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SUMMARY

Indirect evidence from human studies suggests that
brown adipose tissue (BAT) thermogenesis is fueled
predominantly by fatty acids hydrolyzed from intra-
cellular triglycerides (TGs). However, no direct exper-
imental evidence to support this assumption
currently exists in humans. The aim of this study
was to determine the role of intracellular TG in BAT
thermogenesis, in cold-exposed men. Using positron
emission tomography with ''C-acetate and '®F-fluo-
rodeoxyglucose, we showed that oral nicotinic acid
(NiAc) administration, an inhibitor of intracellular TG
lipolysis, suppressed the cold-induced increase in
BAT oxidative metabolism and glucose uptake,
despite no difference in BAT blood flow. There was
a commensurate increase in shivering intensity and
shift toward a greater reliance on glycolytic muscle
fibers without modifying total heat production.
Together, these findings show that intracellular TG
lipolysis is critical for BAT thermogenesis and pro-
vides experimental evidence for a reciprocal role of
BAT thermogenesis and shivering in cold-induced
thermogenesis in humans.

INTRODUCTION

The sympathetic nervous system (SNS) stimulates white adipose
tissue (WAT) fatty acid mobilization via the hydrolysis of intracel-
lular triglycerides (TG) (Bartness et al., 2014). Resistance to cate-
cholamine action on WAT appears to be an important feature of
obesity and insulin resistance (Horowitz et al., 1999; Jocken
et al., 2007, 2008) and may potentially extend to other important
adipose depots, such as brown adipose tissue (BAT). This, in
turn, could result in a blunted thermogenic response and energy
dissipating potential since the fatty acids released from cate-
cholamine-mediated lipolysis serve as both activators and meta-
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bolic substrates fueling BAT thermogenesis (Fedorenko et al.,
2012). What remains unclear is the extent to which intracellular
TG are critical for BAT thermogenesis in humans and whether
circulating substrates can contribute substantially to fueling
this thermogenesis.

The SNS stimulation resulting from mild cold exposure leads to
a 2-fold increase in BAT oxidative metabolism in lean healthy and
overweight men with and without well-controlled type 2 diabetes
(T2D) (Blondin et al., 2015a, 2015b). This increase in BAT thermo-
genesis is supported in small part by circulating glucose (Blondin
et al., 2014a, 2015a, 2015b; Cypess et al., 2012; Hanssen et al.,
2015; Muzik et al., 2012; Orava et al., 2011; Ouellet et al., 2012)
and fatty acids mobilized from WAT (Blondin et al., 2015a; Ouellet
etal., 2012). The rapid increase in BAT radio-density during acute
cold exposure led to the assumption that BAT thermogenesis is
fueled predominantly by fatty acids hydrolyzed from intracellular
TG (Baba et al., 2010; Blondin et al., 2015a, 2015b; Ouellet et al.,
2012). Rats acutely and chronically exposed to the cold (10°C),
given nicotinic acid (NiAc), an inhibitor of intracellular TG lipolysis,
show a suppression in interscapular BAT oxidative metabolism
and uptake of both circulating glucose and fatty acids (Labbé
et al.,, 2015). This demonstrates that, in rodents, fatty acids
derived fromintracellular TG are essential for BAT thermogenesis.
Whetherintracellular TG are as critical for human BAT thermogen-
esis and whether circulating glucose can directly serve as a
substrate to fuel BAT thermogenesis remains unclear, but may
explain the diminished whole-body BAT thermogenesis and
greater lipid content seen in older overweight men with or without
T2D (Blondin et al., 2015a). In the present study, we used positron
emission tomography (PET) with ''C-acetate and '®F-fluoro-
deoxyglucose (*®FDG) to determine the role of intracellular TG
and circulating glucose on BAT oxidative metabolism, in cold-
exposed men. We hypothesized that NiAc administration would
blunt cold-stimulated BAT oxidative metabolism, while abolishing
cold-induced intracellular brown adipocyte TG lipolysis.

RESULTS

There were eight healthy, non-cold acclimatized men aged 30
years (95% confidence interval [Cl]: 25 to 35) with a BMI of
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Table 1. Hormone and Metabolite Concentrations at Room Temperature and Cold Exposure without and with the Ingestion of

Nicotinic Acid

Control® NiAc p values

Room Temperature ~ Cold Exposure Room Temperature  Cold Exposure Temp. NiAc TxC
Tekin” (°C) 33.6 (33.2 - 34.0) 27.7 (27.1 - 28.2) 33.7 (33.2-34.3) 28.2 (27.5-28.9) <0.0001 0.17 0.04
Teore (°C) 36.8 (36.6 — 36.9) 36.5 (36.2 - 36.9) 36.8 (36.6 — 37.0) 36.5 (36.1 — 36.9) 0.04 0.87 0.55
ATiniet-outiet O suit °C)° - 26[25-2.7] - 2.8[2.6-3.0] - 0.14 -
EE (kJ.min~")* 4.9 (4.5-5.4) 8.2 (6.7-9.8) 4.8 (4.1-5.5) 8.4 (6.3 -10.6) 0.0006 0.93 0.59
OXcro (umol.min~"° 670 (573 - 767) 895 (560 — 1230) 593 (428 — 759) 1,303 (1,083 - 1,522) 0.002 0.06 0.02
Ragiucoss (umol.min~") 1,718 (1,498 - 1,937) 1,182 (1,051 - 1,312) 1,710 (1,326 — 2,094) 1,404 (1,121 -1,688) 0.0007 0.26 0.02
Glucose (mmol/L) 4.7 (4.3-5.1) 45(4.2-4.8) 4.8 (4.5-5.1) 4.7 (4.5-5.0) 0.10 0.06 0.30
Insulin (pmol/L) 26.5[22.2 -72.3] 25.7 [13.2 -52.2] 31.2 [20.6 - 60.5] 25.1[18.9 - 35.8] 0.02 0.80 0.44
Glucagon (pg/mL) 26.2 [24.6 — 34.8] 26.0 [22.9 - 29.2] 26.9 [18.2 - 40.6] 40.2 [36.7 — 47.5] 0.02 0.07 0.005
TG (mmol/L) 1.1[0.5-1.2] 1.1[0.6-1.2] 0.8[0.5-1.2] 0.8[0.5-1.0] 0.54 0.05 0.06
NEFA (umol/L) 285 [200 - 323] 442 [407 — 595] 295 [193 - 453] 157 [71 - 179] 0.30 0.003 0.0001
TSH (IU/L) 2.2[1.6-2.8] 1.9[1.4-2.6] 21[1.5-2.3] 1.8[1.56-2.1] 0.004 0.75 0.30
Free T3 (pmol/L) 5.5[5.0-6.1] 5.4[4.9-5.6] 5.5[4.7-5.9] 5.5[4.7-5.9] 0.23 0.63 0.33
Free T4 (pmol/L) 15.3 (13.0-17.6) 16.9 (15.1 - 18.7) 16.6 (15.1 - 18.2) 17.3 (15.7 - 18.9) 0.02 0.08 0.31
Cortisol (hmol/L) 328 (252 - 405) 293 (240 - 347) 360 (314 - 407) 455 (368 — 542) 0.10 0.004 0.08
Leptin (ng/mL) 2.2(0.6-3.9 1.7 (0.2-3.1) 24(1.1-3.6) 1.7 (0.6 - 2.8) 0.0007 0.66 0.44
Ghrelin (ng/L) 502 (418 — 586) 554 (452 — 657) 495 (401 - 590) 362 (304 - 420) 0.04 0.0001 0.001
Adiponectin (ug/mL) 6.7 (5.3-8.2) 5.5 (4.4 - 6.6) 6.4 (5.4-7.5) 5.5 (4.5-6.5) 0.001 0.39 0.23

2Values are means with 95% Cl in parentheses for normally distributed data and median [interquartile range] for non-parametric data. Temp. refers to
an effect of temperature, NiAc an effect of nicotinic acid ingestion, and T x C the interaction between temperature and nicotinic acid ingestion deter-
mined using repeated-measures two-way ANOVA with Bonferonni post-hoc test.

stkin, mean skin temperature; Tcore, COre temperature; ATinet-outiet Of SUit, change in inlet-outlet suit water temperature; EE, energy expenditure;
OxcHo, rate of whole-body carbohydrate oxidation; Ra, appearance rate; TG; and NEFA.

°n=7.

24.5 kg/m? (95% Cl: 22.3 to 26.6) that participated in the present
study protocol. During cold exposure, the mean skin tempera-
ture fell by 6.0°C (95% CI: 5.4 to 6.6) in the control condition
and 5.6°C (95% CI: 4.6 to 6.6) when given NiAc (p = 0.41)
and core temperature decreased marginally (Table 1). This re-
sulted in a ~1.7-fold increase in energy expenditure (AEE of
3.3 kd.min~" [95% CI: 1.8 to 4.7] in control and 3.6 kJ.min™"
(95% CI: 2.0 to 5.2) with NiAc; Table 1). Metabolite and hormone
levels are presented in Table 1. NiAc resulted in the expected
reduction in plasma non-esterified fatty acid (NEFA) levels versus
increased levels in control (interaction NiAc X temperature
p < 0.01). NiAc administration also led to greater cold-stimulated
increase in carbohydrate oxidation (CHO,,), glucagon and
cortisol, and lower cold-induced reduction in glucose appear-
ance rate (Ragiycose) (all interaction NiAc x temperature p < 0.05).

Inhibition of Intracellular Lipolysis

Cold exposure evoked a 1.4-fold increase in Rangra during cold
exposure (Figure 1A) and a 2.2-fold increase in Ragycerol (Fig-
ure 1B). The oral ingestion of NiAc suppressed Rangra and
Ragiycerol during cold exposure by 50% (95% Cl: 22 to 78) and
55% (95% Cl: 25 to 85), respectively (interaction NiAc x temper-
ature, p < 0.05). The radio-density of BAT during the control con-
dition, an indicator of intracellular TG content, increased during
cold exposure, whereas it remained unchanged when given
NiAc (interaction NiAc x temperature, p = 0.003) (Figure 1C).
Fatty acid oxidation increased 1.7-fold during cold exposure in

the control condition (95% ClI: 1.0 to 2.4) and similarly by 1.8-
fold when given NiAc (95% CI: 1.1 to 2.4) (effect of time,
p = 0.01) (Figure 1D).

BAT Oxidative Metabolism and Blood Flow

Aortic arch and supraclavicular BAT ''C radioactivity over time at
room temperature and during cold exposure with and without
NiAc are shown in Figures 2A-2D. In response to cold exposure,
BAT oxidative metabolism increased 4.4-fold from 0.007 s~'
(95% Cl: 0.002 to 0.014) at room temperature to 0.031 s~
(95% CI: 0.015 to 0.057) during cold exposure. NiAc suppressed
the cold-induced increase in oxidative metabolism in supracla-
vicular BAT by 71% (95% CI: 33 to 109) (interaction NiAc x tem-
perature, p = 0.05) (Figure 2E). The peak BAT ''C radioactivity,
an index of tissue perfusion (Tadamura et al., 1996), increased
as a result of cold exposure, but was not altered as a result of
the ingestion of NiAc (Figure 2F).

Organ-Specific Glucose Uptake and Partitioning

The relative bio-distribution of '®FDG during cold exposure
without and with the ingestion of NiAc is shown in Figure 3A.
The fractional glucose uptake of BAT was significantly greater
than the average of muscles in the cervicothoracic region
and the cervical subcutaneous white adipose tissue (Fig-
ure 3B) (two-way ANOVA interaction tissue X temperature,
p = 0.01). The fractional glucose uptake in BAT was suppressed
on average by 38% (95% CI: 12 to 65) when given NiAc
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* Figure 1. Lipolytic Response

(A-D) Appearance rate of NEFA (R, NEFA) (A) and
Glycerol (R, Glycerol) (B) at room temperature and
during cold exposure under control condition
and following the ingestion of NiAc. The radio-
density of BAT at room temperature and during
cold exposure under control condition and
following the ingestion of NiAc (C) is shown.
Whole-body fatty acid oxidation (D) at room tem-
perature and during cold exposure under control

condition and following the ingestion of NiAc is
shown. The data are reported as the mean with
95% Cl. Different from room temperature at
*p < 0.05 and **p < 0.01; different from control at
#b < 0.05, and two-way ANOVA with Bonferonni
post-hoc test.

Cold exposure

acids are important for BAT thermogene-
sis (Haemmerle et al., 2006; Labbé et al.,
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(p = 0.02). Similarly, the net glucose uptake of BAT was signifi-
cantly greater than the average of muscles in the cervicothoracic
region and the cervical subcutaneous white adipose tissue (Fig-
ure 3C) (two-way ANOVA interaction tissue X temperature,
p = 0.01). The net glucose uptake in BAT was suppressed on
average by 35% (95% ClI: 9 to 62) when given NiAc (p = 0.03). To-
tal glucose uptake during cold exposure was significantly greater
in skeletal muscle compared to BAT (Figure 3D), accounting for
46% (95% ClI: 35 to 56) of glucose turnover in muscle compared
10 0.2% (95% CI: 0.04 to 0.4) in BAT (Figure 3E). When examining
the bio-distribution of "®FDG, glucose uptake was the highest in
the myocardium (Figure 3F). The ingestion of NiAc reduced the
uptake of glucose in BAT (p = 0.003), but increased glucose up-
take in the myocardium (p = 0.01). There was also an association
between the net glucose uptake and shivering intensity in m.
pectoralis major (r = 0.62, p < 0.01; Figure 3G) and across all
muscles measured by EMG (r = 0.60, p < 0.0001).

Shivering Response

Surface electromyography was used to examine the effects of
ingesting NiAc on the shivering intensity and pattern (continuous
versus burst shivering; Haman et al., 2004a) of eight muscles.
Shivering intensity increased by a median of 149% (interquartile
range [IQR]: 12% to 224%) when given NiAc (p = 0.05) (Fig-
ure 4A). This increased shivering intensity could be accounted
for by a greater shivering intensity from burst shivering
(p = 0.04) (Figure 4D). The shivering burst rate when given NiAc
was associated with skeletal muscle glucose uptake (r = 0.72,
p = 0.04) (Figure 4E) and with whole-body carbohydrate oxida-
tion rate (r = 0.78, p = 0.04) (Figure 4F).

DISCUSSION

Experimental studies in rodent models have suggested that hy-
drolysis of intracellular lipids and oxidation of long-chain fatty

440 Cell Metabolism 25, 438-447, February 7, 2017

Room temperature

role in humans. The aim of the present
study was to determine the role of intra-
cellular TG lipolysis in fueling BAT ther-
mogenesis in humans during an acute cold exposure. Our results
using NiAc provide strong evidence that intracellular TG lipolysis
is critical for acute cold-induced BAT oxidative metabolism in
humans. NiAc administration inhibited the cold-induced in-
crease in plasma NEFA and glycerol appearance rates, markers
of WAT intracellular TG lipolysis, and the increase in BAT CT
radio-density, a marker of BAT intracellular TG lipolysis. Cold-
induced stimulation resulted in an increase in BAT blood flow
to carry circulating substrates to the tissue, but this was
insufficient to sustain BAT oxidative metabolism, which was
suppressed by 71% with NiAc administration. Suppressing intra-
cellular TG lipolysis also resulted in a commensurate increase in
shivering intensity and burst shivering rate reflecting a preferen-
tial recruitment of glycolytic muscle fibers, associated with pref-
erential increase in carbohydrate oxidation.

Cold exposure results in the stimulation of the SNS, leading to
the initiation of autonomic thermoregulatory responses and
adipose tissue lipolysis (Bartness et al., 2014; Morrison, 2016).
Fatty acids released upon SNS-mediated hydrolysis of intracel-
lular TG serve as both activators and metabolic substrates
fueling BAT thermogenesis (Cannon and Nedergaard, 2004).
To date, human studies have shown that although circulating
glucose and fatty acids are taken up by stimulated BAT, repre-
senting ~1% and ~0.25% of plasma glucose and NEFA
turnover, respectively (Blondin et al., 2014a, 2015a, 2015b;
Din et al, 2016; Ouellet et al., 2012), a rapid increase in
BAT radio-density suggests that intracellular TG are the primary
fuel to sustain BAT thermogenesis during acute cold exposure.
Here, we provide experimental evidence in humans that inhibit-
ing BAT intracellular TG lipolysis using NiAc significantly sup-
presses BAT oxidative metabolism. NiAc acts primarily on the
“metabolite-sensing” G;-protein coupled receptor GPR109A,
expressed predominantly in WAT and BAT, which upon activa-
tion inhibits adenylyl cyclase and the resultant cAMP signaling
cascade required for intracellular TG lipolysis (Ahmed et al.,

Cold exposure
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Figure 2. [''C]-Acetate Kinetics

(A-F) "'C time-radioactivity curves over the first
500 s of acquisition after [''C]-acetate injection at
room temperature and during cold exposure in
aorta (A and B) and supraclavicular BAT (C and D).
The monoexponential decay slope from peak tis-
sue ''C activity (BAT oxidative index) in supra-
clavicular BAT (E) and peak BAT ''C activity in
supraclavicular BAT (BAT blood flow index) (F) at
room temperature and during cold exposure under
control condition and following the ingestion of
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Since the ingestion of NiAc suppressed
total glucose uptake in BAT by 26% and
WAT lipolytic rate by 62%, we cannot
exclude the possibility that a reduction
in glucose uptake and supply of circu-
lating NEFA may have contributed to the
observed reduction in BAT thermogene-
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glucose turnover nor BAT blood flow.
We acknowledge that it is impossible to
determine from our in vivo study whether
NiAc-induced reduction in BAT glucose
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2009). A previous study that we performed in rats also showed
that NiAc suppresses the increase in oxidative metabolism in
interscapular BAT by 84% during an acute cold and by
73% following more chronic cold exposure (Labbé et al,
2015). Other rodent studies have shown that mice lacking
ATGL (Haemmerle et al., 2006), the rate-limiting enzyme for
intracellular TG lipolysis, or an adipose-specific loss of CPT2
(Lee et al., 2015), necessary for the initiation of pB-oxidation of
long-chain fatty acids, show severe thermoregulatory defects.
These findings combined with the present results demonstrate
just how essential the hydrolysis of intracellular TG is for BAT
thermogenesis. Indeed, based on [''Clacetate data, we esti-
mated that the intracellular TG pools contributed up to 71% of
BAT thermogenesis during mild cold exposure. This is consis-
tent with previous estimates from studies performed with
cold-exposed rats (Labbé et al., 2015) and experiments using
isolated adipocytes (Li et al., 2014). Referring to the BAT-spe-
cific metabolic rate previously reported (Din et al., 2016; Muzik
et al., 2012, 2013), we can estimate that this would represent
a minimum of 108 mg of intracellular BAT TG over the course
of the 3 hr cold exposure.

Room temperature

inhibition of intracellular lipolysis and
reduced BAT oxidative metabolism, or
whether other additional cellular mecha-
nisms could have been involved. It is possible that the NiAc
may have impaired Bs-adrenergic receptor-stimulated intracel-
lular glucose transport (Olsen et al., 2014), which might explain
the reduced fractional glucose extraction in the present study
(Figure 3B). We and others have also previously shown a strong
coupling between intracellular TG turnover and glucose uptake
(Baba et al., 2010; Blondin et al., 20152, 2015b), which suggests
that glucose taken up by BAT may be necessary for replenishing
TG levels. In fact, in vitro experiments in humans and in vivo
studies in rodents have shown that glucose is predominantly
directed toward glycerol-3-phosphate production for TG
synthesis rather than oxidation (Barquissau et al., 2016; Brito
et al., 1999; Himms-Hagen, 1965; Laplante et al., 2009; Moura
et al., 2005).

Due to radiation exposure limits to participants, it was not
possible to use the long-chain fatty acid PET tracer '8FTHA in
the present study. However, our previous investigation in rats
showed that NiAc suppressed BAT NEFA uptake to basal/
room temperature levels (Labbé et al., 2015). Assuming a similar
trend here, referring to BAT NEFA uptake rates previously re-
ported in humans at room temperature (Din et al., 2016), we

Cold exposure

Cell Metabolism 25, 438-447, February 7, 2017 441

CellPress




Cell’ress

<
5
w

A Control

Fractional glucose uptake

1000

®
=3
=3

Total glucose uptake
(nmol min")

F
20
2
§s ™
£5
gﬁ 10 #
©
Q @
SE
(C]
0 -
A & &
e O O

Figure 3. Tissue Glucose Uptake

(9]

(nmol 91 min 1)

Net glucose uptake

# 150
#
£ 100
kkkk  dekkk
50 kkkk  dkkkk
0

m
¥

BAT sk.muscle cervical SSWAT BAT sk.muscle cervical SSWAT

*kkk

—= ]

80 *kkk

P
M

1 —

BAT

Plasma glucose turnover
(%)

Skeletal muscle Skeletal muscle

G m. pectoralis major
o0 o Control

2 e NAc o
© <
s %0
8. °

"o 40
o o
$s ®
© E
< £20 [ =0.62
4 P=0.01

23
0 4 8 12

Shivering intensity (% MVC)

(A) Coronal view (anterior-posterior projection) of whole-body "®FDG uptake during cold exposure without and with oral ingestion of NiAc. The white arrows show
bilateral supraclavicular BAT depots, the red arrows show myocardium, the green arrows show liver, the yellow circle shows m. sternocleidomastoideus (laterally)

and m. sternothyroideus (medially), and the yellow arrows show m. psoas major.

(B and C) Fractional (K)) (B) and net (K;,) glucose ('®FDG) uptake (C) in cervicothoracic tissues during cold exposure.

(D-F) Total glucose uptake (D) and percent plasma glucose turnover (E) taken up by skeletal muscle and BAT. Glucose partitioning from whole-body PET
scanning (expressed in SUV) during cold exposure without and with oral ingestion of NiAc (F).

(G) Association between net glucose uptake and shivering intensity in the m. pectoralis major. The data are reported as the mean with 95% CI. Different from BAT
at ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05 and different from control #p < 0.05 and two-way ANOVA with Bonferonni post-hoc test.

can estimate the BAT NEFA uptake to amount to 20 mg over the
course of the 3 hr cold exposure when given NiAc, compared to
approximately 33 mg in the control condition (Blondin et al.,
2015a; Dinet al., 2016; Ouellet et al., 2012). Even in the condition
where circulating NEFA supply is low, following NiAc ingestion,
this would still only represent 0.2% of plasma NEFA turnover.
Combined, we believe that a reduction in BAT glucose uptake
and circulating NEFA availability played a negligible role in the in-
hibition of BAT thermogenesis. Some in vitro data suggest that
only 50% of NEFA released from the hydrolysis of intracellular
TG is oxidized (Mottillo et al., 2016), with the remainder likely
re-esterified or released out of the brown adipocyte. Although
we show intracellular TG lipolysis to be essential for BAT thermo-
genesis, direct in vivo quantification of intracellular BAT TG
utilization will therefore be required to definitively confirm intra-
cellular TG as the primary fuel for BAT thermogenesis.
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Since the first major studies examining the presence of BAT in
adult humans were published in 2009 (Cypess et al., 2009; van
Marken Lichtenbelt et al., 2009; Virtanen et al., 2009), BAT
glucose uptake (8FDG uptake) has been used as an indicator
of BAT thermogenesis. In addition to "®FDG, our protocol uses
C-acetate, a PET tracer that measures BAT oxidative meta-
bolism even in overweight men with and without well-controlled
T2D despite remarkably low levels of BAT glucose uptake (Blon-
dinetal., 2015a). In the present study, we show that BAT glucose
uptake is associated with cold-induced tissue perfusion
(p = 0.60, p = 0.02) and changes in tissue radio-density
(p = 0.64, p = 0.009), but not oxidative metabolism (p = 0.21,
p = 0.44). We also observed unaltered BAT perfusion and a rela-
tively small reduction in BAT glucose uptake compared to the
profound reduction in BAT oxidative metabolism during NiAc
administration. The present study provides evidence in humans
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Figure 4. Shivering Response

(A-F) Mean shivering intensity (A) and burst rate (B)
of eight muscles during cold exposure without and
with oral ingestion of NiAc. The shivering intensity
of continuous (C) and burst shivering patterns (D)
during cold exposure without and with oral

24 o%o

[o}

(bursts/min)

24
o8°

[e]

2
. ‘
Burst rate

Shivering intensity
(%MVC)

00

ingestion of NiAc is shown. The relationship be-
tween shivering burst rate and skeletal muscle
glucose uptake (E) and whole-body carbohydrate

Control Control

Continuous shivering

oxidation (F) is shown. The data are reported as
the mean with 95% CI. Different from control at
#b < 0.05 and paired-sample t test.

NiAc

Burst shivering

# shown upon norepinephrine stimulation

=y
o
1

%

o
1

in mice lacking uncoupling protein 1
(UCP1), where BAT blood flow still in-
creases, despite an inability to produce
heat, while BAT blood flow in these mice

Shivering intensity
(%MVC)
N
Shivering intensity
(%MVC)

o
o o®

o©

b also increases in response to a glucose
injection (Abreu-Vieira et al., 2015).

T
Control

T
Control

1.57 350

r>=0.52 .
P =0.04 A
300+

-
o

I
[ ]

_1)

min

‘E 250

(mg

(mean SUV)
o
b
(]
[ )

2004

Carbohydrate oxidation

0.0 T T T T 1 150

Others have also shown that insulin stim-
ulation in lean, healthy individuals in-
creases BAT glucose extraction without
increasing BAT blood flow (Orava et al.,
2011). In the absence of a direct in vivo
measure of BAT thermogenesis (e.g.,
['®0]-oxygen or [''Cl-acetate PET), it is
difficult to interpret the implication of a
difference in blood flow or glucose uptake
on BAT thermogenesis.

The near complete inhibition of BAT
oxidative metabolism, when given NiAc,

Skeletal muscle glucose uptake
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Burst rate (bursts/min)

that a cold-induced increase in BAT perfusion is independent of
cold-induced BAT thermogenesis, a concept that has recently
been shown in mice (Abreu-Vieira et al., 2015; Ernande et al.,
2016). Combined, these findings suggest that, similar to skeletal
muscles, an increase in BAT perfusion may be responsible, at
least partially, for an increase in BAT glucose uptake, but that
glucose uptake is not invariably a reliable marker of BAT thermo-
genesis. Our results also support the notion that cold-induced in-
creases in BAT radio-density are mainly caused by reduced BAT
TG content, not increases in BAT blood flow.

It should be noted that there are experimental settings in which
BAT blood flow and BAT glucose uptake may incidentally corre-
late with BAT thermogenesis and others where there is a com-
plete disassociation. For instance, cold exposure in lean, healthy
individuals may result in a sympathetically mediated increase in
BAT blood flow, glucose uptake, and thermogenesis, which
occur simultaneously. However, cold-stimulated overweight in-
dividuals with or without type 2 diabetes have been shown to
have impaired BAT blood flow and BAT glucose uptake (Blondin
etal., 2015a; Orava et al., 2013), but normal BAT oxidative meta-
bolism (Blondin et al., 2015a), resulting in a disassociation be-
tween these three variables. A similar disassociation has been

Burst rate (bursts/min)

was fully compensated by a 149% in-
crease in shivering intensity. Others
have also reported an increase in self-
perceived shivering when ingesting NiAc
during cold exposure, yet, paradoxically, this was also accom-
panied by a decrease in heat production (Doi et al., 1979). Using
electromyography, two distinct shivering patterns emerge,
which are associated with the recruitment of specific motor units
(Blondin et al., 2014b; Haman et al., 2004a). Under various meta-
bolic conditions, the shivering pattern/muscle fiber recruitment
may be modulated to account for the available substrate or ther-
mogenic requirements, without changes in total body heat pro-
duction (Haman et al., 2004a, 2004c). Here, we show that the
shivering pattern was modulated, likely to account for a reduc-
tion in WAT lipolysis (Figures 1A and 1B) and possibly intramyo-
cellular hydrolysis of TG, by increasing the frequency and
amplitude of burst shivering (Figures 4B and 4D), indicating
greater recruitment of high-threshold motor units (type Il muscle
fibers, fast glycolytic) (Haman et al., 2004b). The differences in
burst rate when given NiAc were strongly associated with greater
skeletal muscle glucose uptake (r = 0.72, p = 0.01) and whole-
body carbohydrate oxidation (r = 0.78, p = 0.04). Similarly, the
myocardium also showed remarkable metabolic flexibility by
also increasing glucose uptake when intracellular hydrolysis
of TG was suppressed, as previously shown, at least in part
through reduced substrate competition from circulating NEFA
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(Knuuti et al., 1994; Vosselman et al., 2012). Despite the NiAc-
induced blunting of cold-stimulated BAT oxidative metabolism
and increase in cardiac glucose uptake, NiAc did not change
whole-body fatty acid oxidation rates. It should be noted that re-
sidual Rangra during NiAc administration was enough to provide
fatty acids to meet the rate of whole-body fatty acid oxidation
even if one assumes complete NiAc-mediated suppression of
intracellular TG utilization (Rangra in cold: 222 umol.min‘1
[95% Cl: 78 to 366]; FA oxidation in cold: 208 pumol.min~"
[95% CI: 101 to 316)). It is therefore likely that the utilization of
intracellular oxidative substrates likely changed in other organs
to maintain total fatty acid oxidation rates.

There was a significant NiAc-induced increase in glucagon
level during cold exposure. This result is intriguing and may sug-
gest the need for increased glucagon secretion in the presence
of NiAc-induced reduction in circulating NEFA to maintain
hepatic glucose output (see Lam et al.,, 2003 for review).
Glucagon at physiological concentrations does not significantly
stimulate adipose tissue intracellular lipolysis in vivo in humans
(Bertin et al., 2001; Gravholt et al., 2001).

In conclusion, this study provides three critical experimental
findings regarding BAT thermogenesis in humans. First, we
provide direct experimental evidence supporting the critical
role of intracellular TG lipolysis for BAT thermogenesis in
humans. Second, we demonstrate that adrenergic stimulation
of BAT blood flow is independent of BAT thermogenesis.
Accordingly, this shows that both BAT glucose uptake and
blood flow are unreliable indicators of BAT thermogenesis.
Finally, we also emphasize a reciprocal role of BAT thermogen-
esis and shivering in cold-induced thermogenesis in humans.
This finding supports a physiologically significant thermogenic
role of BAT.

EXPERIMENTAL PROCEDURES

Participants took part in two 3-hr cold exposure protocols between November
and February (winter), separated by at least 7 days and with the order
randomly assigned, in which participants either ingested 150 mg of immedi-
ate-release nicotinic acid every 30 min from the onset of cold exposure
(50 mg capsules; Galenova), a protocol previously shown to result in a steady
suppression of intracellular lipolysis (Carpentier et al., 2005) or a simple cold
exposure without nicotinic acid (control). None of the participants were diag-
nosed with diabetes, based on medical history, repeated assessment of fast-
ing 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.

Each acute cold exposure experimental session consisted of a 150 min
baseline period at ambient temperature (22.5°C [95% CI: 22.0 to 23.1]), fol-
lowed by 180 min of cold exposure, elicited using a liquid conditioned suit
(Three Piece, Allen-Vanguard) perfused with water at 18°C using a tempera-
ture- and flow-controlled circulation bath (Isotemp 6200R28, Fisher Scientific).
This protocol was used in order to stimulate low-level shivering and therefore
ensuring a cold exposure adequate to evoke BAT stimulation (Blondin et al.,
2014a, 2015a, 2015b; Ouellet et al., 2012). Experiments were conducted be-
tween 07.30 and 15.00 hr, following a 12 hr fast and 48 hr 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 phys-
ical activity (Sallis et al., 1985), and underwent portable arm band accelerom-
etry for 7 days (St-Onge et al., 2007). Upon their arrival in the laboratory,
subjects wearing only shorts were weighed and instrumented with autono-
mous wireless temperature sensors (Thermochron iButton model DS1922H,
Maxim) placed on 12 sites to measure mean skin temperature (Hardy et al.,
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1938). Surface electromyography electrodes (Delsys, EMG System) were
placed on the belly of eight muscles known to contribute significantly to shiv-
ering during cold exposure and monitored continuously (Bell et al., 1992; Blon-
din et al., 2015b; Haman et al., 2004a, 2005): m. pectoralis major, m. deltoi-
deus, m. trapezius, m. sternocleidomastoid, m. biceps brachii, 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 (VitalSense monitor and Jonah temper-
ature capsule, Mini-Mitter), and performed a series of maximal voluntary con-
tractions (MVC) for each of the eight muscles being recorded by sEMG for
normalization of the shivering measures. Shivering intensity and shivering
pattern were determined as previously described (Blondin et al., 2015b;
Haman et al., 2004a, 2004b, 2005). In brief, shivering intensity of individual
muscles was determined from root-mean-square (RMS) values calculated
from raw EMG, normalized to MVC RMS, and corrected for baseline RMS
(Haman et al., 2004a, 2004b). Shivering pattern is based on the identification
of two distinct patterns of shivering: (1) continuous, low-intensity shivering
and (2) bursts of high-intensity shivering (see Haman et al., 2004a for full pro-
cedure for shivering burst identification). These patterns are distinguished ac-
cording to differences in frequency of occurrence (4-8 Hz for continuous
versus 0.1-0.2 Hz for bursts) and intensity (2.5% MVC for continuous versus
7%-15% MVC for bursts) (Haman et al., 2004a; Israel and Pozos, 1989).
Upon completing a series of muscle contractions, 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 contin-
uous infusion of [3-H]-glucose to measure Ragucose (Carpentier et al., 2001),
[U-"8C]-palmitate to measure Rangra, and [1,1,2,3,3-2H]-glycerol to measure
Ragyycerol (Carpentier et al., 2005) were started (time = 0 min). Only the sampling
times 130, 140, 150, 280, 290, and 300 min were used to calculate steady-
state Ragjucose: Ranera, and Ragycero. Whole-body shivering intensity and
pattern as well as mean skin and core temperatures were measured continu-
ously from time 120 to 300 min as previously described (Haman et al., 2004b).
Whole-body metabolic heat production was determined by indirect respiratory
calorimetry, corrected for protein oxidation (Haman et al., 2002) at room tem-
perature 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). Fatty
acid oxidation (in umol.min~") was calculated from triglyceride oxidation
(in g.min~") assuming the average molecular weight of triglyceride as
861 g.mol~! and multiplying the molar rate of triglyceride oxidation by three
to account for each mole of triglyceride containing three moles of fatty acids
(Frayn, 1983; Hirsch, 2010).

PET and CT Protocol

Participants remained supine in a PET and CT scanner (Philips Gemini GXL;
Philips) for 120 min at ambient temperature and throughout the duration of
the 180 min cold exposure. Tissue-specific oxidative metabolism was deter-
mined 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 90 min (room temperature) and at time 210 min (i.e., 90 min after onset of
cold exposure) a ~185 MBq i.v. bolus of ''C-acetate was injected intrave-
nously and was followed by a 30 min list-mode dynamic PET acquisition
centered at the cervico-thoracic junction (Ouellet et al., 2012). Tissue oxidative
metabolism index (the rapid fractional tissue clearance of C-acetate, k,
ins~") was estimated from tissue ''C activity over time using monoexponential
fit from the time of peak tissue activity (Buck et al., 1991). Tissue-specific
glucose uptake was determined by injecting an ~185 MBq i.v. bolus of ['®F]-
FDG at time 240 (i.e., 120 min after onset of cold exposure), followed by a
dynamic PET acquisition centered at the cervicothoracic junction. The CT per-
formed prior to the ''C-acetate injection in the cold was used to correct for
attenuation and to define PET ROl for the ['®F]-FDG scans. Further, any resid-
ual "'C-acetate activity prior to ['®F]-FDG scans are corrected by acquiring a
120 s frame prior to the injection of ['®F]-FDG and accounting for the disinte-
gration rate of "'C. Plasma and tissue time-radioactivity curves for '®FDG
were analyzed graphically using the Patlak linearization method (Ménard
et al., 2010; Patlak et al., 1983), 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 glucose fractional uptake (K; in min~"). 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, 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 and CT Image Analyses

ROI were first defined from the transaxial CT slices, then copied to C-ac-
etate, and then to '8FDG PET image sequences. For dynamic PET acquisi-
tions, 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. trape-
zius, m. pectoralis major, and m. deltoideus), on posterior cervical subcu-
taneous adipose tissue and on supraclavicular BAT. For whole-body scans,
ROI were first defined from the transaxial CT slices and then co-registered to
8FDG image sequences. Mean values of pixels (mean SUV) of ROl were
determined for the myocardium, liver, abdominal subcutaneous white adi-
pose tissue (scWAT), peri-renal white adipose tissue (VWAT), and bilaterally
for BAT, and the following muscles: m. sternocleidomastoid, m. longus colli,
m. trapezius, m. lattissimus dorsi, m. pectoralis major, m. deltoideus, m. bi-
ceps brachii, m. triceps brachii, m.brachioradialis, m. erector spinae,
m.rectus abdominis, m. psoas major, m. adductor magnus, m. gluteus max-
imus, m. biceps femoris, m. rectus femoris, m. vastus medialis, m. vastus
lateralis.

Biological Assays

Plasma glucose, insulin, total NEFA, and TG were measured as previously
described (Carpentier et al., 2005). Plasma cortisol, TSH, free T3, and
free T4 were measured using specific electrochemiluminescent immunoas-
says (Ouellet et al., 2012). Individual plasma NEFA (palmitate, linoleate,
and oleate), glycerol, and [U-'3C]-palmitate enrichment and [1,1,2,3,3-2H]-
glycerol enrichment were measured by gas chromatography-mass
spectrometry (Carpentier et al., 2005). [3-2H]-glucose specific activity was
determined by liquid scintillation spectrometry, as described (Carpentier
et al., 2001).

Statistical Analysis

Data are expressed as mean with 95% ClI. Paired Student’s t test was used to
compare between acute cold exposure experimental sessions. Two-way
ANOVA for repeated-measures was used to analyze NiAc- 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 distri-
bution was not observed for parametric statistical testing. Pearson correlation
coefficients were used to determine correlation between variables. A two-
tailed p value of less than 0.05 was considered significant. The n = 8 partici-
pants were chosen on the assumption of complete NiAc-mediated blunting
of cold-stimulated BAT oxidative metabolism. Using previously published
data in healthy men (Blondin et al., 2014a; Ouellet et al., 2012), we determined
that n = 8 participants would result in >85% power to detect such a within sub-
ject difference, at an alpha level of 0.05. All analyses were performed using
SPSS for Windows (version 21.0; SPSS) or GraphPad Prism version 6.0 for
Windows (GraphPad).

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 du Centre hospitalier
universitaire de Sherbrooke.
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