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[—] Abstract

Brown adipose tissue (BAT) is vital for proper thermogenesis during cold exposure in
rodents, but until recently its presence in adult humans and its contribution to human
metabolism were thought to be minimal or insignificant. Recent studies using PET with
18F-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-acetate, '8FDG, and '8F-fluoro-
thiaheptadecanoic acid ('8FTHA), a fatty acid tracer, we have quantified BAT oxidative
metabolism and glucose and nonesterified fatty acid (NEFA) turnover in 6 healthy men
under controlled cold exposure conditions. All subjects displayed substantial NEFA and
glucose uptake upon cold exposure. Furthermore, we demonstrated cold-induced
activation 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, indicating
reduced BAT triglyceride content. In sum, our study provides evidence that BAT acts as a
nonshivering thermogenesis effector in humans.

[—] Introduction

Brown adipose tissue (BAT) is a specialized tissue whose function 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
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potential of BAT is conferred by abundant well-developed mitochondria comprising
uncoupling protein 1 (UCP1), a protein uncoupling mitochondrial respiration from ATP
synthesis (2). BAT is highly vascularized and richly innervated by terminal fibers of the
postganglionic neurons of the sympathetic nervous system (1-3).

PET/CT scanning investigations using '8F-fluorodeoxyglucose ('®FDG) have revealed
symmetrical cervical, supraclavicular metabolically active fat depots, which were
suggested by Hany and colleagues to represent BAT (4-7). These fat depots comprise
sympathetically innervated multilocular adipocytes expressing UCP1 (8), 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 (5, 7-12). These observations tend to support the
idea that BAT substantially contributes to energy expenditure (2, 13, 14). As these
observations have only been based on 8FDG uptake, however, the studies carried out so
far in 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 nonshivering thermogenesis in humans. Using PET with
C-acetate (to determine tissue oxidative activity), "®FDG (a glucose analogue), and 8F-
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.

[—] 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 approximately 1.8-
fold (Table 1). Plasma glucose, triglycerides, triiodothyronine, thyroxin, thyroid-stimulating
hormone, cortisol, and 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
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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 (15-17).

((articles/view/60433/figure/1)Figure 1
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= = ___.* Study protocols. (A) Measurement of plasma glucose turnover

and BAT "'C-acetate and ®FDG uptake during acute cold
exposure. (B) Measurement of plasma NEFA turnover and BAT 8FTHA during acute
cold exposure and BAT '"C-acetate uptake at room temperature.

(/articles/view/60433/table/1) Table 1
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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)

18FDG 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 (K;) of '8FDG (Figure 2B) was higher in supraclavicular BAT compared with trapezius
and deltoid muscles and subcutaneous adipose tissue but not compared with 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 with 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 "8FDG uptake. Glucose uptake by BAT amounted to 10.8 = 4.5 ymol/min
(range 1.3 to 28.7 pmol/min). Given a plasma glucose appearance rate of 1,493 + 460
pumol/min, BAT glucose uptake accounted for 1.3% + 0.8% of plasma glucose turnover
(range 0.04% to 5.2%).
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Tissue glucose uptake. (A) Transversal PET (left panel), CT (middle panel), and

fusion scan (right panel) views of the cervicothoracic junction in one of the
participants. Red circles denote supraclavicular BAT. (B) Fractional (K)) and (C) net
(K») 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.

18FTHA uptake during cervicothoracic dynamic PET/CT acquisition upon cold exposure of
1 representative participant is shown in Figure 3A. During cold exposure, fractional uptake
(K)) of 18FTHA (Figure 3B) and net tissue NEFA uptake (K,,) (Figure 3C) were significantly
higher in supraclavicular BAT compared with subcutaneous adipose tissue, trapezius, and
deltoid, but not different from that of the longus colli. Whole-body '8FTHA 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 pmol/min). Given a plasma NEFA
appearance rate of 1,002 + 72 ymol/min, BAT NEFA uptake accounted for approximately
0.25% = 0.08% of plasma NEFA turnover (range, 0.04% to 0.44 %).

: = m ","a' (articles/view/60433/figure/3)Figure 3
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Tissue NEFA uptake. (A) Transversal PET (left panel), CT (middle panel), and fusion
scan (right panel) views of the cervicothoracic junction in one of the participants.
Red circles show supraclavicular BAT. (B) Fractional (K)) and (C) net (K,,) NEFA
uptake in cervicothoracic tissues. (D) Coronal view (postero-anterior projection) of
whole-body '8FTHA uptake during cold exposure. *P < 0.05 versus BAT, ANOVA
with Dunnett’s post-hoc test.

After i.v. injection of 1'C-acetate, blood "'C radioactivity over time was not significantly
different during cold exposure compared with at 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
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shown) were the only cervical and upper thoracic muscles that displayed significant cold-
induced increase in 1'C radioactivity over time. 'C radioactivity 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 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 (18, 19), 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 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) (Figure 4l), whereas white adipose tissue (WAT) radio
density did not change (3% + 5%; P = 1.00). Supplemental Figure 1 (supplemental
material available online with this article; doi:_10.1172/JCI60433DS1
(http://dx.doi.org/10.1172/JC160433DS1)) shows actual CT and PET/CT 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.
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e C-acetate kinetics. ''C time-radioactivity curves over the first
500 seconds of acquisition after 1'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 different 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 organs. Monoexponential decay slope from peak tissue ''C activity ("'C-
acetate k) in (G) supraclavicular BAT and (H) longus colli. (I) BAT radio density by
CT.

There was a significant inverse correlation 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
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of activity and energy expenditure (Supplemental Table 1), although our small sample size
severely limits the power of these analyses.

[—] 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 what we believe is the first time 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 ymol/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-body 8FTHA
uptake at the end of the protocol predicts NEFA uptake by BAT amounting to 2.3 + 0.8
Mmol/min (range, 0.3 to 4.4 pmol/min). One limitation of our experimental design was the
impossibility of assessing '8FDG 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 (12, 20). In rodents, the contribution
from glucose and NEFA uptake has proven to be a relatively small fraction of total BAT
metabolism during acute cold-induced thermogenesis compared with intracellular brown
adipocyte triglycerides (21). Also, we did not assess BAT utilization of fatty acids from
circulating lipoproteins, another potential source of BAT energy substrates (22). 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 dlI/kg of body weight (23), with an average body weight of 80.7 kg and a plasma
triglyceride level of 0.93 mmol/l (82 mg/dl), mean 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; ref. 23) compared with 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
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were not, in contrast with the mice in Bartelt’s study (22), adapted to a temperature 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 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
interindividual differences in BAT capacity (volume). The wide interindividual differences 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, sex, body mass index, and diabetes (24).
Furthermore, we found a significant inverse relationship between BAT volume of activity
and shivering. Interestingly, BAT precursor cells are present in supraclavicular fat
independently of the presence of spontaneous '8FDG uptake (25). Of note, a very recent
publication demonstrated cold-induced increased blood flow in BAT that was associated
with increased energy expenditure (26). 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 (2, 27, 28). In room temperature—
acclimated 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 adipocyte triglycerides represent half of the brown adipocyte volume (27). From a
mass of 168 g (the average BAT mass seen in the present study), one can predict a BAT
fat content of approximately 84 g. Mobilization of one-third of that lipid reserve (28 g),
which seems possible based on previous investigations (28), 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 total energy expenditure
(TEE) that we observed during acute cold exposure appears important, it is therefore very
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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 1'C-acetate
oxidative metabolism was only seen in BAT demonstrates a significant 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 internal organs, such as the heart and
other deep central muscles that might have been activated by cold. The number of
subjects in the present study is small due to the complexity of our measurements. Despite
this limitation, we are nonetheless confident that our findings apply to other populations,
since they were very consistent 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 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 (22). 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 1.8-fold increase in whole-body energy expenditure. We found a
significant inverse relationship between BAT volume of activity and shivering and a
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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 turnover 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 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 electromyographic (EMG) activity observed
during the experiments. Therefore, EMG activity could 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 discerning a
correlation between nonshivering thermogenesis and TEE. Change in total heat production
was calculated by indirect calorimetry (Vinax 29n; Sensormedics) (29) at room temperature
and between times of 180 to 200 minutes and 280 to 300 minutes (i.e., 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 previously described (31, 32). Changes in whole-body heat production,
heat loss, and core and mean skin temperatures as well as muscle shivering intensity by
EMG were determined as previously described (15, 16, 33, 34). 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.
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Plasma glucose appearance rate (Ragcose) Was determined using a primed continuous
infusion (0.33 x 10° dpm/min) of [3-®H]-glucose during protocol A (23). Ranegra Was
measured using i.v. administration of [U-3C]-palmitate during protocol B using the Steele
steady-state equation, as previously described (29, 35). Tissue oxidative metabolism was
determined after i.v. bolus injection of '"C-acetate (~185 MB(q) 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, preceded by a 40 mAs CT
acquisition centered at the cervicothoracic junction, as described (20). Tissue oxidative
metabolism index (the rapid fractional tissue clearance of "'"C-acetate, k, in s7') 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 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.

In protocol A, each participant received an i.v. bolus of '8FDG (~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 cervicothoracic 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 interest, followed by
whole-body PET acquisition to determine whole-body '8FDG uptake. In protocol B, the
same procedure was performed, but with i.v. bolus administration of ®FTHA (~185 MBq)
instead of 18FDG to 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 '8FDG, and then to ''C-acetate and '®FTHA image
sequences. For whole-body scans, mean values of pixels (mean SUV) for all tissues of
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interest were recorded. In the cervicothoracic dynamic sequences, ROl were drawn on the
2 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 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.

Statistics. Data are expressed as mean + SEM. Wilcoxon’s test was used to compare
characteristics and averaged steady-state hormone and metabolite levels between room
temperature and 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
and other tissues during cold exposure. Appropriate transformation of variables was
performed when normal distribution was not observed for parametric statistical testing. A
2-tailed P value of less than 0.05 was considered significant. All analyses were performed
with the GraphPad Prism version 5.00 for Windows.

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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