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Abstract

Since 2009, the presence of brown adipose tissue (BAT) in adult humans has been
irrefutably proven. It is estimated that active BAT can contribute up to 2.5-5% of
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resting metabolic rate in humans, suggesting that sustained activation of BAT may
alleviate obesity and associated disorders. In the current chapter, the discovery of
BAT in adult humans will be discussed. Furthermore, the characteristics of human
BAT, methods to visualize the tissue as well as physiological and pharmacological
methods to enhance its activity will be stressed.
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1 Human Thermoregulation
1.1 Components of Thermogenesis in Humans

Body temperature is the net result of heat production (thermogenesis) and heat loss.
Thermogenesis is the consequence of the body’s energy metabolism, while heat
loss, i.e., heat transport from the body to the environment, depends on conduction,
convection, radiation, and evaporation (insensible and sweat). Body temperature
can thus be regulated on the level of thermogenesis, e.g., shivering and
nonshivering thermogenesis, and heat loss, e.g., sweat production in the heat and
during exercise. Crucial in effective thermoregulation is the amount of heat
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Fig. 1 Building blocks of total daily energy expenditure. Subdivision of daily energy expenditure
in an individual with a usual energy expenditure of 12 MJ/day in a normal situation (left pane).
During mild cold exposure (right pane), when no shivering occurs, large interindividual
differences in NST exist, ranging from O to 30% (normal situation adapted from vMLAIJP).
BMR basal metabolic rate, SMR sleeping metabolic rate, DIT diet-induced thermogenesis, AEE
activity-induced energy expenditure, NST nonshivering thermogenesis
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transport from the core to the skin by blood perfusion, regulated by peripheral
vasoconstriction and vasodilation. This also determines the heat distribution of the
body. There are significant individual differences in the amount of insulation (due
to relative low skin and peripheral tissue temperatures), which may affect energy
metabolism. Indeed, an increase in insulation is negatively related to the amount of
cold-induced thermogenesis (van Marken Lichtenbelt et al. 2002).

In this chapter on brown fat, we will mainly focus on the thermogenesis side of
temperature regulation. Thermogenesis (or total daily energy expenditure, ADMR)
can be divided in different components (see Fig. 1): basal metabolic rate (BMR,
roughly 55-65% of ADMR), diet-induced thermogenesis (DIT, about 10% of
ADMR), and energy expenditure for physical activity (AEE). BMR is measured
under strictly defined conditions in the morning in fasted state in a (semi-)supine
position and in a thermoneutral environment (see for more details (van Marken
Lichtenbelt and Schrauwen 2011)). Resting metabolic rate (RMR) is often used
instead of BMR, as this is measured under less strict conditions, for instance, in the
afternoon, after food intake, or even sitting in a chair. In many human brown fat
studies, RMR is used. Therefore, a clear description of the actual measurement
conditions is needed in order to be able to compare different studies.

An alternative division in components of total daily energy expenditure is the
use of obligatory and facultative thermogenesis. Obligatory thermogenesis refers to
the energy expenditure needed for daily body functions, i.e., needed for the cells
and organs to maintain the daily living functions. This also includes parts of DIT
and AEE that are not needed for extra heat production. Facultative thermogenesis,
on the other hand, is highly variable and consists of extra heat production in
response to cold and diet, e.g., cold-induced thermogenesis (CIT) and DIT, respec-
tively. DIT therefore can consist of both an obligatory part and a facultative part. In
rodents, it has been shown that unbalanced diets can increase the facultative
thermogenesis in order to be able to eat more to obtain enough valuable nutrients
without gaining too much weight. Whether facultative DIT exists in humans is still
under debate (Kozak 2010), although ingestion of a large meal increased DIT
together with BAT activity (Vosselman et al. 2013). Most important in relation to
human brown fat is the CIT. This consists of shivering thermogenesis (ST) and
nonshivering thermogenesis (NST). ST can increase human energy expenditure by
as much as 3-5 times BMR. Shivering, however, is generally experienced uncom-
fortable, leads to fatigue, and negatively affects the coordination of our movements.
NST is more modest, ranges from 0 to 30% of RMR, but can be sustained without
appreciable discomfort. Therefore, NST seems to be a way to increase energy
expenditure with the potential to create a negative energy balance. This may have
large health implications, especially for targeting disorders that are linked to
overweight and obesity.

1.2 Adaptation to Long-Term Cold Acclimation

There is a large individual variation in NST in response to mild cold (Celi
et al. 2010; van Ooijen et al. 2004; Warwick and Busby 1990). Some subjects
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may increase NST by more than 30%, while others even drop their energy expen-
diture. The latter occurs most likely because of no or very small amounts of NST
combined with a reduction of the energy expenditure in the cool peripheral tissue
(Arrhenius law). Van Ooijen, however, also noted that NST is subjected to seasonal
variation (van Ooijen et al. 2004). Twenty subjects were measured in both summer
and winter season and under the same test conditions; NST was significantly higher
in winter. Moreover, those individuals showing high NST in summer also did so in
winter, indicating that individual differences persisted. In conclusion, there is
individual variation in NST, but the level of NST is not fixed and can be increased.
The latter was elegantly shown already in 1961 in a study by Davis (1961) who
demonstrated that daily frequent cold exposure over time reduced shivering in
humans without giving in on total energy expenditure, pointing to increased NST
capacity.

In animals like rodents, it is well established that the tissue responsible for NST
is brown adipose tissue (BAT), which combusts fatty acids toward heat in a process
called mitochondrial uncoupling (Cannon and Nedergaard 2004). This uncoupling
process is executed by uncoupling protein 1 (UCP1), a unique inner membrane
mitochondrial protein for BAT. Briefly, UCP1 uncouples the electron transport
chain, causing an increased proton leakage over the mitochondrial inner membrane.
This results in production of extra heat instead of ATP. Indeed, in rodents, inter-
mittent cold exposure results in both enhanced NST and enhanced uncoupling
protein 1 (UCP1) content and BAT mass, underscoring that BAT contributes to
the enhanced NST (Davis 1961). However, in humans, the tissue responsible for
NST remained an enigma until 2009. Though early anatomical studies identified the
presence of BAT in humans (Heaton et al. 1978; Huttunen et al. 1981), physiologi-
cal experiments could not identify a functional role of BAT (Astrup et al. 1984).
Therefore, it was generally agreed that, although present and functional in
newborns, during maturing, the amount of BAT decreases to become physiologi-
cally insignificant in adults.

2 The Discovery of BAT in Adult Humans
2.1 FDG PET-CT Scans Lead to Discovery of Human BAT

It was not until the clinical application of the FDG PET-CT scans by nuclear
medicine that functional BAT was identified in humans. This technique makes use
of a labeled glucose analog ('*F-FDG) that is taken up by metabolically active tissues
without being metabolized and therefore becomes trapped in cells. While the PET
scan can visualize and quantify uptake of this radioactive tracer, the CT is needed for
anatomical information. The "®F-FDG PET-CT scan is used in oncology for locali-
zation of metabolically active tumors that exhibit relatively high glucose uptake (e.g.,
for glycolysis). Since active BAT also takes up high amounts of glucose (i.e., for de
novo lipogenesis, see below), the FDG PET-CT can be used to visualize BAT. One of
the earliest reported images of BAT in a patient was by Barrington and Maisey (1996)
in 1996 who by the way classified the tissue as tense muscle. After this, several other
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Fig. 2 18F-Fluorodeoxyglucose (FDG) PET-CT scan visualizing brown adipose tissue in adult
humans under thermoneutral conditions after short-term cold exposure and after 10 days of cold
acclimation. Brown adipose tissue (BAT) can be visualized by the use of an FDG PET-CT scan.
To this end, the subjects (middle and right pane) are exposed to cold (16°C) for 2 h in order to
activate BAT. After 1 h of cold induction, the radioactive tracer '*F-FDG is injected intravenously.
BE_.FDG, a glucose analog, is taken up by organs which have a high glucose metabolism,
especially the brain, heart, and BAT. After 2 h of cold induction, the uptake of BE_FDG is
visualized by means of a low-dose CT scan, immediately followed by a PET scan. The CT scan
is used for localization of the uptake areas. The activity and volume of the BAT are quantified by
autocontouring the areas of FDG uptake, by the use of a previously set threshold. The left pane
shows FDG uptake after 2 h of exposure to thermoneutral temperature (22°C). The right pane
shows FDG uptake after 2 h of cold exposure (16°C) in a subject that has been cold acclimated
(15-16°C, 6 h/day) for 10 consecutive days

studies from the field of nuclear medicine reported BAT in cancer patients, where it
was regarded an artifact potentially obscuring the image in search for tumors. It was
Nedergaard et al. (2007) in 2007 who reviewed these nuclear medicine retrospective
studies in the context of metabolic implications for human brown fat physiology. In
2009, several research groups independently identified functional brown fat in adult
humans after performance of dedicated cold exposure experiments (Saito et al. 2009;
van Marken Lichtenbelt et al. 2009; Virtanen et al. 2009) together with retrospective
patient studies (Cypess et al. 2009).

More specifically, the FDG PET-CT scans revealed increased glucose uptake upon
cold exposure in fat tissue located in the supraclavicular, neck, paravertebral, mediasti-
nal, para-aortic, and suprarenal areas (see Fig. 2). However, direct evidence that the
tissue was indeed BAT came from biopsy material obtained from the supraclavicular
and neck region, in which the presence of UCP1 was shown (van Marken Lichtenbelt
et al. 2009; Virtanen et al. 2009; Zingaretti et al. 2009). Since UCP1 is the bona fide
marker of BAT (Cannon and Nedergaard 2004), this information together with the
imaging proved the presence of functional BAT in adult humans.

2.2 Other Methods of BAT Visualization

Strictly, FDG PET-CT scans only visualize tissue glucose uptake (static scan) or
glucose uptake rate (dynamic scan) (van der Lans et al. 2014). However, high
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glucose uptake does not necessarily mean that the tissue is metabolically active.
A first indication that BAT is indeed metabolically active comes from the study of
Orava et al. (2011), who used [150]H20 to show that BAT activation results in
enhanced blood flow in the tissue. However, even increased blood flow is not the
final proof of metabolic activity because blood flow may also increase in tissues that
are not metabolically active. The final proof came from Ouellet et al. (2012) who
determined oxidative metabolism in human BAT indirectly using ''C-acetate PET
imaging. ''C-acetate is rapidly taken up by BAT and other tissues (i.e., myocar-
dium, muscle) and metabolized to llC02 and H,O after intravenous injection. The
rate of clearance of ''C-acetate from the tissue reflects oxidative metabolism, with
higher oxidative metabolism resulting in faster clearance from the tissue. Indeed,
based on ''C-acetate tissue kinetics, cold exposure markedly increased oxidative
metabolism in BAT in all subjects (n=6), which has recently been confirmed
(Blondin et al. 2014). In a recent study, oxygen consumption was measured in
BAT during cold exposure by means of dynamic oxygen ('°0,) PET imaging, a
possibly very adequate marker for BAT metabolism (Muzik et al. 2013).

It is well known from animal studies that not glucose but fatty acids (FA) are the
main source of fuel in BAT (see below). Therefore, Ouellet also used the fatty acid
tracer 18F-ﬂuoro-thiaheptadecanoic acid (FTHA) in their cold exposure tests, next
to '"®F-FDG and '!C-acetate (Ouellet et al. 2012). They showed both substantial FA
and glucose uptake upon cold exposure. However, a drawback of the use of a FA
tracer as compared to a glucose tracer is that the uptake is rather nonspecific since it
is also largely taken up by other organs such as the liver and intestine. Thus, the FA
tracer needs to be optimized more before it can be used on a large scale.

Though these tracer studies reveal important new information on BAT metabo-
lism and fuel utilization, an important aspect is not yet sufficiently covered. That is
the fact that BAT, when activated, also uses its own internal triglyceride
(TG) stores. In this respect, CT scans can provide useful information, since the
radiodensity expressed in Hounsfield units reveals the water fat ratio of the tissue.
Indeed, cold-exposed subjects show an increase in BAT radiodensity indicating
reduced BAT TG after cold exposure (Ouellet et al. 2012).

3 Human BAT: Brown or Beige?

As described in Chapter 4a, from rodent studies, it is evident that besides brown
adipocytes, also beige adipocytes exist (Seale et al. 2008; Wu et al. 2012). In
rodents, these beige adipocytes lie mainly dispersed between WAT but can also
be found in muscle. A recent topic of debate is on how “brown” human BAT
actually is. Distinction between classical brown and beige adipocytes cannot be
simply made on the basis of an FDG PET-CT scan, as both types of brown
adipocytes take up high amounts of glucose when stimulated (Bartelt and Heeren
2013). Recent genotyping of human BAT biopsies, obtained from the
supraclavicular area from subjects who showed FDG uptake in this area,
demonstrated that human BAT more closely resembles the beige fat found in
WAT depots in mice rather than the classical murine BAT (Wu et al. 2012).
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Therefore, a former vision was that human BAT solely consists of “beige”
adipocytes. A recent study by Cypess et al. (2013) refuted this vision. Different
depots of neck adipose tissue were isolated from adult human volunteers, and gene
expression, differentiation capacity, and basal oxygen consumption were compared
to different mouse adipose depots. Although the variation in the properties of
human neck adipose tissue was substantial between subjects, they showed that
some human samples have many similarities with the classical BAT found in
rodents. Intriguingly, it appeared that the unstimulated energy expenditure of the
human BAT samples is similar to that of mouse interscapular BAT, underscoring
the energy-combusting potential of this adipose tissue in humans (Okamatsu-Ogura
et al. 2013). Moreover, we (Nascimento et al., unpublished) and others
(Wu et al. 2012) have recently shown that human brown adipocytes respond to
noradrenalin by markedly enhancing uncoupled respiration.

4 Contribution of BAT to Energy Expenditure and Lipid
and Glucose Metabolism in Humans

4.1 Estimation: What Is the Potential Contribution of BAT
Thermogenesis to Whole-Body Energy Expenditure
in Humans?

As shown above, the combined information of different scanning techniques,
together with tissue characterization including UCP1 staining, revealed metaboli-
cally active BAT in adult humans. However, the actual contribution of BAT (and
beige) metabolism to whole-body NST is not yet determined. In rodents, it is very
likely that BAT is the only tissue responsible for the classical nonshivering thermo-
genesis and that upon cold exposure, BAT can contribute to up to 60% of RMR (van
Marken Lichtenbelt and Schrauwen 201 1; Cannon and Nedergaard 2004; Feldmann
et al. 2009). In humans, a large body of evidence points toward BAT as a contribu-
tor to nonshivering thermogenesis, possibly in conjunction with mitochondrial
uncoupling in other tissues (Wijers et al. 2008). With proper standardized cold
exposure tests, it has been shown that cold-induced BAT activity (based on glucose
uptake) is significantly related to NST (Bakker et al. 2014; van der Lans et al. 2013).
Unfortunately, from correlation studies, quantification is not possible. The
abovementioned study that used the 'O tracer technique could show oxygen
consumption by BAT, but the used cooling protocol prevented calculation of the
actual (maximal) BAT contribution during cold (Muzik et al. 2013). Alternatively,
from estimates of the amount of BAT present in the body and potential tissue-
specific metabolism, one could estimate the total oxidative capacity. However,
several problems arise. The first is the volume quantification. PET volume can
easily be overestimated, because of the partial volume effect (see for more details
(van der Lans et al. 2014)). On the other hand, estimation based on CT may reveal
an underestimation. Moreover, both scanning techniques may miss small more
dispersed brown and beige fat depots because of the limited resolution of the
scans. Nevertheless, a volume estimate can be made and has been made: 50—
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100 g (van Marken Lichtenbelt and Schrauwen 2011; Virtanen et al. 2009). The
second problem is that the tissue is very inhomogeneous. As described above, BAT
in humans is very likely a mix of both white and brown (beige) adipocytes in
contrast to BAT in rodents. This means that estimates of tissue-specific metabolic
rate from animals may not apply to humans. Third is from which animal can tissue-
specific metabolism be calculated. From limited animal data, it is revealed that the
maximal heat-producing capacity of BAT is 300 W/kg (Rothwell and Stock 1983).
However, it is well known that small mammals have higher tissue-specific meta-
bolic rates than larger animals. Therefore, based on allometric corrections and a
volume of BAT of 50 g, a careful estimation revealed a contribution of BAT of 2.5—
5% of RMR. Virtanen et al. (2009) also came to approximately the same results. It
should be noted that these are just estimations and in future studies this quantifica-
tion requires much more attention.

4.2 Differences in BAT Volume/Activity

There is a striking individual variation in brown fat activity, which appears to be
related to the level of NST. In addition, there are group differences. For instance,
BAT presence and activity are reduced in obesity compared to lean adults (van
Marken Lichtenbelt et al. 2009; Wang et al. 2011) and almost absent in morbid
obesity (Vijgen et al. 2011). Also the elderly have reduced cold-induced BAT activity
(Yoneshiro et al. 2011a), and from retrospective studies, it appears that diabetes is
characterized by a diminished amount of BAT (Ouellet et al. 2011), but dedicated
studies are needed to confirm this. Retrospective studies also hinted toward higher
BAT presence in women compared to men. However, dedicated cold exposure
studies showed no gender-specific BAT activity (van der Lans et al. 2013).

Though BAT studies have been carried out in many different ethnic groups
(Caucasian, Chinese, Japanese), hardly any comparative studies have been carried
out. In fact, only two studies have been carried out so far on South Asian and
Caucasian populations. Relative to Caucasians, the South Asian population is
characterized by a high risk of developing type 2 diabetes. Moreover, type 2 diabe-
tes occurs at a younger age and lower BMI in South Asians than Caucasians
(Mukhopadhyay et al. 2006; Razak et al. 2007), and the risk of complications
related to diabetes is increased in this group (Chandie Shaw et al. 2002). The first
study did not find differences in BAT activity between the two groups (Admiraal
et al. 2013), while the second study did observe a significant difference (Bakker
et al. 2014). The main difference between the two studies was the cooling protocol:
while it was “fixed” in study one (e.g., constant environmental temperature of 16—
18°C) and cooling was performed by air cooling, a standard individual attuned
water cooling protocol that maximizes NST was used in study two. Interestingly, in
the latter study, the lower BAT activity in South Asians did go hand in hand with
differences in NST. RMR was significantly lower in SA, and NST only significantly
increased in Caucasians. In conclusion, it appears that South Asians do have
reduced BAT availability. Whether this is mainly due to an actual ethnic difference
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that affects BAT availability or whether the lifestyle (culture, thermal behavior) is
also involved remains to be investigated.

4.3 Involvement of BAT in Lipid Metabolism

As mentioned above, animal studies have shown that triglyceride-derived FA are
the main fuel for BAT thermogenesis. The activation of BAT results in a fast
induction of intracellular lipolysis, induced by the activation of adipose triglyceride
lipase (ATGL) and hormone-sensitive lipase (HSL), resulting in the release of FA
from TG-filled lipid droplets. FA are directed to the mitochondria where they either
allosterically activate uncoupling protein 1 (UCP1) present in the inner membrane
of the mitochondrion or can undergo oxidation (Cannon and Nedergaard 2004).
Accordingly, after intracellular lipolysis, the intracellular TG stores of the brown
adipocyte need to be replenished. This is mediated via three mechanisms: (1) uptake
of glucose followed by de novo lipogenesis (see below), (2) uptake of albumin-
bound free FA, and (3) uptake of TG-derived FA from very-low-density
lipoproteins and chylomicrons in the plasma.

The magnitude of the TG clearance capacity of BAT became clear only recently
when Bartelt et al. (Bartelt et al. 2011) demonstrated that mice that are housed at
4°C for 24 h, a major trigger for BAT activation, show a massive lowering of
plasma TG levels. Furthermore, BAT activation by means of cold exposure is able
to correct hyperlipidemia in hyperlipidemic ApoAS5 knockout mice (Bartelt
et al. 2011). In contrast, animals in which BAT is surgically denervated become
rapidly obese and hypertriglyceridemic (Dulloo and Miller 1984). These findings
underscore the involvement of BAT in total energy expenditure and TG clearance,
at least in mice.

Also in humans, BAT likely contributes to TG metabolism. As mentioned above,
exposure of humans to cold for 2 h resulted in enhanced FA uptake by BAT as
compared to muscle and WAT. It is likely that human BAT also utilizes FA from
circulating lipoproteins, though this has not been investigated yet. Furthermore, 2 h
of cold exposure results in a rapid increase in BAT CT radiodensity, suggestive of
lowering of intracellular TG stores in BAT. Indeed, a depletion of intracellular lipid
in BAT was found at necropsy in newborn infants and adults who died from
hypothermia (Aherne and Hull 1966). Thus, a fast initial combustion of intracellu-
lar TG upon acute BAT activation may well explain why short-term cold exposure
does not result in acute lowering of plasma TG in human subjects, but does result in
increased fat oxidation, while glucose oxidation is not changed (Bakker et al. 2014).
Likely, prolonged BAT activation will result in lowering of plasma TG levels in
human subjects as a consequence of increased clearance from the plasma
toward BAT.
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4.4 Involvement of BAT in Glucose Metabolism

Murine studies have shown that BAT expresses both GLUT-4 and GLUT-1,
suggesting both insulin-dependent and insulin-independent uptake of glucose by
the tissue (Cannon and Nedergaard 2004). As mentioned, while fatty acids are the
main substrate used for oxidation and uncoupling, glucose is mainly used for de
novo lipogenesis (e.g., to replenish intracellular lipid droplets) and ATP generation
(e.g., via glycolysis) rather than oxidation. Still, murine studies suggest that plasma
clearance of glucose by BAT can substantially contribute to whole-body glucose
metabolism. For instance, transplantation of extra BAT in mice results in improved
glucose tolerance due to higher uptake of glucose by the tissue (Stanford
et al. 2013). Furthermore, long-term BAT activation by means of a 3 adrenergic
agonist lowered plasma glucose levels (Wang and Li 2013). Of note, also induction
of white adipose tissue “browning” by means of the recently identified hormone
irisin improved glucose tolerance suggesting that also beige adipocytes have the
capacity to contribute to whole-body glucose metabolism, at least in mice (Bostrom
et al. 2012).

In humans, it is well established that upon cold exposure, BAT takes up high
amounts of FDG, underscoring the large glucose clearance capacity of the tissue.
Whether uptake of glucose is mainly mediated via the GLUT-1 or GLUT-4
transporter remains to be determined. However, Orava et al. (2011) showed that
insulin stimulation markedly enhances FDG uptake by BAT to an extent compara-
ble to muscle, suggesting that the GLUT-4 transporter is at least in part involved in
glucose uptake by human BAT and that the tissue is insulin sensitive. Despite the
large glucose uptake capacity of human BAT, the question remains whether active
BAT is sufficient to impact on whole-body glucose metabolism in humans. An
association study in which different plasma parameters were measured in healthy
humans with and without BAT (BAT status was determined via FDG PET-CT
scans) showed that BAT was a significantly independent determinant of glucose
and HbAlc levels, suggesting that BAT could impact on glucose metabolism
(Matsushita et al. 2014). However, whether long-term BAT activation indeed
results in improvement of glucose metabolism in obese subjects with impaired
glucose tolerance remains to be determined and is an interesting and relevant topic
for future studies.

5 Involvement of BAT in Human Pathology
5.1 Pheochromocytomas

Pheochromocytomas are neuroendocrine tumors that secrete excessive amounts of
noradrenalin, an important activator of BAT. Indeed, on 8E_FDG PET-CT scans in
patients with this tumor, an increased mass and activity of BAT are seen,
accompanied by increased energy expenditure (Dong et al. 2013; Petrak
et al. 2013). Moreover, after resection of the tumor, FDG uptake and energy
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expenditure decrease dramatically (Kuji et al. 2008), supporting that the increased
energy expenditure typical for this condition is likely due to increased
BAT-mediated NST. Furthermore, pheochromocytoma patients exhibit increased
browning of visceral WAT (Frontini et al. 2013), which may also contribute to the
enhanced energy expenditure. Whether this browning is due to increased transdif-
ferentiation of white into brown adipocytes or differentiation of brown
preadipocytes present in the visceral WAT toward mature brown adipocytes
remains to be determined.

5.2 Hyperthyroidism/Hypothyroidism

Mouse studies have shown that, in addition to cold, thyroid hormone is also
involved in the activation of BAT. After uptake of T3 and T4 by the brown
adipocyte and intracellular conversion of T4 into T3 by the enzyme type
2 deiodinase (D2), the active thyroid hormone T3 is translocated into the nucleus
and binds to a thyroid hormone-responsive element located on the promoter of the
UCP1 gene (Branco et al. 1999). This leads to increased transcription of UCP1 and
ultimately to increased uncoupling. Furthermore, T3 is able to stabilize the UCP1
mRNA, thereby reducing its degradation in the cell (Cannon and Nedergaard 2004).
During cold induction, the activity of D2 is increased in BAT, leading to locally
increased amounts of T3 (Bianco and McAninch 2013). This is an additional and
necessary mechanism to stimulate thermogenesis by BAT. In addition, thyroid
hormone also activates BAT indirectly by enhancing sympathetic nervous system
outflow toward the tissue (Lopez et al. 2010).

Interestingly, energy expenditure is increased in patients with hyperthyroidism
and decreased in patients with hypothyroidism. A recent study showed that hyper-
thyroidism in human patients increases glucose uptake in BAT independently of
BAT perfusion (Lahesmaa et al. 2013). Therefore, the weight loss and excessive
transpiration in hyperthyroidism, and the weight gain and reduced cold tolerance in
hypothyroidism, can at least be partly attributed to an increased and decreased
activity of BAT, respectively. Furthermore, recent studies have shown that treat-
ment of human stem cells with T3 results in the development of UCP1-positive
cells within white adipose tissue, pointing to “browning” of white adipose tissue
(Lee et al. 2012). This may also contribute to the enhanced energy expenditure seen
in hyperthyroidism.

5.3 Obesity, Dyslipidemia, and Type 2 Diabetes

When energy intake exceeds energy expenditure (i.e., positive energy balance), TG
is stored in WAT. In addition, TG may be stored ectopically in organs such as the
skeletal muscle and liver, resulting in malfunction of these organs. A prolonged
positive energy balance may result in development of overweight and obesity.
Currently, in the USA, over 69% of the adult population is overweight
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(25 < BMI < 30 kg/m?), and more than 35% is already obese (BMI > 30 kg/m?)
(CDC 2014). Obesity is strongly associated with the development of other disorders
and diseases, such as dyslipidemia, type 2 diabetes, cardiovascular disease, and
cancer (World Health Organ 2000).

Interestingly, recent studies point toward a role of disturbed BAT function in the
development of obesity and related disorders. In human adults, the amount of BAT
is inversely correlated with BMI and percentage of body fat (van Marken
Lichtenbelt et al. 2009). More specifically, BAT volume is inversely correlated
with parameters of central obesity, such as visceral fat volume on CT scan and waist
circumference (Wang et al. 2011). These findings suggest that obesity is associated
with a low level of BAT activity. Indeed, excision of BAT or sympathetic denerva-
tion of BAT in mice results in hypertriglyceridemia and obesity (Dulloo and Miller
1984). Thus, in humans, a reduced activity of BAT may predispose to obesity and
obesity-related diseases such as dyslipidemia and type 2 diabetes by accumulation
of TG in the blood and subsequent storage in WAT as well as in ectopic fat depots
such as skeletal muscle and the liver. This is associated with reduced insulin
sensitivity of these organs and eventually type 2 diabetes. Furthermore, since
BAT is also involved in clearance of plasma glucose (i.e., for de novo lipogenesis)
(Stanford et al. 2013), BAT could also contribute to glucose homeostasis, particu-
larly in resting conditions when glucose utilization by skeletal muscle is minimal. A
low activity of BAT might thus predispose to T2DM not only via the above
described relation to obesity but also via reduced glucose uptake at rest (Nedergaard
and Cannon 2010). However, the lower BAT activity found in overweight and
obese human subjects may also at least in part be a consequence of their increased
subcutaneous white fat layer, which may substantially contribute to the mainte-
nance of body temperature, making active BAT redundant (Vijgen et al. 2011).

6 BAT as a Novel Target to Combat Obesity and Associated
Disorders

When considering BAT as a novel therapeutic tool to enhance energy expenditure
thereby lowering obesity and related diseases in humans, it is highly relevant to
assess the actual contribution of human BAT to total daily energy expenditure. As
mentioned above, BAT may contribute to 2.5-5% of RMR in humans when the
tissue is maximally stimulated. BAT has the potential to contribute even more to
total daily energy expenditure when its mass and activity are enhanced due to
catecholamine excess. This appears from patients with pheochromocytomas, as
discussed above. '"®F-FDG PET-CT scans in patients with such tumors show an
increased mass and activity of BAT (Dong et al. 2013; Yoneshiro et al. 2011b),
accompanied by increased energy expenditure up to twofold in a recent case report
(Sondergaard et al., unpublished). Thus, when further stimulated due to endogenous
or exogenous factors, BAT has the potential to even more substantially contribute
to total daily energy expenditure.
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All together, these data unequivocally demonstrate that BAT contributes to NST
in humans and that BAT activation is a promising novel therapeutic modality to
combat obesity. Therefore, identification of novel therapeutic targets that may
activate BAT is highly warranted.

6.1 Physiological Activation of BAT

6.1.1 Cold Exposure

The most well-known stimulus to activate BAT is cold exposure. Cold exposure
results in activation of transient receptor potential (TRP) channels in the skin,
mediating signaling in the hypothalamic temperature center and subsequent sym-
pathetic outflow toward BAT (Whittle et al. 2013). Short-term cold exposure results
in a massive induction of FDG uptake by BAT and a concomitant increase in
nonshivering thermogenesis of up to 70%. But does long-term cold acclimation
impact on BAT activity and NST and even metabolic parameters? Several recent
studies have investigated this issue. Acclimation of healthy young adults to 15—
16°C for 10 consecutive days for 6 h/day resulted in recruitment and enhanced
activity of BAT as well as enhanced NST (van der Lans et al. 2013). However,
resting energy expenditure was not affected after the cold acclimation period, nor
were effects found on body weight and plasma glucose and lipid levels. In contrast,
another study in which healthy young adults were acclimated to 17°C for 6 weeks
for 2 h/day did find that fat mass was significantly reduced in addition to positive
effects on BAT (Yoneshiro et al. 2013). Whether cold acclimation is indeed a novel
tool to improve obesity and associated disorders (e.g., dyslipidemia and insulin
resistance) remains to be determined, for instance, by investigating the effect of
cold acclimation in obese subjects.

6.1.2 Food Ingredients

The effect of cold exposure on BAT activation and recruitment relies on its
potential to enhance sympathetic outflow toward the tissue. Of note, also bioactive
food ingredients such as methylxanthines (caffeine or theophylline), ephedrine, and
polyphenols (catechins, resveratrol, quercetin, kaempferol) are effective at increas-
ing energy expenditure and lowering body weight (Dulloo 2011; Finer et al. 2000;
Hansen et al. 1998), likely by enhancing activation of BAT. Of special interest are
the capsinoids (nonpungent capsaicin analogs), the active compound found in chili
pepper. Capsinoids can bind to and activate TRP 1 channels located in the upper
digestive tract, leading to increased sympathetic nerve activity to BAT (Ono
et al. 1985). Capsinoids have been shown to increase BAT activity in rodents
(Kawabata et al. 2009). Of note, capsinoids could be effective in activating BAT
in humans, without inducing unwanted side effects. Treatment of healthy young
adults with daily capsinoid tablets increased energy expenditure more in subjects
with BAT (as based on PET-CT) compared to subjects without BAT. Moreover, in
subjects with BAT, capsinoids tended to reduce fat mass (Yoneshiro et al. 2013).
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Direct evidence for the effect of capsinoids on BAT in humans is needed to draw
definite conclusions.

6.2 Pharmacological Activation of BAT

6.2.1 B3-Agonism
Cold exposure stimulates murine BAT via activation of the 3-AR located on the
membrane of the brown adipocytes (Cannon and Nedergaard 2004). Although f33-
AR agonists have been shown to be potent inducers of BAT activation in mice,
resulting in lowering of fat mass, plasma triglyceride, cholesterol, and glucose
levels (Wang and Li 2013), the role of the $3-AR for human BAT remains elusive.
Although both human and rodent isoforms of the P3-AR respond to specific
agonists in adipocytes in vitro (Soeder et al. 1999), in vivo studies with 3 agonists
in humans showed disappointing results. Whereas some agonists such as L796568
were able to enhance energy expenditure after a single dose (van Baak et al. 2002),
none had beneficial effects on metabolic parameters (Whittle et al. 2013). This has
been suggested to be due to the small amount of 3-expressing tissues in humans,
downregulation of the receptor following stimulation, or perhaps due to the fact that
the f3-AR is not responsible for BAT activation in humans (Larsen et al. 2002).
Possibly, the p1-AR and/or f2-AR could be responsible for BAT activation in
humans. Indeed, propranolol, a p-AR antagonist with low 3-AR efficacy compared
to f1-AR and P2-AR, decreases 18F-FDG uptake by BAT visualized by PET-CT
scans (Agrawal et al. 2009). In this respect, it is surprising that broad p-adrenergic
receptor agonism with isoprenaline or the sympathomimetic ephedrine did not
simulate BAT glucose uptake similar to cold exposure (Cypess et al. 2012;
Vosselman et al. 2012). This may be due to the fact that local (e.g., within BAT)
availability of both compounds did not reach the same extent as noradrenalin at
nerve endings does in the case of cold exposure. Recently a study showed that a
specific B3 agonist, Mirabegron, activates brown adipose tissue (Cypess et al. 2015).
All in all, future studies are evidently needed to illuminate the role of f-AR in
human BAT activation. More recent studies have focused on the identification of
cytokines and hormones that enhance BAT activity, either via enhancing sympa-
thetic outflow of the tissue (i.e., central mechanism) or via direct activation of the
brown adipocyte.

6.2.2 FGF21

Fibroblast growth factor 21 (FGF21) is a hormone that is excreted upon fasting,
feeding a ketogenic diet (high fat, low carbohydrate), or after amino acid depriva-
tion (Gimeno and Moller 2014). It is predominantly secreted by the liver, but also
by other tissues such as WAT, BAT, skeletal muscle, and pancreatic f cells. FGF21
regulates both carbohydrate and lipid metabolism by impacting on different tissues.
Interestingly, FGF21 administration results in increased energy expenditure (EE),
enhanced thermogenesis in BAT, and lowering of plasma lipid levels and obesity in
mice (Emanuelli et al. 2014). Furthermore, stimulation of isolated human
preadipocytes with FGF21 induces the formation of beige cells (Lee et al. 2014a,
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b), and administration of FGF21 in obese humans with type 2 diabetes lowers fat
mass and dyslipidemia (Gaich et al. 2013). Although it is not known whether these
effects in humans are due to BAT activation, FGF21 is considered a promising new
therapy to activate BAT thereby lowering obesity and associated disorders.

6.3 Promising Novel BAT Activators

Animal studies have identified various other promising compounds that activate
BAT in vivo. Although a thorough description of these compounds is beyond the
scope of this chapter, a few will be shortly mentioned. The anti-diabetes drug
metformin was recently shown to exhibit its triglyceride-lowering effect by enhanc-
ing BAT activation through a mechanism involving activation of AMP-activated
protein kinase (AMPK) in the tissue (Geerling et al. 2014). As metformin is also
associated with slight weight loss in type 2 diabetes patients (Golay 2008), this may
be — at least in part — attributed to activation of BAT. Furthermore, irisin has been
identified as a signaling peptide that is released by muscle upon exercise (Bostrom
et al. 2012), providing a possible mechanism between the well-established links
between exercise and enhanced energy expenditure. In mice, irisin treatment
resulted in massive browning of WAT and improved insulin sensitivity. Whether
irisin also exhibits beneficial metabolic effects in humans remains to be
investigated. However, a recent study by Lee et al. (2014a) did show that upon
shivering, irisin levels increased in human subjects and that the induction of irisin
secretion was proportional to shivering intensity. Thus, during cold acclimation,
release of irisin following shivering may be involved in BAT recruitment.
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