the various

adipose depots (except dorsosubcutaneous WAT) but was most potent in BAT. Although
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regional differences in catecholamine-mediated WAT lipolysis and adrenoreceptor activity have
been well documented in humans (Leibel & Hirsch, 1987; Mauriege et al., 1987; Wahrenberg et
al., 1989; Mauriege et al., 1991), the relationship between sympathetically-triggered lipolysis in
WAT and BAT thermogenesis has never been investigated. Here we show that under a mild cold
stress, whole-body lipolytic activity increases by 41% and is paralleled by an 86% increase in
BAT oxidative metabolism. This sympathetically-stimulated WAT lipolysis was strongly
associated with the volume of BAT taking up '*FDG, net '*FDG uptake and most importantly the
total oxidative metabolism of BAT. These findings have important implications as they
demonstrate that sympathetic nervous system-mediated WAT lipolysis and BAT thermogenesis
are closely matched. Obese insulin-resistant individuals exhibit a blunted response to
catecholamine-induced lipolysis in WAT (Reynisdottir et al., 1994; Horowitz et al., 1999;
Jocken et al., 2008), which is associated with a reduction in cell surface 3,-adrenergic receptor
density (Reynisdottir et al., 1994). If such a catecholamine resistance is extended to BAT, this
might explain the lower volume of BAT taking up '*FDG (Vijgen et al., 2011) and BAT glucose
uptake (Orava et al., 2013) reported in obese individuals, suggesting that this WAT-BAT
relationship may play an important part in the development of obesity, lean tissue energy
overload and lipotoxicity (Grenier-Larouche et al., 2012). The inability of WAT to properly
regulate NEFA fluxes, characteristic of the pathogenesis of type 2 diabetes and obesity (as
reviewed in Lewis et al, 2002; Carpentier ef al., 2011), combined with a dysregulation in
facultative heat production by BAT would place an additional load on other learn organs such as
the liver, heart and skeletal muscle to store and dissipate energy. Whether this explains our
current understanding of BAT metabolism in obese and diabetic individuals requires further

exploring, but the findings from the present study lend some support to this hypothesis.
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As previously described, the mechanism by which BAT thermogenesis is both activated
and fueled relies upon the lipolysis of intracellular TG. Consistent with our previous findings
(Ouellet et al., 2012; Blondin et al., 2014), the cold-induced increases in BAT radio-density in
the present study (from -103 + 3 HU to 86 + 5 HU) indicate that BAT oxidative metabolism was
indeed primarily supported by intracellular TG utilization. That BAT '"*FDG uptake was limited
to 15.6 + 7.7 umol min™, accounting for 1.2 +0.6 % of plasma glucose turnover, and was
inversely associated with BAT triglyceride content but not associated with BAT oxidative
metabolism, indicates that uptake of circulating glucose by BAT is dependent upon intracellular
TG content but not the tissue metabolic rate. This suggests that under short-term acute cold
exposure circulating glucose may indirectly fuel BAT thermogenesis through the replenishment
of intracellular TG pools (i.e. de novo lipogenesis). It also demonstrates that '*FDG may be a
good marker of BAT de novo lipogenesis but not necessarily BAT thermogenesis. That cold-
induced thermogenesis and clearance of circulating substrates was only partially explained by
BAT metabolism, led us to then investigate the thermoregulatory and metabolic regulatory

interaction between shivering skeletal muscle and BAT.

Thermoregulatory BAT - skeletal muscle interaction

A recent surge in mild cold exposure studies have focused on the thermoregulatory and
potential metaboregulatory role of stimulated BAT in humans (van Marken Lichtenbelt et al.,
2009; Virtanen et al., 2009; Orava et al., 2011; Vijgen et al., 2011; Yoneshiro et al., 2011;
Muzik et al., 2012; Ouellet ef al., 2012; Vijgen et al., 2012; Vosselman et al., 2012; Muzik et al.,
2013). Although the prospect of applying BAT-mediated thermogenesis as a treatment for

obesity and its associated diseases appears obvious. The current study demonstrates that skeletal
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muscle, even under such a mild cold stimulation, has a similarly effective regulatory role. To
begin teasing out the interaction between BAT metabolism and shivering activity as well as their
effect on whole body energy metabolism, we examined the association between shivering
intensity and the volume of metabolically active BAT as well as its oxidative capacity. Using a
robust cooling protocol designed to clamp the skin temperature and consequent thermosensory
input, we found that the thermogenic contribution of BAT versus skeletal muscle varied
tremendously (Figure 5) as did the shivering activity between individual muscles (Figure 7). In
some individuals shivering skeletal muscle had a markedly greater contribution to heat
production than BAT, for the same change in metabolic rate (Figure 4). While whole-body
shivering intensity, quantified using SEMG, was limited to ~2 % MVC, the shivering activity of
individual muscles varied from 0.2 + 0.1 % MVC in the m. deltoideus to as high as 4.5 + 1.2 %
MVC in the m. pectoralis major. This clearly indicates that shivering activity was present to
varying degrees in this study and was contributing to the cold-induced increase in metabolic rate,
even in individuals demonstrating greater BAT oxidative metabolism. Previous investigations
have relied on qualitative methods such as visual inspection, self-reporting or experimenter-led
inquiries (van Marken Lichtenbelt et al., 2009; Vijgen et al., 2011; Yoneshiro et al., 2011,
Vijgen et al., 2012; Vosselman et al., 2012) as well as more quantitative approaches such as the
muscle perfusion (Orava et al., 2011; Muzik et al., 2012; Muzik et al., 2013; Orava et al., 2013)
and glucose uptake (Orava ef al., 2011; Orava et al., 2013) of a single muscle via >0 and '"*FDG
PET methods to determine muscle activity under similar thermal conditions. In many cases, by
experimental design, overt shivering was considered absent or blunted. Indeed, if the SEMG
results of m. deltoideus are examined (Figure 7), the reference muscle commonly used (Orava et

al., 2011; Muzik et al., 2012; Muzik et al., 2013; Orava et al., 2013), a similar absence of
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shivering activity would be concluded and would be consistent with previous studies also using
sEMG (Meigal et al., 1996; Meigal et al., 1998). However, combined, these studies simply
demonstrate that careful consideration should be taken if measuring muscle activity of a single
muscle to represent whole-body muscle metabolism as the thermogenic and metabolic

contribution of skeletal muscle may be vastly underestimated.

Metaboregulatory BAT - skeletal muscle interaction

There have been a number of promising investigations in rodents demonstrating the
effectiveness of BAT in regulating triglyceride clearance (Bartelt et al., 2011), glucose
homeostasis and insulin sensitivity (Stanford et al., 2013) and energy balance by dissipating
excess energy during cold exposure or excess feeding (Rothwell & Stock, 1979; Feldmann et al.,
2009). However, in vivo confirmation of these metabolic regulatory functions in humans, has
remained less clear. The findings from the present study not only show important
thermoregulatory interactions between BAT and shivering muscles, but also demonstrate the
metabolic regulatory function of these highly thermogenic tissues. Expanding our investigation
of the metabolic interaction between BAT and shivering muscles, we investigated their
respective roles in regulating circulating substrates. Although it should come as no surprise, total
glucose uptake and plasma glucose turnover were both more than one order of magnitude greater
in skeletal muscle compared to BAT in humans acutely exposed to the cold. With BAT mass
representing ~1% of total body weight in adult humans compared to the ~42% represented by
skeletal muscle (Rolfe & Brown, 1997) combined with the generalized muscle recruitment
inherent in shivering, the overall potential for skeletal muscle to clear circulating substrates
during cold exposure via contraction-mediated pathways is significantly greater. It should be

noted, however, that the clearance of circulating substrates by BAT may be greatest either during
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more prolonged cold exposures or once cold exposure is concluded. In these contexts,
intracellular TG likely deplete and must rely on lipogenesis to replenish TG stores to maintain or
re-activate BAT thermogenesis.

Particular muscles were preferentially recruited to produce heat during cold exposure,
which would incidentally lead to circulating substrates being channeled preferentially towards
these same muscles. Indeed, whether examining individual muscles or grouping them according
to their anatomical location, it was clear that under mild cold conditions deep, centrally-located
muscles were preferentially recruited and thus clearing plasma glucose to a greater extent than
superficial, peripherally-located muscles. This was consistent with previous observations made
using surface EMG (Bell et al, 1992) and indications from our previous BAT metabolism
investigation (Ouellet et al., 2012), which showed that tissue oxidative and/or nonoxidative
metabolism (acetate retention), was elevated in the m. longus colli compared to the m. trapezius
and m. deltoideus. The rhythmicity, shivering intensity and pattern have all been suggested to be
determined locally in the spinal cord (Perkins, 1945; Tanaka et al., 2006). The activation of
neurons in the reticulospinal tract, which in primates excites motoneurons primarily of proximal
muscles and to a smaller extent distal muscles (Shapovalov, 1972; Davidson & Buford, 2004;
Riddle et al., 2009), also suggest that proximal muscle groups may be preferentially recruited
over distal muscle groups during shivering thermogenesis; proximal muscle group activation
being only observable non-invasively using nuclear imaging techniques, had never been
attempted previously. Given the well documented contraction-stimulated glucose uptake in
skeletal muscle (Glatz et al., 2010; Wasserman et al., 2011) and that BEDG is retained in the cell
in proportion to the glycolytic rate (Phelps, 2000; Sharp et al., 2012) we examined the

relationship between EMG-derived shivering activity and the relative uptake of '*FDG in the
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same skeletal muscles. As would be expected, a strong direct relationship between EMG-
determined shivering intensity and the relative uptake of '*FDG was observed (Figure 7),
suggesting that the latter could serve as a strong surrogate to EMG-determined shivering
intensity.

The apparent preferential muscle recruitment may have important implications in further
understanding and targeting the metabolic mechanisms recruited through acute and chronic cold
exposure. Recent studies have suggested potential inter-organ interactions between skeletal
muscle and BAT (classical or brown-in-white) (Bostrom et al., 2012; Yin et al., 2013; Lee et al.,
2014) with the muscle contractions of shivering providing the stimulus for phenotypic changes
(Lee et al., 2014). 1t is intriguing to hypothesize that perhaps these interactions occur directly
through specific muscle groups either based on anatomical location. For example, satellite cell-
derived brown adipocyte differentiation was observed in intercostal, paraspinal, and back
muscles but not the limb muscles of mice exposed to 4°C for 1 week (Yin et al., 2013). While
we are still in the early exploration phases in examining this hypothesis, it is worth considering
the various muscles recruited and metabolically active under such thermal conditions considering
the potential specificity of these mechanisms.

In summary , the findings from this study present an interesting interconnection between
WAT, BAT and skeletal muscle. This interaction illustrates how the balance between these
tissues could positively influence whole-body energy homeostasis, while also implying that BAT
may be susceptible to similar lipolytic dysfunction as WAT in the pathogenesis of obesity and
diabetes. The latter would explain the absence or impaired function of cold-induced BAT activity
in individuals who are morbidly obese or diabetic (Vijgen et al., 2011; Orava et al., 2013).

However, such a fate would result in a greater contribution to heat production from shivering
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skeletal muscles, which do not appear to be influenced by the sympathetically-mediated
lipolysis and appear to clear and utilize circulating substrates efficiently. Further investigations

are required to examine these interactions in these populations.
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ABSTRACT
Context: Recent studies examining brown adipose tissue (BAT) metabolism in adult humans have
provided convincing evidence of its thermogenic potential and role in clearing circulating glucose and
fatty acids under acute mild-cold exposure. In contrast, early indications suggest that BAT metabolism is
defective in obesity and type 2 diabetes (T2D), which may have important pathological and therapeutic
implications. Although, many mammalian models have demonstrated the phenotypic flexibility of this

tissue through chronic cold exposure, little is known about the metabolic plasticity of BAT in humans.

Objective: To determine whether four weeks of daily cold exposure could increase both the volume of

metabolically active brown adipose tissue (BAT) and its oxidative capacity.

Design: Six non-acclimated men were exposed to 10°C, two hours daily for four weeks (5 days/week),
using a liquid-conditioned suit. Using electromyography combined with positron emission tomography
with ''C-acetate and "*F-fluorodeoxyglucose, shivering intensity and BAT oxidative metabolism, glucose
uptake and volume prior to and following four weeks of cold acclimation were examined under controlled

acute cold exposure conditions.

Results: The four-week acclimation protocol elicited a 45% increase in BAT volume of activity (from
66+30 to 95+28 mL, P<0.05) and a 2.2-fold increase in cold-induced total BAT oxidative metabolism
(from 0.725+0.300 to 1.591+0.326 mL-sec”, P<0.05). Shivering intensity was not significantly different
pre- compared to post-acclimation (2.1+£0.7 vs 2.0£0.5 %MVC, respectively). Fractional glucose uptake
in BAT increased post-acclimation (from 0.035+0.014 to 0.048+0.012 min) while net glucose uptake

trended towards an increase as well (from 163+60 to 209+50 nmol-g" -min™).

Conclusions: These findings demonstrate that daily cold exposure not only increases the volume of
metabolically active BAT, but also increases its oxidative capacity and thus its contribution to cold-

induced thermogenesis.
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INTRODUCTION

In the four years since the seminal papers describing the presence of functional brown adipose
tissue (BAT) in adult humans were published (Cypess et al., 2009; van Marken Lichtenbelt et
al., 2009; Virtanen et al., 2009), significant progress has been made in characterizing its
developmental origin (Sharp et al., 2012; Wu et al., 2012), function (Ouellet et al., 2012;
Vosselman et al., 2013) and distribution (Ouellet et al., 2011; Cypess et al., 2013). As in most
mammals, BAT provides an important contribution to thermoregulatory heat production in adult
humans (Ouellet et al., 2012). The scarce amount of BAT found in individuals who are
overweight or obese (Vijgen et al., 2011; Orava et al., 2013) combined with the large BAT mass
and lean phenotype exhibited by patients with pheochromocytoma (catecholamine-secreting
tumors) (Ricquier et al., 1982; Lean, 1989) have lead to suggestions that it may also play an
important part in energy homeostasis. Whether BAT can be induced to grow or increase its
metabolic capacity and consequently be a therapeutic target for obesity and its related
complications remains unclear. Evidence from animal models (Cannon & Nedergaard, 2004)
and indirect-support from human studies (Huttunen et al., 1981; Vijgen et al., 2012) have
suggested an inherent plasticity to this tissue, presenting signs of BAT recruitment. Further, the
differentiation of both types of brown adipocytes (classical and beige/brite) (Wu et al., 2012;
Schulz et al., 2013; Yin et al., 2013) and its activation (van Marken Lichtenbelt et al., 2009;
Virtanen et al., 2009; Ouellet ef al., 2012) appear to be largely mediated by a sympathetic input.
To date, the most potent and effective sympathetic stimulator of BAT differentiation and
activation in humans has been cold exposure, as most sympathomimetics applied in vivo have
shown little to no effect on BAT activation (Cypess et al., 2012; Vosselman et al., 2012; Carey

et al., 2013). Very recent studies have demonstrated that relative BAT glucose uptake as
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assessed by increased '*F-fluorodeoxyglucose (‘*FDG) standard uptake value (SUV) with
positron emission tomography (PET) can be increased by repeated cold exposure in humans (van
der Lans et al.,, 2013; Yoneshiro et al, 2013). However, whether BAT oxidative capacity
increases with the increase in BAT recruitment has not yet been demonstrated in adult humans.
Six healthy, lean men were invited to participate in a four-week cold-acclimation protocol and
undergo acute cold exposure studies prior to and following the intervention to determine whether
four weeks of daily cold exposure could increase both the volume of metabolically active BAT

and its oxidative capacity.
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MATERIALS AND METHODS
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Six healthy, lean men aged 23 + 1 years with a BMI of 24.5 + 1.2 kg/m? and body surface

area of 2.01 + 0.04 m® participated in two metabolic experimental sessions within a four-week

interval designed to assess whole body and tissue-specific metabolism during an acute cold

exposure (Figure 1). The cold acclimation protocol followed between these two experimental

sessions consisted of daily cold exposure lasting two hours where 10°C water was circulated

through a liquid conditioned suit (Three Piece, Allen-Vanguard, Ottawa, ON), repeated 5

consecutive days per week for 4 consecutive weeks for a total of 18 acclimation sessions and 2

testing sessions. Participants were asked to maintain their current training regiment and refrain

from drinking caffeinated or alcoholic beverages for the duration of the study.

I | | i i | >
0 min 120 min 210min 240min 270min 300 min
Room temperature Cold exposure

‘ EMG and skin and core temperature monitoring ‘

‘ IV [3-*H]-glucose, [U-1*C]-palmitate ‘

Indirect calorimetry - - -
[e- MC | pepyEpa [18F1-FDG whole
acetate acetate body PETICT

PET dynamic acquisition procedures
. e o o o . . . e o o e Blood sampling

Figure 1. Study protocol.
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Each acute cold exposure experimental session consisted of a 120 min baseline period at
ambient temperature (~25 °C) followed by 180 min of exposure to a mild cold, elicited using the
same liquid conditioned suit. During cold exposure, 18.0°C water was circulated through the suit
during the pre-acclimation visit and water at a temperature eliciting the same individualized
inlet-outlet temperature difference as the pre-acclimation protocol (16.8+0.1°C) was circulated
during the post-acclimation visit using a temperature-controlled circulation bath (Endocal,
NESLAB Model 200-00, Micropump, Vancouver, WA, USA). The post-acclimation
temperature was adjusted to induce a similar thermogenic rate between the two experimental
sessions. The same suit was used for all subjects to maintain consistent tubing density and water
flow. Experiments were conducted between 0730 h and 1600 h, following 48h without strenuous
physical activity. Upon their arrival in the laboratory, subjects wearing only shorts were
weighed and instrumented with 12 autonomous wireless temperature sensors (Thermochron
iButton® model DS1922H, Maxim) fixed to the skin to measure mean skin temperature (Hardy
& Dubois, 1938) and surface electromyography electrodes (Delsys, EMG System, USA) placed
on the belly of 12 muscles. Participants were then fitted with the liquid conditioned suit,
ingested a telemetric thermometry capsule to measure core temperature (Vital Sense monitor and
Jonah temperature capsule, Mini Mitter Co., Inc., Bend, OR, USA) and performed a series of
exercises to estimate the maximal voluntary contraction (MVC) of each of the muscles being
measured for shivering activity. Whole body metabolic heat production was determined by
indirect respiratory calorimetry (Vmax 29n; Sensormedics) (Haman et al, 2002) at room
temperature and between times 180 to 200 min and 280 to 300 min (i.e., 60 to 80 min and 160 to
180 min after the beginning of cold exposure). Whole body and muscle-specific shivering

intensity and pattern as well as mean skin and core temperatures were measured continuously
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from time 90 to 300 min as previously described (Haman et al., 2004b). Only the means of the
final 30 min of the ambient period and final 120 min of the cold exposure are reported. A
weighted average of the '*FDG uptake of 18 skeletal muscles, which includes deep muscles that
are inaccessible using surface electromyography, was also used as a shivering index to determine
whether: 1) shivering activity was modified based on muscle location (superficial vs. deep) and
2) "FDG uptake in skeletal muscles could serve as a viable indicator of whole body shivering
activity. Plasma glucose appearance rate (Ragjucose) Was determined using a primed continuous

infusion (0.33 x 106 dpm/min) of [3-’H]-glucose (Carpentier et al., 2001). RaNEFA was measured

using i.v. administration of [U-"C]-palmitate using the Steele steady-state equation, as

previously described (Carpentier et al., 2005).

PET/CT protocol

Tissue oxidative metabolism was determined by first performing a CT scan (40 mAs)
centered at the cervico-thoracic junction to correct for attenuation and to define PET regions of
interest. At time 90 minutes (room temperature) and again at time 210 minutes (i.e., 90 minutes
after onset of cold exposure), ~185 MBq of ''C-acetate was injected intravenously followed by
30-minutes list-mode dynamic PET acquisition (24 x 10 s, 12 x 30 s, 4 x 300 s), as previously
described (Labbe et al., 2011). Tissue oxidative metabolism index (the rapid fractional tissue
clearance of ''C-acetate, k, in s') was estimated from tissue ''C activity over time using
monoexponential fit from the time of peak tissue activity (Buck et al., 1991). This method is
based on the following assumptions (Klein et al., 2001): (a) acetate enters the Krebs cycle freely

after rapid conversion into acetyl-CoA; (b) other acetate metabolic fates (e.g., de novo
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lipogenesis) are relatively slow compared with the Krebs cycle carbon fluxes; (c) carbon fluxes
into the Krebs cycle through acetyl-CoA are directly coupled to the production of reducing
equivalents; (d) the Krebs cycle contribution to the production of reducing equivalents is stable
and accounts for approximately two thirds of total production; and (e) the production of reducing
equivalents is tightly coupled to oxygen consumption. Total oxidative metabolism index of BAT
was determined by multiplying & by the total volume of metabolically active BAT, as
determined by '""FDG uptake (described below). This calculation was performed to reflect the
total oxidative metabolism of BAT located throughout the body, whereas k represents the

oxidative metabolism of a particular depot.

To determine tissue glucose uptake, an i.v. bolus of BEDG (~185 MBq) was given at
time 240 minutes (i.e., 2 hours after the onset of cold exposure), with 40-minutes list-mode
dynamic PET acquisition (12 x 10s, 8 x 30's, 6 x 90 s, 5 x 300 s), followed by a CT scan (40
mAs) centered at the cervicothoracic junction to correct for attenuation and for definition of PET
regions of interest. Plasma and tissue time-radioactivity curves were analyzed graphically using
the Patlak linearization method (Menard ef al., 2010), with the image-derived arterial input
function taken from the aortic arch (Croteau et al., 2010). The slope of the plot in the graphical
analysis is equal to the tissue glucose extraction constant of BEDG (K; in min"'of "*FDG).
Tissue net glucose uptake (K,) was then calculated by multiplying K; by plasma glucose
concentration, measured during the PET imaging protocol, which assumes a lump constant value
of 1.0 compared with endogenous plasma glucose. Following cold exposure (at time 300 min), a
whole body CT scan (16 mAs) followed by a static whole-body PET acquisition was performed

to determine whole body '*FDG organ distribution and tissue standard uptake value (SUV).
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PET/CT image analyses

The regions of interest (ROI) were first defined from the transaxial CT slices, then copied to
"FDG and then to ''C-acetate PET image sequences. For dynamic PET acquisitions, mean value
of pixels (mean standard uptake value [SUV]) for each frame was recorded. Regions of interest
were drawn on the aortic arch for blood activity (input functions), the larger skeletal muscles in
the field of view, posterior cervical subcutaneous adipose tissue and on supraclavicular BAT
according to the following criteria: a tissue radio density between —30 and —150 Hounsfield units
and ""FDG uptake during cold exposure of more than 1.5 SUV unit. Total BAT volume of
activity on whole-body scans were also quantified according to the latter criteria.. For whole-

body scans, mean values of pixels (mean SUV) for all tissues of interest were recorded.

Statistical analysis

Data are expressed as mean + SEM. Paired Student’s ¢ test was used to compare between
acute cold exposure experimental sessions. Two-way ANOVA for repeated measures with
acclimation status, temperature and their interaction as the independent variables was used to
analyze acclimation- and temperature-dependent differences in averaged steady-state hormone
and metabolite levels and blood and tissue PET-acquired activities throughout the protocols.
Bonferonni's multiple comparisons post-hoc test was used, where applicable. Appropriate
transformations of variables were performed when normal distribution was not observed for
parametric statistical testing. Pearson correlation coefficients were used to determine correlation
between variables. A 2-tailed P value of less than 0.05 was considered significant. All analyses
were performed using SPSS for Windows (version 16.0; SPSS Inc., Chicago IL) or GraphPad

Prism version 6.00 for Windows (GraphPad, San Diego, CA).



118

Study approval.

Participants were fully informed of the risks and methodologies applied and provided
their written consent to participate in this study, in accordance with the Declaration of Helsinki.
This study received ethics approval from the Office of Research Ethics and Integrity at the
University of Ottawa and the Institutional Review Board for research on humans of the Centre

hospitalier universitaire de Sherbrooke and Université de Sherbrooke.
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RESULTS
Effect of cold acclimation on thermal responses and plasma metabolites.

The energy expenditure was individually matched between experimental sessions by
maintaining the same difference in inlet and outlet temperature of the water circulating through
the cooling garment (A 2.8+0.2°C; Figure 2A), before and after the four-week cold acclimation.
This elicited a similar 1.9-fold increase in thermogenic rate (Figure 2B) in the acute cold
experimental sessions. Using this approach, the cold stimulus produced by the liquid-
conditioned cooling garment evoked a decrease in mean skin temperature that was the same
between acute cold exposure sessions (Figure 2C). Shivering intensity, which was purposely
kept to a minimum, was not significantly different between experimental conditions, whether it
was determined electromyographically (Figure 2D) or using a weighted average of the '*FDG
uptake of 18 skeletal muscles as a shivering index (Figure 2 E). The significant relationship
between shivering intensity and the shivering index (Pearson » = 0.66, P = 0.02) suggests that the
latter may also represent a good indicator of whole body shivering activity, which includes deep

muscles that are inaccessible using surface electromyography (Figure 2F).



O 64 [ Pre-Acclimation
= Il Post-Acclimation
o
5 4
E] —_
o
£ 2
@
g
-
< 0
Pre-Acclimation  Post-Acclimation
S s
=
X
z 4
w
g
E T -
£,
(=
£
=
2
= 04
7]

Pre-Accli i Post-Accli

VO, (L/min)

m

Shivering index (mean SUV)

0.8+

0.6

0.4+

0.2+

0.0-

-
o«
1

-
o
L

el
2
1

0.0-

120

a —~ 36- *
o — ]
o 34
o
[ 1 5
=
© 324
o
' £ 30-
g 1
c 284
=
@ 26
Room temperature  Gold exposure Room temperature Cold exposure
S 1.5,
=2
w0 o
c
o *
T g10] o
% °
<
£ B
o 05
=
=
@
2 r=0.66, P=0.02
w 0.0 T

T T
Pre-acclimation Post-acclimation

o

2 4 6
Shivering intensity (% MVC)

Figure 2. Thermal responses. (A)Change in inlet and outlet water temperature of liquid
conditioned garment. (B) Oxygen consumption ( VO, ) and (C) mean skin temperature during
room temperature and cold exposure, pre- and post-acclimation. (D) Shivering intensity and (E)
shivering intensity index , pre- and post-acclimation. (F) Relationship between mean shivering

intensity and shivering intensity index (Pearson r = 0.66, P = 0.02). *P < 0.05 versus Room
temperature, ANOVA with Bonferonni post-hoc test.

To assess the whole body metabolic consequences of daily cold exposure, hormonal and

metabolite changes were examined. Insulin, triglycerides (TG), tritodothyronine, thyroxin,

ACTH and leptin levels did not change significantly with cold exposure or cold-acclimation

(Table 1). NEFA rate of appearance, oxidation rate and concentration were similarly increased

before and after cold acclimation during acute cold exposure. Only glucose and cortisol

concentrations appeared to be influenced by acclimation state, with both being significantly

lower post-acclimation compared to pre-acclimation, regardless of temperature exposure.

Glucose production rate was not significantly changed after cold acclimation, demonstrating that

the reduced glucose level was caused by increased glucose clearance.



Table 1. Hormone and metabolite concentrations at room temperature and cold exposure, pre and post cold acclimation.

Pre-acclimation

Room temperature

Cold exposure

Post-acclimation

Room temperature

Cold exposure

Energy expenditure (kcal/min)

Glucose (mmol/L)
Ragjucose (Wmol/min)
Insulin (pmol/L)
TG (mmol/L)
NEFA (pmol/L)

RaNEFA (umol/min)
ROXNEFA (umol/min)

TSH (IU/L)

Free T3 (pmol/L)
Free T4 (pmol/L)
ACTH (pmol/L)
Cortisol (nmol/L)

Leptin (ng/mL)

14+0.1
48+0.2

67+13
1.20 +0.47
398 £53
485+ 71

326+ 77

2.56+0.73
6.0+04

16.2+0.8
424+0.7

374 £ 25

25+£09

2.7+0.2%
4.8+0.1
1707 £ 166
53+£8
1.13+0.41
687 £ 110*
756 + 96*

601 + 89*

1.96 £ 0.54*
58+04
16.7+0.7
34+04
308 + 37
24+1.0

1.3£0.0
4.6+0.1%
57+ 14
0.95 + 0.36
411 + 69
448 + 111

319+ 65

1.98 +0.34
58+0.3
16.8 0.4
3.8+0.2
299 + 48"
2.6+0.9

2.5+0.2%
45+0.1"
2059 + 100
539
1.02 +0.41
691 + 132%
665 = 119*

631 £ 128*

1.82 +0.47*
7.0+1.1
16.0+1.5
34+£04
280 + 27"
23+0.7

Values are means = SEM; n = 6 subjects.

*, different from Room temperature, P < 0.05.

#, different from Pre-acclimation, , P < 0.05.
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Daily cold exposure increases BAT volume of activity and fractional glucose uptake

To examine the effect of daily cold exposure on BAT volume, we determined the whole
body volume of "FDG uptake in BAT (i.e. volume of BAT activity) following a whole body
PET/CT acquisition, performed immediately upon completing the acute cold exposure. A whole
body PET/CT image of a representative participant prior to and following a four-week cold
acclimation protocol is shown in Figure 3A. Total BAT volume of activity increased by 45%
following four weeks of cold acclimation (66 + 30 mL pre-acclimation vs. 95 £ 28 mL post-
acclimation; P = 0.05; Figure 3B). BAT attenuation, determined using computed tomography
(CT) and expressed in Hounsfield units (HU), was the same at room temperature and increased
to a similar degree in all participants following an acute cold exposure, independent of
acclimation status (Figure 3C). To examine cold-stimulated BAT and skeletal muscle
quantitative glucose uptake, a cervicothoracic dynamic PET/CT acquisition was performed
following the intravenous injection of a bolus of '"FDG during the acute cold exposure.
Fractional uptake (K;) of "*FDG (Figure 3D) was significantly greater in supraclavicular BAT
compared with the longus colli, sternocleidomastoid, trapezius, pectoralis major and deltoid
muscles, as well as subcutaneous adipose tissue. K; of BEDG in supraclavicular BAT was
significantly greater post-acclimation compared to pre-acclimation to cold (Figure 3D).
Similarly, net tissue glucose uptake (K,) (Figure 3E) was significantly higher in BAT vs. longus
colli, sternocleidomastoid, trapezius, pectoralis major and deltoid muscles, as well as
subcutaneous adipose tissue. K,, of "*FDG in supraclavicular BAT was not significantly different
between acclimation states (P = 0.08). Given a total glucose uptake by BAT of 20.1 + 15.2
pmol/min pre-acclimation and 26.2 + 11.8 pmol/min post-acclimation (P = 0.08) and a plasma
glucose appearance of 1707 + 166 and 2059 + 100 umol/min, respectively, BAT glucose uptake

accounted for 1.1 = 0.8 % and 1.4 £ 0.7 % of plasma glucose turnover, respectively. There was a
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significant direct relationship between the radiodensity of BAT and the fractional and net
glucose uptake by the tissue (Pearson » = 0.71, P = 0.01 and Pearson » = 0.72, P = 0.008,

respectively; Figure 3F and G).

B Brown adipose tissue C Brown adipose tissue
:‘; 250 P=0.05 60
E —" =
A = 200 ‘:‘,:E: 3
£ 150 £o
Pre-acclimation ~ Post-acclimation & 251
k=
o sc .
E 5 &© 5 120
3 z [ Pre-acclimation
> 0 140 Em Post-acclimation
Pre-acciimation Post-accllimation Walrm Ct;ld
Fractional glucose uptake Net glucose uptake
#
0.0819 (3 Pre-acclimation I 4009 Pre-acclimation
El Post-acclimation = @ Post-acclimation
—:E 0.06 . TE 300
E o E
© 0.04 & = 200
=} b T -
¥ $3
& 0.024 E_ 100
0.00- 04
N
o® & @
QO Qa
8131 r=0.71 o Pre-acclimation 500
< = ® Post-acclimati
' P=0.01 ost-acclimation - o 400}
E— 0.104 o 3 £
< O 3001
- g%
o @ = 2004
0 0.05 Qo
w EE
= X £ 100
g
0.00 T r r v . 0 T v T v .
-140 -120 -100 -80 60 40 -140 -120 -100 -80 -60 -40

BAT radiodensity prior to i.v. "¢ acetate (HU) BAT radiodensity prior to i.v. "c-acetate (HU)

Figure 3. Tissue glucose uptake. (A) Coronal view (anterior-posterior projection) of whole-body
"EDG uptake during cold exposure, pre- and post-acclimation. (B)Volume of BAT "*FDG
activity, pre- and post-acclimation. (C) BAT radiodensity by CT during room temperature and
cold exposure, pre- and post-acclimation. (D) Fractional (X;) and (E) net (K,,) glucose uptake in
cervicothoracic tissues. Relationship between BAT radiodensity from CT taken before i.v. ''C-
acetate injection in the cold and (F) K; "*FDG (Pearsonr = 0.71, P = 0.01) and (G) K,, "*FDG
(Pearsonr=0.72, P =0.008). *P < 0.05 versus Room temperature, P <0.005 versus BAT, *P <
0.05 versus pre-acclimation, ANOVA with Bonferonni post-hoc test.
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Daily cold exposure increases BAT oxidative metabolism.

To investigate the oxidative capacity of cold-stimulated BAT, a cervicothoracic dynamic
PET/CT acquisition was performed following the intravenous injection of a bolus of ''C-acetate
during the acute cold exposure. Following the iv. injection of ''C-acetate, BAT ''C
radioactivity over time was significantly higher during cold exposure compared to room
temperature, both prior to and following a cold acclimation intervention (Figure 4A and E).
Pectoralis major was the only muscle displaying a significant cold-induced increase in ''C
radioactivity over time (Figure 4C and G). The monoexponential decay slope from tissue peak
1€ activity (''C-acetate k), a surrogate of tissue oxidative metabolism (Brown et al., 1987; Ng et
al., 1994), increased significantly during cold exposure in BAT (effect of temperature P = 0.001;
Figure 4I), demonstrating an increased in cold-induced oxidative metabolism. The
monoexponential decay slope from tissue peak e activity was also presented as a function of
the total BAT volume of activity to demonstrate the total oxidative metabolism of BAT. The
total BAT oxidative metabolism increased significantly in the cold with the increase being
significantly greater following the cold acclimation (temperature x acclimation interaction P =

0.02; Figure 4J).
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Figure 4. ''C-acetate kinetics. ''C time-radioactivity curves over the first 500 seconds of
acquisition after HC-acetate injection at room temperature (red) and during cold exposure (blue)
in BAT (A and E), Longus colli (B and F), Pectoralis (C and G) and cervical subcutaneous white
adipose tissue (D and H) pre-acclimation and post-acclimation. (I) Tissue oxidative metabolism
index (''C-acetate k) in cervicothoracic BAT pre- and post-acclimation. (J) Total BAT oxidative
metabolism index, pre- and post-acclimation. *P < 0.05 versus Room temperature, *P < 0.05
versus pre-acclimation, ANOVA with Bonferonni post-hoc test.
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DISCUSSION

Based on the PET tracers '""FDG and ''C-acetate, this study demonstrates for the first
time that daily cold exposure not only increases the volume of metabolically active BAT by 45%
but also doubles its cold-induced oxidative capacity in adult humans. Within the ''C-acetate PET
acquisition field-of-view including the neck and upper thorax, BAT was the only tissue
demonstrating a significant increase in the total oxidative metabolism in the cold with the
increase being significantly greater following the cold acclimation. ''C-acetate as PET tracer has
proved to be instrumental in assessing BAT (Ouellet et al., 2012) and other tissue metabolism in

vivo (Klein et al., 2001; van den Hoff et al., 2001; Menard et al., 2010; Labbe et al., 2012).

Thirty years ago, Huttunen ef al. (Huttunen et al., 1981) described the greater presence of
multilocular adipocytes after necropsy in adipose tissue samples excised from the neck region of
Finnish outdoor workers exposed to the cold compared to indoor workers. Until recently, this
was the only evidence suggesting that chronic cold exposure induces increases in BAT mass in
adult humans. However, the hypothesis that chronic cold activation stimulates BAT recruitment
in vivo in adult humans has only recently explicitly been investigated (van der Lans et al., 2013;
Yoneshiro et al., 2013), while the present study was in progress. We and others (van der Lans et
al., 2013) have observed that daily exposure to a mild cold, an unequivocal and to date most
potent and safe stimulus to activate BAT in humans, does indeed increase whole body BAT
volume of activity, as defined by the volume of '*FDG uptake in BAT. Recent studies have
demonstrated that most BAT depots in humans exhibit molecular signatures and histological
features resembling the inducible brown adipocytes (known as beige, brown-in-white or brite)
clustered within white adipose tissue depots of cold-exposed rodents (Sharp et al., 2012; Wu et

al., 2012) but may also contain classical BAT (Cypess et al., 2013; Jespersen et al., 2013).
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Whether the increased volume of glucose uptake observed herein is a result of proliferation of
classical brown adipocytes, a de novo recruitment of brite adipocytes from white adipose tissue
precursors (Wu et al., 2012) or simply a direct interconversion of mature white adipocytes into a
brown adipocyte phenotype or "browning" (Frontini et al., 2013; Rosenwald et al., 2013), is
unclear. These findings imply that the thermogenic potential of BAT has increased as a result of
the four-week cold acclimation. Due to the requirement of using radioactive isotopes to assess
BAT metabolism in vivo in humans and limits in radioactivity exposure, the time course of both
BAT recruitment and atrophy following the end of the intervention are not possible to determine

in a within-subject design such as this.

The decreases in BAT radiodensity and the low levels of glucose uptake, averaging 20.1
+ 15.2 and 26.2 £ 11.8 pmol/min, under both experimental cold conditions lends further support
to the notion that intracellular triglycerides (TG) are likely the predominant substrate fueling
BAT oxidative metabolism in humans. Although intracellular TG depots decrease during the
acute cold exposure, the similar radiodensity of BAT observed under unstimulated conditions
(e.g. room temperature) pre and post-acclimation would suggest that they replete rapidly
following the acute cold exposure. The time-course of this repletion, including the role of BAT
in postprandial metabolism requires further investigation and may shed some light on the
metabolic regulatory function of BAT. The significant inverse relationship between BAT
radiodensity and its fractional and net glucose uptake suggests that, similar to skeletal muscle,
circulating substrates may supply and complement the intracellular depots to meet the energy
demand under stimulated conditions. The metabolic fate of glucose taken up by BAT has yet to
be clearly established in humans. However, with BAT thermogenesis dependent on fatty acids

for the activation of UCP1 and as a substrate to fuel thermogenesis (Cannon & Nedergaard,
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2004), glucose is likely supplying the carbon backbone for fatty acid synthesis, which can be
subsequently oxidized. The reduced concentration of circulating glucose post-acclimation,
despite a greater glucose rate of appearance, combined with a trend towards a greater glucose
clearance by BAT also suggests that this tissue may play a greater role in glucose metabolism
than previously suspected. The detailed characterization of the fuel utilization and substrate
handling of this tissue in humans warrants further investigation if is to be further pursued as a

therapeutic target for metabolic diseases.

The metabolic impact of the increased BAT oxidative capacity that occurred following
repetitive cold exposures may have contributed to an increase in the non-shivering thermogenesis
(NST) of our subjects. Nonetheless, our cold acclimation protocol was insufficient to promote
the recruitment of BAT-mediated NST to the extent necessary to completely abolish the
shivering response (figure 2). More prolonged and/or intense cold-acclimation could be
necessary to fully recruit BAT-mediated NST in humans or exposure to a colder acute thermal
challenge may be required for BAT-mediated NST to fully manifest. Further, although EMG was
monitored in 12 muscle groups, it remains that this method measures superficial
electromyographic activity and provides some insight on fiber recruitment and fuel selection.
Consequently, it is possible that deeper muscle groups, not accessible by EMG, were most
influenced by the changes in BAT-mediated NST or that changes in skeletal muscle
bioenergetics were also modified. In the only cold acclimation study quantifying shivering
activity in humans, and thus de facto NST, 20 days of daily exposure to 12°C (8 hours/day) was
required to observe a near abolishment of shivering activity in men previously acclimated to
summer conditions (Davis, 1961). It is noteworthy that even in rodents subjected to aggressive

cold exposure protocols (often 24 hour-exposure for several days at 4°C), NST develops
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progressively (Nedergaard & Cannon, 2013). In rats, cold exposure leads to an initial (a few
hours) increase in BAT thermogenic activity associated with an increase in UCP1 stimulation,
which is followed after a few days by a progressive increase in the thermogenic capacity,
revealed through increases in UCP1 expression, mitochondriogenesis and brown adipocyte
protein contents (Trayhurn et al, 1987). In rats, cold adaptation has been reported to
tremendously increase the thermogenic capacity of BAT, which can account for more than 60%
of the total heat produced in response to noradrenaline with little contribution from skeletal
muscle (Foster & Frydman, 1979). In the present study, since we did not have access to BAT
tissue samples, we cannot conclude on the cause of the increase in BAT thermogenic capacity
(i.e. increase in expression of UCP1 and accessory thermogenic genes or mitochondriogenesis).
Another important limitation of the present study is the inability to assess the relative
contribution of BAT and muscle as well as organs such as the heart and liver to total
thermogenesis. Nevertheless, based on the present ''C-acetate oxidative metabolism and BAT
radiodensity data one can be confident of some contribution of BAT to energy metabolism
following four weeks of acclimation, which is in line with evidence showing that human brown
adipocytes are metabolically active and share similarities with classic brown adipocytes seen in

laboratory rodents (Cypess et al., 2013).

In summary, we showed that total BAT volume of activity increases significantly as a
result of repeated controlled daily cold exposure and that this change in mass is paralleled by an
increase in BAT oxidative capacity. Therefore, the contribution of BAT to NST must necessarily

increase during cold-acclimation in humans.
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ABSTRACT

The thermoregulatory adjustments resulting from chronic cold exposure have shown remarkable
variability in humans. The primary goals of this investigation were to: (1) establish the temporal changes
in the thermoregulatory responses resulting from daily cold exposure, particularly whole body heat
production and shivering intensity; (2) determine whether the electromyographic (EMG) pattern of
muscle recruitment or the recruitment of particular muscle groups were modulated as a result of this
acclimation intervention; and (3) examine the consequent effects on substrate metabolism. Using
simultaneous metabolic and EMG measurements, we quantified the effects of a four-week cold-
acclimation intervention on whole body heat production and shivering activity. This particular
intervention evoked a hypothermic form of acclimation, such that a greater uncompensated drop in core
temperature was presented following four weeks of daily cold exposure. Contrary to expectation, both
cold-induced thermogenesis (1629 + 46 kJ pre-acclimation vs. 1595 £ 68 kJ in Week 4) and total
shivering intensity were unaltered by this intervention. A delay (from 20 min pre-acclimation to 50 min
by Week 4) and shift in the mean skin temperature to which shivering was initiated (from 27.8 £ 0.6 °C
pre-acclimation to 26.3 + 0.3 °C by Week 4) combined with changes to the EMG signature, particularly
in the more active proximal muscles, partially explain such conflicting findings. Collectively, these
results suggest that a contraction-stimulated fiber-type switch combined with bioenergetic changes in
shivering muscles may explain the unaltered cold-induced thermogenesis and shivering intensity seen
here. Investigating the underlying mechanisms involved in maintaining heat production following a cold

acclimation intervention may provide interesting insight on the therapeutic potential of cold exposure.
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INTRODUCTION

As endotherms, humans exposed to a compensable cold environment can remain
homeothermic by producing sufficient heat to counteract the rate of heat loss. When acutely
exposed to a moderate cold (2-3xRMR), a combination of shivering (Haman et al., 2002;
Haman et al., 2004c; Haman et al., 2005) and non-shivering (Wijers et al., 2008; Ouellet et al.,
2012) means of producing heat are required to maintain this thermal balance. Chronic or
repeated exposure to a cold stress can elicit various acclimation responses that modulate these
thermoregulatory responses which can be either insulative [ie. lower skin temperature;
(Scholander et al., 1958; Hong, 1973)], hypothermic [i.e. un-defended fall in core temperature;
(Davis, 1961)] or metabolic [i.e. increased cold-induced heat production; (Hammel et al., 1959;
Elsner et al., 1960; Hart et al., 1962)] in nature or a combination of these [see (Young, 1996) for
review].

A trademark of cold acclimation in rodents and other small mammals is the successive
shift in the mechanisms of heat production being recruited, shifting from predominantly
shivering to primarily brown adipose tissue (BAT)-derived thermogenesis [e.g. (Chaffee ef al.,
1975; Wiesinger et al., 1990)]. This is often accomplished without exhibiting changes in whole
body heat production. Further, whether these two mechanisms of heat production are evoked
separately or simultaneously by the cold stimulus depends on the acclimation status of the animal
and the thermal demands of the acute cold exposure (Himms-Hagen, 2004). In humans, this
relationship has remained ambiguous. Although the variability in cold-acclimation phenotypes
have been described in various reviews (Young, 1996; Launay & Savourey, 2009; Makinen,
2010), very little information exists on the changes in the thermogenic processes that are

recruited as a result of the acclimation process. In part, this is a result of the previously held
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belief that cold-induced heat production was generated almost exclusively from shivering
skeletal muscles, since BAT-mediated thermogenesis was considered insignificant or absent in
adult humans. However, our more recent understanding and presumptions regarding cold-
induced thermogenesis have changed substantially. In particular, three significant findings have
influenced our understanding of facultative thermogenesis: (1) BAT is present in adult humans
(van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009) and cold exposure stimulates BAT-
mediated thermogenesis (Orava et al., 2011; Ouellet et al., 2012); (2) skeletal muscle-mediated
thermogenesis can come in both an ATPase and uncoupling form of thermogenesis (Wijers et al.,
2008) and; (3) skeletal muscle-mediated thermogenesis can be influenced by the recruitment of
distinct muscle fibers (Haman et al., 2004b) or different metabolic pathways within the same
muscle fibers (Haman et al., 2004a; Blondin ef al., 2011). In large mammals or birds where BAT
represents a smaller proportion of total body weight or is absent, skeletal muscle-derived
thermogenesis in the form of shivering or non-shivering thermogenesis is the predominant source
of heat production (Schaeffer et al., 2005; Teulier et al., 2010). Consequently, cold-acclimation
in these models and human cold acclimatization studies (i.e. resulting from living or working in a
cold environment) tend to demonstrate structural and metabolic alterations in skeletal muscle
which resemble the training effects of endurance exercise, in particular changes in metabolic
efficiency and interconversion of muscle fibers (Duchamp et al., 1992; Bae et al., 2003;
Schaeffer et al., 2003). More importantly, whether repeated cold exposure stimulates changes in
BAT, skeletal muscle or both, the physiological capacity of these structural modifications may
only manifest under conditions where it is required, namely at temperatures below the cold-

acclimation temperature (Himms-Hagen, 2004).
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The goals of this investigation were: (1) to establish the temporal changes in the
thermoregulatory responses resulting from daily cold exposure, particularly whole body heat
production and shivering intensity; (2) to determine whether the electromyographic (EMGQG)
pattern of muscle recruitment or the recruitment of particular muscle groups were modulated as a
result of daily cold exposure; and (3) examine the consequent effects on substrate metabolism.
We have previously shown that heat production can be maintained by recruiting different
metabolic pathways within the same fibers (Haman et al., 2004a) and by recruiting specific
subpopulations of fibers within the same muscle (Haman ef al., 2004b). We hypothesize that, if a
training effect is apparent following the cold-acclimation, a decrease in shivering intensity would
coincide with a decrease in burst shivering activity, indicative of a shift towards the recruitment
of slow-oxidative muscle fibers. The aim was to investigate these changes under acute cold

challenges that are colder than the acclimation temperature.
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METHODS
Study participants

Eight healthy, lean men aged 23 + 1 years with a BMI of 24.7 + 1.0 kg/m?* were invited to
participate in a four-week cold-acclimation protocol and undergo acute cold exposure studies
prior to and following the intervention. Individuals taking any medications or with a history or
clinical evidence of a medical condition known to affect glycemia, lipid levels or insulin
sensitivity or had known cardiovascular disease were excluded. Participants were fully informed
of the risks and methodologies applied and provided their written consent to participate in this
study, in accordance with the Declaration of Helsinki. This study received ethics approval from

the Office of Research Ethics and Integrity at the University of Ottawa.
Experimental Protocols

All subjects participated in three metabolic experimental sessions within a four week
interval designed to assess whole body thermoregulatory responses during an acute cold
exposure. Between these acute cold exposure experimental sessions, participants followed a cold
acclimation protocol consisting of daily cold exposure lasting two hours, repeated five
consecutive days per week for four consecutive weeks for a total of 17 acclimation sessions and
three testing sessions. Participants arrived between 7.00 and 9.00 h in a fasted state and were
fitted with a liquid conditioned suit (LCS; Three Piece, Allen-Vanguard, Ottawa, ON) where
10°C water was circulated for two hours. Participants were asked to maintain their current
training regiment and refrain from drinking caffeinated or alcoholic beverages for the duration of

the study.
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Each acute cold exposure experimental session was conducted between 7.30 h and 16.00
h, following 48h without strenuous physical activity. The last evening meal ingested between
18.00 h and 20.00 h was standardized (3220 kJ or 770 kcal, 42% CHO, 28% fat and 30%
protein) and subjects were asked to report to the laboratory at 7.30 h the next morning after a 12-
14 h fast. Upon their arrival in the laboratory, subjects wearing only shorts were weighed and
instrumented with temperature sensors and surface EMG electrodes. Participants were then
fitted with the LCS, ingested a telemetric thermometry capsule to measure core temperature
(Vital Sense monitor and Jonah temperature capsule, Mini Mitter Co., Inc., Bend, OR, USA)
and performed a series of exercises to estimate the maximal voluntary contraction (MVC) of
each of the muscles being measured for shivering activity. Subjects were then asked to empty
their bladder and remain seated for 90 min at ambient temperature (~23-25°C). Following this
baseline period, the LCS was perfused with 4°C water (Time = 0) using a temperature and flow
controlled circulation bath. Thermal responses, muscle activity, metabolic rate and fuel
utilization were measured continuously during the final 30 min of the baseline period and the

subsequent 150 min of cold exposure.
Thermal responses

Core temperature (T.oe) Was measured using an ingested telemetric pill which measures
the temperature in the intestine. Mean skin temperature ( T, ) was monitored continuously using

12 autonomous wireless temperature sensors (Thermochron iButton® model DS1922H, Maxim)
fixed to the skin, calculated using an area-weighted equation from 12 sites: forehead, chest,
biceps, forearm, abdomen, lower and upper back, front and back calf, quadriceps, hamstrings and
hand (Hardy JD, 1938). Proximal skin temperature was defined as the mean skin temperatures

of the forehead, chest, abdomen and the lower and upper back. Distal skin temperature was
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represented by the hand temperature. The core-mean skin temperature and core-proximal skin
temperature gradients were calculated as measures of core insulation. The proximal-distal skin
temperature gradient was calculated as an index of vasoconstriction. The temperatures entering
and leaving the LCS were continuously measured using custom t-type thermocouples (Omega
Environmental Inc. Laval, Quebec, Canada) connected at the entry and exit connectors of the

LCS.

Thermogenesis and Fuel Selection
Whole body metabolic rate (M) and fuel selection were quantified by indirect

calorimetry (TurboFox, Sable Systems International, Las Vegas, NV). The rates of oxygen
consumption (VOZ) and carbon dioxide production (VCOZ) were calculated using equations

derived by Brown et al. (Brown ef al., 1984) adapted for its application with a canopy. This

approach allowed for a constant measurement and subsequent correction for the dilution effect of
water vapor pressure on VO, and VCO,. A background baselining technique developed by

Sable Systems International [described in (Melanson ef al., 2010)] was then applied to correct for
analyser drift. Total protein (RP.), carbohydrate (RCyx) and lipid (RF.) oxidation rates (in

g/min) were calculated as described previously (Haman et al., 2002; Haman ef al., 2004c):

RPx (g/min) = 2.9 x UREA ine (g/min) (1)

RC,x (¢/min) = 4.59 VCO, (I/min) - 3.23 VO, (I/min) (2)

RF,, (g/min) = -1.70 VCO, (I/min) + 1.70 VO, (I/min) (3)
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where urinary urea excretion (UREA ine) Was measured in urine collected over the 120 min of

the baseline period, and 150 min in the cold using a commercial urea assay kit (BioAssay
Systems, Hayward, CA), and \'/CO2 (I/min) and \702 (I/min) were corrected for the volumes of

0, and CO; corresponding to protein oxidation (1.010 and 0.843 1/g, respectively). Energy
potentials of 16.3 kJ/g (CHO), 40.8 kJ/g (lipids), and 19.7 kl/g (proteins) were used to calculate
the relative contributions of each fuel to total heat production (Elia, 1991; Péronnet &
Massicotte, 1991). Shivering (ST) and non-shivering thermogenesis (NST) were determined by
simultaneously measuring (M) and EMG throughout cold exposure. A shivering threshold
temperature (STT) was determined as the mean skin temperature at the time in which whole

body EMG activity was significantly increased. The NST was then defined as the cold-induced

M that is not yet accompanied by shivering activity, thus at the STT, minus the M measured

during exposure to ambient temperature. The thermogenic contribution of shivering was
determined as the average M of the final 30 min of cold exposure minus NST.

Muscle recruitment

Shivering EMG signals were recorded from 12 muscles: m. trapezius superior (TS), m.
latissimus dorsi (LD), m. sternocleidomastoid (SCM), m. pectoralis major (PM), m. deltoideus
(DT), m. bicep brachii (BB), m. tricep brachii (TB), m. rectus abdominis (RA), m. vastus
lateralis (VL), m.rectus femoris (RF), m. vastus medialis (VM) and m. bicep femoris (BF).
Surface electrodes (Delsys, Boston, MA) were placed over the bellies of each muscle and their
exact positions were identified with an indelible skin marker to allow consistent placement
between experimental sessions. Raw EMG signals were collected at 1000 Hz, filtered to remove
spectral components below 20 Hz and above 500 Hz as well as 60-Hz contamination and related

harmonics, and analyzed using custom-designed MATLAB algorithms (Mathworks, Natick,
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MA). Shivering activity of the 12 individual muscles was monitored 10 min before and
continuously throughout cold exposure. Voluntary muscle activity was minimized as much as
possible throughout cold exposure by asking participants to avoid voluntary movements during

recording periods.

Shivering intensity of individual muscles was determined from root-mean-square (RMS)
values calculated from raw EMG signals using a 50-ms overlapping window (50%). In brief,
baseline RMS values (RMSpaseiine: 15 min RMS average measured prior to cold exposure) were
subtracted from shivering RMS (RMSq;v) values and RMS values obtained from the maximal
voluntary contractions of individual muscles (RMSy,yc). Shivering intensity was normalized to

RMS,,.vc by using the following equation:

Shivering Intensity (%MVC) = S hiv= RMSoacine 1)

RM vac - RM Soaseline

Shivering activities of each muscle were summed, taking into account the relative mass of the
body region they represent, to obtain an index of whole body shivering activity, as described

previously (Bell ef al., 1992; Haman et al., 2004a).
Shiv, = 2 £y EMGYLA+f EMGHL+f, EMGYL+F, EMGH, 2)

where EMGY.,, EMGLh, EMGay, EMGhyy are upper trunk (UT: average of TR, LD, SCM,
PM), lower trunk (LT: RA), upper limb (UL: average of VL, RF, VM, BF), lower limb (LL:

average of DT, BB, TB) shivering activities. The coefficients fUT (0.34) /.. (0.19), fUL(O.29),
/;, (0.085) correspond to the relative muscle masses of each body region to total muscle mass

(Bell et al., 1992). This whole body index represents 91% of total muscle mass and excludes
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deep muscle groups, lower leg muscles and muscles found on the head, hand or feet. To
compare the shivering intensity of proximal and distal muscle groups, an average shivering
intensity was calculated for each (Proximal: average of TR, LD, SCM, PM, RA; Distal: average
of VL, RF, VM, BF, DT, BB, TB). Shivering pattern was determined as previously described
(Haman et al., 2004a), where an example of EMG signal showing the two shivering patterns is
illustrated. In brief, a shivering burst was defined as an EMG interval with a duration >0.2 s, an
inter-burst interval >0.75 s and an amplitude higher than the intensity threshold at each recording
period. Intensity threshold was determined by: (i) averaging shivering intensity (Agmg) over the
entire recording period, (ii) averaging the remaining values above Agmg (Bema), and (iii) setting
the intensity threshold at B gyvig. Whole body burst shivering was calculated as the average of the
burst rate of individual muscles. The mean shivering intensity (in %MVC) of both continuous

shivering and burst shivering were also determined.

Statistical analysis

Data are expressed as mean + SEM. Paired Student’s ¢ test was used to compare between
acute cold exposure experimental sessions. ANOVA for repeated measures with acclimation

status, temperature and their interaction as the independent variables was used to analyze

acclimation- and temperature-dependent differences in thermal responses (Tcore, T

skin?
temperature gradients), metabolic responses (M and fuel utilization) and electromyographic
activity (shivering intensity, burst rate) throughout the protocols. Bonferonni's multiple
comparisons post-hoc test was used, where applicable. Spearman correlation coefficients were

used to determine correlations between variables. A 2-tailed P value of less than 0.05 was
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considered significant. All analyses were performed using SPSS for Windows (version 16.0;
SPSS Inc., Chicago IL) or GraphPad Prism version 6.00 for Windows (GraphPad, San Diego,

CA).
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RESULTS
Insulative Responses

Changes in insulative responses are presented in Table 1 and Figure 1. Acute cold

exposure, following a four-week cold acclimation, resulted in a 0.5 = 0.2°C decrease in core

temperature as early as two weeks into the protocol (Table 1). Cold-induced decreases in T

skin?
proximal skin temperature and distal skin temperature did not differ as a result of chronic cold
exposure (Table 1). Similarly, the temperature gradient between the core and skin, an indicator
of the thermal insulation of the core, increased during an acute cold exposure but were not
influenced by daily cold exposure (Table 1). This is consistent with the significant inverse

relationship observed between the cold-induced change in T, and metabolic rate in all three

acute cold exposure sessions (Fig.1). The similar slopes of the regression lines suggest a similar
thermal insulation or thermal sensitivity between experimental sessions (-0.55 £ 0.20 kJ-min
tec! during pre-acclimation compared to -0.58 + 0.18 kJ ‘min”-°C™" and -0.77 + 0.24 kJ-min’
.oc! following week 2 and week 4, respectively; P = 0.74). The proximal-distal skin
temperature gradient also increased during cold exposure, but did not change over the course of
the acclimation protocol (Table 1). The temperature gradient between the water entering and
leaving the cooling garment, an indicator of the transfer of heat from the cold-exposed
participant to the cold water circulating in the suit, were the same between acute cold exposures

(between 7.0 = 0.2 °C and 6.8 = 0.3°C).
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Table 1. Temperature responses averaged over the final 30 min of the baseline and cold exposure periods prior to, during and following a four-week cold

acclimation.
Pre-acclimation Week 2 Week 4

Baseline Cold Baseline Cold Baseline Cold
Core temperature (°C) 36.9+0.1 36.7+0.1 36.9+0.1 36.4+0.2" 37.0£0.1 36.5+0.1"
Skin temperature (°C) 33.0+£0.2  25.1 £0.6%* 328+ 0.3 24.7+0.4** 33.1+£02 244+£04%*
Proximal skin temperature (°C) 342+0.2  284+0.9%* 33.7+0.2 28.5+0.6%* 342+£0.2 28.6+0.6*%*
Distal skin temperature (°C) 286 +1.0 21.2+£0.4** 289+1.0 21.4+0.6** 283+£1.0 21.1+£0.7**
Gradient core-mean skin temperature (°C) 39+0.2 11.6 +£0.7** 41+£03 11.6%0.4%* 39+03  12.1 £0.5**
Gradient core-proximal skin temperature (°C) 27+£0.2 8.4+ 0.9%* 32+0.2 7.9 + 0.6%* 28+0.2 7.9+ 0.6%*
Gradient proximal-distal skin temperature (°C) 5.6£0.9 7.1 £0.8% 48=+1.1 72+ 1.1% 6.0£1.1 7.5+0.8%
Gradient water entering-leaving cooling garment (°C) - 7.0+0.2 - 6.6+0.2 - 6.8+0.3
Shivering skin temperature threshold (°C) - 27.8+0.6 - 26.1+0.3° - 26.3+0.3°

Values are means + SE (n = 9 for pre-acclimation and Week 4 and n = 8 for Week 2).

* P <0.01, significantly different than Baseline; **, P <0.0001

* P<0.01, significantly different than pre-acclimation (temperature x acclimation interaction)

S P<0.05, significantly different than pre-acclimation



AM (kJ/min)

148

B C
Pre-acclimation Week 2 Week 4
151 =015 0] r?=0.21 5
o P =0.008 P =0.003
104 o 10 104
oo) o o - .
o0 (<] [+
2o o%% C? oo & ¥
5- o 54 ) ° 5.
%) 00 o © o ) o
o 6P s [+] o o
o ° o~ o0 o
c T T oY T 1 0 T T L T ° 1 D
12 -10 -8 5 -4 2 12 -10 8 6 -4 -2 12
A Tskin (OC) A Tskin (QC) A Tskin (OC)

Figure 1. Relationship between changes in metabolic rate (M ) and changes in mean skin
temperature ( T, ) in men exposed to 4 °C for 150 min prior to (A), during (B) and following

(C) a four-week cold acclimation. Values are presented for all subjects (n =9 for pre-acclimation
and Week 4 and n = 8 for Week 2) and were averaged at 5 sampling intervals during cold
exposure (time = 30, 60, 90, 120 and 150 min).

Shivering thermogenesis

The relationship between M, T,. and shivering intensity during an acute cold exposure

skin
in individuals not acclimated to the cold, acclimated for two weeks and acclimated for four
weeks are presented in Fig. 2. The shivering threshold was defined as the point in which a
statistically significant difference in shivering intensity was calculated. The shivering threshold
during the acute cold exposure was at 20 min during the pre-acclimation session (Fig.2A), at 60
min following two weeks of daily cold exposure (Fig. 2B) and at 50 min following four weeks of
cold acclimation (Fig. 2C). This represented a shivering mean skin temperature threshold of
28.7 £ 0.5 °C during the pre-acclimation acute cold exposure, which was significantly warmer
than following two and four weeks of acclimation (26.1 £ 0.3 °C and 26.3 + 0.3 °C, respectively;
Fig. 2 and Table 1). Given the differences in shivering onset, overall shivering intensity was
presented as an area under the curve (Fig. 3). Shivering intensity, using a weighted mean of 12
muscles, was not significantly different over the course of the four week cold-acclimation (Fig.

3A). Proximal muscles were the most active muscles during an acute cold exposure, regardless
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of the acclimation status, but their intensity did not change over the course of the four weeks.
This shivering pattern transiently changed over the course of the four weeks, such that the total
number of bursts decreased significantly by 20% between the pre-acclimation cold exposure and
two weeks into cold acclimation (from 574 + 28 bursts to 478 + 43 bursts following two weeks
of daily cold exposure; P = 0.04), before returning to pre-acclimation levels following four
weeks of daily cold exposure (Fig. 3B). To examine whether the shivering pattern was altered
between muscle groups, the total number of bursts were compared between proximal and distal
skeletal muscles. There was an acclimation by muscle interaction (P < 0.001), whereby the total
number of bursts in proximal muscles fell progressively over the course of the cold acclimation
(Week 4 was significantly lower than Week 2 and Pre-acclimation), but not in distal skeletal
muscles. To examine whether there was a shift in the contribution of the shivering intensity
between the two types of shivering patterns over the course of the four week acclimation,
continuous shivering intensity and burst shivering intensity were each calculated. Both
continuous shivering intensity (Fig. 3C) and burst shivering intensity (Fig. 3D) did not change
over the course of the cold acclimation, nor was an interaction between the two determined.
Continuous shivering intensity of proximal muscles was significantly higher than distal muscles
(P = 0.02; Fig. 3C), while burst shivering intensity was not significantly different between

muscle groups (P = 0.15; Fig. 3D).
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Figure 2. Changes in shivering intensity, mean skin temperature ( T,,, ) and metabolic rate (M)

over time in men exposed to 4°C for 150 min prior to (A), during (B) and following (C) a four-
week cold acclimation. Dashed line represents shivering skin temperature threshold. Values are
means = SE (n =9 for pre-acclimation and Week 4 and n = 8 for Week 2).

* Significantly different from baseline values before cold exposure, P < 0.05.
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Figure 3. Overall shivering intensity (A), burst shivering (B) and continuous (C) and burst
shivering intensity (D) of whole body, proximal and distal muscle groups in men exposed to 4 °C
for 150 min prior to (Pre-acclimation), during (Week 2) and following (Week 4) a four-week
cold acclimation. Values are means + SE (n =9 for pre-acclimation and Week 4 and n = 8 for
Week 2). * Significantly different from pre-acclimation, P < 0.05; $ Significantly different from
Week 2, P <0.05; # Significantly different from Proximal muscles, P < 0.05.
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Examining the thermogenic rate at the shivering threshold during the pre-acclimation, Week 2 and Week
4 acute cold exposures, the capacity for cold-induced non-shivering thermogenesis (NST) was estimated
to be significantly greater following two weeks of daily cold exposure compared to pre-acclimation
values (2.5+0.4 kJ/min compared to 4.5 + 0.4 kJ/min; P = 0.005) but were not statistically different

following four weeks (Fig. 4).
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Figure 4. Shivering thermogenesis (A) and Non-shivering thermogenesis (B) of men exposed to
4°C for 150 min prior to (Pre-acclimation), during (Week 2) and following (Week 4) a four-week
cold acclimation. Values are means + SE (n =9 for pre-acclimation and Week 4 and n = 8§ for
Week 2). * Significantly different from pre-acclimation, P < 0.05.

A strong direct correlation between shivering intensity and the cold-induced metabolic
rate (AM ) was observed in the pre-acclimation condition (r = 0.68, P < 0.0001), during Week 2
(r=0.81, P <0.0001) and during Week 4 (r = 0.85, P < 0.0001)(Figure 5). The slope of the
regression lines were significantly different between the pre-acclimation condition and Week 4
(P =0.001) and between Week 2 and Week 4 (P = 0.01), but not between pre-acclimation and
Week 2 (P = 0.23). These differences in the slope of the regression lines infer changes in the

coupled form of shivering thermogenesis.
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Figure 5. Relationship between changes in metabolic rate (M ) and shivering intensity in men
exposed to 4 °C for 150 min prior to (A), during (B) and following (C) a four-week cold
acclimation. Values are presented for all subjects (n =9 for pre-acclimation and Week 4 and n =
8 for Week 2) and were averaged at 5 sampling intervals during cold exposure (time = 30, 60,
90, 120 and 150 min).

Metabolic Rate and Fuel Selection

Changes in metabolic rate, absolute rates of oxidative fuel selection and the relative
contribution of these oxidized fuels to the metabolic rate are presented in Table 2. In response to
an acute cold exposure, the metabolic rate increased between 2.2 and 2.4-times above levels
observed at ambient conditions. The absolute rate of carbohydrate oxidation (RG,x) increased
throughout the acute cold exposure, with the cold-induced rate being significantly different
between week 2 and week 4 but not compared to the pre-acclimation rate. The rate of lipid
oxidation (RF,y) increased 2.5-fold in response to an acute cold exposure in the pre-acclimation
condition and after 4 weeks (from 82 + 7 during ambient exposure to 203 = 12 mg-min”' during
cold exposure in pre-acclimation and from 82 + 9 to 204 + 22 mg-min™ after four weeks) and 3-
fold after 2 weeks of cold acclimation (from 65 + 6 to 201 + 16 mg-min”). A significant
temperature by acclimation interaction was detected for the rate of protein oxidation (RPy)

indicating that RP,y increased during acute cold exposure pre-acclimation (from 65 + 9 to 83 +
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10 mg-min™") and following two weeks of daily cold exposure (from 47 + 10 to 75 £ 10 mg-min’

1, but not following four weeks of exposure (from 70 + 10 to 70 + 7 mg-min™).

A significant temperature by acclimation interaction was detected for the relative

contribution of carbohydrate utilization to total metabolic heat production (% M ), such that it
decreased during an acute cold exposure following two weeks of daily cold exposure, compared
to the pre-acclimation session and following four weeks of cold acclimation (P < 0.05; Table 2).
Consequently, the relative contribution of lipid oxidation to total metabolic heat production
increased following two weeks of cold exposure compared to pre-acclimation and compared to
four weeks of cold-acclimation (P < 0.05). The relative contribution of protein oxidation to total
metabolic heat production decreased in response to cold exposure in the pre-acclimation
condition and after four weeks of daily cold exposure, but was unaltered in Week 2 of cold

acclimation (P < 0.05).
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Table 2. Absolute oxidation of substrates and their relative contribution to the metabolic rate averaged over the

final 30 min of the baseline and cold exposure periods prior to, during and following a four-week cold acclimation.

Pre-acclimation Week 2 Week 4
Baseline Cold Baseline Cold Baseline Cold

M (kJ/min) 54+02 13.2 £0.7** 5.6 £0.2 12.2 £ 0.5%* 55+£02 13.0£0.6%*
RGox

mg/min 58 £22 196 + 46* 129+ 14 163 £28* 52+£19 197 £ 38%F

% M 16.8+5.8 23.1+4.0 37.9+5.1 20.8 + 3.3 153+5.7 24.8+£5.2%
RF o

mg/min 82+ 7 203 £ 12%** 65+6 201 £ 16%* 82+9 204 £ 22%*

% M 61.1+4.7 63.8 +3.7 46.3+3.3 64.9 + 4.0 60.1+64  62.6+54%
RP oy

mg/min 62+8 83+ 10 47+ 10 75+£10 70 £ 10 70 + 7%

% M 222432 13.1 £ 1.9% 15.8+2.8 143+ 1.7 24.6+3.4 126+ 1.7*%F

Values are means + SE (n = 9 for pre-acclimation and Week 4 and n = 8 for Week 2).

* P <0.005, significantly different than Baseline; **, P <0.0001

# P < 0.05, significantly different than pre-acclimation (temperature x acclimation interaction),

T P <0.05, significantly different than week 2 (temperature x acclimation interaction),
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DISCUSSION

This study is the first to simultaneously quantify whole body metabolic heat production
and electromyographically-determined shivering intensity and pattern of muscle fiber
recruitment during an acute cold exposure, following a four week cold acclimation intervention.
It was especially important to characterize these changes during acute thermal stress that is
colder than the acclimation temperature to ensure that the recruited thermogenic processes are
adequately stimulated. Our results showed that the cold-acclimation protocol applied elicited an
hypothermic form of acclimation, such that a greater uncompensated drop in T¢oe Was presented
following four weeks of daily cold exposure (Table 1). Although the metabolic heat production
and whole body shivering intensity induced by an acute cold exposure were the same throughout
the acclimation protocol, the pattern of muscle recruitment changed significantly. This change in
shivering pattern appeared to be driven by changes in the fibre recruitment in proximal muscle
groups in particular (Figure 3). Further, there was indirect evidence suggestive of bioenergetic
changes in shivering muscles towards a greater coupling between the oxidation of substrates and

ATP synthesis to support contractions (improved coupling of oxidative phosphorylation).

Hypothermic form of acclimation

The hypothermic acclimation pattern demonstrated here is characterized by a fall in core
temperature (Table 1), due to a blunted metabolic response to the same skin temperature or rate
of heat loss (Figure 1). This acclimation pattern is consistent with the adjustments reported in a
number of other experimentally-induced cold acclimation studies using cold air exposure for a
longer daily exposure [7.5h/day for 17 days and 8 h/day for 31 days; (Keatinge WR, 1960,

Davis, 1961)]. This form of acclimation may simply be an unavoidable consequence of
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conducting such studies during periods when participants are considered least acclimatized to the
cold, in late summer. Under such conditions, the influence of the cold stimulus combined with
the heat stress during the day seems to elicit similar cold-acclimation patterns as that observed in
primitive people living in temperate weather who experience cold nights and hot days
(Scholander et al., 1958). In addition, the undefended fall in core temperature also lends further
support to the thermoregulatory model previously proposed, suggesting that shivering is
modulated primarily by the stimulation of cutaneous thermal sensory receptors, which respond to
skin cooling, rather than stimulation of visceral thermal receptors, which respond to core cooling
(Tanaka et al., 2006). Rather, some have suggested that core temperature changes act more
through the feedback mechanisms of thermoregulation (Nakamura, 2011), with the present
results suggesting a blunting or inhibition of this signaling pathway as a result of daily cold

exposure.
Modulating the heat producing mechanisms

Despite the extensive list of studies published regarding the various cold-acclimation
patterns in humans, our understanding of the changes to the thermogenic mechanisms recruited
remains limited. To our knowledge, the present study is only one of three studies to date to have
provided quantitative information on shivering activity resulting from daily cold exposure
(Davis, 1961; Blondin et al., 2014). Of those, only one has simultaneously quantified both
shivering and BAT-derived cold-induced thermogenesis (Blondin et al., 2014). In that
investigation, cold-induced shivering activity and BAT oxidative metabolism and glucose
uptake, using PET with ''C-acetate and '*F-fluorodeoxyglucose (‘*FDG), were measured
concurrently in a sub-group of participants from the present investigation exposed to a mild cold

(LCS perfused with 17-18 °C water for 3h). Although BAT volume increased by 45% and its
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total oxidative capacity increased 2.2-fold in these participants, shivering remained present albeit
limited to ~2 % MVC pre and post-acclimation despite whole body heat production also
remaining the same in both conditions (1.9xRMR). The use of PET imaging also bears some
inherent limitations such that shivering must be kept to a minimum to ensure image quality.
Consequently, the acute cold exposures were restricted to an environmental temperature warmer
than the acclimation temperature (17-18 °C vs. 10 °C, respectively). Interestingly, the majority of
cold acclimation studies conducted to date have used experimental protocols where both the
acclimation and acute cold exposure experimental sessions are performed at the same
environmental temperature [see (Young, 1996) for review]. This limits the extent to which the
acclimation-induced changes to the thermogenic mechanisms need to fully manifest themselves
and has restricted the full characterization of the thermogenic responses resulting from cold-
acclimation. The present study, provides the first attempt at investigating the effects of exposing
cold-acclimated men to environmental conditions colder than the temperature to which they were
acclimated. These participants maintained their total heat production (1629 + 46 kJ pre-

acclimation vs. 1595 + 68 kJ in Week 4) but presented a delay (from 20 min pre-acclimation to

50 min by Week 4; Figure 2) and shift in the T,

i, to which shivering was initiated (from 27.8 +
0.6 °C pre-acclimation to 26.3 = 0.3 °C by Week 4). Despite the same total heat production, the
thermogenic contribution of shivering transiently decreased while that of non-shivering
mechanisms of heat production increased (Figure 2). Total shivering activity (449 + 56 %MVC -
150 min pre-acclimation vs. 338 £ 59 %MVC - 150 min in Week 4), as measured with EMG,

remained the same throughout the four-week acclimation (Figure 3). To determine whether

alterations to the shivering pattern could explain these conflicting findings, we also investigated
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the recruitment of particular muscle groups and the recruitment of fuel-specific muscle fiber

populations.

Changing shivering pattern rather than intensity through acclimation

When examining an EMG recording of shivering muscles, two distinct, superimposed
patterns emerge: (1) thermoregulatory muscle tone or continuous, low-intensity shivering
(associated with the recruitment of low-threshold type I motor units) and high-intensity burst
shivering (associated with the recruitment of high-threshold type II motor units) (Petajan &
Williams, 1972; Israel & Pozos, 1989; Meigal, 2002; Haman et al., 2004a). Cold-induced
thermogenesis in humans can be maintained despite differences in the muscle fibre recruitment
(Haman et al., 2004b) or differences in the recruitment of different metabolic pathways within
the same muscle fibres (Haman ez al., 2004a; Blondin ef al., 2011). These differences in muscle
fiber recruitment and recruitment of specific metabolic pathways also influence whole body fuel
selection which may subsequently impact the thermogenic contribution of shivering. We
hypothesized that the shivering pattern could explain the apparent contradiction between the lack
of change in the whole body shivering intensity, yet transient difference in the thermogenic
contribution of shivering. Indeed, the total number of bursts throughout the acute cold exposure,
indicative of the recruitment of fast type II fibers, was lowest following Week 2 (Figure 3).
Further, a strong direct association between total bursts and shivering thermogenesis was
apparent (r = 0.44, P = 0.02), indicating that the thermogenic contribution of shivering was
influenced by muscle fibre recruitment. There are a number of plausible explanations for this
transient relationship, including either: 1) a transient shift in the muscle fiber recruitment pattern
over the course of the four-week acclimation; 2) a shift in muscle fiber composition (i.e. muscle

fiber-type switching) and subsequent preferential recruitment of these fibers or; 3) an initial shift
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in fiber type composition followed by a later shift in the regulation of pathways being recruited
within these muscle fibers. The present findings confirm that the recruitment of distinct fibre
populations was indeed modulated throughout the cold acclimation, particularly in proximal
muscle groups (Figure 3). However, it remains unclear whether this shift in fiber recruitment was
a result of a change in recruitment pattern per se or a reflection of a change in fiber distribution
and subsequent recruitment. A study examining the morphological characteristics of the m.
vastus lateralis in cold-acclimatized Korean women breath-hold divers compared to non-
acclimatized non-divers has demonstrated a greater proportion of type IIx muscle fibers and
lower proportion of type Ila muscle fibers in the cold-acclimatized divers compared to their non-
acclimatized peers (Bae et al., 2003). This suggests that such a cold-acclimation induced muscle
fiber-type switching is plausible, but with the degree of cold stress likely dictating the direction
of the switch. For instance, the adaptation of muscle fibers appears mediated by the pattern of
motor neuron firing, such that tonic motor neuron activity stimulates a slow oxidative phenotype
(upregulation of type I and Ila-specific gene expression) whereas interspersed bursts of high
amplitude firing promotes a fast glycolytic phenotype (Chin ef al., 1998). Consequently, the fiber
recruitment pattern (continuous vs. burst shivering) and amplitude of the respective shivering
components seen here would lead to the suggestion that the cold-acclimation protocol applied in
this investigation could evoke changes towards a slow-fiber-specific phenotype to support an
increase in intramuscular triglyceride utilization and preservation of glycogen reserves. Muscle
biopsy experiments are required to confirm that such cold-acclimation-induced phenotypic
changes to shivering skeletal muscle are indeed occurring. However, judging by the transient fall
in burst shivering combined with a relative decrease in burst shivering intensity, there are many

indications of the presence of this adaptation.
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Fueling shivering thermogenesis

Although cold-induced fuel selection was not modified as a result of this four-week cold
acclimation, there are indications of changes in muscle bioenergetics. The relationship between
the EMG shivering intensity, used as a surrogate of contraction-mediated ATP utilization, and
whole body metabolic heat production was examined. We showed greater coupling between
contracting shivering muscles and heat production as a result of daily cold exposure, indicative
of changes in the coupling of oxidative phosphorylation (Figure 5). During exercise, bioenergetic
efficiency or contraction-coupling efficiency is defined as the external work produced for a given
amount of energy expended (Whipp & Wasserman, 1969). However, when examining the
relationship between shivering evoked through cold exposure and its by-product, metabolic heat
production, we can consider metabolic heat production as analogous to external work and heat
produced from exercise and shivering intensity analagous to ATP turnover. A recent
investigation demonstrated a cold-induced mitochondrial uncoupling in skeletal muscle of un-
acclimatized cold-exposed men (Wijers ef al., 2008). In addition, endurance trained individuals
exhibit contraction-induced mitochondrial adaptations that include a reduction in mitochondrial
uncoupling compared to untrained inviduals (Fernstrom et al., 2004), which may be related to
the enhanced capacity to oxidize fatty acids (Noland ef al., 2003). If a similar endurance training
phenotype develops through daily cold exposure, a similar improvement in mitochondrial
coupling would be expected. To date, only a single study has examined the effects of a brief
cold-acclimation on skeletal muscle bioenergetics and showed no change in mitochondrial
uncoupling (van der Lans ef al., 2013). However, the shorter acclimation period (10 days vs. 20
days in the present study) combined with limitations in the skeletal muscle respiration

experiments in this study hinder the possibility to clearly determine the cold-induced changes in
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mitochondrial uncoupling resulting from daily cold exposure. Whether such bioenergetic
changes are evoked through chronic cold exposure requires further investigation, but the data
reported here lends strong support towards such a change and suggests that it may be significant
enough to detect through the simultaneous measurement of whole body energy expenditure and

EMG-derived shivering activity.

Conclusion

In this study we characterized the temporal changes in the thermoregulatory responses resulting
from daily cold exposure. In particular, we examined the impact of cold acclimation on the
facultative mechanisms of heat production with a focus on skeletal muscle thermogenesis. Here,
we demonstrate that the cold-acclimation protocol applied elicited an hypothermic form of
acclimation, such that a greater uncompensated drop in T, Was presented following four weeks
of daily cold exposure. More importantly, there were no changes in either the cold-indtuced
thermogenesis or shivering intensity, as measured by EMG throughout the cold acclimation. This
could be explained by adjustments to the pattern of muscle fiber recruitment, which were most
influenced in the more active proximal muscle groups. The whole-body methodologies applied
here provided valuable insight into the possible phenotypic changes that are occurring as a result
of a repeated thermal stimulation Further examination of the morphological and bioenergetic
adjustments in skeletal muscle that are elicited from intermittent cold exposure are clearly
warranted in order to establish a more comprehensive picture of the metabolic adaptations
occurring from cold acclimation. These studies should ideally combine the application of
methodologies that can simultaneously quantify organ-specific metabolism and the impact on

whole-body energy expenditure.
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4. DISCUSSION AND CONCLUSION
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Upon starting this doctoral thesis, there were early indications that BAT in adult humans
was more prevalent and more physiologically relevant, particularly in cold-induced
thermogenesis, than had been estimated previously. We were entering what some considered the
"second era of BAT targeting" (Dulloo, 2013). The first era of BAT investigations began in the
1970's where the role of BAT in cold-induced and diet-induced thermogenesis were first
identified in rodents (Rothwell & Stock, 1979; Trayhurn et al., 1982; Landsberg et al., 1984) and
similarities observed in humans. However, mounting evidence against the relevance of this tissue
or the means in which it could be safely pharmaceutically stimulated in humans, lead to a
gradual decline in these investigations in humans. Although, radiologists had regularly
documented non-tumor related, symmetrical uptake of '*FDG in the supraclavicular region in the
early 1990's, which they named USA-fat (short for "Uptake localizing to the Supraclavicular
Area - fat" (Hany et al., 2002; Cohade et al., 2003; Yeung et al., 2003; Abouzied et al., 2005). It
took several years for the field of nuclear medicine to recognize this uptake as representing BAT,
since this tissue was considered to be absent in adult humans, and to acknowledge that cold
stimulation was the likely culprit leading to the false-positives this tissue was often creating in
the identification of neoplastic pathologies. It was only upon the release of the three seminal
papers published in the New England Journal of Medicine in 2009 (Cypess et al., 2009; van
Marken Lichtenbelt et al., 2009; Virtanen et al., 2009) that the characterization of BAT
metabolism was re-established, thus triggering the start of the second era in BAT research. With
BAT considered a vestigial thermoregulatory organ and our laboratory being one of the only
groups in the world studying whole body energy metabolism in cold-exposed humans, we were
ideally positioned to investigate the thermoregulatory potential of BAT both in non-acclimatized

and acclimatized conditions and its incidental effect on the regulation of circulating substrates.
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We were most interested in understanding the effect this tissue could have on whole body heat
production, fuel selection and in particular shivering thermogenesis. This was attempted by first
characterizing the metabolism of BAT under mild cold conditions, investigating the interaction
between BAT and skeletal muscle in the context of both thermoregulation and metaboregulation
and finally by comparing the plasticity of these two highly thermogenic tissues following a cold-
acclimation intervention. What we found was that, indeed, BAT is thermogenically relevant in
adult humans and under mild cold conditions its thermogenic contribution compared to shivering
muscles varies tremendously between individuals. Further, both BAT and skeletal muscle
demonstrated tremendous plasticity as a result of daily cold exposure. However, what was also
clear is that both the contribution of BAT thermogenesis to whole body heat production and the
ability to clear circulating substrates is quite limited when compared to skeletal muscle.
Combined, the findings from this thesis provided indications that BAT may play a more local
thermoregulatory role and perhaps clear circulating substrates sufficiently to manage small
amounts of substrates in circulation, but unlikely to be sufficiently potent to reverse the effects of

diabetes and obesity, where excessive levels of substrates are present.

4.1. BAT metabolism in adult humans

The objective of the first study in this thesis was to determine whether BAT is
metabolically active and contributes to cold-induced thermogenesis in humans. More
specifically, we aimed to quantify BAT oxidative metabolism as well as glucose and fatty acid
uptake during a mild cold exposure using PET with ''C-acetate, "*FDG and '*FTHA. Previous
investigations demonstrated that cold-induced glucose uptake was increased in paracervical and
supraclavicular UCP-1-positive fat depots, with multilocular intracellular lipid droplets (van

Marken Lichtenbelt et al., 2009; Virtanen et al., 2009). However, these findings were consistent
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with what had long been known about BAT (Huttunen et al., 1981) and provided no further
information regarding the functionality and metabolism of this tissue. Further, the thermal
challenges in which participants were exposed to were highly variable, either deliberately (van
Marken Lichtenbelt ef al., 2009) or inadvertently as a result of applying unconventional cooling
methodologies (Virtanen et al., 2009). This was evident by the significant relationship between
metabolic rate and BAT glucose uptake reported (van Marken Lichtenbelt et al., 2009). The
results from our study provided the first estimates of the oxidative capacity of BAT in vivo in
adult humans. We found that by reducing skin temperature by ~4.0 °C, evoking a 1.8-fold
increase in energy expenditure, resulted in a significant cold-induced activation of BAT
oxidative metabolism. Although BAT increased its glucose and NEFA uptake during cold
exposure, the rate of their utilization was trivial, accounting for only 1.3% and 0.25% of plasma
glucose and NEFA turnover, respectively. Combined with the rapid increase in BAT radio-
density during cold exposure, this suggested that the oxidative metabolism of this tissue was
supported primarily through intracellular triglyceride utilization. These findings represent the
acute metabolism of BAT, during a three hour cold challenge. However, it is unclear what the
contribution or metabolic fate of circulating glucose and NEFA might be under more chronic or
intense stimulation, where intracellular triglycerides may become depleted, or what the
metabolic fate of these substrates might be once the cold exposure is terminated. The full
characterization of the transmembrane glucose and fatty acid transport proteins found in BAT
(e.g. GLUT4 or CD36) and their latency periods have never been investigated and it is unclear
what role these transporters might have on the clearance of circulating substrates and for how

long.
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A final interesting finding from this study was that, in contrast to previous investigations,
there was no significant relationship between the volume of metabolically active BAT and cold-
induced energy expenditure. Rather, a significant inverse relationship between BAT volume of
activity and the shivering intensity, expressed as a percentage of a maximal voluntary contraction
(Spearman r = -0.89), was identified. This demonstrated that under well-controlled mild cold
exposure, heat production can be maintained by recruiting a combination of shivering and BAT
thermogenesis, with the proportions of each varying from individual-to-individual. This
relationship lead us to further investigate the relationship between BAT and shivering muscles,
both in the context of thermoregulation as well as clearing circulating substrates. If BAT is to be
targeted as an adjunct therapeutic strategy for the treatment of obesity and diabetes, and mild
cold exposure provides the safest and most effective method of stimulating BAT, a greater
understanding of not only its potential, but the impact of other facultative mechanisms recruited

during cold exposure is warranted.

4.2. BAT - skeletal muscle interaction

There have been a number of promising investigations in rodents demonstrating the
effectiveness of BAT in regulating: (1) triglyceride clearance (Bartelt et al., 2011); (2) glucose
homeostasis and insulin sensitivity (Stanford et al., 2013) and (3) energy balance by dissipating
excess energy during cold exposure or excess feeding (Rothwell & Stock, 1979; Feldmann et al.,
2009). What has also been evident is the interaction or communication between BAT and other
organs such as the liver (Fisher et al., 2012), white adipose tissue (Wu et al., 2012; Rosenwald et
al., 2013), the heart (Bordicchia et al., 2012) and skeletal muscle (Bostrom et al., 2012; Yin et

al., 2013). However, confirmation of these relationships in humans has remained largely
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ambiguous and indications suggest that interpretations of the limited findings may be biased by
the results observed in rodents. The general aim of the second manuscript was to examine the
relationship of BAT metabolism on whole body thermogenesis and substrate handling and
characterize the interaction between BAT and skeletal muscle during a mild cold exposure.
More specifically, our objectives were to examine the relationship between whole body
sympathetically-induced lipolysis and BAT metabolism, characterize the thermoregulatory and
metaboregulatory relationship between BAT activity and skeletal muscle metabolism and map
the muscle activation pattern using the complementary techniques of surface EMG and PET/CT

under mild cold conditions.

In prediabetic and diabetic individuals catecholamine-mediated lipolysis of intracellular
TG in WAT is impaired, which appears to be associated with excess adiposity (Grenier-Larouche
et al., 2012). With BAT thermogenesis both stimulated and fueled by sympathetic nervous
system-mediated lipolysis of intracellular TG into fatty acids (Cannon & Nedergaard, 2004), the
consequence of a similar lipolytic dysfunction in brown adipocytes would likely result in a
blunted or inhibited BAT thermogenic activity and thus solicit a greater heat production from
shivering skeletal muscles. Until now, the relationship between catecholamine-mediated lipolysis
of intracellular TG in WAT and sympathetically-induced BAT activation in humans has
remained unclear. We showed that catecholamine-mediated WAT lipolysis, as measured by the
cold-induced change in NEFA appearance rate, was strongly associated with the volume of
metabolically active BAT, total BAT oxidative metabolism and BAT glucose uptake. This strong
association suggests that perhaps the impaired catecholamine-mediated lipolysis of intracellular
TG may be generalized to all adipose tissue and may explain the absence or impaired function of

cold-induced BAT activity in individuals who are morbidly obese or diabetic (Vijgen et al.,
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2011; Orava et al., 2013), as previously suggested (Grenier-Larouche et al., 2012). The
consequence of a similar lipolytic dysfunction in brown adipocytes would likely result in a
greater contribution to heat production from shivering skeletal muscles, which do not appear to

be influenced by the catecholamine-mediated lipolysis.

To begin teasing out the interaction between BAT metabolism and shivering activity as
well as their effect on whole body energy metabolism, we examined the association between
shivering intensity and the volume of metabolically active BAT as well as its oxidative capacity.
In contrast to the association identified in our first manuscript (Ouellet et al., 2012), no
discernible relationship was found between shivering intensity and BAT metabolic activity. This,
in part, may be explained by either a limitation in the study design such that a greater variability
in both BAT oxidative capacity and shivering intensity would be expected at a colder thermal
challenge, or simply resulting from an apparent dichotomy in the presence of BAT. While 100%
of our participants, to date, have shown a presence of metabolically active BAT, a dichotomous
trend has begun appearing whereby some individuals demonstrate a large volume of BAT
activity (>200 mL) whereas others demonstrate a small volume of BAT activity (<100 mL). This
trend appears to be consistent with what has also been presented in the literature to date (Muzik
et al., 2013), where in some instances groups have been incorrectly defined as BAT-negative (a
misnomer, incorrectly suggesting an absence of BAT) or BAT-positive (Saito et al., 2009).
These individuals categorized as BAT-negative do in fact demonstrate a presence of BAT, as
defined using the currently accepted criteria (radio-density between -30 and -150 Hounsfield
units and "®FDG uptake of more than 1.5 SUV unit, representing a value 4-6 times greater than
WAT). Interestingly, no relationship was observed between the cold-induced changes in whole

body oxygen consumption and either BAT volume of activity, BAT oxidative metabolism or
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shivering intensity. In brief, this suggests that core temperature is defended by indiscriminately
recruiting the necessary thermoeffectors to produce heat. Although the temperature thresholds to
activate each cold-defence thermoeffector may differ, no more heat will be produced than what
is necessary. This is in stark contrast to the strong associations regularly presented in the
literature demonstrating a relationship between cold-induced thermogenesis and BAT glucose
uptake (van Marken Lichtenbelt et al, 2009; Yoneshiro et al., 2011; Chen et al., 2013;
Yoneshiro et al., 2013) or BAT perfusion (Orava et al., 2011; Muzik et al., 2013). Aside from
the single study whereby the cooling protocol is deliberately adjusted for each participant (van
Marken Lichtenbelt et al., 2009), the results of these other studies either defy the laws of
thermodynamics or, more likely, the cold challenge is uncontrolled and not equivalent between
individuals. If faced with a similar thermal challenge, energy expenditure would be expected to
increase in all individuals, not just those presenting larger volumes of BAT since the
thermogenic cold-defence effectors are both stimulated by changes in skin temperature [see

review from Morrison (2011)].

Expanding our investigation of the metabolic interaction between BAT and shivering
muscles, we then aimed to examine their respective roles in regulating circulating substrates.
Although it should come as no surprise, glucose uptake and plasma glucose turnover were both
more than one order of magnitude greater in skeletal muscle compared to BAT in cold-exposed
humans. With BAT mass representing ~1% of total body weight in adult humans compared to
the ~42% represented by skeletal muscle (Rolfe & Brown, 1997) combined with the generalized
muscle recruitment inherent in shivering, the overall potential for skeletal muscle to clear
circulating substrates during cold exposure via contraction-mediated pathways is significantly

greater. Particular muscles were preferentially recruited to produce heat during cold exposure,



176

which would incidentally lead to circulating substrates being channeled preferentially towards
these same muscles. Indeed, whether examining individual muscles or grouping them according
to their anatomical location, it was clear that under mild cold conditions deep, centrally-located
muscles were preferentially recruited and thus clearing plasma glucose to a greater extent than
superficial, peripherally-located muscles. This was consistent with previous observations made
using surface EMG (Bell et al., 1992), but also highlighted some of the limitations presented
with the use of surface EMG under such thermal conditions. As the method implies, surface
EMG only provides accurate estimates of muscle activity in muscles located superficially.
Although, electromyographic signals from deep muscles may be picked up in the process, it is
impossible to determine their contribution to shivering using this technique. As will be discussed
in 4.4. Future prospectives and final conclusions, the recruitment of centrally-located muscles
may have important adaptive consequences which may shed some light on the interaction

between BAT and skeletal muscle.

4.3. Cold acclimation

To investigate the plasticity of both BAT and skeletal muscle, participants underwent a
four week cold acclimation intervention. The goal was to fill many of the large gaps in the cold
acclimation literature as it pertains to energy metabolism. Despite the large number of cold
acclimation and acclimatization studies previously conducted, a number of key variables had
never been explicitly examined. First, only a single cold acclimatization or acclimation study has
ever documented differences in BAT mass/volume as a result of repeated cold exposure in
humans (Huttunen et al., 1981). Since this necropsy study simply examined the volume and

histobiochemical activity of mitochondrial enzymes from excised BAT, it was never clear what
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the functionality of this tissue could be in vivo under an acute cold challenge. Inferences made
from the remaining cold acclimation studies stemmed from the apparent association between
oxygen consumption or energy expenditure and shivering activity, whereby a decrease in cold-
induced thermogenesis was commonly associated with a decrease in shivering and thus a greater
thermogenic contribution of non-shivering thermogenesis. This, despite the former only having
ever been directly measured in a single study (Davis, 1961). In addition, experimental, acute
cold exposures have only ever been performed under thermal conditions that were either the
same or warmer than the acclimation temperature. Consequently, any phenotypic changes would
likely not be fully evoked due to the limited thermal challenge relative to the acclimation thermal
stresses. In light of these significant gaps in the literature, our goal was to examine the effects of
a four week cold acclimation at 10°C on BAT volume and oxidative capacity in vivo as well as
quantify the subsequent effect on shivering muscles under a mild (17-18°C) and moderate cold
challenge (4°C).

4.3.1. Effects of a mild cold exposure (warmer than acclimation temperature).
Evidence from animal models (Cannon & Nedergaard, 2004) and indirect-support from human
studies (Huttunen et al., 1981; Vijgen ef al., 2012) have suggested an inherent plasticity to BAT,
presenting signs of increased recruitment. The differentiation of both types of brown adipocytes
(classical and beige/brite) (Wu et al., 2012; Schulz et al., 2013; Yin et al, 2013) and its
activation (van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009; Ouellet et al., 2012)
appear to be largely mediated by a sympathetic input. To date, the most potent and effective
sympathetic stimulator of BAT differentiation and activation in humans has been cold exposure,
as most sympathomimetics applied in vivo have shown little to no effect on BAT activation

(Cypess et al., 2012; Vosselman et al., 2012; Carey et al., 2013). The third study of this thesis
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showed that, indeed, repeated sympathetic input from daily cold exposure can increase the
volume of metabolically active BAT by 45%, but more importantly, increase its oxidative
capacity 2.2-fold. This was paralleled by an increase in fractional and net glucose uptake by
BAT. Two recent investigations that were published just prior to submitting this manuscript for
peer review, documented similar changes in volume of BAT activity (van der Lans ef al., 2013)
and glucose uptake [as measured by mean SUV; (Yoneshiro et al., 2013)]. The former also
attempted to estimate non-shivering thermogenesis based on the assumption that 10% of total
BAT metabolism in rats is derived from glucose uptake (Ma & Foster, 1986). What we clearly
showed is that glucose uptake, using PET with '®FDG, is highly dependent on the TG content of
the tissue and that the uptake of this tracer can only reliably be used, at best, to estimate BAT
volume of activity. It is only by using PET with ''C-acetate that we could precisely quantify the
changes in the oxidative capacity of the tissue as a result of cold acclimation, providing the first
estimates of the functional changes to BAT in humans. Interestingly, the significant changes on
BAT oxidative metabolism had no effect on shivering intensity, measured either by surface EMG
or the net uptake of '*FDG in skeletal muscle (presented as a shivering index). We, as well as
reviewers, found these results quite perplexing. There are a number of plausible explanations for
such findings, but focus on the following. First, it is possible that the acute cold challenge was
insufficient to produce a significant decrease in shivering, since shivering was already limited to
~2.0 % MVC. We suggested that perhaps a colder thermal stress might have provided the
necessary stimulus to reduce muscle activity, but is not possible using nuclear imaging
techniques as the additional movement would impact the fusion of PET/CT images and the
results from dynamic PET acquisition. With the final study in this thesis, whereby participants

were exposed to a temperature colder than the acclimation temperature, we expected to see the
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effect of the cold acclimation fully manifested. However, as will be discussed in the next section,
this was not the case. Second, EMG activity is limited to largely superficial muscles. It is
possible that deeper muscles are preferentially recruited and influenced more significantly by the
increase in BAT oxidative capacity. To investigate this hypothesis, we examined both the
biodistribution of '*FDG in skeletal muscles as well as the oxidative metabolism index (Kmonos
using ''C-acetate) of the muscles observable in the 18 ¢cm PET dynamic field of view. Both
outcomes suggested decreases in some muscles, such as pectoralis major and
sternocleidomastoid, but on the whole, muscle recruitment remained relatively unchanged as a
result of cold-acclimation. Finally, EMG activity provides some insight on the muscle fiber
recruitment, which can impact muscle fuel selection (Haman et al., 2004a; Haman et al., 2004b;
Haman et al., 2005). However, detecting possible changes in bioenergetic efficiency is not
possible with this technique, but is an adaptation which may have occurred in this study (see
Appendix D, for changes in fiber type and muscle bioenegetics). A possible training effect in
skeletal muscle, resulting from daily muscle activity, would be a decrease in mitochondrial
uncoupling. Such changes in muscle bioenergetics would essentially shift the non-shivering
components of whole body thermogenesis from skeletal muscle to BAT. Although this study
provided valuable insight on the phenotypic changes to BAT, many questions remained
regarding its full thermogenic potential. This lead us to further investigate its role under a colder

thermal challenge.

4.3.2. Effects of a moderate cold exposure (colder than acclimation temperature).
Understanding the full thermogenic capacity of BAT requires that it be thermally challenged. In

our previous study, the experimental design was limited by the degree of cold stimuli that could
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be applied to ensure that adequate PET images could be obtained. Ultimately, the goal was to
determine the extent that BAT increased in volume and whether its oxidative machinery had also
changed through daily cold exposure. Since BAT volume is determined by the volume of "*FDG
uptake in the supraclavicular BAT depot, it need only to be metabolically active to take up the
threshold levels of "*FDG required to delimit its volume and distinguish the tissue from WAT.
However, we expected that in order to examine the thermogenic potential of BAT both shivering
and BAT activity would need to be stimulated simultaneously. We anticipated that exposure to
18°C, as in the previous study, would be insufficient and that a thermal stress colder than the
acclimation temperature would be required to ensure that both thermogenic cold-defence
effectors could contribute to the cold-induced rise in energy expenditure. This portion of the
study not only allowed us to determine the effect of changes to BAT metabolism on shivering
activity and whole body energy expenditure, but also allowed us to estimate the time-course of
these changes. In addition, muscle biopsies were collected (not reported in manuscript, but
presented in Appendix D), to examine the phenotypic changes in skeletal muscle as a result of
daily cold exposure. We hypothesized that since the adaptation of muscle fibers appears
mediated by the pattern of motor neuron firing, such that tonic motor neuron activity stimulates a
slow oxidative phenotype (upregulation of type I and Ila-specific gene expression) whereas
interspersed bursts of high amplitude firing promotes a fast glycolytic phenotype (Chin et al.,
1998), the fiber recruitment pattern (continuous vs. burst shivering) and amplitude of the
respective shivering components traditionally observed in our acute cold exposure studies
(Haman et al., 2004a) would evoke changes towards a slow-fiber-specific phenotype.
Interestingly, even at these thermal conditions, changes in BAT oxidative capacity were

insufficient to induce a reduction in shivering intensity. Rather, we observed a delay and shift in
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the mean skin temperature threshold for the onset of shivering. We estimated that the
thermogenic contribution of shivering and non-shivering thermogenesis (e.g. mitochondrial
uncoupling in BAT and skeletal muscle) was transiently modulated following two weeks of daily
exposure, before returning to pre-acclimation levels after four weeks. Since BAT oxidative
metabolism had increased significantly over the four weeks (see 4.3.1. Effects of a mild cold
exposure) and the cold-induced rise in mitochondrial uncoupling was abolished within that same
time period, it is possible that the second week represents a disproportionate shift in the
phenotypic changes between these two tissues. In other words, perhaps the changes in
contraction-stimulated fiber-type switch combined with bioenergetic changes in shivering
muscles occurred at different rates than the recruitment and changes in the oxidative machinery
in BAT and that by the fourth week of acclimation these changes had stabilized. Since PET scans
and muscle biopsies were only taken pre and post-acclimation, it is not possible to verify this
hypothesis. Changes in the EMG signature over the four weeks suggest that significant
adjustments are occurring by the second week. This may reflect either a change in the
recruitment pattern of existing fibers, with a decrease in total bursts representing a shift towards
recruitment of type I muscle fibers and/or a shift in fiber composition within the same activated
muscles. The shift in EMG signature appeared to be greatest in proximal muscles which may
simply be a reflection of the preferential recruitment of these muscles.

What this study nicely demonstrated was the extent to which redundant mechanisms are
recruited to defend our core temperature. Although significant adjustments were made to the
BAT and skeletal muscle phenotype in our cold-acclimated participants, ultimately cold-defence
effectors were recruited to the extent necessary to maintain a constant heat production. Further,

the undefended fall in core temperature observed by the fourth week of cold acclimation not only
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reinforced the feedback role of visceral thermal receptors, but also demonstrated how the
acclimation profile can differ based on the extended environmental conditions. For example,
since this cold acclimation study was largely performed at the end of the summer, the influence
of the cold stimulus combined with the heat stress during the day seemed to elicit similar cold-
acclimation patterns as that observed in primitive people living in temperate weather who
experience cold nights and hot days (Scholander ef al, 1958). Such an acclimation pattern,
differs from those who experience cold days and cold nights, such as aboriginals from Central

Australia (Hammel et al., 1959) and North American Inuit (Elsner et al., 1960; Hart et al., 1962).

4.4. Future prospectives and final conclusions

Collectively, the results from the four manuscripts presented in this thesis have begun
filling some of the significant gaps in the literature pertaining to energy metabolism in the cold.
It has shifted not only our perspective and understanding regarding cold-induced energy
metabolism and the coordination of various thermogenic organs, but in the process has ultimately
humbled our future interpretations. Prior to our first study, the cold-induced energy metabolism
narrative read almost exclusively as the relationship between shivering muscles and their effect
on whole body heat production and fuel selection [see review from Haman, (2006)]. This is
understandable given that BAT was considered thermogenically irrelevant in humans beyond
infancy. While the results from the studies presented in this thesis suggest that from a whole-
body perspective this may not be entirely false, there are still important indications that BAT
plays an ancillary role to skeletal muscle during mild to moderate cold exposure and that
communication between muscle and BAT may have important and relevant implications. For
example, the supraclavicular and paraspinal localization of BAT (see Figure 1.) suggest that it

likely plays a significant role in local heat production for the purpose of heating blood heading
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towards the brain and ensuring adequate conductivity of neurons in the spinal cord to support
central and peripheral nervous system function. There are three indications, that we are aware
of, that demonstrate a possible link between skeletal muscle and BAT function which we
hypothesize serves a well adapted function of alleviating or supporting the thermoregulatory

responsibility of skeletal muscle.

Pre-acclimation Post-acclimation

Figure 1. BAT anatomical localization.

First, since a rise in core temperature has been shown to have an inhibitory effect on the
fusimotor response to skin cooling (Tanaka et al, 2006), it is possible that individuals
demonstrating a greater volume of BAT, which are more likely to have substantial paraspinal
BAT depots (Ouellet et al., 2011), may be locally heating the spinal nuclei involved in the
stimulation of fusimotor fibers, thus as a consequence blunting the shivering response. This
would explain the dichotomous distribution in the volume of metabolically active BAT and the
shivering response. The second indication stems from the discovery of a WAT-browning
myokine, irisin, that is released from skeletal muscle during endurance exercise (Bostrom ef al.,
2012) which suggests that the signal being relayed is that there is a greater persistent need for

motor movements. Consequently, skeletal muscle must necessarily shift the responsibility of
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passive heating to BAT in view of this greater voluntary motor demand. Similarly, the third
indication stems from the identification of a microRNA, microRNA-133, which regulates the
determination of skeletal muscle stem cells/satellite cells towards either a myogenic- or BAT-
specific fate (Yin et al., 2013). Following 1 week of cold exposure, miR-133 in mice is
downregulated which induces satellite cells to differentiate into brown adipocytes. Interestingly,
the greatest shift towards a BAT-specific fate was observed in satellite cells derived from
intercostal and paraspinal muscles. If the muscle recruitment pattern of shivering mice are
similar to adult humans, these paraspinal muscles would likely be the most active during cold

cexposure.

Much work remains to be done if we are to fully understand the role of BAT on whole
body energy expenditure and substrate handling, particularly if it is being considered as an
adjunct therapeutic target to counteract the effects of obesity and diabetes. Although significant
progress has been made in characterizing its developmental origin (Sharp et al., 2012; Wu et al.,
2012), function (Ouellet et al., 2012; Vosselman et al., 2013) and distribution (Ouellet et al.,
2011; Cypess et al., 2013). Greater caution in the design of future studies is necessary if we are
to fully characterize the function of this tissue. Currently, we are experiencing challenges in
interpreting the findings of in vivo studies in humans, due to poor cold exposure designs or the
inappropriate use of PET tracers and the subsequent interpretation of the PET data. For example,
the consensus regarding the prevalence and activity of BAT in obese and diabetic individuals is
that this tissue is inactive or defective in these populations (Saito et al., 2009; Ouellet et al.,
2011; Vijgen et al., 2011; Orava et al., 2013). However, given that the TG pool in the BAT
depots are likely full in these populations and that "*FDG is highly influenced by TG content (see

Article III), it is highly likely that the presence and metabolic activity of this tissue is being
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disproportionally under-estimated in these populations, simply through the use of an
inappropriate radio-tracer. Since such findings tend to fit with rodent models, a confirmation bias
is swaying the interpretation of the results. Consequently in studies examining BAT metabolism
in obese and diabetic individuals, tracers that are not influenced by the energy status of the tissue
or the substrates being used within it, such as HC-acetate or >0, should be favoured. In addition,
clarifying the possible relationship between WAT and BAT lipolysis will be critical in
understanding the pathogenesis of metabolic diseases such as obesity and diabetes. Finally, the
role of BAT in post-prandial metabolism also requires further clarification, since BAT appears to
play a substantial role in handling excessive energy substrates, particularly in clearing meal-

derived TG (Bartelt et al., 2011).
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Abstract

In cold exposed humans, increasing thermogenic rate is essential to prevent decreases
in core temperature. This review describes the metabolic requirements of thermogenic pathways,
mainly shivering thermogenesis, the largest contributor of heat. Research has shown that
thermogenesis is sustained from a combination of carbohydrates (CHO), lipids and proteins. The
mixture of fuels is influenced by shivering intensity and pattern as well as by modifications in
energy reserves and nutritional status. To date, there are no indications that differences in the
types of fuel being used can alter shivering and overall heat production. We also bring forth the
potential contribution of nonshivering thermogenesis in adult humans via the activation of brown
adipose tissue (BAT) and explore some means to stimulate the activity of this highly thermogenic
tissue. Clearly, the potential role of BAT, especially in young lean adults, can no longer be
ignored. However, much work remains to clearly identify the quantitative nature of this tissue’s
contribution to total thermogenic rate and influence on shivering thermogenesis. Identifying ways
to potentiate the effects of BAT via cold acclimation and/or the ingestion of compounds that
stimulate the thermogenic process may have important implications in cold endurance and
survival.

Key words: shivering thermogenesis, energy metabolism, lipid oxidation, carbohydrate oxidation,

muscle glycogen, electromyography (EMG), muscle recruitment, fuel selection mechanisms
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Introduction

Human bodies are particularly efficient at dissipating heat in warm climates but have a
reduced capacity to preserve it in cold environments. In fact, preventing significant decreases of
core temperature are virtually impossible without proper behavioral strategies to assist in the
reduction of heat loss (e.g. building shelters, wearing clothing, mastering fire)(138). When
exposure to cold temperatures is inevitable, humans must rely on the concerted activation of
physiological processes that increase heat production and lower heat loss. This review focuses
specifically on the processes of thermogenesis in cold exposed adults. It describes the
thermogenic pathways activated to compensate for increases in heat loss and presents the
metabolic fuels required to sustain these pathways under various nutritional conditions and cold
exposure intensities. While the main emphasis is on shivering thermogenesis (ST) - by far the
greatest contributor heat in adult humans - this review also brings forth the potential contribution
of non-shivering thermogenesis (NST) via the activation of brown adipose tissue (BAT). Clearly,
the role of this highly thermogenic tissue cannot be overlooked as it is now known to be present
and metabolically active in adult humans (29, 90, 128, 132, 145). In this context, we explore the
metabolic importance of BAT in adults and suggest means for increasing its activity to increase

overall thermogenesis and/or reduce skeletal muscle activity during ST.

Heat production in cold exposed humans

Heat production or thermogenesis is a by-product of the combustion of substrates and
other exothermic biochemical reactions occurring within cells throughout the body. Under
thermoneutral conditions, metabolic activity of various human tissues provides a combined heat
production of ~5 kJ of heat per kilogram per hour. As ambient temperature progressively
decreases, metabolic and physiological processes are activated to reduce rates of heat loss and
increase rates of heat production. The main purpose of these combined responses is to maintain

an optimal core temperature of ~37°C. When exercise is not possible or advisable (e.g.
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overexertion, limited food supply), combined activation of ST and of NST is essential for
maintaining heat production. Before 2009, researchers in the field of thermoregulation believed
that heat production in cold exposed adults was almost exclusively produced through ST while
the contribution of NST was negligible (see 48 for review). This assumption was mainly related to
the belief that the greatest contributor to total NST, the highly thermogenic BAT, was absent or at
least metabolically inactive past the first year of life (59). In contrast, others researchers held firm
that BAT was present and could be a metabolically relevant tissue in humans (87). In 2009,
using Positron Emission Tomography coupled with Computed Tomography (PET/CT) with the
PET glucose analogue '°F-fluorodeoxyglucose ('°F-FDG), three leading studies confirmed the
presence of significant amounts of BAT in adult humans (29, 128, 132). Later, by combining ''C-
acetate to PET/CT methods, results showed that BAT was not only present but also contributed
to cold-induced thermogenesis (90). Even though there is little doubt that ST is the greatest
contributor of heat in cold humans, the potential contribution of BAT to total thermogenic rate
should not be ignored especially during mild cold exposure. Some strategies that may increase
the contribution of this tissue to total heat production are discussed later (Compounds that may

stimulate BAT in the cold).

Activating thermogenic pathways

In endotherms, activation pathways for the various thermogenic processes have evolved
over millions of year and share many commonalities between species. The functional model
commonly applied to describe our current understanding of the central thermoregulatory circuits
have been derived from the use of transsynaptic retrograde tracing techniques using
pseudorabies virus, direct electrical brain stimulation or pharmocological stimulation and inhibition
of neural pathways in various animal models [see (85) for review]. Only recently have functional
magnetic resonance imaging (fMRI) (31, 71, 81) and PET/CT been used to map the
thermoregulatory centers of the human brain (23, 34). A recent fMRI study has suggested that

the anatomical locations of neurons in the medulla critically involved in stimulating the cold-
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defense responses in humans are homologous to those found in rodents (81), which allows for

the application of rodent models as a base of interpretation.

Although a thorough review of the autonomic control of thermoregulation is beyond the
scope of this particular review and can be found elsewhere (82, 85, 86, 102), a general
description of the processes in which the thermogenic pathways are stimulated will be provided
(Figure 1). It is likely that much of the variability in the thermoregulatory and metabolic responses
commonly observed in cold exposure studies, whether deliberate or not, can be attributed to the
methodologies used to stimulate these thermogenic pathways. The thermoregulatory system
consists of a sensory afferent axis, an integration centre and an efferent pathway. Cooling the
skin activates the temperature-sensitive transient receptor ion channels (termed thermoTRP),
expressed in free nerve endings located in the dermis and epidermis (61, 134). This stimulation,
conveys thermal afferent information through the spinal cord, to the thalamus and cerebral cortex
for the conscious perception and localization of changes in temperature (31, 34) as well as to the
thermoregulatory centre located in the preoptic area of the hypothalamus to activate homeostatic
cold-defense responses (34). Interestingly, the spinothalamocortical pathway that is involved in
temperature perception does not appear to mediate the autonomous thermoregulatory responses
(85). The feed-forward response resulting from skin cooling, whereby cold defense effectors are
activated prior to changes in core temperature (T ), €nsure that thermoregulatory responses are
activated before the environmental thermal challenge can elicit such an influence on T.y.. The
threshold skin temperature that triggers cutaneous vasoconstriction (CVC), BAT or shivering
thermogenesis may vary depending upon the effector, with shivering, for example, demonstrating
a lower threshold than BAT and CVC in rodents (86). A number of thermoTRPs have been
identified, each sensitive to a relatively narrow and distinct range of temperatures but collectively
detect a span of temperatures ranging from innocuous to noxious (painful) (106). In addition to
being found subcutaneously, thermoTRPs are also expressed among afferent nerve fibers
located in the abdomen/viscera, spinal cord and hypothalamus, with this afferent input providing
feedback on the present thermal state which may potentiate responses of some but not all

thermoeffectors (82)(e.g. Figure 2 demonstrates shivering as being relatively more responsive to
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skin temperature). Both the peripheral and central cold-sensitive receptors exhibit a vigorous
increase in nerve impulse activity upon a decrease in ambient or skin temperature followed by a
steady-state continuous discharge when the temperature is held constant (18, 30), demonstrating
an acute habituation effect. Both the dynamic and steady-state firing patterns can also be seen in
the activation of the effector responses to an innocuous cold stimulus whereby, upon cooling,

shivering electromyography increases dramatically, before stabilizing to a lower amplitude (66).

The preoptic area of the hypothalamus is recognized as the thermoregulatory center in that it
integrates afferent signals and initiates autonomic thermoregulatory responses such as skin
vasomotor responses, BAT stimulation and shivering during cold exposure. In ambient conditions,
warm-sensitive neurons in the preoptic area are tonically active to suppress thermogenic
effectors. This tonic discharge is reduced by skin cooling thereby disinhibiting thermoeffector
neurons that drive these cold-defense responses. Neural output from raphé pallidus/arcuate
nucleus in the medulla appears to increase as a function of decreases in skin temperature (81) in
humans. Interestingly, despite the common afferent input, cold-defense thermoeffectors are
controlled largely independently of one another and activated in parallel but possibly at different
threshold temperatures suggesting that their interactions may simply be by-products of the
afferent feedback received. For example, following the neural relay of the medullary raphé,
activated sympathetic premotor neurons provide excitatory input to sympathetic preganglionic
neurons in the intermediolateral nucleus to drive BAT stimulation and CVC responses, while
premotor neurons in this same medullary region provide excitatory input to somatomotor neurons
in the ventral horn which excite the alpha (a) and gamma (y) motoneurons required for shivering
(86, 104, 105, 115). Consequently, rather than having complementary functions, there is
evidence to suggest redundancies in the thermoregulatory system. Extensive work is still required
to confirm this hypothesis, as the brain mapping and functional imaging of the autonomous

control of thermoregulation in humans still remains largely unexplored.

With the resurgence in BAT research in humans, much attention has recently been

drawn to cold-induced NST, more specifically the role of BAT. However, in the process, skeletal
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muscle thermogenesis under mild cold conditions has been overlooked as has the relationship
between these two organs. Although many have reported an absence of overt shivering
determined by observation or subject-led reporting (28, 128, 130, 131, 133, 145), only one study
to date has simultaneously quantified both shivering and BAT activity (90). This study
demonstrated a significant increase in cold-induced BAT oxidative metabolism and limited but
detectable levels of shivering activity, measured by surface electromyography (sEMG),
representing only ~2% of a maximal voluntary contraction (%MVC). Based on these
observations, the associated rise in cold-induced thermogenesis cannot be related entirely to the
activation of BAT but rather to a combination of ST and NST. In addition, cooling methods used
may have unintended consequences relating to the stimulation of heat production. For example,
a common cooling strategy employed to examine BAT activation involves cold air exposure
(19°C) combined with intermittently putting legs of the participant on blocks of ice (103, 145) or in
ice water (72, 89, 132). The unintended consequence of applying legs on blocks of ice or in ice
water is the stimulation of pain sensitive receptors (nocireceptors). When stimulated these
receptors, in addition to signaling a painful cold sensation, stimulates afferent fibers which
normally would be sensitive to heat stimuli, which explains this hot or burning sensation. As a
consequence, such an extreme cold may have inhibitory or blunting effect on the cold-evoked
thermoeffectors, such as BAT stimulation (106). This could explain the high variability in BAT
activation in these studies compared to the near 100% BAT activation found in studies simply
applying cold air (128, 131, 133) or a liquid-perfused garment (90). Before addressing the
potential effects of BAT activation on the thermogenic response, we will focus on metabolic basis

of ST, by far the largest contributor of heat during cold exposure.
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Sustaining shivering thermogenesis

In a lean individual weighing 72 kg, skeletal muscles represent ~40% of total body mass
or ~30kg (101, 107). Not only is this tissue mass large but it is also able to increase its
metabolic/thermogenic capacity far beyond that of any other tissue. During exercise, voluntary
muscle contractions can increase metabolic rate by as much as 15 to 20 times. In contrast,
during cold exposure, maximal heat production can only increase ~5 times above baseline values
or 40%VO,max (36). Exact physiological reasons why maximal thermogenesis is 3 to 4 times
lower during shivering than during exercise is far from being well understood. Interestingly,
however, this maximum seems consistent with maximal shivering intensity of avian and large
mammalian species which rely almost entirely on this mode of heat production during cold
exposure (9, 98). Research has also shown that high ST intensities may interfere with voluntary
movements (83, 84). Perhaps, through our evolution, lower shivering intensities produced

sufficient heat to increase odds of survival without compromising locomotion and/or cold survival.

Using sEMG methodologies, researchers have been able to quantify changes in shivering
intensity as well as electrophysiological characteristics of shivering muscles (continuous vs burst
shivering as discussed below)(8, 12, 50, 51, 67, 90). This work has shown that changes in
shivering intensity are closely related to changes in both skin and core temperatures which are
the ultimate driving force of ST (36, 120, 143). It is important to note that even without significant
changes in core temperature, shivering intensity increases progressively as average skin
temperature decreases (Figure 2). For example, using a liquid conditioned garment, a ~3°C
decrease in average skin temperature results in an average increase of ~2% of maximal
voluntary contractions (%MVC) while a ~9°C decrease in skin temperature increases shivering to
~10%MVC (44, 54, 90). Under compensable cold conditions, where rates of heat production
match rates of heat dissipation, the stimulation of shivering and total thermogenic rate can occur

rapidly with quick alterations in skin temperature (66).

Quantification of shivering EMG also reveals two distinct shivering patterns in individual

skeletal muscles based on their differences in intensity [2-5 vs. 7-15 % of maximal voluntary
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contraction (%MVC)] and rate of occurrence (8-10 vs. 0.1-0.2 Hz)(51, 67). Continuous, low-
intensity shivering is related to low threshold fibers (type I, specialized for lipid use) while high-
intensity bursts are associated with high-threshold fibers (type Il, specialized for CHO use)(83).
The origins and thermogenic importance of this dual pattern in humans are still unclear at best.
In shivering birds, researchers have indicated that burst activity is attributed to variations in fiber
composition where anaerobic muscles tend to burst more than aerobic ones (62, 88). However,
fiber composition in avian flight and leg muscles is generally more homogeneous than what is
found in humans. Human skeletal muscles are made of the different types of fibers and the
presence of these various fiber types varies greatly between skeletal muscles and individuals (39,
110). In this context, it may be more difficult to clearly establish a relationship between burst

activity and fiber composition.

Of particular interest, shivering intensity and burst rate are extremely consistent within the
same individual even when CHO availability is modified in men (52; Discussed in Fueling
shivering thermogenesis) or when measurements are made at the luteal and follicular phases of
the menstrual cycle in women (13). In contrast, between individuals, large inter-individual
variations in skeletal muscle and fiber recruitment exist even in morphologically similar adults (8,
13, 48, 49, 51). At the whole body level, these variations in relative contributions of high intensity
bursts and continuous low-intensity shivering do not seem to affect total thermogenic rate even
during mild to moderate intensity shivering (51). However, they have important consequences on
metabolic fuel selection (53) as well as possibly on shivering endurance and survival in the cold

(48).
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Fueling Shivering Thermogenesis.

Muscle contractions during ST are sustained by the combined oxidation of carbohydrates
(CHO), lipids and proteins (see 48, 137 for review). Each metabolic fuel presents distinct
differences in their energy potential and in the size of their reserves. In order to maintain ATP
production during ST, these substrates need to be provided to shivering muscles at appropriate
times and rates from intramuscular reserves and/or from other tissues via circulation. Over the
last decades, metabolic research in the cold has focused on understanding whether, like
exercise, the depletion of CHO reserves could limit ST endurance (142). However, to date,
evidence indicates that adult humans are able to sustain ST and whole-body thermogenesis
using a wide variety of metabolic fuels. When one fuel source is depleted or reduced, others
compensate in order to maintain ATP production and thermogenic rate. Current knowledge on

the importance of CHO, lipids and proteins in the cold will be described in the following sections.

Carbohydrates

CHO account for only ~1% of total energy stores (~95% for lipids and ~4% for proteins)
and have an energy potential more than half of that of lipids at 17.3 kilojoules per gram (136).
This fuel is well known to limit prolonged endurance exercise but does not seem to be limiting for
shivering in the cold. During shivering, in men and women with normal glycogen reserves, CHO
provide ~20-80% of all the heat produced (see 48 for review) with rates of oxidation ranging from
~130 to 500 mg kg'1 h™ from mild to moderate cold exposure (13, 54; see Figure 3). The highest
rates of whole-body CHO oxidation were found during passive rewarming (55). When men were
re-warmed from a T, Of ~34.5 to 36.5°C following a 7°C water immersion, CHO oxidation rates
reached as much as ~1.5 g-min'1 and accounted for three quarters of all the heat produced.
Together, these findings during cold exposure and during re-warming demonstrate that CHO are

a substantial fuel source to sustain thermogenesis.
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The glucose required for maintaining ATP production in shivering muscles is supplied
from liver glycogen via the circulation and from in situ utilization of glycogen within muscle fibers.
Both plasma glucose and muscle glycogen were reported to play significant roles for maintaining
heat production during cold exposure (52-54). Research has indicated that muscle glycogen
supplied at least ~75-80% of the glucose required to sustain thermogenesis whereas the
contribution of plasma glucose remained constant at ~20-25% (52-54). It is important to note that
the respective contributions of muscle glycogen and plasma glucose to total CHO oxidation
remains the same independently of changes in glycogen availability or shivering intensity. Similar
to exercise, muscle glycogen is always the greatest source of glucose for sustaining whole-body
CHO oxidation and energy demands in the cold. This brings forth a very important question: are
muscle glycogen reserves essential for shivering endurance or can lipids and proteins

compensate for reductions in endogenous CHO availability?

In three independent studies, CHO availability was artificially altered through dietary and
exercise manipulations before exposing men to either mild (2.5X RMR; 51) or moderate cold
exposure (3.5X RMR; 80, 150). Results showed that at both shivering intensities modifying the

size of glycogen reserves caused a large shift in fuel use from CHO dominance (up to ~80%

Hpmd) to lipid dominance (up to ~80% Hprod ). Despite this large shift in substrate utilization, core

and skin temperatures as well as whole body heat production were the same between
treatments. This indicates that decreases and increases in CHO availability result in a respective
up- or down-regulation in the use of lipids and proteins. This metabolic flexibility may not be
surprising considering the relatively low metabolic rates achieved in the cold. Adding to this
conclusion, Haman et al. (50, 52) showed that, during mild shivering, humans are able to sustain
a constant thermogenic rate by oxidizing these widely different fuel mixtures without modifying
sEMG shivering pattern or muscle fiber recruitment (i.e. intensity, burst vs. continuous shivering).

Therefore, the drastic switch in fuel metabolism found as a result of glycogen depletion and

loading (CHO, ~28 vs 65%; lipids, ~53 vs 23%; proteins, ~19 vs 12% H respectively) can be

prod

maintained within the same muscle fibers. Research during exercise has shown that large
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changes in fuel selection within the same fibers can be regulated by modulations in intracellular
metabolites (acetyl-CoA, malonyl-CoA, Ca®", ADP, AMP, P; and AMPK 1) (68, 114). ltis likely that
the same mechanisms for the regulation of metabolic fuels are involved during shivering. These
results emphasize the importance of proteins and lipids in compensating for large decreases in
CHO availability and indicate that CHO might not be essential to sustain ATP production during

ST.

In follow up experiments, Haman et al. (51) showed that, during moderate intensity

shivering, fuel selection can also be modified by inter-individual variations in EMG shivering

pattern. At a shivering intensity of ~3.5XRMR, fuel selection in men ranged from 33 to 78% H

for CHO and from 14 to 60% H__ for lipids. EMG analysis of 8 large muscles showed that burst

prod
shivering activity also exhibited large variability amongst individuals ranging from ~2 to 8 bursts
per minutes. Because burst activity was previously associated with the recruitment of glycolytic
type Il muscle fibers (83, 84), it was assumed that whole body CHO oxidation rate would be
correlated with burst shivering activity. The relationships between inter-individual variations in
bursts shivering rate and plasma glucose, muscle glycogen and whole-body CHO utilization rates
are presented in Figure 4. Results show that both muscle glycogen and whole-body CHO
oxidation co-vary closely with individual variations in burst activity whereas the use of plasma
glucose does not. This demonstrates that individuals with higher burst rates not only oxidize
more glucose at the whole body level but would deplete muscle glycogen faster than the ones
that display low bursting activity at the same given shivering intensity. If this is the case, could
there be an optimal fuel mix and an optimal fiber recruitment for promoting shivering endurance

during prolonged cold exposure?

In a review published by Haman (48), the potential consequences of large modifications
in fuel utilization on shivering endurance, induced by changes in CHO availability and inter-
individual variations in muscle activity pattern, were presented. Conclusions drawn were based
to a large extent on the assumption that muscle glycogen is essential for shivering during

exposures lasting for longer than 2h. If this is the case, these calculations showed that a)
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modifying the fuel mix used for shivering does not provide a survival advantage and b) cold
endurance varies greatly among individuals shivering at the same relative intensity because of
large differences in fiber recruitment pattern. When it comes to finding the optimal fuel mixture to
sustain ST, time to glycogen depletion can be calculated assuming that a) individuals shivered at
200 W, b) the relative use of the different fuels remained the same until glycogen depletion, c)
80% of total muscle glycogen was available for oxidation, d) active muscle mass during shivering
was 70% of 36 kg, €) mean muscle glycogen concentrations were 62, 102 and 137 mmol
glucosyl units/ kg wet mass as observed in Young et al. (150), and f) muscle glycogen oxidation
rate was 16, 21 and 30 umol-kg body mass™'*min”" as observed in Haman et al. (52, 53) for low,
normal and high glycogen reserves, respectively. These calculations of muscle glycogen
depletion time suggest that humans are able to maintain a thermogenic rate of 200 W for the
same amount of time (~20 h) independently of differences in the composition of fuels being used.
While this could be true during low-intensity shivering, it is still unclear whether this would also be
the case at higher shivering intensities. Important increases in the use of muscle glycogen
reserves have been found as shivering intensifies (54). When it comes to establishing an optimal
shivering pattern to maintain ST, time to glycogen depletion was calculated assuming that: a) the
relative use of the different fuels remains the same as after 90 min of shivering, b) 80% of total
muscle glycogen is available for oxidation, c¢) active muscle mass during shivering is 70% of 36
kg, d) mean muscle glycogen concentrations are 100 mmol glucosyl units/ kg wet mass as
observed in Martineau et al., (80), and e) muscle glycogen oxidation rates range between 15 and
51 umol-kg body mass ' min”’ (54)]. According to these estimates, individuals with high (~8
burst-min'1) and low burst shivering rates (~4 burst-min'1) would shiver respectively at 300 W for
~5 h and ~25 h before depleting muscle glycogen reserves. These estimates confirm that
reducing burst shivering activity rate may be a key strategy to improve shivering endurance and
survival time in the cold. With this said, if muscle glycogen is not essential, these calculations
indicate that lipids and proteins are able to compensate for varying contributions from CHO and

the above estimates of cold endurance can be increased substantially.
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It is important to note that prior to obtaining detailed quantifications of the partitioning of
CHO reserves for energy production in the cold, Wissler (142) had proposed an elaborate model
to predict shivering endurance based on empirical observations from Beckman and Reeves
(1966). In his model, shivering fatigue was determined from the onset of muscle cramping
observed in a group of men exposed to 24°C water. Under conditions previously describe in
glycogen depleted and glycogen loaded individuals (52), the model of Wissler predicts that
shivering at 200 W could be sustained for 33 to 42 h. In addition, Tikuisis et al. (119) later
suggested that the Wissler model may underestimate true values. Our calculated shivering
endurance of 20 h based on whole-body oxidation of glycogen is clearly shorter than that
predicted by Wissler et al. (142) or Tikuisis et al. (119). Again, this observation suggests two
possible shortcomings for our simple approach: a) glycogen may not be essential, and low-
intensity shivering is sustainable solely on lipids and proteins and/or, b) a significant shift in fuel
selection to spare glycogen takes place after 2 h of shivering (in fact, a progressive increase in fat
oxidation was observed by Tikuisis et al. (119) during prolonged shivering lasting for up to 4 h).
No detailed information is currently available on fuel selection for shivering in excess of 4 h, and it
is still unclear whether glycogen depletion coincides with muscle fatigue. Future studies should
address this interesting problem. At the moment, however, research has demonstrated that lipid
and protein oxidation can compensate for any reductions in CHO availability over a period of 90-
120 min at shivering intensities ranging between ~2.5 to 3.5 XRMR. Of course, longer exposure

times and different shivering intensities would be needed to validate this assumption.

Lipids

Lipids are by far the largest and most energy dense of all metabolic fuel stores (136). Size of
reserves and total energy potential are determined by the one’s level of adiposity. An individual
weighing 70kg with 10% body fat would have ~7 kg of lipids resulting in an energy content of
~285 M;j; assuming that all lipids are accessible for energy production at ~40.8 kilojoules per

gram. It is well established that during exercise, lipids are the preferred fuel for endurance
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exercise below ~50-60% of maximal power. In the cold, Haman et al. (54) showed that the
relative contribution of lipids dominate below 50% of maximal shivering intensity (~20%V0O2max)
but that the role of this fuel is reduced progressively as shivering intensifies and more type |
fibers are recruited. This reduction in the relative use of lipids is not associated with a reduction
in absolute rates of oxidation. Whether at low to moderate intensity shivering during cold
exposure (54) or up to maximal shivering intensity during rewarming (55), absolute rates of lipid
oxidation always remains constant at an average of ~140 mg-kg'1-h'1 (Figure 3). This observation
indicates that maximal lipid oxidation is already reached at low shivering intensities of ~2.5XRMR.
Assuming a total energy content from lipids of ~285MJ, a 70kg individual with 10% body fat could
shiver for ~30 days at this lipid oxidation rate before depleting lipid reserves. This highlights the
tremendous capacity of lipids as an energy fuel source especially at low metabolic rates. Still, it
remains unclear why lipid oxidation would plateau at a value ~3 times lower than what would be
found during exercise at a similar metabolic rate (1). Even when glycogen stores are depleted or
loaded prior during mild cold exposure, lipid use remains at ~140 mg-kg'1-h'1 when reserves were
low and decreases by more than half to ~60 mg-kg™-h™ when CHO availability are high (52).
Only in women was lipid oxidation rates higher ranging between ~190 and 200 mg-kg'1-h'1 in the
luteal and follicular phases of the menstrual cycle (13). In effect, the calculated relative
contributions of lipids to total heat production were much higher at both menstrual phases (~72-
75% Hprod) in women than in men. While differences in fat oxidation between menstrual cycle
phases have been reported at resting and during exercise with elevated concentrations of
estrogen (46, 139), these differences do not appear to be consistent with cold exposure studies.
Elevated estrogen levels promote lipolysis, increasing fatty acid availability resulting in increases
in lipid oxidation (22, 117). However, some investigators have failed to see changes in fuel
selection between menstrual cycle phases, despite observing differences in estradiol
concentration (64), while others have suggested that these phase-related differences only occur
at much greater exercise intensities [90% of Lactate Threshold; (151)]. Two studies during mild
cold exposure showed that the large differences in these sex hormones between luteal and

follicular phases do not modify thermogenic rate or substrate utilization in women (13, 41). This
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may suggest that the cold-induced sympathetic stimulation is masking the effects of these sex
hormones. Even though these differences emphasize further the divergence in energy
metabolism between shivering and exercise, they also indicate that the important role of lipids for

sustaining thermogenesis in the cold.

Lipids are oxidized as fatty acids which are obtained from the lipolysis of triacylglycerol
(TAG) stores located in adipose tissue, in the liver or in muscles. In the cold, the relative
contribution of each compartment is still unknown. Using stable isotope tracer methods,
Vallerand et al. (126) and Ouellet (90) indicated that the turnover rate of circulating fatty acids and
rates of lipolysis increase proportionally to the increase in metabolic rate found during mild cold
exposure. This indicates that circulating fatty acids are likely being used to sustain ATP
production in the cold. However, two earlier studies by Martineau and Jacobs (78, 79) identified
the effects of a reduction in plasma fatty acids availability in men with normal or reduced CHO
reserves immersed at 18°C for 90 min. In both studies, the reduction in circulating fatty acids was
induced by an ingestion of capsules containing nicotinic acid (3.2 mg/kg as niacin) before and
during cold exposure. When fatty acid concentrations were reduced in men with normal glycogen
reserves, results showed that heat production remained unchanged presumably by increasing the
use of intra-muscular lipids and of CHO reserves (79). Similarly, in the second study, where both
plasma fatty acids and CHO reserves were reduced, changes in metabolic heat production,
immersion times and rectal temperature were not different from results found in CHO loaded and
normal plasma fatty acid treatments (78). This further highlights the great versatility in fuel

selection for sustaining heat production in the cold.

Proteins

It was assumed for decades that involuntary muscle contractions during shivering were

almost entirely fueled by CHO and lipids, while the contribution of protein oxidation remained
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negligible (~10%). Consequently, as it is customary in exercise studies, few cold exposure
studies corrected CHO and lipid oxidation rates to account for the contribution of proteins.
However, evidence clearly shows that proteins can contribute as much as plasma glucose in the
cold (~10%Hprod, 53) and that this contribution is affected by changes in shivering intensity (54)
and nutritional status of individuals (52). Most importantly, no research to date has indicated that
absolute rates of protein oxidation are affected by acute cold exposure. Consequently, the
relative contribution to total thermogenic rate decreases proportionally with to the cold-induced

increase in metabolic rate. Haman et al. (52) indicated that protein oxidation plays a more

substantial role (~25% Hpmd) than previously anticipated in compensating for the decrease in

CHO oxidation when glycogen reserves are low. In fact, failing to account for the oxidation of
proteins in the total energy budget may result in a significant overestimation of CHO and lipid
oxidation rates. Generally, the cold-induced increases in metabolic rate is accompanied by a
proportional decrease in the relative use of this fuel (52, 54). For this reason, when protein
oxidation rate is high before cold exposure, the relative importance of this fuel to total heat
production remains elevated during shivering. In contrast, when it is low, its contribution tends to

become minimal. For example, during low-intensity shivering (Fig. 2A), proteins provide only

10% H (25% H__ . before cold exposure) when glycogen reserves are high but as much as

prod prod

25% Hpmd (40%H before cold exposure) when glycogen reserves are low. Together these

prod
observations indicate that future shivering studies should not only normalize subjects as much as
possible for differences in nutritional status (i.e. size of glycogen reserves) but also provide

estimates of protein oxidation rates to allow inter-study comparisons.

Energy deficit in the cold

Little is known on the effects of energy deficits on ST. Following a 12 and 48 h fast,
MacDonald et al. (75) showed that core temperature was lowest in a prolonged unfed state (48h

fast) than following the 12h fast during five progressively reduced levels of cold stress. This



235

lowered core temperature was associated with an increased heat loss linked to a greater forearm
blood flow in the 48h fasted group compared to the 12h fasted individuals. Interestingly, the
reduction in core temperature occurred independently of a significant increase in thermogenic
rate. Such increases in heat production are typically observed following 36-48 h fasts (76, 77,
135) and are attributed to substrate cycling (triglyceride-fatty acid and alanine-glucose cycling
and the Cori cycle) common in the gluconeogenic phase of prolonged fasting (37). Metabolic rate
generally returns to pre-fasted levels after more prolonged starvation [72-h; (135)]. Later, Young
et al.(148) and Castellani et al. (24) reported that chronic energy deficits from underfeeding and
strenuous military training lasting longer than 48-h (84-h to 61 days) reduce the capacity to
thermoregulate in the cold. This effect is related to a reduced thermogenic rate as well as a
reduction in insulative capacity from decreased lean and fat mass. The effects on thermogenic
rate are restored after 48 h period of rest and refeeding but it may take as much as three months
for the insulative capacity to return to pre-camp levels (148). It has been speculated that the
decreased in heat production may be linked to limited substrate availability or to the decrease in
glycaemia generally observed in prolonged fasted individuals [from 5.2 mmol/L in 12-h fast to 3.8
mmol/L in 60h fast; (21)]. Together these findings supports the premise that shivering endurance
is affected by chronic energy deficit and its effects on CHO availability (119) and glucose
concentration (47, 93). In this context, providing supplemental exogenous substrates through

feeding may prove beneficial to maintain ST.

As mentioned above, it has long been speculated that the main limiting factor for survival
in the cold is the depletion of muscle glycogen, leading to a reduced cold sensitivity [lowered
drive to shiver (119)], or hypoglycaemia (glucose concentration <2.8 mM) leading to reduced or
inhibited shivering thermogenesis (38, 47, 93). To date, no studies have successfully elicited
such responses through prolonged cold exposure. However, there is little doubt that preserving
the scarce endogenous glycogen reserves is of critical importance. Although it is well
documented that when muscle glycogen reserves are reduced, lipid and protein oxidation
compensate to maintain a constant rate of heat production (52), it is unclear whether this

mechanism is sufficient to maintain heat production for a prolonged period, particularly if muscle
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glycogen, this limited resource, is still strongly mobilized. This has lead researchers to suggest
that sparing CHO reserves through CHO supplementation may be an important strategy in

prolonging thermogenesis (53, 119).

Eating in the cold: from choice of macronutrients to thermogenic compounds

Few studies have investigated the effects of food consumption before or during cold
exposure on thermoregulatory responses and the overall energy balance (11, 42, 43, 121, 123,
124). While the purpose of these respective studies varied tremendously, most of the earlier
studies were directed at identifying whether ingesting CHO could increase total heat production,
via the thermic effect of feeding, during shivering thermogenesis (42, 123, 124). Their findings
unequivocally showed that ingesting CHO did not affect the thermoregulatory responses to cold
exposure. Of these, only Vallerand, et al. (122, 124) and Blondin et al. (11) reported estimates of
changes in CHO, lipid and protein oxidation in men during low to moderate intensity shivering (2.0
— 3.0 X RMR) following the ingestion of CHO. Vallerand et al. (124) showed that when cold-
exposed men ingested starch jellies (712 kJ or ~45g CHO) or a high-CHO bar (712 kJ; ~30g
CHO, ~4g fat and ~4 g protein), at the beginning and after 90 min of cold exposure, discernible
changes in CHO and lipid utilization were only observed when ingesting the jellies. A more
recent study, using a combination of stable isotopes and indirect calorimetry methodologies,
showed that the relative contribution of CHO to total heat production increased by ~14% and that
of lipids tended to decrease to a similar extent when glucose was ingested at a rate of 400 or 800
mg/min over 2h (11)(Figure 3). This study was also the first to partition the utilization of CHO
(Figure 5). The utilization of liver-derived glucose decreased in a dose-dependent manner, thus
sparing valuable endogenous CHO reserves, while muscle glycogen utilization did not differ from
the control condition. Interestingly, the rate of exogenous glucose oxidation reached a peak and
plateau of 195 mg/min at the lower ingestion rate; an oxidation rate that was one-third less than
what has been reported during exercise eliciting a similar metabolic rate (94). This study also

showed that 55-77% of the ingested glucose was not oxidized and thus was unaccounted for.
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Presumably the remaining portion was either not absorbed and/or directed towards non-oxidative
disposal. These findings lead to a series of studies designed to examine the various strategies to
increase the rate of exogenous glucose oxidation as well as increase the quantity of ingested
CHO being directed to non-oxidative disposal. For instance, we first looked to manipulate the
timing of CHO ingestion, to illicit an insulinemic peak that would coincide with the shivering steady
state (15). The hypothesis was that the increased insulinemia combined with the muscle
contractions from shivering would increase glucose entry into the shivering muscles, via the
combined effects of insulin- and muscle contraction -stimulated hemodynamic responses (96)
and transmembrane glucose transport (99). This increased uptake would result in an increase in
exogenous glucose oxidation and non-oxidative disposal. Indeed, if comparing the same quantity
of glucose ingested, consuming glucose later in a cold exposure elicited a greater exogenous
glucose oxidation rate (159 + 17 mg-min'1 compared to 118 £ 17 mg-min’1). However, in the long
term, the utilization rate was greater when glucose was ingested later and the reliance on
endogenous CHO reserves was 20% lower compared to ingesting glucose later and 65% lower
compared to simply ingesting water. Ingesting multiple transportable CHO (Glucose with
Fructose) increased the rate of exogenous glucose oxidation even further (14) while also
potentially increasing non-oxidative disposal as a result of the gluconeogenic properties of

fructose metabolism.

The thermoregulatory differences between exercise and cold exposure could be the most
significant contributing factors to the differences in exogenous substrate utilization observed
between these two metabolic conditions. In addition to differences in muscle recruitment patterns
mentioned earlier in this review, cold exposure stimulates vasoactive responses which serve to
create an insulative shell to reduce the thermal conductance between the environment and the
core (97). Veicteinas et al. (129) previously showed that 10-15% of the overall body tissue
insulation stems from the diminished perfusion of skin and subcutaneous fat when immersed in
water, at a temperature eliciting no increase in metabolic rate. The remaining proportion has
been attributed to underperfused muscles. As skeletal muscles become perfused, as a result of

an increase in heat production (from onset of exercise or shivering), total body insulation
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progressively falls as a function of the metabolic rate elicited (17, 92) however, this elevation in
perfusion is likely significantly lower than what is found during exercise of the same metabolic
rate performed in ambient conditions. In addition, animal models suggest that blood flow to the
small intestine during cold exposure, inducing a metabolic rate two-times that of resting
metabolism, is reduced by 30-50% of that seen in a thermoneutral condition. Whether a similar
response is observed in humans is unconfirmed. Differences in skeletal muscle glucose uptake,
and absorption at the gut combined with the previously mentioned differences in muscle
recruitment patterns suggest that these fundamental limitations are driving the divergence in

exogenous substrate utilization between cold and exercise.

While CHO ingestion has received a lot of attention, far less is known on the effects of
lipid and protein feeding on cold endurance. The practice of ingesting protein and/or fat during
cold exposure is one that has been employed by Northern inhabitants around the world for
centuries (108, 112). It is only due to the modernization of these communities that a shift in
macronutrient intake has been observed. Some have questioned whether these macronutrients
were consciously chosen for their thermogenic properties or simply due to availability (69). The
thermogenic effect of protein ingestion has been reported to elevate the resting metabolic rate for
several hours after ingestion in thermoneutral conditions (116). Whether thermic effects of
feeding can contribute to total heat production during prolonged cold exposure remains
controversial. Beavers and Covino (7) found that ingesting 30 g of glycine during cold exposure
at -18°C for 75 min, by heavily clothed individuals, increased the metabolic rate above values
observed when ingesting 30 g of glucose. This suggests that the thermic effect of ingesting
glycine was additive to shivering thermogenesis. In contrast, a later study by Rochelle and
Hovarth (100) showed that when semi-nude men, exposed to 7.5°C for 120 min, ingested either
(1) 53.4 g of glucose, (2) 30 g of glycine with 22.1 g of glucose or (3) a 142-g steak heat
production and oxygen consumption increased in parallel for all three conditions during the first
90 min. Rochelle and Hovarth (100) attributed this discrepancy to the colder stress imposed in
their study compared to Beavers and Covino (7). The subsequent 30 min of cold exposure in

Rochelle and Hovarth (100) provided further insight into a possible thermic effect of feeding
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during cold exposure such that heat production and oxygen consumption proceeded to stabilize
in the glucose and steak conditions but, according to authors, continued to increase in the glycine
condition. Further, authors observed that shivering was nearly negligible in the glycine meal, and
lower in the steak meal than the glucose meal despite similar rates of heat production. This could
indicate that the thermic effect of food may have a supplementary effect on whole body
thermogenesis rather than the additive effect originally suggested by Beavers and Covino (7). In
more recent studies conducted by Vallerand et al (123, 124), participants ingested high-CHO
energy bars containing ~30g CHO, ~4g fat, ~4 g protein and theobromine (caffeine-like
substance). They observed no significant changes in thermal responses compared to a control
condition when volunteers ingested water. They concluded that perhaps the thermic effect of
food was masked by shivering thermogenesis when exposed to a cold condition eliciting an
increase in metabolic rate of 2.5-3.5 X RMR. This further suggests that rather than adding to the
heat production, the thermic effect of food may simply be supplementing shivering
thermogenesis, particularly at greater cold stresses where TEF may be indistinguishable.
Clearly, further investigations are needed to investigate the role of TEF in maintaining a thermal

balance during compensable cold exposure.

More than just shivering: potential contribution of BAT?

The presence of BAT in humans has been recognized since the 16™ century (40) but the
metabolic relevance of this tissue in adults remained uncertain for centuries. Using
quantifications of ®FDG uptake by PET imaging, the amount of BAT present in adults was
quantified in vivo leaving little doubt that this highly thermogenic tissue could play a role in
sustaining heat production during a mild cold exposure . Initial assessments have shown that the
quantity of BAT is highly variable between studies ranging from ~60-170g in three studies (12, 90,
132) and up to ~1 kg in another (127). Exact reasons for these large discrepancies between
studies are unknown but could be attributed to inter-individual and/or methodological differences.

In a retrospective study that included 1013 women and 959 men reported that the presence of
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this tissue is influenced by gender, age, percent body fat and season (91). Metabolically, further
work is required to determine whether the cold-induced stimulation of BAT can significantly alter
whole-body thermogenic rate, shivering intensity and metabolic fuel selection. It is likely that this
tissue would contribute most at low shivering intensities where muscle ST is at its minimum. As
cold stress intensifies, heat production from the recruitment of large amounts of shivering
muscles should rapidly exceed BAT thermogenic capacity (Discussed in Sustaining shivering
thermogenesis). For this reason, most researcher in this field of physiology have attempted to
cold-activate BAT at the lowest shivering intensities possible. Using a combination of fuel kinetics
and metabolic tracers with PET/CT methods, it was estimated that BAT supplied ~20% of all the
heat produced during a 3h cold exposure resulting in a ~1.8 increase in metabolic rate; with a 3°C
decrease in mean skin temperature and no change in core temperature (12, 90). The study by
Ouellet et al. (2012) also demonstrated that BAT volume was highly variable even in men of
similar adiposity, morphology and age. We may speculate that these variations are linked to cold
exposure history and/or genetic diversity. In rodents, increased BAT is associated with
decreased shivering activity (87). Similarly, Ouellet et al (2012) showed that individuals with large
amounts of BAT shivered less than individuals with small quantities of BAT. These important
differences in the respective contribution of BAT and ST occurred without modifying thermal
responses and whole body thermogenic rate. Together, these studies indicate that the potential
effects of BAT activation on whole body metabolism are particularly important in young, healthy
adults (90). Perhaps increasing the mass or oxidative capacity of BAT may reduce shivering
sufficiently to avoid restricting motor control. In this context, it becomes important to understand
whether cold acclimation or the ingestion of known thermogenic compounds could potentiate BAT

activity.

Cold acclimation

Humans chronically or intermittently exposed to a cold stress exhibit modified

physiological responses to a cold stimulus. Some of these responses are genotypic



241

characteristics that have evolved through natural selection to favour survival in a cold
environment, which are either common to all endotherms or have evolved in hominids in
particular. Other responses are a result of cold acclimatization or cold acclimation. The former is
defined, by the IUPS Thermal Commission, as physiological changes naturally occurring as a
result of the climate in which the organism is exposed to (e.g. seasonal, geographical, working
conditions)( 27). The latter refers to the physiological changes induced experimentally in a
controlled setting (27). The distinction between these terms is not only important as a means of
establishing operational definitions and consistency in their usage in the literature, but also assist
in identifying what is truly an adaptive response versus a phenotypic change to an already
existing physiological response. In addition, the physiological changes that have been observed
in acclimatization studies can often help explain some of the physiological changes evoked
through acclimation. Although the physiological adjustments commonly observed following a cold
acclimatization or acclimation include the development of a thermogenic (commonly referred to
as metabolic), insulative or hypothermic phenotype, or a combination thereof, this review will
focus primarily on the metabolic adjustments resulting from cold acclimation. A thorough
description of the various cold acclimatization or acclimation patterns are beyond the scope of

this review but has been comprehensively described elsewhere (147).

A metabolic form of acclimatization or acclimation refers to an increase, relative to
unacclimatized/unacclimated conditions, in cold-induced metabolic heat production which is often
accompanied by higher skin temperatures but a normal core temperature. To our knowledge,
such adjustments have only been found in certain populations living in cold conditions [eg.(35, 56,
58)]. Consequently, the differences in the physiological responses between this population and
the control comparison group is likely attributable to genetic adaptations related to differences in
physical characteristics, such as morphology and fitness, or dietary factors such as an increased
consumption of proteins. To date, the results and interpretation of results from cold acclimation
studies have been quite contradictory. While some have demonstrated a 17% decrease in heat
production (60), others have demonstrated either a slight ~10% increase in thermogenic rate (10)

or no change (149). The divergent thermogenic adjustments exhibited in response to
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experimentally induced cold-acclimation may be related in part to differences in acclimation
protocols; 30 min twice daily at 4.4°C for 8 weeks (60), 90 min 5 days a week for 5 weeks in 18°C
water (149) and 60-180 min for 4 to 5 days per week depending on individual tolerance in 10-
15°C water for 8 weeks (10). In these examples, the main focus was placed on changes in
metabolic heat production measured from changes in whole-body rates of oxygen consumption.
Consequently, the extent that ST or NST were modulated over the course of these acclimations is
unclear. It is likely that changes in the respective contribution of ST and NST to total
thermogenesis can occur without modifying rates of oxygen consumption. This would be
consistent with the cold-acclimation pattern observed in various species of birds and mammals
which decrease the contribution of ST-mediated metabolic heat production and increase that of

BAT- or muscle-derived NST (6, 19, 25, 57, 95, 118) through cold acclimation.

In humans, the quantitative assessment of changes in the recruitment of thermogenic
processes resulting from cold-acclimation has been limited. In one of the earlier cold-acclimation
studies, Davis et al. (32) showed that exposing six unacclimated men to 12-14°C air, 8 hours per
day for 31 consecutive days could reduce mean shivering activity to 20% of pre-acclimation
values which was also accompanied by a ~20% fall in heat production. By definition this implies
an increase in cold-induced NST. Necropsies performed on outdoor workers have suggested
that repeated cold exposure can result in a greater BAT mass, compared to indoor workers of the
same age (65), implying that perhaps the changes from this earlier study could be explained by
an increase in BAT mass and activity. However, studies examining the function of this phenotypic
change and the implications on whole body thermoregulation have been lacking. Recently, two
studies have investigated the effects of daily cold exposure on BAT recruitment (127, 146). Both
investigations confirm the findings from the earlier necropsy studies, that daily cold exposure
ranging from 10 days to 6 weeks can increase the volume of BAT taking up circulating glucose.
However, the functionality of this tissue and its effect on whole body metabolism has still
remained ambiguous. To address this significant gap, we recently examined the functionality of
these phenotypic changes in six healthy men exposed to 10°C, two hours daily for four weeks, by

quantifying shivering intensity, BAT oxidative metabolism and glucose uptake using EMG coupled
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with PET methodologies (12). We found that daily cold exposure not only increased the volume of
metabolically active BAT by 45%, but more importantly increased its oxidative capacity 2.2-fold.
This was paralleled by an increase in fractional and net glucose uptake by BAT. Interestingly, the
significant changes in BAT oxidative metabolism had no effect on shivering intensity, measured
either by surface EMG or the net uptake of "®FDG in skeletal muscle (presented as a shivering
index), despite whole body energy expenditure remaining the same. It may be that shivering was
already limited to ~2.0 % MVC and that perhaps a colder thermal stress might have provided the
necessary stimulus to demonstrate a reduction in shivering intensity. However, the immobilization
required for accurate dynamic PET acquisition preclude the possibility of studying BAT

functionality using a colder stimulus.

Intermittent cold exposure may also elicit changes to skeletal muscle phenotype,
particularly muscle bioenergetics, which could suggest that the thermogenic contribution of
shivering relative to non-shivering mechanisms may also change. Currently, very little is known
regarding the structural and metabolic alterations that may result from repeated cold exposure,
particularly with regards to changes in metabolic efficiency and properties of muscle fibers.
Prolonged exposure to a mildly cold environment (82 hours at 16°C air) has been shown to result
in cold-induced mitochondrial uncoupling in skeletal muscle (141), clearly demonstrating the
potential for muscle-derived NST. However, a more recent study, from the same group (127),
showed that a shorter cold exposure may not evoke such changes to mitochondrial uncoupling,
nor does cold acclimation through daily exposure to 15-16 °C for 6 hours for 10 days. These
findings are difficult to consolidate but warrant further investigation if we are to gain a greater

global perspective of the thermogenic alterations that occur through cold-acclimation.

Similar to the bioenergetic changes, the properties of muscle fibers may also play a
critical role in modulating the thermogenic responses to repeated cold exposure. Electrical
stimulation studies have shown that the adaptation of muscle fibers appears mediated by the
pattern of motor neuron firing, such that tonic motor neuron activity stimulates a slow oxidative

phenotype (upregulation of type | and lla-specific gene expression) whereas interspersed bursts
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of high amplitude firing promotes a fast glycolytic phenotype (26). The fiber recruitment pattern
(continuous vs. burst shivering) and amplitude of the respective shivering components
traditionally observed during an acute cold exposure (50) should evoke changes towards a slow-
fiber-specific phenotype under more chronic stimulation. The only study to date demonstrating
possible temperature-induced changes in fiber composition [Korean breath-hold divers, Ama; (5)]
, may be confounded by the cooling medium (water), extreme cooling (oral temperature reaching
35°C in the summer or 33°C in the winter; (63, 70), effects of hydrostatic pressure and the
hypoxic conditions (63) resulting from breath-hold diving. In this study, the breath-hold divers
demonstrated greater type lIx muscle fibers which was also accompanied by a reduction in fiber
cross-sectional area and capillarization, compared to athletic women, all indicative of hypoxic and

hemodynamic-induced alterations rather than temperature-induced.

Combined, these studies demonstrate that there remain substantial gaps in our
understanding of the metabolic pathways and the subsequent fuel selection that may be
modulated through chronic cold exposure. Despite a possible successive shift in mechanisms of
heat production occurring through cold-acclimation, the resultant effect on whole body heat
production and fuel selection is unremarkable. For example, as described in Fueling
thermogenesis, whole-body rates of lipid oxidation increases proportionally to the rate of heat
production. This whole-body lipid oxidation, in unacclimated conditions, is likely derived from the
uptake and utilization of circulating fatty acids by skeletal muscle combined with the lipolysis and
utilization of intramyocellular triglycerides. A successive shift in heat production towards BAT-
derived thermogenesis would likely have an undetectable effect on whole body fuel selection
since BAT relies predominantly on intracellular triglycerides as its primary fuel source (90),
independently of acclimation status (12). In addition, conditions that favor fatty acid oxidation,
such as low-intensity exercise, food deprivation (fasting or prolonged starvation) and presumably
mild cold exposure , tend to also result in skeletal muscle adaptations that promote fatty acid
oxidation. Examining the compounds that may stimulate BAT activity in the cold may provide

further evidence to support such a hypothesis.
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Compounds that may stimulate BAT in the cold

Finding strategies to acutely stimulate the activity of BAT and overall NST would provide
a means to prevent excessive shivering, improve thermal comfort and increase overall cold
tolerance. BAT is a particularly interesting target for pharmaceutical agents as it has substantial
sympathetic nervous system (SNS) innervations (152). In addition, the SNS is known as the main
stimulator of BAT during cold exposure (85). Norepinephrine (NE), released by the postganglionic
neurons of the SNS, act on the B-adrenergic receptors of BAT which initiates the breakdown of
intracellular triglycerides, leading to the release of fatty acids which act as both a thermogenic
substrate and regulator of BAT thermogenic activity (19). BAT activation can be inhibited by
injection of the nonselective 3-blocker, propanolol (113), indicating that BAT activation is indeed
mediated through B-adrenergic receptors. However, to date, the infusion of a non-selective [3-
agonist has been unsuccessful in activating BAT in humans (133) at the doses given, while
compounds affecting parts of the $-adrenergic cascade, or potentiating the release of NE, could
have the ability to activate BAT. It is important to note that the use of non-selective (3-agonists at
greater doses than previously reported may also provoke undesirable side-effects such as
tachycardia, arrhythmias, increases in systolic blood pressure and circulating lipid levels which
may provoke the atherosclerotic state of those in which it is targeted, overweight or obese

individuals. Are there safe and effective compounds that could activate BAT activity?

Since the discovery of BAT by PET/CT in 2009, three recent studies have investigated
the effects of a capsinoid (144) and ephedrine (20, 28) on BAT activity (Table 1). These studies
focused exclusively on examining the effect of ingesting these compounds on BAT activity, not
their effect on cold-induced BAT activity. In their study, Yoneshiro et al. (144) categorized their
non-cold acclimatized men either as BAT negative (BAT-) or BAT positive (BAT+) using '°FDG
tracer uptake with PET/CT. Both groups were then given either 9 mg of capsinoids or a placebo
and energy expenditure was quantified by indirect calorimetry at 27°C. When compared to
placebo, results showed that whole-body energy expenditure remained unchanged in BAT-

individuals whereas in the BAT+ individuals, thermogenesis increased slightly by ~15 kJ/h (or
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less than ~5% increase of total heat production). The potential effects of capsinoids on BAT, both
in human and in rodents, are believed to be elicited through the gastro intestinal transient
receptor potential vanilloid subfamily, member 1(TRPV1) and related receptors (144) which then
stimulate the SNS and ultimately BAT. However, much work is still required to confirm this
pathway in humans. Currently, only indirect evidence exists suggesting that capsinoid ingestion
stimulates the SNS and subsequently BAT. Nevertheless, it is also plausible that the increase in
energy expenditure and BAT activation resulting from capsinoid ingestion is a secondary effect
resulting from the drive to re-establish equilibrium following the initial stimulation of heat loss
responses (73). Two other researchers have chosen ephedrine to stimulate BAT as it is has
been used for decades in weight loss and athletic performances. Compared with other molecules,
it is safe and well known to activate the SNS. In one study, ephedrine was injected intravenously
at 1 mg kg'1 in lean men and women while in the other study, a dose of 2.5 mg kg'1 was given
orally in lean and obese men. Using a relatively low dose, Cypess et al. (28) did not observe any
changes in BAT activation. In contrast, at a higher dose, Carey et al. (20) reported a significant
increase in BAT activation in lean but not in obese individuals. Early indications suggest that
obese individuals may have a smaller BAT mass or less active BAT than lean individuals (131),
which could explain the absence of BAT activity in the obese participants given ephedrine.
Alternatively, the blunted response to catecholamine-induced lipolysis in white adipose tissue of
obese insulin-resistant individuals suggest that if this catecholamine resistance is generalized to
all adipose tissues, SNS-mediated intracellular lipolysis in brown adipocytes might also be
blunted in this population (see 45 for further review). Although ephedrine has a stimulatory effect
on BAT, its activation was shown to be much lower compared to cold exposure (20). Further, the
ingestion of ephedrine comes with a number of cardiovascular risks including an increase in both
systolic and diastolic blood pressure (2, 3, 20, 28) and heart rate (3, 20, 28, 74), which makes it
an unsuitable pharmacological treatment strategy to stimulate BAT activation for the purpose of
weight loss. Together, these findings indicate that both capsinoids and ephedrine have the

potential to stimulate BAT especially in lean individuals. However, their effects on BAT, whole
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body energy metabolism and muscle recruitment during cold exposure are still unclear at best, as

measurements have only been made at room temperatures between 20 and 27°C.

More than 20 years ago, thermal physiologists attempted to identify molecules that may
increase cold tolerance by reducing the onset of hypothermia. The general strategy was to
identify compounds that could stimulate overall rates of heat production thus reducing rates of
decrease in Tge. Methylxanthines, such as caffeine, theophylline and theobromine, were
identified as the most promising of these compounds. Table 1 summarizes the effects of these
three naturally-occurring methylxanthines as well as that of aminophylline, ephedrine and green
tea extracts on thermal and metabolic responses in non-cold acclimatized men exposed to
various types of cold exposure. It is important to note that, to date, all studies have been
conducted in young, lean, non-cold acclimatized men exposed to either cold air, cold water or
using a liquid conditioned garment. The initial 6 studies conducted between 1986 and 1993 were
aimed at finding the methylxanthine or the mixture of methylxanthines and other compounds that
would produce the greatest increase in thermogenic rate and smallest reduction in core
temperature. In their study, Vallerand et al (122) found entirely different results between
participants when theobromine (7.5 mg kg'1) was ingested alone at 7°C for 3h. For this reason,
Vallerand et al. (125) dichotomized the participants into responders and non-responders. With
this approach, results showed that total heat production was 20% higher in responders compared
to non-responders. However, these researchers could not assess the effects of theobromine on
changes in skin and rectal temperature, based on this grouping, as baseline values were also
very different between responders and non-responders. The largest effects of any compound on
thermal and metabolic responses were observed when ephedrine, caffeine and theophylline were
given in combination. In men exposed to 7-10°C for 3h, ingestion of these compounds in
combination increased heat production by close to 20% and substantially reduced decreases in
skin and rectal temperature. While these studies expose the potential effect of these molecules in
stimulating thermogenesis in the cold, they provide little information on the changes in the

contribution of ST and NST to this increase in thermogenic rate.
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Only one study has used combined thermal, metabolic and electrophysiological methods
in an attempt to identify effects of ingesting green tea extracts on thermogenic rate and on the
relative contribution of ST and NST during mild cold exposure. Gosselin et al. (44) quantified the
effects of ingesting a large dose of green tea extracts (1600mg of EGCG and 600mg of caffeine)
given during a 3h cold exposure using a liquid condition garment circulating 15°C water. When
compared to the placebo, the ingestion of green tea extracts increased whole-body heat
production by 10% and reduced shivering intensity by 20%. These changes occurred without
modifying core and mean skin temperature, fuel selection or relative contribution of individual
muscles to total shivering. These results revealed that cold-induced NST and whole-body heat
production are up-regulated by the ingestion of green tea extracts. However, this analysis does
not provide the exact sites responsible for the increase in NST and therefore, it is unclear whether
BAT was the main NST site activated. In green tea extracts, the two most abundant and
physiologically active components are caffeine and catechin polyphenols, with epigallocatechin
gallate (EGCG) being the most potent and active of these polyphenols (140). The thermogenic
effect of catechins stems from the inhibition of catechol-O-methyltransferase (COMT), the
enzyme that degrades NE in the synaptic cleft (16). This results in prolonging the action of NE on
target tissues such as BAT (33, 109). Combined, caffeine works to potentiate the effect of EGCG
since their respective actions act at different steps in the cascade. Even though BAT would be
stimulated by this enhanced release in NE, many other thermogenic processes may also
contribute to total NST such as uncoupled mitochondrial oxidative phosphorylation in skeletal
muscle (141), stimulation of futile cycles, such as the TAG/NEFA cycle (126) and dysregulation of
ca® handling in skeletal muscle (4, 111). Direct measurements of changes in BAT activity would
be needed to determine whether this tissue is the primary NST site being stimulated when green
tea extracts are ingested. Hopefully, in the future, the various measurement methods used by the
studies in Table 1 can be combined in order to obtain a better insight on the effects of potentially

thermogenic compounds on cold tolerance and energy metabolism.

What these studies demonstrate is that ingesting these thermogenic compounds may

play a role in increasing the recruitment of BAT or potentiating BAT activity once it is stimulated.
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However, their ingestion alone appear insufficient in activating BAT under thermoneutral
conditions and still require a cold stimulus in order to have their potentiating effect on
thermogenesis or lipid utilization. This is in contrast to the likely effect these compounds may
have on muscle NST which may be stimulated even under thermoneutral conditions as it does
not require an activator, such as cold exposure, in order for the tissue to be recruited or

stimulated.

Conclusion

This review shows that the contribution of CHO, lipids and proteins to total heat
production is influenced by changes in shivering intensity and pattern as well as modifications in
energy reserves and nutritional status. Lipids are generally preferred during low intensity
shivering while the role of CHO becomes more important as shivering intensity increases.
Muscle glycogen is the most important source of glucose representing as much as ~80% of all
the CHO oxidized in the cold under all conditions presented here. However, when CHO reserves
are reduced, lipids and proteins increase their oxidation rate to maintain heat production.
Consumption of glucose and fructose in combination may help reduce the oxidation of glucose
derived from muscle glycogen by increasing the use of plasma glucose. Even though energy
deficit is known to reduce cold tolerance, much work remains to fully understand the effects of
specific macronutrients on shivering endurance during cold exposure. In addition to shivering, it
is now clear that the highly thermogenic brown adipose tissue could contribute substantially to
total thermogenic rate in young adults. However, the quantitative nature of this contribution is
unclear at best. Finding means to potentiate this effect through cold acclimation and/or the
ingestion of compounds that stimulate the thermogenic process (i.e. green tea extracts) may have

important implications in cold endurance and survival.
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Table 1. Studies on the effects of potentially thermogenic compounds on brown adipase tissue (BAT), skin temperature (Tskin), core temperature (Tcore), heat production (Hprad), fuel use, shivering intensity (ST) and norepinephrine (NE) measured in men
during various cold exposures. Values are expressed as percent diffenrence from control values where a placebo was given.

Study Treatments (dose) Tams (°C) BAT Tain (°C) Teow (°C) Hocod Fuel use ST NE
# participants i.v. intravenuous Time (min) % difference from placebo
Average age !ears) Wind sgeed

Brown adipose tissue

Yoneshiro et al., (2012) Capsinoids (orally, 9 mg) 27 e BAT+: +262% —
BAT-positive (BAT+): 23, n=10 120 min — J— — BAT-: - 66 % —— e —
BAT-negative (BAT-): 23, n=8

Cypess et al., (2012) Ephedrine (1 mg kg"), intramuscular injection 23 no diff +9% RER: - 6% +7T1%
n=10 (4 M/6 F) 120 min
27
Carey et al., (2012) Ephedrine hychloride (orally, 2.5 mg kg™') 20-22 lean: tactivity — J— lean: +18% — — e
Lean: 25, n=9 90 min obese: no diff — - obese: +13% [ — e

Obese: 27, n=9

Vosselman er al., (2012) Isoprenaline (incr. i.v. dosage: 6, 12, 24 ng kg FFM ™' min™) 24-25 no diff +2% no diff +20% RER:-6% - +20%
n=10 Isoprenaline + acipomox (nicotinic acid derivative; 2 x 250 mg) 160 min no diff +2% no diff +13% no diff - +26%
23

Energy metabolism in the cold

Wang (1986) Aminophyline (i.v., 3mg kg ' over 45 min) -2te15%ar . no diff no diff — — —
n=7 45
22
Vallerand, Wang and Jacobs, (1989) Theobromine (orally, 7.5 mg kg ') 7, air — R: +17 R: no diff R: no diff no diff —- —-
n=8 180 NR: +1 NR: +52 NR: no diff
Responders (R). 27 (n=4) imis 20% higher in
Non-Responders (NR): 32 (n=4) R than NR
Vallerand, Jacobs and Kavanagh, (1989) Ephedirine (orally, 1 mg kg™) 10, air — +11 +41 +19 +42 CHO no diff
n=g9 Caffeine (orally, 2.5 mg kg') 180 no diff FAT
25 im/s no diff PROT
Vallerand (1993) Ephedrine (orally, 44 mg) J— +5 +24 +17 — — —

Caffeine (orally, 60 mg)
Theophyline (orally, 100 mg)

MacNaughton et al., (1990) Caffeine (orally, 5 mg kg™ 5, air - no diff no diff +23 RER -10 no diff
n=6 120 60-90 min at5 min
22

Graham et al., (1991) Caffeine (orally, 5 mg kg ') 5, air - no diff no diff no diff no diff no diff

n=6 120
22

Gosselin and Haman (2013) Caffeine (orally, 600 mg) 15, LCS** - no diff no diff +10 no diff -20 -
n=8 Epigalo-cathechin-3-gallate (orally, 1600 mg) 180
23

* depending on individual differences in cold tolerance
** Liquid conditionned suit

Tamp. @ambient temperature; BAT, brown adipose tissue; Ty, skin temperature; T, core temperature; H,.q, heat production; ST, shivering thermogenesis; NE, norepinephrine
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Figure legends

Figure 1. Anatomical conceptual illustration of neural networks that make up the somatosensory
and autonomic thermoregulatory pathways. See Activating thermogenic pathways for details.

Figure 2. Relative changes in A. core temperature (T...), B. average shivering intensity of 4 large
muscles [frapezius, latissimus dorsi, pectoralis major and rectus abdominis expressed in % of
maximal voluntary contraction(%MVC)] and C. oxygen consumption (L/min) as a function of the
relative change in average skin temperature in men exposed to various cold conditions using an
liquid conditioned garment. Values are adapted from (50-54, 90).

Figure 3. A. absolute rates (mg-min'1) and B. relative contributions to total thermogenic rate of
carbohydrates (CHO, open bars) and lipids (black bars) in men exposed to the cold at various
intensities [2.6, 3.5 or 4.7 times resting metabolic rate (X RMR)], following the ingestion of
glucose and/or fructose at different rates and times as, well as following the depletion or loading
of CHO reserves. Values are adapted from (11, 14, 15, 52-55).

Figure 4. Inter-individual differences in burst shivering rate and its effect on total CHO, muscle
glycogen and plasma glucose utilization. Values are adapted from (51, 54).

Figure 5. A. absolute rates (mg-min'1) and B. relative contributions to total thermogenic rate of
muscle glycogen (open bars) and plasma glucose (black bars) in men exposed to the cold at
various intensities [2.6 and 3.5 times resting metabolic rate (X RMR)], following the ingestion of
glucose alone or with fructose at different rates and times as, well as following the depletion or
loading of CHO reserves. Values are adapted from (11, 14, 15, 52-54)
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Brown adipose tissue oxidative metabolism
contributes to energy expenditure during
acute cold exposure in humans

Véronique Ouellet,! Sébastien M. Labbé,2 Denis P. Blondin,? Serge Phoenix,24 Brigitte Guérin,*
Frangois Haman,3 Eric E. Turcotte,* Denis Richard,' and André C. Carpentier2

1Centre de recherche de I'Institut universitaire de cardiologie et de pneumologie de Québec, Université Laval, Quebec City, Quebec, Canada.
2Department of Medicing, Centre de recherche clinique Etienne-Le Bel, Université de Sherbrooke, Sherbrooke, Quebec, Canada.
3Unité de recherche sur la nutrition et le métabolisme, Montfort Hospital, University of Ottawa, Ottawa, Ontario, Canada.
*Department of Nuclear Medicine and Radiobiology, Université de Sherbrooke, Sherbrooke, Quebec, Canada.

Brown adipose tissue (BAT) is vital for proper thermogenesis during cold exposure in rodents, but unril
recently its presence in adult humans and its contribution to human metabolism were thought to be mini-
mal or insignificant. Recent studies using PET with "*F-fluorodeoxyglucose (**FDG) have shown the presence
of BAT in adult humans. However, whether BAT contributes to cold-induced nonshivering thermogenesis
in humans has not been proven. Using PET with "'C-acetare, *FDG, and ®F-fluoro-thiaheptadecanoic acid
('8FTHA), a farty acid tracer, we have quantified BAT oxidarive metabolism and glucose and nonesterified
farty acid (NEFA) turnover in 6 healthy men under controlled cold exposure conditions. All subjects displayed
substanrial NEFA and glucose uptake upon cold exposure. Furthermore, we demonstrated cold-induced acti-
vation of oxidative metabolism in BAT, but not in adjoining skeletal muscles and subcutaneous adipose tissue.
This activation was associated with an increase in total energy expenditure. We found an inverse relationship
between BAT activity and shivering. We also observed an increase in BAT radio density upon cold exposure,
indicaring reduced BAT triglyceride content. In sum, our study provides evidence that BAT acts as a nonshiver-

ing thermogenesis effector in humans.

Introduction

Brown adipose tissue (BAT) is a specialized nissue whose func-
tion is to produce heat (1, 2). Its thermogenic capacity is such
that it allows mammals to live below thermoneutral conditions
without having to rely on shivering muscles. The exceptional
thermogenic potential of BAT is conferred by abundant well-
developed mitochondria comprising uncoupling protein 1
(UCP1), a protein uncoupling mirochondrial respiration from
ATP synthesis (2). BAT is highly vascularized and richly inner-
vated by terminal fibers of the postganglionic neurons of the
sympathetic nervous system (1-3).

PET/CT scanning investigations using '*F-fluorodecxyglucose
(**FDQG) have revealed symmetrical cervical, supraclavicular meta-
bolically active fat depots, which were suggested by Hany and col-
leagues to represent BAT (4-7). These fat depots comprise sympa-
thetically innervared mulalocular adipocytes expressing UCPI (8),
the ultimarte marker of brown fat cells. The magnitude of "*FDG
uptake by BAT was reported to increase with exposure to low tem-
perature, to be higher in women than men, and to decrease with
age and body far mass (5, 7-12). These observations tend to sup-
port the idea that BAT substanaally contributes to energy expen-
diture (2, 13, 14). As these observations have only been based on
*FDG uptake, however, the studies carried out so far in humans
have only allowed speculative conclusions regarding the oxidative
capacity/actvity of BAT.

Authorship note: Véronique Cuellet and Sébastien M. Labbé contnibuted equally to
the work.

‘Conflict of interest: The authors have declared that no conflict of interest exiscs.
Citation for this article: ] Clin Invest doiz10.1172/JC160433.
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The present study was thus designed to determine whether BAT
1s metabolically active and contributes to cold-induced nonshiv-
ering thermogenesis in humans. Using PET with !'C-acetate (to
determine tissue oxidative activity), *FDG (a glucose analogue),
and "*F-fluoro-thiaheptradecanoic acid (**FTHA), a fatry acid
tracer, BAT oxidative merabolism, glucose, and nonesterified farry
acid (NEFA) uptake were quantified in adult humans subjected ro
cold exposure conditions designed to minimize shivering.

Results
Six healthy men aged from 23 to 42 years, with a BMI of 23.7 to
31.0 kg/m?, and taking no medication participated in the pres-
ent study protocols (Figure 1). During cold exposure, average skin
temperature was reduced by 3.8 + 0.4°C without change in core
body temperature, and VO3z, VCO3z, and resting energy expendi-
ture increased approximately 1.8-fold (Table 1). Plasma glucose,
triglycerides, trilodothyronine, thyroxin, thyroid-stimulating hor-
mone, cortisol, and ACTH levels did not change significantly wich
cold exposure, whereas NEFA levels and NEFA rate of appearance
in blood increased significantly (Table 1). By design, shivering was
controlled and minimized to 1.6% + 0.5% (range, 1.1% to 2.4%) of
maximal voluntary contraction as continuously recorded by elec-
romyography (EMG) in 4 large muscle groups known to contrib-
ute significantly to shivering during cold exposure (15-17).
"®FDG uptake during the cervicothoracic dynamic PET/CT
acquisition upon cold exposure of 1 representative participant is
shown in Figure 2A. During cold exposure, fractional uptake (Kj)
of 'FDG (Figure 2B) was higher in supraclavicular BAT compared
with traperius and deltoid muscles and subcutaneous adipose
tissue but not compared with the longus colli (a small muscle
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locared on the anterior surface of the cervical spine, between the
atlas and the third dorsal vertebra). Net tissue glucose uptake (Kw)
(Figure 2C) was higher in BAT vs. subcutaneous adipose tissue,
trapezius, and deltoid, but not compared with the longus colli.
Wheole-body "*FDG uptake in one of the participants at the end
of the protocol is shown in Figure 2D. BAT mean total volume
of activity was 168 + 56 ml (range 31 to 329 ml) based on '"FDG
uptake. Glucose uptake by BAT amounted to 10.8 £ 4.5 umol/min
{range 1.3 to 28.7 umol/min). Given a plasma glucose appearance
rate of 1,493 + 460 pnmol/min, BAT glucose uprake accounted for
1.3% £ 0.8% of plasma glucose turnover (range 0.04% to 5.2%).
BFTHA uptake during cervicothoracic dynamic PET/CT acquisi-
tion upon cold exposure of 1 representative participant is shown in
Figure 3A. During cold exposure, fractional uptake (K;) of EFTHA
(Figure 3B) and net tissue NEFA uptake (K) (Figure 3C) were sig-
nificantly higher in supraclavicular BAT compared with subcurane-
ous adipose tissue, trapezius, and deltoid, but not different from
thart of the longus colh. Whole-body "*FTHA uptake at the end of
the protocol in one of the participants is shown in Figure 3D. NEFA
uptake by BAT amounted to 2.3 = 0.8 pmol/min {range, 0.3 to 4.4
umol/min). Given a plasma NEFA appearance rate of 1,002 £ 72
wmol/min, BAT NEFA uptrake accounted for approximately
0.25% + 0.08% of plasma NEFA turnover (range, 0.04% to 0.44 %).
After L.v. injection of 'C-acetate, blood "'C radicactivity over
time was not significantly different during cold exposure com-
pared with at room temperature (Figure 4A). BAT (Figure 4B),
burt not subcutaneous adipose tissue (Figure 4C), 'C radioactiv-
ity was increased throughout exposure to cold. The longi colli

2 The Journal of Clinical Investigation

(Figure 4D} and sternocleidomastoids (not shown) were the only
cervical and upper thoracic muscles thar displayed significant
cold-induced increase in ''C radioactivity over time. ''C radio-
activity over time in trapezius and deltoids is shown in Figure 4,
E and F, respectively. The AUC of ''C radioactivity, a marker of
tissue oxidative and/or nonoxidative metabolism (acetate reten-
non), was elevated in BAT and longus colli. The monoexponential
decay slope from tissue peak "'C activity (''C-acetate k), a valid
surrogate of tissue oxidative metabolism (18, 19), was, however,
increased in BAT in all participants (Figure 4G) but not in lon-
gus colli (Figure 4H), demonstrating that the former tissue plays
an important role in cold-induced nonshivering thermogenesis,
whereas the latter tissue mostly retained acetate in nonoxidative
pathways. BAT CT radio density (in Hounsfield units) increased
in all participants (by 17% = 5%; range, 6% to 41%; P = 0.03) (Fig-
ure 41), whereas white adipose tussue (WAT) radio density did
not change (3% + 5%; P = 1.00). Supplemental Figure 1 (supple-
mental material available online with this article; dor:10.1172/
JC160433D51) shows actual CT and PET/CT fusion images of
the integrared tissue activity in the neck and upper chest area
from dynamic list-mode acquisitions at room temperature and
during cold exposure in one of the participants.

There was a significant inverse correladon between BAT volume of
activity and shivering expressed as percentage of voluntary maximal
contraction (Spearman r=-0.89; P = 0.03) (Supplemental Figure 2).
We found no other significant correlations between BAT volume of
activity and energy expenditure (Supplemental Table 1), although

our small sample size severely limits the power of these analyses.
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Average body temperatures, indirect calorimetry, circulating metabolites and hormones, and plasma glucose and NEFA appearance rates at

ambient ternperature (warm) and during cold exposure (cold)

1 2
Skin temperature (°C) Warm 329 331
Cold 282 30.5
Core temperaturs (°C) Warm 7o ar.o
Cold 36.4 36.4
V03 (Lmin) Warm 0318 0.346
Cold 0.563 0.661
VGO (V/min) Warm 0.275 0.302
Cold 0.503 0.643
TEE (kcal/min) Warm 1.54 1.69
Cold 2.76 329
Glucose (mmal/) Warm a7 44
Cold 3.8 45
Ragjgoss (wmal/min) Warm ND ND
Cold 950 957
Insulin (pmol) Warm 63 67
Cold 69 62
TG (mmoll) Warm 0.88 087
Cold 0.89 078
NEFA {wmol/min) Warm 366 382
Cold 475 535
Rawsa (umolimin) Warm 708 ND
Cold 901 ND
TSH (UM Warm 0.91 159
Cold 0.9 1.66
Free T3 (pmold) Warm 53 46
Cold 5.0 46
Free T4 (pmold) Warm 183 18.1
Cold 18.6 18.9
Cortisol (nmaol) Warm 216 277
Cold 256 284
BAT K, '®FDG Warm ND ND
Cold 0.013 0.009
BAT Ki'®FTHA Warm ND ND
Cold 0.08 0.013
BAT volume Warm ND ND
of activity (ml} Cold 329 57

3 4 5 ] Mean + SEM
326 342 33.1 327 33.1:02
28.5 30.7 29.2 28.2 29.6 £ 0.44
ar4 37.0 36.6 36.6 37.0:£01
ar4 36.8 36.2 36.7 36.6 £0.2
0.356 0.375 0.386 0.441 0.370 £ 0.017
0.473 0615 0.678 0.923 0.652 + 0.0624
0.320 0.324 0.310 0.390 0.320 £ 0.016
0.431 D497 0.535 0.893 0.584 = 0.068%
175 1.82 1.85 2.15 1.80 £ 0.08
2.33 295 324 459 31903
41 33 42 40 4002
37 39 42 39 4001

ND ND ND ND ND
1,133 1,703 3.661 556 1,493 = 460

74 53 45 125 M1

45 57 62 84 63:5
152 069 0.49 1.15 0.93£0.15
161 062 057 1.06 0.92 £ 0.16
645 689 an 484 474 = 66
805 897 476 677 644 =734
740 845 759 813 77325
937 101 884 1278 1,002 £ 724
0.87 221 172 0.97 1.38:022
0.80 217 1.59 0.93 1.34:022
5.2 59 57 6.1 5502
5.2 6.0 55 6.2 5402
17.1 16.5 16.2 172 172:04
176 15.8 16.7 17.8 175:05
184 237 274 257 24115
197 255 269 302 20615

ND ND ND ND ND
0.009 0.019 n.01 0.027 0.015 £ 0.003

ND ND ND ND ND
0.015 0.022 0.020 0.023 0.018 £ 0.002

ND ND ND ND ND

51 244 3 296 168 = 56

Values from all participants at ambient temperature (between timas 80 and 120 minutes) and during cold exposura (between times 180 and 300 minutas)
were averaged from both protocols (no difference between protocol A and B), except for Ragucess and Rawers, which were only determined in protocol A and
B, respactively, at isotopic steady-state enrichment (between times 100 and 120 minutas and times 280 and 300 minutas). P < 0.05 by Wilcoxon's test.
BAT, supraclavicular BAT; Ra, rate of appearance; T3, triodothyronine; T4, thyroxina.

Discussion

Based on !!C-acetate ussue kinetics, the present results demon-
strate significant cold-induced activation of BAT oxidative metab-
olism in all subjects studied under well-controlled cold exposure
conditions designed to minimize shivering. We also determined
for what we believe is the first ime in vivo in humans that plasma
NEFA uptake is increased in cold-activated BAT compared with
resting skeletal muscles and subcutaneous adipose tissues.

A cold-induced total BAT glucose uptake averaging 10.8 + 2.9
wmol/min lies within the range reported by Virtanen et al. (6). In
addition, the present results demonstrate the ability of human
BAT to also increase its NEFA uptake during cold exposure.
Whole-bedy "FTHA uptake at the end of the protocol predicts
NEFA uptake by BAT amounting to 2.3 £ 0.8 pmol/min (range, 0.3
to 4.4 umol/min). One limitation of our experimental design was
the impossibility of assessing '""FDG and ""FTHA BAT uptake at

The Journal of Clinical Investigation

ambient temperature, given the complexity of design and accept-
able limits of radiation exposure of research parnicipants. How-
ever, significant BAT glucose and NEFA uptake is not detectable
in the vast majority of individuals at ambient temperature (12,
20). In radents, the contribution from glucose and NEFA uptake
has proven to be a relatively small fraction of total BAT metabo-
lism during acute cold-induced thermogenesis compared with
intracellular brown adipocyte tnglycerides (21). Also, we did not
assess BAT utilization of farty acids from circulating lipoproteins,
another potential source of BAT energy substrates (22). However,
unlike what has been observed in mice in the latrer study, we did
not find any reduction in circulating triglycerides in the present
study (Table 1). Assuming a volume of distribution of 0.45 dl/kg
of body weight (23), with an average body weight of 80.7 kg and
a plasma triglyceride level of 0.93 mmol/1 (82 mg/dl), mean total
circulating triglyceride content is estimated at approximately 3 g
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Tissue glucose uptake. (A) Transversal PET (left panel), CT (middle panel), and fusion scan (right panel) views of the cervicothoracic junc-
tion in one of the participants. Red circles denote supraclavicular BAT. (B) Fractional (Ki) and (C) net (Kx) glucose uptake in cervicothoracic
tissues. (D) Coronal view (postero-anterior projection) of whole-body ®FDG uptake during cold exposure. *P < 0.05 versus BAT, ANOVA with

Dunnett's post-hoc test.

in the participants of the present study. As the half-life of circular-
ing triglycerides during fasting (mostly VLDL) is relatively long
(approximately 2 hours, 1.e., a fractional clearance rate of 0.5/h;
ref. 23) compared with the length of cold exposure in the present
study, 1t 1s very unlikely that the pool of circulating triglycerides,
even if it was fully utilized, could account for the 250 extra
kcal of energy expenditure observed (i.e., approximately 28 g of
triglycerides). It is also noteworthy that our subjects were not, in
contrast with the mice in Bartelt’s scudy (22), adapted to a temper-
ature below thermoneutrality, which may render BAT adipocytes
more prepared to clear circulating glucose and lipid.

The 6 subjects of the present study all exhibited increases in
BAT metabolism upon cold exposure, albeit to varying degrees.
The variability in the response occurred despite application of
a cold exposure protocol that not only restriceed shivering, bur
also dicrated the strength of the cold response from strict body
and skin temperature monitoring and indirect calorimetry mea-
surements. Such variation would seem to be accounted for by
interindividual differences in BAT capacity (volume). The wide
interindividual differences in detecrable BAT volume of activiry
(from to 31 to 329 ml) observed in young healthy men in the
present study suggests that unknown factors may modulare
BAT volume and thermogenic capacity in addition to age, sex,
body mass index, and diabetes (24). Furthermore, we found a
significant inverse relationship berween BAT volume of activiey
and shivering. Interestingly, BAT precursor cells are present in
supraclavicular far independently of the presence of spontanecus
5FDG uptake (25). Of note, a very recent publication demon-
strated cold-induced increased blood flow in BAT that was asso-
ciated with increased energy expenditure (26). The latter is con-

4 The Journal of Clinical Investigation

sistent with the present results, which demonstrate cold-induced
BAT thermogenesis in humans.

Our demonstration of BAT oxidative metabolism with trivial
rates of plasma glucose and NEFA utilization and rapid increase in
BAT radio density during cold exposure is suggestive of increased
intracellular mglyceride utilization as the main source of energy
for BAT thermogenesis. Intracellular triglycerides are the main
fuel to sustain BAT energy metabolism during cold exposure in
animal models (2, 27, 28). In room temperature-acclimared rats,
short-term acute exposure to cold has been reported to lead to a
near-complete depletion of BAT lipid (28). A similar depletion of
BAT lipid has been reported at necropsy in newborn infants and
adults who died from hypothermia (27). Intracellular brown adi-
pocyte triglycerides represent half of the brown adipocyte volume
(27). From a mass of 168 g (the average BAT mass seen in the pres-
ent study), one can predict a BAT far content of approxamarely 84 g.
Mobilization of one-third of that lipid reserve (28 g), which seems
possible based on previous investigations (28), would be sufficient
toaccount for the extra energy (250 + 45 keal) expended during the
3-hour period of cold exposure in the present study. Although the
80% increase in total energy expenditure (TEE) that we observed
during acute cold exposure appears important, it 1s therefore very
likely that BAT thermogenesis accounted for an important fraction
of this increase in TEE. Future studies will need to determine the
contribution of intracellular triglycerides to BAT thermogenesis.

In addition, we cannot exclude the contribution of other tissues
to cold-induced thermogenesis. We recorded increased glucose,
NEFA, and acetate uptake in the longus colli. Nonetheless, the
observanion thar significant cold-induced increase in ''C-acetare
oxidative metabolism was only seen in BAT demonstrates a signifi-
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Tissue NEFA uptake. (A) Transversal PET (left panel), CT (middle panel), and fusion scan (right panel) views of the cervicothoracic junc-
tion in one of the participants. Red circles show supraclavicular BAT. (B) Fractional (Ki) and (C) net (Km) NEFA uptake in cervicothoracic
tissues. (D) Coronal view (postero-anterior projection) of whole-body '®FTHA uptake during cold expesure. *P < 0.05 versus BAT, ANOVA

with Dunnett's post-hoc test.

cant role of this tissue in the nonshivering thermogenic response
to cold. The limited field of view of our PET/CT scanner (18 cm
length) during dynamic acquisitions prevents us from assessing
oxidative metabolism from the ''C-acetate method in other inter-
nal organs, such as the heart and other deep central muscles thar
might have been activated by cold. The number of subjects in the
present study is small due to the complexity of cur measurements.
Despite this limitation, we are nonetheless confident that our
findings apply to other populations, since they were very consis-
tent between subjects. Finally, it is not possible to exclude an effect
of the 2-hour daily time difference in ''C-acetate injection between
the 2 protocols in the present study. To our knowledge, the effect
of nycthemeral cycle on BAT metabolism has not been previously
studied in humans.

The present findings support a role of BAT for nonshivering ther-
mogenesis in humans with intracellular triglycerides as the main
source of energy for this process, as observed in rodents. However,
it remains to be demonstrated whether chronic and frequent bouts
of cold exposure may contribute to increase BAT capacity and/or
activity and may be a viable adjunct therapeutic strategy to other
lifestyle interventions o prevent or treat obesity and its metabolic
complications. It is also possible thar energy substrare uptake by
BAT could be substantially increased once intracellular triglycer-
ide stores are depleted and /or BAT 1s fully cold adapted, as recently
shown in rodents (22). Quantitative assessment of the contribu-
tion of intracellular triglyceride oxidation in BAT thermogenesis
awaits further methodological developments.

In summary, the present study demonstrates that a cold-expo-
sure sumulus designed to minimize muscle-mediated shivering

The Journal of Clinical Investigation

thermogenesis enhances BAT oxidative metabolism as well as glu-
cose and NEFA uptake in adult humans. The enhanced BAT activ-
ity was associated with a 1.8-fold increase in whole-body energy
expenditure. We found a significant inverse relationship between
BAT volume of activity and shivering and a significant increase
in BAT radio density within 3 hours of cold exposure, indicating
rapid reduction in BAT triglyceride content. The present results
demonstrate that BAT is undoubtedly involved in nonshivering
thermogenesis in humans.

Methods

Protocols A and B were 4.5-hour metabolic tests performed in random
order, within an average of 20 days of each other (range, 7 to 36 days) and
designed to assess whole-body and BAT-specific energy substrate turn-
over and oxidation and energy expenditure at room temperature (-25°C,
time 0 to 120 minutes) and during acute exposure to cold (time 120 to
270 minutes) (Figure 1). Participants were instrumented and fitted with
a liquid-conditioned tube suit (Allen-Vanguard Inc.). Following the room
temperature period (time 0 to 120 minutes), the liquid-conditioned tube
suit was perfused with approximately 187 C water using a temperature and
flow-controlled circulation bath (Endocal, NESLAE, and Model 200-00;
Micropump Inc.). Briefly, the same suit was used for all subjects to main-
tain consistent tubing density. In addition, the flow and temperature of
water through the suit was produced with the same cooling bath. Based
on pilot experiments, we determined that circulating water in the suit at
18°C minimized overt shivering in healthy participants while achieving a
significant reduction in skin temperature of at least 2.5°C. We did not try
to avoid the slight but significant increase in electromyographic (EMG)
activity observed during the experiments. Therefore, EMG activity could

htep:/fwww. joi.org 5

273



research article

N

A Ly Aorta B c s.c. adipose tissue
150 _ Y
£ i £
§ 100 g 4
o Y o
© w 4 Tz
0 o : . : : , 0 . . . . .
R S T R A A A
Time (seconds) Time (seconds) Time (seconds)
D Longus colli E . Trapezius F o Deltoid
P=002
= 5 =6 = 6
g 5. 5.
=, 8 =,
5} o 5}
T 24 Z 2 T o
A - R R R A
Time (seconds) Time (seconds) Time (seconds)
G 025 BAT H 4 Longus colli I 501 BAT
- Pa003 - - 70 P=0.03
= . 5%
0.01 E 040 E = .90
0.01 £ o é -100-
S o g 5 110
o o L 204 -ﬂg”’;ﬂ
0 0.00 -130-
Warm Cold Warm Cold Warm Cakd

Figure 4

11C-acetate kinetics. 1'C time-radioactivity curves over the first 500 seconds of acquisition after "'C-acetate injection at room temperature
(red) and during cold exposure (blue) in (A) blood in the aorta, (B) supraclavicular BAT, (C) subcutaneous adipose tissue, (D) longus colli,
(E) trapezius, and (F) deltoid. "'C time-radioactivity curves were differant during cold exposure from those at room temperature in BAT
(2-way ANOVA, P = 0.05; interaction with time, P < 0.001) and in longi colli (2-way ANOVA, P = 0.02; interaction with time, P < 0.001), but
not in other argans. Monoexponential decay slope from peak tissue 1'C activity ("'C-acetate k) in (G) supraclavicular BAT and (H) longus

colli. {I) BAT radio density by GT.

slightly differ among individuals despite similar cold exposure, depending
on their degree of nonshivering thermogenesis. This difference in extent
of EMG activity thus masked any possibility of discemning a correlation
between nonshivering thermogenesis and TEE. Change in total heat pro-
duction was calculated by indirect calorimetry (Vma 29n; Sensormedics)
(29) at room temperature and between times of 180 to 200 minutes and
280 to 300 minutes (ie., 60 to 80 minutes and 160 to 180 minutes after
the beginning of cold exposure). TEE rapidly increased by time 180 to 200
minutes to approximately 79% of that recorded between times 280 and
300 minutes. Only indirect calorimetry and EMG measurements during
the latter period are reported. Dry heat loss from the difference between
water temperature entering and exiting the tube suit at a given flow rate
was determined (30). Skin and core temperatures were monitored as previ-
ously described (31, 32). Changes in whole-body heat production, heat loss,
and core and mean skin temperatures as well as muscle shivering inten-
sity by EMG were determined as previously described (15, 16, 33, 34). This
protocol achieved consistent skin temperature (difference - 0.2 £+ 0.3°C)

G The Journal of Clinical Investigation

and energy expenditure (difference 2.2% + 7.0%) between protocols A and
B during cold exposure.

Plasma glucose appearance rate (R, ..} was determined using a primed
continuous infusion (0.33 = 106 dpm/min) of [3-*H]-glucose during pro-
tocol A (23). Ranera was measured using Lv. administration of [U-13C]-pal-
mitate during protocol B using the Steele steady-state equation, as previ-
ously described (29, 35). Tissue oxidative metabolism was determined after
iv. bolus injection of !!C-acetate (~185 MBq) at time 90 minutes (room
temperature) and at time 210 minutes (i.e., 90 minutes after onset of cold
exposure), followed by 30-minute list-mode dynamic PET acquisition, pre-
ceded by 2 40 mAs CT acquisition centered at the cervicothoracic junction,
as described (20). Tissue oxidative metabolism index (the rapid fractional
tissue clearance of 1'C-acetate, k, in 5-!) was estimated from tissue !'C
activity over time using monoexponential fit from the time of peak tissue
activity (36). This method is based on the following assumptions (37): (a)
acetate enters the Krebs cycle freely after rapid conversion into acetyl-CoA;
(b) other acetate metabolic fates (e.g., de novo lipogenesis) are relatively
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slow compared with the Krebs cycle carbon fluxes; () carbon fluxes into
the Krebs cycle through acetyl-CoA are directly coupled to the production
of reducing equivalents; (d) the Krebs cycle contribution to the produc-
tion of reducing equivalents is stable and accounts for approximately two-
thirds of total production; and (e) the production of reducing equivalents
is tightly coupled to oxygen consumption.

In protocol A, each participant received an iv. bolus of BFDG (185
MBq) at time 240 minutes (i.e., 2 hours after the onset of cold exposure),
with 30 minutes list-mode dynamic PET acquisition centered at the cer-
vicothoracic junction to determine tissue glucose uptake using Patlak
graphical analysis (38). This was followed by a whole-body CT scan (16
mas) to correct for attenuation and for definition of PET regions of inter-
est, followed by whole-body PET acquisition to determine whole-body
BpDG uptake. In protocol B, the same procedure was performed, but
with i.v. bolus administration of EFTHA (-185 MBq) instead of BFDG
o determine tissue NEFA uptake after correction for plasma metabolites
using Patlak linearization (20, 38, 39). For dynamic PET acquisitions,
mean value of pixels (mean standard uptake value [SUV]) for each frame
was recorded. Regions of interest were drawn on the aortic arch for blood
activity (input functions) and on supraclavicular BAT according to the
following criteria: a tissue radio density between -10 and - 100 Hounsfield
units and ¥FDG uptake during cold exposure of more than 1 SUV unit
(12). We also calculated total BAT volume of activity on whole-body scans
according to the later criteria, as previously described (12). The regions
of interest (ROI) were first defined from the transaxial CT slices, then
copied to ¥FDG, and then to ! C-acetate and ¥FTHA image sequences.
For whole-body scans, mean values of pixels (mean SUV) for all tissues
of interest were recorded. In the cervicothoracic dynamic sequences, ROI
were drawn on the 2 largest muscles in the field of view (deltoid and tra-
pexius, the latter also being electromyographically recorded), on posterior
cervical subcutanecus adipose tissue, and on any muscle or tissue struc-
tures that showed significant (>1 SUV unit) ¥FDG uptake during cold
exposure. The latter occurred systematically only in small paraspinal mus-
cles of the neck (longi colli) within the field of view of dynamic scans.

Statistics. Data are expressed as mean + SEM. Wilcoxon’s test was used to
compare characteristics and averaged steady-state hormone and metabo-
lite levels between room temperature and cold exposure. Two-way ANOVA
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Increased Brown Adipose Tissue Oxidative Capacity in
Cold-Acclimated Humans

Denis P. Blondin, Sébastien M. Labbé, Hans C. Tingelstad, Christophe Noll,
Margaret Kunach, Serge Phoenix, Brigitte Guérin, Eric E. Turcotte,
André C. Carpentier, Denis Richard, and Francois Haman
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Context: Recent studies examining brown adipose tissue (BAT) metabolism in adult humans have
provided convincing evidence of its thermogenic potential and role in clearing circulating glucose
and fatty acids under acute mild cold exposure. In contrast, early indications suggest that BAT
metabolism is defective in obesity and type 2 diabetes, which may have important pathological and
therapeutic implications. Although many mammalian models have demonstrated the phenotypic
flexibility of this tissue through chronic cold exposure, little is known about the metabolic plasticity
of BAT in humans.

Objective: Our objective was to determine whether 4 weeks of daily cold exposure could increase
both the volume of metabolically active BAT and its oxidative capacity.

Design: Six nonacclimated men were exposed to 10°C for 2 hours daily for 4 weeks (5 d/wk), using
a liquid-conditioned suit. Using electromyography combined with positron emission tomography
with [''Clacetate and ['®FIflucrodeoxyglucose, shivering intensity and BAT oxidative metabolism,
glucose uptake, and volume before and after 4 weeks of cold acclimation were examined under
controlled acute cold-exposure conditions.

Results: The 4-week acclimation protocol elicited a 45% increase in BAT volume of activity (from
66 + 30 to 95 = 28 mL, P < .05) and a 2.2-fold increase in cold-induced total BAT oxidative
metabolism (from 0.725 + 0.300 to 1.591 = 0.326 mLs~', P < .05). Shivering intensity was not
significantly different before compared with after acclimation (2.1% + 0.7% vs 2.0% + 0.5%
maximal veluntary contraction, respectively). Fractional glucose uptake in BAT increased after
acclimation (from 0.035 = 0.014 to 0.048 + 0.012 min~"), and net glucose uptake also trended
toward an increase (from 163 = 60 to 209 = 50 nmol-g~"min~").

Conclusions: These findings demonstrate that daily cold exposure not only increases the volume
of metabolically active BAT but also increases its oxidative capacity and thus its contribution to
cold-induced thermogenesis. (J Clin Endocrinol Metab 99: E438-E446, 2014)

In the 4 years since the seminal papers describing the
presence of functional brown adipose tissue (BAT) in
adult humans were published (1-3), significant progress
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has been made in characterizing its developmental origin
(4, 5), function (6, 7), and distribution (8, 9). As in most
mammals, BAT provides an important contribution to
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thermoregulatory heat production in adult humans (6).
The scarce amount of BAT found in individuals who are
overweight or obese (10, 11) combined with the large BAT
mass and lean phenotype exhibited by patients with pheo-
chromocytoma (catecholamine-secreting tumors) (12, 13)
have led to suggestions that it may also play an important
part in energy homeostasis. Whether BAT can be induced
to grow or increase its metabolic capacity and conse-
quently be a therapeutic target for obesity and its related
complications remains unclear. Evidence from animal
models (14) and indirect support from human studies (15,
16) have suggested an inherent plasticity to this tissue,
presenting signs of BAT recruitment. Furthermore, the dif-
ferentiation of both types of brown adipocytes (classical
and beige/brite) (4, 17, 18) and its activation (1, 3, 6)
appear to be largely mediated by a sympathetic input. To
date, the most potent and effective sympathetic stimulator
of BAT differentiation and activation in humans has been
cold exposure, as most sympathomimetics applied in vivo
have shown little to no effect on BAT activation (19-21).
Very recent studies have demonstrated that relative BAT
glucose uptake as assessed by increased ['*F]fluorodeoxy-
glucose ('*FDG) standard uptake value (SUV) with posi-
tron emission tomography (PET) can be increased by re-
peated cold exposure in humans (22, 23). However,
whether BAT oxidative capacity increases with the in-
crease in BAT recruitment has not yet been demonstrated
in adult humans. Six healthy lean men were invited to
participate in a 4-week cold-acclimation protocol and un-
dergo acute cold-exposure studies before and after the in-
tervention to determine whether 4 weeks of daily cold

jcem.endojournals.org E439

exposure could increase both the volume of metabolically
active BAT and its oxidative capacity.

Materials and Methods

Experimental protocol

Six healthy lean men aged 23 * 1 year with a body mass index
of 24.5 = 1.2 kg/m? and body surface area of 2.01 = 0.04 m?
participated in 2 metabolic experimental sessions within a
4-week interval designed to assess whole-body and tissue-spe-
cific metabolism during an acute cold exposure (Figure 1). The
cold acclimation protocol followed between these 2 experimen-
tal sessions consisted of daily cold exposure lasting 2 hours dur-
ing which 10°C water was circulated through a liquid-condi-
tioned suit (Three Piece; Allen-Vanguard), repeated 5
consecutive days per week for 4 consecutive weeks for a total of
18 acclimation sessions and 2 testing sessions. Participants were
asked to maintain their current training regiment and refrain
from drinking caffeinated or alcoholic beverages for the duration
of the study.

Each acute cold exposure experimental session consisted of a
120-minute baseline period at ambient temperature (~25°C)
followed by 180 minutes of exposure to a mild cold, elicited using
the same liquid-conditioned suit. During cold exposure, 18.0°C
water was circulated through the suit during the preacclimation
visit and water at a temperature eliciting the same individualized
inlet-outlet temperature difference as the preacclimation proto-
col (16.8°C = 0.1°C) was circulated during the postacclimation
visit using a temperature-controlled circulation bath (Endocal,
NESLAB Model 200-00; Micropump). The postacclimation
temperature was adjusted to induce a similar thermogenic rate
between the 2 experimental sessions. The same suit was used for
all subjects to maintain consistent tubing density and water flow.
Experiments were conducted between 7:30 aM and 4:00 pum

Week 1 Week 2 Week 3 Week 4
M|T|w|th|F|salsul|m| T |w|Th|F [salsulm|T|w]|Th|F [salsu|m]|T |w]|Th|F
g Cold Cold Acclimation Cold Acclimation Cold

Acclimation ‘_. Acclimation
10°C ki 10°C 10°C z 10°C
2h/day 2h/day 2h/day 2h/day
4 days 5 days 5 days 4 days

Acute Cold Experimental

Acute Cold Experimental Session

B 2 2 2 2 £
| | | ] L} g
0 min 120 min 210min  240min  270min 300 min
| Room remperature | Cold exposure |
I I EMG and skin and core temperature monitoring l I
| IV [3-*H]-glucose, [U-"*C]-palmitate |
Indirect calerimetry - -
. LIC I ] L] . LI ] *  Blood sampling

Figure 1. Study protocol.
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hours, after 48 hours without strenuous physical activity. Upon
their arrival in the laboratory, subjects wearing only shorts were
weighed and instrumented with 12 autonomous wireless tem-
perature sensors (Thermochron iButton model DS1922H,
Maxim) fixed to the skin to measure mean skin temperature (24)
and surface electromyography (EMG) electrodes (Delsys; EMG
Systems) placed on the belly of 12 muscles. Participants were
then fitted with the liquid-conditioned suit, ingested a telemetric
thermometry capsule to measure core temperature (Vital Sense
monitor and Jonah temperature capsule; Mini Mitter Co, Inc),
and performed a series of exercises to estimate the maximal vol-
untary contraction of each of the muscles being measured for
shivering activity. Whole-body metabolic heat production was
determined by indirect respiratory calorimetry (Vmax 29n; Sen-
sormedics) (25) at room temperature and between 180 to 200
minutes and 280 to 300 minutes (ie, 60 to 80 minutes and 160
to 180 minutes after the beginning of cold exposure). Whole-
body and muscle-specific shivering intensity and pattern as well
asmeanskin and core temperatures were measured continuously
from time 90 to 300 minutes as previously described (26). Only
the means of the final 30 minutes of the ambient period and final
120 minutes of the cold exposure are reported. A weighted av-
crage of the '®FDG uptake of 18 skeletal muscles, which includes
deep muscles that are inaccessible using surface EMG, was also
used as a shivering index to determine whether 1) shivering ac-
tivity was modified based on muscle location (superficial vs deep)
and 2) *®FDG uptake in skeletal muscles could serve as a viable
indicator of whole-body shivering activity. Plasma glucose ap-
pearance rate was determined using a primed continuous infu-
sion (0.33 > 106 dpm/min) of [3-*H]glucose (27). The rate of
appearance of nonesterified fatty acids (NEFAs) was measured
using iv administration of [U-'*C]palmitate using the Steele
steady-state equation, as previously described (28).

PET/computed tomography protocol

Tissue oxidative metabolism was determined by first per-
forming a computed tomography (CT) scan (40 milliAmpere-
second) centered at the cervicothoracic junction to correct for
attenuation and to define PET regions of interest. At 90 minutes
(room temperature) and again at 210 minutes (ie, 90 minutes
after onset of cold exposure), ~185 MBq of ['!'Clacetate was
injected iv followed by a 30-minute list-mode dynamic PET ac-
quisition (24 X 10 seconds, 12 X 30 seconds, 4 X 300 seconds),
as previously described (29). The tissue oxidative metabolism
index (the rapid fractional tissue clearance of ''C-acerare, £, in
s~ 1) was estimated from tissue ''C activity over time using
monoexponential fit from the time of peak tissue activity (30).
This method is based on the following assumptions (31): 1) ac-
etate enters the Krebs cycle freely after rapid conversion into
acetyl-coenzyme A; 2) other acetate metabolic fates (eg, de novo
lipogenesis) are relatively slow compared with the Krebs cycle
carbon fluxes; 3) carbon fluxes into the Krebs cycle through
acetyl-coenzyme A are directly coupled to the production of re-
ducing equivalents; 4) the Krebs cycle contribution to the pro-
duction of reducing equivalents is stable and accounts for ap-
proximately two-thirds of total production; and 5) the
production of reducing equivalents is tightly coupled to oxygen
consumption. Total oxidative metabolism index of BAT was
determined by multiplying k (representing the oxidative metab-
olism of a particular depot) by the total volume of metabolically
active BAT, as determined by "*FDG uptake (described below).

BAT Volume and Activity Following Cold Acclimation

J Clin Endocrinol Metab, March 2014, 99(3):E438-E446

This calculation was performed to reflect the total oxidative me-
tabolism of BAT located throughout the body.

To determine tissue glucose uptake, an iv bolus of **FDG
(~185 MBq) was given at 240 minutes (ic, 2 hours after the onset
of cold exposure), with a 40-minute list-mode dynamic PET ac-
quisition (12 % 10 seconds, 8 X 30 seconds, 6 X 90 seconds, § X
300 seconds), followed by a CT scan (40 mAs) centered at the
cervicothoracic junction to correct for attenuation and for def-
inition of PET regions of interest. Plasma and tissue time-radio-
activity curves were analyzed graphically using the Patlak lin-
earization method (32), with the image-derived arterial input
function taken from the aortic arch (33). The slope of the plot in
the graphical analysis is equal to the tissue glucose extraction
constant of *FDG (K; in min ! of '®FDG). Tissue net glucose
uptake (K_,) was then calculated by multiplying K; by plasma
glucose concentration, measured during the PET imaging pro-
tocol, which assumes a lump constant value of 1.0 compared
with endogenous plasma glucose. After cold exposure (at 300
minutes), a whole-body CT scan (16 mAs) followed by a static
whole-body PET acquisition was performed to determine whole
body '*FDG organ distribution and rissue SUV.

PET/CT image analyses

The regions of interest were first defined from the transaxial
CT slices and then copied to '"*FDG and then to [ Clacetate PET
image sequences. For dynamic PET acquisitions, the mean value
of pixels (mean SUV) for each frame was recorded. Regions of
interest were drawn on the aortic arch for blood activity (input
functions), the larger skeletal muscles in the field of view, pos-
terior cervical sc adipose tissue, and the supraclavicular BAT
according to the following criteria: a tissue radio density between
—30and —150 Hounsfield units and "*FDG uptake during cold
exposure of more than 1.5 SUV unit. The total BAT volume of
activity on whole-body scans was also quantified according to
the latter criteria. For whole-body scans, mean values of pixels
(mean SUV) for all tissues of interest were recorded.

Statistical analysis

Data are expressed as mean = SEM. Paired Student’s t test
was used to compare between acute cold exposure experimental
sessions. Two-way ANOVA for repeated measures with accli-
mation status, temperature, and their interaction as the inde-
pendent variables was used to analyze acclimation- and temper-
ature-dependent differences in averaged steady-state hormone
and metabolite levels and blood and tissue PET-acquired activ-
ities throughout the protocols. Bonferroni’s multiple-compari-
sons post hoc test was used, where applicable. Appropriate trans-
formations of wvariables were performed when a normal
distribution was not observed for parametric statistical testing.
Pearson correlation coefficients were used to determine corre-
lation between variables. A 2-tailed P value < .05 was considered
significant. All analyses were performed using SPSS for Windows
version 16.0 or GraphPad Prism version 6.00 for Windows.

Study approval

Participants were fully informed of the risks and methodol-
ogies applied and provided their written consent to participate in
this study, in accordance with the Declaration of Helsinki. This
study received ethics approval from the Office of Research Ethics
and Integrity at the University of Ottawa and the Institutional
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Review Board for research on humans of the Centre Hospitalier
Universitaire de Sherbrooke and Université de Sherbrooke.

Results

Effect of cold acclimation on thermal responses
and plasma metabolites

The energy expenditure was individually matched be-
tween experimental sessions by maintaining the same dif-
ference in inlet and outlet temperature of the water circu-
lating through the cooling garment (A2.8°C = 0.2°C;
Figure 2A) before and after the 4-week cold acclimation.
This elicited a similar 1.9-fold increase in thermogenic rate
(Figure 2B) in the acute cold experimental sessions. Using
this approach, the cold stimulus produced by the liquid-
conditioned cooling garment evoked a decrease in mean
skin temperature that was the same between acute cold-
exposure sessions (Figure 2C). Shivering intensity, which
was purposely kept to a minimum, was not significantly
different between experimental conditions, whether it was
determined electromyographically (Figure 2D) or using a
weighted average of the '*FDG uprake of 18 skeletal mus-
cles as a shivering index (Figure 2E). The significant rela-
tionship between shivering intensity and the shivering in-
dex (Pearsonr = 0.66, P = .02) suggests that the latter may
also represent a good indicator of whole-body shivering

>
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activity, which includes deep muscles that are inaccessible
using surface EMG (Figure 2F).

To assess the whole-body metabolic consequences of
daily cold exposure, hormonal and metabolite changes
were examined. Insulin, triglyceride (TG), T;, T4, ACTH,
and leptin levels did not change significantly with cold
exposure or cold acclimation (Table 1). NEFA rate of ap-
pearance, oxidation rate, and concentration were simi-
larly increased before and after cold acclimation during
acute cold exposure. Only glucose and cortisol concen-
trations appeared to be influenced by acclimation state,
with both being significantly lower after compared with
before acclimation, regardless of temperature exposure.
Glucose production rate was not significantly changed af-
ter cold acclimation, demonstrating that the reduced glu-
cose level was caused by increased glucose clearance.

Daily cold exposure increases BAT volume of
activity and fractional glucose uptake

To examine the effect of daily cold exposure on BAT
volume, we determined the whole-body volume of '*FDG
uptake in BAT (ie, volume of BAT activity) after a whole-
body PET/CT acquisition performed immediately upon
completing the acute cold exposure. A whole-body
PET/CT image of a representative participant before and
after a 4-week cold acclimation protocol is shown in Fig-
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Figure 2. Thermal responses. A, Change in inlet and outlet water temperature of liquid-conditioned garment. B and C, Oxygen consumption
(VO,) (B) and mean skin temperature (C) during room temperature and cold exposure, before and after acclimation. D and E, Shivering intensity
(D) and shivering intensity index (E) before and after acclimation. F, Relationship between mean shivering intensity and shivering intensity index
(Pearson r = 0.66, P = .02). *, P < .05 vs room temperature, ANOVA with Bonferroni's post hoc test.
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Table 1.
Cold Acclimation

Hormone and Metabolite Concentrations at Room Temperature and Cold Exposure, Before and After

Before Acclimation

After Acclimation

Room Cold Room Cold

Temperature Exposure Temperature Exposure
Energy expenditure, kcal/min 14+0.1 27+02° 13+00 25+02°
Glucose, mmol/L 48 *0.2 4.8 0.1 46+ 0.1° 4.5+ 0.1°
Ragiycoser mol/min 1707 = 166 2059 = 100
Insulin, pmol/L 67 = 13 53+ 8 57 + 14 53+9
TG, mmol/L 1.20 = 0.47 1.13 £ 0.41 0.95 £ 0.36 1.02 £ 0.41
NEFA, pmol/L 398 £ 53 687 = 110° 411 =69 691 * 132°
Rangra, pmol/min 485 =71 756 = 96° 448 = 111 665 * 119°
ROXygea, prmol/min 326 + 77 601 -~ 89° 319 + 65 631 + 128°
TSH, 1U/L 2.56 x0.73 1.96 = 0.54° 1.98 = 0.34 1.82 = 0.47°
Free T, pmol/L 6.0*+04 5804 58=x03 7011
Free T,, pmol/L 16.2 £ 0.8 16.7 £ 0.7 16.8 £ 0.4 16.0 =15
ACTH, pmol/L 42=*07 34+04 38x02 3404
Cortisol, nmol/L 374 £ 25 308 = 37 299 = 48° 280 x 27°
Leptin, ng/mL 25=*09 2410 26x09 2307

Abbreviations: Ra, rate of appearance; Rox, oxidation rate.
2 Values are means = SEM; n = 6 subjects.

® Different from room temperature, P < .05.

< Different from Pre-acclimation, P < .05.

ure 3A. Total BAT volume of activity increased by 45%
after 4 weeks of cold acclimation (66 = 30 mL before
acclimation vs 95 + 28 mL after acclimation; P = .05;
Figure 3B). BAT attenuation, determined using CT and
expressed in Hounsfield units, was the same at room tem-
perature and increased to a similar degree in all partici-
pants after an acute cold exposure, independent of accli-
mation status (Figure 3C). To examine cold-stimulated
BAT and skeletal muscle quantitative glucose uptake, a
cervicothoracic dynamic PET/CT acquisition was per-
formed after the ivinjection of a bolus of "®FDG during the
acute cold exposure. Fractional uptake (K;) of "*FDG (Fig-
ure 3D) was significantly greater in supraclavicular BAT
compared with the longus colli, sternocleidomastoid, tra-
pezius, pectoralis major, and deltoid muscles as well as sc
adipose tissue. The K; of '*FDG in supraclavicular BAT
was significantly greater after acclimation compared with
before acclimation to cold (Figure 3D). Similarly, nert tis-
sue glucose uprake (K,,) (Figure 3F) was significantly
higher in BAT vs longus colli, sternocleidomastoid, tra-
pezius, pectoralis major, and deltoid muscles as well as sc
adipose tissue. The K,,, of '*FDG in supraclavicular BAT
was not significantly different between acclimation states
(P =.08). Given a total glucose uptake by BAT of 20.1 =
15.2 wmol/min before acclimation and 26.2 = 11.8 pwmol/
min after acclimation (P = .08) and a plasma glucose ap-
pearance of 1707 * 166 and 2059 = 100 wmol/min, re-
spectively, BAT glucose uptake accounted for 1.1% =
0.8% and 1.4% = 0.7% of plasma glucose turnover, re-
spectively. There was a significant direct relationship be-

tween the radiodensity of BAT and the fractional and net
glucose uptake by the tissue (Pearson r = 0.71, P = .01;
and Pearson r = 0.72, P = .008, respectively; Figure 3, F
and G).

Daily cold exposure increases BAT oxidative
metabolism

To investigate the oxidative capacity of cold-stimulared
BAT, a cervicothoracic dynamic PET/CT acquisition was
performed after the iv injection of a bolus of ['!Clacetate
during the acute cold exposure. After the iv injection of
['!C]acetate, BAT '!C radioactivity over time was signif-
icantly higher during cold exposure compared with room
temperature, both before and after a cold acclimation in-
tervention (Figure 4, A and E). Pectoralis major was the
only muscle displaying a significant cold-induced increase
in "C radioactivity over time (Figure 4, C and G). The
monoexponential decay slope from tissue peak ''C activ-
ity (['!CJacetate k), a surrogate of tissue oxidative metab-
olism (34, 35), increased significantly during cold expo-
sure in BAT (effect of temperature P = .001; Figure 41),
demonstrating an increase in cold-induced oxidative me-
tabolism. The monoexponential decay slope from tissue
peak '1C activity was also presented as a function of the
total BAT volume of activity to demonstrate the total oxi-
dative metabolism of BAT. The total BAT oxidative metab-
olism increased significantly in the cold with the increase
being significantly greater after the cold acclimation (tem-
.02; Figure 4]).

perature X acclimation interaction P
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test.

Discussion

Based on the PET tracers "®FDG and ['!Clacetate, this
study demonstrates for the first time that daily cold ex-
posure not only increases the volume of metabolically ac-
tive BAT by 45% burt also doubles its cold-induced oxi-
dative capacity in adult humans. Within the [''Clacetate
PET acquisition field of view including the neck and upper
thorax, BAT was the only tissue demonstrating a signifi-
cant increase in the total oxidative metabolism in the cold
with the increase being significantly greater after the cold
acclimation. [''C]Acetate as PET tracer has proved to be
instrumental in assessing BAT (6) and other tissue metab-
olism in vivo (31, 32, 36, 37).

Thirty years ago, Huttunen et al (16) described the
greater presence of multilocular adipocytes after necropsy
in adipose tissue samples excised from the neck region of

Finnish outdoor workers exposed to the cold compared
with indoor workers. Until recently, this was the only ev-
idence suggesting that chronic cold exposure induces in-
creases in BAT mass in adult humans. However, the hy-
pothesis that chronic cold activation stimulates BAT
recruitment in vivo in adult humans has only recently ex-
plicitly been investigated (22, 23), while the present study
was in progress. We and others (22) have observed that
daily exposure to a mild cold, an unequivocal and to date
most potent and safe stimulus to activate BAT in humans,
does indeed increase whole-body BAT volume of activity,
as defined by the volume of "*FDG uptake in BAT. Recent
studies have demonstrated that most BAT depots in hu-
mans exhibit molecular signatures and histological fea-
tures resembling the inducible brown adipocytes (known
as beige, brown-in-white, or brite) clustered within white
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with Bonferroni‘s post hoc test.

adipose tissue depots of cold-exposed rodents (4, 5) but
may also contain classical BAT (9, 38). Whether the in-
creased volume of glucose uptake observed herein is a
result of proliferation of classical brown adipocytes, a de
novo recruitment of brite adipocytes from white adipose
tissue precursors (4), or simply a direct interconversion of
mature white adipocytes into a brown adipocyte pheno-
type or browning (39, 40), is unclear. These findings imply
that the thermogenic potential of BAT has increased as a
result of the 4-week cold acclimation. Due to the require-
ment of using radioactive isotopes to assess BAT metab-
olism in vivo in humans and limits in radioactivity expo-
sure, the time course of both BAT recruitment and atrophy
after the end of the intervention are not possible to deter-
mine in a within-subject design such as this.

The decreases in BAT radiodensity and the low levels of
glucose uptake, averaging 20.1 = 15.2 and 26.2 = 11.8
pmol/min, under both experimental cold conditions lends

05 vs room temperature; #, P < .05 vs before accdimation, ANOVA

further support to the notion that intracellular TGs are
likely the predominant substrate fueling BAT oxidative
metabolism in humans. Although intracellular TG depots
decrease during the acute cold exposure, the similar ra-
diodensity of BAT observed under unstimulated condi-
tions (eg, room temperature) before and after acclimation
would suggest that they replete rapidly after the acute cold
exposure. The time course of this repletion, including the
role of BAT in postprandial metabolism, requires further
investigation and may shed some light on the metabolic
regulatory function of BAT. The significant inverse rela-
tionship between BAT radiodensity and its fractional and
net glucose uptake suggests that, similar to skeletal mus-
cle, circulating substrates may supply and complement the
intracellular depots to meet the energy demand under
stimulated conditions. The metabolic fate of glucose taken
up by BAT has yet to be clearly established in humans.
However, with BAT thermogenesis dependent on fatty
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acids for the activation of uncoupling protein-1 (UCP1)
and as a substrate to fuel thermogenesis (14), glucose is
likely supplying the carbon backbone for fatty acid syn-
thesis, which can be subsequently oxidized. The reduced
concentration of circulating glucose after acclimation, de-
spite a greater glucose rate of appearance, combined with
a trend toward a greater glucose clearance by BAT also
suggests that this tissue may play a greater role in glucose
metabolism than previously suspected. The detailed char-
acterization of the fuel utilization and substrate handling
of this tissue in humans warrants further investigation if it
is to be further pursued as a therapeutic target for meta-
bolic diseases.

The metabolic impact of the increased BAT oxidative
capacity that occurred after repetitive cold exposures may
have contributed to an increase in the nonshivering ther-
mogenesis (NST) of our subjects. Nonetheless, our cold
acclimation protocol was insufficient to promote the re-
cruitment of BAT-mediated NST to the extent necessary to
completely abolish the shivering response (Figure 2).
More prolonged and/or intense cold acclimation could be
necessary to fully recruit BAT-mediated NST in humans,
or exposure to a colder acute thermal challenge may be
required for BAT-mediated NST to fully manifest. Fur-
thermore, although EMG was monitored in 12 muscle
groups, it remains that this method measures superficial
EMG activity and provides some insight on fiber recruit-
ment and fuel selection. Consequently, it is possible that
deeper muscle groups, not accessible by EMG, were most
influenced by the changes in BAT-mediated NST or that
changes in skeletal muscle bioenergetics were also modi-
fied. In the only cold acclimation study quantifying shiv-
ering activity in humans, and thus de facto NST, 20 days
of daily exposure to 12°C (8 h/d) was required to observe
a near abolishment of shivering activity in men previously
acclimated to summer conditions (41). It is noteworthy
thateven in rodents subjected to aggressive cold-exposure
protocols (often 24 hours exposure for several days at
4°C), NST develops progressively (42). In rats, cold ex-
posure leads to an initial (a few hours) increase in BAT
thermogenic activity associated with an increase in UCP1
stimulation, which is followed after a few days by a pro-
gressive increase in the thermogenic capacity, revealed
through increases in UCP1 expression, mitochondriogen-
esis, and brown adipocyte protein content (43). In rats,
cold adaptation has been reported to tremendously in-
crease the thermogenic capacity of BAT, which can ac-
count for more than 60% of the total heat produced in
response to noradrenaline with little contribution from
skeletal muscle (44). In the present study, because we did
not have access to BAT samples, we cannot determine the
cause of the increase in BAT thermogenic capacity (ie,

jcem.endojournals.org E445

increase in expression of UCP1 and accessory thermogenic
genes or mitochondriogenesis). Another important limi-
tation of the present study is the inability to assess the
relative contribution of BAT and muscle as well as organs
such as the heart and liver to total thermogenesis. Never-
theless, based on the present ['!CJacetate oxidative me-
tabolism and BAT radiodensity data, one can be confident
of some contribution of BAT to energy metabolism after
4 weeks of acclimation, which is in line with evidence
showing that human brown adipocytes are metabolically
active and share similarities with classic brown adipocytes
seen in laboratory rodents (9).

In summary, we showed that total BAT volume of ac-
tivity increases significantly as a result of repeated con-
trolled daily cold exposure and that this change in mass is
paralleled by an increase in BAT oxidative capacity.
Therefore, the contribution of BAT to NST must neces-
sarily increase during cold acclimation in humans.
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Additional results from ARTICLE IV
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