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Abstract
The recent discovery of functional brown adipose tissue in
human adults raised this tissue again into the focus of current investigations concerning human energy homeostasis.
Brown fat is a key thermogenic tissue and is essential for nonshivering thermogenesis in the human newborn and hibernating mammals. This review highlights the biological and
molecular aspects of brown adipose tissue development
and function from the embryonic state to childhood and adolescence.
Copyright © 2011 S. Karger AG, Basel

Introduction

From the scientific point of view, brown adipose tissue
(BAT) is a relatively new structure. When the Swiss researcher Konrad Gessner [1] in 1551 described the anatomy of the Alpine marmot (Marmota marmota), he found
a tissue in its interscapular area which he described as being ‘neither fat nor flesh’ (nec pinguitudo, nec caro). Since
then, researchers have tried to unravel its functional
properties in mammals [2]. Until the beginning of the
19th century, it was regarded as part of the thymus and

© 2011 S. Karger AG, Basel
1663–2818/11/0754–0231$38.00/0
Fax +41 61 306 12 34
E-Mail karger@karger.ch
www.karger.com

Accessible online at:
www.karger.com/hrp

later on it was recognized as a separate organ, but still as
a ductless gland and part of the hematopoietic system. Up
to the end of the 19th century, it was seen as a modified
form of the adipose tissue. Until the middle of the 20th
century, it was supposed to be an endocrine tissue. Not
more than 50 years ago its function as a thermogenic tissue was discovered [3], which is commonly described as
non-shivering thermogenesis (NST) [4]. It is defined as
‘heat production due to metabolic energy transformation
by processes that do not involve contraction of skeletal
muscles, i.e. tone, microvibrations tremor (shivering),
or tonic or voluntary contractions. NST increases in response to acute cold exposure. The principal effector organ is the BAT, which may adaptively increase its capacity for production in the course of acclimat(izat)ion and
adaption to cold stress’ [5]. In cold-acclimated rodents,
norepinephrine-stimulated BAT dissipates energy by
thermogenesis of about 300–400 W/kg (0.3–0.4 kJ/s/kg)
of wet tissue mass [6–8]. It is estimated that 50 g of fully
activated BAT could account for 20% of total energy expenditure in humans [9].
In the newborn child, BAT can be found in many different locations in the body, mostly around the vasculature and organs (table 1) [10]. These areas of deposition
function in maintaining the body temperature during
cold exposure by (a) warming the blood in surrounded
blood vessels before its distribution to the periphery and
(b) ensuring an optimal temperature for biochemical
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Table 1. Anatomical sites of BAT in children [10] and adults [9, 41,

42]
Child
Interscapular
Supraclavicular
Axillary
Neck
Suprarenal

Adult
Supraclavicular
Neck
Paravertebral
Suprarenal

processes in adjacent organs. For these purposes and for
the immense need of oxygen supply during NST, BAT is
highly vascularized. Compared to white adipose tissue
(WAT), the vascularity of this tissue is four to six times
greater [11]. Additionally, BAT is highly innervated, predominantly by fibers of the sympathetic system. Several
adipocytes with their adjoining capillaries and nerve fibers make up discrete lobules with thicker investments
of connective tissue. The lobules themselves form lobes
which account for the characteristic structure of adipose
tissue [12]. The brown adipocyte itself is the predominant cell type of this organ. The cells are of polygonal
shape containing numerous, large, cristae-filled mitochondria, a varying number of lipid droplets and few or
no membranes in the cytoplasm (cf. fig. 2, multilocular
fat cell).
The molecule responsible for thermogenesis is the uncoupling protein 1 (UCP-1), which is located in the inner
membrane of mitochondria and makes up approximately
5% of total mitochondrial protein in brown adipocytes of
cold-acclimated rodents [13]. It is uniquely found in BAT
and in brown adipocytes [14]. Targeted disruption of
UCP-1 in mice induced marked cold sensitivity in these
animals, e.g. 85% of these mice were unable to maintain
their body temperature during 24 h of cold exposure [15].
After activation, it dissipates the proton gradient that is
generated by the mitochondrial respiratory chain by bypassing its normal coupling to the ATP synthase (fig. 1).
In BAT, UCP-1 is inhibited by purine nucleotides and is
activated by fatty acids. Therefore, its activation is coupled to lipolysis. During cold exposure, norepinephrine
is released by sympathetic nerve endings and binds to ␤3adrenergic receptors on the surface of brown adipocytes.
This leads to the activation of adenylyl cyclase and subsequently to a rise in cAMP levels. This in turn activates
protein kinase A, which further stimulates triglyceride
breakdown by hormone-sensitive lipase. The precise
232
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mechanism of UCP-1 activation by fatty acids is not clear;
however, there are theories that fatty acids can function
either as allosteric regulators, cofactors or proton shuttles
[16].
Thermogenesis of BAT is further enhanced via induction of UCP-1 expression by catecholamines and thyroid
hormones. Activated protein kinase A phosphorylates
deiodinases, which are highly expressed in BAT. This
leads to a conversion of thyroxine into its active form triiodothyronine. This in turn amplifies catecholamine-induced UCP-1 expression by binding to its intracellular
receptors and to thyroid hormone-sensitive elements in
the UCP-1 promoter [17].

BAT Evolution

In mammals, BAT can be found amongst Eutheria and
in marsupials [18], but not in Monotremata [19]. For these
species, BAT allowed the successful radiation to cold environments, providing an evolutionary advantage. However, orthologs of UCP-1, which has been used as an evolutionary marker for BAT in many studies, are also present in fish and amphibians. The function of UCP-1 in
these phyla is currently unknown.
The development of BAT in the different species
among mammals is regulated due to their developmental
status at birth [16]. Altricial newborns (e.g. rats, mice) are
born with low amounts of BAT and the tissue is recruited
during the first 5 days after birth. During cold exposure,
brown fat tissue is recruited and BAT recruitment is inhibited in pups born at thermoneutral conditions. In
some immature species such as the Syrian hamster, which
are poorly developed in terms of thermoregulation, BAT
develops only after the second week after birth. Before
that, these animals are poikilotherm, i.e. not able to induce thermogenesis by themselves. In precocial mammals (lamb, guinea pig), BAT is already developed at
birth and is activated or degraded in dependence of the
environmental temperature. In terms of developmental
aspects, humans belong to the altricial group; however,
there is evidence that BAT is already well established in
the fetus at the fifth month of gestation [20].

BAT in the Fetus and the Child

The development of BAT is tightly regulated in the human fetus and in the neonate reflecting the need of thermogenesis in the different stages of life. BAT develops in
Tews/Wabitsch
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Fig. 1. Schematic view of mitochondrial

respiratory chain uncoupling. In mitochondria of active brown adipocytes, the
proton gradient established by the respiratory chain is uncoupled by UCP-1. This
leads to the production of heat instead of
production of ATP via ATP synthase. I =
NADH dehydrogenase, II = succinate dehydrogenase, III = cytochrome bc1 complex, IV = cytochrome c oxidase, V = ATP
synthase, Q = ubiquinone, cyt c = cytochrome c.
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the fetus during gestation, and the amount of UCP-1 (as
a marker of functional BAT) increases during fetal development. At the time of birth, UCP-1 abundance peaks,
before declining over the first 9 months [21]. During intrauterine life, the fetus is warmed by its own metabolic
processes. Studies in sheep calculated the metabolic rate
of the fetus as being twice as high compared to adults [22].
The thermogenic control of the fetus is not well established and dependent on the mother, which leads to a
constant temperature difference of 0.3–0.5 ° C between
mother and fetus [23]. The temperature is in balance between fetal metabolic heat production and its dissipation
to the mother, mainly by umbilical cord circulation and
via the fetal skin [24]. Since NST is a process of high oxygen consumption, it has to be tightly inhibited in order to
limit an excess demand for oxygen by BAT during fetal
development. Indeed, it is suggested that NST is limited
in the uterus, probably by an inhibitor [25]. Obvious candidates are circulating adenosine [26] and prostaglandin
E2 [27, 28] which both show antilipolytic properties in
BAT.
At birth, the environment of the fetus switches from
the warm uterine to the relatively cold extrauterine state
with a change in temperature of more than 15 ° C. Hypothermia can be lethal for neonates, with a higher risk for
preterm infants. Mortality of neonates is markedly increased by even short periods of hypothermia and depends on its degree and duration [29, 30]. Compared to
adults, newborns have several disadvantages regarding
their maintenance of body temperature: the higher body

surface-to-volume ratio together with the higher proportional surface of the head leads to more rapid heat loss.
Due to low amount of muscle, the ability to induce thermogenesis by shivering is limited.
In children, BAT is found in several specific locations.
A thin kite-shaped layer of BAT is present in the interscapular region. Another depot can be found in the axillae which is connected to lobes around the muscles and
blood vessels of the neck by extensions passing under the
clavicles. Smaller depots are extensions covering the vessels entering the thoracic inlet, masses in the mediastinum between the esophagus and trachea and sites in the
abdomen which envelop the kidneys, adrenals, pancreas,
autonomic ganglia and aorta [9].
The first evidence of BAT in neonates was described
by Hatai in 1902 who found a tissue similar to the structure and location of BAT in hibernating animals. Later,
these findings were confirmed by necropsy studies in a
larger cohort of infants who died before the age of 4 weeks
[10, 31]. BAT was found in all 394 infants investigated [10].
Interestingly, in 42 infants, BAT was depleted of lipids
due to either starvation (36 infants) or hypothermia (6
infants). Moreover, UCP-1 expression was shown in perirenal and axillary adipose tissue of infants which suggests that this tissue is thermogenically active. Indeed,
signs of NST were shown in infants. During cold exposure, plasma glycerol levels rise in newborns without a
change in plasma free fatty acids [32]. This suggests that
lipolysis occurs in these neonates but fatty acids are retained in the adipose tissue for the induction of NST. This
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is supported by a study showing a higher temperature in
the nape of the neck in human neonates during cold exposure [33].
Regarding older children, data in the literature is
scarce. In anatomical studies, BAT can be found in children and adolescents [34]. Furthermore, UCP-1 activity
was even higher in children compared to neonates in
postmortem studies [21]. This seems to be controversial
to the assumption that BAT is degraded during the first
week after birth. As we will see in the next paragraph,
even the existence of active brown fat in human adults is
very likely.

BAT in Adults

For the last 30 years, the existence and functional activity of BAT in adult humans was quite unclear. It was
doubted that BAT would contribute significantly to human thermogenesis, since adults are, compared to infants, able to shiver and to regulate their body temperature by behavior (clothing, etc.). However, the presence of
BAT and UCP-1 was shown in studies conducted in the
1980s [21, 35–37], indicating the presence of BAT. Already in 1972, an anatomical dissection study with 52
persons aged between 0 and 80 years showed the existence of human BAT in all stages of life, but with significant decline of BAT depots with increasing age [34]. Additionally, patients with pheochromocytoma showed activation of BAT due to the hypersecretion of catecholamines [38, 39].
Recent findings of functional human BAT showed
clearly that the presence of BAT in humans is not a curiosity of nature in a few cases but reflects the general situation. By combining CT scans and fluorodeoxyglucose
positron emission tomography (FDG-PET), which is routinely used as a diagnostic instrument in cancer medicine, sites of high glucose uptake in areas which were earlier supposed to correlate with BAT, were identified.
These areas included the supraclavicular, neck, paravertebral and suprarenal sites [40]. The proof that these sites
are in fact BAT was shown 2 years later by 3 independent
studies (table 1) [9, 41, 42]. In one study, sites of glucose
uptake were found in 5 healthy subjects who were exposed to a relatively cold environment before the scans.
In biopsies, cells with characteristic brown adipocyte
morphology were found which expressed UCP-1 on RNA
and protein level. Additionally, UCP-1 colocalized with
mitochondrial markers [41]. Another study suggested
that the amount of BAT was negatively correlated with
234
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BMI. PET-CT scans were negative in some probands
which were retested under thermoneutral conditions
[42]. The third study was performed on scans taken at
thermoneutrality for different diagnostic reasons of a
larger cohort of men and women. The amount of positive
scans was more than twofold higher (7.5%) in women
compared to men (3.1%). Women appeared to have more
BAT and higher FDG uptake activity [9].
In another recent study, samples from the perithyroid adipose tissue were taken from patients undergoing
thyroid gland surgeries [43]. In one third of the patients,
clusters of UCP-1-positive cells were found surrounded
by white adipocytes. The appearance of BAT cells was
negatively correlated to BMI and age. The areas of brown
adipocytes were highly innervated suggesting a tight regulation of these cells even in adults. Additionally, brown
precursor cells were found in this tissue, making a recruitment of BAT in the adult conceivable. In patients
without brown adipocytes, the size of white adipocytes
was significantly higher, without being influenced by
BMI. The authors suggest that a certain fraction of humans switch during their life from a lean phenotype with
small white adipocytes and BAT to an obese phenotype
without BAT and larger adipocytes [43].
The correlation of BAT mass with age, sex and BMI
was investigated in a retrospective study analyzing PETCT scans in a cohort of 3,604 patients undergoing these
scans for a variety of diagnostic reasons [44]. Scans were
taken without prior cold treatment and no data about
UCP-1 expression was shown. BAT activity was negatively correlated with age and BMI, and women displayed
higher activity compared to men. Similar relationships
were found for BAT mass; however, there was no correlation with BMI. Since BAT activity is increased during
cold exposure, there might also be seasonal influences on
BAT recruitment. This was depicted in another study using PET-CT scans which showed a higher incidence of
positive scans during autumn and winter [45].
All these reports demonstrate that BAT is present and
active in adult humans. However, in some studies BAT
activity was found in a minority (5–10%) of scanned subjects only. Interestingly, another study demonstrated that
PET-CT scans have a low reproducibility resulting in
false-negative results under ambient temperature conditions, revealing that BAT is present in about one third of
the population [46].
The impact of BAT on human energetics and its contribution to overall energy expenditure is quite unclear so
far. This question needs to be resolved in order to elucidate the relation of BAT activity to obesity development.
Tews/Wabitsch

Thermogenesis in BAT is determined by its activity
which can change rapidly. The capacity of thermogenesis
is dependent on the recruitment of tissue, which might
need days or even weeks to alter [16]. The activity is determined by the acute sympathetic stimulation, whereas
the capacity is determined by the chronic rate of sympathetic stimulation.
Lineage studies with white and brown adipocytes
could show that both cell types derive from different precursors. Brown adipocytes derive from a myoblast lineage from precursor cells of the dermomyotome (paraxial mesoderm), which express the marker myf5 (myogenic factor 5) [52]. In contrast, white adipocytes derive from
the lateral mesoderm [53]. However, brown adipocytes
can be found in WAT of rodents, and they are recruited
in response to cold or catecholamines [54, 55]. Even in

humans, brown adipocytes can be found in WAT [56, 57]
and skeletal muscle [58]. Additionally, a study in mice
showed that white adipocytes can convert directly into
brown adipocytes by ␤3-adrenergical mediated transdifferentiation [59]. These findings lead to a model of different ‘types’ of brown adipocytes: classical brown adipocytes which are derived from the myoblast lineage and
brown cells which are either derived from precursors residing in the WAT or directly transdifferentiated from
white adipocytes (fig. 2). The latter are called ‘recruitable’
[60], ‘brite’ [61] or ‘beige’ [62] adipocytes.
If we would like to induce brown adipocyte recruitment, it is necessary to understand the transcriptional
networks in these cells. Early work had shown that the
peroxisome proliferator-activated receptor-␥ (PPAR-␥) is
a key regulator of both white and brown adipocytes.
However, ectopic expression of PPAR-␥ in fibroblasts
only gave rise to white adipocytes. A coactivator of PPAR␥, PPAR-␥ coactivator 1␣ (PGC-1␣), which is involved in
mitochondrial biogenesis, induces UCP-1 expression in
white adipocytes [63, 64]. Deficiency of PGC-1␣ has,
however, no impact on the expression of brown fat selecting genes [65]. Transgenic expression of forkhead box C2
(FOXC2) was shown to induce the development of brown
fat cells in WAT of mice together with an inhibition of
insulin resistance and hypertriglyceridemia [66].
By using a genome-wide approach, another coactivator of PPAR-␥ was shown to act as a molecular switch
between skeletal muscle and brown adipocytes [67, 68].
PR domain zinc finger protein 16 (PRDM16) is highly expressed in brown adipocytes compared to white adipocytes. It forms a complex with C/EBP-␤ which leads to
enhanced expression of PPAR-␥ [69, 70]. By transgenic
expression of both factors, mouse or human fibroblasts
can be forced to display a brown phenotype. The factors
influencing PRDM16 regulation or expression are currently unknown.
The involvement of the cyclooxygenase 2 (COX2)
pathway in brown fat recruitment was shown by a recent
study in mice [71]. By treatment with a ␤3-receptor agonist or by cold induction, brown adipocyte recruitment
was induced with a simultaneous induction of COX2 expression. Moreover, chronic transgenic overexpression of
COX2 protected these mice from diet-induced obesity
and treatment of human preadipocytes with prostaglandins led to an induction of a brown adipocyte phenotype.
The authors concluded that sympathetic stimulation
shifts adipocyte progenitor cells to differentiate into a
brown phenotype by COX2 and downstream PPAR-␥
signaling [71].
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However, the recent findings of active BAT presence in
adult humans have re-ignited the interest in the possibility to treat obesity by agents that recruit and activate BAT
specifically. In the next paragraphs we will discuss the
recent findings on the molecular regulation of BAT degeneration and recruitment.

BAT Degeneration

BAT is a highly dynamic organ and its mass is regulated via degeneration and recruitment processes. Apoptosis plays a major role in BAT degeneration and was
shown to be induced by tumor necrosis factor-␣ (TNF-␣)
in primary culture of rodent brown adipocytes [47, 48].
Interestingly, TNF-␣ levels are elevated in adipose tissue
in a variety of obesity models and in obese humans [49].
The pathological state of obesity is connected to brown
adipocyte apoptosis, at least in genetic models of obesity
[47]. Interestingly, the amount of apoptotic brown adipocytes is higher in these animals compared to controls.
This may lead to a loss of functionally active BAT and,
therefore, to a disruption of NST. In turn, obese rats
which were adapted to cold for several days displayed a
reduced number of apoptotic brown adipocytes compared to rats kept at thermoneutrality [47]. According to
those results, norepinephrine acted antiapoptotically
both in cold [50] and in obesity [51]. In humans, no direct
evidence of brown adipocyte apoptosis has been reported
so far.

Mechanisms of BAT Recruitment
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Fig. 2. Adipocyte differentiation. Brown

and white adipocytes originate from different progenitor lineages. BAT derives
from myf5-positive cells from the paraxial
mesoderm, whereas white adipocytes are
differentiated from pericytes of the vasculature which originate from the lateral mesoderm. Additionally, white adipocytes
might undergo transdifferentiation into
‘brite’ adipocytes. myf5 = Myogenic factor
5, C/EBP = CAAAT enhancer-binding
protein, PPAR-␥ = peroxisome proliferator-activated receptor ␥, PGC-1␣ = PPAR␥ coactivator-1␣, PRDM16 = PR domain
zinc finger protein 16, COX2 = cyclooxygenase 2, FOXC2 = forkhead box C2,
STAT5 = signal transducer and activator
of transcription 5, AP-1 = activating protein 1, SREBP-1 = sterol regulatory element-binding protein 1, KLF = Krüppellike factor, BMP7 = bone morphogenic
protein 7.
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The role of bone morphogenic proteins in brown adipocyte recruitment was investigated in studies with
mouse and human adipose progenitor cells [72, 73]. These
proteins belong to the transforming growth factor-␤ superfamily and are involved in embryonic development
and differentiation. It was demonstrated that bone morphogenic protein 7 (BMP7) is involved in brown preadipocyte differentiation and is able to induce UCP-1 expression in preadipocytes isolated from human subcutaneous adipose tissue [73].

Pharmacologic Strategies Targeting BAT

Due to its ability to enhance energy expenditure, BAT
may serve as an important target for the development of
therapeutics against obesity and its associated disorders.
Reasonable strategies to combat obesity would then be to
enhance either the recruitment or the activity (e.g. thermogenesis) of brown adipocytes. Several drug classes are
currently under development aiming at BAT.
Thiazolidinediones (TZDs) are known to induce UCP1 expression in both brown and white adipocytes. Unfortunately, the use of TZDs implies the risk for side effects
including increased adipose tissue mass and cardiac fail236
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ure. There is evidence that induction of UCP-1 by TZDs
is mostly based on mitochondrial effects instead of their
binding properties to PPAR-␥. Therefore, PPAR-␥-sparing TZDs are currently in clinical trails, which were
shown to induce brown adipocyte differentiation of
mouse precursor cells [74].
Ephedrine, a sympathomimetic obtained from Ephedra spp., was shown to activate BAT in rats [75]. In combination with caffeine it induces short-term weight loss
[76]. Unfortunately, ephedrine is associated with increased risk of cardiac, psychoactive and gastrointestinal
side effects. Agonists specific for the ␤3-adrenergic receptor induced a marked thermogenic response in rodents
[77]. However, these drugs failed to enhance energy expenditure in long-term clinical studies, probably due to a
downregulation of ␤3 effects [78]. Current approaches
aim at selective thyroid hormone mimetics, which can
promote fat loss in rodents without having severe side effects [79, 80].
A new role in thyroid hormone-mediated thermogenesis was recently found in response to bile acids, which
enhance energy expenditure in BAT and enhance insulin
sensitivity. These effects are mediated via a novel G-protein-coupled bile acid receptor (TGR5/GPBAR1) and the
induction of the type 2 iodothyronine deiodinase (DIO2).
Tews/Wabitsch

This leads to an intracellular accumulation of bioactive
triiodothyronine. In fact, the TGR5 agonist INT-777 reduced obesity of mice which were on a high-fat diet, and
increased energy expenditure in primary brown adipocytes [81].

Conclusion

Recent demonstration of the existence of functionally
active BAT in human adults has stimulated the scientific
interest in this tissue which has been known for 500 years.
Its functional significance for thermoregulation in humans and its implication in body weight regulation had
been questioned in the past. Current research aims at understanding the regulation of BAT mass including the recruitment of brown adipocytes either from stem cells or

by transdifferentiation of white adipocytes and apoptosis
of brown adipocytes.
The investigation of the development of BAT during
fetal life, infancy, childhood and adolescence will shed
new light on the understanding of recruitment and degradation processes which might occur during this time.
Moreover, the molecular pathways involved in BAT recruitment and activation which have been unraveled so
far might lead to therapeutic targets.
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