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      Brown Adipose Tissue and Obesity       

     Gema     Jiménez     ,     Elena     López-Ruiz     ,     Carmen     Griñán- 
Lisón          ,     Cristina     Antich     , and     Juan     Antonio     Marchal    

            Introduction 

 Adipose tissue is a connective tissue predomi-
nantly composed by adipocytes and is considered 
as a major endocrine organ. Classically it has 
been described the existence of two types of adi-
pose tissue, the white adipose tissue (WAT), 
formed mainly by white adipocytes, and the 
brown adipose tissue (BAT), commonly com-
posed by brown adipocytes. However, recently 
the so called “brite” or “beige” adipose tissue has 
been found within certain WAT depots, and 
appear functionally similar to classical brown 
adipocytes. BAT and WAT have different struc-
ture, composition and function. Adipose tissue 

has two types of depots, subcutaneous and vis-
ceral, and their respective amounts vary in rela-
tion to strain, age, gender, environmental and 
nutritional conditions [ 1 – 3 ]. 

 BAT uniquely exists in mammals and presents 
a thermogenic function dissipating energy as heat 
[ 1 ]. Initially, scientifi c community thought that 
BAT was present only in newborns and children, 
but later, presence of BAT was discovered in 
adult humans exposed to cold or in pheochromo-
cytoma where there is a hyper-adrenergic stimu-
lation [ 4 ]. The BAT tissue was found in adult 
humans trying to identify metastatic cancers with 
 18 F-fl uorodeoxyglucose (FDG), an intravenously 
administered radioactive glucose analogue, in 
combination with positron emission tomography 
(FDG-PET). Afterward, its composition was 
determined by combining FDG with computed 
tomography (FDG/CT) [ 5 ,  6 ]. 
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 During the neonatal period, BAT plays an 
important thermogenic function helping to coun-
teract the cold stress of birth [ 7 ,  8 ]. In adult mam-
mals, it has been observed that BAT not only 
maintains the temperature homeostasis of the 
body to acute or chronic cold exposure, but also 
in the heat production to maintain an equilibrium 
between the food intake and energy expenditure 
[ 1 ,  9 ]. This provides a protective mechanism 
against energy overload [ 10 – 12 ]. 

 BAT characteristics are related with the func-
tions performed: (i) it is highly vascularised and 

innervated in comparison with WAT, and (ii) it is 
composed of brown adipocytes which differ from 
white adipocytes in several features. White adi-
pocytes present a compressed nucleus by lipids 
organized in a single large lipid droplet while 
brown adipocytes lipids have a roughly round 
nucleus organized as multiple small droplets. 
Moreover, mitochondria are large, numerous and 
are endowed with laminar cristae in brown adipo-
cytes, whereas in white adipocytes mitochondrias 
are small and elongated, with randomly oriented 
cristae [ 3 ,  13 ,  14 ] (Fig.  2.1a ).
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  Fig. 2.1    ( a ) Types of adipocytes. Differences in cytoplasmatic composition and morphology of drops lipids, mitochon-
drias and nuclei. ( b ) BAT activation       
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   Brown adipocytes express a specifi c mito-
chondrial protein, the uncoupling protein 1 
(UCP1). This mitochondrial uncoupling protein 
transforms chemical energy into heat through 
uncoupling oxidative phosphorylation from ATP 
synthesis and it is considered as the molecular 
marker of BAT [ 1 ,  15 ]. The activation of brown 
adipocytes and subsequent activation of the 
UCP1 is through the control of the hypothala-
mus, which drives the release of norepinephrine 
(NE) by the sympathetic nervous system (SNS) 
that innervates BAT (Fig.  2.1b ). This process 
leads to the hydrolysis of the triglycerides (TG) 
stored in the lipid droplets, and the released fatty 
acids activate UCP1 [ 9 ,  13 ]. 

 Recently, it was discovered that white adipo-
cytes can transdifferentiate into brown adipo-
cytes, also known as brite (brown in white) or 
beige adipocytes. This process occurs in response 
to exposure of cold and β3-adrenergic receptors 
(AR) agonist stimulation and/or from the differ-
entiation and maturation of white preadipocyte 
precursors [ 16 ]. When brite adipocytes are acti-
vated present many biochemical and morpholog-
ical characteristics of BAT such as multilocular 
morphology and most notably the presence of 
UCP1 [ 2 ,  9 ]. Brite adipocytes could have a dual 
function, can acts as white adipocytes and store 
lipids, or can behave as brown adipocytes and 
dissipate energy when initiated by either cold 
exposure, stimulatory metabolic hormones, phar-
macologic activator or sympathetic stimuli [ 17 ]. 
In fact, it has been reported that UCP1+ adipo-
cytes could appear in WAT of mice in response to 
cold exposure, or different stimuli such as admin-
istration of PPARγ agonist, exposure to cardiac 
natriuretic peptides, FGF21, irisin or treatment 
with β-AR agonist [ 18 – 23 ]. 

 BAT activity has an effect on metabolic disor-
ders, reducing obesity and the associated risk of 
developing diabetes [ 13 ]. Anti-obesity effects of 
BAT have been demonstrated in experiments of 
genetic inactivation or upregulating UCP1 
expression in murine models, and consequently 
these therapeutic effects were also evident in 
obesity related disorders, such as Type 2 diabetes 
[ 14 ]. Likewise, brite adipocytes have been shown 
to have anti-obesity and anti-diabetic activities in 
rodent models [ 17 ]. 

 In this chapter, we present the main character-
istics of BAT, by highlighting that makes it 
unique and different from WAT, including its 
localization in humans, origin and differentia-
tion, physiology and molecular regulation. 
Moreover, we show its role in obesity and associ-
ated pathologies and how we can harness the 
anti-obesity potential for future therapeutic 
strategies.  

    Anatomical Locations of BAT 
in Humans 

 Human newborns and children have large depos-
its of BAT, whereas adults suffer an involution of 
this tissue, and its presence and activity are more 
restricted [ 4 ]. The major locations of subcutane-
ous BAT include depots in interscapular, paraspi-
nal, supraclavicular and axillary sites [ 5 ,  13 ]. 
Also, we can fi nd depots in the anterior  abdominal 
wall and in the inguinal area [ 5 ]. In children, the 
interscapular, paraspinal and supraclavicular 
BAT accumulations are higher than in adults 
[ 15 ]. Furthermore, BAT has visceral localizations 
that include perivascular (aorta, common carotid 
artery, brachiocephalic artery, paracardial medi-
astinal fat, epicardial coronary artery and cardiac 
veins, internal mammary artery, and intercostal 
artery and vein), periviscus (heart, trachea, major 
bronchi at lung hilum, oesophagus, greater omen-
tum and transverse mesocolon) and around solid 
organs (pancreas, kidney, adrenal, liver and hilum 
of spleen) [ 5 ]. 

 The distribution of BAT depots is similar in 
men and women, but its mass and activity are 
higher in women. In fact, BAT was more promi-
nent in cervical and supraclavicular zone in 
woman than in men at ratio 2:1 as detected by 
FDG-PET/CT [ 4 ]. Moreover, the reduction of 
BAT mass with age is more rapidly in males, 
while moderately declines in women [ 24 ]. 
Rodriguez-Cuenca et al. correlated the sexual 
dimorphism in rats with differences in lipolytic 
and thermogenic adrenergic pathway activation 
and suggest that these differences in adrenergic 
control could be responsible for the higher mito-
chondrial recruitment with a higher cristae den-
sity in female rats [ 25 ]. 
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 One external factor, the cold, appears to be 
associated with a higher mass of BAT. Studies of 
biopsy specimens in northern Finland revealed 
more BAT around the neck arteries in outdoor 
workers than in indoor workers [ 26 ]. This result 
is in concordance with the correlation observed 
between the prevalence of detectable BAT and 
outdoor temperature [ 4 ]. 

 Regarding to relationship of age and BAT, 
BAT develops from the fi fth gestational week, 
reaches maximum expression around birth, and 
in the past it has been thought that declines over 
the next 9 months of the birth [ 27 ]. However, 
recently it has been described the presence of 
brown adipocytes in classical subcutaneous 
localization and in WAT depots in non-obese 
children up to 10 years of age [ 28 ]. The involu-
tion of BAT with age could be related to heat pro-
duction for the maintenance of body temperature, 
since the increase of body involves a decrease in 
surface/volume ratio and a decreased require-
ment of BAT for heat production [ 1 ,  9 ].  

    Origin and Differentiation 

 Despite the fact it was previously considered that 
brown adipocytes come from the same progeni-
tor cell that white adipose cells, the lineage anal-
ysis revealed that their embryological origin is 
different. It has been determined that BAT pre-
cursor cells express myogenic factor 5, (Myf5+), 
which is also found in myoblasts, suggesting that 
BAT precursors develop from a progenitor close 
to skeletal muscle cells [ 29 – 31 ] (Fig.  2.2 ).

   It is known that brown adipocytes initially 
arise in the fetus and form discrete depots in the 
interscapular and perirenal BAT and it is thought 
that they come from dermatomal precursors 
(Fig.  2.2 ) [ 8 ,  32 ]. In contrast, little is known 
about the developmental origin of “beige” adipo-
cytes. The mRNA levels of general adipocyte 
markers as well as typical brown markers were 
very similar in classical brown and brite adipo-
cytes populations [ 33 ]. However, it has been 
reported that there are different gene expression 
signatures to distinguish classical brown from 
brite adipocytes suggesting a different cell 

 lineage from classical brown cells [ 17 ,  20 ]. Genes 
related with the presence of brown adipocytes 
include Myf5, PRDM16, BMP7, BMP4, and 
Zic1, while transmembrane protein 26 (Tmem26), 
CD137, and T-box 1 (Tbx1) are considered 
unique markers expressed by beige cells [ 17 ]. 

 During the fetal life, brown adipocyte differ-
entiation involves a cascade of transcriptional 
factor interactions similar to white adipocytes. 
The transcription factors peroxisome proliferator- 
activated receptor gamma (PPARγ) and the 
CCAAT/enhancer-binding proteins (C/EBP) 
family members (i.e. C/EBPα, C/EBPβ, and C/
EBPδ) are the main key players which form part 
of the transcriptional cascade and direct differen-
tiation of both brown and white adipocytes. 
However, during the development of brown adi-
pose tissue an increase in expression of C/EBPβ 
and C/EBPδ comes before C/EBPα activation, 
then, PPARγ and C/EBPα coordinate the expres-
sion of many adipocyte genes to induce adipo-
cyte differentiation [ 34 ]. 

 It has been described that depending on the 
expression of the transcriptional positive regula-
tory domain containing 16 (PRDM16) cell fate 
switch between skeletal myoblasts and brown 
adipocytes. In fact, in the myogenic precursors 
the expression of PPARγ is induced by the 
PRDM16-C/EBP-β complex resulting in the acti-
vation of the brown adipogenic gene program 
[ 8 ]. Other transcriptional regulator of brown adi-
pocytes is the master regulator of mitochondrial 
biogenesis, PPARγ coactivator-1α (PGC-1α) 
which is essential in brown adipogenesis since it 
stimulates UCP1 expression. In fact, UCP1 is 
responsible for the rapid generation of large 
amounts of heat at birth [ 35 ]. In addition, concen-
tration gradients of certain morphogens and other 
secreted signals are implicated in the formation 
of brown adipocytes and may regulate their 
developmental patterning during embryogenesis. 
The morphogenic signals implicated includes 
Wnt- (named after the Wingless and INT proteins 
in  Drosophila ), the bone morphogenetic protein- 
(BMP), the fi broblast growth factor (FGF), and 
the Hedgehog-signaling pathways [ 36 ]. For 
instance, recently it has been shown that BMP7 
and BMP4 induce the formation of brown 
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  Fig. 2.2    Origen of adipocytes: from mesenchymal stem 
cells up to adipocyte progenitors.  Myf5  progenitor cells 
give rise to brown adipocytes and to skeletal muscle. 
Despite  Myf5  negative progenitors are common precur-
sors for both beige and white adipocytes, recent studies 

suggest that white adipocytes can also derive from 
 Myf5  + . Beige adipocytes can derive from the transdiffer-
entiation of white adipocyte or from beige preadipocyte. 
Like brown adipocytes, beige adipocytes can express 
UCP1       
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 adipocytes [ 37 ]. Similarly to BMPs, β-AR sig-
naling is considered important for the develop-
ment of brown and beige cells. Thus, adrenergic 
stimulation of β1-AR induces preadipocyte pro-
liferation [ 38 ]. 

 Concerning the developmental origin of beige 
cells several hypotheses have emerged: (i) One of 
them postulates that beige adipocytes came from 
the direct transformation or transdifferentiation of 
existing white adipocytes (Fig.  2.2 ). This approach 
is based on the observation of an increase in 
brown adipocytes but not in preadipocytes upon 
cold acclimatization [ 33 ,  39 ]. In addition, these 
cells also had a mixed mitochondrioma with clas-
sic brown and white mitochondria, suggesting an 
intermediate state between mature white adipo-
cytes and brown adipocytes [ 39 ]. However, as 
only a subset of apparently white adipocytes is 
capable of turning into brite adipocytes upon cold 
adaptation, it is not well understood whether it is 
due to different white adipocyte populations or 
due to different microenvironments [ 40 ]. (ii) 
Others studies found that Myf5 precursors are not 
the exclusive source of brown adipocytes and 
contribute more to the mature white and brite adi-
pocyte populations than previously thought [ 41 , 
 42 ]. Recently, Sanchez-Gurmaches and Guertin 
quantifi ed the Myf5 lineage contribution to the 
mature brown and white adipocyte population, 
proposing that brown, white, and brite adipocytes 
originate from multiple developmental lineages 
that are distributed heterogeneously in depot-spe-
cifi c patterns. They found that Myf5 lineage dis-
tribution in adipose tissue changes in response to 
modifi able and non-modifi able factors suggesting 
that adipocyte lineages may selectively expand in 
response to certain factors. They also observed 
that adipocyte lineages can compensate for each 
other indicating that lineage plasticity exists and 
that the degree of plasticity varies depending upon 
the depot [ 42 ]. For example, it has been described 
that the epididymal depot remains purely white 
fat in comparison to inguinal adipose tissue capa-
ble of transdifferentiation [ 40 ]. These results 
show a high degree of heterogeneity of adipo-
genic cells suggesting the relevance of physiolog-
ical local signals that regulate their fate and that 
need to be determined.  

    Regulation of BAT Thermogenesis 

 BAT possesses a number of specialized features 
enabling it to function as a thermoregulatory 
organ. Apart from lipids stores in multilocular 
lipid droplets, brown adipocytes display more 
abundant mitochondria enriched in UCP1, which 
is located in the inner mitochondrial membrane. 
This UCP1 uncouples substrate oxidation from 
ATP production and as result heat is produced 
[ 1 ]. High vascularisation of BAT allows suffi -
cient substrate and oxygen supply as well as the 
effi cient distribution of heat within the body. 

 The thermogenic activity is primarily regu-
lated by the SNS, refl ected by the strong innerva-
tion of BAT by sympathetic nerve fi bers and the 
high density of β-AR that are responsible for its 
activation. In the case of cold stimulus, input 
from the skin sensitive nerves are received and 
transmitted to a center for the integration of the 
thermal information. Likewise, the energy status 
is provided by inputs from the arterial chemore-
ceptor in sensory neurons about a variety of met-
abolic signals such as fuel substrate and oxygen 
[ 10 – 12 ,  43 ,  44 ]. Both cold stimulus and energy 
status regulate BAT activation through sympa-
thetic neurons. Although this is the main way to 
control BAT activity, hormones (thyroid hor-
mone triiodothyronine), cytokines, and other cir-
culating factors also are involved. 

 Cold sensation triggers to stimulation of the 
hypothalamus which activates sympathetic nerve 
that highly innervates BAT. This activation 
causes the release of NE neurotransmissor that 
binds to β-ARs, which couple to Gα G-proteins 
activating downstream cAMP-PKA signalling 
that ends by increasing thermoregulatory gene 
expression, like UCP, and his activation, mito-
chondrial biogenesis and lipolysis (Fig.  2.3 ). This 
metabolic process is accomplished by adipose 
triglyceride lipase (ATGL) activation that hydro-
lyzes TG stored in the lipid droplet to free fatty 
acids (FFAs), which undergo β-oxidation [ 1 ,  45 ]. 
Thereby, respiratory chain proteins from the 
mitochondrial internal membrane generate a pro-
ton electrochemical gradient between the mito-
chondrial matrix and the intermembrane space, 
but the presence of UCP1 mediates the re-entry 
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of protons into the mitochondria and dissipates 
energy as heat instead of producing adenosine tri-
phosphate (ADP) (Fig.  2.3 ) [ 46 ,  47 ]. In addition, 
apart from cAMP-PKA signalling, cGMP–PKG 
pathway shares the same fi nal target. This path-
way is activated by released cardiac natriuretic 
peptides in response to physical exercise or cold 
exporure, which can induce lipolysis and the 
expression of thermogenic genes [ 48 ,  49 ].

   BAT thermogenesis requires the consumption 
of energy stores, initially those present in the 
BAT lipid droplets and, with extended BAT acti-
vation, those derived from catabolism of WAT, 
which provide FFAs to locally activate UCP-1 
and to serve as substrates for oxidation [ 1 ,  50 ]. 
The substrate uptake machinery is also upregu-
lated allowing to lipids released by WAT to be 
taken up by BAT [ 1 ]. Whether there is enough 
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  Fig. 2.3    Molecular machinery of brown adipocytes acti-
vation. The sympathetic nervous system triggers intracel-
lular signalling events that lead to increased expression of 

UCP1 and other thermogenic genes, mitochondrial bio-
genesis and lipolysis. FFAs released by this process is fol-
lowed by his oxidation that fi nally produces heat       
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activation that allows high TG metabolization, it 
would have an effect on body weight [ 51 ]. Apart 
from this cascade of intracellular signalling acti-
vation by central nervous system, chronic cold 
exposure will also induces proliferation and dif-
ferentiation of brown adipocyte precursors, thus 
increasing thermogenic capacity [ 1 ].  

    BAT, Obesity and Obesity-Related 
Diseases 

 Obesity no longer refers only to being over-
weight. The World Health Organization (WHO) 
has offi cially recognized obesity as a chronic dis-
ease and it is defi ned as an accumulation of adi-
pose tissue that is of suffi cient magnitude to 
impair health (WHO, 2014). 

 Obesity is linked to health risks and can lead 
to various metabolic disorders, such as Type II 
diabetes, cardiovascular disease, hypertension 
and certain cancers. The fundamental cause of 
obesity is an energy imbalance between energy 
input and output. Generally, this may be due to 
the increased intake of energy-dense foods and 
decreased physical activity [ 52 ]. 

 Obesity, well known to be associated with a 
number of co-morbidities, including insulin 
resistance and Type 2 diabetes, has become a 
major public health problem in recent decades 
reaching epidemic proportions, not only in high- 
income countries, but also in most middle- 
income societies. Excess weight is usually 
defi ned by the body mass index or BMI. The nor-
mal BMI range is 18.5–25 kg/m 2 , although the 
range may vary for different countries. Individuals 
with a BMI above 30 kg/m 2  are classifi ed as 
obese; those with a BMI between 25 and 30 kg/
m 2  are considered to be overweight. In general, 
the term obesity applies to both the obese and the 
overweight subjects. 

 WAT is the dominant type of adipose tissue 
distributed throughout the human body. It func-
tions primarily to store excess energy in the form 
of TGs. As a person’s weight increases, WAT is 
expanded by both increased adipocyte size 
(hypertrophy) and increased adipocyte numbers 
(hyperplasia) [ 52 ]. More than the total body 

weight, the distribution of the stored fat is of 
importance for the development of obesity and 
its co-morbidities. Thus, central or visceral obe-
sity, in which fat accumulates in the trunk and in 
the abdominal cavity (in the mesentery and 
around the viscera), is associated with a much 
higher risk for several diseases than excess sub-
cutaneous fat accumulation. Obesity has pro-
found effects on tissue insulin sensitivity, and 
therefore on systemic glucose homeostasis [ 53 ]. 

 Distribution areas of fat depots in the body 
play contrasting healthy and pathological meta-
bolic roles. Thus, BAT has benefi cial effects, sub-
cutaneous WAT (SAT) especially gluteofemoral, 
appears metabolically protective, and visceral 
WAT, together with intra-abdominal tissue lipid, 
are considered potentially harmful. Variation in 
these different lipid depots may therefore impact 
signifi cantly on metabolic health. In fact, it has 
been demonstrated that humans who remain 
insulin-sensitive despite being obese have lower 
amounts of intra-abdominal fat compared to 
insulin-resistant obese humans. There are several 
suggestions as to the means by which intra- 
abdominal fat creates its adverse effects: (i) labil-
ity of lipolysis with direct drainage of fatty acids 
to the liver via the portal vein; (ii) the excessive 
production of infl ammatory molecules from 
immune cells whose numbers may be higher in 
visceral fat than other fat depots in lean and obese 
humans; (iii) as possible mediator of infl amma-
tion in liver and kidney [ 54 ,  55 ]. Also, it is pos-
sible that visceral fat is the source of an 
as-yet-undiscovered adipokine(s) with adverse 
systemic effects, including inhibition of adipo-
nectin secretion, which is strongly linked to vis-
ceral fat volume [ 56 ]. 

 Because BAT was recently discovered in adult 
humans and is correlated inversely with obesity, 
it has gained a considerable amount of attention 
with regard to efforts to overcome obesity by 
burning excess energy. Recent studies suggest an 
inverse correlation between BAT activity and 
BMI as well as between BAT activity and per-
centage of body fat [ 4 ]. Moreover, increased BAT 
metabolism may signifi cantly contribute to 
energy expenditure during acute cold exposure in 
humans [ 57 ]. Therefore, adults also have 
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 metabolically active BAT that may play an impor-
tant role in energy homeostasis, and it can be 
induced to increase glucose uptake [ 58 ]. In fact, 
characteristic genes of human BAT have been 
shown to negatively correlate with obesity and 
insulin sensitivity [ 59 ]. 

 Metabolic syndrome is a disorder that includes 
numerous diseases or risk factors such as 
impaired glucose (diabetes), low HDL- 
cholesterol, increased production of TGs, high 
blood pressure and abdominal obesity, factors 
that all are associated with obesity. Thereby, dys-
functional adipose tissue with low-grade, chronic 
and systemic infl ammation links the metabolic 
and vascular pathogenesis including dyslipid-
emia, low-grade infl ammation and insulin resis-
tance. This dysfunctional adipose tissue is a 
hallmark of disorders such as Type 2 diabetes and 
cardiovascular disease. In addition, factors such 
as lifestyle and genetic predisposition are also 
implicated [ 59 ]. 

 Often BAT is associated with improving ben-
efi ts in obesity in adult humans, but there are 
some diseases or conditions where BAT plays an 
antagonist role and might not be benefi cial to 
health (Fig.  2.4 ). Some of these cases are:

      Cancer Cachexia Syndrome (CCS) 

 It is a progressive metabolic syndrome clinically 
characterized by profound weight loss, fat deple-
tion, skeletal muscle wasting, and asthenia that 
are not solely attributable to inadequate nutri-
tional intake. Until the present, there is not evi-
dences about the molecular mechanisms 
implicated in the clinical manifestations of the 
disease. Inasmuch as regions of BAT are not only 
lipid depots but has a signifi cant role in regulat-
ing energy balance and fat accumulation in 

rodents and humans, its involvement in hyper-
metabolic diseases such as cancer cachexia has 
been suggested [ 60 ]. The activation of BAT 
results in a hypermetabolic state that is partially 
responsible for weight loss in cancer patients. 

 Animal studies of cancer cachexia models 
show some degree of BAT activation, but they do 
not establish the quantitative impact on the 
amount of hypermetabolism that is relevant to the 
development of cachexia [ 61 ]. Energy homeosta-
sis in metabolic organs is controlled by central 
and peripheral circadian clocks through tight reg-
ulation of expression and activity of enzymes 
involved in metabolic pathways. In fact, aberrant 
circadian rhythms provoke hyperphagia, obesity 
and metabolic syndrome [ 62 ]. Recently, Tsoli 
et al. showed BAT activation in cachectic mice 
bearing tumours that cannot be attributed to the 
effects of reduced food intake or inability to main-
tain core body temperature. Moreover, they dem-
onstrated a disruption of diurnal regulation of the 
transcription factor that control lipid homeostasis 
and thermogenesis in BAT. Finally, they described 
the role of cytokine signalling in BAT for tumour-
induced systemic infl ammation [ 60 ]. 

 In human, autopsy samples have shown 
increased BAT in periadrenal tissues of cachectic 
cancer patients. BAT was observed in 80 % of the 
cancer patients compared with 13 % of the age- 
matched patients who died from other illnesses 
without cancer or cachexia [ 63 ]). Moreover, in 
some type of tumors it has been shown a poten-
tial correlation between BAT hyperactivity and 
body weight loss in cachexia in humans. For 
example, in hibernoma, a rare soft tissue benign 
tumor composed of brown fat cells, has been 
described a massive weight loss as a primary 
symptom [ 64 ]. Also, in pheochromocytoma an 
abundant BAT hyperactivity can also be seen on 
F-FDG PET scanning as a result of chronic stim-
ulation of the SNS by high levels of circulating 
catecholamines [ 18 ]. In one case, after removing 
the pheochromocytoma, and thus the excess of 
NE, the intense uptake of FFDG in BAT was no 
longer seen, presumably refl ecting an involution 
of BAT [ 65 ,  66 ]. Other studies addressed a pos-
sible relationship of BAT F-FDG activity with 
cancer; however, none of these observed a higher 
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  Fig. 2.4    Pathologies related whit a negative role of BAT 
in human       
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incidence of BAT activity in active and/or PET- 
positive cancer patients [ 18 ]. BAT activity was 
generally found in about 50 % of cases, either 
with or without active malignancy [ 63 ]. 

 Thus, animal and human data in cancer 
cachexia indicate that BAT activation occurs, but 
its quantitative contribution to any alteration in 
energy expenditure and, thus, on the degree of 
cachexia remains controversial. Careful consid-
eration of factors co-acting on BAT recruitment 
and activity, such as diet, cold exposure, physical 
activity, insulin levels and BMI are necessaries to 
understand the real role of BAT in cachectic can-
cer patients. Therefore, further studies using PET 
should focus in the quantitative signifi cance of 
BAT activity for increased energy expenditure 
and body weight loss in humans.  

    Multiple Symmetric Lipomatosis 
(Madelung’s Disease/Syndrome or 
Launois Bensaude Syndrome) (MSL) 

 It is a rare syndrome originally described in 1846, 
characterized by the painless and symmetrical 
accumulation of abnormal tumour-like SAT, 
mostly affecting heavy drinking men. Individuals 
with MSL have increased SAT, either as discrete 
non-encapsulated lipomas or as a confl uent 
increase in SAT in a symmetrical distribution on 
the neck, the back, mediastinum, upper arms or 
on the thighs. MSL usually spares the distal limbs 
but not in many women with MSL where the 
altered fat may be global. Moreover, this syn-
drome is accompanied by the presence of a 
somatic and autonomic neuropathies and alcohol- 
induced liver disease [ 67 ]. There is not inherited 
demonstrated about MSL but is thought that 
mitochondrial mutations would be related. In 
addition, the phenotype of MSL may require a 
combined effect of alcohol and a currently 
unknown genetic mutation. 

 The localization of lipomatous masses sug-
gests that MSL lipomas could originate from 
BAT. It is believed that MSL SAT is derived from 
BAT or WAT that transdifferentiates into 
BAT. Adipocytes in MSL SAT are monovacuolar 
or multivacuolar. Moreover, stem and immune 
polymorphic cells, present in the stroma vascular 

fraction, contain thin microfi laments suggestive 
of elevated metabolic activity, are multivacuolar, 
and with large mitochondria packed with cristae 
suggesting a more BAT phenotype. The ultra-
structure of these cells can be described as simi-
lar to that recently reported for the pauci-locular 
adipocytes, considered intermediate stage of 
transdifferentiating adipocytes, i.e. cells with 
intermediated morphology between white and 
brown adipose fat cells. The bidirectional switch 
between brown fat cells (and not white fat cells) 
and skeletal myoblasts controlled by PRMD16-C/
EBP-β transcriptional complex suggest a trans-
differentiation process rather than a lipomatous 
adipocytes infi ltration. 

 The hypothesis that brown fat cells of MSL 
could arise from a common skeletal muscle and 
brown adipose cell precursors has been proposed. 
An alternative explanation is that adipocyte pre-
cursors residing within the muscle or de novo dif-
ferentiation could be the sources of the adipocyte 
infi ltration [ 39 ]. In addition, SAT cells from sub-
jects with MSL express UCP-1 suggesting its ori-
gin as BAT [ 67 ]. 

 The increase in MSL fat is extensive and 
deforming, compressing tissue structures and ves-
sels. Early, MSL SAT is watery but later becomes 
fi brotic and scars easily. Similarly to obesity, fat 
excess physically impedes collection and fl ow 
lymph. Therefore, protein-rich lymphatic fl uid 
collects in SAT, resulting in lymphedema and tis-
sue hypoxia. Further accumulation of fl uid in the 
setting of decreased oxygen tension leads to fi bro-
sis. Congestion of lymph nodes by other means, 
such as lymphoma in the neck, induces fat growth 
similar to MSL [ 67 ]. All data indicate that the 
pathogenesis of MSL lipomatous fat deposits may 
originate from functionally defective BAT, accu-
mulating an excess of lip. In fact, these fi ndings 
are consistent with the hypothesis that MSL is a 
neoplastic disease originating from brown adi-
pose cells as the result of a disorder in the prolif-
eration and differentiation of human BAT cells.  

    Huntington’s Disease (HD) 

 It is an adult-onset dominantly heritable neurode-
generative disorder with a prominent energy 
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 defi cit phenotype. It is caused by the expansion 
of a CAG repeat in the gene encoding the protein 
huntingtin, leading to expression of mutant hun-
tingtin with expanded polyglutamine repeats. 
The huntingtin protein was recently shown to 
play a role linking the glycolytic enzyme GAPDH 
to vesicles, to supply energy from glycolysis for 
fast axonal transport. Both, a gain-of-function 
(for mutant huntingtin) and a loss-of-function 
(for normal huntingtin) hypothesis have been put 
forward to explain HD pathogenesis. HD is char-
acterized by progressive motor impairment, per-
sonality changes, psychiatric illness and gradual 
intellectual decline [ 68 ]. 

 Transcriptional deregulation, protein aggrega-
tion, mitochondrial dysfunction and enhanced oxi-
dative stress have been implicated in the disease 
pathogenesis. A key feature of HD patients is pro-
nounced weight loss, despite sustained caloric 
intake. Defi cits in energy expenditure have been 
linked with mitochondrial dysfunction in HD [ 69 ]. 
PGC-1 family of co-activators is an extensively 
regulated group of proteins that are highly respon-
sive to a variety of environmental cues, from tem-
perature to nutritional status, to physical activity. 
Impaired PGC-1α expression and/or function has 
emerged as a common underlying cause of mito-
chondrial dysfunction in HD [ 70 ]. Involvement of 
PGC-1α in HD was fi rst suggested by the fi ndings 
that PGC-1α knockout mice exhibit mitochondrial 
dysfunction, defective bioenergetics, a hyperkinetic 
movement disorder and striatal degeneration, which 
are features also observed in HD. PGC-1α, which 
was initially identifi ed as a PPARγ-interacting pro-
tein from brown fat, plays an important role in 
induction of UCP1 [ 69 ]. Two studies using trans-
genic mouse models of HD demonstrated that mice 
had hypothermia and signifi cant reductions in body 
temperature during cold challenge and found that 
UCP-1 mRNA up-regulation was severely blunted. 
Moreover, BAT from these transgenic mice showed 
abnormal lipid-containing vacuoles [ 9 ,  71 ].   

    Role of Bat in Obesity Treatment 

 The epidemic of obesity is widely recognized as 
a major public health problem, given the world-
wide increasing prevalence over the last decades. 

Generally, obesity develops upon chronic imbal-
ance between energy intake and energy expendi-
ture. Changes in lifestyle, basically the reduction 
of food intake and increased physical activity, are 
considered to be key elements of obesity treat-
ment. However, most people fail to substantially 
and sustainably reduce body weight by basic 
behavioral changes, in particular due to potent 
compensatory mechanisms promoting re-gain of 
body weight [ 1 ]. 

 One exciting prospect in this area is to 
increase the amount and/or activity of brown or 
beige fat. Animals with high BAT and/or beige/
brite abundance are protected against obesity, 
diabetes, hepatic steatosis, and hyperlipidemia. 
Therefore, BAT and/or beige/brite fat expanding 
strategies would have good therapeutic results in 
the fi ght against obesity and related disorders in 
humans [ 55 ]. 

    Pharmacological Strategies 

 There are some obesity therapies ranging from 
weight loss-promoting drugs to surgical inter-
ventions, in cases of extreme obesity after fail-
ure of conventional treatments, but only have 
limited success. Since it has been determined 
that, in addition to thermogenic function, BAT 
acts as a crucial regulator in energy metabolism 
due to its high oxidative capacity, the idea of 
inducing weight loss by pharmacological target-
ing of thermogenic adipose tissues has been 
revived. In rodent models, pharmacological 
induction of BAT function has been shown to be 
benefi cial in counteracting obesity using indi-
rect sympathomimetics such as β3-AR agonists 
(for example, ephedrine and sibutramine). 
However, in humans are ineffective not only 
because β3-AR are expressed at low levels in 
adipocytes but also they produces adverse 
effects due to the broad and nonspecifi c action 
of adrenergic stimulation, particularly the heart 
increasing cardiovascular complications and 
stroke events. In this regard, non-canonical ther-
mogenic stimulators, which work independently 
of adrenergic receptors, could help increasing 
BAT activity without causing adverse outcomes 
or patient discomfort [ 72 ].  
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    Irisin and BMP7 

 Non-SNS therapeutics based on newly discov-
ered fat browning and/or BAT-activating cyto-
kines have strong potential. FGF21 and irisin are 
particularly relevant as they are potent endocrine 
human BAT activators that are stimulated by cold 
exposure in adults. It is important to point out 
that in all of these studies it is not possible to 
exclude non-cell autonomous effects for all of 
these perturbations including a central effect to 
repress food intake [ 55 ]. 

 The hormone-like myokine termed irisin has 
recently been described that induces the brown-
ing of adipose tissue and BAT activation. As this 
molecule was originally reported to be released 
after physical activity, it gained huge interest as a 
potential mediator of the health-promoting 
effects of physical exercise. Irisin is a 112 amino 
acid peptide cleaved from fi bronectin type III 
domain containing protein 5 (FNDC5), a type I 
membrane protein which was claimed to be 
upregulated by exercise training in both mice and 
humans [ 73 ]. In addition, a moderate increase in 
circulating irisin levels by three folds augmented 
energy expenditure, reduced the body weight 
gain under high-fat diet, and improved diet- 
induced insulin resistance. These results sug-
gested a potential protective role of irisin in the 
development of Type 2 diabetes, one of the major 
obesity- associated metabolic diseases [ 74 ]. 

 As irisin has initially been described to protect 
against diet-induced weight gain, mediated by 
browning of WAT and thus increased energy 
expenditure, many studies have investigated the 
correlation of circulating irisin with obesity in 
humans. In line with the suggested protective role 
of the myokine irisin against obesity, negative 
correlations of circulating irisin levels with the 
BMI have been reported in humans [ 75 ]. However, 
controversy exists regarding the relation between 
irisin levels and the BMI. Several studies reported 
a positive correlation of serum irisin levels with 
BMI while others could not detect a change in cir-
culating irisin in obesity [ 76 ,  77 ]. This could be 
related to different populations analyzed in the 
different studies, as some include obese subjects 
without metabolic  disorders whereas others 

enclose obese patients with metabolic diseases 
such as type 2 diabetes [ 74 ]. 

 Since current data obtained from human reveal 
that FNDC5/irisin has no a real effect on brown-
ing of WAT depots, other alternative therapeutic 
strategies could be the use of inducers of BAT 
differentiation such as BMP7. A recent study 
demonstrated that in high-fat diet fed lean mice 
BMP7 mediated recruitment and sympathetic 
activation of BAT at subthermoneutral tempera-
ture. BMP7-treated mice diminished WAT mass, 
increased genes related to intracellular lipolysis 
and browning of WAT [ 16 ].  

    Cold-Induced Energy Expenditure 

 On the other hand, an increase in BAT activity 
and cold-induced energy expenditure was also 
observed in response to acute cold exposure in 
subjects with low BAT activity, demonstrating 
the possible occurrence of BAT recruitment in 
humans. Very recently, chronic cold acclimation 
in human subjects was reported to increase the 
volume of metabolically active BAT, increasing 
its oxidative capacity and therefore, promoting 
cold-induced thermogenesis. Last studies are in 
keeping with data showing a physiological role 
of BAT in whole-body energy expenditure, glu-
cose homeostasis and insulin sensitivity in 
humans during prolonged cold exposure [ 53 ].  

    Melatonin 

 The manipulation of photoperiods could be used 
to induce BAT formation. Melatonin (MEL) is 
naturally produced in the body in response to the 
perception of light and may play a valuable thera-
peutic role in the differentiation of adult stem 
cells (ASCs) into brown adipocytes. MEL is 
mostly secreted by the pineal gland, reaching the 
highest physiological levels at night, and its 
secretion is substantially greater in winter than in 
summer. MEL biosynthesis in the pineal gland 
declines with age and this decline has been cor-
related with increased visceral adipose tissue in 
small mammals [ 13 ]. The effects of MEL on 
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 obesity and metabolic disorders are encouraging 
given that it has been demonstrated that MEL 
restrains body weight gain without changing 
food intake [ 78 ]. We recently have shown the 
benefi cial effects of melatonin on metabolic dis-
orders using the Zücker diabetic fatty (ZDF) rat 
model. This active component has shown amelio-
ration of infl ammation and oxidative stress 
related to an excess of WAT, an improvement of 
glucose homeostasis and benefi cial effects on the 
lipid profi le [ 79 – 81 ]. Finally, the potential of 
melatonin to promote BAT development in WAT 
has been demonstrated. Chronic oral administra-
tion induced browning of inguinal WAT and 
induced measurable amounts of UCP1 and stim-
ulated ~2-folds the levels of PGC-1α in ZDF ani-
mals [ 82 ].   

    Cell-Based Therapies 

 BAT transplantation or cell-based therapies could 
be used to expand BAT. Human adipose-derived 
stem cells (hASCs) and inducible pluripotent 
stem (iPS) cells have been used to investigate and 
understand the signaling that determines progeni-
tor fate and activity during BAT expansion and 
WAT browning. Extracellular environment 
parameters such as tissue vascularization, angio-
genesis and innervation levels must be consid-
ered when decoding the integration of the signals 
that direct the behavior of progenitor [ 72 ]. 

 Cell-therapy strategies to improve metabolic 
disorders are based on the implantation of brown 
adipocyte cells in the interscapular areas to 
regenerate BAT in humans. Injection of ASCs 
and preadipocytes from WAT formed BAT pads 
when implanted into the interscapular regions of 
mice [ 83 ,  84 ]. Moreover, adult progenitor cells 
can be induced to differentiate into BAT and are 
easily expanded in the laboratory for transplanta-
tion. Thereby, the transplantation of genetically 
manipulated hASCs with specifi c BAT transcrip-
tion factors has been proposed to promote adipo-
genesis by inhibiting differentiation into 
unwanted cell lineages. The use of adenoviral 
vectors has been tested in animals for this pur-
pose, although liposomes would be more suitable 

in humans because they may trigger a lower 
infl ammatory response when releasing the RNA 
into the cell [ 13 ]. 

 In humans, ASCs isolated from skeletal mus-
cle have also been differentiated into brown adi-
pocytes expressing UCP1 [ 85 ]. A recent study 
showed that local administration of BMP2 leads 
to the expansion, migration, and differentiation 
of progenitor cells from the peripheral nerve 
perineurium to brown adipose-like cells [ 86 ]. 
Furthermore, as already described in this review, 
MEL, a physiological molecule, can stimulate 
ASCs differentiation into BAT precursor cells, 
and it may also have the potential to recruit BAT 
and activate nonshivering thermogenesis. Taking 
together, these properties make ASCs an attrac-
tive cell candidate to be investigated for the 
regeneration of BAT.  

    Conclusion 

 Until recently, it was thought that the presence 
of BAT was restricted to newborns and child. 
Considerable amounts of BAT are present in 
adult humans and each time it becomes clearer 
its morphology, physiology, molecular regula-
tion and origin. The involution of BAT with 
age could be related to heat production to 
maintenance body temperature, and the distri-
bution in adults along the vasculature and 
around critical organs are related with the 
maintenance of vital functions in cold envi-
ronments. This fact is supported by the BAT 
increase in people exposed to cold environ-
ments, as well as BAT deposits in WAT, and 
the process which permits transform white 
adipocytes in brown adipocytes. 

 BAT and obesity are closely related based 
in the anti-obesity effect of this tissue. In fact, 
the increased presence and activity of BAT is 
limited to thin people. However, there are 
some diseases or conditions where BAT plays 
an antagonist role causing certain pathologies. 
Novel therapeutic strategies based in BAT 
regeneration, activation or white-to-brown 
adipocyte trandifferentiation are being studied 
to treat obesity and related disorders. Potential 
therapies are based on pharmacological strate-
gies, hormones and transcription factors, 
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 cold-induced energy expenditure, the manipu-
lation of photoperiods and cell-based thera-
pies. The development of new treatments 
focused in BAT properties aimed at increasing 
energy expenditure and, therefore, to reduce 
WAT mass and restore body energy balance, 
suppose a challenge for researchers since a 
huge number of patients affected by obesity 
and associated metabolic disorders will be 
benefi tted.     
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