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Key points

e Both brown adipose tissue (BAT) and skeletal muscle activation contribute to the metabolic
response of acute cold exposure in healthy men even under minimal shivering.

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

e 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.

Abstract Cold exposure stimulates the sympathetic nervous system (SNS), triggering the
activation of cold-defence 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 sub-
strates has never been investigated in humans. Using [U-'°C]-palmitate and [3-°H]-glucose
tracer methodologies coupled with positron emission tomography using ''C-acetate and
8F-fluorodeoxyglucose, we examined the relationship between whole body sympathetically
induced white adipose tissue (WAT) lipolysis and brown adipose tissue (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 whole-body oxygen consumption was not independently associated with BAT volume
of activity, BAT oxidative metabolism, or muscle metabolism or shivering intensity, but depended
on the sum of responses of these two metabolic tissues. Cold-induced increase in non-esterified
fatty acid (NEFA) appearance rate was strongly associated with the volume of metabolically active
BAT (r = 0.80, P = 0.005), total BAT oxidative metabolism (r = 0.70, P = 0.004) and BAT
glucose uptake (r = 0.80, P = 0.005), but not muscle glucose metabolism. The total glucose
uptake was more than one order of magnitude greater in skeletal muscles compared to BAT
during cold exposure (674 & 124 vs. 12 + 8 umol min !, respectively, P < 0.001). Glucose 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 the 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.
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Abbreviations

BAT, brown adipose tissue; EMG, electromyography; IBEDG, 18F—ﬂuorodeoxygluccose; K;, fractional

uptake; Ky, net uptake; MVC, maximal voluntary contraction; NEFA, non-esterified fatty acid; PET, positron emission
tomography; R,, rate of appearance; scWAT, subcutaneous white adipose tissue; SEMG, surface electromyography; SNS,
sympathetic nervous system; SUV, standard uptake value; TG, triglyceride; WAT, white adipose tissue.

Introduction

Skeletal muscle and brown adipose tissue (BAT) both
demonstrate remarkable ranges in metabolic activity and
flexibility. This is particularly evident in adult humans
acutely exposed to the cold, when skeletal muscles
demonstrate a broad range of shivering intensity, shivering
pattern and substrate utilization (Haman et al. 2004a,b,
2005) or during chronic cold exposure, which increases
BAT volume (van der Lans et al. 2013), BAT oxidative
metabolism and glucose clearance by BAT (Blondin
et al. 2014). BAT investigations in humans to date
have usually reported an absence of overt shivering
by non-quantitative direct observation and/or subjective
reporting by participants (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). In the
only study that simultaneously quantified both shivering
and BAT activity, a significant increase in cold-induced
BAT oxidative metabolism was accompanied by limited
but detectable levels of shivering activity, measured by
surface electromyography (sSEMG), representing ~2% of a
maximal voluntary contraction (Ouellet et al. 2012). 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 combination 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 et al. 2012). However,
no quantification of the relative contribution of the muscle
shivering response in relation to BAT metabolic response
and the effect on circulating energy substrate metabolism
has been reported to date.

The sympathetic nervous system (SNS) stimulation
resulting from acute cold exposure not only triggers the
activation of cold-defence responses, such as shivering
and BAT thermogenesis, but also mobilizes substrates to
fuel these thermogenic processes. Given the sympathetic
innervation of adipose tissues, cold-mediated SNS
activation stimulates B-adrenergic receptor signalling in
white adipose tissue (WAT) and BAT, thus activating intra-
cellular lipolysis in both organs. Whereas sympathetic

B-adrenergic stimulation of lipolysis in WAT mobilizes
non-esterified fatty acids (NEFAs) towards thermogenic
organs, such as BAT and shivering skeletal muscles
(Ouellet et al. 2012), SNS-mediated lipolysis of intra-
cellular triglycerides (TGs) in BAT serves to activate
and fuel BAT 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 et al. 1987, 1991;
Wahrenberg et al. 1989). However, it remains unclear
whether sympathetically triggered lipolysis in WAT and
BAT thermogenesis are associated or distinct processes.

The aims of this study were two-fold: (1) to characterize
skeletal muscle and BAT energy metabolism during
acute cold exposure and (2) to assess the relationship
between BAT and skeletal muscle metabolic responses
on total energy expenditure and assess the relationship
between BAT metabolism and cold-induced activation of
adipose tissue lipolysis in healthy men. More specifically,
changes in thermogenesis from skeletal muscles and BAT
as well as changes in whole-body fuel kinetics were
assessed using a combination of SEMG, positron emission
tomography (PET)/CT and isotopic methodologies in
non-cold acclimatized men exposed to a 3 h mild cold
exposure. Combined measurements of sSEMG and PET/CT
techniques not only provided measures of the activity of
the large surface muscles but also that of deeper muscles
not measured in previous investigations. We hypothesized
(1) that both skeletal muscles and BAT would contribute
to energy and particularly glucose metabolism during
acute cold exposure and (2) that cold-induced whole-body
lipolysis of WAT would be associated with BAT metabolic
responses.

Methods

Ethical approval

Twelve healthy, non-cold acclimatized men aged
24 = 1 years with a body mass index of 25.5 £ 0.8 kgm 2,
body surface area of 2.01 + 0.04 m? and lean mass
of 63.3 £ 3.3 kg were fully informed of the risks
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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 metabolic protocols 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, Canada) 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 07.30 and 15.00 h, following a 12 h fast and
48 h without strenuous physical activity. Subjects were
asked to follow a 2 day standard isocaloric diet based
upon a 3 day food record, filled a validated questionnaire
for physical activity (Sallis 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 integrated, San Jose,
CA, USA) placed on the forehead, chest, forearm, back
of the hand, lower back and quadricep to measure mean
skin temperature (Palmes & Park, 1947). sSEMG electrodes
(Delsys, EMG System, Natick, MA, USA) were placed
on the belly of eight large muscles known to contribute
significantly to shivering during cold exposure (Bell et al.
1992; Haman et al. 2004b, 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 (MVCs) of each of the
eight muscles being recorded by sSEMG for normalization
of the shivering measures. Indwelling catheters were then
placed in an antecubital vein in both arms for blood
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sampling and tracer infusions. Participants were asked
to empty their bladder and primed continuous infusions
of [3-°H]-glucose to measure the plasma glucose rate
of appearance (Ryglucose) (3.3 x 10° d.p.m. min~'
bolus + infusion at 0.33 x 10° d.p.m. min~!) and of
[U-13C]-palmitate to measure the plasma NEFA rate of
appearance (R,ngra) (0.01 pmol kg=! min~! infusion
of [U-1*C]-palmitate in 100 ml of 5% human serum
albumin) were started (time = 0 min) (Carpentier
et al. 2001, 2005, 2007; Ouellet et al. 2012). Only the
sampling times 100, 110, 120 and 280, 290 and 300 min
were used to calculate steady state R glucose and Ry NEFA.
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 (Vp,) and energy expenditure were
determined by indirect respiratory calorimetry (Vmax
29n; Sensormedics, Milan, Italy) (Haman ef al. 2002,
2004; Carpentier et al. 2005) at room temperature and
between times 180—200 and 280—300 min (i.e. 60-80 and
160—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). BAT oxidative metabolism under ambient
conditions was determined by first performing a CT
scan (40 mA.s) centred at the cervico-thoracic junction
to correct for attenuation and to define PET regions
of interest (ROI). At time 90 min, a ~185 MBq bolus
of '"C-acetate was injected intravenously, and was
followed by a 30 min list-mode dynamic PET acquisition.
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
during cold exposure was determined by first performing
a CT scan (40 mA.s) centred at the cervico-thoracic
junction to correct for attenuation and to define PET
ROI. At time 210 min (i.e. 90 min after onset of cold
exposure), a ~185 MBq bolus of ' C-acetate was injected
intravenously, and was followed by a 30 min list-mode
dynamic PET acquisition. This was immediately followed
by another regional CT scan (40 mA.s) and a ~185 MBq
Lv. bolus of '®F-fluorodeoxyglucose (*FDG) at time
240 min (i.e. 120 min after onset of cold exposure)
followed by a 40 min list-mode dynamic PET acquisition.
At time 300 min, a whole body CT scan (16 mA.s) and
whole body static PET acquisition were performed to
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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 SUV) for each frame was recorded. ROI
were drawn on the aortic arch 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 WAT (scWAT) and the following muscles:
m. sternocleidomastoid, m. longus colli, m. trapezius, m.
lattissimus dorsi, m. pectoralis major, m. deltoideus,
m. biceps brachii, m. triceps brachii, m. brachioradialis, m.
erector spinae, m. rectus abdominis, m. psoas major, m.
adductor magnus, m. gluteus maximus, m. biceps femoris,
m. rectus femoris, m. vastus medialis, m. vastus lateralis.

Laboratory assays

Glucose, insulin, total NEFAs and triglycerides were
measured as previously described (Carpentier et al.
2005). Plasma cortisol, thyroid-stimulating hormone, free
triiodothyronine and free thyroxine were measured using
specific electrochemiluminescent immunoassays (Roche
Diagnostics Systems GmbH, Mannheim, Germany).
Individual plasma NEFAs (palmitate, linoleate, oleate)
and [U-'’C]-palmitate enrichment in plasma were
measured by liquid chromatography-mass spectrometry
(Carpentier et al. 2005).

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
units (Blondin et al. 2014). Tissue-specific BAT oxidative
metabolism index (the rapid fractional tissue clearance
of "'C-acetate, k, in s™') was estimated from BAT !'C
activity over time using a monoexponential fit from the
time of peak tissue activity (Buck et al. 1991). Total
BAT oxidative metabolism index was calculated as the
product of the total volume of supraclavicular BAT and
BAT oxidative metabolism index (Blondin et al. 2014).
To determine tissue glucose uptake, plasma and tissue
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time—radioactivity curves were analysed 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 the
glucose fractional uptake (K; in min~!'). Net glucose
uptake (Ki,) 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. Total
glucose uptake was calculated by taking the product of
tissue-specific K, and the volume of BAT or estimated
volume of skeletal muscle. Total glucose uptake by skeletal
muscle was estimated by taking the product of the mean
Ky of m. trapezius, m. pectoralis major, m. deltoideus,
three muscles that provide an average representation of
skeletal muscle glucose uptake, and the volume of skeletal
muscle (estimated as 42% of body mass; Rolfe & Brown,
1997). Tissue-specific glucose clearance was calculated by
dividing the total glucose uptake in BAT or skeletal muscle
by the whole body glucose disappearance rate.

Shivering EMG signals were recorded from the
following muscle groups: m. pectoralis major, m. deltoideus,
m. trapezius, m. sternocleidomastoid, m. rectus abdominis,
m. rectus femoris, m. vastus medialis and m. vastus
lateralis. 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 analysed using custom-designed
MATLAB algorithms (Mathworks, Natick, MA, USA).
Shivering intensity of individual muscles was determined
from root-mean-square (RMS) values calculated from raw
EMG data. In brief, baseline RMS values (RMSpaseline:
5 min RMS average measured prior to cold exposure) were
subtracted from shivering RMS (RMS;, ) values and RMS
values obtained from the maximal voluntary contractions
of individual muscles (RMSy,y.). Shivering intensity was
normalized to RMS,,,. by using the following equation:

Shivering Intensity (%MVC)

. RMSshiv - RMSbaseline
Rl\/[smvc - RMSbaseline

x 100. (1)

Shivering intensity was determined by using a weighted
mean of the shivering intensity of all eight muscles, as
previously described (Haman et al. 2004a).

The muscles identified by PET/CT scanning were
grouped into upper body (e.g. m. sternocleidomastoid,
m. longus colli, m. trapezius, m. lattissimus dorsi, m.
pectoralis major, m. deltoideus, m. biceps brachii, m.
triceps brachii, m. brachioradialis, m. erector spinae,
m. rectus abdominis) versus lower body (e.g. m. psoas
major, m. adductor magnus, m. gluteus maximus, m.
biceps femoris, m. rectus femoris, m. vastus medialis,
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m. vastus lateralis), peripheral (e.g. m. deltoideus, m.
biceps brachii, m. triceps brachii, m. brachioradialis, m.
gluteus maximus, m. biceps femoris, m. rectus femoris,
m. vastus medialis, m. vastus lateralis) versus central
(e.g. m. sternocleidomastoid, m. longus colli, m. trapezius,
m. lattissimus dorsi, m. pectoralis major, m. erector spinae,
m. rectus abdominis, m. psoas major, m. adductor magnus),
and deep (e.g. m. longus colli, m. erector spinae, m. psoas
major, m. adductor magnus) versus superficial (e.g. m.
sternocleidomastoid, m. trapezius, m. lattissimus dorsi, m.
pectoralis major, m. deltoideus, m. biceps brachii, m. triceps
brachii, m. brachioradialis, m. rectus abdominis, m. gluteus
maximus, m. biceps femoris, m. rectus femoris, m. vastus
medialis, m. vastus lateralis). A weighted average of glucose
partitioning (SUV) of the 18 skeletal muscles, which
include deep muscles that are inaccessible using sSEMG,
was also used as a shivering metabolic index.

The plasma palmitate rate of appearance (R, paimitate)
was calculated from the Cy6,0 M +16 enrichment of plasma
palmitate from background and the tracer infusion rate
(Carpentier et al. 2005):

Ra.palmitate = F/TTRpalmitate (2)

where F is the Ci4.0 M + 16 infusion rate determined
during each experiment and TTRpumitwee is the plasma
palmitate Cy60 M +16 to Cy0 M +0 ratio during tracer
infusion, corrected for background. The total R, Ngra was
determined by multiplying the palmitate R, by the ratio of
concentration of plasma NEFAs to plasma palmitate level
(Jensen et al. 1987).

Statistical analysis

Data are expressed as mean & SEM. A 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 two-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, USA) or GraphPad Prism version 6.01
for Windows (GraphPad, San Diego, CA, USA).

Results
Whole body thermogenic and metabolic responses

Whole body thermal and metabolic responses are pre-
sented in Table 1. During cold exposure, average skin
temperature and core temperature decreased by 4.5 £ 0.3
and 0.4 £ 0.1°C, respectively, eliciting a 1.8-fold increase
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in energy expenditure (from 6.7 + 0.3 k] min~' at
room temperature to 12.2 £+ 0.8 kJ min~' during
cold exposure). Plasma glucose, insulin, triglyceride and
cortisol concentrations did not change during cold
exposure, whereas NEFA levels increased by 1.5-fold
(from 464 4+ 46 pumol 17! at room temperature to
687 + 62 umol 17! in the cold). This was the result of
a cold-induced increase in R, Ngra, which increased by
1.4-fold during cold exposure (868 + 71 wmol min~!
in the cold versus 616 £ 60 umol min~!' at room
temperature).

BAT thermogenic and metabolic responses

BAT oxidative index ('!C-acetate k) increased 2.3-fold
during cold exposure (from 0.005 =+ 0.001 to
0.012 & 0.002 s~', Fig. 1A) which was paralleled by an
increase in the radio density of BAT (from —103 4+ 3 HU
to —86 = 5 HU, Fig. 1B). Mean BAT volume of activity
was 57 £ 16 ml (Fig. 1C). Total BAT oxidative metabolism
demonstrated a 2.1-fold increase upon cold exposure
(from 0.35 £ 0.13 to 0.74 & 0.19 ml of BAT-!'C-acetate
s~!; Fig. 1D). During cold exposure, glucose fractional
uptake (K;; Fig. 1E) and net uptake per volume of tissue
(K Fig. 1F) were significantly greater in supraclavicular
BAT compared to m. deltoideus, m. trapezius, and sub-
cutaneous adipose tissue but not compared to the m.
pectoralis major, m. sternocleidomastoid and m. longus
colli. A strong association between glucose partitioning
in BAT (SUV) and both the fractional and the net glucose
uptake in BAT (Fig. 1G and H) suggests that assessment
of glucose partitioning using SUV may be a reliable
surrogate of quantitative glucose uptake in BAT. Radio
density of BAT was strongly associated with the fractional
and net BAT glucose uptake (Fig. 2A and B). Fractional
and net BAT glucose uptake did not correlate with BAT
oxidative metabolism (Fig. 2C and D). We found strong
associations between the cold-induced increase in R, Ngra
and BAT volume of activity (Fig. 3A), total BAT oxidative
metabolism (Fig. 3B) and BAT total glucose uptake (Fig.
3C). However, no association was found between the
increase in R, nppa and cold-induced muscle metabolism
(Fig. 3D-F).

Muscle shivering and metabolic responses

By design, whole body shivering intensity was minimized,
reaching 1.6 & 0.3% MVC (Table 1). Muscle-dependent
differences in shivering intensity, assessed by sEMG, were
observed during cold exposure 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 (Fig. 4B). Of the eight muscles



706 D. P. Blondin and others

J Physiol 593.3

Table 1. Core and mean skin temperature, energy expenditure, circulating metabolites and hormones, and plasma glucose and NEFA

appearance rates

Room temperature Cold exposure P
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 12.2 +£0.8 0.0001
Shivering intensity (% MVC) — 1.6 +0.3 —
PET-determined Shivering metabolic index (mean SUV) — 0.8 £0.1 —
Glucose (mmol I=1) 44+0.2 4.4 +0.2 0.71
Ra,glucose (umol min=") — 1600 + 235 —
NEFA (umol I=1) 464 + 46 687 + 62 0.0001
Ranera (umol min=1) 616 + 60 868 + 71 0.001
Insulin (pmol 1=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
Thyroid-stimulating hormone (IU I=") 1.95 £ 0.41 1.65 £ 0.29 0.06
Free thyroxine (pmol =) 16.7 £ 0.4 17.1+0.4 0.02
Free triiodothyronine (pmol I-1) 5.7 £0.2 5.6 +£0.2 0.21

Data are expressed as mean + SEM for steady-state values during the last 30 min at each temperature (n = 12). % MVC, percentage
of maximal voluntary contraction; R gjucoses glucose rate of appearance; R, nera, NEFA rate of appearance.

that were examined concomitantly by sEMG, glucose
partitioning was significantly greater in 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). We found a positive association between
muscle shivering assessed by sEMG and total muscle
glucose uptake (r = 0.60, P = 0.04, Fig. 4C). Glucose
partitioning 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
and lower body muscles (P = 0.19; Fig. 4D).

BAT versus muscle glucose uptake and relationship
with whole body energy expenditure

Glucose partitioning varied considerably between
different muscles and relative to BAT (P < 0.0001,
between most muscles and BAT, Fig. 4A). However,
glucose partitioning was not different between BAT and
m. longus colli, m. psoas major and m. sternocleidomastoid
(3.7 £ 0.7 vs. 28 £ 0.3, 1.7 £ 0.5 and 1.4 £ 0.3
mean SUYV, respectively, P > 0.05). Total glucose uptake
during cold exposure was 42-fold greater in skeletal muscle
compared to BAT (674 + 124 umol min~! in skeletal
muscle vs. 12 + 8 umol min~! in BAT) (Fig. 5A). This
represented 47 £ 7% of glucose turnover occurring in
muscle compared to 1 = 1% in BAT (Fig. 5B).

No significant relationship was found between the
cold-stimulated increase in energy expenditure and either
shivering intensity (Fig. 64; r = 0.36, P = 0.25), BAT

volume of activity (r = 0.47, P = 0.12) or BAT total
oxidative capacity (Fig. 6B; r = 0.01, P = 0.97). No
significant relationship was found between shivering
intensity and BAT volume of activity or BAT total oxidative
metabolism (Fig. 5Cand D).

Discussion

The present study provides evidence that superficial and
deep shivering muscles as well as BAT all contribute to
energy metabolism in men exposed to mild cold, even
under conditions designed to minimize the shivering
response. It is important to note that although the
level of recruitment of skeletal muscles and BAT varies
amongst individuals, the amount of heat being produced
remains a function of the cold stress applied, which
was similar between participants. In addition, this mild
cold stimulus also activated adipose tissue intracellular
lipolysis, which was associated with BAT metabolic activity
but not shivering activity. Although BAT glucose uptake
per volume of tissue was important, BAT contributed
marginally to systemic glucose clearance. The greatest
contribution to glucose turnover during cold exposure
was mediated by shivering skeletal muscles, particularly
deep, centrally located muscle groups.

There have been a number of investigations in rodents
demonstrating the effectiveness of BAT in regulating
triglyceride clearance (Bartelt et al. 2011), glucose homeo-
stasis 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, the relevance of these

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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metabolic regulatory functions in humans is controversial.  independently associated with shivering intensity or BAT
Using a robust cooling protocol designed to clamp the  oxidative metabolism (Fig. 6A and B). This suggests
skin temperature and consequent thermosensory input,  that both processes could contribute to the whole body
we found that cold-induced thermogenesis was not  metabolic response to acute cold exposure. In some
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Figure 1. BAT energy metabolism during acute cold exposure

BAT monoexponential decay slope from peak ''C activity (BAT oxidative index, A), BAT radio density at room
temperature and during cold exposure (B), BAT volume of activity during cold exposure (C), total BAT oxidative index
at room temperature and during cold exposure (D), and fractional (£) and net glucose uptake in cervicothoracic
tissues (F). G and H, the relationship between BAT glucose partitioning and fractional and net glucose uptake in
BAT. Values presented as mean & SEM (n = 12). Different from room temperature at *P < 0.01, *P < 0.001.
Different from BAT at #P < 0.05.
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individuals, shivering skeletal muscle had a markedly
greater contribution to heat production than BAT, for
the same change in metabolic rate. While whole body
shivering intensity, quantified using SEMG, was limited to
~2% MVC in the present study, the shivering activity of
individual muscles varied from 0.2 & 0.1% MVC in the m.
deltoideusto 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 different muscles with
enormous differences in individual muscle contributions
to the cold-induced increase in metabolic rate. 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 ef al.
2011; Muzik et al. 2012, 2013; Orava et al. 2013) and
glucose uptake (Orava et al. 2011, 2013) of a single muscle
via °0O 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 only sEMG or glucose
partitioning results of m. deltoideus had been examined
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(Fig. 4A and B), the reference muscle commonly used
(Orava et al. 2011, 2013; Muzik et al. 2012, 2013), we
would have similarly concluded an absence of shivering
activity or role of muscle in glucose clearance. This
erroneous conclusion due to incomplete sampling of
muscle activity was also reached by previous studies
using sSEMG (Meigal et al. 1996, 1998). Our results
demonstrate that careful consideration should be taken in
the selection of muscles when muscle activity is assessed at
a single muscle to represent whole-body muscle metabolic
response to cold. The shivering rhythmicity, intensity
and pattern (i.e. burst versus continuous shivering or
specific muscle recruitment) have all been suggested to
be determined locally in the spinal cord (Perkins, 1945;
Tanaka et al. 2006). The activation of shivering-promoting
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
suggests that proximal muscle groups may be pre-
ferentially recruited over distal muscle groups during
shivering thermogenesis. Given the well documented
contraction-stimulated glucose uptake in skeletal muscle
(Glatz et al. 2010; Wasserman et al. 2011) and because
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Figure 2. BAT glucose metabolism during cold exposure

A and B, Spearman correlation between BAT radio density prior to intravenous (1.v.) injection of '8FDG and fractional
(A) and net (B) BAT glucose uptake. C and D, Spearman correlation between BAT monoexponential decay slope
from peak ' C activity (BAT oxidative index) and BAT fractional (C) and net (D) glucose uptake.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



J Physiol 593.3

BFDG is retained in the cell in proportion to the
glycolytic rate (Phelps, 2000; Sharp et al. 2012), a strong
direct relationship between EMG-determined shivering
intensity and the relative uptake of glucose was observed
(Fig. 4C), suggesting that the latter could serve as a
surrogate for EMG-determined muscle recruitment. As
the glucose partitioning results demonstrate (Fig. 6), the
mild cold conditions in the present study resulted in
the preferential recruitment of deep, centrally located
muscles. This is consistent with recruitment patterns
previous reported using sEMG (Bell et al. 1992)
and indications from our previous BAT metabolism
investigation (Ouellet et al. 2012), which showed that
tissue oxidative and/or non-oxidative metabolism (acetate
retention) were elevated in the m. longus colli compared
to the m. trapezius and m. deltoideus. Combined,
these findings demonstrate contribution of both BAT
and shivering skeletal muscles to produce heat in the
cold.

In addition to stimulating autonomic thermoregulatory
responses, the sympathetic stimulation resulting from
cold exposure also stimulates intracellular lipolysis of
adipose tissues. The sympathetic S-adrenergic stimulation
resulting from acute cold exposure not only initiates the
hydrolysis of intracellular TGs in BAT, which serves as

Cold-induced energy metabolism of WAT, BAT and skeletal muscle
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both the activator and the metabolic substrate fuelling
BAT thermogenesis, but also initiates WAT lipolysis
to fuel thermogenically active tissues. Consistent with
our previous findings (Ouellet et al 2012; Blondin
et al. 2014), the cold-induced increase in BAT radio
density in the present study indicates that BAT oxidative
metabolism was indeed significantly supported by intra-
cellular TG utilization. Here we show that under mild
cold stress, whole body lipolytic activity increased 1.4-fold
and was paralleled by a 2.1-fold increase in BAT
oxidative metabolism. This sympathetically stimulated
WAT lipolysis was strongly associated with the volume
of metabolically active BAT and, most importantly,
with its total oxidative metabolism. WAT lipolysis was,
however, not associated with the shivering response.
Rodent models have shown regional variations in the
sympathetic drive of various adipose depots, which
appears to be influenced by the lipolytic stimulus (Brito
etal. 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 regional differences in catecholamine-mediated
WAT lipolysis and adrenoreceptor activity have been
well documented in humans (Leibel & Hirsch, 1987;
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Figure 3. Sympathetic nervous system-mediated WAT lipolysis and BAT and skeletal muscle metabolism
A-F, Spearman correlation between whole-body changes in Ranera (ARanera) and BAT volume of activity
(A), change in total BAT oxidative metabolism index (B), BAT total glucose uptake (C), shivering intensity (D),
PET-determined shivering index (E) and skeletal muscle total glucose uptake (F). With the exclusion of one outlier

in C, indicated by an open circle, r = 0.73, P = 0.02.
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Mauriege et al. 1987, 1991; Wahrenberg et al. 1989), the
relationship between sympathetically triggered lipolysis in
WAT and BAT thermogenesis has never been investigated.
The findings of the present study have important
implications as they demonstrate that sympathetic
nervous system-mediated WAT lipolysis and BAT
thermogenesis are closely associated phenomena. 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 f,-adrenergic
receptor density (Reynisdottir et al. 1994). If such a
catecholamine resistance was extended to BAT, this could
explain the lower volume of metabolically active BAT
(Vijgen et al. 2011) and BAT glucose uptake (Orava et al.
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2013) reported in obese individuals. Furthermore, the
consequence of a similar lipolytic dysfunction in brown
adipocytes would require greater heat production from
shivering skeletal muscles.

The requirement to produce heat during cold exposure
leads to the channelling of circulating substrates towards
metabolically active tissues to fuel thermogenesis. The
findings from the present study show important thermo-
regulatory contributions of both BAT and shivering
muscles. Consistent with previous findings in humans
(Virtanen ef al. 2009; Orava ef al. 2011), BAT glucose
uptake per volume of tissue was quite significant during
a mild cold exposure, particularly when compared to
any individual muscle. That BAT glucose uptake was
limited to 12 £ 8 umol min~!, accounting for 14+1%

B m. pectoralis major

m. trapezius
m. sternocleidomastoid

m. rectus femoris

m. vastus lateralis i
m. rectus abdominis b
m. vastus medialis it
m. deltoidseus - + ¥
i 2 4 6

Shivering intensity (% MVC)

0 1 2 3 4
Glucose partitioning (mean SUV)

C
w7 r-o60
w P =0.04
gs ol
52 1.0 4 L] :
2% A
— @
22os5{ *e *
=
=
<
7]
0.0 T T T .
0 1 2 3 4
Shivering intensity by EMG (% MVC)
D s
5
® 2.0-
C
[
[0}
£ 151
(o]
C
€ 1.04
i)
50.5- ' . I
: O
[
8 05.
) =
5 © fo ’b fo
R ob «Q,ob Q@" N Qe?’ {\\0\
) ) Q}\ O \)Q
\)QQ 0\$ Q =)

Figure 4. Bio-distribution of glucose and muscle shivering during cold exposure

A and D, glucose partitioning in BAT, subcutaneous WAT (scWAT) and skeletal muscles during cold exposure. B,
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 SEMG. C, Spearman correlation between shivering intensity determined by surface EMG and a shivering index
calculated using the relative uptake of '8FDG in skeletal muscles. Values are presented as mean =+ SEM (n = 12,
unless otherwise indicated). Different from BAT at *P < 0.05, ** P < 0.001; different from m. pectoralis major at
#p <0.05, P < 0.001. Significant difference, ##P < 0.001.
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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
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Figure 5. BAT and skeletal muscle glucose uptake
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glucose may indirectly fuel BAT thermogenesis through
the replenishment of intracellular TG pools (i.e. de
novo lipogenesis). More importantly, however, with BAT
mass representing ~1% of total body weight in adult
humans compared to the estimated ~42% represented
by skeletal muscle (Rolfe & Brown, 1997) combined with
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the generalized muscle recruitment during shivering, the
overall potential for skeletal muscle to clear circulating
substrates during cold exposure via contraction-mediated
pathways is significantly greater. Indeed, total glucose
uptake was more than one order of magnitude greater
in skeletal muscle compared to BAT in humans acutely
exposed to the cold, representing ~50% of systemic
glucose turnover in muscles compared to 1% in BAT.

It is important to note that blood sampling and
infusion sites may have effects on the measurement of
glucose and fatty acid kinetics (Jensen, 1991; Wolfe &
Chinkes, 2005). The practice of venous stable isotope
infusion and arterialized venous blood sampling has been
identified as the accepted infusion and sampling method
when measuring glucose or NEFA kinetics (Jahoor et al.
1988; Wolfe & Chinkes, 2005). However, cold-induced
vasoconstriction of the hand and forearm preclude the
possibility of applying such a method in the current study.
Consequently, antecubital vein blood sampling was used
instead. The appearance rate of NEFAs by scWAT under
ambient conditions has been shown to be greater in the
forearm relative to whole body adipose tissue (Jensen,
1991), consequently resulting in the dilution of the NEFA
tracer and thus an overestimation in NEFA appearance
rates. However, NEFA and glucose kinetics in the forearm
have never been investigated during cold exposure and it
is unclear to what extent the insulative effect of scWAT
and skeletal muscle of the forearm (Veicsteinas et al. 1982)
might influence this tracer dilution effect. We acknowledge
that the present NEFA appearance rates may still be over-
estimated, but further confirmation from cold exposure
studies is required.

In summary, the present study demonstrates the
contribution of BAT and shivering skeletal muscles to
energy metabolism and clearing circulating NEFAs and
glucose in adult humans exposed to a mild cold stimulus.
The sympathetic stimulation from cold exposure resulted
not only in the activation of thermoregulatory effectors,
but also in the activation of adipose tissue intracellular
lipolysis, which was closely associated with BAT oxidative
metabolism. Even when minimized, muscle shivering
could be a very significant mechanism of enhanced
glucose metabolism during acute cold exposure whereas
BAT seems to preferentially contribute to systemic NEFA
clearance.
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