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Brown adipose tissue is uniquely able to rapidly produce large amounts of heat through activation of uncoupling protein (UCP) L
Maximally stimulated brown fat can produce 300 watts/kg of heat compared to 1 watt/kg in all other tissues. UCP1 is only present
in small amounts in the fetus and in precocious mammals, such as sheep and humans; it is rapidly activated around the time of
birth following the substantial rise in endocrine stimulatory factors. Brown adipose tissue is then lost and/or replaced with white
adipose tissue with age but may still contain small depots of beige adipocytes that have the potential to be reactivated. In humans
brown adipose tissue is retained into adulthood, retains the capacity to have a significant role in energy balance, and is currently
a primary target organ in obesity prevention strategies. Thermogenesis in brown fat humans is environmentally regulated and can
be stimulated by cold exposure and diet, responses that may be further modulated by photoperiod. Increased understanding of
the primary factors that regulate both the appearance and the disappearance of UCPI in early life may therefore enable sustainable

strategies in order to prevent excess white adipose tissue deposition through the life cycle.

1. Introduction

The study of brown adipose tissue (BAT) biology has always
been an exciting and vibrant arena not least because although
this tissue is present in comparatively small amounts, it
can have a pivotal role in energy balance [1, 2]. BAT is
characterised as possessing large amounts of the unique
uncoupling protein (UCP) 1 which when activated enables
the free-flow of protons across the inner mitochondrial
membrane, resulting in the rapid dissipation of chemical
energy as heat [1]. Consequently, when maximally activated,
BAT can generate up to 300 W/kg of tissue compared with
1 W/kg from most other tissues [3]. This process is regulated
primarily by the unmasking of GDP-binding sites located
within UCP1 [4, 5] and represents the initial response
necessary to ensure rapid heat generation [6]. The primary
energy source for this process comes from nonesterified fatty
acids that are released from lipid at the same time as UCP1
is activated, usually through activation of the sympathetic
nervous system [1]. Despite the control of BAT being well
documented from a range of investigations in both small [7]
and large mammals [8], it has only been over the past decade
following the discovery of the presence of thermogenically

active BAT in adult humans that its potential role in a range
of homeorhetic processes has been suggested [9].

Brown adipose tissue has been the subject of a number
of recent reviews which have included a developmental
perspective [10] and the potential role it can have on
metabolic flux [11] and have largely focused on studies in
humans and rodents. The current paper will therefore focus
on potential insights that can be gained from also using
large animal models of development [12] together with the
use of new imaging techniques such as thermal imaging to
assess BAT function [13]. Ultimately this may enable a life-
course approach to the study of BAT biology in order to
provide sustainable interventions aimed at preventing the
pronounced loss of BAT with age.

2. BAT and Its Role in Obesity

In small animal models defective BAT function is closely
associated with increased white fat deposition [16], but in
humans although increased body mass index is accompanied
with decreased BAT [17, 18], whether this is a cause or con-
sequence remains to be established. The precise contribution
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of BAT to daily heat production is a contentious issue; it has
been calculated that only small amounts of BAT may make
a substantial difference to daily energy expenditure with ~
60 g of BAT estimated to contribute up to 20% [19] of daily
heat production in adult humans. In many genetic studies of
obesity, however, the potential role of BAT is largely ignored
[20], even in rodent studies that would be expected to impact
on BAT function [21].

The developmental regulation of BAT and the extent
to which its subsequent loss into adulthood can either be
delayed and/or reversed are all factors that could make
a significant contribution to overall energy balance [27].
Ideally, these processes need to be considered in view of con-
temporary lifestyles [28] as a substantial majority of humans
now live in an urbanised environment, have a sedentary
lifestyle [29], and tend to consume food in a “grazing pattern”
through the day rather than have fixed and more modest
sized meals 2-3 times a day [28]. All of these factors would be
predicted to compromise BAT function and thus contribute
to excess white fat deposition although this remains to be
fully established. It is also likely that diurnal variations in
BAT temperature [30] in addition to more acute changes in
response to environmental challenges such as variations in
day length [12] will all impact on the ability of BAT to produce
heat and therefore energy balance.

3. BAT Is Present through the Life
Cycle and Has a Different Origin from
White Adipose Tissue

The recent rediscovery of BAT in adult humans was the
consequence of publications from nuclear medicine describ-
ing the symmetrical and differential tissue uptake of '*F-
fluorodeoxyglucose (FDG) during positron emission tomog-
raphy (PET) scans undertaken for diagnosis and monitoring
of malignant disease. Utilised as an intravenously adminis-
tered radioactive glucose analogue, FDG is taken up but not
metabolized by tissues, and can therefore be used to identify
any organ with significant glycolytic activity [31]. As a highly
metabolic tissue, BAT exhibits comparable “FDG trapping”
accounting for this additional uptake in apparent nontumour
sites. Concomitant computed tomography (CT) fusion and
guided biopsy of these regions have allowed the localisation
of BAT in humans [32, 33]. A number of studies have thus
shown that when patients have had some degree of cold
exposure prior to undergoing PET-CT, then BAT is readily
detectable [15, 34, 35]. Consequently the presence of BAT has
now been confirmed in different patient populations from
across the world. These include those in Europe [36], North
America [37], Australia [38], South Africa [39], Taiwan [40],
and China [41] as well as a very small number of healthy
volunteers in Europe [15, 34] and Japan [42, 43]. It is now
apparent that potentially every human possesses BAT [41], it
can be rapidly activated by cold exposure [44], the amount
decreases with age [37] and body mass index [18], and it is
more likely to be detected in female than male patients [41].
There is, however, considerable variation in potential BAT
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function which adds to the difficulty in assessing its potential
role in overall energy balance regulation [45].

It is not only the distribution of BAT that has been
reassessed but also its developmental origin and precursor
cell types [46]. Rodent studies have thus established that
brown adipocytes are derived from a myogenic lineage, sep-
arate entirely from white adipose tissue [47]. Consequently,
there are at least three different categories of adipocyte, that
is, brown, white, and BRown In whiTE (BRITE), or beige,
that may each have separate cell lineages [48]. Furthermore
the relative distribution of these individual or mixed cell
types varies significantly between each fat depot in the body
[49] which may reflect their differential responsiveness to
external challenges such as cold exposure [50]. Moreover, at
least in mice, genetic variability affects beige, but not BAT,
development, suggesting that their regulation is very different
during early life [51]. To date, however, the precise role of
beige adipocytes in overall energy balance remains to be
established as the relative abundance of UCP1 in these cells is
substantially lower than “classic” BAT [52], although studies
from knockout mice indicate a plethora of regulatory factors
[53].

4. Maturation at Birth and
the Development of BAT

The onset of nonshivering thermogenesis in BAT is a pre-
requisite for effective adaptation to the cold challenge of
the extrauterine environment in a majority of mammals but
especially in species that are precocial and do not benefit
from huddling with their littermates in order to maintain
body temperature [54]. This of course includes humans
for whom comparatively large amounts of BAT are present
in the newborn, located predominantly around the inter-
nal organs, together with interscapular and supraclavicular
regions (including discrete depots surrounding the carotid
artery and jugular vein) [55]. BAT usually comprises only
2%-4% of birth weight [56, 57] which is not surprising
given the high energy costs of fat deposition together with
its thermogenic capacity being maximal at birth [58]. Term
human infants are also characterised as possessing substantial
amounts of subcutaneous white adipose tissue [59] that has
an additional insulatory role [60].

There are fundamental differences in the maturation of
BAT in the perinatal period between species [61] which reflect
both maturity and body composition at birth [62] and can be
summarised as follows.

(a) Altricial offspring, such as mice and rats, which
are born after a short gestation with an immature
hypothalamic-pituitary-adrenal (HPA) axis, maintain
their body temperature by the pups huddling together
in their nest, rather than by active heatproduction
through nonshivering thermogenesis [63]. Conse-
quently their BAT matures postnatally in parallel
with maturation of the HPA [64], and maternal-
offspring behavioural interactions have a primary role
in postnatal temperature control [65].
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(b) Precocial offspring such as sheep and humans that are
born after a long gestation demonstrate maturation
of the HPA prior to birth and are able to rapidly
switch on nonshivering thermogenesis following cold
exposure to the extra-uterine environment [66]. A
failure to switch on BAT, such as following preterm
birth, thus impairs heat production and results in
hypothermia [67].

(c) One notable exception to the above categories is the
pig that lacks BAT [68] as its UCPI gene is nonfunc-
tional having been disrupted by several mutations
[69]. Consequently pigs are entirely dependent on
shivering thermogenesis in order to maintain body
temperature following cold exposure at birth [14].

5. Primary Stages of BAT Development

In fetal sheep, the animal model in which this process
has been most intensively studied, adipocytes are clearly
visible from mid-gestation when they have a multilocular
appearance [70] but do not express UCP1 [71]. They then
mature up to term when they are characterised as containing
a mixture of unilocular and multilocular cells [72] of which
the former are lipid filled, whereas the latter are rich in
mitochondria and express UCP1 [70]. The extent to which
this is a pure form of BAT as opposed to a mix of beige and
white adipocytes remains to be fully clarified although it is
now clear that there are at least four distinct stages of adipose
tissue development in early life [70]. By mid-gestation when
adipose tissue first becomes visible to the naked eye, it has
a dense histological cellular structure. Then, close to term,
as the depot increases in size, cells with the appearance of
both white and brown adipocytes are visible with the latter
surrounding the larger, single lipid droplet filled (white) cells
[73]. Following birth, a pronounced reduction in the number
of white adipocytes occurs coincidently with maximal UCP1
abundance [71]. Finally, a gradual disappearance of brown
adipocytes occurs through the postnatal period, culminating
in only white adipocytes being discernable by one month of
age [70].

The primary phases of fetal/postnatal adipose tissue
development, together with the primary regulatory factors,
are summarised in Table 1 and include the following.

5.1. A Proliferative Phase in Early-Mid Gestation. This is
coincident with the initial appearance of fetal adipose tissue
and characterised by rapid cellular multiplication together
with maximal expression of KI-67, a marker of cellular
proliferation [74]. The perirenal depot thus becomes estab-
lished from precursor cells, and replication of preadipocytes
increases the cell pool and, therefore, depot size.

Very few other adipocyte marker genes are highly
expressed at this stage [70], with the exceptions being those
genes characteristic of cell development such those as the
homeobox (HOX) and bone morphogenic protein (BMP)
families [75] including HOXA1L, HOXCY, and BMP4 and 7
[70] which are indicative of developmental transition.

5.2. Preparative Phase for Thermogenesis Immediately after
Birth. The substantial growth of the perirenal-abdominal
depot up to term [71] is mediated, in part, by PR domain
containing 16 and CCAAT-enhancer-binding protein f
(C/EBPJ3) which form a transcriptional complex critical for
adipogenesis [76]. These genes are probably not involved in
promoting the peak in UCP1 expression after birth although
this second stage of development is characterised with sig-
nificant abundance of UCP1 [70]. This process is primarily
regulated by the rapid appearance of endocrine stimulatory
factors which act to maximise both the amount and thermo-
genic potential of UCPI [54, 77]. Notably, gene expression
for the long form of the prolactin receptor (PRLR) peaks
prior to birth [70], which is in accordance with of its critical
role in promoting thermogenesis demonstrated in studies in
both small [78] and large [79] mammals. Mice lacking the
PRLR have reduced expression of other critical regulators of
UCP1 including peroxisome proliferator-activated receptor
(PPARY), peroxisome proliferator-activated receptor c coac-
tivator (PGCl«), and the 33-adrenergic receptor (33AR) [78].
Concomitant rises in each of these genes prior to birth may
all be driven by the PRLR, a role that is confined to birth
as the rapid loss of this gene after delivery precedes the
decline of UCP1and continues postnatally [79]. Furthermore,
the peak in deiodinase iodothyronine type II (DIO2) [70]
would have the potential to provide an endogenous source
of triiodothyronine which can activate the thyroid response
elements in several genes [80] that are essential for UCPI1
function [81]. One such gene, PGCl«, has been shown to be
the “master regulator” of mitochondrial biogenesis across a
range of species [82, 83] and would appear to be a prerequisite
for maximising heat production by BAT following cold
exposure at birth [84]. At the same time, a peak in gene
expression of B3AR would facilitate BAT thermogenesis [85]
in conjunction with PPAR« and PPARy which can act to
reduce adipocyte size and promote mitochondrial biogenesis
[86]. The depot size peaks just prior to birth [71], and gene
expression of KI-67 declines to basal levels [70] indicating
that the replicative period has ceased and cells are committed
to terminal differentiation [87].

5.3. Birth and Nonshivering Thermogenesis. Prior to birth
fetal BAT contains a large number of lipid filled cells which
become rapidly depleted postnatally, as heat production is
maximised [58] and the abundance of the UCP1 peaks
[70]. This process is coincident with significant falls in
the expression of white adipose tissue marker genes such
as adiponectin, leptin, and corepressor receptor-interacting
protein 140 (RIP140) [70]. As expected this phase is also
characterised by an increase in C/EBP 8 and BMP4 that could
be indicative of the start of a change over to a white adipocyte-
like phenotype. Notably, there are no further significant
changes in the mRNA abundance of any BAT specific genes
including cell death-inducing DFFA-like effector A (CIDEA;
an established marker of BAT in rodents [88]), together with
PRDM16, HOXA1 [70] as well as pyruvate dehydrogenase
kinase, isozyme 4 PDK4 [89] that is also highly expressed in
other tissues such as skeletal muscle [90].
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TABLE 1: Summary of the main developmental changes in adipose tissue during early life.

Stage of development  Proliferative phase

Preparatory phase

Thermogenic phase Lipogenic phase

Primary adipose

. . Preadipocyte
tissue characteristics pocyt

Cellular multiplication
necessary to form adipose
tissue depot

Function
protein 1

Antigen identified by

Most abundant gene monoclonal antibody ki-67

receptor

Brown adipose tissue

Acquisition of large
amounts of uncoupling

Long form of prolactin

Brown adipose tissue White adipose tissue

Rapid activation of

uncoupling protein 1 in order itlgrl;i c:eposmon and
to prevent hypothermia 8
Uncoupling protein 1 Leptin

5.4. The Loss of UCPI and Accumulation of Lipid within
the Perirenal-Abdominal Depot. The final phase during early
postnatal life coincides with the loss of UCP1 [91] and increas-
ing characteristics of white adipose tissue. Adipocyte size
increases and peak expression for a number of genes repre-
sentative of mature adipocytes occurs, including adiponectin,
leptin, and RIP140, together with PPARy, BMP7, the gluco-
corticoid receptor (GR2), and HOXC9. Not surprisingly the
loss of UCPI is accompanied by a decline in those genes
primarily associated with BAT, that is, PRLR, PGCl«, and
DIO2. Whilst a linear rise in RIP140 with age is in accord
with its repressor action on UCP1 and PGCle activity [92],
this process may be facilitated by the concomitant rise in
TWIST1 as it is a transcriptional repressor that interacts
directly with PGCla to suppress both thermogenic and
mitochondrial transcription factors [93]. Gene expression of
a number of other genes indicative of a change in adipocyte
cell number also peaks at one month of age; however,
the primary changes of note are an increase in cell size
together with the loss of a BAT phenotype [70]. Continuing
differentiation of white adipocytes is possible as indicated by
the rise in gene expression of BMP4 [70], although BMP7, a
BAT differentiation marker, is also evident [94]. Other genes
which may regulate postnatal adipose tissue growth include
the GR2, which promotes UCPI action in the fetal sheep [95]
and gene expression rises in parallel with increased white fat
mass through postnatal and juvenile life [96]. It is possible
that this depot is comprised of beige adipocytes that have the
capacity to respond to an appropriate challenge [70] although
this remains to be established.

6. Rapid Appearance of Endocrine
Stimulatory Factors and the Onset of
Nonshivering Thermogenesis in BAT

The plethora of endocrine changes which occur at birth
following intense stimulation of the hypothalamic-pituitary-
thyroid and adrenal axes is essential for the rapid activation
of nonshivering thermogenesis [97]. This process has been
extensively studied in the newborn sheep for which impaired
BAT thermogenesis not only compromises the onset of
breathing but also results in hypothermia that is ultimately
life-threatening [98]. A large number of endocrine factors
have the potential to activate BAT around the time of birth
and include catecholamines [99], thyroid hormones [100],
cortisol [101], leptin [102], and prolactin [79]. The secretion

and plasma concentrations of a majority of these hormones
then decline over the first few days and weeks of life [54,
103] as shivering replaces nonshivering thermogenesis as the
dominant response to cold exposure [104] (Figure 1). It thus
appears that it is only possible to very transiently promote the
reappearance of BAT during the postnatal period at least in a
precocial species [83].

Given the multiple endocrine factors described above
which can act either alone or in combination, to promote both
the rapid appearance of UCP1 loss of lipid [105], and there
is some duplication of roles within this overall process. For
example, manipulation of cortisol status in the late gestation
ovine fetus has reciprocal effects on thyroid hormone con-
centrations that may be as important as changes in plasma
cortisol on the downstream effects on UCP1 [95]. These
findings emphasise the multiple endocrine regulation of BAT
in the newborn and are thus in accord with the plethora
of knock-out studies in mice which similarly demonstrate
a large number of factors able to regulate UCP1 abundance
and function [7, 106]. One challenge is to now identify those
which can be chronically stimulated in order to maintain
and/or reactivate physiologically significant amounts of BAT
in later life.

7. Other Organs Potentially Contributing to
Nonshivering Thermogenesis at Birth

Birth represents a period of rapid muscular activity and
is associated with a dramatic rise in muscle oxygenation
[107] and cardiac function [108]. In precocial mammals such
as sheep, it is therefore accompanied with an increase in
voluntary muscular activity, and with the onset of shivering
thermogenesis [109] which is, in turn, dependent on both the
BAT function [110] and the magnitude of thermal challenge
[104]. The process of adaptation at birth may, therefore, pro-
vide further currently unexplored insights into the crosstalk
between different muscle and fat depots, together with the
ability of other organs to promote BAT function in early life.
Currently this has been difficult to establish in small animal
models because of the dominant role of UCP1; however when
it is ablated, other factors are beginning to be identified in
skeletal muscle which include sarcolipin, a recently described
regulator of the sarco/endoplasmic reticulum Ca®*—ATPase
[111].

There is also increasing evidence that a number of other
tissues and endocrine factors can promote BAT function
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FIGURE I: Summary of the metabolic and endocrine changes that occur from birth to 45 days of postnatal life in the sheep as brown adipose
tissue is lost and shivering replaces nonshivering thermogenesis (NST) as the primary response to cool exposure. Adapted from Symonds et

al. [104]. CT: critical temperature.

although their importance at birth remains unknown. For
example, in rats, the postnatal maturation of BAT has been
shown to relate to the onset of feeding and initiation of
hepatic function, mediated by the release of fibroblast growth
factor (FGF)21 [112]. This factor has also been shown to have
a physiological role in adipose tissue of adult mice in which
gene expression is increased by chronic cold exposure, in
contrast to its suppression in the liver [113]. The potential link
between developmental changes in hepatic FGF21 produc-
tion, feeding, and UCP1 has not yet been examined in large
mammals. It is also unlikely that under normal physiological
conditions the other major UCPs, UCP2 and UCP3, have a
major role in heat generation that is comparable to UCPI1
[114].

8. Postnatal Adaptation to the Extrauterine
Environment and the Loss of BAT

The direct contribution that BAT makes to overall energy
balance is clearly indicated by the very high rates of oxygen
consumption that are seen in the newborn and are seldom
matched in later life [104]. This high rate of heat production

occurs in the absence of any visible signs of shivering [104]
and is dependent on the magnitude of thermal challenge and
nutritional status [115]. It is also closely linked to functional
measurements of BAT such as its thermogenic index [116].
In those species such as sheep in which BAT is lost and/or
replaced by white [91] or beige adipose tissue [70] over
the first few weeks of life, there is a parallel decline in
oxygen consumption and increased dependency on shivering
thermogenesis to respond to acute cold challenges [104]. As
summarised in Figure 1, these changes are paralleled by a
decline in plasma cortisol and thyroid hormones, thereby
confirming that it is not only the recruitment of BAT [117]
at birth but its subsequent maintenance which is thyroid
dependent [54]. Moreover, accelerating the rate of decline in
plasma thyroid hormones over the postnatal period by either
blocking their rate of secretion [118] and/or warm acclimation
promotes the loss of UCP1 and enhances white adipose tissue
deposition [118, 119]. At the same time these animals are more
dependent on shivering thermogenesis which is ultimately an
inefficient process due to disruption of the boundary layer
of air insulating the animal [120]. Ultimately hypothyroidism
during postnatal life results in a failure to thrive impaired
thermoregulation and leads to unexpected death [104, 121].



The extent to which there are specific beige depots
or skeletal muscle that possesses UCP1 in the newborn
remains to be fully established. Given that BAT is so widely
distributed at this stage of life [55, 122], it is unlikely that
such discrete depots have a significant impact on heat
production especially as the relative abundance of UCP1 is so
much lower than classical BAT [49]. Interestingly, however,
in view of the common origin of brown adipocytes and
skeletal muscle [47], a close link between functional BAT
and muscle volume has recently been suggested in children
and adolescents [123]. To date, this relationship has not
been studied in very early life, although it has been shown
that deletion of myostatin, a negative regulator of skeletal
muscle mass, in mice prevents diet induced obesity and not
only promotes skeletal muscle growth but also promotes
the appearance of beige cells [124]. These findings may be
relevant given the recent suggestion that, in adults, muscular
activity can directly impact on adipose tissue function [125].
This effect appears to be mediated by an increased rate of
production of a newly discovered hormone, irisin, which is a
membrane protein cleaved from FNDCS5 [125], although this
role has been questioned [126]. Surprisingly, irisin promotes
the expression of UCP1 in white but not BAT at least in
adults [125]. The extent to which it could have a thermogenic
influence on muscle, as well as BAT, has not been examined.
Skeletal muscle does possess the UCP homolog UCP3 [127]
that is highly abundant in the muscle and adipose tissue of
neonatal piglets [128], and in mice overexpression of this
protein protects against obesity [129]. At the same time
MEDI3, a subunit of the Mediator complex, which controls
the transcription of nuclear hormone receptors can regulate
energy metabolism in cardiac muscle and impact on the
appearance of BAT [130].

9. The Heart, BAT, and Early Life
Nutritional Programming

In sheep, for which pericardial adipose tissue is the second
most abundant BAT depot in the newborn [72], this appears
to show similar developmental changes to the perirenal
depot [131]. It is well established that the maternal dietary
environment has pronounced effects on growth, develop-
ment, and endocrine sensitivity of perirenal adipose tissue
during early life [132-134] and now it appears that a similar
situation pertains to the pericardial depot [131]. In this
regard, suboptimal maternal nutrition over the final month
of gestation coincident with the greatest increase, in absolute
terms, of fetal total and organ weights, substantially reduces
UCP1 abundance in BAT surrounding the heart [131]. This
was accompanied with reduced expression of B3ADR at birth
and one month of age, whilst gene expression of DIO2 was
only reduced in the newborn. The S3ADR receptor promotes
proliferation and differentiation of brown adipocytes, inhibits
apoptosis and controls the process of nonshivering thermo-
genesis, by upregulating fatty acid oxidation and activating
DIO2 [1]. The effect of a suboptimal diet on fetal adipose
tissue development is however confined to these two genes,
for example, the expression of transglutamiase 2 (TGM2) and
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potassium channel, subfamily member 3 (KCNK3), two genes
known to have 4-fold higher expression in BAT than in white
adipose tissue in humans [135], was unaffected [131]. These
genes were, however, highly expressed in perirenal adipose
tissue of young sheep and although expression declined by
30 days of age, it was parallel with changes in both UCPI1
and PGCla [131]. Gene expression of the transcription factor,
BMP7, which regulates the differentiation of preadipocytes
into mature BAT cells [75], remained unchanged [131],
suggesting that, as with the perirenal depot, although brown
adipocytes disappear [70], preadipocytes may be retained
with the potential to develop into brown adipocytes.

UCPI has also been shown to be present in epicar-
dial adipose tissue of human adults [136] where it may
have a range of functions. These include protection of the
myocardium from severe hypothermia which can precipitate
potentially fatal arrhythmias [136] and paracrine effects on
cardiovascular function [137] or act as a plasma lipid-clearing
organ protecting the heart from hypertriglyceridemia [138].
Although BAT development in pericardial adipose tissue of
newborns was effected by maternal nutrition in late gestation,
these did not persist with age and were not accompanied
by alteration of genes predominantly expressed in white
adipose tissue, indicating that the response is restricted to
the newborn period. Adaptations within pericardial adipose
tissue may persist into adulthood and thus have long-term
consequences [139].

A potential link between muscle and BAT development
has been further highlighted from studies focused on the
heart [140]. The heart, acting through cardiac natriuretic
peptides, can regulate BAT thermogenesis in adult mice [141].
This response appears to be mediated by ventricular or brain
natriuretic peptide (BNP) which promotes UCP1 expression,
although this effect is potentially greater in inguinal white
adipose tissue, compared to interscapular BAT. Given the rel-
atively high expression of UCPI in human [136], ovine [142],
and mouse [49] epicardial fat, this could be an important
therapeutic target.

10. Do Beige Adipocytes or Other
Organs/Tissues Possessing UCP1
Contribute Significantly to Whole Body
Energy Balance?

The theoretical contribution of BAT to daily energy expen-
diture ranges from a maximum estimate of 20% [143] to
a basal figure of 5% [15] based on an estimated total BAT
mass of up to ~60g in an adult [143]. It is clear that it is
not only the quantity of BAT that is important but also the
absolute amount of UCPI present together with its ability
to be activated [144]. The major depot of BAT in humans
throughout the life cycle is clearly the supraclavicular depot
[144] as emphasised by the rapidity with which it can be
activated [44] and its colocation with hibernomas that are
defined as being primarily BAT [145]. Interestingly under
such conditions of excessive BAT growth, no effects appear
to be seen on temperature regulation either before or after
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FIGURE 2: Summary of the differences in relative gene expression for
uncoupling protein (UCP) 1 between white subcutaneous adipose
tissue and either beige or brown depot of supraclavicular adipose
tissue, classified according to low (i.e., <10) or high (i.e., >100)
relative UCPI gene expression. Adapted from Virtanen et al. [15].

surgical removal [145, 146], suggesting that UCP1 abundance
is low and/or it is inactive in this abnormal tissue.

The capacity for heat production within the supraclav-
icular region is high in children and then declines into
adulthood [44]. This process, or adaptation, is in accord with
the suggestion that ultimately BAT within the supraclavicular
region becomes beige [48]. As illustrated in Figure 2, the
process by which BAT becomes beige can vary considerably
between individuals. It may be that only when UCPI1 abun-
dance declines below a critical set-point and is accompanied
by significant lipid and thus white adipocyte infiltration that
it then resembles a beige depot. The study by Wu et al. [48]
therefore suggests that adipocytes isolated from the main
functional depot of “brown” adipose tissue in adult humans,
that is, supraclavicular, eventually become beige rather than
remaining “classical” BAT. This conclusion is based in part on
the differences and/or similarities in the relative expression of
beige or brown-selective genes between white and “brown”
depots. However, it is apparent from Figure 2 that there are
two different populations of subjects included, one in which
UCP1 was very high (i.e., characteristic of a “brown” depot)
and the other in which it was low (i.e., characteristic of a
“beige” depot). It would thus be fascinating to know whether
the relative abundance of UCPI gene in these subjects was
related to their metabolic response as measured to cold
exposure [34]. The actual capacity for either beige adipocytes
or skeletal muscle cells possessing UCP1 to generate the same
amount of heat as classical BAT in which UCPI is several
fold higher [27] may thus be minimal even when maximally
stimulated.

11. Dietary Induced Thermogenesis (DIT) and
BAT Function

Once the newborn has established continuous breathing
and activated nonshivering thermogenesis, it is essential

that feeding is commenced in order to prevent excessive
depletion of its endogenous energy supplies in the form of
both lipid [147] and glycogen [14, 54]. Furthermore, in the
postnatal sheep the gradual loss of BAT is accompanied
with a reduction in DIT [115]. However, the extent to which
BAT contributes to DIT in adults remains controversial
[41, 148], although FDG uptake in BAT of mice is clearly
enhanced with feeding [149]. Using thermal imaging, the
potential thermogenic effects of individual food ingredients
are beginning to be investigated. This has demonstrated a
significant thermogenic effect of drinking milk in young
children which results in up to 0.7°C rise in BAT temperature
[150], thus indicating a role in DIT.

Confirmation of a potential role of dietary intake is
further illustrated in Figure 3 in which an example of thermal
images showing the temperature of BAT located within the
supraclavicular region of a pre-pubertal 13-year-old child
before and after consumption of breakfast demonstrates a
mean increase in temperature of the supraclavicular region
of 0.9°C. It is likely that the macronutrient composition
determines the magnitude of this response [151] that has been
shown in adults to be promoted by protein and reduced by
fat [152]. The only other study showing a dietary effect on
BAT comes from Japan which has suggested that capsinoids
(nonpungent capsaicin analogs) have a modest thermogenic
effect [153]. This response, however, appeared to be confined
to those individuals that were defined as being BAT pos-
itive following the assessment of FDG uptake within BAT
following cold exposure. Whether or not this directly relates
to nonfunctional BAT or is simply a limitation of the FDG
technique [144] remains to be established.

The potentially divergent effects of specific endocrine
challenges on BAT compared with cold exposure have been
highlighted by the failure to detect any effect of administra-
tion of sympathomimetics on BAT, as assessed using FDG
in adult humans which were all shown to be responsive
to cold exposure [154, 155]. This is despite a comparable
increase in total heat production that was accompanied by
raised fat oxidation that is the main metabolic substrate
for nonshivering thermogenesis in BAT. These compounds
do, however, have very different metabolic effects to cold
exposure which include the onset of metabolic acidosis [154]
which could compromise BAT function [156]. Alternatively,
the dose of drug administered could be important, together
with body weight, as lean males have recently been shown to
respond to a higher dose of ephedrine [157]. Furthermore,
insulin also acts differently to cold exposure on human
BAT, and although it has no thermogenic effect on BAT it
does promote glucose uptake [35]. It is therefore likely that
multiple endocrine responses following cold exposure are
responsible for stimulating BAT thermogenesis, as seen at
birth when UCPI is maximally activated [58].

12. Can BAT Be (Re)activated in Adulthood?

To date, all studies investigating the reactivation of BAT
have been conducted on rodents in which it is becoming
increasingly apparent that different control mechanisms and



TABLE 2: Summary of recent targets for gene manipulation studies designed to impact on brown fat function in adult rodents maintained in

a fixed thermal and photoperiodic environment.
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Target function, based on

Effect on brown

Effect of white

brown fat function in the . . . . Phenotype Primary mechanism Reference
Kknock out adipose tissue adipose tissue
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. Normal but reduced Lower body temperature,
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P HFD
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) p 2 Pos . Y Reduced UCP1 Y welght 2 mitochondrial function
adipocyte specific responsiveness to R fat mass and an adaptation . . (23]
. . within inguinal in brown adipocytes
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SERTA domain Increased thermogenic . P & e through inhibition of
. - Decreased adipocyte homeostasis and ability to . i
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. cell size maintain body temperature .
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oxidative metabolism
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. homeostasis and ability to  Inhibits the browning
dehydrogenase None perigonadal . [26]
. maintain body temperature of WAT
1a, knockout compared with .
S during cold exposure
inguinal

BAT: brown adipose tissue; HFD: high fat diet; SNS: sympathetic nervous activity; WAT: white adipose tissue.
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FIGURE 3: Representative example of thermal images [31] showing the change in temperature of BAT located within the supraclavicular region
of a prepubertal 13-year-old child having eaten 25 g of organic porridge oats mixed with 70 mL of full fat milk and 8 g of brown sugar. (a)
Preprandial control and (b) 5 minutes after-prandial, accompanied with a mean increase in temperature of the supraclavicular region of 0.9°C.

sensitivities exist between brown and white fat depots as
summarised in Table 2. These experiments have adopted a
common approach of either global or organ specific gene
manipulation which invariably has a substantial impact on
energy balance in rodents. In this context knockout of
BMPS8B, a protein that is highly expressed in the testis as
well as BAT results in reduced UCP1 function, due to com-
promised activity of the sympathetic nervous system [22].
This effect appeared to be mediated centrally in conjunction
with changes in AMP-activated protein kinase, although
potential effects on white or beige adipose depots were not
examined. Another protein recently suggested to represent a
therapeutic target to promote BAT function was the mediator
of cell signal transduction, scaffold protein p62 [23]. When

this was specifically knocked out in adipocytes a global
reduction in UCP1 was observed, that is, in brown, white,
and beige depots. Conversely conditional knockdown of
the phosphatase and tensin homolog (PTEN) in the Myf+
lineage, which negatively regulates phosphatidylinositol 3-
kinase activity, surprisingly results in larger brown and white
adipocytes [24]. This suggests that both types of cells have
an Myf+ origin but under normal conditions the lipogenic
aspect of the pathway could be limited.

SERTA domain containing 2 (TRIP-Br2) is a further novel
factor that has been shown to be positively linked with white
mass, although this relationship is much stronger in men
than women [25]. Knockout studies in rodents indicate a
stimulatory response in BAT, thus suggesting that it normally,
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promotes fat deposition by inhibiting lipolysis, thermogen-
esis, and oxidative metabolism. Similarly, gene deletion of
retinaldehyde dehydrogenase 1a which normally inhibits the
browning of white adipose tissue has beneficial metabolic
effects [26]. Despite these elegant studies demonstrating
even more potential therapeutic targets to promote UCPI1
abundance, it should be noted that they are all conducted in
mice maintained within a comparatively cool environmental
temperature of 21-23°C and kept under a fixed 12 h light and
12h day photoperiod. These experimental constraints may
ultimately limit the translational relevance of these important
findings which in humans the pronounced effects of age,
lifestyle, and environment on energy balance are substantial
[28].

In addition to the thermal, nutritional, and related envi-
ronmental stimuli, BAT is influenced by a range of other
factors including genotype for which $3-adrenergic receptor
polymorphisms have been identified in both humans [158]
and sheep [159]. These can have a profound effect on
postnatal survival in sheep [159] but its influence in humans
is less obvious. In a small Japanese cohort in which three
different polymorphisms were identified, the distribution of
BAT positive subjects was only associated with individual
genotypes when groups were subdivided with age [158].
Genotype can influence BAT function [144] and the use of
thermal imaging offers the potential to assess this relationship
in large populations of known genetic constitution.

Consequently, as comparable noninvasive and safe meth-
ods for detecting BAT on a population-wide basis are
established, significant progress on the interaction between
genotype, age, diet, and environment can be made [13]. These
types of study are a real possibility and predicted to open up a
range of new horizons in adipose tissue biology over the next
decade [17]. This could mean that a more direct relationship
between body weight regulation and BAT function is finally
established throughout the life cycle in humans.
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