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protein 1 of brown adipocytes, the only
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Brown adipose tissue (BAT) has long been
recognized as a key thermogenic tissue in eutherian
mammals. Brown fat cells contain large numbers

of highly specialized mitochondria that oxidize fat
and carbohydrate to produce heat. This metabolic
inefficiency is due to the presence of Ucpl in the
inner mitochondrial membrane of brown fat cells
which dissociates the electrochemical gradient from
ATP production. BAT presumably evolved to protect
animals against hypothermia in response to cold
exposure. However, energy expended by BAT has the
added benefit of counteracting obesity and associated
metabolic disease, at least in rodents. A very large
number of studies have consistently shown that
mice carrying increased amounts of active brown fat
are lean and healthy. Until recently, it was generally
believed that the amount of brown fat tissue was
negligible in healthy adult humans. However,

PET imaging studies have refuted this notion, and
revealed the existence of active BAT in most, if not
all, adult humans. Notably, there is a very strong
inverse correlation between the amount of activated
BAT and fatness in humans. Moreover, activated
brown fat is lost with ageing, which also correlates
with tendency to gain weight. The field must now
address whether variation in brown fat activity is

a cause or consequence of weight gain. Brown fat
cells are localized in discrete depots of BAT and are
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also found as clusters interspersed in white fat tissues. The prevalence and function of these
so-called “brite” (brown in white) cells in humans remains unknown. The development of
strategies to increase the amount and/or activity of brown fat may hold exciting prospects for
the treatment of obesity and its associated health consequences. In this Research Topics issue,
we would propose to examine the following areas related to brown fat biology:

1. Development of brown and “brite” cells (including: historical/evolutionary perspective,
transcriptional pathways, developmental origins)

2. Pathways that influence brown fat cell development (BMP7, TZDs, Prostaglandins, FGF21)

3. Activation of brown fat - focus on sympathetic and sensory innervation (signaling by beta-
adrenergic receptors, nerve-fat connections

4. Brown fat thermogenesis in response to cold, diet and hibernation

5. Brown fat in humans including: human brown fat precursors, methods for imaging, factors
that influence prevalence, relationship between body mass/obesity and amount of brown fat.

6. Brown fat mitochondria including mechanism of uncoupling (Ucp1 history/structure/
function, mitochondrial biogenesis)
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BROWN ADIPOSE TISSUE

Brown adipose tissue (BAT) (Figure 1) has been recognized as a
key thermogenic tissue in rodents for several decades. However,
in the last few years, there has been a resurgent interest in the
biology and therapeutic potential of BAT. This has been largely
driven by a new understanding that most, if not all, healthy
adult humans have significant deposits of BAT which can be
activated by cold. Moreover, recent insights into the develop-
mental origins of brown adipose cells and the identification
of molecules that regulate brown adipocyte activity have pro-
vided a conceptual framework for the design of brown fat-based
therapies.

Brown fat cells, when activated, are able to take up and oxi-
dize large amounts of fat and carbohydrate for the purpose of
producing heat—a process called adaptive thermogenesis. This
transformation of chemical energy into heat at the expense of ATP
production is mediated by the presence of Uncoupling Protein-
1 (Ucpl) in the inner mitochondrial membrane. Ucpl catalyzes
the leak of protons from the intermembrane space back into the
matrix, thus reducing the gradient (and its potential energy) used
for ATP production.

BAT presumably evolved to protect animals against hypother-
mia in response to cold exposure. However, BAT is also known
to powerfully counteract obesity and metabolic disease, at least in
rodents. Numerous studies over recent years revealed that mice
with increased amounts of active brown fat are lean, healthy,
and able to resist the harmful metabolic effects of high fat diets.
Intriguingly, imaging studies in humans show that brown fat
activity is reduced in obesity and aging. The field must now
address whether the variation in brown fat activity is a cause or
consequence of weight gain. Brown fat cells are localized in dis-
crete depots of BAT and are also found clustered amongst white
fat cells in white depots. The prevalence and function of these
so-called “beige” or “brite” (brown-in-white) cells in humans
remains unknown.

There is a growing consensus in the field that brown fat-
targeted therapies hold tremendous promise for the treatment of
obesity and associated health consequences. It is also increasingly
clear that brown fat can function as an effective sink for dispos-
ing of excess glucose and fatty acids. This suggests that brown
fat-based therapies could be very effective for treating insulin

FIGURE 1 | Brown adipose tissue. Immunohistochemical staining of Ucp1
expression in brown adipose tissue showing a mixture of large and small
adipocytes.

resistance, type-2 diabetes, and dyslipidemia without necessarily
reducing body weight.

In this Research Topic, we were able to assemble articles from
many of the prominent scientists in the field which focused
on many different and important aspects of brown fat biol-
ogy. The topic begins with a historical perspective (Ricquier,
2012) and also includes reviews and original reports on: test
systems to study Ucpl (Hirschberg et al., 2012); the develop-
ment of brown adipose cells (Boss and Farmer, 2012; Festuccia
et al., 2012; Kozak, 2012; Pisani et al., 2012; Scime, 2012; Yadav
and Rane, 2012); the influence of genetics (Kozak, 2012); adren-
ergic and central control of brown adipocyte activity (Collins,
2012; Morrison et al., 2012); human brown adipose cells and
imaging methods (Betz and Enerback, 2012; Hu and Gilsanz,
2012; Muzik et al., 2012; Richard et al., 2012; van Marken
Lichtenbelt, 2012); and perspectives for brown adipose-based
therapeutics (Betz and Enerback, 2012; Boss and Farmer, 2012).
I would like to thank all the contributors and reviewers for their
help in putting this interesting and timely collection of articles
together.
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Uncoupling protein 1 (UCP1), is a unique mitochondrial membranous protein devoted to
adaptive thermogenesis, a specialized function performed by brown adipocytes. \Whereas
the family of mitochondrial metabolite carriers comprises ~40 members, UCP1 is the only
memberable to translocate protons through the inner membrane of brown adipocyte mito-
chondria. By this process, UCP1 uncouples respiration from ATP synthesis and therefore
provokes energy dissipation in the form of heat while, also stimulating high levels of fatty
acid oxidation. UCP1 homologs were identified but they are biochemically and physiolog-
ically different from UCP1. Thirty five years after its identification, UCP1 still appears as a
fascinating component. The recent renewal of the interest in human brown adipose tissue

Institute Cochin, 24 Rue du Faubourg
Saint-Jacques, 75014 Paris Cedex,
France.

e-mail: daniel.ricquier@

parisdescartes.fr thermogenesis, uncoupling

INTRODUCTION
FROM PHYSIOLOGICAL MEASUREMENTS OF THERMOGENESIS TO THE
IDENTIFICATION OF UCP1
Basal thermogenesis results from the basal activity of many bio-
chemical pathways including ATP-ases and futile cycles. Adaptive
thermogenesis is regulated and occurs in particular conditions
(cold exposure, arousing from hibernation, food intake. . .). This
process involves the recruitment of different cell types and the acti-
vation of specific biochemical pathways. Any process that occurs
without performing useful work, accumulating intermediates, or
concentrating ions has an efficiency of zero from the standpoint
of energy conservation or 100% for the purposes of thermogene-
sis (Nicholls and Locke, 1984). Although ATP-ases contribute, the
largest part of heat production by cells probably comes from many
metabolic pathways and in particular from oxidation of substrates.

In rodents or in newborns of some species, elegant in vivo stud-
ies in the 1960s established that brown fat depots were engaged
in thermogenesis; this led to an increase in the temperature of
the blood in brown fat which was rapidly distributed to heart,
brain, kidney, and skeletal muscle (reviews in Nicholls and Locke,
1984; Cannon and Nedergaard, 1985, 2004; Himms-Hagen and
Ricquier, 1998). The thermogenic activity of brown adipocytes
was confirmed by microcalorimetric determinations of the heat
output of excised tissue, isolated brown adipocytes, and isolated
brown fat mitochondria (Nedergaard et al., 1977; Seydoux and
Girardier, 1977; Ricquier et al., 1979). Physiological or pharmaco-
logical experiments established that the ability of animals (mainly
rodents) to activate thermogenesis in response to cold exposure
correlates with the amount of brown fat and to its activation by
the sympathetic nervous system mediates and (Himms-Hagen,
1989).

Thermogenesis is dependent on oxygen consumption and
therefore on the ability of cells to oxidize substrates in their
mitochondria. Morphologically, brown adipocytes are very unique

makes UCP1 as a potential target for strategies of treatment of metabolic disorders.

Keywords: brown adipocyte, fatty acid, membranous carrier, mitochondria, proton transport, respiration coupling,

since they contain an extremely high number of mitochondria;
these specialized mitochondria have a highly developed inner
membrane, the membrane where the respiratory chain complexes
are anchored. In other words, the morphology of brown adipocytes
confers on these cells a very high capacity to oxidize substrates
(Figure 1). Therefore, when heat is required (exposure to the
cold, as an example), norepinephrine released by sympathetic
nerves rapidly activates brown adipocytes resulting in fatty acid
oxidation and heat production. Independently, Smith and Lind-
berg observed in 1967 that thermogenesis in brown adipose cells
resulted from a weak coupling of respiration to ADP phosphoryla-
tion, leading to waste of oxidation energy as heat. Some years later,
Nicholls and Ricquier showed the presence of a specific 32-kD pro-
tein in the inner mitochondrial membrane of brown adipocytes
(Figure 1) that could uncouple respiration to produce heat rather
than ATP (see reviews in Nicholls and Locke, 1984; Cannon and
Nedergaard, 2004; Nedergaard et al., 2005). This protein was later
termed uncoupling protein UCP and renamed uncoupling pro-
tein 1 (UCP1) when UCP2 was identified (Fleury et al., 1997). The
obvious thermogenic activity of UCP1 in mitochondria was clearly
demonstrated by Kozak et al. (1994) observing the cold sensitive
phenotype of the Ucpl~/~ mouse (Enerbick et al., 1997). UCP1
activity and regulation are reviewed below.

UCP1: A SPECIFIC PROTON CARRIER UNCOUPLING
RESPIRATION FROM ATP SYNTHESIS

UCP1 IS A RESPIRATION UNCOUPLER, SHUNTING THE NORMAL
PROTON CIRCUIT AND IS PHYSIOLOGICALLY REGULATED

The physiological measurements of BAT thermogenic activity
instigated the search for a mechanism unique to brown adipocyte
mitochondria. The search for a respiration uncoupling mecha-
nism, unique to these mitochondria came at a moment when
Mitchell had proposed the — rather debated at that time — chemi-
osmotic theory; a theory explaining that the proton gradient and

www.frontiersin.org

December 2011 |Volume 2 | Article 85 | 8


http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/about
http://www.frontiersin.org/Cellular_Endocrinology/10.3389/fendo.2011.00085/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=38793&d=1&sname=DanielRicquier&name=Science
mailto:daniel.ricquier@{\penalty -\@M }parisdescartes.fr
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Endocrinology/archive

Ricquier

UCP1

FIGURE 1 | Histology of brown adipocyte and presence of UCP1 in
mitochondria. The cytosol of brown adipocytes is characterized by
numerous mitochondria and lipid droplets (upper part). Magnification of a
brown adipocyte mitochondrion showing parallel cristae and UCP1
detected using antibodies (black dots, lower part). (Figure kindly provided
by Dr. Saverio Cinti, University of Ancona).

proton circuit through the inner membrane of mitochondria or
chloroplasts, were governing ADP phosphorylation following res-
piration or exposure to light. According to Mitchell, oxidative
phosphorylation is the process by which ADP phosphorylation
by the mitochondrial ATP-synthase is coupled to mitochondrial
oxygen consumption and to re-oxidation of reduced coenzymes
via the proton electrochemical gradient generated by complexes
I, I1I, and IV of respiratory chain. Oxygen then accepts electrons
at the level of cytochrome-c-oxidase (complex IV) for conversion
to water. Therefore, according to Mitchell, energy of the proton
gradient (Apy 4+ ) , or the so-called proton-motive force Ap, is
used to drive ATP synthesis by ATP-synthase. The proton gradient
slows respiratory chain activity and facilitates ATP synthesis. The
message here was that a proton circuit linking respiratory chain
(protons out) and ATP-synthase (proton re-entry) operated such

that oxygen consumption and ATP synthesis were tightly linked
(Figure 2). Consequently, a proton leak in the inner mitochondrial
membrane, distinct from the re-entry of protons via ATP-synthase,
would lower the proton gradient and allow energy to be dissipated
as heat. The reason for that is that down regulation of the pro-
ton gradient lowers the membrane potential which immediately
activates the proton pumps and respiratory chain and provokes
heat production since oxidation energy is not consumed by the
ATP-synthase machinery. Actually, this is what happens when a
chemical uncoupler is added to respiring liver or skeletal muscle
mitochondria. Taken into consideration this postulate, Nicholls
observed that isolated brown adipocyte mitochondria exhibit a
very high and unique ion permeability in their inner membrane
(review in Nicholls, 2006). This ion permeability, first detected as
a chloride permeability, is a proton permeability strongly inhib-
ited in presence of nucleotides, previously shown by Rafael and
others to restore the respiratory control of brown adipocyte mito-
chondria (reviews in Cannon and Nedergaard, 2004; Nicholls,
2006). Photo-affinity labeling of hamster brown fat mitochon-
dria with radioactive nucleotides was used by Heaton et al. (1978)
to identify the uncoupling (proton transport) pathway as a 32-
kD membranous protein. These data were in agreement with the
previous description of this protein, when such a protein was (i)
described to be present in rat brown fat mitochondria membrane
but absent in liver mitochondria, (ii) the only membrane protein
to be significantly increased in brown fat mitochondria following
cold-adaptation, and (iii), down regulated when cold-exposed ani-
mals returned to the warm (Ricquier and Kader, 1976). Therefore,
UCP1 not only plays an important physiological role in Nature, it
also occupies a unique position among the family of membranous
mitochondrial porters driven by oxidative metabolism: it is the
exception that proves the rule of chemi-osmotic theory (Garlid
and Jaburek, 1998; Figure 2).

UCP1 PROTON TRANSPORT ACTIVITY AND REGULATION

Nicholls developed a methodology to determine the cur-
rent/voltage relationship of the basal proton leak of mitochondria
by titrating down succinate respiration with malonate, allowing
to calculate CmH™, the proton conductance of the inner mem-
brane of liver mitochondria in nanomole H* /min—!/ mg~ U myv—l.
Doing that with brown fat mitochondria, he found that the freshly
prepared mitochondria had an enormous proton conductance and
were incapable to maintain more than a few mV of proton-motive
force whereas coupled mitochondria exhibit a membrane poten-
tial value close to 200 mV. It became clear that UCP1, when active,
was acting as a proton translocator (Nicholls, 2006). When ther-
mogenesis is not required, nucleotides bind UCP1 and inhibit
its activity. In presence of inhibitory nucleotides, UCP1 has no
residual proton conductance and is not leaky (Shabalina et al.,
2010). From physiology physiology perspective, the search for a
natural activator of UCP1 was logical. When thermogenesis is
physiologically required, norepinephrine released by surround-
ing sympathetic fibers activates lipolysis which increases the level
of free fatty acids in brown adipocyte mitochondria. The free
fatty acids not only act as substrates for oxidation but also acti-
vate UCP1. The demonstration of the major ability of free fatty
acids to activate UCP1 came from experiments where albumin
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FIGURE 2 | Proton circuit. UCP1 is inserted in the mitochondrial inner
membrane where, also present, is a multienzymatic complex called the
respiratory chain made of complexes | to IV. The respiratory chain reoxidizes
reduced coenzymes and electrons are driven to oxygen. This
oxido-reduction step liberates energy which is used to generate an
electrochemical gradient of protons across the inner membrane. This
gradient is normally consumed by the ATP-synthase which phosphorylates
ADP UCP1 transports protons passively and makes possible a futile cycle of
protons across the inner membrane leading to increased energy
expenditure. This schema illustrates the situation encountered in brown
adipocytes of mammals where a large amount of respiratory chains as well
as a large amount of UCP1 are present. Activation of the futile cycling
increases considerably energy expenditure and thus heat production by
these thermogenic cells. In other cells where homologs of the UCP1 are
expressed at much lower level, this pathway would represent a minor
contributor to energy expenditure, but might be of importance to avoid
oxidative damage (Figure kindly designed by Frédéric Bouillaud).

for free fatty acids were added to isolated brown adipocytes cells
and mitochondria. For example, in an elegant experiment, brown
adipocyte mitochondria were slowly infused with palmitate to
mimic lipolysis. During this procedure, the CmH" of UCP1
increased dramatically, the membrane potential decreased, and
respiration rose sharply. (Nicholls and Locke, 1984; Ledesma et al.,
2002; Cannon and Nedergaard, 2004; Nicholls, 2006). Comparing
wt and Ucpl~'~ mice brown fat mitochondria and using a non-
metabolizable fatty acid analog, the Stockholm group confirmed
the importance of UCP1 in thermogenesis and demonstrated that
neither the ability to be metabolized, nor an innate uncoupling
activity was a necessary property of UCP1 activators (Shabalina
et al., 2008).

Other demonstrations of the proton transport activity of UCP1
were made by researchers who reconstituted its activity in lipo-
somes (see an example in Figure 3). In such conditions, free fatty
acids activate the proton translocating activity of UCP1 whereas
nucleotides (GDP, GTP, ADP, ATP) inhibit it (Strieleman et al.,
1985; Winkler and Klingenberg, 1994). According to these data,
UCPI is a purely HY translocating protein, the protons being
translocated in a carrier-like fashion, instead of by a HT channel
through the membrane. In other respects, there is still a debate
whether fatty acids, (i) only activate proton transport (Gonzalez-
Barroso et al., 1998; Ledesma et al., 2002; Mozo et al., 2006), (ii)
participate as a prosthetic group that delivers protons to a site
where they are translocated to the matrix, or (iii) are transported
as anions by UCP1 as a part of a cycling mechanism completed
with the translocation of the protonated form across the lipid

assay of UCP1 H*transport in liposomes

nigericin CCcCP
\X minutes
D 1 5 6
Control Liposomes
UCP1 Liposomes
UCP1 Liposomes + fatty acids
520nm OD v v
H* CCCP
control H*
(+
UCP1 H*

ucCP1

FIGURE 3 | Reconstitution of the proton transport activity of purified
UCP1 in liposomes (Vozo et al., 2006). Membrane potential (AW) is
appreciated using a safranin probe sensitive to membrane potential and
allowing a measurement of optical density at 520 nm. In presence of
nigericin, H* is exchanged against K* (H* in, Kt out), there is no charge
exchange but a ApH is generated. In liposomes containing UCP1, UCP1
dissipates this ApH gradient and also increases AW inducing the
polarization of the membrane (and a decrease of O.D. signal). The slope of
the decrease of the safranin signal is an assay of UCP1 protonophoric
activity. Addition of fatty acids to liposome containing UCP1 markedly
polarizes the membrane due to activation of the protonophoric activity of
UCP1. Upon addition of CCCR a strong protonophor, H* ions go out and
positively polarize the liposome membrane on external side.

bilayer, with a net uptake of a proton (Skulachev, 1988; Garlid and
Jaburek, 1998).

UCP1 AA ACID SEQUENCE AND PREDICTED STRUCTURE

The amino-acid sequence of UCP1 was determined following
purification by Klingenberg (2010) and Aquila et al. (1985). It was
also predicted from the sequencing of cloned cDNA (Bouillaud
etal., 1985,1986). Clearly, UCP1 is partly homologous to members
of the anion mitochondrial carriers protein family (also referred
to as the metabolite transporters of the mitochondrial inner mem-
brane), including the ADP/ATP carrier and the phosphate carrier.
Moreover, like the ADT/ATP carrier and mitochondrial carriers,
UCP1 has a tripartite structure comprising three similar sequences
of ~100 residues each. Hydropathy plot analysis predicted the exis-
tence of six membrane-spanning o-helices (Aquila et al., 1985;
Bouillaud et al., 1986). This prediction was supported by an
immunological analysis of antigenic sites in UCP1 (Miroux et al.,
1993). UCP1 structure has not been resolved yet but is proba-
bly close to the structure of the adenine nucleotide translocator
(Pebay-Peyroula et al., 2003) and the structure of UCP2 recently
identified (Berardi et al., 2011).

UCP1 IS SPECIFIC FOR BROWN ADIPOCYTES AND IS VERY ABUNDANT
The specific activity of UCP1 is unique to brown adipocytes.
This was fully demonstrated in mice made null for Ucpl, which
became hypothermic in a cold ambiance (Enerbick et al., 1997;
Nedergaard et al., 2001). It was also confirmed by recombinant
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expression of UCP1 in yeasts or mammalian cells (Casteilla et al.,
1990; Bouillaud et al., 1994; Gonzalez-Barroso et al., 1998). Many
experimental approaches including UCP1 mRNA detection or
UCPI1 immunodetection, as well as the analysis of the activity of a
reporter gene drived by Ucpl promotor in transgenic mice, con-
firmed that Ucpl expression is only observable in brown adipocyte
(Cassard-Doulcier et al., 1998; Ricquier and Kozak, 2003).

An additional feature of UCPI is that it is markedly abundant
in brown adipocyte mitochondria where it comprises up to 8% of
the total protein. The reason for such an amount is unknown but
suggests that UCP1 molecular activity is rather weak.

UCP1 GENE: SPECIFIC EXPRESSION IN BROWN ADIPOCYTES
AND REGULATION OF TRANSCRIPTION

CLONING OF CDNAS AND GENE, GENE ORGANIZATION IN RODENTS
AND IN HUMANS, TRANSCRIPTIONAL REGULATION

The question of transcriptional regulation of Ucpl has two sides:
its unique expression in brown adipocytes, and, the transcriptional
activation by norepinephrine and other non-cell-autonomous
factors like T3. In fact, it is not easy to list cis elements and
trans-regulatory factors regulating, either the level of transcrip-
tion of the gene, or the cell-specific transcription since these two
mechanisms are probably controlled by the same factors. UCP1
biosynthesis is largely controlled at the level of transcription which
is sharply activated within minutes after exposure of rodents to
the cold (Ricquier et al., 1984, 1986; Ricquier and Kozak, 2003).
The sympathetic activation of brown adipocytes and the sub-
sequent and immediate rise in cAMP is the primary and main
trigger of Ucpl transcription, but other factors such as T3 (Silva
and Rabelo, 1998) and retinoic acid (Alvarez et al., 1995; Larose
et al., 1996; Rabelo et al., 1996; Gonzalez-Barroso et al., 2000a) are
critical for a full physiological response (Gonzalez-Barroso et al.,
2000Db). The molecular mechanisms involved in the regulation of
rodent and human UCP1 transcription have been partially elu-
cidated and a critical 200-bp cis region (and more precisely the
moiety of this region) having an enhancer activity, located a few
kb upstream of the transcriptional start was identified (Cassard-
Doulcier et al., 1993; Kozak et al., 1994; Gonzalez-Barroso et al.,
2000a). This region is able to bind transcriptional factors such as
CREB, CCAAT/enhancer binding proteins a and f, jun, Ets1, thy-
roid hormone receptors, retinoid X-receptor, and PPARs. Other
important regions, in particular cAMP-response elements, were
also identified outside of the enhancer region and in the promoter
region (Cassard-Doulcier et al., 1994; Kozak et al., 1994; Yubero
et al., 1994, 1998; Alvarez et al., 1995; Silva and Rabelo, 1998;
Rim and Kozak, 2002; Xue et al., 2005). Xue et al. (2005) proposed
that small variations in the levels of several transcriptional compo-
nents of the Ucp1 enhanceosome interact synergistically to achieve
large differences in Ucp1 expression. In addition to these transcrip-
tion factors, the co-activator PGC-1a also plays an important role
(Puigserver et al., 1998).

GENETIC STUDIES IN HUMAN COHORTS

The human UCP1 gene was mapped to the long arm of chromo-
some 4 in q31 region (Cassard etal., 1990). A Bcll polymorphic site
was identified at bp-3826 upstream of the TATA box of the UCP1
promoter in Bouchard’s laboratory (Oppert et al., 1994). Several

studies of association of this polymorphism were conducted and
revealed that the UCP1 A-3826G polymorphism is not a major
contributor to obesity development, however, the main obser-
vation was a significant association of this polymorphism with
fat gain over time (Oppert et al., 1994; Gonzalez-Barroso et al,,
2000b).

THE NOVEL UCPS, UCP2, AND UCP3 ARE BIOCHEMICALLY
AND PHYSIOLOGICALLY DISTINCT FROM UCP1

UCP2 and UCP3, two Homologs of UCP1, were described in 1997
(Boss et al., 1997; Fleury et al., 1997; Vidal-Puig et al., 1997). Ini-
tially, the high level of amino-acid similarity with UCP1 (these
new proteins display 57% identity with UCP1) as well as func-
tional assays in yeast were in favor of an uncoupling activity
(Fleury et al., 1997; Rial et al., 1999). However, a large num-
ber of studies based on physiological measurements of UCP2 or
UCP3 expression (such as a marked up-regulation of these two
UCPs in skeletal muscles of rodents and humans upon starva-
tion Bevilacqua et al., 2005; Millet et al., 2007) and on analysis
of mice null for Ucpl or Ucp2, contradicted the first view (Boss
et al., 2000; Ricquier and Bouillaud, 2000; Stuart et al., 2001;
Rousset et al., 2004). Presently, it is difficult to consider UCP2
or UCP3 as membranous carriers able to uncouple respiration
similarly to UCP1 (Nedergaard et al., 1999; Nedergaard and Can-
non, 2003). UCP1 is present in a unique tissue the function
of which is thermogenesis, whereas UCP2 is widely expressed
in tissues and cells (gut, lung, brain, pancreatic islets, immune
cells...) and UCP3 is present in skeletal muscles and brown
adipose tissue. It appears that these other UCPs are metabo-
lite transporters of the inner mitochondrial inner membrane
and can limit the level of reactive oxygen species (Arsenijevic
et al., 2000; Harper and Gerrits, 2004). UCP2 is able to inhibit
glucose-induced insulin release (Zhang et al., 2001) and it has a
transport activity directly or undirectly favoring glucose sparing
and fatty acid oxidation (Pecqueur et al., 2008, 2009; Bouillaud,
2009).

CONCLUSION AND PROSPECTIVES: SEARCH FOR
ACTIVATORS OR INDUCERS OF UCP1, IDENTIFICATION OF
COMPONENTS MIMICKING UCP1, INDUCTION OF
THERMOGENIC BROWN ADIPOCYTES

The brown adipocytes remain the cells uniquely able to rapidly
burn fatty acids and dissipate oxidation energy as heat. Their activ-
ity is strictly dependant on their high content of mitochondria and
above all on the presence of UCP1, a very particular membranous
carrier, able to disrupt the respiratory-induced A/} via a physio-
logically regulated proton transport activity. Therefore, these cells
and UCP1 in particular, offer a chance to find compounds that
increase fatty acid oxidation in obese patients and also in patients
with metabolic syndrome.

Consequently, understanding the mechanisms which regulate
transcription and expression of the human UCP1 will facilitate
the identification of molecules able to increase the levels of this
protein in order to elevate energy expenditure in adult patients.
Another approach will be to activate the UCP1 protein itself by
searching for specific activators solely interacting with UCP1 (Rial
etal.,2011). Thisis certainly a difficult aim, but since free fatty acids
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activate UCP1, modified fatty acids could be engineered. However,
such new molecules should be totally specific for UCP1. Another
strategy will be to identify chemical compounds able to induce a
very slight uncoupling of respiration in tissues such as muscles.
However, this later approach is very risky since induction of res-
piration uncoupling, even moderate, in cells other than brown
adipocytes, may lower ATP synthesis and therefore be extremely
deleterious. Remember that the use of classical chemical uncou-
pler, such as 2,4-dinitrophenol, caused serious illness in imprudent
individuals and must be strictly banned (Grundlingh et al., 2011).
Finally, an interesting approach would be to facilitate the emer-
gence of new brown adipocytes from precursors present in skeletal

muscles or in white adipose depots (Seale et al., 2007; Crisan et al.,
2008).
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INTRODUCTION

The discovery of active brown adipose tissue (BAT) in healthy adult humans has renewed
interest in the biology of this organ. BAT is capable of distributing nutrient energy in the
form of heat allowing small mammals to efficiently defend their body temperature when
acutely exposed to the cold. On the other hand BAT might be a target for the treatment
of obesity and related diseases, as its pharmacological activation could allow release of
excess energy stored in white adipose tissue depots. Energy dissipation in BAT depends on
the activity of uncoupling protein 1 (UCP1), therefore a BAT-based obesity therapy requires
a detailed understanding of structure and function of UCP1. Although UCP1 has been in the
focus of research since its discovery, central guestions concerning its mechanistic function
and regulation are not yet resolved. They have been addressed in native mitochondria but
also in several test systems, which are generally used to lower inter-experimental variability
and to simplify analysis conditions. Different test systems have contributed to our current
knowledge about UCP1 but of course all of them have certain limitations. We here provide
an overview about research on UCP1 structure and function in test systems. So far, these
have nearly exclusively been employed to study rodent and not human UCP1. Considering
that the amino acid sequence of mouse and human UCP1 is only 79% identical, it will be
essential to test whether the human version has a similarly high catalytic activity, allowing
a relevant amount of energy dissipation in human BAT. Besides the issue of comparable
mechanistic function a sufficiently high expression level of human UCP1 is a further pre-
requisite for anti-obesity therapeutic potential. Treatments which induce BAT hyperplasia
and UCP1 expression in humans might therefore be equally important to discover as mere
activators of the thermogenic process.

Keywords: uncoupling protein 1, UCP1, mitochondria, brown adipose tissue

computerized tomography (CT) during tumor diagnosis acciden-

Brown adipose tissue (BAT) is the exclusive site of cold induced
non-shivering thermogenesis in mammals and combusts stored
nutrient energy as heat (Smith, 1961). In cold exposed rodents, this
powerful process can claim more than a quarter of cardiac output
and more than half of total oxygen consumption, thereby facilitat-
ing heat dissipation up to nearly 500 mW per gram tissue (Foster
and Frydman, 1978, 1979; Trayhurn and James, 1978; Puchalski
et al., 1987). To achieve this unique capability, brown adipocytes
are equipped with a specialized set of cellular features includ-
ing a large number of mitochondria with dense cristae, multiple
small lipid droplets providing high lipolytic rates, high nutrient
uptake rates and many more. In the center of all these processes,
however, a single essential protein facilitates the crucial mech-
anism of regulated mitochondrial proton leak across the inner
membrane: uncoupling protein 1 (UCP1). Therefore, understand-
ing the structure—function-relationship of UCP1 is of paramount
importance to understand brown fat thermogenesis.

The significance of elucidating UCP1 function for biomedical
applied science has recently been highlighted by the (re)discovery
of active BAT in humans. Radiologists applying fluorodeoxyglu-
cose positron emission tomography (FDG PET) combined with

tally visualized the in vivo distribution and activity of BAT (Hany
et al., 2002). However, the detailed anatomy of human BAT had
already been described as early as 1972 and a role of this tissue in
diet-induced obesity proposed several years later (Heaton, 1972;
Rothwell and Stock, 1979). The allometric comparison of BAT
mass and norepinephrine induced thermogenesis capacity across
multiple species predicts that mammals larger than 10 kg should
have no or insignificant amounts of BAT thermogenesis (Held-
maier, 1971). Accordingly, an a priori thermogenic function to
defend normothermia in the face of low ambient temperatures
is questionable in man. Indeed, estimating the contribution of
BAT to cold induced thermogenesis leads to a marginal to neg-
ligible fraction (Klingenspor and Fromme, 2012). However, the
discovered amounts of BAT are sufficient to burn more than 4 kg
of fat during 1year and may thus very well be a component of
organismic energy balance control (Virtanen et al., 2009). More-
over, the targeted pharmacological activation of brown fat energy
dissipation is a promising strategy to combat the global obesity epi-
demic and its associated diseases, but requires understanding how
exactly UCP1 structure enables its unique, regulated uncoupling

property.
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THERMOGENIC FUNCTION OF BAT
While white adipose tissue stores energy in form of triglycerides,
BAT is an energy-dissipating organ. Brown adipocytes contain a
high number of mitochondria and these contain vast amounts of
UCP1 totalling up to 5-8% of mitochondrial protein (Lin and
Klingenberg, 1980). Usually the mitochondrial inner membrane
is the place where final conversion of nutrient energy into ATP
occurs. Combustion of lipids, carbohydrates and proteins results
in the production of reduction equivalents, which feed electrons
into the respiratory chain. Electrons are passed along a redox
gradient until they finally reduce oxygen to water. The energy
liberated by the redox reactions drives the export of protons from
the matrix into the intermembrane space, creating a proton motive
force across the membrane. The ATP synthase utilizes the energy
conserved in the proton gradient and phosphorylates ADP to ATP.
In BAT this energy fixation can be interrupted and metaboliza-
tion of substrates leads to a sustained direct conversion of nutri-
ent energy to heat. Upon adrenergic stimulation lipases mobilize
fat from lipid droplets and free fatty acids are rapidly metabo-
lized. Due to the presence of UCP1 in the inner mitochondrial
membrane this does not result in ATP production, as UCP1 short-
circuits the cycling of protons, which usually couples respiratory
chain activity to ATP production (Figure 1). In non-stimulated
conditions UCP1 is probably inhibited by purine nucleotides, but
when activated by free fatty acids, catalyzes a proton flux into the
mitochondrial matrix. Thus, the liberation of fatty acids upon cold
stimulation fuels heat production dually, by serving as metabolic
substrate and by directly activating UCP1.

MOLECULAR ASPECTS OF UCP1 FUNCTION

Despite intense research on UCP1 function several questions con-
cerning its precise mechanism, which might affect its potential as
therapeutic target, are unresolved. For example it is still disputed if
UCP1 contributes to basal leak of BAT mitochondria, leaving the
question if UCP1 would just have to be present or also activated to
dissipate excess energy (Parker et al., 2009; Shabalina et al., 2010).

Regulators of UCP1 had been known even before the protein
itself was purified and sequenced. Until today the interaction with
the inhibitory nucleotides and especially the mechanism of activa-
tion by fatty acids is not finally understood. The nucleotide binding
of UCPI has been characterized by measuring GDP binding to
wildtype and mutated versions of the protein in heterologous
systems. This strategy identified an interacting region in the C-
terminal part of the protein as well as individual amino acid
residues distributed in the primary sequence providing charges for
the interaction with purine nucleotides (Modriansky et al., 1997;
Winkler et al., 1997; Echtay et al., 1998). According to the three-
dimensional model these residues position in close proximity to
each other.

There are different models concerning the activation of UCP1
by fatty acids, being elaborations of two main hypotheses, one
claiming that fatty acids are cofactors, needed to form the trans-
port channel for the protons or to overcome nucleotide inhibition
(Winkler and Klingenberg, 1994; Klingenberg and Huang, 1999;
Shabalina et al., 2004), the other one stating that fatty acids are the
substrate of transport. According to this model fatty acid anions
would be transported to the intermembrane space by UCP1 and

protonated fatty acids would flip—flop back into the matrix to
complete proton translocation (Skulachev, 1991; Jezek et al., 1994;
Garlid et al., 1998).

So far only one member of the mitochondrial anion trans-
porter family, the ANT, has been crystallized. Three-dimensional
models of UCP1 are calculated based on its sequence and the
ANT structure, but of course might not reflect the actual situation
in the membrane. ANT was crystallized as a monomer whereas
almost since the beginning of UCP1 research it was assumed that
it functions as a homodimer. This was based on GDP binding
stoichiometry, sedimentation analyses, and cross-linking studies
(Lin et al., 1980; Lin and Klingenberg, 1982). In a recent review
all these findings were carefully reanalyzed, explaining why these
results might have been obtained even though UCP1 in BAT mito-
chondria works as monomer, for example by artificial aggregation
in detergents or overestimation of protein content in the presence
of detergent (Kunji and Crichton, 2010). Knowing the structure of
the wildtype protein or having the ability to compare it to mutant
versions of the protein would greatly facilitate to clarify how UCP1
interacts with its known inhibitors and activators or to predict
which novel substances might also be able to interact.

Knowledge about protein structure and interacting molecules
might also help to learn more about the physiological function of
UCP1. It has been shown that UCP1 can be activated by superoxide
and reactive alkenals, supporting an involvement in the protection
against reactive oxygen species (ROS) damage, according to the
mild uncoupling theory (Skulachev, 1996). Functional analysis of
isolated BAT mitochondria from wildtype and UCP1 knockout
animals supports this theory, as under basal conditions mito-
chondria from wildtype animals produce less ROS than knockout
animals, but reach the same level of ROS production when UCP1
is inhibited by addition of GDP (Oelkrug et al., 2010).

UCP1 ORTHOLOGS AND PARALOGS

Among the UCP1 orthologs rodent UCP1 is the best character-
ized uncoupling protein but studies of other UCP orthologs and
paralogs will be instrumental to elucidate structure—function-
relationships. Comparison of the characteristics of uncoupling
proteins from different species may reveal potentially crucial con-
served residues or domains of which the functional relevance can
be tested in targeted mutagenesis studies.

The paralogs UCP2 and UCP3 were discovered due to sequence
similarity with UCP1, with 59% for UCP2 and 57% for UCP3
(Bossetal., 1997; Fleury et al., 1997; Gimeno et al., 1997). They dif-
fer in their tissue specific expression pattern, as UCP3 is expressed
in skeletal muscle, heart and BAT, and UCP2 in multiple tissues,
with an important role in immune cells and in beta cells (Pecqueur
et al., 2001). For both paralogs no definite physiological function
could be assigned as the respective knockout models do not display
a clear phenotype (Brand and Esteves, 2005). UCP3 expression is
elevated in physiological situations where free fatty acid levels in
plasma are elevated. This led to the assumption that UCP3 plays
a role in fatty acid metabolism. The fact that the UCP3 knock-
out mouse is not prone to 3,4-methylenedioxymethamphetamine
(MDMA)-induced hyperthermia hinted toward an involvement
in thermoregulation. There are several studies showing that UCP2
plays a role in beta cell function and affects glucose stimulated
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insulin secretion. Both UCP2 and UCP3, like UCP1, are supposed
to protect the cell from excessive production of ROS according to
the mild uncoupling theory (Skulachev, 1996). The regulation of
the activity of UCP2 and UCP3 seems to differ from UCP1, as
they are activated by superoxide and reactive alkenals but not by
fatty acids alone. UCP1 orthologs for which uncoupling function
has been analyzed, including carp UCP1 (Jastroch et al., 2007),
elephant shrew UCP1 (Mzilikazi et al., 2007) and marsupial UCP1
(Polymeropoulos et al., 2011), can be used for comparisons of
structure and function. It will be stressed in this review that valid
comparisons require the use of suitable expression systems, as oth-
erwise the proteins are characterized on a different mitochondrial
background which might contribute to differences in function not
related to protein structure. There are also several studies on BAT
in larger mammals, like sheep and bovine, which are only exposed
to thermal stress after birth and during early juvenile develop-
ment but not in their adult life history. These studies mainly focus
on the aspect of emergence and persistence of the tissue during
the postnatal phase and juvenile development (Carstens, 1994;
Symonds et al., 2011; Taga et al., 2011), rather than directly testing
the function of the uncoupling protein.

HUMAN BAT AND MOLECULAR ASPECTS OF HUMAN UCP1

From a biomedical perspective it is certainly of capital impor-
tance to study the human UCP1 protein and its function. This
may not be obvious on the first glance but, e.g., mouse and
human UCP1 only share less than 80% identity on the amino
acid level. The initial three reports of significant amounts of active
human BAT in 2009 confirmed the presence of mRNA and pro-
tein of human UCP1 in human BAT by immunohistochemistry
and quantitative PCR, respectively (Cypess et al.,2009; van Marken
Lichtenbelt et al., 2009; Virtanen et al., 2009). These findings have
since been reproduced multiple times (Saito et al., 2009; Zingaretti
et al., 2009; Svensson et al., 2011). Earlier, human patients with

pheochromocytoma have been studied, a neuroendocrine disease
leading to excessive release of catecholamines and the appearance
of BAT-like tissue depots in the body. Samples of this periadrenal,
perirenal, and omental tissue express ~30 g UCP1/mg mito-
chondrial protein, which is a concentration comparable to the
expression in the interscapular BAT of mice acclimated to room
temperature (Table 1; Lean et al., 1986a). Healthy control subjects,
however, express only ~3 pg UCP1/mg mitochondrial protein in
perirenal and axillary fat depots (Lean et al., 1986b). It is unclear
whether this low concentration is due to a dilution of brown with
white adipocyte mitochondria or indeed a far lower level of UCP1
expression in brown adipocytes. Furthermore, other human fat
depots not studied so far may display very different UCP1 expres-
sion. Even less is known about human UCP1 on the level of
functional or mechanistic studies and it remains elusive whether
human UCP1 is similarly effective and tightly regulated as its well-
studied rodent counterparts. We would like to emphasize the need
to remedy this deficitand in the following we systematically present
test systems currently available for this challenging task.

TEST SYSTEMS FOR UCP1 FUNCTION

Several test systems have been applied in research on UCP1 func-
tion, such as proteoliposomes, yeast, and mammalian cells, includ-
ing brown adipocytes. Initial studies depended on animal tissue as
the sole source for UCP1. They were conducted with mitochondria
isolated from animals after exposure to different treatments (cold
exposure, high fat diet feeding, drug application) to alter UCP1
expression, or with UCP1 first purified from mitochondria and
then reconstituted in proteoliposomes. Cloning and sequencing
of UCP1 ¢DNA and protein (Aquila et al., 1985; Bouillaud et al.,
1986) enabled the use of heterologous expression systems either as
a source for the purified protein or as a source for mitochondria
containing UCP1 at variable concentrations. With these systems
it was possible to study the consequences of mutations inserted

Table 1 | Comparison of maximum UCP1-dependent H™ transport rates in different test systems.

System UCP1 Mitoprotein  mV ~ nmol H** min-"pg  Ht*s™'  Reference
(ng/mg) UCP1~"* mv-!
BAT mitochondria Hamster (cold) 54 180 0.05 5.0 Rial et al. (1983)
Mouse (RT) 29.8 141 0.02 1.7 Monemdijou et al. (1999)
Rat (RT) 13 143 0.56 44.0 Esteves et al. (2006)
Mouse (RT) 29.8 147 0.34 275 Shabalina et al. (2006)
Mouse (RT) 29.8 147 0.31 24.8 Parker et al. (2009)
Liposomes Rat expressed in yeast 1.2 Murdza-Inglis et al. (1991)
Hamster expressed in yeast 55.0 Echtay et al. (1998)
Rat expressed in E. coli 11.0 Jaburek and Garlid (2003)
Lipid bilayer Hamster 180 0.14 14.0 Urbankova et al. (2003)
Yeast mitochondria Mouse 0.9 138 9.28 704.0 Stuart et al. (2001)
HEK UCP1 mitochondria Mouse 4.8 155 0.88 74.8 Unpublished data
Brown fat cell mitochondria Mouse 2.8 141 117 90.8 Unpublished data

Values were extracted from tables and figures of publications and UCP1-dependent transport rates were calculated by subtracting respiration of mitochondria from

knockout animals or in the presence of GDP. Rates expressed as H™ s~ are calculated from oxygen consumption rates (nmol O* min~') and mitochondrial concen-

trations of UCP1 protein (wg/mg). Considering that maximum UCP1-dependent transport rates are determined at different membrane potentials all systems, except

yeast, for which an uncoupling artifact has been published, are in a comparable range.
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into the protein and to compare the properties of UCP orthologs
and paralogs. Since UCP1 knockout animals have been generated
(Enerback et al., 1997), comparison of the bioenergetic properties
of normal and UCP1-ablated brown fat mitochondria are another
valuable system to study UCP1 function.

In the following we will briefly introduce the principle of
different test systems and their most frequent applications and
discuss their strengths and weaknesses (Table 2). Major insight
gained with these test systems concerning the structure—function-
relationship of UCP1 will be highlighted. Moreover, we provide a
comprehensive summary on which aspects of human UCP1 have
been studied so far using these test systems.

PROTEOLIPOSOMES

Liposomes are a standard tool to study the transport function
of membrane proteins. The protein(s) of interest are reconsti-
tuted into the bilayer phospholipid membrane of vesicles with a
diameter of 5-15nm enclosing an aqueous compartment. This
membrane mimics the natural phospholipid environment, pro-
vides a lipophilic compartment for protein solubilization and
facilitates proper folding. Purified native proteins or recombi-
nantly expressed proteins can be inserted into this membrane by
mixing the components in the presence of detergent. Transport
characteristics of the inserted membrane protein can be studied
by loading the vesicles with specific buffers. Differential buffer
composition in- and outside of the vesicle generates the driving
force for subsequent experiments where ion flux is measured. The
initial study reconstituting UCP1 in this system was published in
1983 (Bouillaud et al., 1983) followed by the demonstration of
H transport by UCPI in proteoliposomes two years later (Klin-
genberg and Winkler, 1985). The first successful reconstitution of
recombinant UCP1 from E. coli inclusion bodies was performed
by Jaburek and Garlid (2003), who could measure H* transport
rates comparable to the reconstituted native UCP1 isolated from
hamster BAT.

Ion transport is usually detected by dyes, which are quenched
by a specific ion or which aggregate when proteoliposomes are
polarized. Therefore results are presented as relative transport
rates above basal or absolute ion transport rates per time and
mg reconstituted protein (Figure 2).

The main advantage of the proteoliposome system is that UCP
mutants as well as paralogs and orthologs can be directly com-
pared in an identical environment in the absence of secondary
influences on UCP function by other mitochondrial or cellular
processes. Variation due to different intactness of isolated mito-
chondria can be excluded and furthermore effects of membrane
composition can easily be tested.

A major disadvantage is the inconsistency of results for pro-
teoliposome studies coming from different labs. Variables like
protein source (native, recombinant from yeast mitochondria or E.
coli inclusion bodies), isolation and purification protocol (deter-
gents, purification columns, dialysis steps), and reconstitution
conditions (membrane composition, removal of detergent) con-
tribute to highly divergent results concerning various aspects of
uncoupling protein function. For example, estimations of cor-
rect UCP orientation in vesicles vary between 50 and 85% and
transport rates in the range of 1.2-55 H** s~! have been reported

(Murdza-Inglis et al., 1991; Echtay et al., 1998) (Table 1). Direct
comparison with native protein in the same setting seems to
be the most feasible approach to evaluate if appropriate experi-
mental conditions have been chosen. Otherwise, incorrect folding
or protein aggregation will not be recognized and lead to over-
or underestimation of transport activities. A further disadvan-
tage is that transport is analyzed at low driving force. This is a
major drawback as the regulation of UCP1 is strongly dependent
on membrane potential and shows strong increases in fatty acid
induced uncoupling at high driving forces.

Several important findings were achieved by the use of UCP1
proteoliposomes. It was demonstrated that UCP1 is indeed capa-
ble of catalyzing a net proton flux and transport rates measured
argue for a carrier characteristic (Klingenberg and Winkler, 1985).
Furthermore, UCP1 molecules were cross-linked in the isolated
state, in mitochondria, and after reconstitution into liposomes
and in the liposome system it was shown that forced dimeriza-
tion does not impair activity, as two cross-linked molecules still
bind GDP and still display H' transport (Klingenberg and Appel,
1989). Studies with fatty acids and modified analogs or cross-
linking of analogs to UCP1 set out to clarify whether fatty acids
are essential cofactors or if fatty acid anions are the substrate of
transport (Garlid et al., 1996; Jezek et al., 1996; Breen et al., 2006).
This question still has not been finally resolved. Liposomes were
also suggested to be a suitable test system for large scale screening
of molecules to identify novel regulators of UCP1 function (Mozo
et al., 2006).

Human UCP1 has been expressed in E. coli inclusion bodies
and reconstituted for circular dichroism spectroscopy in solu-
tion and in liposomes (Ivanova et al., 2010). Remarkably there
are no published functional studies in liposomes using the human
UCP1, although there are several studies comparing human UCP2
and human UCP3 with rodent UCPI. It seems that the obsolete
assumption of BAT disappearance shortly after birth in humans
has constrained investigations with the human protein.

PLANAR LIPID BILAYERS

Proteoliposomes spontaneously form a monolayer at the surface
of the suspension (Schindler, 1979). Planar lipid bilayers can be
formed by the combination of two such monolayers and then have
a capacity and dielectrical thickness which is comparable to bio-
logical membranes (Montal and Mueller, 1972). The conductance
of proteins integrated in these membranes can be analyzed by
recording the conductivity of the membrane with a patch clamp
amplifier. The first analysis of uncoupling proteins in this system
reconstituted purified hamster UCP1 and was performed in 2003
(Urbankova et al., 2003).

The activity of uncoupling proteins in a lipid bilayer membrane
is described in current voltage plots which can be used to calculate
transported molecules per molecule of the analyzed protein.

Planar lipid bilayer membranes have similar advantages like
proteoliposomes, as they allow comparison of different UCPs
in a defined background, which can be varied, with respect to
membrane phospholipid composition, fatty acids or other protein
components. Furthermore, this system allows characterization of
the proteins over a broad range of voltages, as the driving force is
not applied by buffer loading, but by a voltage source.

Frontiers in Endocrinology | Cellular Endocrinology

November 2011 | Volume 2 | Article 63 | 18


http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Cellular_Endocrinology
http://www.frontiersin.org/Cellular_Endocrinology/archive

Hirschberg et al.

UCP1 test systems

As in proteoliposomes the correct folding, insertion, and ori-
entation of purified, native or recombinant proteins into the
membrane is critical in this test system. The possibility that cofac-
tors are missing or artifactual transport is detected can hardly be
excluded.

With the planar lipid bilayer test system the transport rate of
UCP1 isolated from hamster BAT was 14 H*s~! (Urbankova
et al., 2003; Table 1). It was shown that fatty acids are obligatory
cofactors for UCP1 function and that the activation by fatty acids is
membrane potential dependent (Rupprechtetal.,2010). Concern-
ing the debate on the transport mechanism by UCP1, experimental
results from this system argue for facilitated flip—flop/transport
of deprotonated fatty acids to the intermembrane space. Lipid
containing bilayer membranes already display a certain proton
conductance, which is dependent on the potential above the mem-
brane. The co-incorporation of uncoupling proteins amplifies
this conductance but does not change the membrane potential
dependent kinetics (Rupprecht et al., 2010).

Notably the function of human UCP1 has also been analyzed in
the planar lipid bilayer system by purification and reconstitution
from E. coli inclusion bodies. Transport activity of human UCP1
was qualitatively similar to UCP1 isolated from Syrian hamster
BAT (Beck et al., 2006). Furthermore it was shown that polyunsat-
urated fatty acids activate human UCP1 and UCP2 in planar lipid
bilayers (Beck et al., 2007).

YEAST

Yeast as a prototypic eukaryotic model organism is easily accessible
to genomic modifications. The yeast genome does not contain a
UCP1 ortholog, which is a clear advantage for functional studies.
Like E. coli it can serve for recombinant overexpression of mem-
brane proteins as the starting material for functional studies in
proteoliposomes and planar lipid bilayers. Garlid and colleagues,
making use of the yeast system to ectopically express UCP1,
demonstrated that the protein isolated from yeast and reconsti-
tuted into proteoliposomes exhibited characteristics similar to the
native UCP1 isolated from BAT (Murdza-Inglis et al., 1991). This
opened up new opportunities for mutation studies, giving first
insights into structure—function-relationships.

Besides serving for recombinant protein production intact cells
or isolated mitochondria from yeast expressing different UCPs can
be analyzed to identify consequences of UCP activity for growth,
cellular respiration or change of membrane potential as monitored
by fluorescent dyes.

Compared to the E. coli expression system yeast overcomes
the problem of purification and reconstitution of membrane pro-
teins from inclusion bodies because it is a eukaryotic cell, where
heterologously expressed uncoupling proteins are inserted into
mitochondria, their native environment. Yeast can still be grown
easily in large scale, allowing the production of sufficient amounts
of UCPs for analyses, with stable conditions. Various yeast strains
with deficiencies in possible cofactors are available and can be
used to test whether UCP1 function is affected in mitochondria of
such a strain. Studies on coenzyme Q deficient strains, for exam-
ple, demonstrated that coenzyme Q is not a necessary cofactor for
uncoupling proteins (Esteves et al., 2004), thus supporting previ-
ous findings in proteoliposomes (Jaburek and Garlid, 2003). Yeast

has been used for a proteomic study, where the mitochondrial
proteome of yeast heterologously expressing UCP1 was compared
to that of wildtype yeast (Douette et al., 2006). UCP1 expression
leads to a slight increase in mitochondrial mass and upregulation
of proteins that help to maintain ATP levels despite uncoupling
activity.

Although being a eukaryotic cell, yeast is a single cell organ-
ism which precludes analysis of physiological functions of UCP1.
Furthermore, Stuart et al. (2001) demonstrated that expression of
UCP1 above 1 pg/mg leads to an uncoupling artifact in isolated
mitochondria, probably due to improper folding or insertion of
the protein in the inner mitochondrial membrane. At a concentra-
tion of ~30 pg/mg UCP1 in brown fat mitochondria of mice kept
at room temperature exhibits a transport activity of ~25 H+*s~1,
whereas in yeast even without artifactual uncoupling the activity
was ~700 H* s~! (Table 1).

Most of the structure—function studies on UCP1 have been
conducted in yeast. Mutated versions of UCP1 were expressed and
either characterized after reconstitution in liposomes or in iso-
lated yeast mitochondria. Of special interest is one study, where
protein domains were swapped between UCP1 and UCP3. Hagen
and Lowell (2000) demonstrated that the second part of the tripar-
tite structure of UCP1 is necessary and sufficient for activation by
fatty acids, which was analyzed further by Jimenez-Jimenez and
colleagues. They demonstrated that it is the central matrix loop
of UCP1 which is required for fatty acid sensitivity. Exchange of
this part of the sequence with the corresponding UCP2 sequence
resulted in loss of fatty acid sensitivity (Jimenez-Jimenez et al.,
2006).

So far yeast has not been employed as a model organism to
study human UCP1 structure and function.

MAMMALIAN CELL LINES

Shortly after the availability of the UCP1 sequence in 1985 the
establishment of mammalian test systems was attempted, suitable
for the expression of different UCP variants to analyze structure—
function-relationships. Chinese hamster ovary (CHO) cells were
stably transfected with rat UCP1. The assessment of rat UCP1
function in isolated mitochondria from these cells revealed that
they were slightly uncoupled, and respiratory control was regained
by addition of 1 mM GDP. This treatment also partially restored
membrane potential, but as it did not reach the level of mito-
chondria from control cells, an uncoupling artifact as published
for yeast could not be excluded (Casteilla et al., 1990; Stuart et al.,
2001). A further limitation was that the expression level of rat
UCP1 in these mitochondria was around 1pg/mg protein and
thus much lower than in BAT mitochondria (Table 1). Transient
overexpression of UCP1 in HepG2 liver cells led to a decrease in
ATP production, but the authors did not try to quantify catalytic
activity (Gonzalez-Muniesa et al., 2005). Ectopic overexpression
of mouse UCP1 in a fibroblast cell line was applied to characterize
in detail the effect on cellular metabolism. The authors found that
3T3L1 cells expressing UCP1 accumulate less lipid due to reduced
lipid synthesis, while oxygen consumption is only marginally stim-
ulated. Beta-oxidation and several differentiation markers are not
affected, indicating that UCP1 expression in white adipose tis-
sue might provide an approach to reduce lipid accumulation (Si

www.frontiersin.org

November 2011 | Volume 2 | Article 63 | 19


http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Endocrinology/archive

Hirschberg et al.

UCP1 test systems

UNCOUPLED
RESPIRATION

COUPLED
RESPIRATION

FIGURE 1 | Dissipation of energy from nutrient combustion at the
mitochondrial inner membrane. Reduction equivalents feed electrons
into the respiratory chain, which are passed along a redox gradient and
reduce oxygen to water. Energy released by these reactions is stored as
a proton gradient across the membrane, as protons are pumped into the
intermembrane space. ATP synthase utilizes this energy and the flux of
protons along the enzyme leads to the phosphorylation of ADP to ATP.
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Activity of the respiratory chain and ATP synthase are coupled by the
proton gradient (coupled respiration). Coupling can be reduced by a basal
leak of protons across the membrane, present in every cell, or by an
inducible proton leak, catalyzed by specific proteins, in case of BAT
mitochondria mainly by UCP1 (uncoupled respiration). Proton
translocation by leak pathways prevents fixation of energy and releases it
as heat.

et al., 2007). In another study, human UCPI1 was expressed in
INSIE cells, reaching expression levels of 1-1.5 pg/mg mitochon-
drial protein. UCP1 activity could be induced by addition of fatty
acids, leading to an increased respiration and lower membrane
potential (Galetti et al., 2009), whereas heterologous expression
of human UCP2 in the same system did not affect mitochondrial
bioenergetics.

Determination of UCPI activity in mammalian mitochondria
is often performed by the analysis of cellular or mitochondrial
respiration but this gives just a rough impression of the cou-
pling state. Only when membrane potential is determined at the
same time it is possible to describe proton leak or even proton
leak kinetics, as the need for respiratory activity depends largely
on the membrane potential which has to be maintained. If two
mitochondrial preparations both consume a certain amount of
oxygen under non-phosphorylating conditions, those defending a
higher membrane potential are more coupled, a fact you would
miss by only looking at respiration. Respiration is mostly mea-
sured with Clark-type electrodes while membrane potential can
be determined with fluorescent dyes or electrodes which detect dis-
tribution of lipophilic cations, e.g., TPMP™ (Brand, 1995). Several
steady states of membrane potential and oxygen consumption can
be titrated and plotted against each other, resulting in a curve
describing proton leak kinetics (Figure 3). Two curves can be

compared by regarding oxygen consumption (respiratory activity)
needed to maintain a certain membrane potential.

The obvious advantage of mammalian cell systems is that they
represent the natural background on which the probability of
proper folding and insertion into the membrane is higher than in
other systems, even if UCP1 is expressed in a non-brown fat cell.
In our laboratory we have generated a novel mammalian UCP1
expression model by stable transfection of HEK293 cells with an
expression vector carrying the mouse UCP1 ¢cDNA under control
of the CMV promoter. As exemplified in proton leak measure-
ments UCP1 in isolated mitochondria from these cells is activated
by the addition of palmitate (Figure 3A). Maximum transport
activity of mUCP1 was ~75H7" s~! (Table 1). In the presence
of GDP this activation is diminished and at 1 mM GDP the pro-
ton leak of mitochondria expressing UCP1 at a level of 4.8 jLg/mg
mitochondrial protein is identical to the proton leak of mitochon-
dria from normal HEK293 cells. This demonstrates that stable
expression of UCP1 in these cells at the given expression level does
not cause any uncoupling artifact.

Nevertheless, one has to keep in mind that heterologous over-
expression may induce stress in a cell which may indirectly impact
mitochondrial function. Furthermore, immortalized cell culture
models usually develop altered cell physiology during the immor-
talization process which may for example switch their metabolism
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FIGURE 2 | Exemplary trace for analysis of UCP1 function in
proteoliposomes. Absorbance of safranin O is plotted against time.
Addition of nigericin at minute 1 induces polarization of the liposomes,
measured as a decrease in safranin O absorbance, if a proton translocating
pathway is present in the vesicles. Addition of CCCP at minute 3 leads to
complete polarization and indicates vesicle volume. The initial slope after
addition of nigericin is a measure for the proton translocation pathway, if
there is one present and active. UCP1 is not active under basal conditions
(UCP1) but mediates proton transport in the presence of lauric acid (LA).
This can be prevented by addition of GDP (GDP LA). Addition of lauric acid
to vesicles not containing UCP1 does not induce proton translocation (LA).

toward glycolysis, as indicated by elevated lactate production, e.g.,
in the CHO expression system (Casteilla et al., 1990).

So far no one has tested the function of human UCPI in
a heterologous mammalian expression system. Given the many
advantages of this easy to manipulate system, future studies will
certainly remedy this surprising deficit.

BROWN ADIPOCYTE CELL LINES
Stable brown preadipocyte cell lines have been generated by sev-
eral different strategies. A first one is isolation, serial passage, and
selection of stromal vascular fraction (SVF) cells either from BAT
of wildtype mice (Forest et al., 1987) or from BAT hibernoma
of transgenic mice with adipose-specific expression of SV40 frag-
ments (Ross etal., 1992). A second strategy has been the cultivation
and SV40 immortalization of the SVF from BAT depots of indi-
vidual mouse embryos or newly born mice (Benito et al., 1993;
Klein et al., 1999). These cell lines are maintained as precur-
sor cells, but in response to hormonal stimulation differentiate
into brown adipocytes. Therefore they do not only allow analysis
of UCP1 function but can also be used to study differentiation
of brown adipocytes and regulation of UCP1 expression. The
UCP1 expression level in these cells is often low and requires
induction by activators of UCP1 transcription for functional
analyses.

Studying brown adipocyte cell lines allows analysis in a
native background with lower variation than in tissue. In
cell culture, molecular biology tools allow overexpression and
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FIGURE 3 | Proton leak kinetics of isolated mitochondria. Mitochondria
from HEK UCP1 cells (A) and mitochondria from a differentiated brown
preadipocyte cell line (B). Addition of palmitate (triangle) in both systems
leads to an increase in proton leak compared to basal conditions (circle),
indicated by the upwards shift of the curve. Coincubation with GDP
(square) prevents the activation by palmitate, demonstrating that it is
mediated by UCP1. Proton conductance of HEK UCP1 mitochondria in the
presence of GDP is lower than under basal conditions, whereas
mitochondria from brown adipocytes are coupled back to basal level.

knockdown of specific factors to test their relevance as cofactors
of UCPI function. A brown adipocyte model can be expected to
endogenously feature all interaction partners necessary for opti-
mal UCP1 function, all signaling cascades leading to its activation
and comparable metabolic characteristics, substrate specificity,
and preference. The possibility to immortalize cells from BAT SVF
of individual mice implicates that also transgenic mice can be ana-
lyzed, even from models with perinatal mortality. This allows the
generation of cell lines carrying knockout/knockin alleles, which
had been immensely challenging in the past.

A disadvantage of all cell culture lines is that they change with
increasing passage number, somehow limiting the advantage of
stability. Low levels of UCP1 expression and the necessity to treat
cells with inducing substances further increases variability.
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A recent important finding in cultured brown adipocytes does
not concern uncoupling protein function but developmental ori-
gin of the cells. It was shown that brown adipocytes and muscle
cells originate from the same progenitor, being determined to
differentiate into muscle or adipocyte by the absence or presence
of PRDM16 (Seale et al., 2007). This finding implies that brown
and white fat cells are less related than brown fat and muscle,
and underlines the energy-dissipating function of BAT in contrast
to the energy conserving function of WAT. Studies in different
cell lines have demonstrated the importance of T3, insulin and
B-adrenergic signals for brown fat differentiation, but also for
retinoids and PPARy (Klaus et al., 1994, 1995; Alvarez et al., 2000,
Nedergaard et al., 2005). Even commonly used white adipocyte
cell models, mouse embryonic fibroblasts (MEF), can be induced
to express UCP1 by treatment with retinoic acid (Mercader et al.,
2010).

In our laboratory we have recently started to evaluate UCP1
function in mitochondria isolated from an immortalized brown
preadipocyte cell line (kindly provided by B. Spiegelman; Uldry
etal.,2006). After differentiation and treatment with isoproterenol
and retinal these cells express approximately 2.8 ug UCP1/mg
mitochondrial protein. The proton conductance of isolated mito-
chondria can be increased by the addition of palmitate and this
can be prevented by the addition of 1 mM GDP indicating uncou-
pling protein function (Figure 3B). Maximum fatty acid induced
UCP1 activity was ~90 H**s~!, which is in the same range as
maximum UCP1 activity in HEK cells stably expressing UCP1
(Table 1).

In 1997, a human brown preadipocyte cell line was generated
from infant BAT tissue (Zilberfarb et al., 1997). UCP1 was detected
by qPCR and Northern Blot but not further characterized on the
functional level, due to low expression level. Very recently a study
on precursor cells from human adipose tissue has been published
(Lee et al., 2011). With the requirement of long culture times
fibroblastic cells can be obtained from the SVF of supraclavicular
fat depots, which then can be differentiated and do contain UCP1.
No functional studies on human UCP1 have been conducted in
these cell lines.

BROWN ADIPOSE TISSUE MITOCHONDRIA FROM WILDTYPE AND
MUTANT MICE

One of the first and still widely used approaches to character-
ize UCP1 is to measure its function and impact on proton leak
in isolated BAT mitochondria. Isolation of mitochondria makes
them accessible to inhibitory or activating substances which might
not pass the cell membrane. Furthermore it is possible to con-
trol substrate supply and to monitor membrane potential and
respiration without having to correct for cell membrane poten-
tial or non-mitochondrial oxygen consumption in the cell. Iso-
lated mitochondria were used for the identification of UCP1
and description of its fundamental characteristics even before
it was purified or its sequence was available. Nucleotide bind-
ing of UCP1 was characterized, demonstrating pH sensitivity
and a higher affinity to GDP and GTP compared to ADP and
ATP (Rial et al., 1983; Huang and Klingenberg, 1995). Studies
with isolated mitochondria also elucidated structural aspects of

UCP1. Tryptic digestion of UCP1 in isolated mitochondria, sub-
mitochondrial particles, and proteoliposomes revealed that the
C-terminus of the protein is located in the intermembrane space
(Eckerskorn and Klingenberg, 1987). Most commonly, mice, rats,
hamsters, and guinea pigs have been employed in studies with
isolated mitochondria. Comparison of BAT mitochondria from
animals exposed to different conditions, e.g., cold adapted and
kept at thermoneutrality, allowed to assess the effect of differ-
ent UCP1 amounts. Analysis of mitochondria from wildtype and
knockout mice allows clear assignment of mitochondrial char-
acteristics to the presence and function of UCP1. The creation
of transgenic mice even permits analysis of UCP1 function in
mitochondria of tissues other than BAT. Ectopically expressed
UCP1 in skeletal muscle mitochondria can be fully inhibited with
GDP and activated with fatty acids. Furthermore UCP1 seems to
be active in the resting state, as superoxide production is lower
but reaches control levels when GDP is added (Keipert et al.,
2010).

First studies assaying brown fat mitochondria mainly mon-
itored activity of UCP1 by swelling experiments (Nicholls and
Lindberg, 1973). Later measurements of respiration and mem-
brane potential were applied to characterize proton leak kinetics, as
described above. New technologies now facilitate studies of mito-
chondrial bioenergetics offering respirometry devices with either
high-resolution (OROBOROS Instruments) or multiwell analy-
sis of oxygen consumption and extracellular acidification rates
(SEAHORSE BioSciences).

Given that BAT mitochondria are the native environment of
UCP1 the protein is correctly folded and assembled in this test sys-
tem. All necessary cofactors are present and the mitochondrium is
equipped to sustain high respiratory activity, enabling maximum
UCPI activity.

In order to make use of these advantages the conditions for
mitochondrial isolation must be chosen adequately. Isolation can
damage mitochondria, most likely during homogenization of the
tissue or by inadequate buffer conditions. It was found, that only
in sufficiently low osmotic medium mitochondrial matrix vol-
ume expands and allows proper usage of NAD™ linked substrates
(Nicholls and Lindberg, 1972). Effects mediated by other car-
riers present in the mitochondrial inner membrane have to be
excluded by proper controls. Mitochondria come directly from
animals which introduces variation due to different life history of
different animals. Body weight, exact housing temperature, and
age are factors which have impact on mitochondrial characteris-
tics and thus have to be carefully controlled (Porter and Brand,
1993; Harper et al., 1998).

A recent discussion which was based on studies in isolated
mitochondria from wildtype and UCP1 knockout mice con-
cerned a possible contribution of UCP1 to basal proton con-
ductance in BAT mitochondria. Parker et al. (2009) found that
basal, GDP-insensitive proton leak is higher in BAT mitochon-
dria from wildtype mice compared to UCP1 knockout mice.
Shabalina et al. (2010) argued that this is not due to a contri-
bution of UCP1 to basal proton leak, but due to the assay buffer
conditions, which selectively harm mitochondria from knockout
animals.

Frontiers in Endocrinology | Cellular Endocrinology

November 2011 | Volume 2 | Article 63 | 22


http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Cellular_Endocrinology
http://www.frontiersin.org/Cellular_Endocrinology/archive

Hirschberg et al.

UCP1 test systems

Table 2 | Advantages and disadvantages of different UCP1 test systems.

Advantages

Disadvantages

closer to native background

Proteoliposomes

Planar lipid
bilayers
Yeast

Mammalian cell
lines

Brown adipocyte
lines

Completely controlled environment

Completely controlled environment

High membrane potentials possible

Eukaryotic environment: protein modifications,
folding, cofactors, etc.

Genetically manipulable

No endogenous UCP1

Natural environment for thermogenic UCP1: protein
modifications, folding, cofactors, etc.

High UCP1 amounts without uncoupling artifacts
possible

Accessible to molecular biology tools (overexpression,

knockdown, etc.)
As above, plus: optimal metabolic environment,
natural regulation processes, signaling pathways, and

Susceptible to variation by experimental artifacts
Absence of unknown cofactors, regulators, etc.
Susceptible to variation by experimental artifacts
Absence of unknown cofactors, regulators, etc.
High UCP1 levels lead to artificial uncoupling

Non-mammalian

Altered metabolic phenotypes in immortalized cells,
e.g., preferred glycolytic ATP production

As above, plus: usually low UCP1 abundance
Unstable, heterogenous cell systems

higher variability, more difficult to manipulate

lipid storage
Tissue

mitochondria for high respiratory activity

Availability of manipulated mouse strains

Natural source of UCP1 in its in vivo setting optimized

Sophisticated isolation procedures necessary prone
to damage mitochondria
Time and cost intensive

From artificial to native test systems generally, there is an increase in probability of proper folding and native function with the trade off of increasing variability and
reduced possibilities to manipulate the system. Depending on the experimental question there might be a bigger need for simplicity and reproducibility or for a

physiological background, and therefore in each case another test system the best choice.

So far there are no studies analyzing human UCP1 in BAT mito-
chondria, neither in human mitochondria nor after transgenic
expression in animal mitochondria.

CONCLUSION AND PERSPECTIVES

The discovery of significant amounts of active BAT in humans
has renewed interest in this organ and particularly in UCP1 as a
pharmacological target to treat metabolic disease. Unfortunately,
very little is known about the physiology of human BAT and
most of our supposed knowledge is actually transferred from the
study of rodents and other animals. This caveat applies to all
aspects of BAT function including neuronal and hormonal reg-
ulation, recruitment of tissue hypertrophy and hyperplasia, heat
production capacity and the cellular architecture like mitochon-
drial density and lipid droplet composition. It is equally true for
the central question we focus on in this review, the structure and
function of UCP1.

We have to keep in mind that the human UCP1 protein only
shares less than 80% identity with rodent UCP1. Together with
the protein sequences of all eutherian species it forms a group
that is markedly different from UCP1 sequences of marsupials
or other lower vertebrates (Hughes et al., 2009). It is assumed
that this large phylogenetic gap between the eutherian and lower
groups represents the acquirement of a regulated, thermogenic
function of UCP1, arguing for this very role of human UCP1. On
the other hand, as judged by allometric comparison of animals
with different masses, a species as large as man should feature only
negligible amounts of BAT, relieving selection pressure on efficient

uncoupling by UCP1 (Heldmaier, 1971). Such a phenomenon can
be observed, for instance, in all species of pigs. Being of the same
size as man they have entirely lost an intact UCP1 gene (Berg
etal.,2006). Sheep and bovine, however, have retained their UCP1
genes and exhibit functional BAT at least during the postnatal
phase.

Activity and regulation of UCP1 proteins of different species
have been measured (Table 1). Unfortunately, due to the large
variation between methods and laboratories it is impossible to
dissect the contribution of a species specific difference. It is thus
essential to compare UCP1 from different species and includ-
ing human UCPI1 in one test system which does not display
artifactual uncoupling due to UCP1 expression and in an exper-
imental setup with low inter-experimental variability (Table 2).
This will enable us to assess how easily our knowledge on
UCP1 function can be transferred to human BAT and pro-
vide the groundwork for the search of compounds altering this
function.
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Evidence that adult humans have functional brown adipose tissue has stirred interest in the
possibility that the impressive effectiveness of induction of brown adipocytes to reduce
obesity in mice may be translated to the human condition. A major focus recently on the
identification of signaling and transcription factor that stimulate the induction of brown
adipocytes has come from transgenic and gene KO models. However, these models have
created a very complex picture of the regulatory mechanisms for brown fat induction. In this
review insights into the critical regulatory pathways involved in brown adipocyte induction in
the retroperitoneal fat depot of mice are described from quantitative trait locus (QTL) analy-
sis of allelic variability determining Ucp1 levels and brown adipocyte induction in A/J vs.
B6 mice. The key observation is that recombinant genotypes, found in recombinant inbred
stains and backcross and intercross progeny, show transgressive variation for Ucp1 mRNA
levels. These genetic crosses also show that the levels of Ucp1 mRNA are determined by
interactions that control the levels of PPARa, PGC-1a, and type 2 deiodinase (DI02) and
that each factor is controlled by a subset of QTLs that also control Ucp1 expression. These
results indicate that induction of Ucp1 in the retroperitoneal fat depot involves synergy
between signaling and transcription factors that vary depending upon the environmental
conditions. Inherent in this model is the idea that there is a high level of redundancy that
can involve any factor with the potential to influence expression of the core factors, PPARq,
PGC-1a, and DIO2.

Keywords: Ucp1 mRNA, retroperitoneal fat depot, quantitative trait loci, transgressive variation, recombinant

inbred strains of mice, backcross analysis, synergistic interaction of regulatory genes

INTRODUCTION

Approximately 20 transgenic/gene KO models have been described
in the literature that increase the number of brown adipocytes in
white fat depots and cause the transgenic mice to have increased
resistance to diet-induced obesity (DIO;Kozak and Koza, 2010).
Although the physiological basis for the resistance to obesity in
many of these models is poorly described, the sheer numbers of
transgenic models involved provide a compelling case for seriously
considering a strategy to combat obesity in humans based upon an
increase in brown adipocyte numbers. With the mouse genetic data
and the rat pharmaceutical data as backdrops, new evidence that
adult humans indeed have brown fat as discrete depots, detectable
with PET imaging, has led to renewed efforts to identify mech-
anisms by which brown adipose tissue (BAT) can be induced in
human tissues (Cypess et al., 2009; Van Marken Lichtenbelt et al.,
2009; Virtanen et al., 2009). For this purpose it behooves us to
review the information on BAT induction in the mouse to identify
strategies that may be important for its induction in humans. This
review will focus on insights that have come from the analysis of
quantitative trait loci (QTL) that control variation in Ucp1 expres-
sion in the retroperitoneal white fat depot of A/] and C57BL/6]
mice, in particular on the interaction of natural genetic variation
with the environment in the control of Ucpl and its utilization
in reducing obesity. These genetic studies, together with what we
know about the UCP1 function in the Ucpl™~ mice, indicate

that simply reducing ambient temperature can significantly reduce
adiposity in obese individuals.

GENETIC VARIATION IN BROWN ADIPOSE TISSUE
INDUCTION: AN AVENUE TO REDUCED OBESITY

It has long been known that the expression of BAT was highly
variable among different species, reflecting their particular envi-
ronmental, developmental, and physiological traits and require-
ments (Smith and Horwitz, 1969). What was not realized, until
the past 10-15 years, was the rich genetic variation in BAT expres-
sion found within a species (Guerra et al., 1998), a variation
that we have only begun to describe in mice and which will cer-
tainly be present in other species, including the human. Having
described variation in BAT a longterm goal will be to deter-
mine the mechanism leading some animals to maximize this
genetic trait of increased BAT that can be used to reduce fat
stores. Current data indicate that some genetic constitutions make
brown adipocyte induction in some individuals more responsive
to the environment. Therefore, we need to determine when dur-
ing development the capacity for modulation of BAT induction is
maximal.

INTERSCAPULAR BROWN ADIPOSE TISSUE
In the mouse BAT first appears as a discrete tissue in the inter-
scapular brown adipose tissue (iBAT) region at about 17 days of
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gestation (Houstek et al., 1988; Hirning et al., 1989; Giralt et al,,
1990). Other discrete BAT depots are found on the top of the kid-
ney in the axial region and in the thoracic cavity; however, when
these discrete depots emerge developmentally in the mouse have
not been reported to our knowledge (Cannon and Nedergaard,
2004). Following birth, iBAT continues to grow in size until about
weaning by a mechanism that involves continued cell prolifera-
tion (Staszkiewicz et al., 2009). It has been reported that 65% of
the nuclei of iBAT are labeled with BrdU in 10-day-old mice after
injection with BrdU on days 3,4, and 5. The size of iBAT at birth, its
rate of growth postnatally and eventual size are identical between
C57BL/6J and A/] mice (Xue et al., 2007), two strains which, as
we will discuss below, show huge differences in brown adipocyte
numbers in selective white fat depots and in their sensitivity
to DIO.

BROWN ADIPOCYTES IN WHITE FAT DEPOTS (wBAT)

The induction of brown adipocytes in white fat depots by exposing
rats to the cold or treating them with the B3-adrenergic recep-
tor agonist CL 316,243 has been described by several groups
(Champigny et al., 1991; Himms-Hagen et al., 1994; Collins et al.,
1997). However, the idea that inbred strains of mice vary in their
induction of Ucpl in the retroperitoneal fat depot and that this
variable inductive response may account for the difference in
DIO between A/] and C57BL/6] mice was first advanced by Sur-
wit and coworkers (Collins et al., 1997). This idea suggested the
exciting possibility that variant alleles for genes associated with
Ucp1 expression and the brown adipocyte differentiation program
are extant within the common inbred strains, thereby providing
a genetic system to identify genes critical for the induction of
brown adipocytes in white fat depots (Guerra et al., 1998). As
we shall point out below, the genetic variation is restricted to the
white fat depots and not observed in iBAT, a phenomenon that is
largely recapitulated in the transgenic and gene KO models, that is,
induction of brown adipocytes occurs in white fat depots of these
transgenic models, but seldom in iBAT.

In the design of a QTL study to identify genes controlling
brown fat induction, the selection of the fat depot becomes criti-
cal, because each fat depot has its own unique phenotype (Guerra
et al., 1998). One is faced with the decision to select the white
fat depot that one ascertains, with incomplete data, will be most
amenable to analysis and most informative. First of all the iBAT
in adult mice is not variable between A/], B6, and 129/Sv] strains
(Almind et al., 2007; Xue et al., 2007). However, large variations
in levels of expression are found among tissues and each tissue
varies independently among strains (Figure 1A). Among the vis-
ceral depots, gonadal fat shows large variation between strains, but
the expression is low compared to that detected in the inguinal fat
depot (Guerra et al., 1998). Mesenteric fat and retroperitoneal fat
both have relatively high levels of expression and big differences
between strains and they are therefore suitable for a QTL analysis.
We selected the retroperitoneal fat for the QTL analysis because it is
a fat depot also found in humans (the epididymal fat is not) and it
is a well-defined tissue that can be more easily and rapidly excised
from the mouse than mesenteric fat. Given these features of Ucpl
expression in different white fat depots, we cannot assume that
the QTLs found associated with the control of Ucpl mRNA levels

A
"I1L o"'.'.i'
1 ' ' giiag ! 1 1
B6 Al F1 B6 AN F1
RP BAT
...'."'“ -
| 1 1 1 VP — 1 1
F1 A B6 F1 Al B6
IG EP
B

“w® @ Ucpt

TESDee Newwew -18S RNA
.
Hr 0 3 6 12 24 48 0 3 6 12 24 48
B6 A
- Uep1

L 1 1 1 1 1 1 ) BAT
0 2 3 5 7 10 14

Days of treatment with 3 agonist

FIGURE 1 | (A) The levels of Ucp1 mRNA in the retroperitoneal fat (RP),
interscapular brown fat (BAT), inguinal fat (/G), and epididymal fat (EP) in
total RNA isolated from A/J, B6, and (B6 x A/J) F1 mice are shown. Mice
were treated with the B3-adrenergic agonist CL 316,243 for 7 days before
isolation of RNA, at a time when induction of Ucp1 mRNA had reached a
plateau. Ten microgram of RNA from BAT was analyzed and 15 pg from the
other fat depots. (B) Northern blot analysis of total RNA. (Upper panel) The
induction of Ucp1 mRNA in the retroperitoneal fat pad of B6 and A/J mice
when placed in the cold at 5°C as indicated between 0 and 48 h. Total RNA
was isolated from tissues pooled from three mice. Fifteen microgram of
RNA was analyzed. (Lower panel) The induction of Ucp1 mRNA in the
retroperitoneal fat pad after injection of the g3-adrenergic agonist, CL
316,243, once a day in the late afternoon at a dose of 1 mg/kg body wt.
RNA (15 g) from two mice was analyzed individually. A standard of 2.7 ug
of interscapular brown fat RNA was included on the gel.

in retroperitoneal fat are also controlling Ucpl in other depots,
especially the subcutaneous fat.

The time course for induction is similar for cold exposure and
p3-adrenergic agonist treatment in RP fat with increases in Ucpl
mRNA evident by 3 h and stable maximal levels occurring in 48 h
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(Figure 1B). It is noteworthy that in A/J] mice some Ucpl mRNA
can be detected at room temperature and induction following
exposure to the cold occurs within 3 h.

ALLELIC VARIATION AND RECOMBINANT INBRED STRAINS
OF MICE

The phenotypes of obesity and thermogenesis affected by f-AR
agonists and ambient temperature in A/J] and B6 mice are com-
plex. They involve up-regulation of Ucpl and other molecular
components of thermogenesis in existing brown adipocytes in the
iBAT depot and de novo induction of new differentiated brown
adipocyte populations in white adipose tissue; both of which are
controlled in part by the sympathetic nervous system (Bartness
and Bamshad, 1998). In addition, the phenotypes depend on vari-
ation in susceptibility to obesity at 23°C that exist between A/J and
B6 mice and are likely to be independent of BAT thermogenesis
(Seldin et al., 1994; Guerra et al., 1998). To unravel the genetic and
molecular complexity of brown adipocyte induction in white fat
depots and determine its role in energy balance and obesity we uti-
lized two genetic tools; the A x B recombinant inbred (RI) strains
and progeny from backcross and intercross matings between A/J
and B6 mice and the RI strains (Koza et al., 2000). The A x B RI
lines were formed by crossing A/J and B6 mice and intercrossing
the resulting F1 progeny to establish an F2 population that were
then brother—sister mated for a minimum of 20 generations to
establish inbred lines (Bailey, 1971; Taylor, 1981). If a genetic trait
is complex, that is, it is controlled by allelic variation at more than
one gene, then alleles from each gene associated with the traitin the
A/J and B6 parental strain will be fixed in new combinations in the
different RI lines. Thus, each Rl line with these novel recombinant
chromosome patterns will provide potentially unlimited numbers
of mice to establish the phenotypes determined by each gene or
combinations of genes not present in the original parental lines. As
shown in Figure 2, the levels of Ucpl mRNA in the retroperitoneal
fat depot of the parent A/J mice exposed to a 4°C ambient temper-
ature for 1 week were 40 times higher than that found in B6 mice
(Guerra et al., 1998); however, the novel recombination of alleles
in the RI lines generated a continuum of lines of mice with levels
of Ucpl that at the lower extreme in A x B10 mice were slightly less
than those observed in B6 mice and at the other extreme in A x B8
mice they were 2.5 times higher than that occurring in A/J mice
(Figure 2A). The number of brown adipocytes in retroperitoneal
fat of A x B8 mice approaches that detected in iBAT of B6 mice;
however, despite having levels of Ucpl mRNA similar to A x BS,
A x Bl5 retroperitoneal fat has fewer brown adipocytes that can be
detected with UCP1 immunohistology (Figure 2B). In addition to
providing large numbers of mice with recombinant genotypes to
establish phenotypes, comparisons of the strain distribution pat-
terns of the levels of mRNA to the distribution of variant alleles
of structural genes with allelic variation provided the first clues
that several genes were involved in controlling induction of Ucpl
in white fat depots and preliminary assignment of the genes to
specific chromosomes (Koza et al., 2000). The chromosomal link-
age analysis of genes controlling Ucp1 induction will be discussed
later with the QTL analysis of brown fat induction in intercross
and backcross progeny.

GENETIC VARIABILITY IN THE INDUCTION OF BROWN FAT
AND THE OBESE PHENOTYPE

Two questions essential to the relationships between constitutive
expression of iBAT and inducible levels of wBAT and susceptibil-
ity to DIO can be addressed with the RI lines. The first question
is whether the potential for induction of brown adipocytes in
white fat determines the development of obesity in the absence of
adrenergic stimulation by cold exposure or $3-AR agonist treat-
ment. In other words, does the constitutive level of Ucpl mRNA,
which in mice comes from the Ucpl expressed in the discrete
iBAT depots and does not show strain variation (Coulter et al.,
2003; Almind et al., 2007; Xue et al., 2007), affect the develop-
ment of obesity. Conceivably this might occur if a cafeteria-like
diet directly induced thermogenesis through activation of iBAT
Ucpl as proposed by Rothwell and Stock (1979). Accordingly,
parental A/J, B6, and six RI lines with variable levels of Ucpl
mRNA inducible in white fat were fed a high fat/high sucrose
obesogenic diet for 18 weeks at an ambient temperature of 23°C
to establish an obese state for each line (Figure 3A). Weight
gain averaged from 11g in A/J mice to 26 g in B6 mice as pre-
viously observed (Collins et al., 1997); however, A x B8 mice,
which had the highest capacity to induce Ucpl mRNA in white
fat depots upon adrenergic stimulation, gained 24 g of fat, which
was not significantly different than that observed for B6 mice,
which had the lowest level of Ucp1 expression (Figure 3A; Guerra
et al., 1998). This result indicates that in mice fed a high fat diet
at 23°C, the capacity for induction of Ucpl/BAT by cold expo-
sure in white fat had no impact on the development of DIO
at normal ambient temperatures (23°C). One could argue that
despite similarities in the levels of Ucpl mRNA or protein in
the iBAT of A/] and B6 mice, some unknown form of sympa-
thetically mediated activation of iBAT-dependent diet-induced
thermogenesis exists among A/] mice at 23°C to reduce DIO.
However, the suppression of increased DIO in B6 Ucpl KO mice,
with no capacity for UCP1-dependent thermogenesis by a brown
adipocyte, indicates that diet-induced thermogenesis by brown fat
is not a factor that increases susceptibility to DIO at 23°C (Kozak,
2010).

The second question, whether variation in the induction of
Ucpl by adrenergic signaling has an impact on the obese state,
was addressed in the second part of the experiment. Using the
same eight lines of mice with variable levels of obesity, described
in Figure 3A, were treated with the 3-AR agonist, CL 316,243, for
24 days while continuing to be fed the high fat diet (Figure 3B).
All mice lost body weight, however, the amount of body weight
lost depended upon the levels of Ucpl mRNA that were induced
in the white fat depots (Figures 3B,C; Guerra et al., 1998), that
is, mice with higher levels of adrenergically induced Ucpl mRNA
in retroperitoneal fat lost more body weight. Thus, genetically
determined variability in the induction of brown adipocytes in
white fat depots by adrenergic stimulation is a significant fac-
tor in reducing obesity in response to adrenergic stimulation
by exposure to cold or drugs. Accordingly, pharmaceuticals that
are able to induce the number of brown adipocytes in discrete
BAT depots or white fat depots could be an effective anti-obesity
strategy.
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FIGURE 2 | (A) Bar graph shows Ucp1 mRNA levels in the retroperitoneal fat
pad from parental A/J, B6, F1 hybrid, and Rl strains of mice derived from the
parental mice. Mice were housed at 5°C in groups of two to three mice per
pen for 7 days before the isolation of RNA. Induction in the cold is similar to
that caused by a B3-adrenergic agonist. Data are presented as the mean + SE.
The number of animals (n) of each strain and the results of statistical analyses
by ANOVA (Fisher's PLSD test in Statview 4.1) are given in the lower chart.
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Strains sharing asterisks in a row are not significantly different from each
other at P=0.05. (B) UCP1 immunohistology of paraffin-embedded sections
from interscapular brown fat (iBAT) and retroperitoneal fat (wBAT) from

A x B8 and A x B15 mice demonstrates the organization of brown adipocytes
into clusters that resemble fields of densely packed brown adipocytes
characteristic of iBAT. The size of these regions in wBAT may be quite variable,
depending upon the strength of the induction.

CHROMOSOMAL MAPPING OF GENES CONTROLLING BAT
INDUCTION BY QTL ANALYSIS

Given that there is probably no anti-obesity strategy in mice and
rats that is as effective as the induction of brown adipocytes in
white fat depots, identifying genes that could enhance the induc-
tion of brown adipocytes is an important goal. The analysis of
the RI strains provided evidence that the induction of brown

adipocytes in white fat upon adrenergic stimulation involved
multiple genes; however, neither the number of genes nor their
chromosomal location were able to be determined from analysis of
strain distribution patterns alone (Koza et al.,2000). To identify the
genes controlling brown adipocyte induction, we pursued a QTL
analysis in which the primary phenotype was Ucpl mRNA levels
in retroperitoneal fat depots after 7 days at 5°C, initially measured
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FIGURE 3 | (A) Body weight gained by parental and Rl strains fed a high
fat/nigh sucrose diet (Research Diets 12331) starting at 7 week of age and
continuing for 18 week. (B) After 18 week, mice continued to be fed the
high fat/high sucrose diet and were also treated with the p3-adrenergic
agonist, CL 316,243, as described (Guerra et al., 1998). Changes in body
weight are shown. The mean =+ SE for the B6 and A/J parental strains are
shown, whereas only the means have been plotted for the Rl stains. The
number of mice in each group ranges from 9 to 12. (C) Regression analysis
to evaluate the effects of Ucp1 mRNA in the retroperitoneal fat on body
weight loss. P is an estimator of the significance of the regression. R? is
the coefficient of determination; it is the proportion of the dependent
variable that is explained by the independent variable. N was 86.

by semi-quantitative Northern blots (Guerra et al., 1998) and
later by quantitative RT-PCR with TagMan probes using the ABI
sequence detection system (Koza et al., 2000). Since there was a

strong correlation between inducible Ucpl mRNA and the content
of brown adipocytes determined by immunostaining for UCP1
in the tissues of mice exposed to the cold (Guerra et al., 1998),
the Ucpl mRNA sub-phenotype is a reliable surrogate for brown
adipocyte induction. The conversion of a white fat depot devoid
of brown adipocytes to one rich in brown adipocytes requires
the activation of brown fat specific adipogenesis, mitochondrial
biogenesis, and increased innervation and vascularization (Can-
non and Nedergaard, 2004). However, the most specific molecular
marker change is the activation of Ucpl. Mice with an inactivated
Ucpl gene cannot tolerate an acute exposure to the cold because
they have lost an important mechanism for thermogenesis (Ener-
back et al., 1997). Since the Ucp1 expression phenotype is near the
end of a complex pathway from cold receptors on the surface of
the skin to the processing of signals in the central nervous system
that activate signaling and transcription factors in the adipocyte
capable of being converted to a brown adipocyte, variable activ-
ity of any gene involved at any step of this complex process can
be revealed by QTL analysis, if its effects on the levels of Ucpl
mRNA are sufficiently robust and precise. Indeed the expression
for several genes [PPARa, type 2 deiodinase (DIO2),and PGC-1a]
implicated in Ucpl expression are highly variable in white fat of
cold exposed mice and show highly significant correlations with
Ucpl expression (Coulter et al., 2003; Xue et al., 2005).

Based upon evidence that multilocular brown adipocytes in
white fat depots were not labeled with BrdU in rats treated with
the $3-AR agonist CL 316,243 (Himms-Hagen et al., 2000), we
assumed that cell proliferation of a progenitor brown adipocyte
does not occur in white fat depots of adult mice, unlike the cell
proliferation that occurs in interscapular BAT during chronic cold
exposure (Bukowiecki et al., 1982). Therefore, genes controlling
the proliferation of adipocyte progenitors in white fat are assumed
not to be involved in the induction of brown adipocytes in white
fat during the first 7 days of adrenergic stimulation. Whether cell
proliferation occurs following long term cold exposure is another
question. This assumption is supported by the evidence on gene
expression which showed that maximal levels of Pgc-1ae mRNA are
reached within 1 day of adrenergic stimulation and significant lev-
els of Ucpl mRNA can be detected in A/J mice within 3 h of being
exposed to the cold (Coulter et al., 2003). Furthermore, changes
in adipocyte morphology showing the emergence of a multilocu-
lar adipocyte from a unilocular adipocyte are consistent with the
hypothesis that mature unilocular white adipocytes are directly
converted to multilocular brown adipocytes (Cinti, 2002). If in
fact brown adipocytes arise from mature white adipocytes, then it
suggests that the brown adipocyte differentiation program is estab-
lished during a window of postnatal adipose tissue development
between 10 and 21 days of age when brown adipocytes transiently
appear and then disappear (Xue et al., 2007). We postulate that
since not all adipocytes look like brown adipocytes, this differenti-
ation process has been implemented in selected adipocytes, which
resemble mature white adipocytes under certain conditions, at
weaning and in adults following adrenergic stimulation by a mech-
anism that rapidly initiates mitochondrial biogenesis and Ucpl
expression. Such a mechanism may not even involve further epi-
genetic modification of chromatin structure, but merely involve
activation of PKA signaling and other mechanisms controlling
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cAMP levels. Viewed from this perspective the search for candi-
date genes controlling the induction of brown adipocytes becomes
focused on genetic mechanisms determining the sub-population
of white adipocytes in a white fat depot with a chromatin structure
unique for brown adipocytes. The brown adipocytes in traditional
white fat depots may be masquerading as white adipocytes until
they are adrenergically stimulated. A research goal will be to iden-
tify the molecular basis of their chromatin structure that enables a
rapid transcription of brown adipocyte specific genes. A compo-
nent of such a mechanism could be RIP140 (Leonardsson et al.,
2004; Christian et al., 2005).

THE BACKCROSS MODEL

The molecular analysis of Ucpl regulation has not revealed any
brown fat specific signaling or transcription molecules; however, a
regulatory model in which brown fat specific expression is deter-
mined by a modular molecular mechanism is consistent with
existing data (Hansen and Kristiansen, 2006; Kajimura et al., 2008).
If an interactive molecular mechanism controls brown adipocyte
induction in white fat, perhaps the interactive transgressive mech-
anism revealed by the analysis of RI lines and backcross and
intercross progeny may be the manifestation of such a mechanism
at the gene level.

Two cohorts of approximately 400 (A/] x B6) F1 backcross mice
were generated to test the idea that the known transcription factors
of Ucpl were associated with Ucpl induction phenotypes follow-
ing 7 days in the cold. Mice in cohort 1 were fed a standard low fat
chow (11.9kcal% fat) diet from weaning to 8 weeks of age when
the mice were exposed to cold at 5°C for 7 days. Mice in cohort
2 were fed a high fat diet containing 58 kcal% fat (Research Diets
12331) from weaning until the end of the cold exposure (mice were
subjected to cold exposure at 5°C for 7 days at 8 weeks of age). The
rationale behind conducting a QTL analysis of mice fed a high fat
diet was to assess whether the genes controlling induction of Ucpl
were influenced by a cafeteria-like diet, thereby protecting the ani-
mal against DIO through increased thermogenesis (Rothwell and
Stock, 1979; Cannon and Nedergaard, 2004).

Prior to analysis of gene expression in the backcross mice we
assessed the variation in expression of genes implicated in Ucpl
transcription between A/] and B6 mice exposed to the cold for
7 days. Differences in expression between the mouse strains were
too small for analysis in backcross mice (less than twofold) for the
following genes: Prefl, Nfe212, SREBP-1¢, PPARy, PPARy2, CEBP-
a, CEBP-B, CEBP-3, FoxC2, and B3-adrenergic receptor. Robust
differences between B6 and A/] were found for PPARq, and Dio2
and modest variation for PGC-1a. In addition, the high fat diet
showed variable increases in the expression of these latter genes
(Table 1). The highly significant correlations were found between
Ucp1 and Pgc-1a, Ppara and Dio2 (Coulter et al., 2003; Xue et al.,
2005). In mice fed a low fat chow diet approximately 55% of the
variance in Ucpl levels is associated with the variance in Pgc-la,
but less (16%) in mice fed the high fat diet (Figure 4). Simi-
lar relationships were found between Ucpl and Ppara and Dio2
(Xue et al., 2005). In addition, similar to the transgressive varia-
tion found for Ucpl in the RI strains, novel allelic recombinations
in the backcross progeny generated transgressive phenotypes for

Table 1 | Effects of a high fat diet on Pgc-1a and Ucp1 mRNA levels.

Strain and mRNA LFD mRNA HFD mRNA P-value n
AJ Ucp1 222420 186 + 42 0.43 12
B6 Ucp1 9542 33+10 0.02 12
B x AF1 Ucp1 38+7 55+ 12 0.22 12
AJ Pgc-1a 1341 2142 33x1074 12
B6 Pgc-1a 57+0.3 9.7+0.9 1.1 x 1074 12
B x AF1 Pgc-la 74404 93406 0.02 12
BC Ucp1 67442 77843 73x 1078 400
BC Pgc-1a 82402 11.7+03 1.6x 10724 400

A/J, C57BL/6J (B6), (B x A) F1 and backcross mice were exposed to cold at 5°C
for 7 days while on chow (4.5 wt% fat, LFD) or high fat diets (36 wt% fat, HFD)
from weaning until the end of cold exposure. Pgc-1a mRNA levels increased 43 %
and Ucp1 levels 15% in backcross mice on a high fat diet.

each of these genes critical to wBAT induction. The significance
of this transgressive variation is that perturbations in the expres-
sion levels of these transcription factors through allelic variation
underlying the QTLs, together with environmental factors, like
diet and ambient temperature, will affect the induction of Ucpl
and wBAT. That a large number of transgenes and gene KOs affect
wBAT induction through effects on PPARa, PGC-1a, and DIO2
becomes predictable.

Using MIT markers chromosomal regions associated with levels
of Ucpl, Ppara, Pgc-1a, and Dio2 mRNA in backcross prog-
eny were mapped. The chromosomal linkage studies showed that
QTLs on Chromosomes 2, 3, 8, and 19, which are associated with
induction of Ucpl, were also associated, in part, with induction
of Ppara, Pgc-1a, and Dio2. Furthermore, significant differences
were observed for the core QTLs, defined as those controlling
Ucpl expression (Figure 5). In mice fed a high fat diet, Chro-
mosomes 2, 3, 8, and 19 were associated with levels of Ucpl and
Pparo mRNA; however, unlike Ucp1 expression, not all QTLs were
involved with the Ppara, Pgc-la, and Dio2. These associations
are shown in Figure 5, for backcross mice fed both the low and
high fat diets. The complexity of QTLs is greater for mice fed the
chow diet than the high fat diet. The identities of the genes in the
QTLs which determine the expression phenotypes are not proven,
though plausible candidates exist. The fact that the peak of the
QTL on Chromosome 8 is very close to Ucpl provides a candi-
date to account for variation in Ucpl mRNA levels, but it would
require a mechanism by which Ucp1 also regulates PPARa. Other
genes under the peak of the Chromosome 8 QTL appear to be
better candidates at this time. The QTL on Chromosome 15 lies
close to the location of Ppara. Confirmation that Ppara was a one
of the variant alleles could not be confirmed with the Ppara KO
mouse (Xue et al., 2005). These linkage associations of Ucpl and
these transcription factors are consistent with transgressive varia-
tion and the synergy associated with Ucpl induction. A change in
the fat and carbohydrate content can change the levels of the tran-
scription factors to select an alternative signaling and transcription
factor for wBAT induction. A practical outcome of such a mech-
anism is that it enhances the range of drug targets for induction
of wBAT.
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OE: o | Chromosomes 2, 3, 8,and 19 to be associated with Ucp1 expression
- and similar to the RI line data, the levels of Ucp1 in the backcross
§' . progeny had a range of expression that also showed transgres-
sive variation, that is, they exceeded the levels of Ucpl expression
o found in the A/] mice, approaching those found in A x B8 mice
0 (Koza et al., 2000; Coulter et al., 2003). Positive effects on Ucpl
mRNA levels are associated with an A/J allele at the peak QTL on
Pgc-1a mRNA (a.u.) Chromosomes 2, 3, and 8, whereas the B6 allele on the QTL for
Chromosome 19 was associated with elevated Ucpl. Accordingly,
FIGURE 4 | (A) Correlation between Pgc-1a and Ucp1 mRNA levels in mice transgressive variation is based in part upon the interaction of a
fed a 4.5 wt% fat diet. Approximately 400 (B6 x A/J) F1 x A/J backcross variant gene encoded by the B6 allele on Chromosome 19 with
males 8 weeks of age were exposed to 5°C for 7 days. (B) Correlation a variant gene on Chromosomes 2, 3, and/or 8 encoded by an
between Pge-Ta and UcpT mRNA levels in mice fed a 58-kcal% fat diet. A/] allele. Sixteen sets of mice with allelic assignments possible at
Pgc-1a and Ucp1 mRNA levels were determined in 400 backcross animals .
maintained on a high fat diet from weaning to 8 weeks of age and then Chromosomes 2,3,8,and 19 are rank ordered with respect to Ucpl
exposed 1o the cold for 7 days. mRNA levels (Table 2). As predicted from the strain distribution

TRANSGRESSIVE VARIATION: A MANIFESTATION OF
SYNERGISTIC INTERACTIONS BETWEEN QTLs AND
TRANSCRIPTION FACTORS AND SIGNALING MOLECULES
THAT CONTROL UCP1 EXPRESSION

Synergy in the expression of Ucpl has been observed at two dif-
ferent levels, first at the level of interacting genes and second at
the level of transcription and signaling factors implicated in Ucpl
expression. The strain distribution of Ucpl mRNA levels in RP fat
of cold exposed A x B and B x A RI mice provided clear evidence
for the existence of transgressive variation for Ucpl expression,
that is, the production of offspring with phenotypes that exceed
the parental extremes (Figure 2; Guerra et al., 1998; Koza et al,,
2000). The novel combinations of alleles at several loci contribut-
ing to Ucp1 expression in Rl strains result in higher levels than that
which occurs in the A/]J strain. The gene interactions determining
transgressive variation have been observed in global studies of gene
expression in mice and yeast but rarely analyzed for specific genes
(Brem and Kruglyak, 2005; Shockley and Churchill, 2006).The first
QTL analysis of the (B6 x A/J) F1 x A/J backcross mice identified

pattern of the RI lines, A x B8, and seven other strains with levels
that exceed A/J mice have A/] alleles at QTLs on Chromosomes 2,
3, and 8, but a B6 allele on Chromosome 19. This interpretation
was further tested with an intercross of two RI lines, A x B8 and
A x B10 that would assess the association of A/] and B6 alleles
at the QTLs on Chromosomes 8 and 19. As shown in Figure 6A
strong synergistic interactions elevate Ucpl expression in mice
homozygous for the A/J allele at D8 Mit45 and homozygous for the
B6 allele on Chromosome 19 near D19Mit86 (~20 cM). Thus, an
A/ allele at D19Mit86 shows dominance in suppressing the effects
of an A/] allele near D8 Mit45 at 40.5 cM (Figure 6B). The Chro-
mosome 8 QTL affecting Ucpl mRNA production is near the Ucpl
gene itself at 37.7 cM. It is possible that Ucp1 itself is structurally
variable between A/J and B6 mice and that it directly interacts by
a trans-mechanism with a gene located near D19Mit86. In our
efforts to identity the QTLs, congenic lines were generated for
QTLs on Chromosomes 8 and 19; however, lines carrying a single
QTL failed to show differences in Ucpl expression (L. P. Kozak,
unpublished results).

We have shown how trans-acting genes on known chromo-
somes in a very specific QTL system controlling Ucpl expression
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Table 2 | Strain distribution pattern in Rl lines in relationship to Ucp1 mRNA levels.

Strain Chromosome 8 RP Ucp1 mRNA Chromosome 19
8M128 8M31 Ucp1 8M45 8M1242 19M106 19M86 19M99 19M30
31cM 34cM 37.7cM 40.5cM 47 cM 18.5cM 20cM 20.3cM 21.4cM

Al A A A A A 668 A A A A
C57BL/6J B B B B B 16 B B B B
(B6 x A/J)F1 AB AB AB AB AB 129 AB AB AB AB
A x B8 A A A A A 1719 B B B B
Ax B4 A A A A A 1700 B B B B
AxB15 A A A A A 1490 B B B B
B xA14 A A A A B 1439 B B B B
AxB14 A A A A A 1247 B B A A
AxB19 A A A A A 1181 B B B B
A x B20 A A A A A 896 B B B B
AxB18 A A A A A 630 B B B B
B x A25 A A A A B 576 B B B B
A x B24 B B A A A 562 B B B B
B x A11 B A A A A 387 A A A A
B x A4 A A A A B 359 A B B B
B xA12 A A A A A 295 B B B B
A x B6 B B B B B 226 A A A A
B x A17 B A A A A 200 B B B B
B x A8 B A A A A 186 B B B B
AxB5 B B B B B 153 B B B B
AxB12 B B B B B 122 A A A B
B x A7 B B B B B 86 A A A A
Ax B2 A B B A A 77 A A A B
B x A24 B B B B B 55 A A A A
B x A2 B B A A A 51 A A A A
B x A13 B B B B B 51 A A A A
A x B1 B B B B A 40 B B B B
B x A1 B B B B B 37 B B B B
AxB10 B B B B A 13 B A A A

Genotyping data in this table was assembled from the Rl strain SDP's in the Mouse Genome Database (The Jackson Laboratory, Bar Harbor, Maine,

http.//www.informatics.jax.org/riset_form.shtml) and by genotyping of the Rl strain DNA's. Microsatellite markers and relative cM positions (M\GD) for chromosomes
8 and 19 are noted on the top of the table. Boxed in genotypes indicate Rl strains with a recombinations between the markers of each chromosome.

are giving rise to transgressive expression at the molecular level.
Previously it was shown that the occurrence of spontaneous ovar-
ian teratomas in RI strains was greater than that observed to occur
between progenitor strains (Eppig et al., 1996). A genetic analysis
of morphological traits of yeast has revealed a complex QTL system
with transgressive variation which has been correlated with gene
expression analysis to produced results similar to the regulation of
Ucp1 and brown fat induction (Nogami et al., 2007). Others have
conducted a methodological global gene expression analysis of

liver and kidney with chromosome substitution strains between
A/] and B6 mice to assess allelic effects on gene expression and
found that allelic variation at several chromosomes affect expres-
sion of 4209 transcripts (Shockley and Churchill, 2006). Many
of the transcripts had levels of expression that exceeded those
found in the parental strains, suggestive of transgressive variation
(Shockley and Churchill, 2006).

Evidence from backcross and intercross analyses indicated that
interactions between a B6 allele on Chromosome 19 with an A/J
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FIGURE 6 | (A) Synergistic effect of /ba QTLs on retroperitoneal Ucp1
mRNA induction. This is a graphic representation demonstrating the
complex epistatic and additive interactions between the four /ba loci. The
solid line represents the experimental retroperitoneal fat (RP) Ucp1 mRNA
induction levels in relationship to the number of positive contributing loci.
The dashed line indicates the theoretical value if interactions between Iba
loci were only additive. (B) Effect of interactions between loci near Ucp1
(D8Mit45, 40.5 cM; D8MIt128, 31 cM), and D19Mit86 (20 cM) on
retroperitoneal fat Ucp1 mRNA induction in 286 intercross progeny from
A x B10 and A x B8. Line interaction plots demonstrate a strong epistatic
interaction between loci on chromosomes 8 and 19. This interaction
appears to be stronger for D8Mit45, a locus nearer to Ucp1 than for
D8Mit128, the major QTL defined in the (A/J x B6) F1 x A/J backcross.
Interaction plot data was generated using Statview v.4.5.

allele on Chromosome 8 and possibly Chromosome 3 synergize
to maximize expression of Ucpl. Since we also showed that these
QTLs also determined variation in the levels of PPARa, PGC-1a,
and Dio2 (Xue et al., 2005), we speculate that these transcription
factors and signaling molecules, as well as others, interact syner-
gistically to maximize the expression of Ucpl. An overview of the
signaling and transcription pathways controlling Ucp1 expression
is presented in Figure 7. Below each of the factors is a number that
indicates the ratio of expression for that factor between A/J and
B6 mice. It is apparent that all increases in expression are found
for factors that lie downstream of PKA. There were no differences
in expression for PKA or other factors that are upstream of PKA.
Therefore, while retinoblastoma (Rb) and Foxc2 have been impli-
cated in the induction of brown adipocytes in transgenic mice and
cell cultures (Cederberg et al., 2001; Hansen et al., 2004), vari-
ations in their expression are not associated in determining the
differences in the induction of Ucpl in A/J and B6 mice. How-
ever, the key feature of this system for the control of Ucpl is that

pp38
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RIa(P) Gi )
BAdR—>AC —> Ril«(PIPKACH o - - 1 ~PPARY UCP1

p=04  NC b X pPAR 80
5
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FIGURE 7 | Signaling and transcription components of Ucp1
regulation. The number below each regulatory factor refers to the ratio of
expression in A/J vs. B6 mice. Except for the B3-adrenergic receptor,
expression is higher in B6 than A/J at either the mRNA or protein levels;
however, these strain-dependent differences all occur downstream of PKA.
Most important is that none of the strain-dependent differences for the
regulatory factors approaches the difference observed for Ucp1 at either
the mRNA or protein levels. This suggests that synergy among the
regulatory pathways occurs with a changing cast of factors depending on
the genotypes of /ba genes and environmental conditions. NC =No
difference in expression between A/J and B6.

while many regulatory components, known to have essential roles
in Ucpl expression, have elevated expression in A/J] mice, rela-
tive to Ucpl the differences in expression are very modest. For
example, there is a four to fivefold difference in expression of the
master regulator PGC-1a and other transcription factors between
A/] and B6 mice, whereas Ucp1 is expressed 80-fold greater in A/]
than B6 mice. The regulation of Ucpl is determined by distinct
sites for CREB, ATF2, PPARY/PPARa, LXRa, TR, and interac-
tions by several of the transcription factors with the co-activator
PGC-1a (Cassard-Doulcier et al., 1993; Kozak et al., 1994; Sears
et al., 1996; Puigserver et al., 1998; Hansen and Kristiansen, 2006;
Kajimura et al., 2010). PGC-1a has been shown to be involved in
the transcription of Ucpl and additional aspects of mitochondr-
ial biogenesis as co-activator with PPARy/RXRa and TR in cell
culture models (Puigserver et al., 1998). Similarly, mice with a tar-
geted mutation for PPARa have no suppression of Ucpl expression
in liver or retroperitoneal fat (Kersten et al., 1999; Xue et al., 2005).
Therefore, transcription factors with well-documented functions
in Ucp1 transcription in vitro often turn out to be non-essential for
its expression when inactivated by gene targeting in vivo (Kozak
and Koza, 2010). This suggests that many of the sites for transcrip-
tion of Ucpl are in fact redundant and this redundancy involves
not only the DNA regulatory motif; but, extends to the factors
themselves. The redundancy facilitates the synergy by which many
factors can participate in the determination of the expression of
Ucpl. It becomes evident how the components of the environ-
ment, including diet and ambient temperature, exert their effects
on Ucpl through their actions on the factors modulating Ucpl
expression.

How does this molecular information on the structure and
transcription of the Ucpl gene relate to the read out of the brown
fat genetic system as we have studied in A/] and B6 and the
associated RI lines derived from these mice? A continuous vari-
ability occurs in which mRNA levels are positively correlated with
PPARa, PGC-1a, and Dio2. We propose that this variability is
determined by synergistically interacting genes within the QTLs
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on Chromosomes 2, 3, 8, and 19. Thus, the synergy acts at differ-
ent levels, at one level on the expression of the transcription and
signaling mechanism and at another level on the terminal product
of the process, that is, on Ucpl expression.

THE DEVELOPMENT OF A BROWN ADIPOCYTE LINEAGE
WITHIN WHITE FAT DEPOTS

Our QTL studies to identify genes controlling brown adipocytes in
white fat depots revealed additional findings of significant inter-
est. Some of these, such as the variable induction among white fat
depots, were important from the perspective of selecting the best
tissue to conduct the genetic experiment. For example, the differ-
ences between A/] and B6 mice was large for the interperitoneal
fat depots, although the rank order of expression was retroperi-
toneal fat = mesenteric fat 3> epididymal fat, while the difference
between A/] and B6 mice was small in inguinal fat the level of
expression was higher than even retroperitoneal fat (Guerra et al.,

1998). However, a striking finding was that iBAT, while having
the highest level of expression, showed no difference between A/J
and B6 (Coulter et al., 2003; Xue et al., 2005). We reasoned that
if the induction of brown adipocytes recapitulated early develop-
ment and was based upon the same molecular mechanisms for all
brown adipocytes, then if we analyzed gene and protein expression
in brown fat during early development in utero and during suck-
ling, Ucp1 in interscapular brown fat would be higher in the fetus of
A/] compared to B6 mice. However, the analysis showed that at no
time during development from the fetus in utero until 4 months
of age were any strain-dependent differences detected in inter-
scapular brown fat gene expression (Xue et al., 2007; Figure 8).
In contrast, expression and histological analysis of retroperitoneal
fat showed a transient induction of brown adipocytes between 10
and 30 days of age. Importantly, although brown adipocytes ini-
tially appeared in the retroperitoneal fat (we have since found that
brown adipocytes are induced in the inguinal fat with essentially
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FIGURE 8 | (A) Development of iBAT in A/J and B6. (A) Ucp1 mRNA,
(B) UCP1 protein, and (C) mitochondrial DNA content in iBAT of A/J and
B6 mice during perinatal and postnatal development. For Ucp1 mRNA,
each time point gives the average value from 4 to 9 individual animals
analyzed in duplicate and is expressed relative to cyclophilin. Cox1
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FIGURE 9 | Developmental profiles illustrating the appearance of brown
adipocytes in interscapular brown adipose tissue (iBAT) initially at about
4 days before birth. Although the inguinal fat depot (ING) first appears at
birth, but the visceral fat (VAT) not until ~10 days of age, brown adipocytes
appear in both depots between 15 and 30 days of age. The induction of brown

adipocyte at 20 days of age is higher in A/J than C57BI/6J (B6) mice, and is
induced by in adult animals by adrenergic stimulation in A/J mice, but not B6
mice. This genetic difference in the induction of brown adipocytes among
white fat depots is not found in iBAT. This figure has been modified from that
found in Xue et al. (2007).

the same time course as retroperitoneal fat) of both A/J and B6
mice, the process was aborted in the B6 mice before the peak of
brown adipocyte expression occurred at approximately 24 days of
age (Xue et al., 2007). By 2 months of age the brown adipocytes
have essentially disappeared from the white fat; however, if mice are
exposed to an ambient temperature of 4°C the brown adipocytes
are re-induced in A/J mice, but not B6 mice. This genetic variabil-
ity, characteristic of brown adipocytes found in white fat depots,
but not in interscapular brown fat, suggests that the developmental
origins of brown adipocytes in interscapular fat are fundamentally
different from the brown adipocytes that reside in white fat depots.
A conclusion firmly established by the work with PRDM16 and the
common progenitor origins for skeletal muscle and iBAT (Seale
et al., 2007, 2008).A model of the development of BAT in iBAT
and in white fat depots of inducible and non-inducible strain is
illustrated in Figure 9.

The absence of genetic variability for a trait in a normal ani-
mal suggests that the trait is essential for survival of the animal
through its function, in this case the presence of iBAT is essen-
tial for maintaining a body temperature at birth (Enerback et al.,
1997). The newborn mouse, because of its small size and absence
of hair, is particularly susceptible to a cold environment. Con-
sequently, brown fat in the discrete depots in the interscapular
region and around vital organs is fully functional at birth. On the
other hand, brown adipocytes in white fat depots, which appear
at ~20 days of age, are probably not essential for the maintenance
of body temperature and therefore more tolerant of genetic vari-
ability. Yet whether UCP1 is essential for survival is confounded
by the neonatal pig. The pig has poor thermoregulation and
no Ucpl in its brown fat due to a deletion of exons 3-5 which
occurred about 20 million years ago (Trayhurn et al., 1989; Berg
et al., 2006), However, it manages to survive the cold stress of
early development, indicating that in the absence of UCP1pigs
adapt with alternative mechanisms of thermogenesis. It is inter-
esting that UCP1-deficient mice can also survive the cold if they
have a hybrid genetic background, suggesting the importance of

novel allelic combinations that can lead to alternative mechanisms
of thermogenesis (Hofmann et al., 2001; Anunciado-Koza et al,,
2011).

SUMMARY AND PERSPECTIVES

The intent of this review is to provide a perspective on how to
apply the discoveries and lessons of the study of the biology of
brown fat in rodents to the upcoming investigations on brown
fat in humans. The studies in mice indicate that induction of
brown adipocytes in white fat depots is highly effective in reducing
obesity when adrenergically stimulated. Because iBAT is relatively
constant, we do not know how effective it may be in burning off
excess calories when adrenergically stimulated. On the other hand
the brown adipocytes which are induced in white fat depots by
adrenergic stimulation show a rich potential for variable expres-
sion; a variation that has been effective in assessing the ability of
brown adipocytes to burn off excess calories. Although we do not
have the same depth of knowledge of the transcription and sig-
naling pathways, which has been obtained for iBAT, nevertheless,
we know that they can be effectively induced from mature white
adipocytes by adrenergic signaling. In other words, simply con-
ditioning the wBAT system by implementing a training program
consisting of exposure to a reduced ambient temperature, analo-
gous to physical exercise training, could be another useful weapon
in the war against obesity.
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Recentidentification of active brown fat reserves in adult humans has re-stimulated interest
in the role of brown adipocytes in energy homeostasis. In addition, there is accumulating
evidence to support the concept of an alteration in energy balance through acquisition
of brown fat features in traditional white fat depots. We recently described an important
role played by the TGF-/Smad3 signaling pathway in modulating the appearance of brown
adipocytes in traditional white fat, and its implications to thermogenesis, mitochondrial
energetics, energy expenditure, and protection from diabetes and obesity. Here we review

the data supporting this phenomenon and put into perspective the promise of conversion
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The rise in the worldwide incidence of obesity and, by a tight cor-
relation, diabetes is proof that we are failing as a populace to obey
the energy balance equation. Obesity is principally characterized
by accumulation of fat in adipose tissue (Gesta et al., 2007; Park
etal.,2008). In conditions of energy excess, the white adipose tissue
accumulates fat in the form of triglycerides, whilst brown adipose
tissue has the potential stimulate energy expenditure by dissipa-
tion of fat to produce heat and maintain body temperature. White
fat comprises of large unilocular lipid-containing adipocytes with
few mitochondria. In contrast, brown fat comprises of small mul-
tilocular cells with abundant mitochondria. Brown adipocytes are
uniquely characterized by the expression of uncoupling protein-
1 (UCP1). Copious amount of brown fat exists in rodents and
human infants and it was considered to be non-existent in adult
humans. Recent findings that metabolically active brown fat exists
inhumans (Nedergaard et al.,2007; Cypess etal., 2009; van Marken
Lichtenbelt et al., 2009; Virtanen et al., 2009) have stimulated inter-
est concerning the therapeutic potential of augmenting brown fat
to combat metabolic diseases (Enerback, 2010; Nedergaard and
Cannon, 2010). Further, it appears that brown fat shares its devel-
opmental origin with muscle, and not white fat as it was long
presumed (Atit et al., 2006; Timmons et al., 2007). Seale et al.
(2008, 2009) provided the formal proof that brown fat is related
to skeletal muscle and further showed that the transcription fac-
tor PRDM 16 determines the fate of Myf5" -precursor cells toward
brown fat lineage.

BROWN ADIPOCYTE INDUCTION IN WHITE ADIPOSE TISSUE
Brown adipocytes are also found interspersed within the white
adipose tissue, in response to chemical or hormonal stimula-
tion, environmental changes, cold exposure, and defined genetic
manipulation (Langin, 2009; Lefterova and Lazar, 2009; Frontini

of white fat to a brown fat state as a potential therapeutic option for obesity and diabetes.

Keywords: TGF-beta, Smad3, obesity, brown fat, white fat

and Cinti, 2010). The most well studied models whereby brown
adipocytes appear in white fat are upon cold exposure or after
stimulation of the beta(3)-adrenoceptor pathways. Cold expo-
sure of mice results in expression of the brown adipocyte marker,
UCP1, in inguinal white adipose tissue (Loncar, 1991) and in
mesenteric, epididymal, retroperitoneal, inguinal, and periovar-
ian adipose depots upon exposure to cold or to treatment with
a beta-adrenoceptor agonist (Cousin et al., 1992). In agreement,
beta 3-adrenoceptor knockout mice show suppressed occurrence
of brown adipocytes in white fat upon cold exposure (Jimenez
et al., 2003). In contrast, transgenic mice overexpressing the beta
1-adrenergic receptor in adipose tissue exhibit abundant appear-
ance of brown fat cells in subcutaneous white adipose tissue and
are resistant to obesity (Soloveva et al., 1997). Chronic treat-
ment with the beta3-adrenoceptor agonist, CL 316,243, (Bloom
etal,, 1992), promotes thermogenesis, and the appearance of mul-
tilocular adipocytes in white fat while protecting from high-fat
diet-induced obesity (Himms-Hagen et al., 1994). Infusion of CL
316,243 reduced abdominal fat, increased resting metabolic rate,
and abundant multilocular brown adipocytes expressing uncou-
pling protein (UCP) appeared in retroperitoneal white fat (Ghor-
bani et al., 1997). Similarly, appearance of brown adipocytes in
white adipose tissue during CL 316,243-treatment correlated with
reversal of obesity and diabetes in Zucker fa/fa rats (Ghorbani and
Himms-Hagen, 1997). Also, beta3-adrenergic receptors mediate
CL 316,243 agonist-induced effects on energy expenditure, insulin
secretion, and food intake (Grujic et al., 1997).

Interestingly, genetic background modulates the relative degree
of browning of white adipose tissue. CL 316,243 prevented the
development of diet-induced obesity in A/J animals, but not in
C57BL/6] animals. In agreement, CL 316,243-treated A/J] mice,
but not B/6] mice, showed abundant UCP1 expression in white
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adipose depots (Collins et al., 1997). Also, significant stain-specific
differences in UCP1 transcript levels were seen in various white
fat depots derived from A/J] and C57BL/6] strains of mice after
stimulation of adrenergic signaling (Guerra et al., 1998). Further,
cold exposure induced brown adipocytes in retroperitoneal fat of
adult A/] mice but not in C57BL/6] mice. In contrast, induction
of UCP1 in interscapular brown adipose tissue showed no such
strain dependence (Xue et al., 2007).

POSSIBLE MECHANISMS OF BROWNING IN WHITE FAT
TRANSDIFFERENTIATION

Tissue plasticity which allows efficient conversion of white
adipocyte to brown adipocyte and vice versa has been pro-
posed as a potential mechanism (Frontini and Cinti, 2010).
Thus, cold exposure conditions would promote white-to-brown
conversion to fulfill the demand for thermogenesis, whereas,
high-fat diet would promote conversion of brown-to-white fat
to enable energy storage (Cinti, 2011). It is believed that mul-
tilocular fat cells that appear in white fat upon CL 316243-
treatment derive from convertible unilocular adipocytes that
become multilocular (Himms-Hagen et al., 2000) and that emer-
gence of brown adipocytes in white fat upon cold exposure
reflects beta(3)-adrenoceptor-mediated transdifferentiation (Bar-
batelli et al., 2010). The retinoblastoma (Rb) protein family acts
as a molecular switch determining white versus brown adipocyte
differentiation. Thus, inactivation of pRB results in the expres-
sion of UCPI1 in the white adipose tissue and down-regulation
of pRB expression is associated with white into brown adipocyte
transdifferentiation in response to beta3-adrenergic receptor ago-
nist treatment (Hansen et al., 2004). Further, mice lacking the
Rb-family member, p107, possess white adipose tissue with mul-
tilocular adipocytes that express elevated levels of UCP1 and
PGC-1a, a transcriptional co-activator implicated in mitochon-
drial biogenesis and adaptive thermogenesis and pRb binds and
represses PGC-1a transcription (Scime et al., 2005).

PRECURSOR POOL ORIGIN

Multilocular fat cells that appear in white fat upon CL 316243-
treatment may derive from a precursor cell that gives rise to
more typical brown adipocytes (Himms-Hagen et al., 2000). To
date, such a precursor pool is unidentified. The evidence that
the dermis, muscle, and brown fat all originate from the central
dermomyotome (Atit et al., 2006) and that immature undifferenti-
ated brown fat cells harbor muscle-specific transcripts and brown
preadipocytes exhibit a myogenic signature (Timmons et al., 2007)
stimulated a search for a common brown fat/muscle progenitor.
Indeed, Seale et al. (2008, 2009) provided evidence that brown fat
shares developmental ontogeny with skeletal muscle with the tran-
scription factor PRDM16 promoting the differentiation of skeletal
muscle-derived Myf5 precursor cells toward a classical brown
adipocyte lineage. However, they did not detect Myf5™ precursor
cell derivatives in the examined white fat. These findings suggest
that, either (i) Myf5™ precursor cells do not promote the brown-
ing phenomenon in white fat, or (ii) a context dependent role
for Myf5T precursor cells may yet exist with respect to induction
of brown adipocytes in white fat, or (iii) other distinct precur-
sor cell pools resident in white fat or other tissue/s may drive the

browning phenotype in white fat. Lineage tracing methods with
the availability of unique gene expression markers for the three
major types of adipose tissue depots — the brown (Zic1), the beige,
or brite (Hoxc9), and the white (Tcf21; Walden et al.,2011) —would
help identify the potential precursor pool that drives browning of
white fat.

AUTOCRINE OR PARACRINE FACTORS

Autocrine or paracrine factors — classic examples being insulin
and leptin — play critical roles in regulating not only the cells from
which they derive, but also play overarching roles in regulating the
biology of other cells that orchestrate glucose homeostasis. This is
possible via these factors engaging their specific receptors in the
cell type where the action is elicited. Several facts support a notion
that a similar such secretagogue might regulate the appearance of
brown adipocytes in white fat: (i) the white fat is a reservoir that
synthesizes and secretes multiple cytokines and hormones such
as leptin, (ii) classical brown fat might produce factors that pro-
mote brown adipocyte induction locally as well as at a distance
in white fat, and (iii) considering the muscle-specific origin of
brown adipocytes, it is logical to assume that a muscle-specific
factor might serve as a inducer of brown adipocytes. Indeed, a
muscle-derived hormone, irisin, has been identified that promotes
induction of brown adipocytes in white fat (Bostrom et al., 2012).
Irisin, whose receptor is presently unidentified, is induced in the
muscle by PGC-1a expression. It is induced with exercise and a rise
in plasma irisin levels correlate with increased energy expenditure,
enhanced glucose homeostasis, and protection from obesity. The
observation that irisin has paracrine effects on white fat to stim-
ulate induction of a brown fat program has utility in not only
furthering the knowledge about browning of white fat but also
has obvious therapeutic potential. It is plausible that other factors
such as irisin, produced locally in white fat or acting in a paracrine
manner, may stimulate the browning of white fat.

Neural circuits

Neural circuits are also recognized as critical modifiers of the white
fat to brown fat phenomenon. An enriched environment induced
browning of white fat associated with expression of genes involved
in brown adipogenesis, thermogenesis, and beta-adrenergic sig-
naling pathways along with improved energy homeostasis and
glucose tolerance (Cao et al., 2011). Hypothalamic overexpres-
sion of the brain-derived neurotrophic factor (BDNF) promoted
a lean phenotype accompanied with acquisition of brown fat
features in the white fat, whereas, inhibition of BDNF signaling
reversed this phenotype (Cao et al., 2011). Also, hypothalamic
neuropeptide Y (NPY) has been implicated in promoting brown
fat features in white fat (Chao et al., 2011). Knockdown of NPY
expression in the dorsomedial hypothalamus (DMH) reduced
white fat depots, increased energy expenditure, and suppressed
high-fat diet-induced obesity. Interestingly, these phenomena were
accompanied by appearance of brown adipocytes in inguinal white
adipose tissue (Chao et al., 2011).

Signaling pathways

Increased FOXC2 expression in adipocytes results in a lean
phenotype and protects from hypertriglyceridemia and diet-
induced insulin resistance and obesity primarily by increasing the
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beta-adrenergic—cAMP—protein kinase A (PKA) signaling path-
way (Cederberg et al., 2001). PPAR«a stimulated the expression of
the PRDM16 gene in brown adipocytes and PPARa activation in
white adipocytes induced expression of brown fat markers (Hon-
dares etal., 2011). C/EBPa and the corepressors CtBP1 and CtBP2
repress visceral white adipose genes and activate UCP1 transcrip-
tion during PPARy agonist-mediated induction of the brown
phenotype in white adipocytes (Vernochet et al., 2009). Induc-
tion of UCP1 expression in white adipose tissue, but not in classic
interscapular brown adipose tissue, is dependent on cyclooxyge-
nase activity (Madsen et al., 2010). Cyclooxygenase (COX)-2, a
rate-limiting enzyme in prostaglandin synthesis, is a downstream
effector of beta-adrenergic signaling in white adipose tissue and
is required for appearance of brown fat features in white fat.
Prostaglandin induced differentiation of mesenchymal progen-
itors toward a brown adipocyte phenotype and overexpression
of COX-2 in white fat induced brown adipogenesis in white fat,
increased energy expenditure, and protected mice against high-
fat diet-induced obesity (Vegiopoulos et al., 2010). Retinoic acid
reduces body weight, increases body temperature and adiposity in
rodent models and stimulates UCP1 expression in brown adipose
tissue and skeletal muscle. Administration of all-trans retinoic acid
results in reduced adiposity and adipocyte cell size with a rise in
multilocular adipocytes expressing brown fat markers in white
fat depots (Mercader et al., 2006). Wnt10b blocks beta3-agonist-
induced brown adipose tissue differentiation and suppresses UCP1
expression through repression of PGC-1a, while promoting the
appearance of unilocular lipid droplets and expression of white
adipocyte genes consistent with conversion of brown fat to white
fat (Kangetal.,2005). AMP-kinase (AMPK) signaling is also impli-
cated in the brown fat to white fat conversion. Adipose-specific
ablation of an AMP-kinase substrate, desnutrin/ATGL, converts
brown fat to a white fat-like tissue where the mice exhibit severely
impaired thermogenesis, increased expression of white fat genes
and decreased brown fat genes (Ahmadian et al., 2011).

While it is clear that many signals can promote the browning
of white fat, the mechanistic details are poorly understood. Fur-
ther, some of the prior observations utilized cell culture models
like primary mouse embryonic fibroblasts differentiated fat cells
that harbor both lineages of “brown” fat cells. Also, many of the
mouse studies were not performed at thermo-neutral tempera-
ture, and instead at an adapted colder temperature of 22-24°C
which complicates the role of these molecules in thermogenesis
and energy expenditure. Further, whether the repressing of white
fat phenotype of these molecules is executed via functional regu-
lation of adaptive thermogenesis or determination of cell fate and
it remains unclear how many of these signals regulate the Myf5+
lineage brown fat.

TGF-$ SIGNALING REGULATES APPEARANCE OF BROWN
ADIPOCYTES IN WHITE ADIPOSE TISSUE

We recently elucidated the importance of TGF-f signaling in the
appearance of brown adipocytes within the white adipose tissue
(Crunkhorn, 2011; Yadav et al., 2011). The TGF-B superfamily
member, BMP7, has been implicated in brown adipogenesis (Tseng
et al., 2008). Whether, there exists cross-talk between TGF-$ and
BMP signaling in mediating brown adipogenesis remains to be

determined. Similarly, whether BMP signals, or signals emanating
from other TGF-f superfamily members, play a role in promot-
ing browning of white fat remains unclear. Moreover, it is also
not known if there exists a region-specific importance of TGF-f
signaling as it pertains to brown adipocyte development within
the different white fat depots, such as the mesenteric, epididymal,
retroperitoneal, inguinal, and periovarian adipose depots.

BMP proteins promote differentiation to either white
adipocytes or brown adipocytes (Schulz et al., 2011). BMP7 trig-
gers commitment of mesenchymal progenitor cells to a brown
adipocyte lineage, and implantation of these cells into nude mice
results in development of adipose tissue containing mostly brown
adipocytes (Tseng et al., 2008). Subpopulation of adipogenic prog-
enitors (termed ScaPCs) residing in murine brown fat, white fat,
and skeletal muscle were isolated and it was shown that muscle
and white fat derived Sca-1(+) cells were able to differentiate into
brown-like adipocytes upon stimulation with BMP7 (Schulz et al.,
2011). Also, Bmp7 knockout embryos show a marked reduction of
brown fat, whereas, adenoviral-mediated expression of BMP7 in
mice results in a significant increase in brown fat mass and leads
to an increase in energy expenditure and a reduction in weight
gain (Tseng et al., 2008). However, the role of BMP7 in promoting
browning of white fat remains unclear. A more recent study iden-
tified Zfp423, a BMP-Smad signaling effector, as a transcriptional
regulator of both brown and white preadipocyte differentiation
(Gupta et al., 2010), although whether Zfp423 plays a role in
promoting brown fat features in white fat is unknown.

The molecular signature that we obtain in white fat derived
from Smad3-deficient mice and mice treated with the TGF-§ neu-
tralization antibody, 1D11, provides interesting insight into the
development of brown adipocytes within the white fat milieu.
Thus, white fat from Smad3~'~ mice and mice treated with
1D11 antibodies, expresses a preponderance of genes that repre-
sent brown fat, mitochondrial, and skeletal muscle biology (Yadav
etal.,, 2011). These findings are in contrast to studies where PPAR
y agonist rosiglitazone promotes norepinephrine augmentable
UCPI gene expression in a subset of white adipocyte cells, with-
out concurrent expression of brown fat/muscle-specific markers
(Petrovic et al., 2010). Thus, chronic treatment with rosiglitazone
promotes the expression of brown fat genes, mitochondriogen-
esis, and thermogenesis capacity in a significant subset of white
fat cells. However, the cells, referred to as “brite” adipocytes, are
devoid of transcripts for classic brown adipocytes markers (includ-
ing PRDM16) or for myocyte-associated genes. We reconcile these
observations as evidence of at least two separate pathways that
promote browning in the white fat. Rosiglitazone might promote
a pool of brown adipocyte precursors that does not share a mus-
cle origin, while the TGFB1 effect could act on a pool of cells
that might potentially represent a common progenitor for white,
brown, and muscle cells. Smad3 cooccupies the genome with cell
type specific master transcription factors, including Myodl1 in
myotubes, PU.1 in pro-B cells, and Oct4 in ESCs (Mullen et al.,
2011). It is conceivable that in white fat cells, Smad2/3 interacts
with factor/s that specify and maintain cell identity and cellu-
lar function. This would also provide plausible explanation for
the increased expression of brown fat and skeletal muscle-specific
genes in Smad3~'~ white fat.
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THERAPEUTIC RELEVANCE

Discovering approaches to either prevent fat storage or promote
fat dissipation will have a major clinical impact (Tsengetal.,2010).
Human white adipocytes have the potential to acquire brown fat
cell features (Tiraby et al., 2003). Our findings support the notion
that promoting brown adipocyte like features in white fat might
favorably alter energy balance and protect from obesity and dia-
betes (Tiraby and Langin, 2003). Further, our anti-TGF-f antibody
studies strongly suggest that this strategy has translational poten-
tial in treatment of human obesity and diabetes. Similarly, the role
of neuronal signaling regulators, NPY, and BDNF, have been eluci-
dated in the promotion of browning of white fat (Cao et al., 2011;
Chao etal., 2011) making these factors amenable for consideration
as therapeutic targets. Importantly, the fact that simple changes
in the environment promotes hypothalamic BDNF expression
and leads to browning of white fat and increased energy dissi-
pation (Cao et al., 2011) is of particular relevance with respect to
behavioral modulation as a means to manage and treat obesity
and diabetes. Interestingly, nicotine induces browning of white
fat, along with associated histological and molecular character-
istics, decreases food intake and protects from obesity (Yoshida
et al., 1999) thus presenting a potential anti-obesity modality.
Furthermore, evidence that prostaglandins, cyclooxygenase 2, and
retinoic acid mediated pathways promote the accumulation of
brown adipocyte like cells in traditional white fat depots (Mad-
sen et al., 2010; Vegiopoulos et al., 2010; Mercader et al., 2006)
argues for utility of these molecules and their downstream effec-
tors as candidate therapeutic targets. Finally, considering its ability
to induce browning of white fat and improving glucose home-
ostasis, the hormone irisin can now be added to list of therapeutic
candidates for metabolic disease (Bostrom et al., 2012).

As elevated TGF- levels are common in many disease con-
ditions, there is a push to develop TGF-f antagonist therapies,
including TGF-B neutralization antibodies and small molecule
TGF-P receptor antagonists (Yingling et al., 2004). Indeed, such
regimens are being clinically evaluated for diseases, such as can-
cer, fibrosis, scarring, diabetic nephropathy, where elevated TGF-f8
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It is well established now that adult humans possess active brown adipose tissue (BAT)
which represents a potential pharmacological target to combat obesity and associated
diseases. Moreover thermogenic brown-like adipocytes ("brite adipocytes”) appear also
in mouse white adipose tissue (WAT) upon B3-adrenergic stimulation. We had previously
shown that human multipotent adipose-derived stem cells (hMADS) are able to differen-
tiate into cells which exhibit the key properties of human white adipocytes, and then to
convert into functional brown adipocytes upon PPARYy activation. In light of a wealth of data
indicating that thermogenic adipocytes from BAT and WAT have a distinct cellular origin,
we have characterized at the molecular level UCP1 positive hMADS adipocytes from both
sexes as brite adipocytes. Conversion of white to brown hMADS adipocytes is depen-
dent on PPARYy activation with rosiglitazone as the most potent agonist and is inhibited
by a PPARy antagonist. In contrast to mouse cellular models, hMADS cells conversion
into brown adipocytes is weakly induced by BMP7 treatment and not modulated by acti-
vation of the Hedgehog pathway. So far no primary or clonal precursor cells of human
brown adipocytes have been obtained that can be used as a tool to develop therapeutic
drugs and to gain further insights into the molecular mechanisms of brown adipogenesis in
humans. Thus hMADS cells represent a suitable human cell model to delineate the forma-
tion and/or the uncoupling capacity of brown/brite adipocytes that could help to dissipate

caloric excess intake among individuals.

Keywords: stem cells, rosiglitazone, adipocyte, differentiation, UCP1, brite adipocyte, BAT, WAT

INTRODUCTION

Obesity has reached epidemic proportions globally, with more
than one billion adults overweight and at least 300 million of
them clinically obese. In addition, at least 155 million children
worldwide are overweight or obese, according to the International
Obesity Task Force (Hossain et al., 2007). Obesity constitutes a
substantial risk factor for hypertension, type 2 diabetes, and car-
diovascular diseases implying tremendous burdens for the public
health care system. White adipose tissue (WAT) plays a central
role in the control of energy homeostasis (Ailhaud et al., 1992;
Rosen and Spiegelman, 2006). In contrast to WAT, brown adipose
tissue (BAT) is specialized in adaptive thermogenesis in which
the uncoupling protein 1 (UCP1) plays a key role (Golozoubova
et al., 2006). The involvement of BAT in diet-induced thermo-
genesis has been recently shown in UCP1-ablated mice raised
at thermoneutrality (Feldmann et al., 2009). Of utmost interest,
recent data show that active BAT is indeed present as discrete and
small depots in healthy adult individuals (Nedergaard et al., 2007;
Cypess et al., 2009; Saito et al., 2009; Van Marken Lichtenbelt et al.,
2009; Virtanen et al., 2009; Zingaretti et al., 2009) and represents
a new target to fight obesity (Fruhbeck et al., 2009; Whittle et al.,
2011).

At the cellular level, a myogenic signature of brown adipocytes
and cell sorting of muscle and WAT derived progenitors favor a dis-
tinct origin from that of white adipocytes (Timmons et al., 2007;
Crisan et al., 2008). In vivo lineage studies showed that brown
adipocytes from brown-fat depots share a common developmen-
tal origin with myoblasts (Seale et al., 2008). However, islands
of brown adipocytes are also detected in white fat depots of
rodents following chronic exposure to cold or pharmacological
stimulation of B3-adrenoreceptor ($3-AR). There is indeed evi-
dence that white adipocytes can be converted to brown-like fat
cells (Tiraby et al., 2003; Cinti, 2009a,b; Barbatelli et al., 2010).
Within traditional WAT depots, a particular type of adipocytes
occurs in rodents, corresponding to the “brite” (brown-in-white)
adipocytes. These cells express UCP1 and exhibit in vitro a ther-
mogenic response to B-AR agonists (Petrovic et al., 2010) that
could explain UCP1 expressing cells present as islets surrounded
by white adipocytes (Cousin et al., 1992; Xue et al., 2009). Most
importantly, in vivo, the capacity of obese mice to reduce their
fat mass in response to adrenergic stimulation by cold or f3-AR
agonist does not depend upon BAT whose amount is genetically
invariant among mouse strains but depends upon a genetic vari-
ability which affects the development of “brite” adipocytes within
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WAT depots (Guerra et al., 1998; Xue et al., 2007). Other external
cues are favoring the brown-fat differentiation, e.g., Hedgehog sig-
naling has been characterized as a determinant of brown-fat cell
fate (Pospisilik et al., 2010) whereas among bone morphogenetic
proteins (BMPs), BMP7 specifically promotes brown adipogenesis
of murine multipotent mesenchymal stem cells (Tseng et al., 2008;
Schulz et al., 2011).

We have reported the characterization of mesenchymal stem
cells from human adipose tissue of young male and female
donors [termed human multipotent adipose-derived stem cells
(hMADS)] which exhibit at a clonal level a normal karyotype, self-
renewal ability, the absence of tumorigenicity (Rodriguez et al.,
2004, 2005a; Zaragosi et al., 2006; Elabd et al., 2007; Fontaine
et al., 2008), and are able to convert into functional brown-like
adipocytes (Elabd et al,, 2009). Owing to recent data show-
ing that thermogenic adipocytes from BAT and WAT originate
from distinct origin, the question raised whether UCP1-positive
hMADS adipocytes from both sexes are classical brown or “brite”
adipocytes. Herein we provide evidence at the molecular level that
these cells share similarities with mouse brite adipocytes. How-
ever, in contrast to mouse cellular models, brown adipogenesis is
only slightly induced by BMP7 treatment and not modulated by
activation of the Hedgehog pathway. Thus hMADS cells represent
a suitable human cell model to gain insights in the formation of
brite adipocytes that could help to dissipate caloric excess intake.

MATERIALS AND METHODS

REAGENTS

Cell culture media, serum, buffers, and trypsin were purchased
from Lonza Verviers (Verviers, Belgium) and cell culture reagents
from Sigma-Aldrich Chimie (Saint-Quentin Fallavier, France).
Rosiglitazone was purchased from BertinPharma (Montigny le
bretonneux, France).

CELL CULTURE

The establishment and characterization of the multipotency
and self-renewal capacity of hMADS cells have been described
(Rodriguez et al., 2004, 2005b; Elabd et al., 2007, 2009). In the
experiments reported herein hMADS-1, 2, and 3 cells, estab-
lished respectively, from the umbilical fat pad of a 31-month-old
female donor, from the pubic region fat pad of a 5-year-old male
donor and the prepubic fat pad of a 4-month-old male, were used
between passages 16 and 35 corresponding from 35 to 100 popu-
lation doublings. Cells were seeded at a density of 4500 cells/cm?
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FCS, 2.5ng/ml hFGF2, 60pg/ml penicillin, and
50 pg/ml streptomycin. The medium was changed every other
day and hFGF2 was removed when cells reached confluence and
were triggered for differentiation at day 2 post-confluence (desig-
nated as day 0). Cells were then maintained in DMEM/Ham’s F12
media supplemented with 10 ug/ml transferrin, 0.85 wM insulin,
0.2 nM triiodothyronine, 1 wM dexamethasone, 500 WM isobutyl-
methylxanthine. Three days later, the medium was changed
(dexamethasone and isobutyl-methylxanthine were omitted) and
100nM rosiglitazone were added for the indicated periods.
Media were then changed every other day and cells used at
the indicated days. Glycerol-3-phosphate dehydrogenase (GPDH)

activity measurements and Oil Red O staining were performed as
described previously (Negrel et al., 1978; Bezy et al., 2005).

ISOLATION AND ANALYSIS OF RNA

Total RNA was extracted using TRI-Reagent kit (Euromedex, Souf-
felweyersheim, France) according to the manufacturer’s instruc-
tions. Quality control for purity and integrity of RNA were
tested by OD (260/280 nM) measurements and ethidium bromide-
stained agarose analysis. Reverse transcription-polymerase chain
reaction (RT-PCR) analysis was conducted as described previ-
ously (Rodriguez et al., 2004; Bezy et al., 2005; Zaragosi et al.,
20065 Elabd et al., 2007). Primer sequences, designed using Primer
Express software (Applied Biosystems, Courtaboeuf, France), are
listed in Table 1 and were tested for their specificity, efficiency,
reproducibility, and dynamic range. For quantitative PCR, final
reaction volume was 20 L] using SYBR green master mix (Euro-
gentec, Angers, France) and assays were run on an ABI Prism
7700 real-time PCR machine (PerkinElmer Life and Analytical
Sciences, Boston, MA, USA). An aliquot of PCR products was ana-
lyzed on 2% ethidium bromide-stained agarose. The expression of
selected genes was normalized to that of TATA-box binding protein
(TBP) gene and quantified using the comparative- ACt method.
TBP expression did not vary along the adipocyte differentiation
of hMADS cells; we used also 36B4 and POLR2A genes as house-
keeping genes which gave similar data. Human skeletal muscle
RNA extracts were obtained from a previous study (Pisani et al.,
2010).

MITOCHONDRIA ANALYSIS

Living cells were submitted to 100 nM MitoTracker Red FM (Invit-
rogen) for 45min at 37°C. Cells were finally washed with pre-
warmed culture medium and visualized with an Axiovert micro-
scope (Carl Zeiss, Le Pecq, France) and pictures were captured and
treated with AxioVision software (Carl Zeiss).

CYTOCHROME C OXIDASE ACTIVITY DETERMINATIONS

Cells were disrupted using a polytron in 10 mM Tris pH 8, 1 mM
EDTA, and 0.25M Sucrose containing protease inhibitors. Cell
lysate was centrifuged at 750 ¢ for 10 min with a pellet corre-
sponding to a nuclear-enriched fraction. The supernatant was then
centrifuged at 10 000 g for 20 min, the pellet corresponding to
a mitochondrial-enriched fraction. The mitochondrial-enriched
fraction was used to determine Cytochrome c¢ Oxidase activity
according to manufacturer’s instructions (Cytochrome ¢ Oxidase
Assay kit, Sigma).

STATISTICAL ANALYSIS

Data are expressed as mean values+ SEM and are analyzed
using the 2-tailed Student’s t-test. Differences were considered
statistically significant at P < 0.05.

RESULTS

UCP1, 2, AND 3 EXPRESSION DURING HMADS CELL DIFFERENTIATION
We showed previously that hMADS cells were able to differen-
tiate into white and brown adipocytes depending on the length
of activation of PPARYy by rosiglitazone (Elabd et al., 2009). For
hMADS-1 cells, originally established from the umbilical fat pad
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Table 1 | Sequence of primers used for gene expression analysis.

Gene Complete name Forward primer Reverse primer Accession N°
UCP1 Uncoupling protein 1 GTGTGCCCAACTGTGCAATG CCAGGATCCAAGTCGCAAGA NM021833
ucpP2 Uncoupling protein 2 GGCCTCACCGTGAGACCTTAC TGGCCTTGAACCCAACCAT NMO003355
UCP3 Uncoupling protein 3 TCAGCCCCCTCGACTGTATG ACTTTCATCAGGGCCCGTTT NMO003356.3
PPARy Peroxisome proliferator activated AGCCTCATGAAGAGCCTTCCA TCCGGAAGAAACCCTTGCA NMO005037
receptor gamma
PGC-1a PPARg coactivator 1 alpha CTGTGTCACCACCCAAATCCTTAT TGTGTCGAGAAAAGGACCTTGA NMO013261
PGC-1B PPARg coactivator 1 beta GCGAGAAGTACGGCTTCATCAC CAGCGCCCTTTGTCAAAGAG NM13 3263
PRDM16 PR domain containing 16 GAAACTTTATTGCCAATAGTGAGATGA  CCGTCCACGATCTGCATGT NM022114
CIDEA Cell death-inducing DFFA-like effector A GGCAGGTTCACGTGTGGATA GAAACACAGTGTTTGGCTCAAGA  NMO001279
CPT1B Carnitine palmitoyltransferase 1B AAACAGTGCCAGGCGGTC CGTCTGCCAACGCCTTG NM_152246
ELOVL3 Fatty acid elongase 3 TTGGACCTTGACTTCTGCAA GGGCTATGGGGAATGAGG NM152310.1
AGT Angiotensinogen ACCTACGTCCACTTCCAAGG GTTGTCCACCCAGAACTCCT NM_00 0029.3
MEOX2 Mesenchyme homeobox 2 AGAGGAAAAGCGACAGCTCA AAGTTCTCTGATTTGCTCTTTGGT  NMO005924.4
ZIC1 Zic family member 1 TGGCGCTCACATTCCTCTAT GCATCTCAGCCCCCTAAAA NM_00 3412.3
LHX8 LIM homeobox 8 GTCGGACGTCTGGGTTTG ACGGAAGAAATAGGGGAAGC NM001001933.1
CtBP1 C-terminal binding protein 1 GCCTCAACGAGCACAACCA ACCAGGAAGGCCCCTTGTC NM001012614.1
CtBP2 C-terminal binding protein 2 CTGGTGGACGAGAAAGCCTTA GGCTGCCCCTCGTATCCT NM022802.2
NRIP1 Nuclear receptor interacting protein 1 TTGGAGACAGACGAACACTGA TCTACGCAAGGAGGAGGAGA NM_00 3489.3
LXR Liver-X-receptor CAGGGCTCCAGAAAGAGATG ACAGCTCCACCGCAGAGT NM005693.2
GPBAR1 G protein-coupled bile acid receptor 1 CCCAGGCTATCTTCCCAGC AGCAGGAGCCCATAGACTTCG NM001077191.1
Di02 Deiodinase type 2 GTCACTGGTCAGCGTGGTTTT TTCTTCACATCCCCCAATCCT NM 000793.5
COX1 Cyclooxygenase 1 AGCAGCTGAGTGGCTATTTCCT CCAGTTCCAATACCGCAACCG NMO080591.1
COX2 Cyclooxygenase 2 GAATCATTCACCAGGCAAATTG TCTGTACTGCGGGTGGAACA NM_00 0963.2
PTGIS Prostaglandine 12 synthase GCCACATAGCTCATAAGCTGTAGAAC ~ AGTTGCTCATCCAGCATTTGC NM000961.3
PTGIR Prostaglandine 12 receptor AGCCTGGGCAAGACTGGAG TAGGTGAGGTTCCTGCACGAA NM_00 0960.3
TPK1 Thiamin pyrophosphokinase 1 CAAGGTGTTCGTGGTTGGC TTGAGTGAGGGCCTCTGGAC NM_00 1042482.1
FABP4 Fatty acid binding protein 4 TGTGCAGAAATGGGATGGAAA CAACGTCCCTTGGCTTATGCT NM_00 1442.2
ADIPOQ Adiponectin GCAGTCTGTGGTTCTGATTCCATAC GCCCTTGAGTCGTGGTTTCC NM 00 479 7.3
RARRES2  Chemerin GGAATATTTGTGAGGCTGGAA CAGGCATTTCCGTTTCCTC NM002889.3
PANK3 Pantothenate kinase 3 CATTGCAGACGGTGCTATGT GTTTGTGCAGGTGGAGGTTT NM024594.3
HOXC9 Homeobox C9 CAGCAAGCACAAAGAGGAGA CGACGGTCCCTGGTTAAATAC NMO006897.1
DPT Dermatopontin CGAGGAGCAACAACCACTTT CGGCACATTATGAACTTCCA NMO0019374
LEP Leptin AGGGAGACCGAGCGCTTTC TGCATCTCCACACACCAAACC NM_00 0230.2
Gli1 Glioma-associated oncogene homolog 1 TGCAGTAAAGCCTTCAGCAATG TTTTCGCAGCGAGCTAGGAT NMO001167609.1
Myf5 Myogenic factor 5 GATCACCTCCTCAGAGCAACCT GTGCTGGCAACTGGAGAGAGA NM005593.2
TBP TATA-box binding protein CACGAACCACGGCACTGATT TTTTCTTGCTGCCAGTCTGGAC NMO003194

of a 31-month-old female donor, a 6-day exposure to rosiglitazone
(between days 3 and 9) proved to be optimal for the cells to become
white adipocytes. As shown in Figures 1A,B, further exposure of
the cells to rosiglitazone did not alter the overall adipogenesis level
per se since treatment between days 3 and 16 brought no change in
triglyceride accumulation (Oil Red O staining) and GPDH activity.
Under this condition, as shown in Figure 1C, a dramatic increase
in the expression of UCP1 mRNA was observed. Interestingly,
when hMADS-1 cells were first differentiated as above into white
adipocytes and rosiglitazone being removed for the next 5 days,
a further 2-day rosiglitazone exposure (between days 14 and 16)
was sufficient to stimulate the expression of UCP1 (Figure 1C).
In order to extend these observations, hMADS-2 and hMADS-3
cells, established respectively from the pubic fat pad of a 5-year-old
male donor and the prepubic fat pad of a 4-month-old male, were
used and gave similar results (Figure 1C). Under these conditions,

UCP1 protein could be detected by immunoblotting analysis (data
not shown).

We then measured for the expression of two other members
of the UCP family, UCP2 and UCP3. The expression of UCP2
mRNA was induced during adipogenesis of hMADS-1, 2, and 3
cells,and its expression was partially but not significantly enhanced
by the duration of rosiglitazone treatment (Figure 1D). Inter-
estingly, UCP3 mRNA was barely detected (100-200 times lower
as compared to skeletal muscle cells), was not induced during
adipogenesis and remained insensitive to rosiglitazone treatment
(Figure 1E).

UCP1 INDUCTION IS DEPENDENT UPON PPARy ACTIVATION

Among members of the thiazolidinedione family, rosiglitazone
is known as a high-affinity ligand of PPARy. We therefore car-
ried out a comparative study with other thiazolidinediones, i.e.,
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FIGURE 1 | Conversion of hMADS cells into brown- like adipocytes.
hMADS-1, 2, and 3 cells were induced to differentiate into adipocytes as
described under the Section “Materials and Methods.” Hundred nanometer
rosiglitazone was added during the indicated periods of treatment. At day
16, (A) cells were fixed and stained by Qil Red O, (B) GPDH activity was
determined, and (C-E) UCP1, UCP2, and UCP3 mRNA levels, respectively,
were measured by quantitative RT-PCR. Results are mean & SEM of three
(B,C) or two (D,E) independent experiments. Results in (C) and (D) are
expressed by taking as 100% the value obtained for rosiglitazone treatment
between days 3 and 16. In (E), human skeletal muscle cells were used as
positive control for UCP3 expression. Results in (E) are expressed taking as
100% the value obtained for skeletal muscle cells. *p < 0.05 vs. cells
treated between days 3 and 9.

troglitazone and ciglitazone, with respect to the induction of
UCP1 gene expression. For this purpose, hMADS-2 cells were
first differentiated into white adipocytes as above, i.e., rosiglita-
zone treatment between days 3 and 9 followed by its removal
for the next 5 days, were then exposed to increasing concentra-
tions of various thiazolidinediones between days 14 and 16. The
levels of UCP1 mRNA were analyzed by quantitative RT-PCR at
day 16. As shown in Figure 2A, troglitazone and ciglitazone were
able to induce UCP1 expression in a dose-dependent manner.

no effect on untreated hMADS cells. Similar data were observed
using hMADS-3 cells (data not shown). Altogether, these obser-
vations demonstrated that induction of UCP1 was dependent on
PPARY activation and that rosiglitazone was the most efficient
agonist in this process.

CHARACTERIZATION OF MITOCHONDRIOGENESIS IN DIFFERENTIATED

hMADS ADIPOCYTES

As abundance of mitochondria is higher in brown as compared
to white fat cells, we tested whether mitochondriogenesis was
affected in the “browning” process of hMADS cells. Clearly, more
mitochondria were observed in brown-like adipocytes as com-
pared to white adipocytes (Figure 3A). This observation was
further supported by quantitative RT-PCR analysis of CPT1B,
a fatty acid transporter of the outer mitochondrial membrane
(Figure 3B). Under these conditions, CPT1B mRNA levels were
10-fold higher in brown-like adipocytes as compared to white
adipocytes. Furthermore, the increase of CPT1B mRNA levels
upon rosiglitazone treatment was similar to that observed for
UCP1 (Figure 1C).

Finally, we measured the Cytochrome ¢ oxidase activity in this
fraction as an index of respiratory chain activity. As expected,
Cytochrome ¢ oxidase activity was higher in UCP1-containing
fractions from hMADS cells chronically treated as compared to
cells treated between days 3 and 9 (Figure 3C). Thus, h(MADS
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FIGURE 3 | Mitochondriogenesis of hMADS cells after conversion to
brown-like adipocytes. hNMADS-2 cells were induced to differentiate into
adipocytes in the presence of 100 nM rosiglitazone between days 3 and 9
or between days 3 and 16. Alternatively, after removal at day 9,
rosiglitazone was re-added or not at day 14 for 2 days. (A) Mitochondria
visualized by epifluorescence in living cells in the presence of the
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mitotracker dye, (B) CPT1B mRNA levels determined at day 16 by
quantitative R-PCR in hMADS-1, 2, and 3 cells and (C) Cytochrome ¢
oxidase activity determined at day 16. Results are mean 4+ SEM (B,C) and
are representative experiments (A) of three independent experiments
performed on different series of cells. *p < 0.05 vs. cells treated between
days 3 and 9.

adipocytes expressing UCP1 display a significant increase in
mitochondriogenesis accompanied by an increase in their respi-
ratory activity; both indicating the acquisition of a brown-like
phenotype. As brown-like adipocytes arise from white adipocytes,
brown-like adipocytes can be defined at first sight under our
conditions as brite adipocytes.

ANALYSIS OF GENE EXPRESSION IN hMADS-DERIVED BRITE
ADIPOCYTES

Recently, studies of mouse model have described genes with differ-
ential expression in white vs. brown adipocytes (Vernochet et al.,
2009; Petrovic et al., 2010). Therefore we aimed at analyzing the
expression of a large set of these genes in white vs. brown-like
hMADS adipocytes.

First, we analyzed the expression of Myf5 known to be a mol-
ecular signature common to brown-fat and skeletal muscle cells
(Seale et al., 2008). Myf5 expression was not detectable in prolifer-
ating or differentiated hMADS cells originating from three donors
(data not shown).

Table 2 summarized the expression values (ACt referred to
TBP) of different genes in hMADS cells at day 9 of adipocyte
differentiation as well as day 16 of white and brite differentia-
tion of hAMADS-2 and 3 cells. White and brite hMADS adipocytes
expressed classical adipogenic markers (FABP4, ADIPOQ, RAR-
RES2, PANK3, PPARy, and low level of LXR) at similar levels.
In addition, hMADS brite adipocytes expressed UCP1, CPT1B,
CIDEA, and ELOVL3, four genes found to be highly expressed
in mouse brite adipocytes (Petrovic et al., 2010). Conversely,

these cells did not express ZIC1 and LHXS, two genuine brown
adipocyte specific genes (Vernochet et al., 2009). Interestingly,
hMADS cells expressed PRDM16, MEOXZ, and AGT at the
same level in both white and brite adipocytes. With respect to
white adipocyte specific genes, it is noticeable that leptin (LEP)
and DPT but not HOXC9 levels decreased with brite adipocyte
formation.

Co-activators (PGCla, PGCIp) and co-repressors (CtBP1,
CtBP2, NRIP1) of PPARY were also expressed, demonstrating the
ability of these cells to modulate PPAR signaling pathways. hMADS
cells also expressed other classical components of brown adipocyte
signaling such as DiO2 (thyroid hormone pathway), COX1, COX2,
PGTiS, and PGTiR (arachidonic acid pathway) and interestingly,
an increase in the bile acid receptor, GPBARI.

Altogether, these observations clearly confirmed the “brite”
phenotype of hMADS adipocytes as they display both an origin
and a molecular signature distinct from those of genuine brown
adipocytes.

EFFECTS OF HEDGEHOG AND BMP SIGNALING EFFECTORS ON BRITE
hMADS CELL FORMATION

As conversion of hMADS cells into brite adipocytes is dependent
upon PPARY activation, we became interested in deciphering path-
ways that are independent of rosiglitazone treatment. It has been
shown in mouse models that Hedgehog and BMP pathways modu-
lated the formation of brown adipocytes (Lee et al., 2008; Pospisilik
etal.,2010; Schulz etal.,2011). We analyzed UCP1 expression after
activation of the Hedgehog pathway, using two known activators of
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Table 2 | Analysis of white and brown specific markers.

hMADS-2 hMADS-3
Day 9 Day 16 Day 16 Day 9 Day 16 Day 16
“White “Brite Brite vs. “White “Brite Brite vs.
adipocyte” adipocyte” white adipocyte” adipocyte” white
Brown markers UCP1 0.376 5.231 138.1 26.393 0.060 2.400 45.50 18.958
CPT1B 0.322 0.147 1.757 11.949 0.020 0.110 1.340 12.182
CIDEA 0.019 0.041 0.076 1.857 0.020 0.010 0.028 2.800
ELOVL3 0.449 1.246 2.006 1.610 0.600 0.788 1.332 1.691
AGT 0.805 0.140 0.131 0.938 0.275 0.059 0.033 0.564
PRDM16 0.027 0.024 0.017 0.731 0.028 0.036 0.027 0.750
MEOX 2 0.016 0.019 0.020 1.035 0.030 0.013 0.009 0.705
ZIC1 nd nd nd nd 0.027 0.018 0.018 1.027
LHX8 nd nd nd nd nd nd nd nd
Brown/white markers FABP4 263.0 94.0 305.0 3.245 3170 206.0 390.0 1.893
ADIPOQ 105.0 31.0 138.0 4.452 69.00 2700 96.00 3.556
RARRES2 0.237 0.513 0.650 1.266 1.002 1.976 1.425 0.721
PANK 3 2.397 5.035 5.996 1.191 0.979 3.421 2.454 0.717
White markers HoxC9 0.679 0.514 0.710 1.381 0.591 0.648 0.550 0.849
DPT 3.264 1.964 1.096 0.558 18.306 7310 6.908 0.945
LEP 0.707 0.406 0.25 0.616 1.392 0.244 0.158 0.648
PPAR complex PGCla 0.431 0.340 0.494 1.453 0.940 0.320 0.400 1.250
PGC1B 0.229 0.21 0.220 1.042 0.190 0.190 0.240 1.263
PPARy 3.145 13.310 10.598 0.796 10.200 9.500 10.500 1.105
CtBP1 2.260 7.300 6.200 0.849 1.820 6.100 6.400 1.049
CtBP2 1.110 1.910 18.200 9.529 2.280 2.540 11.700 4.606
NRIP1 1.442 1.066 1.597 1.499 1.140 0.630 0.750 1.190
LXR 0.110 8.000 12.600 1.575 0.150 8.500 20.300 2.388
Receptor/enzyme GPBAR1 0.309 0.120 0.209 1.743 0.118 0.056 0.084 1.489
involved in white and Di02 0.060 0.051 0.056 1.103 0.041 0.055 0.057 1.026
brown activation COX2 0.004 0.019 0.010 0.538 0.030 0.041 0.039 0.951
COX1 0.708 0.135 0.125 0.926 0.440 0.140 0.150 1.071
PTGIS 1.416 nd nd nd 0.390 0.910 0.440 0.484
PTGIR 0.008 0.123 0.145 1.178 0.040 0.080 0.118 1.475
TPK1 1.621 1.551 1.292 0.833 0.633 1.040 0.841 0.809

hMADS-2 and 3 cells were induced to differentiate into adipocytes in the presence of 100 nM rosiglitazone between days 3 and 9 or between days 3 and 16. Expression
of various markers described previously was analyzed by quantitative RT-PCR. The expression values (A Ct referred to TBP) mRNA in hMADS cells at the indicated.

Genes indicated in italics and bold are highly expressed in white adipocyte and in brown adipocyte conditions, respectively.

smoothen, i.e., purmorphamine and smoothened agonist (SAG).
hMADS cells that were differentiated in the presence of rosigli-
tazone either between day 3 and 9 or between day 3 and 16
were exposed to the two compounds and analyzed at day 16. As
expected, the expression of Glil mRNA (Figure 4A), a marker of
the activation of Hedgehog signaling (Hooper and Scott, 2005),
was observed. However, neither purmorphamine nor SAG were
able to substitute to rosiglitazone and to modulate the expression
of UCP1 or FABP4.

In a similar way we tested whether BMPs could induce the
“browning” of hMADS cells. hMADS cells, in the presence or
absence of rosiglitazone between days 3 and 9, were treated with
or without 10 nM BMP2 or BMP7. As shown in Figure 4B, nei-
ther BMP2 nor BMP7 affected adipogenesis of hMADS cells, as

illustrated by the expression of FABP4 and only induced weakly
the formation of brite adipocytes as illustrated by the expression
of UCP1 and CIDEA.

DISCUSSION

Recent advances in the developmental analysis of white and
brown progenitors demonstrated a distinct origin (Timmons et al.,
2007; Crisan et al., 2008). Furthermore, brown-like adipocytes
are found in white fat depots upon physiological or pharmaco-
logical stimulation and there is evidence that white adipocytes
can be converted to brown-like fat cells (Tiraby et al., 2003;
Cinti, 2009a,b). A recent study described mouse “brite” adipocytes,
obtained upon chronic PPARYy activation of primary cultures of
white adipocyte precursors (Petrovic et al., 2010), which may
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explain the UCP1 expression found in islets surrounded by white
adipocytes (Cousin et al., 1992; Xue et al., 2009). In adult humans,
the increase of white to “brite” adipocyte conversion and activity,
taking advantage of the important mass of WAT, could represent a
novel strategy to combat overweight/obesity as a result of energy
imbalance. Unfortunately, detailed investigations are hampered
ex vivo by the unavailability of human brite and genuine brown
adipocytes.

The observations reported herein emphasize that hMADS
cells can differentiate into brite adipocytes. Their differentia-
tion is associated with an increase of mitochondrial markers
(Figure 3). During proliferation and differentiation, hMADS cells
do not express Myf5 indicating that a common signature with
myoblasts can be ruled out. Analyzing the expression pattern
of genes known to be associated with brown or brite murine
adipocytes, clearly demonstrate the brite signature of converted
hMADS cells. Indeed, these cells express brown adipocytes mark-
ers (PPARa, CPT1B, ELOVL3, CIDEA, PGCla, and UCP1) and
do not (ZIC1, LHX8) or barely express other specific markers
(PRDM16, MEOX2) of genuine mouse brown adipocytes. More-
over, hMADS cells express well-known components of brown
adipocyte signaling, demonstrating that these cells are able to
respond to various signals such as a- and B-adrenergic agonists,
bile acids, fatty acids and prostaglandins, thyroid hormone, and
the natriuretic peptide (Table 2; Rodriguez et al., 2004; Elabd
et al., 2009). Therefore, hMADS cells can be used as a human cell
model to analyze various brown modulating signals that have been
described in rodents. Our results clearly emphasize Hedgehog and

BMPs signaling as striking examples of the discrepancies exist-
ing between human and rodents (Fontaine et al., 2008; Svensson
et al.,, 2011). Actually, it has been previously shown that activa-
tion of Hedgehog signaling in vivo and in vitro impairs white
but not brown adipocyte differentiation (Pospisilik et al., 2010).
Herein we showed that treatment of hMADS cells with Hedge-
hog activators did not affect white or brite adipocyte formation
(Figure 4A). Furthermore, our data show that BMP7 induces
weakly brite adipocyte formation of hMADS cells, in contrast
to earlier observations in mouse cell models (Tseng et al., 2008;
Schulz et al., 2011) despite the fact that hAMADS cells do express
functional BMP receptors (Zaragosi et al., 2010; and data not
shown).

Taken together, our data demonstrated that differentiated
brown-like h(MADS adipocytes are representative of the so-called
brite adipocytes recently described in mice (Petrovic et al., 2010)
though significant differences are observed with regard to signal-
ing cues favoring brown adipogenesis. In conclusion, our human
cell model could contribute to shed some light on the mechanisms
involved in the browning process of white adipocytes and could
help in identifying drugs involved in this phenomenon.
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The ever increasing rates of obesity and
its co-morbidities represent a significant
worldwide health problem (Pijl, 2011). An
effective and innovative strategy to reduce
body weight would be to increase energy
expenditure by altering the character of
adipose tissue in the body. This approach
does not merely aim to eliminate, white
adipose tissue (WAT), our reservoirs of
energy storage. Rather, its objective is
to replace and/or add to WAT depots
with highly energetic brown adipocytes.
Although brown adipocytes are capable
of synthesizing and storing triglyceride,
they are functionally different from white
adipocytes, playing an important role in
heat production, blood triglyceride clear-
ance, and glucose disposal (Cannon and
Nedergaard, 2004; Nedergaard et al., 2010;
Bartelt et al., 2011).

Both WAT and brown adipose tis-
sue (BAT) are found in specific depots
throughout the body (Cinti, 2005). The
amount of active BAT found in the supra-
clavicular region of some human subjects,
~63 g, would be sufficient to metabolize
an amount of energy equivalent to about
4 kg of WAT during the course of 1 year
(Fruhbeck et al., 2009; Virtanen et al., 2009).
Indeed, the weight loss potential of activated
BAT is borne out of the estimation that as
little as 50 g is sufficient to metabolize 20%
of the daily energy needs of an individual
(Rothwell and Stock, 1983).

Adipocytes are not restricted to their
depot subtype, as brown adipocytes can
also be found in WAT and vice versa (Cinti,
2005). Brown adipocytes found inter-
spersed within WAT are known by a variety
of names, including adaptive or recruitable
fat cells, brown in white (brite) cells, or beige
cells (Enerback, 2009; Ishibashi and Seale,
2010; Petrovic et al., 2010). Hence, increas-
ing the numbers of brite cells within WAT
depots represents an innovative approach
to reduce weight gain.

In this report Pisani et al. (2011) char-
acterize the formation of brite adipocytes
in vitro from the trans-differentiation of
human white adipocytes. For their experi-
ments, they differentiated mesenchymal
stem cells, which were isolated from WAT
depots of human subjects, first into white
adipocytes, and subsequently trans-dif-
ferentiating them into brown adipocytes.
These human multipotent adipose derived
stem (hMADS) cells have the potential
to differentiate into different mesoder-
mal lineages not restricted to adipocytes,
which include myoblasts and osteoblasts
(Rodriguez et al., 2005; Elabd et al., 2007,
2009; Figure 1). The trans-differentiated
white adipocytes formed brown adipocytes
with enhanced uncoupling activity with the
salient expression of the brown adipocyte
marker UCP1. The brown phenotype was
further authenticated by the enhanced
mitochondriogenesis with increased levels
of the fatty acid transporter CPT1B and
cytochrome c oxidase activity.

Pisanietal. (2011) found the brown adi-
pocytes made from hMADS was dependent
on agonist sustained activation of PPARY,
chiefly rosiglitazone. As with brown cell for-
mation in WAT depots of mice, the brown
adipocytes that were formed did not appear
to have originated from a skeletal muscle,
Myf5-expressing progenitor (Seale et al.,

2008). However, unlike mouse brown adi-
pocyte differentiation, brown conversion of
hMADS cells was not stimulated by BMP7
treatment and was not modulated by acti-
vation of the Hedgehog pathway (Tseng et
al., 2008; Pospisilik et al., 2010). Moreover,
the brown adipocyte determination factor,
PRDM16, was expressed at similar levels
in both white and brown adipocytes (Seale
et al., 2008). This is counter to the recent
findings supporting the important involve-
ment of PRDM16 in brite cell formation
within the subcutaneous inguinal fat pads
of mice (Seale et al., 2011). This discrep-
ancy in hMADS cells may be species specific.
However, it does not rule out the possibil-
ity that PRDM16 might be controlled at a
different level (i.e. protein or activity) in
hMADS cells that is not manifested by the
differentiation approach used by Pisani et
al. (2011).

Although, Pisani et al. (2011) provide
compelling evidence for transdifferentia-
tion of white into brown adipocytes in vitro,
there are other potential avenues to recruit
brown adipocytes within WAT depots.
Notably, newly formed brown adipocytes
in WAT could be derived from: a common
white preadipocyte, a WAT specific brown
preadipocyte, or by the mobilization of
uncommitted MSCs into a brown adipo-
cyte lineage (Scime et al., 2005; Figure 1).
These alternative avenues to recruit brown
adipocytes may depend on a particular
physiological state. hMADS cells will now
make it possible to study these different
potentialities in vitro.

Overall, the work of Pisani et al. provides
an important approach to understand the
in vitro mechanisms for human brown adi-
pocyte development in WAT. Unlocking the
pathways and cues required for brown cell
activation in humans will lead to promising
avenues for drug therapies against obesity.
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FIGURE 1 | Differentiation potential of hMADS cells. Human multipotent
adipose derived stem (hMADS) cells isolated from white adipose tissue (WAT)
of human donors can differentiate into osteoblasts, myoblasts, white and
brown adipocytes. Although brown adipocytes are formed from the
trans-differentiation of white adipocytes, it is not known if there is the
potential to differentiate directly from hMADS cells.
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Brown adipose tissue (BAT) non-shivering thermogenesis impacts energy homeostasis
in rodents and humans. Mitochondrial uncoupling protein 1 in brown fat cells produces
heat by dissipating the energy generated by fatty acid and glucose oxidation. In addi-
tion to thermogenesis and despite its small relative size, sympathetically activated BAT
constitutes an important glucose, fatty acid, and triacylglycerol-clearing organ, and such
function could potentially be used to alleviate dyslipidemias, hyperglycemia, and insulin
resistance. To date, chronic sympathetic innervation and peroxisome proliferatoractivated
receptor (PPAR) y activation are the only recognized inducers of BAT recruitment. Here,
we review the major differences between these two BAT inducers in the regulation of
lipolysis, fatty acid oxidation, lipid uptake and triacylglycerol synthesis, glucose uptake, and
de novo lipogenesis. Whereas BAT recruitment through sympathetic drive translates into
functional thermogenic activity, PPARy-mediated recruitment is associated with a reduction
in sympathetic activity leading to increased lipid storage in brown adipocytes. The promis-
ing therapeutic role of BAT in the treatment of hypertriglyceridemic and hyperglycemic
conditions is also discussed.

Keywords: rosiglitazone, PPARy, brown adipose tissue, sympathetic nervous system, glucose metabolism, lipid

metabolism, obesity

INTRODUCTION

Brown adipose tissue (BAT) plays an important role in rodent
whole body energy homeostasis due to its extreme ability under
demand to dissipate energy as heat (Cannon and Nedergaard,
2004). This process, known as non-shivering thermogenesis, is
positively regulated through norepinephrine (NE) release by the
sympathetic nerves that densely innervate BAT. Upon sympa-
thetic activation, NE interacts with 3 adrenergic receptors lead-
ing to lipase-mediated triacylglycerol (TAG) hydrolysis. Whereas
lipolysis-derived glycerol is recycled back to TAG by glycerokinase
(GyK; Festuccia et al., 2003a), lipolysis-derived fatty acids (FA) are
directed to the mitochondria where they either undergo oxida-
tion or allosterically activate uncoupling protein (UCP) 1. Active
UCPI dissipates the proton gradient across the inner mitochon-
drial membrane, thus leading to heat production at the expense
of ATP synthesis. FA derived from intracellular TAG hydrolysis
are the only activators of UCP1 and mitochondrial uncoupling
as evidenced by defective thermogenesis in mice lacking lipoly-
tic adipose triglyceride lipase (ATGL; Zimmermann et al., 2004).
Therefore, maintenance of intracellular TAG stores is essential for
BAT non-shivering thermogenesis as supported by the marked
increase in BAT TAG synthesis in cold-acclimated rats (Cannon
and Nedergaard, 2004; Moura et al., 2005).

In addition to thermogenesis, sympathetic innervation is a
major regulator of brown adipocyte proliferation, differentiation,
and apoptosis implicated in BAT maintenance and function (Can-
non and Nedergaard, 2004). Chronic sympathetic activation not

only increases BAT mass by enhancing brown adipocyte prolifer-
ation and differentiation and by reducing apoptosis (Bronnikov
etal., 1999; Lindquist et al., 2000; Cannon and Nedergaard, 2004),
but also stimulates mitochondrial biogenesis and the expression
of the thermogenic proteins UCP1 and peroxisome proliferator-
activated receptor (PPAR) coactivator-1 (PGC-1) a (Puigserver
et al., 1998; de Jesus et al.,, 2001; Silva, 2006) amplifying BAT
capacity to produce heat (Cannon and Nedergaard, 2004).

Chronic sympathetic activation was the only recognized
inducer of BAT recruitment until the discovery that pharmaco-
logical activation of PPARy also increases BAT mass and UCP1
levels in rodents (Mercer and Trayhurn, 1986; Rothwell et al.,
1987; Thurlby et al., 1987; Sell et al., 2004). PPARY is a nuclear
receptor highly expressed in BAT that acts as a master transcrip-
tional regulator of brown adipocyte differentiation required for
tissue development, function, and survival (Barak et al., 1999; He
et al., 2003; Imai et al., 2004; Gray et al., 2006; Duan et al., 2007;
Petrovic et al., 2008). Remarkably, however, PPARy-mediated BAT
recruitment is associated with a reduction in BAT sympathetic
activity and thyroid status, which seems to prevent the trans-
lation of a high thermogenic capacity (BAT mass and UCP1
content) into increased functional thermogenic activity (Festuc-
cia et al., 2008). Despite being significantly reduced, the residual
sympathetic tone remaining under pharmacological PPARY acti-
vation modulates major components of PPARy-mediated BAT
recruitment, including maximal UCP1 expression (Festuccia et al.,
2010).
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PPARy modulation of BAT metabolism

Concomitantly with the upregulation of the thermogenic
potential of BAT, PPARYy activation improves its ability to clear
and store circulating lipids as TAG, which is associated with impor-
tant changes in tissue glucose uptake and utilization. In the past
few years we have worked toward elucidating the mechanisms
whereby PPARy agonism impacts BAT glucose and lipid metab-
olism. In the following sections we discuss the major findings
of these studies, their integration into current knowledge on the
mechanisms of action of PPARy ligands, and future directions of
this research area. Finally, the promising therapeutic role of BAT as
an energy expending tissue for obesity treatment and as a glucose
and lipid-clearing organ in the treatment of hyperglycemic and
hypertriglyceridemic conditions are addressed.

BROWN ADIPOCYTE LIPOLYSIS

Intracellular lipolysis of TAG to FA and glycerol is directly related
to BAT thermogenic function such that no thermogenesis can
be evoked without activation of lipolysis (Cannon and Neder-
gaard, 2004). TAG hydrolysis is catalyzed in a stepwise manner
by ATGL, hormone-sensitive lipase (HSL), and monoacyglycerol
lipase (MGL), which have preferential hydrolytic activity toward
TAG, diacylglycerol, and monoacylglycerol, respectively (Zechner
et al., 2009). BAT lipolysis is activated by NE released by sympa-
thetic nerves. NE, through activation of 3 adrenergic receptors
and associated adenylyl cyclase, raises CAMP that allosterically
interacts and activates protein kinase A, which in turn phosphory-
lates HSL, thereby inducing its translocation to lipid droplets and
increasing its hydrolytic activity.

Peroxisome proliferator-activated receptor y activation by the
agonist rosiglitazone is associated with an upregulation of BAT
lipolytic machinery due to increased expression of ATGL and its
partner CGI-58 and MGL (Festuccia et al., 2010). Similar to the
upregulation of thermogenic genes, such higher lipase levels are
not translated into higher functional lipolytic rates due to the inhi-
bition by rosiglitazone of BAT sympathetic activity (Festucciaetal.,
2008). In addition, the release of lipolysis-derived FA from BAT is
counteracted by their intracellular recycling and re-esterification
back to TAG, a process that strongly depends upon the generation
of glycerol-3-phosphate (G3P), which is markedly stimulated by
rosiglitazone, as discussed below (Festuccia et al., 2009b).

BROWN ADIPOCYTE FATTY ACID OXIDATION AND
MITOCHONDRIAL BIOGENESIS

Brown adipose tissue has a marked ability to oxidize FA and
glucose as a consequence of high tissue mitochondrial num-
ber and oxidative enzymes content. Such high oxidative capac-
ity is translated into high rates of oxygen consumption, making
BAT the major body oxygen-consuming organ in situations of
active non-shivering thermogenesis (Cannon and Nedergaard,
2004). Lipolysis-derived FA are the preferred substrates oxidized
in BAT, providing most of the energy converted to heat by UCP1-
mediated mitochondrial uncoupling (Cannon and Nedergaard,
2004). Acutely, sympathetic activation upregulates BAT FA oxida-
tion by increasing lipolysis and intracellular FA availability, and by
enhancing carnitine palmitoyl transferase (CPT) 1 activity and FA
entry into the mitochondria (Cannon and Nedergaard, 2004).

Chronically, sympathetic activation upregulates BAT oxidative
capacity by increasing mitochondrial number, an effect medi-
ated by PGC-la, an adrenergically modulated coregulator of
nuclear receptor function implicated in mitochondrial biogene-
sis (Puigserver et al., 1998). In contrast to sympathetic activa-
tion, PPARYy activation in vivo is not associated with changes in
BAT mitochondrial number and PGC-1a expression (Festuccia
et al., 2010). In brown adipocytes in vitro, rosiglitazone does not
affect PGC-1a expression but increases mitochondrial number
and CPT1 content, such effects being translated into higher oxy-
gen consumption only in the presence of NE (Petrovic et al., 2008).
Altogether, these findings indicate a major role of the sympa-
thetic nervous system to enhance brown adipocyte mitochondrial
function, such action being potentiated by PPARy activation.

BROWN ADIPOCYTE LIPID UPTAKE AND TRIACYLGLYCEROL
SYNTHESIS

Circulating chylomicron- and very-low-density lipoprotein
(VLDL)-bound TAG are the major source of FA incorporated
into BAT, a process catalyzed by the endothelium-bound enzyme
lipoprotein lipase (LPL), which hydrolyzes circulating TAG to FA
and monoacylglycerol for BAT uptake. BAT is a major plasma
lipid-clearing organ in rodents and therefore a strong modula-
tor of triglyceridemia (Festuccia et al., 2009b; Laplante et al., 2009;
Barteltetal.,2011). Cold exposure, for example, markedly activates
BAT lipid clearance and LPL activity, thus inducing hypotriglyc-
eridemia despite increased liver VLDL-TAG secretion (Mantha
and Deshaies, 1998; Moura et al., 2005; Bartelt et al., 2011). In
addition, BAT lipid uptake in rodents exposed to cold is favored
by an increase in the membrane FA transporter FAT/CD36 (Bartelt
etal., 2011).

Similar to cold exposure, pharmacological PPARy activation
in rodents markedly increases BAT TAG clearance and LPL activ-
ity, such effects contributing to the hypotriglyceridemic action of
PPARY agonists (Festuccia et al.,2009b; Laplante et al., 2009). Most
of the FA taken up by brown adipocytes are directed toward TAG
synthesis, a process strongly dependent upon G3P availability (dis-
cussed below) and the stepwise enzymatic acylation of its carbon
backbone. Initial G3P acylation to lysophosphatidic acid is cat-
alyzed by glycerol-3-phosphate acyltransferase (GPAT; Figure 1).
Lysophosphatidic acid is then acylated to form phosphatidic acid,
which is dephosphorylated to diacylglycerol by phosphatidic acid
phosphatase 1 (PAP1, also called lipin) and further acylated to
TAG by diacylglycerol acyltransferase (DGAT). In addition to TAG
clearance and FA uptake, rosiglitazone activates BAT TAG synthesis
by stimulating the activities of GPAT and DGAT. Among the GPAT
and DGAT isoforms, rosiglitazone specifically increases mRNA
levels of GPAT3 and DGAT, respectively, both located in the endo-
plasmic reticulum. GPAT3 and DGAT1 expression is markedly
upregulated by PPARY activation in 3T3-L1 adipocyte (Cao et al.,
2006; Yen et al., 2008) and in BAT suggesting direct transcriptional
regulation, a hypothesis that remains to be tested. Surprisingly,
lipin levels and PAP activity are not affected by rosiglitazone in
BAT (Festuccia et al., 2009b), in contrast with the marked stimu-
lation of lipin-1 levels in rat white adipose tissue (WAT; Festuccia
and Deshaies, 2009; Festuccia et al., 2009a), and that of lipin-1
expression by pioglitazone in WAT of insulin-resistant humans
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(Yao-Borengasser et al., 2006). Noteworthy, PAP specific activ-
ity (relative to protein) is 5 to 15-fold higher in BAT than in
WAT under basal conditions (Festuccia et al., 2009a); activation
of such abundant lipin-1 in BAT may therefore suffice to accom-
modate the elevated TAG synthetic flux brought by rosiglitazone
without the need to increase lipin expression, as is the case in
WAT.

BROWN ADIPOCYTE GLUCOSE UPTAKE AND
INTRACELLULAR METABOLISM

In BAT, glucose is used not only for G3P synthesis (Figure 1),
the carbon backbone for FA esterification, and TAG synthesis,
and that of FA through de novo lipogenesis, but also for energy
generation that supports FA esterification to TAG and other
adipocyte functions. Significant amounts of glucose in BAT are
also stored as glycogen and converted to lactate by anaerobic
glycolysis (Cannon and Nedergaard, 2004). BAT displays very
high rates of glucose uptake per unit weight, such that even
though BAT makes up only a small fraction of rodent body
weight, it can constitute a significant glucose-clearing organ espe-
cially under sympathetic activation (Cannon and Nedergaard,
2004). Such high rates of BAT glucose uptake in humans as
estimated in vivo by positron emission tomography are close
to those seen in cancer, making BAT a confounding factor for
tumor diagnosis. BAT sympathetic activation markedly increases
glucose uptake by activating the glucose transporter (GLUT)
1(Cannon and Nedergaard, 2004). In contrast to sympathetic
activation, however, BAT rates of glucose uptake and GLUT4
mRNA levels are markedly reduced by rosiglitazone. This con-
trasts with the well-established PPARy effects on glucose uptake
by subcutaneous WAT, skeletal muscle and heart (Zierath et al.,
1998) and excludes a likely contribution of BAT to glucose clear-
ance and the in vivo insulin-sensitizing effect of rosiglitazone in
rodents.

How rosiglitazone reduces BAT glucose uptake is unknown.
It does not seem, however, to involve a direct rosiglitazone effect
on BAT as evidenced by the modest increase in glucose uptake
and unchanged GLUT4 mRNA levels in isolated brown adipocytes
treated with rosiglitazone (Hernandez et al., 2003). Sympathetic
innervation, through NE regulation of GLUT1 content and func-
tional activation (Dallner et al., 2006), and insulin, through stimu-
lation of GLUT4 expression and translocation (Teruel et al., 1996),
are the major positive regulators of BAT glucose uptake (Can-
non and Nedergaard, 2004). It is, therefore, reasonable to suggest
that the reduction in both BAT sympathetic drive and plasma
insulin levels induced by rosiglitazone (Festuccia etal., 2008) might
contribute to reduced BAT glucose uptake.

Likely due to the reduced glucose flux per brown adipocyte,
an important consequence of rosiglitazone treatment is a reduc-
tion in BAT glycogen content, its synthesis from glucose and the
mRNA levels of UDP-linked glucose pyrophosphorylase (UDPG-
PPL), which generates UDP-linked glucose for glycogen syn-
thesis. BAT stores significant amounts of glycogen that seem
to be an important source of glucose during non-shivering
thermogenesis as evidenced by the enhanced glycogen utiliza-
tion in BAT of rats exposed to cold (Farkas et al., 1999; Jakus
et al., 2008). During non-shivering thermogenesis, significant
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FIGURE 1 | Modulation of brown adipose tissue glucose and lipid
metabolism by cold exposure (A) and PPARYy activation (B). Enzymes in
red and pathways with thick arrows are activated in response to
corresponding stimulus. Abbreviations: AGPAT, acylglycerol-
3-phosphate-O-acyltransferase; ATGL, adipose triglyceride lipase; CD36,
fatty acid translocase; DGAT, diacylglycerol acyltransferase; GPAT, glycerol
3-phosphate acyltransferase; GyK, glycerokinase; HSL, hormone-sensitive
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amounts of glucose are converted to lactate by anaerobic gly-
colysis, producing ATP that might be important in compen-
sating for reduced energy production due to mitochondrial
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uncoupling (Cannon and Nedergaard, 2004). In addition, glu-
cose seems to play a major role in replenishing citric acid cycle
intermediates (anaplerosis; Owen et al., 2002), which is very
important for keeping elevated levels of FA oxidation (Can-
non and Nedergaard, 2004). Thus the reduction in BAT glucose
uptake and glycogen content induced by rosiglitazone might have
some deleterious consequences in terms of BAT thermogenic
activity.

BROWN ADIPOCYTE G3P GENERATION

TAG synthesis depends on the intracellular levels of G3P. Because
adequate levels of TAG for lipolysis and FA production are directly
related to BAT thermogenic function, the generation of G3P is
maintained under strict control.

The enhanced BAT FA storage induced by PPARY activation
is associated with a marked increase in TAG-glycerol synthe-
sis estimated with the 3H,O technique, suggesting an increase
in G3P generation by short glycolysis and glyceroneogenesis
(Festuccia et al., 2009b). Indeed, glucose incorporation into
TAG-glycerol in vitro and phosphoenolpyruvate carboxykinase
(PEPCK) activity, a key glyceroneogenesis enzyme, are signifi-
cantly increased by rosiglitazone (Festuccia et al., 2009b). Rosigli-
tazone also increases BAT GyK activity, which generates G3P
by direct phosphorylation of glycerol taken up from the cir-
culation or recycled from TAG hydrolysis. Remarkably, rosigli-
tazone upregulates GyK even under reduced BAT sympathetic
drive (Festuccia et al., 2008), a major positive regulator of BAT
GyK (Kawashita et al., 2002; Festuccia et al., 2003a). Acclima-
tion to cold and now PPARYy agonism are to date the sole known
situations in which all three possible sources of G3P are concomi-
tantly stimulated in BAT (Festuccia et al., 2003a,b; Moura et al,,
2005). Both these situations have in common a marked increase
in BAT LPL activity and FA flux, which further illustrates the
importance of PPARy in controlling FA esterification and TAG
synthesis.

BAT DE NOVO FATTY ACID SYNTHESIS

Along with TAG generation, BAT de novo synthesis of FA is
activated in thermogenic conditions such as cold exposure and
sympathetic stimulation of BAT (Minokoshi et al., 1988; Yu et al,,
2002; Moura et al., 2005). Increased de novo lipogenesis can be
considered as an attempt to maintain TAG levels for subsequent
hydrolysis and thermogenesis activation. Rosiglitazone-mediated
PPARYy activation, however, is not associated with changes in the
rates of BAT de novo FA synthesis as estimated in vivo by the
3H,0 technique. This strongly suggests that most of the FA used
for TAG synthesis upon PPARYy activation are preformed, likely
originating from LPL-mediated hydrolysis of lipoprotein-TAG and
albumin-bound non-esterified FA, or recycled from local lipolysis.

PERSPECTIVES

The recent finding of significant amounts of physiologically active
BAT in adult humans (Nedergaard et al., 2007) has renewed atten-
tion toward the potential implication of this tissue in metabolic
homeostasis. Despite its small contribution to whole body weight
(~2% in rodents), BAT has the unique and extraordinary ability
on demand to release energy from FA and glucose oxidation as

heat by non-shivering thermogenesis. During maximal activation
in rodents, BAT is the most oxygen-consuming organ of the
body, producing a considerable amount of heat through markedly
enhanced FA and glucose oxidation (Cannon and Nedergaard,
2004). Thus BAT can potentially constitute a significant glucose,
FA, and TAG-clearing organ especially under sympathetic activa-
tion, with possible implications in the treatment of dyslipidemias,
hyperglycemia, and insulin resistance. In this regard, pharma-
cological PPARy activation emerged as an interesting approach
to recruit BAT alternatively to sympathetic activation (Festuc-
cia et al., 2008; Petrovic et al., 2008). PPARy agonists markedly
increase rodent BAT mass and its ability to take up and store FA
as TAG. In rodents, BAT significantly contributes to the marked
hypolipidemic effects (hypotriglyceridemia and reduced plasma
non-esterified FA) of PPARYy agonists (Laplante et al., 2007, 2009).
The marked ability of BAT to synthesize TAG under PPARY acti-
vation is related to enhanced generation of G3P and GPAT and
DGAT activities. An equivalent activation of BAT TAG synthesis is
only seen during cold exposure (Moura et al., 2005), the sole dif-
ference being that, under this condition of increased sympathetic
activity, newly synthesized TAG is rapidly hydrolyzed to supply FA
for thermogenesis, whereas under PPARy agonism TAG is stored
in BAT, probably as a consequence of reduced tissue sympathetic
drive. In contrast to lipids, however, BAT glucose uptake does not
directly contribute to the improvement in systemic glucose home-
ostasis induced by rosiglitazone. In fact, glucose uptake per brown
adipocyte is reduced by rosiglitazone, in striking contrast with the
effects of the agonist in WAT and muscle.

In view of the adverse consequences of pharmacological PPARy
activation such as fluid retention, weight gain, congestive heart
failure (Nesto et al., 2003; Lago et al., 2007; Singh et al., 2007),
and osteopenia (Kahn et al., 2008) that currently limit the clini-
cal use of PPARYy agonists as insulin sensitizers, progress is being
made toward the development of selective PPARy modulators
(SPPARMs). The main goal is to develop SPPARMs that maintain
the beneficial effects of PPARy activation on insulin sensitivity
and BAT recruitment without the complications linked with full
PPARYy activation.

It is clear, however, that full PPARy activation is not an effi-
cient strategy to increase BAT thermogenesis and glucose uptake
without the concomitant activation of tissue sympathetic activ-
ity. An ideal SPPARM would recruit BAT without interfering with
basal sympathetic activity, thus enabling functional thermogenic
activity. Efficient PPARY activation could represent an attractive
strategy to augment BAT thermogenic capacity and sensitivity to
sympathetic stimulation, thus reducing the dosage of p-adrenergic
agonists needed to functionally turn on thermogenesis. Further
research is clearly needed to elucidate the best strategy to explore
the fascinating potential of BAT as an energy dissipating and lipid-
and glucose-clearing organ.
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The catecholamines adrenaline and noradrenaline are well known
as the physiological trigger for hydrolyzing stored fat in adipose
tissue so that it can be “burned” as fuel in other organs. Adrena-
line is commonly referred to as the “fight or flight” hormone. This
is because it orchestrates the body’s defensive response for rapid
recruitment of metabolic fuel from adipose tissue lipolysis, as well
as to increase heart rate to enhance tissue perfusion so that organs
such as skeletal muscle, and the heart itself, can extract, and metab-
olize that fuel. These catecholamines control fat cell metabolism in
large part through activation of the B-adrenoceptors (BARs). The
BARs are members of the large family of G protein-coupled recep-
tors (GPCRs) that are integral membrane proteins of the plasma
membrane. The three subtypes of BARs (B1AR, f2AR, and B3AR)
are the products of different genes, and adipocytes express all three
subtypes. In the mid-late 1980s the discovery of the B3AR subtype
and selective ligands for this receptor led to a period of intense
interest in this receptor. This was largely because of the powerful
effect of selective B3AR agonists to promote energy expenditure
and weight loss in animal models. However, the relatively poor
preliminary performance of human B3AR agonists in clinical tri-
als (Buemann et al., 2000; Arch, 2002) — and the general belief that
adult humans do not possess brown fat —led to the termination of
most such research programs.

B-Adrenoceptor activation promotes lipolysis of stored triglyc-
eride in both white and brown adipocytes. In brown adipocytes
there is a dense sympathetic nervous system (SNS) innervation
and these fatty acids that are released function as both a fuel source
and activators of the UCP1 protein, which permits mitochondr-
ial respiration without ATP generation (as discussed elsewhere in
this edited volume). Because of this high capacity for uncoupled

The adipocyte is like a bank: a place to store excess (caloric) cash in times of plenty, and
from which one can withdraw savings during “lean times.” The B-adrenoceptors (BAR) are
the gateways to this mobilization of fat to be consumed in other tissues. This review dis-
cusses the BAR signaling pathway(s) in white and brown adipocytes. Studies in rodent
models show that brown adipocytes nestled with white fat depots correlate with and are
considered a key enabling factor in resistance to diet-induced obesity. Since it is now rec-
ognized that adult humans have brown adipocytes, knowing the steps in these signaling
pathways may provide the opportunity to manipulate adipocytes to be net consumers of

Keywords: adrenergic, adipocyte, brown, white, signaling, kinase

oxidative respiration, BAT is capable of consuming considerable
calories through non-shivering thermogenesis (Lean, 1989; Ned-
ergaard et al., 2001). Its rich vasculature allows the dissemination
of this heat to other organs. From detailed studies in rodents
we know that prolonged cold acclimation, which increases SNS
activation of BAT (and WAT), induces the appearance of brown
adipocytes in all adipose depots typically considered to be WAT.
Brown adipocytes can be found within several typical WAT depots
including cervical, axillary, perirenal, periadrenal, and pericardiac
depots (Kortelainen et al., 1993; Cinti, 2005). The increase in these
cells involves branching and increased activity of the sympathetic
nerve fibers within both BAT and WAT (Garofalo et al., 1996;
Giordano et al., 1996; De Matteis et al., 1998; Cinti, 1999, 2005).
The essential role of the SNS in promoting the increased num-
ber and activity of these brown adipocytes is supported by data
from mice deficient in the synthesis of noradrenaline or in BARs
themselves (Thomas and Palmiter, 1997; Bachman et al., 2002;
Jimenez et al., 2002). In these mutants, there is an absence of BAT
that is replaced by WAT, and they tend to be obese. A similar loss
of functioning BAT is observed in animals that have been main-
tained at thermoneutrality, a state in which there is little to no
SN activity in fat (Cinti, 1999). All together, these results suggest
that B-agonists have the potential to promote postnatal changes
in the WAT/BAT ratio. This could have profound implications, for
example, in inducing weight loss in humans as is already observed
in laboratory animals such as rodents as well as in adult dogs and
rhesus monkeys (Arch et al., 1984; Champigny et al., 1991; Cousin
et al., 1992; Himms-Hagen et al., 1994; Collins et al., 1997; Fisher
et al., 1998). The latter two species, like humans, do not appear to
retain large discrete depots of BAT in adulthood.
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SIGNAL TRANSDUCTION NETWORKS OF 8ARs IN
ADIPOCYTES

A Dbasic biochemical scheme for the stimulation of adipocyte
metabolism by BARs is presented in Figure 1. In both brown
and white adipocytes activation of BARs sets in motion the clas-
sic signaling paradigm in which the receptor interacts with the
heterotrimeric GTP-binding protein Gs that, in turn, activates
adenylyl cyclase to raise intracellular cAMP levels, the target of
which is the cAMP-dependent protein kinase (PKA). In adipocytes
PKA phosphorylates several proteins that decorate the lipid droplet
(Brasaemle et al., 2004; Brasaemle, 2007; Bickel et al., 2009) as well
as lipases that catalyze the hydrolysis of triglycerides (Lass et al.,
2011). Theinteraction of these phosphorylated proteins at the lipid
droplet surface culminates in the release of free fatty acids and glyc-
erol and their export into the circulation to be consumed as fuel
in other tissues. However, signal transduction through GPCRs,
including the BARs, can consist of multi-component complexes
capable of activating several kinase pathways either concurrently
or sequentially (see Luttrell, 2003 and Reiter and Lefkowitz, 2006
for reviews).

PKA is a well-established downstream agent of the BARs. How-
ever, other kinases are also activated by BARs in adipocytes such
as ERK, p38 MAP, and AMP kinases (Collins et al., 2004; Gau-
thier et al., 2008; Omar et al., 2009). The activation of these other
kinase classes sometimes depends directly upon PKA, while for
others a connection to PKA exists only as a consequence of its
lipid mobilizing effects (Gauthier et al., 2008). In addition, PKA
in adipocytes is largely Type II, denoting its relative sensitivity to
ambient cAMP levels as compared to Type I (Corbin et al., 1975).
In adipocytes PKA is also membrane-anchored through interac-
tion with the A-kinase anchoring proteins (AKAPS; McConnachie

Adenylyl Cyclase

AKAP
PKA-RIIB2
ﬂ PKACZ © o0,

< B °

FIGURE 1 | Scheme for BAR signaling cascades controlling lipolysis in
adipocytes. BARs activate adenylyl cyclase through their coupling to the
heterotrimeric Gs, producing cAMP (green dots) from ATP (yellow dots) to
activate the cAMP-dependent protein kinase (PKA), allowing the catalytic
subunits (PKA-C2) to be released from the holoenzyme that is anchored to
the plasma membrane (AKAP). PKA phosphorylates (blue dots) lipases
(HSL: hormone sensitive lipase) and lipid droplet binding proteins such as
perilipins (Peri A; Peri B). Adipose triglyceride lipase (ATGL) is
phosphorylated but not by PKA. The fatty acids released from triglyceride
are chaperoned out of the cell by lipid binding proteins (aP2) and exported
through fatty acid transport proteins (FATP).

et al., 2006). Thus there are spatial aspects to PKA activation to
consider as well. In that regard an interesting new report identi-
fies optic atrophy-1 (OPA1), a protein best known for its role in
mitochondrial “quality control”, as an AKAP targeting PKA to the
lipid droplet to facilitate perilipin phosphorylation and activation
of lipolysis (Pidoux et al., 2011).

G protein-coupled receptors coupled to heterotrimeric Gi
antagonize the activation of adenylyl cyclase in response to BARs.
With the discovery that GPCRs coupled to Gi can also activate
the ERK MAP kinase pathway (Daub et al., 1996; van Biesen
et al., 1996), we now know that the picture is a bit more com-
plex. Another dimension to this signaling is that GPCRs can,
under certain circumstances, couple to more than one G pro-
tein. This is relevant to BAR signaling in adipocytes in that §,AR
was shown to activate ERK following their phosphorylation by
PKA. As shown in Figure 2, this phosphorylation diminishes ;AR
coupling to Gs and increases coupling to Gi (Zamah et al., 2002;
Martin et al., 2004). Figure 2 also shows that this signaling path-
way includes additional phosphorylation events by GPCR kinases
(GRKs), which triggers the binding of B-arrestin (Lefkowitz et al.,
2006): a scaffolding molecule first shown to be involved in the
desensitization of B,AR to terminate its activation of adenylyl
cyclase (Lohse et al., 1990). Subsequently, Luttrell et al. (1999)
showed that B-arrestin has broader roles; first showing that it
could recruit Src kinase into a complex that leads to ERK acti-
vation through proline-rich regions that bind the SH3-domain of
Src (see Figure 2).

Functionally this aspect of BAR signaling is important for
adipocytes because BAR activation of ERK is responsible for about
20-25% of lipolysis (Greenberg et al., 2001; Robidoux et al.,
2006). B3AR in particular is interesting in this regard because
it can activate both PKA and ERK by interacting with Gs and
Gi interchangeably in the absence of receptor phosphorylation

desensitization/
internalization

resensitization «-- dephosphorylation .-

FIGURE 2 | BARs activate ERK MAPK in addition to PKA: the ,AR
mechanism as an example. Upon catecholamine activation, PKA is
activated (step 1), and phosphorylates the receptor at intracellular sites (red
circles; step 2a). The receptor is also phosphorylated by G protein-coupled
receptor kinase (GRK) at multiple sites in the C-terminus (step 2b). PKA
phosphorylation interdicts interaction with Gs to favor Gi, while GRK
recruits p-arrestin, promoting ERK activation (step 3). B,AR is subject to
rapid desensitization and internalization (step 4), whereupon phosphatases
remove the phosphates and the receptor is recycled back to the plasma
membrane.
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and B-arrestin (Liggett et al., 1993; Soeder et al., 1999). Instead,
we identified a novel mechanism by which B3AR is able to acti-
vate ERK. As illustrated in Figure 3A, 83AR contains clusters of
proline motifs in the two most important intracellular regions
of a GPCR: the third intracellular loop and the carboxyl termi-
nus. These prolines are arranged in the PXXP motif that serves
as agonist-dependent docking sites for the SH3-domain of Src.
The ability of B3AR to directly recruit Src kinase in adipocytes is
shown in Figure 3B (adapted from Cao et al., 2000, and see leg-
end). The B3AR-selective agonist CL316243 (CL), triggers ERK

activation via the endogenous PB3AR in non-transfected (NT)
cells, and in cells transfected with HA-tagged mouse B3AR. In
the presence of pertussis toxin (PTX), ERK activation was abol-
ished, indicating the requirement for signaling through the het-
erotrimeric Gi. Figure 3B shows that Src kinase co-precipitates
with the HA-P3AR, and this interaction is both p3-agonist and
Gi-dependent. As shown further by Cao et al. there are three to
four of these PXXP motifs within all the species homologs of
B3AR, but perturbations of only one or two of these are enough
to eliminate ERK activation (Cao et al., 2000; Kumar et al., 2007).

B3AR
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0 MMM UU\N[}UUV G_S A G| w[/ MMM
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- - A (,RG\’EEER‘“TFP/
s,
~epgy, , l l
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[ ERK
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B
a Northern blot b Cell lysate c IP
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=m===—| [ - > =)
aP2 .' cL - + - + + cL - + - + +
PTX - - - - + PTX - - - - +
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FIGURE 3 | A unique dual signaling mechanism by B;AR. (A) The receptor of differentiation on the indicated days. Levels of aP2 are maximal by day 4.
can couple to both Gs and Gi to activate PKA (step 1a) and ERK (step 1b). The  Cyclophilin RNA (Cyclo) is the internal control. (b) Phospho-ERK1/2 in cell
shaded gray arrows point to subsequent downstream cellular effects. (B) lysates in response to the ;AR agonist CL316243 (CL) in the absence or
Preadipocytes were transfected or not (NT) with hemagglutinin (HA)-tagged presence of pertussis toxin (PTX; n=3; mean + SD). (¢) Level of ¢c-Src
BsAR and differentiated. (a) Expression of aP2 and B;AR mRNA as a function co-precipitated with B;AR (n=3; mean £ SD). (Adapted from Cao et al., 2000).
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These results suggested that there could perhaps be other mole-
cules in addition to Src that might be recruited to the receptor
as part of a larger complex. A proteomic search for proteins that
could be co-immunoprecipitated with the B3AR from adipocytes
in an agonist-dependent manner identified several proteins that
interact with the receptor and the proline motifs, among which
was the intermediate filament protein vimentin (Kumar et al.,
2007). Vimentin is a component of the lipid droplet in adipocytes
(Franke et al., 1987), and was found to be required in adipocytes
for both ERK activation and lipolysis (Kumar et al., 2007). Sev-
eral aspects of this mechanism as well as its significance remain
incomplete. These include (i) knowledge of the target(s) of ERK
that are responsible for lipolysis; (ii) the mechanism by which
vimentin is recruited to the B3AR, since it does not possess an
SH3 binding domain, and therefore perhaps requires a protein
intermediate; (iii) the relative importance of ERK in lipolysis in
human adipocytes; (iv) what other events might be regulated
by this BAR-ERK pathway in adipocytes, such as the control
of adipose-secreted factors as one example. Finally, the func-
tion of this BAR-activated ERK pathway in brown adipocytes
and the role of insulin in these effects has been partly investi-
gated (Klein et al., 2000; Lindquist et al., 2000; Fasshauer et al.,
2001) but much work remains to be done both mechanisti-
cally and in physiological terms to understand their roles and
impact.

In addition to ERK, other MAPK kinases are also activated
in response to BARs in adipocytes. p38 MAPK is activated by
BARs in white (Moule and Denton, 1998; Mizuno et al., 2002) and
brown adipocytes (Cao et al., 2001), including human adipocytes
(Figure 4). As shown in Figure 5, we showed that p38 MAPK acti-
vation is indirectly dependent on PKA. An interesting aspect of
BAR-dependent activation of MAPKSs in adipocytes is that JNK is
not activated by BARs or cAMP (Robidoux et al., 2005). Impor-
tant downstream targets of this pathway in brown adipocytes are
the transcription of the Ucpl and PGC-Ia genes (Cao et al,

A
— e | P-p38
0 0.1 1.0
Isoproterenol (1uM)
B
|— W W W —— ----I P-p38

=== ] o

c Iso EGF Aniso
(1 ) (10 ng/ml) (5 ng/ml)

FIGURE 4 | B-agonists increase activation of p38 MAPK in cultured
human subcutaneous adipocytes. (A) \Western blot measuring
isoproterenol (Iso) concentration-response for phospho-p38 MAPK (P-p38).
(B) Western blot comparing P-p38 response to 15 min treatment with Iso,
EGF and the positive control cell stressor Anisomycin. All samples shown
are independent biological replicates.

2001, 2004). Later work proposed p38 MAPK as one of the
discriminating factors in the ability of certain mouse strains such
as A/J to increase brown adipocyte numbers in WAT during early
postnatal growth and development (Xue et al., 2006). p38 MAPK
has also been implicated as a downstream factor in the reported
permissive property of BMP7 to contribute to brown adipocyte
differentiation (Tseng et al., 2008). If we think about how the
three PARs activate the same pathways, it becomes clear that
although the pathways are the same, the timing of the signaling is
not necessarily identical, and signal strength can also be affected.
For example, B3AR sacrifices amplitude of cAMP generation to
gain the ability to generate two signaling pathways simultaneously.
These concepts are illustrated in Figure 6.

Themogenesis
Fatty acid oxidation

Mitochondrial sypth.
— Lipolysis /
il 83
r'MKK’ / ‘—ﬁ Pgc-1a

ESWWK, -
' et

FIGURE 5 | BAR activation of thermogenesis through p38 MAPK. Direct
targets of p38 MAPK include peroxisome proliferator-activated
receptor-gamma coactivator1a (PGC-1a) and ATF-2. These target the genes
for Pgc-Ta and Ucp1. The tandem arrows between PKA and the MAPK
module are not yet biochemically defined.
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FIGURE 6 | Signaling networks of the BARs in adipocytes. Each of the
three BARs is able to activate similar pathways: PKA, ERK, and p38 MAPK.
However the order and number of steps involved varies, such that B;AR
represents what we term “concurrent” coupling to Gs vs. Gi, vs. the B,AR
type of “processive” coupling. Less is known about the details of 8,AR.
Because B;AR also contains one of the PXXP motifs as in B;AR, but it is also
phosphorylated, we have provisionally termed in “mixed-mode” coupling.
The shaded gray arrows point to subsequent downstream cellular effects.
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Mechanistically, the signaling components between PKA and
P38 MAPK are not understood, although we have made some
progress toward this goal. It appears that p38a MAPK, but not
p38B MAPK, is activated in brown adipocytes downstream of
BARs and PKA, and that the immediate upstream kinase appears
to specifically be MKK3 (Robidoux et al., 2005). In addition,
although this BAR — PKA — p38 MAPK pathway also exists in
white adipocytes (including human adipocytes) the downstream
functional consequences are as yet unknown. We generated mice
with adipose-specific deletion of p38a to uncover the role of PKA-
dependent p38a MAPK activation in white adipocytes. In the
absence of p38a in adipocytes, preliminary evidence suggests that
JNK now becomes active, similar to observations made for some
other tissue-specific deletions of p38a MAPK (Hui et al., 2007;
Perdiguero et al., 2007; Ventura et al., 2007; Wada et al., 2008).
Inappropriate JNK activation that occurs in other metabolic tis-
sues such as muscle, liver, and fat has been associated with insulin
resistance (Vallerie et al., 2008). Therefore, the complete charac-
terization of these mice will hopefully fill in these gaps in our
understanding of the mechanism(s) and physiological interplay
between p38 MAPK and JNK in adipocytes and the mechanisms
of their control.

Within the last couple of years there has been increasing
evidence that AMPK is activated in adipocytes in response to
lipolytic stimuli such as BARs (Hutchinson et al., 2005; Koh
et al., 2007; Mulligan et al., 2007; Gauthier et al., 2008; Omar
et al, 2009). AMPK activation is not necessarily a result of
direct involvement of PKA but appears to be more related to
lipolysis itself and its effect in reducing the net ATP levels
within adipocytes. These findings suggest that lipolysis results
in the increase in cellular energy consumption and this is
proposed to be due to the stimulation of energy consuming
processes such as fatty acid re-esterification and even mitochon-
drial uncoupling (Gauthier et al., 2008; Yehuda-Shnaidman et al.,
2010).

UNCOVERING PATHWAYS THAT SILENCE OR REPRESS
ENERGY EXPENDITURE IN BROWN ADIPOCYTES

We spend much effort trying to understand how to “stimulate”
or “activate” and “turn on” catabolic pathways such as adaptive
thermogenesis in brown adipocytes. However, if there are active
mechanisms of repression, we need to identify them in order to

release the “brake.” Certain targeted gene disruptions in mice that
result in a lean phenotype have provided some clues to such repres-
sive pathways. Some of these genes include p70 S6 kinase (Um et al.,
2004), estrogen related receptor-o (Luo et al., 2003), co-repressor
RIP140 (Leonardsson et al., 2004), the liver X receptors (LXR;
Kalaany et al., 2005), and others (Dong et al., 2009; Gao et al,,
2009). Although the connections that may exist between these fac-
tors are not clear, mechanistically we have uncovered an interesting
role at least for the nuclear factors LXRa and RIP140 to function
as a regulated repressor complex that blocks BAR-stimulated Ucpl
gene expression (Wang et al., 2008; Collins et al., 2010). Specifi-
cally, LXRa recruits the co-repressor RIP140 to a DR-4 element
in the Ucpl enhancer adjacent to the PPAR/RXR binding DR-1
motif, leading to suppression of Ucpl gene transcription. Given
the common target and interaction between LXR and RIP140, we
can link the phenotype of these individual mutations to a com-
mon mechanism. A necessary element for this repression by LXRa
appears to be the availability of an LXR ligand. While the nature
of these ligands and the enzymes that control their production
are still a matter of much debate (Russell, 2000), at least one sug-
gested candidate, cholesterol-25-hydroxylase, is expressed in white
adipocytes at a level 30 times higher than in brown adipocytes
(Wang et al., 2008). Therefore, this potential point of control will
be an important feature to further explore. Since the ability to
expand these reservoirs of “novel” brown adipocytes in vivo, to
mobilize fuel and to activate thermogenesis all depend on the
catecholamine stimulation of BARs, our understanding of the sig-
naling mechanisms of these receptors, and how they themselves
are regulated, will be a key factor in harnessing the capacity for
increasing these “plastic” brown adipocytes.

CONCLUSION

Although much is known about the signal transduction mecha-
nism of BARs, the future ahead is still full of work to be done.
Undoubtedly more surprises will be in store for us as we continue
to uncover the signaling networks that BARs control in adipocytes
and how we might be able to take advantage of this new knowl-
edge to therapeutically intervene in combating the epidemic of
metabolic disease in our midst.
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Thermogenesis, the production of heat energy, is an essential component of the homeo-
static repertoire to maintain body temperature during the challenge of low environmental
temperature and plays a key role in elevating body temperature during the febrile response
to infection. Mitochondrial oxidation in brown adipose tissue (BAT) is a significant source of
neurally regulated metabolic heat production in many species from mouse to man. BAT ther
mogenesis is regulated by neural networks in the central nervous system which responds
to feedforward afferent signals from cutaneous and core body thermoreceptors and to
feedback signals from brain thermosensitive neurons to activate BAT sympathetic nerve
activity. This review summarizes the research leading to a model of the feedforward reflex
pathway through which environmental cold stimulates BAT thermogenesis and includes
the influence on this thermoregulatory network of the pyrogenic mediator, prostaglandin
E,, to increase body temperature during fever. The cold thermal afferent circuit from cuta-
neous thermal receptors, through second-order thermosensory neurons in the dorsal horn
of the spinal cord ascends to activate neurons in the lateral parabrachial nucleus which drive
GABAergic interneurons in the preoptic area (POA) to inhibit warm-sensitive, inhibitory
output neurons of the POA. The resulting disinhibition of BAT thermogenesis-promoting
neurons in the dorsomedial hypothalamus activates BAT sympathetic premotor neurons
in the rostral ventromedial medulla, including the rostral raphe pallidus, which provide
excitatory, and possibly disinhibitory, inputs to spinal sympathetic circuits to drive BAT
thermogenesis. Other recently recognized central sites influencing BAT thermogenesis
and energy expenditure are also described.

Keywords: brown adipose tissue, thermogenesis, thermoregulation, sympathetic nerve activity, preoptic hypothal-

amus, fever, rostral raphe pallidus, rostral ventromedial medulla

INTRODUCTION
Thermogenesis, the production of heat energy, is an essential
component of the homeostatic repertoire to maintain body tem-
perature during the challenge of low environmental temperature.
The heat generated during pyrogen-stimulated thermogenesis in
brown adipose tissue (BAT) also contributes to fever, a controlled
elevation in body temperature that reduces pathogen viability and
stimulates immune cell responses. Since energy consumption dur-
ing thermogenesis can involve oxidation of lipid fuel molecules,
regulation of thermogenesis in response to metabolic signals can
also contribute to energy balance and regulation of body adipose
stores. Indeed, there is increasing interest in devising pharmaco-
logical approaches to maintaining the activation of BAT energy
consumption as a metabolic furnace to burn the excess calories
stored in the white adipose tissue of the obese (Clapham, 2011).
Thermogenesis can occur to a greater or lesser extent in most
tissues, since heat generation is a by-product of the inefficiency of
mitochondrial ATP production and of ATP utilization. However,
CNS thermoregulatory networks can stimulate thermogenesis in
response to a cold environment, to a fall in core body tem-
perature or to the presence of pyrogenic cytokines primarily in
three tissues: BAT, skeletal muscle, and the heart. In contrast to
the indirect nature of shivering thermogenesis in skeletal mus-
cles that are normally used to produce movement and posture,

“non-shivering” thermogenesis in BAT is the specific metabolic
function of this tissue and is accomplished by the heat generating
capacity of a significant facilitated proton leak across the extensive
mitochondrial membranes of the brown adipocytes which occurs
because of the high expression of uncoupling protein-1 (UCP1)
in BAT mitochondria (Cannon and Nedergaard, 2004). The levels
of BAT sympathetic nerve activity (SNA), of ganglion cell norepi-
nephrine release and of B3-adrenergic receptor binding to brown
adipocytes determine the level of thermogenesis in BAT by regu-
lating both the activity of lipases, such as hormone-sensitive lipase
and adipose tissue triacylglycerol lipase, providing the immediate
fuel molecules for BAT mitochondria and the level of expression
of BAT mitochondrial UCP1 (Cannon and Nedergaard, 2004).
Recently, alternatively activated, adipose tissue macrophages have
also emerged as a significant source of norepinephrine for the
cold-evoked stimulation of BAT thermogenesis (Nguyen et al.,
2011).

Brown adipose tissue has developed as an essential thermoregu-
latory effector in cold defense in rodents and other small mammals
(Golozoubova et al., 2006), including infant humans, whose large
surface area to body mass ratio suggests that basal metabolism
alone would yield insufficient heat to maintain body temperature
in cold environments. Recent observations using PET to assess
tissue glucose uptake (reviewed in Nedergaard et al., 2007) and
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UCPI analysis of biopsied tissue have confirmed a remarkable
amount of metabolically active, BAT in adult humans (Hany et al.,
2002; Cypess et al., 2009; van Marken Lichtenbelt et al., 2009;
Virtanen et al., 2009). The functional locations of BAT depots in
adult humans bear an interesting similarity to those in rodents:
a large BAT pad in the vicinity of the upper thorax, individual
pads atop each of the paravertebral sympathetic ganglia, and in
the vicinity of the adrenal gland and kidney. The stereotyped,
but curious localization of BAT pads, exemplified, for instance, by
those over each sympathetic ganglion, suggests that, in addition
to the overall defense of core temperature in the cold, BAT may
also serve an as yet undescribed function to maintain optimal neu-
ronal and synaptic function in specific locations during situations
in which the maintenance of core body temperature is challenged.
Similar to its function in smaller mammals, adult human BAT
activity (assessed by glucose uptake) is highly responsive to beta-
adrenergic agonists (Soderlund et al., 2007) and to environmental
temperature (Christensen et al., 2006). In addition, the finding of
significantly less metabolically active BAT in obese adult human
(van Marken Lichtenbelt et al., 2009) has suggested a heretofore
unrecognized interaction among BAT energy expenditure, overall
energy homeostasis, and body weight.

This review describes our current understanding of the func-
tional organization of the central neural pathways (Figure 1),
including the core thermoregulatory network, regulating the sym-
pathetic outflow to BAT and, in turn, BAT thermogenesis and
energy expenditure.

THERMOREGULATORY CONTROL OF BAT THERMOGENESIS
The core thermoregulatory network in the central nervous system
(Figure 1) comprises the fundamental pathways through which
cutaneous and visceral cold and warm sensation and/or reductions
or elevations in brain temperature elicit changes in thermoregu-
latory effector tissues to counter or protect against changes in the
temperature of the brain and other critical organ tissues. As with
other thermal effectors (reviewed in Morrison, 2011; Morrison and
Blessing, 2011), the thermoregulatory control of BAT thermogene-
sis occurs through a circuit that includes the pathways transmitting
ambient temperature signals from thermal receptors in the skin to
the hypothalamic networks that receive and integrate them with
brain temperature information to activate efferent pathways to
the thermal effectors. Each of the synaptic integration sites in the
core thermoregulatory pathway constitutes a potential site for the
modulation of BAT thermogenesis by non-thermal signals.

The thermoregulatory control of BAT thermogenesis in
response to environmental temperature constitutes a feedforward
reflex or “central command” drive, in that the stimulus of a cold
environment in contact with skin thermal receptors is not, itself,
affected by the evoked thermogenic response, but rather, BAT
thermogenesis is initiated to counter a “predicted” fall in body
core temperature that would result from the exposure to the cold
environment. In contrast, the control of BAT thermogenesis by
temperature-sensitive neurons in the brain constitutes a negative
feedback reflex in that the warm-sensitive, preoptic area (POA)
neurons activated by the increases in brain temperature result-
ing from stimulated BAT thermogenesis act, in turn, to inhibit
sympathetic outflow to BAT.

CUTANEOUS THERMAL RECEPTOR AFFERENT PATHWAY

Cutaneous thermoreception

The thermoregulatory system initiates defensive thermoregula-
tory responses in response to changes in skin temperature before
they affect body core temperature. In this way, exposure to a
cold environment can leave core and brain temperatures unaf-
fected or slightly increased (Lomax et al., 1964; Bratincsak and
Palkovits, 2005). Such environmental temperature sensation is
mediated through cutaneous thermoreceptors which are located
in primary sensory nerve endings distributed in the skin. The mol-
ecular mechanisms of cutaneous thermoreception appear to reside
in the transient receptor potential (TRP) family of cation channels.
The strongest data are in support of the TRPMS as the cutaneous
cold receptor TRP channel: TRPMS is activated by modest cooling
(<27°C; McKemy et al., 2002; Peier et al., 2002), TRPM8-deficient
nerve fibers show profound loss of cold sensitivity and TRPMS8-
deficient mice exhibit a reduced ability to avoid innocuous cold
temperatures (Bautista et al., 2007; Colburn et al., 2007; Dhaka
et al., 2007). In addition, TRPMS is activated by menthol (McK-
emy et al., 2002; Peier et al., 2002) which evokes warm-seeking
behavior as well as cold-defensive, physiological responses. TRPV3
and TRPV4 are warm-sensitive TRP channels that are activated by
innocuous warm temperatures and are expressed in keratinocytes
in skin epidermis. Compared to wild-type mice, mice lacking
either TRPV3 or TRPV4 show altered behaviors in discriminating
innocuous warm temperatures (Lee et al., 2005; Moqrich et al,,
2005).

Intriguing effects on body temperature control and BAT ther-
mogenesis have been reported for agonists and antagonists of
TRPV1, a TRP channel that can be activated, in vitro, by a
noxious range of heat (>43°C), by protons (pH <5.9) or by
capsaicin (Tominaga et al., 1998). Peripheral or central admin-
istration of capsaicin induces hypothermia (Jancso-Gabor et al.,
1970; Hori, 1984), an effect beneficial to people living in hot
climates, but is ineffective in TRPV1-deficient mice (Caterina
et al., 2000). Furthermore, administration of potent TRPV1
antagonists induces hyperthermia (Gavva et al., 2007) by both
increasing metabolism and reducing heat loss from the body
surface, but not by evoking warm-seeking behavior (Steiner
et al.,, 2007) and this hyperthermic effect is likely exerted by
antagonizing TRPV1 located within abdominal viscera (Steiner
et al., 2007; Romanovsky et al., 2009). Therefore, tonic acti-
vation of peripheral TRPV1, effected by non-thermal stimuli
at body temperatures below the threshold for TRPV1 activa-
tion, could provide afferent signals to lower body temperature
(Romanovsky et al., 2009), however, TRPV 1-deficient mice exhibit
no obvious deficit in body temperature control (Szelenyi et al.,
2004).

In addition to cutaneous thermoreception, thermoreceptive
mechanisms exist in body core structures including the brain (e.g.,
neurons in the POA), spinal cord, and abdomen. The afferent
fibers from cold and warm receptors in the abdominal viscera are
included among the splanchnic and vagus nerve afferent fibers
and their responses to temperature changes are similar to those
of cutaneous thermoreceptors (Riedel, 1976; Gupta et al., 1979).
Temperature changes in the spinal cord can affect the activity
of thermoregulatory neurons in more rostral areas of the brain
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(Guieu and Hardy, 1970). TRP channels that are located in the
central endings of primary somatosensory fibers in the spinal dor-
sal horn (Tominaga et al., 1998; Bautista et al., 2007) may sense
spinal temperature and could underlie an integration of spinal
thermal signals with cutaneous thermal signals at the spinal cord
level. Thus, rather than responding directly to changes in environ-
mental temperature, core body thermosensation could play a role
(a) in setting the basal tone of thermoregulatory effector efferents
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FIGURE 1 | Continued

including BAT thermogenesis, (b) in enhancing thermoregulatory
responses in situations of extreme thermal environments when the
feedforward thermoregulatory responses driven by changes in skin
temperature have proven inadequate to prevent changes in brain
or body core temperature, and (c) in responding to challenges to
thermal homeostasis involving shifts in internal body temperature
brought about by changes in metabolism (e.g., exercise, hypo-
glycemia, hypoxia, etc.) or by changes in internal temperature (e.g.,
intake of cold fluids, hemorrhage, etc.).

Dorsal horn

Primary thermal somatosensory fibers deliver thermal informa-
tion to lamina I neurons in the spinal (or trigeminal) dor-
sal horn (Craig, 2002; Figure 1). Craig and colleagues have
described thermoreceptor-specific cells responding linearly to
graded, innocuous cooling or warming stimuli, and not being
activated further in the noxious temperature range (Andrew and
Craig, 2001; Craig et al., 2001). The spinothalamocortical path-
way, in which second-order thermosensory neurons in lamina I
ascend to synapse on thalamic neurons that, in turn, project to
the primary somatosensory cortex, is responsible for conscious

FIGURE 1 | Schematic of the proposed neuroanatomical and
neurotransmitter model for the core thermoregulatory network and
other CNS sites controlling brown adipose tissue (BAT)
thermogenesis. Cool and warm cutaneous thermal sensory receptors
transmit signals to respective primary sensory neurons in the dorsal root
ganglia which relay this thermal information to second-order thermal
sensory neurons in the dorsal horn (DH). Cool sensory DH neurons
glutamatergically activate third-order sensory neurons in the external lateral
subnucleus of the lateral parabrachial nucleus (LPBel), while warm sensory
DH neurons project to third-order sensory neurons in the dorsal subnucleus
of the lateral parabrachial nucleus (LPBd). Thermosensory signals for
thermoregulatory responses are transmitted from the LPB to the preoptic
area (POA) where GABAergic interneurons in the median preoptic (MnPO)
subnucleus are activated by glutamatergic inputs from cool-activated
neurons in LPBel and inhibit a BAT-regulating population of warm-sensitive
(W-S) neurons in the medial preoptic (MPO) subnucleus. In contrast,
glutamatergic interneurons in the MnPO, postulated to be excited by
glutamatergic inputs from warm-activated neurons in LPBd, excite W-S
neurons in MPO. Prostaglandin (PG) E, binds to EP3 receptors to inhibit the
activity of W-S neurons in the POA. Preoptic W-S neurons providing
thermoregulatory control of BAT thermogenesis inhibit BAT
sympathoexcitatory neurons in the dorsomedial hypothalamus (DMH)
which, when disinhibited during skin cooling, excite BAT sympathetic
premotor neurons in the rostral ventromedial medulla, including the rostral
raphe pallidus (rRPa), that project to BAT sympathetic preganglionic
neurons (SPN) in the spinal intermediolateral nucleus (IML). Some BAT
premotor neurons can release glutamate (GLU) to excite BAT SPNs and
increase BAT sympathetic nerve activity, while others can release serotonin
(5-HT) to interact with 5-HT,, receptors, potentially on inhibitory
interneurons in the IML, to increase the BAT sympathetic outflow and
thermogenesis. Orexinergic neurons in the perifornical lateral hypothalamus
(PeF-LH) project to the rRPa to increase the excitability of BAT sympathetic
premotor neurons. Neurons in the paraventricular hypothalamic (PVH)
nucleus exert an inhibitory influence on BAT thermogenesis, possibly via a
GABAergic input to BAT sympathetic premotor neurons in rRPa. Activation
of neurons in the ventrolateral medulla (VLM) or in the nucleus of the
solitary tract (NTS) produces an inhibition of BAT thermogenesis, potentially
via a non-GABAergic input to rRPa or by activation of spinal inhibitory
interneurons in the IML. VGLUT3, vesicular glutamate transporter 3.
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perception and discrimination of cutaneous temperature infor-
mation (Craig et al., 1994; Craig, 2002). However, the spinothala-
mocortical pathway is not required to initiate or sustain involun-
tary thermoregulatory responses to environmental cold challenges,
since thalamic lesions have no effect on sympathetic thermogenic
responses to skin cooling (Nakamura and Morrison, 2008b). How-
ever, spinothalamic and trigeminothalamic lamina I neurons do
send collateral axons to the lateral parabrachial nucleus (LPB)
(Hylden et al., 1989; Li et al., 2006), which, as described below,
transmits cutaneous thermosensory information to the core cen-
tral thermoregulatory network controlling BAT thermogenesis.
Another group of afferents likely to influence BAT thermogen-
esis (Niijima, 1999) arise from both BAT (Bartness et al., 2010)
and white adipose tissue (Song et al., 2009). What these afferents
sense, the pathways through which this information is relayed cen-
trally and how these adipose afferent signals might influence BAT
thermogenesis remain interesting questions.

Lateral parabrachial nucleus

Neurons in the external lateral subnucleus (LPBel) of the LPB
and projecting to the median subnucleus (MnPO) of the POA are
activated following cold exposure (Bratincsak and Palkovits, 2004;
Nakamura and Morrison, 2008b), while those in the dorsal subnu-
cleus (LPBd) are activated in response to skin warming (Bratincsak
and Palkovits, 2004; Nakamura and Morrison, 2010). The dis-
charge rate of single, MnPO-projecting LPBel neurons recorded
in vivo increased markedly in response to skin cooling in a manner
paralleling the skin cooling-evoked increases in BAT SNA (Naka-
mura and Morrison, 2008b). In contrast, single, MnPO-projecting
LPBd neurons were excited by skin warming in parallel with the
simultaneous inhibition of BAT SNA (Nakamura and Morrison,
2010). The critical role of LPB neurons in transmitting cutaneous,
and possibly visceral, thermal sensory information to the hypo-
thalamus to drive BAT thermogenic responses is demonstrated
by the elimination of BAT responses to alterations in skin tem-
perature following experimental inactivation of local neurons or
blockade of local glutamate receptors in the LPB (Kobayashi and
Osaka, 2003; Nakamura and Morrison, 2008b). Similarly, gluta-
mate or other stimulations of LPBel or LPBd neurons can evoke
BAT sympathetic and thermogenic responses that parallel those
evoked during decreases or increases, respectively, in skin temper-
ature (Nakamura and Morrison, 2008b,2010). Thus, both cool and
warm cutaneous thermosensory signals that are transmitted from
spinal dorsal horn or trigeminal neurons to the POA by separate
populations of LPB neurons (Figure 1) are essential for eliciting
rapid responses in BAT thermogenesis to defend body tempera-
ture from a variety of thermal challenges. Although nociceptive
inputs play only a minor role (Nakamura and Morrison, 2008b),
we do not know what other signals are integrated with cutaneous
cold afferent inputs to LPBel neurons in the feedforward pathway
contributing to drive BAT thermogenesis during environmental
cold challenges.

HYPOTHALAMIC MECHANISMS IN THE THERMOREGULATORY
CONTROL OF BAT THERMOGENESIS

Within the neural circuits regulating body temperature, the
hypothalamus, including the POA, occupies a pivotal position

between the cutaneous sensation of ambient temperature and the
motor pathways controlling the engagement of thermal effectors
(Figure 1). Befitting its function as a central integrator of the many
dimensions of homeostatic space, the hypothalamus is composed
of several interconnected populations of neurons, receives a vari-
ety of signals relating to behavioral and emotional state, as well as
the condition of the body and the interstitial fluid, and has out-
puts influencing emotional, behavioral, somatic, and autonomic
responses. Control of body temperature is but one of a myriad of
interrelated homeostatic functions embedded in the hypothalamic
matrix. Despite the anatomical and neurochemical complexity of
this brain region, and the many factors that can influence body
temperature regulation, considerable progress has been made in
understanding the functional organization of the hypothalamic
network that controls BAT thermogenesis.

MnPO neurons receive cutaneous thermal signals driving BAT
thermoregulatory responses
Within the POA, feedforward, cutaneous cool signaling driving
BAT thermogenesis is mediated by glutamatergic inputs from
LPBel neurons to neurons in MnPO (Figure 1). Stimulation of
BAT thermogenesis by activation of LPBel neurons or by skin
cooling is blocked by inhibiting neuronal activity in the MnPO
(Figure 2) or by antagonizing glutamate receptors in the MnPO
(Nakamura and Morrison, 2008a,b), and glutamatergic stimula-
tion of MnPO neurons evokes increases in BAT SNA and BAT
thermogenesis that are similar to cold-defensive BAT responses
(Nakamura and Morrison, 2008a). That the POA subregion receiv-
ing thermosensory cold signals is confined to the MnPO is sup-
ported by the findings that the projections from LPBel neurons
activated by skin cooling terminate mainly in a median part of the
POA (Nakamura and Morrison, 2008b) and that glutamatergic
stimulation or disinhibition of the MnPO with nanoinjections of
NMDA or bicuculline, respectively, evokes physiological responses
mimicking cold-defensive responses, while the same stimulation
of the MPO or LPO does not (Nakamura and Morrison, 2008a).
Thus, activation of MnPO neurons is an essential step in the cen-
tral mechanism for eliciting cold-defensive BAT thermogenesis to
environmental cold challenges (Figure 1). MnPO neurons receiv-
ing cutaneous thermal signals from LPB neurons also presumably
receive other synaptic inputs that could influence the cutaneous
thermal afferent regulation of BAT thermogenesis, although the
sources of such inputs to these MnPO neurons are unknown. The
strong activation of BAT thermogenesis by local nanoinjections of
bicuculline into MnPO (Nakamura and Morrison, 2008a) suggests
that one such input, at least in anesthetized rats, provides a tonic
inhibition of skin cooling-responsive neurons in MnPO.
Stimulation of BAT thermogenesis in response to skin cooling is
postulated to occur via a disinhibitory mechanism in which MnPO
neurons receiving cutaneous cool signals from LPBel neurons pro-
vide a GABA input to the warm-sensitive, inhibitory projection
neurons in the MPO (Figure 1) to reduce their tonic activity,
resulting in disinhibition of neurons in caudal brain regions whose
excitation stimulates BAT thermogenesis for cold defense. Consis-
tent with this hypothesis, increases in BAT thermogenesis evoked
by skin cooling (Figure 2) or by stimulation of MnPO neurons are
reversed completely by antagonizing GABA, receptors in the MPO
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FIGURE 2 | Inhibition of neurons in the median preoptic nucleus (MnPO)
or blockade of GABA, receptors in the medial preoptic nucleus (MPO)
prevents skin cooling-evoked BAT thermogenesis. (A) Before and after
injection of saline (SAL) vehicle into the MnPO [inset: typical injection site
(arrow) in the MnPO; 3y, third ventricle; ox, optic chiasm; ac, anterior
commissure], episodes of skin cooling evoke increases in BAT sympathetic
nerve activity (SNA), BAT temperature (TBAT), expired CO, (Exp CO,), and
heart rate (HR), with no change in arterial pressure (AP). Following
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nanoinjection of the inhibitory transmitter, glycine (GLY), into the MnPO, skin
cooling no longer increases these thermoregulatory parameters. Modified
with permission from Nakamura and Morrison (2008a). (B) The skin
cooling-evoked increases in thermoregulatory parameters, including BAT SNA
and TBAT, are unaffected by nanoinjection of saline vehicle into the MPO, but
these increases are reversed by blockade of GABA, receptors in MPO with
nanoinjection of bicuculline (BIC). Modified with permission from Nakamura
and Morrison (2007).
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(Nakamura and Morrison, 2008a). The existence of GABAergic
interneurons in the MnPO that innervate the MPO projection
neurons is supported by the anatomical observations (a) that some
MnPO neurons innervate the MPO (Uschakov et al., 2007), (b)
that the MnPO contains many GABAergic neurons (Nakamura
et al., 2002), (c) that many neurons in the MnPO, rather than
the MPO or LPO, are activated (express Fos protein) in response
to reduced environmental temperature (Bratincsak and Palkovits,
2004), and (d) extracellular GABA in the POA is elevated during
cold exposure and reduced during heat exposure (Ishiwata et al.,
2005).

Warm-sensitive neurons in POA integrate cutaneous and core
thermal signals to provide inhibitory regulation of BAT
thermogenesis

The conceptual foundation of our current understanding of the
role of the hypothalamus in normal body temperature regulation
and in the elevated body temperature during fever is the existence
of a class of hypothalamic neurons which have intrinsic tempera-
ture sensitivity: in the absence of synaptic inputs, their discharge
frequency increases as the temperature of their local environment
increases. The neurophysiological mechanism underlying the ther-
mosensitivity of warm-sensitive neurons in the POA is thought to
reside in a warming-dependent facilitation of the rate of rise of a
depolarizing prepotential, due to an heat-induced increase in the
inactivation rate of an A-type potassium current, which shortens
the intervals between action potentials and thereby increases their
firing rates (Boulant, 2006a). Warm-sensitivity could also arise
from a heat-induced membrane depolarization that allows warm-
sensitive neurons to reach their discharge threshold potential and
then determines their discharge frequency (Kobayashi et al., 2006),
although the channel mediating such a depolarization has not
been identified. Although neurons whose spontaneous discharge
frequency is altered by changing the temperature of their local
environment exist throughout the CNS, those in the POA and
anterior hypothalamus have been most intensely studied because
thermoregulatory responses, perhaps with the exception of certain
thermoregulatory behaviors (Almeida et al., 2006), are dependent
on the integrity of POA neurons. The preeminent importance of
central warm-sensitive neurons for the maintenance of normal
body temperature can also be appreciated from the relative posi-
tion of mammalian resting body temperatures well above the freez-
ing point of water, but only a few degrees below the temperature
at which proteins begin irreversible denaturation (Romanovsky,
2007).

Initial, in vivo recordings in the POA identified neurons
with spontaneous discharge at thermoneutral temperatures that
increased their discharge during local hypothalamic warming (i.e.,
putative warm-sensitive neurons; Nakayama et al., 1961, 1963).
The POA contains warm-sensitive neurons whose tonic discharge
is also reduced by skin cooling and whose thermosensitivity to pre-
optic temperature is increased when the skin is cooled (Boulant
and Hardy, 1974). In subsequent recordings in the POA in hypo-
thalamic slices, the majority of thermosensitive neurons were
warm-sensitive (Boulant and Dean, 1986) and the majority of
these were GABAergic (Lundius et al., 2010). Further, either skin
cooling or direct cooling of the local environment of POA neurons

evokes sympathetic thermogenesis in BAT (Imai-Matsumuraetal.,
1984) and transections immediately caudal to the POA elicit large
increases in BAT temperature (Chen et al., 1998). These findings
are consistent with a model (Figure 1) in which warm-sensitive
POA neurons that are tonically active at thermoneutral tempera-
tures, integrate cutaneous and local thermal information, and send
inhibitory projections from the MPO to suppress BAT thermoge-
nesis. As ambient temperature is reduced below the thermoneutral
zone, such as to a normal “room” temperature of ~23°C, the dis-
charge rate of warm-sensitive POA neurons is reduced, thereby
disinhibiting BAT sympathoexcitatory neurons in more caudal
brain sites such as the dorsomedial hypothalamus (DMH) or the
rostral raphe pallidus (rRPa; see below) whose increased activity
then drives BAT thermogenesis (Figure 1). Thus, the firing rates
of warm-sensitive projection neurons in the MPO, potentially the
principal neurophysiological substrate underlying the thermoreg-
ulatory “balance point” (Romanovsky, 2004), are determined by
both thermosensory afferent signals from the skin and by the effect
of local brain temperature. Other inputs to POA warm-sensitive
neurons, such as those postulated from “temperature-insensitive”
neurons (Boulant, 2006b), are expected to influence the level of
BAT thermogenesis by affecting the basal discharge level of warm-
sensitive projection neurons in the MPO or their sensitivity to
local and cutaneous thermal signals.

The dorsomedial hypothalamus contains BAT sympathoexcitatory
neurons

The observation that transection of the neuraxis immediately
caudal to the POA increases BAT SNA and BAT thermogenesis
(Chen et al., 1998) suggests that the efferent output of the POA
is inhibitory to BAT thermogenesis. However, transections made
just caudal to the hypothalamus do not increase basal levels of
BAT thermogenesis in normothermic animals (Rothwell et al,,
1983) and, in fact, reverse PGE,-evoked increases in BAT SNA
and BAT thermogenesis (Morrison et al., 2004; Rathner and Mor-
rison, 2006). Thus, although a long inhibitory pathway from POA
warm-sensitive neurons to medullary BAT sympathetic premotor
neurons may contribute to the regulation of BAT thermogene-
sis, a source of excitatory drive to BAT thermogenesis must exist
between the POA and the rostral midbrain.

Convincing data support a role for neurons in the DMH/dorsal
hypothalamic area (DMH/DA) in the control of BAT thermoge-
nesis (Dimicco and Zaretsky, 2007), potentially as BAT sympa-
thoexcitatory neurons antecedent to medullary BAT sympathetic
premotor neurons in rRPa (Figure 1). Administration of endo-
toxin or cold exposure increases the expression of Fos in neurons
of the DMH/DA (Elmquist et al., 1996; Cano et al., 2003; Sarkar
et al., 2007). Disinhibition of DMH/DA neurons increases BAT
SNA (Cao et al., 2004; Figure 3A) and thermogenesis (Zaretskaia
etal.,2002), suggesting a tonic GABAergic inhibitory input to BAT
thermogenesis-promoting neurons in the DMH/DA (Figure 1).
This tonic GABAergic input to neurons in the DMH/DA may
originate in the POA since POA-derived GABAergic axon swellings
make close appositions with DMH neurons, including those that
project to the rRPa (Nakamura et al., 2005). In addition, inhibition
of neurons in the DMH/DA or blockade of local glutamate recep-
tors in the DMH/DA reverses febrile and cold-evoked excitations
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FIGURE 3 | Disinhibition of neurons in the dorsomedial
hypothalamus (DMH) increases brown adipose tissue (BAT)
thermogenesis and inhibition of neurons in the DMH reverses
febrile-evoked BAT sympathetic nerve activity (SNA) and
thermogenesis. (A) Nanoinjection of the GABA, antagonist,
bicuculline (BIC), into the DMH, (white arrowhead in inset histological
section through the DMH) increased BAT SNA, BAT temperature (BAT

AA
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Temp), and expired CO,. Modified with permission from Morrison et al.
(2004). (B) Nanoinjection of prostaglandin E, (PGE,) into the medial
preoptic area (MPO) increased BAT SNA, BAT Temp, Exp CO,, heart
rate (HR), and arterial pressure (AP). Subsequent bilateral nanoinjection
of the glutamate receptor antagonist, kynurenate (KYN), into the DMH
completely reversed these PGE,-evoked responses. Modified with
permission from Madden and Morrison (2004).

of BAT SNA (Figure 3B) and stimulations of BAT thermogene-
sis (Zaretskaia et al., 2003; Madden and Morrison, 2004; Morrison
etal.,2004; Nakamura et al., 2005; Nakamura and Morrison, 2007).
Thus, the glutamate-driven activity of neurons in the DMH/DA
is required for cold-evoked and febrile activations of BAT ther-
mogenesis, following their disinhibition by a reduction in their
GABAergic inhibitory inputs from POA (Figure 1). Although
the source of the required excitatory input to DMH/DA neurons
accounting for their activity following disinhibitory stimuli has yet
to be determined, it could arise from cold-sensitive or thermally
insensitive neurons in the POA (Boulant, 2006b) or perhaps from
an input from the periaqueductal gray (PAG; de Menezes et al,,
2009).

Neurons in the DMH/DA do not project directly to BAT sym-
pathetic preganglionic neurons (SPNs), but their monosynaptic
projection to the rostral ventromedial medulla (Hermann et al,,
1997; Samuels et al., 2002; Nakamura et al., 2005; Yoshida et al.,
2009), including the principal site of BAT sympathetic premotor
neurons in the rRPa (see below), has been implicated in mediating
the effects of DMH/DA neurons on BAT thermogenesis. Gluta-
mate receptor activation in the rRPa is necessary for the increase
in BAT SNA and BAT thermogenesis evoked by disinhibition of
neurons in the DMH/DA (Cao and Morrison, 2006). Neurons in
the DMH/DA that are retrogradely labeled from tracer injections
into the rRPa express Fos in response to BAT thermogenic stim-
uli such as endotoxin, cold exposure or stress (Sarkar et al., 2007;
Yoshida et al., 2009), and some DMH/DA neurons that project to
the rRPa receive close GABAergic appositions from neurons in the
MPO (Nakamura et al., 2005).

In addition to the evidence for a direct monosynaptic pathway
from the DMH/DA to the rRPa, both anatomical and physiological
evidence suggest a role for neurons in the PAG in determining the
level of BAT thermogenesis, potentially by influencing the output
from the DMH. Some DMH/DA neurons projecting to the caudal

PAG (cPAG) express Fos in response to cold exposure (Yoshida
et al., 2005) and some neurons in the cPAG are multisynaptically
connected to BAT (Cano et al., 2003), presumably including those
that project directly to the raphe (Hermann et al., 1997). Neurons
in the cPAG express Fos in response to cold (Cano et al., 2003),
although these may not project to the rRPa (Yoshida et al., 2009).
Excitation of neurons in cPAG increases BAT temperature, with-
out a concomitant increase in core temperature (Chen etal., 2002),
while similar excitation of neurons in the lateral and dorsolateral
PAG (dI/IPAG) of conscious rats increases core temperature, the
latter being dependent on activity within the DMH (de Menezes
et al., 2009). In contrast, in anesthetized and paralyzed rats, skin
cooling-evoked stimulation of BAT thermogenesis was unaffected
by muscimol injections into the cPAG (Nakamura and Morrison,
2007). The area of the rostral ventromedial PAG (rvmPAG) con-
tains neurons with an inhibitory effect on BAT thermogenesis that
are capable of reversing the BAT thermogenesis evoked by PGE,
injections in to POA or by disinhibition of neurons in DMH/DA
(Rathner and Morrison, 2006). Clearly, there is a need for further
investigation of the pathways transmitting the sympathetic drive
for BAT thermogenesis from the hypothalamus to medullary BAT
premotor neurons, and of the roles of various regions of the PAG
in regulating BAT thermogenesis.

THE ROSTRAL RAPHE PALLIDUS CONTAINS BAT SYMPATHETIC
PREMOTOR NEURONS

Within the hierarchical organization of the central thermoreg-
ulatory network, neurons in the rostral ventromedial medulla,
centered in the rRPa and extending into nearby raphe magnus
nucleus and over the pyramids to the parapyramidal area (PaPy;
Bamshad etal., 1999; Oldfield et al., 2002; Cano et al., 2003; Yoshida
et al., 2003), play key roles as BAT sympathetic premotor neu-
rons — providing an essential excitatory drive to BAT SPNs in
the thoracolumbar spinal cord, which, in turn, excite sympathetic
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ganglion cells innervating the BAT pads (Figure 1). A comparison
of the localization of Fos induced by cold exposure which activates
BAT thermogenesis with the locations of retrogradely labeled neu-
rons following virus inoculations of BAT provided function-based
evidence that the rRPa (Figure 4A) and the ventromedial parvi-
cellular subdivision of the paraventricular hypothalamic (PVH)
nucleus are the two potential premotor populations having prin-
cipal roles in mediating the descending regulation of the spinal
sympathetic circuit controlling BAT thermogenesis during cold
defense (Cano et al., 2003). Further functional studies have clearly
identified the preeminent role of BAT sympathetic premotor neu-
rons in rRPa in the cold-defense activation of BAT thermogenesis;
however, the role of the Fos-expressing neurons in PVH remains
unknown.

Brown adipose tissue sympathetic premotor neurons in the
rRPa receive a potent glutamatergic excitation, as well as GABAer-
gic inhibitory inputs, with the latter predominating under warm
conditions to reduce BAT thermogenesis. Relief of this tonically
active, GABAergic inhibition as well as an increase in glutamate-
mediated excitation, including that from the DMH (Cao and Mor-
rison, 2006), contributes to the cold-evoked and febrile increases
in BAT premotor neuronal discharge that drives BAT SNA and
BAT heat production. Nanoinjections into rRPa of agonists for
either NMDA or non-NMDA glutamate receptors evoke brief, but
intense activations of BAT SNA (Madden and Morrison, 2003),
indicating that neurons in rRPa capable of increasing the sym-
pathetic drive to BAT express NMDA and non-NMDA subtypes
of glutamate receptors. That nanoinjections of bicuculline into
the rRPa evoke intense activations of BAT SNA (Figure 4B) and
BAT energy expenditure (Morrison et al., 1999) that are reduced
by glutamate receptor antagonists suggests the existence either of
an ongoing or bicuculline-activated excitatory input to rRPa BAT
sympathetic premotor neurons.

Conversely, inhibition of neuronal activity or blockade of glu-
tamate receptors in the rRPa reverses the increases in BAT SNA
and BAT thermogenesis elicited by a variety of thermogenic stim-
uli, including skin cooling (Figure 4C) and fever (Nakamura et al.,
2002; Madden and Morrison, 2003; Morrison, 2003; Nakamura
and Morrison, 2007; Ootsuka et al., 2008). Inhibition of rostral
ventromedial medullary neurons produces dramatic falls in body
temperature in conscious rats (Zaretsky et al., 2003), consistent
with an active contribution of BAT sympathetic premotor neurons
in the rRPa and BAT thermogenesis to the maintenance of core
temperature in a room temperature environment. Other thermo-
genic stimuli whose activation of BAT thermogenesis is reversed
or prevented by inhibition of neural activity in the rRPa include
disinhibition of neurons in the DMH (Cao et al., 2004) or in the
lateral hypothalamus (Cerri and Morrison, 2005); activation of
central mu-opioid receptors (Cao and Morrison, 2005), central
melanocortin receptors (Fan et al., 2007) or preoptic CRF recep-
tors (Cerri and Morrison, 2006), and systemic administration of
the adipose tissue hormone, leptin (Morrison, 2004). Thus, the
rRPa and PaPy regions of the ventromedial medulla contain the
principal populations of BAT sympathetic premotor neurons that
provide the final common medullospinal pathway (Figure 1) for
the BAT sympathoexcitatory drive to the spinal network control-
ling BAT SNA and that are both necessary and sufficient for the
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FIGURE 4 | Effects of disinhibition and inhibition of rostral raphe
pallidus (rRPa) neurons on brown adipose tissue (BAT) thermogenesis.
(A) Coronal histological section through the rostral medulla at the level of
the facial nucleus and the rRPa, containing immunohistochemically labeled
neurons that were trans-synaptically infected following inoculations of BAT
with pseudorabies virus (red), that contain the serotonin synthesizing
enzyme, tryptophan hydroxylase (green), or that contain both markers
(yellow). Py, pyramidal tract. Modified with permission from Cano et al
(2003). (B) Disinhibition of neurons in the rRPa [arrowhead in inset
histological section through rRPa at the level of the facial nucleus (7n)] with
nanoinjections of bicuculline (BIC) elicits dramatic increases in BAT
sympathetic nerve activity (SNA), BAT temperature (TBAT), expired CO,
(Exp CO,), and heart rate (HR), with little change ion arterial pressure (AP).
Modified with permission from Madden and Morrison (2003). (C) Inhibition
of local neurons in the rRPa with a nanoinjection of the inhibitory serotonin
1A receptor agonist, 8-OH-DPAT, produces a rapid and complete reversal of
the skin cooling-evoked increases in BAT SNA and an immediate waning of
the accompanying metabolic and cardiac responses, despite the sustained
reduction in skin temperature (TSKIN). Modified with permission from
Nakamura and Morrison (2007).

Frontiers in Endocrinology | Cellular Endocrinology

January 2012 | Volume 3 | Article 5 | 77


http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Cellular_Endocrinology
http://www.frontiersin.org/Cellular_Endocrinology/archive

Morrison et al.

Central regulation of BAT thermogenesis

BAT thermogenic responses to thermoregulatory (Figure 1) and
febrile stimuli and to a variety of neurochemical mediators that
influence body temperature.

That vesicular glutamate transporter 3 (VGLUT3)-expressing
and serotonin-containing neurons in the rostral ventromedial
medulla are functionally related to the activation of cold-defensive,
BAT thermogenesis is indicated by the findings that a significant
percentage of VGLUT3-containing neurons in the rRPa express
Fos in response to cold exposure or intracerebroventricular (ICV)
PGE, (Nakamura et al., 2004a) and that physiologically identi-
fied serotonergic neurons in the rRPa increase their firing rate in
response to PGE; administration or cold exposure (Martin-Cora
et al., 2000).

Rats maintained with a brainstem transection just rostral to
the superior colliculus (Nautiyal et al., 2008) or with bilateral cuts
just caudal to the POA (Blatteis and Banet, 1986) can mount rel-
atively normal cold-defense responses, leading to the conclusion
that the POA is not essential for the integration of autonomic
thermoregulatory responses in the rat and that circuits caudal
to the transection are sufficient to convey cutaneous thermal
information to the premotor neurons in the rRPa necessary to
evoke cold-defense responses. Why the pathways proposed by
these investigators to explain these effects in transected rats are
ineffective in intact rats following neuronal inhibition of hypothal-
amic sites in intact animals (Zaretskaia et al., 2003; Madden and
Morrison, 2004; Nakamura and Morrison, 2007, 2008a) remains
unexplained. These results may point to an effect of anesthesia or
to a response to the transection injury, since they could not be
repeated acutely following nearly identical transections rostral to
the colliculi in anesthetized rats (Osaka, 2004). Thermally sensi-
tive neurons have been recognized in several sites caudal to the
POA and these neurons, rather than cutaneous thermal receptors,
may be engaged in eliciting cold-defense responses in rats with
transections caudal to the POA. Overall, while these occasional
data derived from transected preparations are curious, their rele-
vance to normal thermoregulatory mechanisms in intact animals
remains unknown.

SPINAL SYMPATHETIC MECHANISMS INFLUENCING BAT
THERMOGENESIS

The discharge of BAT SPNs that determines the level of BAT SNA
and BAT thermogenesis, as well as the rhythmic bursting charac-
teristic of BAT SNA, is governed by their supraspinal and segmental
inputs as well as those to the network of spinal interneurons that
influence BAT SPN excitability. A significant fraction of the BAT
sympathetic premotor neurons in rRPa, identified following viral
retrograde tracing, are glutamatergic and/or serotonergic neurons.
Spinally projecting neurons in the rRPa region can contain phe-
notypic markers for (a) the VGLUT3, potentially indicative of
glutamatergic neurons (Nakamura et al., 2004a; Stornetta et al,,
2005); (b) serotonin (5-HT) or tryptophan hydroxylase, a syn-
thetic enzyme for 5-HT (Cano et al., 2003; Nakamura et al., 2004a;
Stornetta et al., 2005), and (c) glutamic acid decarboxylase-67
(GAD-67), a marker for GABAergic neurons (Stornetta et al.,
2005). Consistent with these findings, 5-HT-containing (Bacon
and Smith, 1988; Vera et al., 1990) and VGLUT3-containing ter-
minals synapse on SPNs (Stornetta et al., 2005) or make close

appositions with SPN dendrites (Nakamura et al., 2004a,b). In
addition, IML-projecting neuronslocated in the rRPa and the PaPy
can contain thyrotropin-releasing hormone (TRH) and substance
P (Sasek et al., 1990).

Glutamate and 5-HT play critical roles in the descending exci-
tation of BAT SPNs by their antecedent premotor neurons in the
rRPa. The majority of VGLUT3-containing neurons in the rRPa
express Fos in response to cold exposure or ICV PGE, (Naka-
mura et al., 2004a), nanoinjection of glutamate or NMDA into the
upper thoracic IML activates BAT SNA and BAT thermogenesis
(Nakamura et al., 2004a; Madden and Morrison, 2006) and block-
ade of glutamate receptors in the upper thoracic IML suppresses
the increase in BAT thermogenesis evoked by bicuculline injection
into rRPa (Nakamura et al., 2004a). Putative serotonergic neurons
in the rRPa increase their firing rate in response to cold (Martin-
Coraetal.,2000; Nason and Mason, 2006) or PGE; administration
(Nason and Mason, 2006) and blockade of spinal serotonin recep-
tors reverses the cold-evoked activation of BAT SNA (Madden
and Morrison, 2010). Serotonin in the IML can activate BAT SNA
and BAT thermogenesis and potentiates the BAT SNA response
to NMDA injections into the IML (Madden and Morrison, 2006),
such that prior application of serotonin into the IML allows a sub-
sequent subthreshold dose of NMDA to evoke a marked increase
in BAT SNA (Madden and Morrison, 2006). The significant role of
serotonin-containing neurons in normal cold-defense responses is
also supported by the finding that mice that lack almost all cen-
tral serotonergic neurons show blunted BAT thermogenesis during
cold exposure (Hodges et al., 2008). The mechanisms of the inter-
action between glutamatergic and serotonergic neurotransmission
in the IML remain to be elucidated.

Viral inoculations of interscapular BAT (Cano et al., 2003)
consistently label a population of spinal interneurons in the vicin-
ity of the IML. Spinal GABAergic interneurons would appear
to be among this population since they influence the discharge
of SPNs (Deuchars et al., 2005). That such interneurons could
receive inputs from the BAT premotor area in the rostral ventro-
medial medulla is suggested by the demonstration that VGLUT3-
and GAD-67-containing terminals synapse on GABAergic neu-
rons in the IML (Stornetta et al., 2005), providing a potential
anatomical substrate for a pathway that increases the activity
of SPNs through disinhibition. 5-HT-containing terminals form
close appositions with GABAergic interneurons in the central
autonomic area (Conte et al., 2007) and serotonergic inputs acti-
vating 5-HT 5 receptors on GABAergic neurons in the IML have
been postulated to explain the potentiation of excitatory inputs to
BAT SPNs by exogenously applied 5-HT (Madden and Morrison,
2006, 2008a).

Spinal catecholamine release may also modulate the activity of
BAT SPNs, considering the excitatory and inhibitory effects of cat-
echolamines on functionally unidentified SPNs (Coote et al., 1981;
Miyazaki et al., 1989) and the observation of a dense dopamine
beta hydroxylase innervation of SPNs that are synaptically con-
nected to BAT (Cano et al., 2003). Substance P terminals also
innervate SPN’s (Vera et al., 1990), substance P excites the majority
of SPNs (Cammack and Logan, 1996), and intrathecal substance
P affects thermoregulation (Dib, 1987), although the latter may be
due to an effect on thermal afferent processing in the dorsal horn.
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ACTIVATION OF BAT THERMOGENESIS IN FEVER

Fever is a defended elevation in body temperature that plays a sig-
nificant role in the acute phase reaction stimulated by endogenous
pyrogens released during infection or inflammation. PGE,, which
is synthesized in the brain vasculature and in peripheral tissues
in response to immune signals (Elmquist et al., 1997; Matsumura
etal., 1998; Yamagata et al., 2001), is a powerful endogenous pyro-
genic mediator that binds to EP3 receptors in the POA, particularly
the MPO and MnPO (Scammell et al., 1996; Nakamura et al., 2000,
2002; Lazarus et al., 2007), to activate BAT thermogenesis in con-
cert with other thermoregulatory effectors to produce a sustained
increase in core body temperature. Intravenous PGE, is also effec-
tive in eliciting the BAT thermogenic component of the febrile
response (Ootsuka et al., 2008).

Although we have only a rudimentary understanding of the
microcircuitry of the POA thermoregulatory network, we have
proposed (Nakamura et al., 2004a, 2005) a model, incorporated in
Figure 1, for the essential POA mechanisms through which appli-
cation of PGE; into the POA elicits the BAT thermogenic compo-
nent of the febrile response. As described above for cold-defense
responses, under normal conditions, EP3 receptor-expressing POA
neurons, potentially including the population of warm-sensitive
POA neurons that controls BAT thermogenesis, maintain a tonic
GABAergic inhibition of sympathoexcitatory, BAT thermogenesis-
promoting neurons in the DMH, and potentially in the rRPa. Dur-
ing infection, PGE,, produced locally and/or systemically, binds
to these EP3 receptors, reducing the activity of BAT-controlling,
warm-sensitive neurons in POA, which, in turn, leads to disin-
hibition of BAT thermogenesis-promoting neurons in DMH/DA
and subsequently in rRPa, to drive BAT sympathetic outflow and
BAT heat production contributing to an elevated core body tem-
perature. Although the resulting increase in the local temperature
of the POA would normally elicit more rapidly rising prepoten-
tials in POA warm-sensitive neurons to inhibit BAT activation,
this is offset by the membrane hyperpolarization elicited by EP3
receptor occupancy, thereby allowing a sustained activation of BAT
thermogenesis and a maintained fever.

Several experimental findings are consistent with such a model.
Binding of PGE, to EP3 receptors can inhibit neuronal activity
by coupling to inhibitory GTP-binding proteins (Narumiya et al.,
1999) and the tonic activity of most warm-sensitive neurons in the
POA is inhibited by the E-series of PGs (Schoener and Wang, 19765
Ranels and Griffin, 2003). A population of EP3 receptor-expressing
POA neurons multisynaptically innervates BAT (Yoshida et al,,
2003) and a subpopulation of EP3 receptor-expressing neurons
in the POA projects directly to the DMH (Nakamura et al., 2002,
2005). Interestingly, this subpopulation is separate from the sub-
population of EP3 receptor-expressing POA neurons projecting
to the rRPa, although a population of POA neurons that do not
express EP3 receptors does send bifurcating axonal projections to
both DMH and the rRPa (Nakamura et al., 2009). The majority
of EP3 receptor-expressing POA neurons are GABAergic (Naka-
mura et al., 2002), as are warm-sensitive neurons in POA (Lundius
et al,, 2010). Antagonizing GABA, receptors in the DMH evokes
a fever-like stimulation of BAT thermogenesis (Morrison, 1999;
Morrison et al., 1999; Zaretskaia et al., 2002; Cao et al., 2004) that
isalso reversed by blockade of glutamate receptors in the rRPa (Cao

and Morrison, 2006). Inhibition of POA neurons with a muscimol
nanoinjection elicits hyperthermic, cardiovascular, and neuroen-
docrine responses similar to those evoked by a PGE; nanoinjection
into the same site (Zaretsky et al., 2006). In addition, ICV PGE,
application reduces cAMP level in the POA and ICV administra-
tion of an inhibitor of phosphodiesterase, a degradation enzyme
for cAMP, blunts fever evoked by intra-POA PGE, application
(Steiner et al., 2002). A marked increase in core temperature and
a tachycardia can be elicited by injection of PGE, into the par-
aventricular nucleus of the hypothalamus (PVH) or into the pon-
tine parabrachial nucleus (PBN; Skibicka et al., 2011), although
whether neurons in these two sites play a role in fever generation
remains to be determined. In this regard, the demonstration that
elimination of EP3-R selectively in the POA is sufficient to prevent
LPS fever (Lazarus et al., 2007) indicates that EP3-R in PVH or in
PBN is not sufficient to support a febrile response or possibly that
PGE; is not increased in these regions during a febrile stimulus
such as LPS.

OREXIN IN rRPa INCREASES BAT THERMOGENESIS

Orexins (hypocretins; de Lecea et al., 1998; Sakurai et al., 1998) are
synthesized exclusively in widely projecting (Peyron et al., 1998)
neurons in the perifornical area of the lateral hypothalamus (PeF-
LH). Orexin neurons influence a variety of functions, including
the regulation of food intake (Sakurai et al., 1998). ICV admin-
istration of orexin also increases activity and body temperature
(Monda et al., 2001). Loss of orexin neurons leads to the disor-
dered sleep patterns of narcolepsy, which is often accompanied
by defective energy and metabolic homeostasis, including a high
risk for obesity (Kok et al., 2003; Hara et al., 2005) and the poten-
tial for altered thermoregulation (Plazzi et al., 2011). Interestingly,
systemic orexin, perhaps secreted from the placenta, is required
for BAT differentiation and its absence during early development
leads to obesity arising from inadequate BAT energy expenditure
(Sellayah et al., 2011).

Arrole for orexin neurons in the PeF-LH in the regulation of BAT
thermogenesis has recently been described (Tupone et al., 2011).
An anatomical substrate for the influence of orexinergic neurons
on BAT thermogenesis is provided by the demonstration that the
PeF-LH contains orexinergic neurons that are synaptically cou-
pled to BAT, as shown with viral, trans-synaptic retrograde tracing
(Oldfield et al., 2002; Berthoud et al., 2005; Tupone et al., 2011),
and that project to the rRPa, as shown with retrograde transport
of CTb following injections into the rRPa region containing BAT
sympathetic premotor neurons (Tupone et al., 2011). In anes-
thetized rats, both injections of orexin into rRPa (Figure 5C) and
glutamatergic activation of orexinergic neurons by nanoinjections
of NMDA into the PeF-LH (Figure 5C) produced long lasting
activations of BAT SNA and BAT thermogenesis, accompanied by
marked increases in energy expenditure, indicated by sustained
increases in expired CO; that paralleled the increases in BAT heat
production (Figure 5A). Curiously, the strong stimulation of BAT
SNA and BAT thermogenesis elicited by injection of orexin into the
rRPa or by activation of neurons in the PeF-LH required an ongo-
ing, basal level of BAT SNA, generated in this case by maintaining
the rats at a slightly cooled core body temperature. When the rats
were warmed to eliminate any basal discharge on the sympathetic
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FIGURE 5 | Orexin in the rostral raphe pallidus (rRPa) or activation of
neurons in the perifornical lateral hypothalamus (PeF-LH) produces a
prolonged increase in BAT sympathetic nerve activity (SNA) and BAT
thermogenesis in cool, but not warm rats. (A) Under cool conditions
(core temperature <37°C) in which a low level of basal BAT SNA is
present, nanoinjections of orexin-A (Orx-A, left panel, dashed line) in the
rRPa or of N-methyl-D-aspartate (NMDA, right panel, dashed line) into the
PeF-LH elicited prolonged increases in BAT SNA, BAT temperature (TBAT),
and expired CO, (Exp CO,). (B) Under warm conditions (core temperature

>37°C) in which no basal BAT SNA was present, nanoinjections of Orx-A
(left panel, dashed line) in rRPa or of NMDA (right panel, dashed line) into
the PeF-LH failed to evoke significant changes in BAT SNA, TBAT or Exp
CO,. (C) Representative histological sections illustrating nanoinjection
sites in the rRPa (left panel, white arrowhead) and in the PeF-LH (right
panel, white arrowhead). Note that the NMDA injection sites in the
PeF-LH were located in the midst of many neurons
immunohistochemically labeled for Orexin-A (red). Modified with
permission from Tupone et al. (2011).
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nerves to BAT, neither injection of orexin into rRPa nor activation
of PeF-LH neurons elicited increases in BAT SNA (Tupone et al.,
2011; Figure 5B).

These anatomical data demonstrate not only an orexinergic
projection from neurons in the PeF-LH to the site of BAT sym-
pathetic premotor neurons in the rRPa, but also a synaptic con-
nection between orexin-containing neurons in PeF-LH and BAT
sympathetic premotor neurons. Physiologically, the requirement
for an ongoing level of BAT SNA, and thus an activation of BAT
sympathetic premotor neurons in rRPa, in order for orexin in rRPa
to evoke large and sustained increases in BAT SNA and BAT ther-
mogenesis is consistent with a role for orexin in rRPa to change
the gain of the response of BAT sympathetic premotor neurons to
their activating, presumably glutamatergic excitatory inputs.

The physiological conditions which activate the orexin neu-
rons in PeF-LH that project to rRPa to modulate the gain of the
synaptic drive to BAT sympathetic premotor neurons and facili-
tate BAT thermogenic responses remains to be determined. Also
unknown are the other potential projection targets of the orexin
neurons that influence BAT thermogenesis. However, a potential
role of orexin neurons in feeding could suggest a simultaneous
increase in energy consumption in BAT under conditions of a
high level of stored calories. Alternatively, the activation of orexin
neurons in awake or aroused states could suggest an accompany-
ing facilitation of BAT thermogenesis to increase brain and core
temperatures to optimize performance. In this regard, it would
be of interest to determine if the level of activity in orexin neu-
rons parallels the ultradian oscillations in the BAT thermogenesis
(Ootsuka et al., 2009). Conversely, a reduction in the activity of
the orexinergic input to rRPa may contribute to the reductions in
BAT thermogenesis, energy consumption, and body temperature
under conditions of sleep, hibernation or starvation.

A ROLE FOR THE VENTROMEDIAL HYPOTHALAMUS IN BAT
THERMOGENESIS REMAINS UNCLEAR

The seminal study of Hetherington and Ranson (1940) initiated
the interest in the ventromedial hypothalamus (VMH) in energy
homeostasis and several succeeding studies have suggested that
the VMH affects energy expenditure via sympathetic activation of
BAT thermogenesis. Electrical stimulation of the VMH increases
BAT thermogenesis (Perkins et al., 1981; Minokoshi et al., 1986)
and microinjection of glutamate (Yoshimatsu et al., 1993) or tri-
iodothyronine (Lopez et al., 2010) into VMH increases BAT SNA.
Conversely, lesions of the VMH attenuate BAT SNA (Niijima et al.,
1984; Sakaguchi et al., 1988). However, the methodologies used in
these studies, including electrical stimulation, electrolytic lesions,
and large injection volumes (i.e., 100-200 nl for microinjection
studies without appropriate anatomical control experiments) sig-
nificantly limit the conclusions that can be drawn from the result-
ing data. Furthermore, the close proximity of the VMH to other
regions involved in the sympathetic regulation of BAT thermo-
genesis, including the DMH, the arcuate nucleus and the lateral
hypothalamus, and the frequent absence of histological data in
these previous studies precludes any conclusions on the role of
neurons in the VMH in the control of BAT thermogenesis and BAT
energy expenditure. An additional confound is that trans-synaptic
retrograde tracing studies have consistently failed to identify any

significant population of neurons in the VMH following injec-
tion of pseudorabies virus in BAT, even at long post-inoculation
times (Bamshad et al., 1999; Oldfield et al., 2002; Cano et al., 2003;
Yoshida et al., 2003). Nonetheless, a recent study found impaired
diet-induced thermogenesis and lower levels of UCP1 in BAT in
mice lacking PI3K specifically in the SF-1 containing neurons of
the VMH (Klockener et al., 2011), suggesting a role for VMH
neurons in the regulation of BAT. Whether this alteration in BAT
UCP1 expression is mediated by a direct effect of altered VMH
neuronal discharge on the sympathetic input to BAT, and if so,
how this observation might be reconciled with the lack of viral
tracer labeling of VMH neurons following inoculation of BAT,
remain interesting areas for future study.

INHIBITORY REGULATION OF BAT THERMOGENESIS

HYPOXIA INHIBITS BAT THERMOGENESIS

The brainstem contains the pathways mediating the inhibition
of BAT thermogenesis in response to arterial hypoxia, a reflex to
restrict oxygen consumption in the face of reduced oxygen avail-
ability or compromised oxygen diffusion and transport in the
blood. Systemic hypoxia or bolus systemic injections of sodium
cyanide produce a prompt and complete reversal of the BAT SNA
activations evoked by hypothermia and by PGE; in the POA and
this response to hypoxia is eliminated by section of the carotid
sinus nerves or by inhibition of second-order arterial chemore-
ceptor sensory neurons in the commissural region of the nucleus
of the tractus solitarius (NTS; Madden and Morrison, 2005). Inter-
estingly, hypoxia also eliminates the BAT SNA activation resulting
from bicuculline nanoinjection into the rRPa, suggesting that
activation of a GABAergic input to BAT sympathetic premotor
neurons in rRPa is unlikely to mediate the hypoxic inhibition of
BAT thermogenesis. Indirect evidence points to a possible role for
a spinal inhibitory mechanism. Similar to arterial hypoxia, disin-
hibition of neurons in the rostral ventrolateral medulla (RVLM)
reduces the BAT SNA activation following bicuculline into the
rRPa (Morrison et al., 1999) and both anatomical (Stornetta et al.,
2004) and electrophysiological (Deuchars et al., 1997) studies sup-
port the existence of a bulbospinal inhibitory pathway to SPNs
from the RVLM. The pathway for the hypoxic inhibition of BAT
metabolism between the NTS and the BAT SPNs remains to be
investigated.

HYPOGLYCEMIA AND GLUCOPRIVATION INHIBIT BAT THERMOGENESIS
Similar to the hypoxia-evoked inhibition of thermogenesis, hypo-
glycemia and glucoprivation cause hypothermia (Freinkel et al.,
1972; Mager et al., 1976), at least in part by inhibiting sympathet-
ically mediated metabolism in BAT (Egawa et al., 1989a; Madden,
2012). This neurally regulated decrease in metabolism reduces cel-
lular oxidative demands during conditions of reduced availability
of metabolic fuel. The importance of this adaptive response, which
spares scarce glucose resources for use by critical tissues such as
the brain, at the expense of thermoregulation, is demonstrated
by the observation that prevention of hypothermia during severe
hypoglycemia results in increased mortality rates (Buchanan et al.,
1991).

Glucoprivation selectively within the lateral hypothalamus
reduces BAT SNA by ~25% (Egawa et al., 1989b), whereas systemic
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glucoprivation can completely inhibit BAT SNA (Egawa et al,,
1989a; Madden, 2012). More recently we have demonstrated
not only that the glucoprivic agent, 2-deoxy-p-glucose (2-DG),
reversed the cooling-evoked activation of BAT SNA, but that selec-
tive glucoprivation with local nanoinjection of 5-thio-D-glucose
(5-TG) within the ventrolateral medulla (VLM) also completely
reversed the cooling-evoked activation of BAT SNA (Madden,
2012). Interestingly, intravenous administration of 2-DG did not
attenuate the activation of BAT SNA following pontomedullary
transection, suggesting that the hypoglycemia-evoked inhibition
of BAT SNA is not mediated solely by circuits within the medulla
(Madden, 2012). The NPY/catecholaminergic projection from the
VLM to the PVH may play an important role in the glucoprivic
inhibition of BAT SNA, consistent with the role of VLM neurons in
the glucoprivic inhibition of BAT SNA, the ability of neuronal acti-
vation in the PVH to inhibit BAT SNA (see below) and the estab-
lished role of the NPY/catecholaminergic input from the VLM to
the PVH in other counterregulatory responses to hypoglycemia
(Ritter et al., 2011). Identifying the respective contributions of
hypothalamic and medullary regions to the reduced BAT thermo-
genesis during conditions of reduced availability of metabolic fuel,
as well as the characterization of the specific neural pathways by
which hypoglycemia influences thermoregulatory neural circuits
await further research.

NEURONS IN THE PARAVENTRICULAR HYPOTHALAMIC NUCLEUS
INHIBIT BAT THERMOGENESIS

The PVH plays a major role in energy homeostasis, influencing
both food intake and energy expenditure. Although the pauci-
synaptic connection of neurons in the PVH to BAT (Bamshad
et al., 1999; Oldfield et al., 2002; Cano et al., 2003; Yoshida et al.,
2003) strongly supports a role for these neurons in the sympathetic
regulation of BAT thermogenesis, their influence on the regulation
of BAT thermogenesis has been controversial. Initially, neurons in
the PVH were thought to play a role in the excitation of BAT SNA,
since neurons in the dorsal PVH with direct projections to the
spinal sympathetic preganglionic cell column are activated during
fever (Zhangetal.,2000) and lesions of PVH attenuate fever (Horn
et al., 1994; Caldeira et al., 1998; Lu et al., 2001). Curiously, cold-
evoked BAT thermogenesis was unaffected by lesions of the PVH
(Lu et al., 2001). In contrast, activation of neurons in the PVH has
recently been demonstrated to inhibit BAT SNA and BAT thermo-
genesis (Madden and Morrison, 2009). Unilateral disinhibition of
neurons in PVH with nanoinjections of bicuculline or their glu-
tamatergic activation with NMDA injections completely inhibits
increases in BAT SNA and BAT thermogenesis elicited by skin and
core cooling (Figure 6A), by injections of PGE; into the MPO that
mimic fever, or by disinhibition of neurons in the DMH/DA (Mad-
den and Morrison, 2009). Although activation of PVH neurons
could attenuate the increases in BAT SNA and BAT thermogenesis
evoked by injections of NMDA into the rRPa, those resulting from
bicuculline injections into rRPa were unaffected by disinhibition
of PVH neurons (Figure 6B), consistent with the PVH-evoked
inhibition of BAT SNA being mediated by GABA4 receptors in
the rRPa. That neurons in the PVH provide an inhibitory influ-
ence on BAT SNA is also supported by the observations that NPY
presynaptically inhibits GABA release onto PVH neurons (Cowley

et al., 1999) and microinjection of NPY into the PVH decreases
BAT SNA (Egawa et al., 1991). These apparent controversies in the
relation of PVH neurons to BAT thermogenesis, particularly dur-
ing fever, might be explained by the presence of subpopulations
of PVH neurons mediating contrasting effects or by a role of PVH
neurons during fever that involves the stimulation of other fever-
supporting effector systems such as the cutaneous vasculature or
hormone release, whereas the inhibition of BAT thermogenesis by
PVH neurons contributes to a non-febrile homeostatic function.

Controversy also exists concerning the role of melanocortin
receptor activation in the PVH in energy expenditure and activa-
tion of BAT thermogenesis. Selective rescue of melanocortin-4
receptor (MC4R) expression in neurons of the PVH (and the
medial amygdala) in mice lacking expression of MC4R failed to
normalize (elevate) their oxygen consumption to wild-type levels
(Balthasar et al., 2005). Based on these data it was suggested that
PVH MC4Rs do not mediate the energy expenditure effects of
melanocortins. In contrast, other groups have demonstrated that
microinjection of melanocortin receptor agonists into the PVH
increases core and BAT temperatures (Song et al., 2008; Skibicka
and Grill, 2009). These effects of melanocortin receptor activation
could be mediated by activation of presynaptic MC4Rs, which
have been shown to potentiate GABAergic inputs to PVH neurons
(Cowley et al., 1999). Indeed, this explanation would reconcile this
controversy, since the rescue of MC4R in the study of Balthasar
et al. would only rescue the postsynaptic MC4R in PVH neurons
and not those located presynaptically and potentially responsible
for the effects of exogenously administered melanocortin receptor
agonists. This explanation is also consistent with our data indicat-
ing that the activity of neurons in the PVH is inhibitory to BAT
SNA. The physiological conditions which would stimulate the BAT
sympathoinhibitory output from the PVH are unknown, but may
include hypoglycemia and chronic intermittent hypoxia. Another
interesting possibility is that neurons in the PVH provide a tonic
inhibition of BAT thermogenesis and release from this inhibition
under specific conditions, such as changes in dietary composition,
may activate BAT SNA and BAT energy expenditure.

PONTINE RETRORUBRAL FIELD NEURONS MAINTAIN A TONIC
INHIBITION OF BAT THERMOGENESIS

The existence of a tonically active inhibition of BAT thermogenesis
from mid-pontine neurons (Figure 1) was indicated by the large
increases in BAT and/or core temperatures that followed tran-
sections of the neuraxis in the vicinity of the pontomedullary
junction, but which were absent if transections were made ros-
tral to the pons, but caudal to the DMH (Rothwell et al., 1983;
Amini-Sereshki and Zarrindast, 1984). Inactivation of neurons in
the vicinity of the pontine retrorubral field produced a similar
stimulation of BAT thermogenesis (Shibata et al., 1999). Neither
the exact location of the neurons mediating this inhibition nor the
physiological basis for its control has been determined.

INHIBITION OF BAT THERMOGENESIS FROM NEURONS IN THE
VENTROLATERAL MEDULLA AND THE NUCLEUS OF THE SOLITARY
TRACT

The VLM and the NTS contain neurons that comprise fundamen-
tal cardiovascular and respiratory regulatory circuits, including
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the baroreceptor and arterial chemoreceptor reflex pathways reg-
ulating local vasoconstrictor and cardiac sympathetic premotor
neurons, as well as the respiratory generating network and its reg-
ulation by central chemoreceptors. A role for neurons in these
same regions in regulating BAT thermogenesis has been recently

described (Cao et al., 2010). Disinhibition of neurons in the VLM
with a unilateral nanoinjection of bicuculline elicits a prompt and
complete inhibition of the increased BAT SNA and BAT thermo-
genesis due to skin and core cooling (Figure 7A), to injections of
PGE, into the MPO, to disinhibition of neurons in DMH/DA or

A

BIC
PVH

FIGURE 6 | Disinhibition of neurons in the paraventricular
hypothalamic (PVH) nucleus inhibits the increases in BAT sympathetic
nerve activity (SNA) evoked by cooling, but not those evoked by
disinhibition of neurons in the rostral raphe pallidus (rRPa). (A)
Nanoinjection of bicuculline (BIC) into the PVH completely reversed the
increases in BAT SNA, BAT temperature (TBAT), expired CO, (Exp CO,)

rRPa PVH

produced by whole body cooling. Core body temperature (TCORE) was
also reduced; heart rate (HR) and arterial pressure (AP) were increased by
BIC in PVH. (B) The increases in BAT SNA, TBAT, expired CO,, TCORE, HR,
and AP evoked by nanoinjection of BIC into the rRPa are not affected by
nanoinjection of BIC into the PVH. Modified with permission from Madden
and Morrison (2009).
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FIGURE 7 | Activation of neurons in the ventrolateral medulla
(VLM) or in the nucleus of the solitary tract (NTS) inhibits BAT
sympathetic nerve activity (SNA) and BAT thermogenesis. (A)
Cooling-evoked increases in BAT SNA, BAT temperature (TBAT), and
expired CO, (Exp CO,) were reversed following unilateral nanoinjection
of either the glutamate receptor agonist, NMDA, or the GABAA

BAT

(powerias)

0

BAT
SNA

Tear

Exp
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receptor antagonist, bicuculline (BIC), into the rostral VLM (RVLM). Core
temperature (TCORE) was also reduced by activation of RVLM neurons.
(B) Increases in BAT SNA, TBAT, and ExpCO, evoked by BIC
nanoinjection into the rostral raphe pallidus (rRPa) were reversed by
bilateral nanoinjections of BIC into the medial NTS. Modified with
permission from Cao et al. (2010).
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the rRPa, or to pontomedullary transection (Cao et al., 2010). The
VLM region from which inhibitions of BAT SNA could be evoked
corresponds to the locations of the Al and C1 cell groups in the
region ventral to the nucleus ambiguous. Similar inhibitions of
BAT SNA were also produced by bilateral injections of bicuculline
into the medial NTS (Figure 7B). However, application of lep-
tin and TRH into the NTS elicits increases in BAT temperature
(Hermann et al., 2006). Whether the inhibitions of BAT thermo-
genesis evoked throughout this rostro-caudal extent of the VLM
represent activation of a homogeneous inhibitory mechanism or
stimulations of different mechanisms at different rosto-caudal lev-
els remains to be determined, as do the mechanisms through
which the VLM and the NTS inhibitions of BAT SNA is effected
and the physiological circumstances under which such inhibi-
tions of BAT thermogenesis would normally be elicited. In this
regard, both hypoxia and hypoglycemia are strong inhibitory sig-
nals for BAT thermogenesis (see above) and the commissural NTS
contains second-order chemoreceptor sensory neurons mediat-
ing an inhibition of BAT SNA (Madden and Morrison, 2005),
and the VLM contains neurons sensitive to glucopenia (Ritter
etal.,2001), which also inhibits BAT SNA (Madden and Morrison,
2008b).

SUMMARY

Brown adipose tissue thermogenesis is regulated primarily by
a core thermoregulatory neural network which responds to the
feedforward afferent signals from cutaneous and core body ther-
moreceptors and to feedback signals from brain thermosensitive
neurons to alter the level of activation of the sympathetic out-
flow to BAT. We have summarized the research leading to a
model (Figure 1) of the thermoregulatory reflex pathway through

which environmental cold stimulates thermogenesis and includes
the influence on this thermoregulatory network of the pyro-
genic mediator, PGE,, to increase body temperature during fever.
The cold thermal afferent circuit from cutaneous thermal recep-
tors, through second-order thermosensory neurons in the dorsal
horn of the spinal cord ascends to activate neurons in the LPBel
which drive GABAergic interneurons in the MnPO to inhibit
warm-sensitive, inhibitory output neurons of the MPO. Through
the resulting disinhibition of thermogenesis-promoting neurons
in the DMH, BAT sympathetic premotor neurons in the ros-
tral ventromedial medulla, including the rRPa, are stimulated to
increase the excitation to and responsiveness of the spinal circuits
controlling BAT SPN discharge to drive BAT thermogenesis.

Hypoxia and hypoglycemia are strong metabolic regulators
of BAT thermogenesis. The activity of neurons in several brain
regions can influence the level of BAT thermogenesis and thus
could modulate the thermoregulatory control of BAT, although
their discharge does not appear to be required to mediate the skin
cooling-evoked stimulation of BAT thermogenesis. These include
an orexinergic excitation of BAT thermogenesis from neurons in
the PeF-LH and inhibitory regulation of BAT thermogenesis by
neurons in the PVH, the pontine retrorubral field, the VLM and
the NTS.
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INTRODUCTION

In the past 3 years more than 40 reviews and commentaries on
human brown adipose tissue (BAT) appeared in peer reviewed
journals. This revival in the interest in BAT followed the publi-
cations on this topic in the NEJM of May 2009 (Cypess et al.,
2009; van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009).
In the 2-years period that followed only five publications on addi-
tion al experimental studies on human BAT appeared (Saito et al.,
2009; Zingaretti et al., 2009; Orava et al., 2011; Vijgen et al., 2011;
Yoneshiro etal., 2011) and at least eight retrospective patient stud-
ies (Au-Yong et al., 2009; Lebron et al., 2010; Pfannenberg et al,,
2010; Zukotynski et al., 2010; Gilsanz et al., 2011; Hong et al.,
2011; Lee et al., 2011a; Wang et al., 2011). The somewhat misbal-
anced amount of reviews indicates the strong interest in human
BAT by researchers and the interest sparked by the general public.
Probably, this attention was already latent, fueled by numerous
studies on the topic of non-shivering thermogenesis (NST) and
BAT in rodents and humans in the years 1960-1985 and by the
promise from animal studies that BAT can dissipate large amounts
of energy as body heat at times of obesity pandemic.

The reason for the temporal disinterest in human BAT follow-
ing 1985 was that some elaborate physiological studies on human
BAT in those years concluded that in adults BAT was not of sig-
nificant importance (Astrup et al., 1985). These studies mainly
focused on perirenal BAT, which is abundant in newborns, but
relatively scarce in human adults. There was a small revival in the
interest in facultative diet induced thermogenesis (DIT) and BAT
in humans following the paper by Stock (1999). It was not until
the application of the new technique positron emission tomogra-
phy — computed tomography (PET/CT) combined with a glucose
tracer that it became clear that adults do have functional active
BAT, but several major depots appeared to exist at other locations
than thought before (Nedergaard et al., 2007).

Another important reason for the current interest in BAT physi-
ology comes from series of interesting discoveries in the last 4 years

Much is known about brown adipose tissue (BAT) in rodents. Its function is to generate heat
in response to low environmental temperatures and to diet or overfeeding. The knowledge
about BAT in humans is still rather limited despite the recent rediscovery of its functional-
ity in adults. This review highlights the information available on the contribution of BAT in
increasing human energy expenditure in relation to obesity. Besides that methodological
aspects will be discussed that need special attention in order to unravel the heat producing
capacity of human BAT, the recruitment of the tissue, and its functionality.

Keywords: brown adipose tissue, obesity, PET/CT, non-shivering thermogenesis

in animal and cell biology studies. Much more is now known
about the molecular mechanisms of thermogenesis, the regula-
tion of brown fat development, its cellular lineage specification,
and molecular control (for an overview see among others (Seale,
2010).

Therefore, one would expect that after the publications on BAT
in 2009, it would take about 1.5 year before an explosion of publi-
cations on BAT studies in human adults would appear. However,
the relative silence may be explained by the fact that setting up the
mix of expertise and the right multidisciplinary laboratory facili-
ties takes more time. Congress abstracts and proceedings indicate
that at least several experimental studies are underway to be pub-
lished. With respect to the reviews published, two of the most
elaborate ones are from Fruhbeck et al. (2009) and Tseng et al.
(2010).

In the mean time, to what extend can the expectations that were
raised to combat obesity be met? In fact, the main composite ques-
tion is: does human facultative and adaptive thermogenesis (DIT
and cold-induced thermogenesis, CIT) have a significant contri-
bution to our energy expenditure, is BAT involved and can these
phenomena be used to fight obesity? The recent gathered knowl-
edge with the limited numbers of studies available on the factors
that influence prevalence of BAT is reviewed in Nedergaard et al.
(2011). The current perspective will therefore be restricted to the
(potential) contribution of BAT in increasing energy expenditure
to act against obesity and to methodological aspects that need
special attention in order to perform sound metabolic studies to
enhance our knowledge on the functionality of human BAT.

NON-SHIVERING THERMOGENESIS AND BAT

NON-SHIVERING THERMOGENESIS

Non-shivering thermogenesis is most extensively studied in
rodents. The documented level of NST in rodents amounts to
more than 150% percent of basal metabolic rate (BMR; Davis et al.,
1960). In adult humans the NST under mild cold exposure shows
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a large individual variation and varies from 0 to 30% (Dauncey,
1981; Warwick and Busby, 1990; van Ooijen et al., 2001; Claessens-
van Ooijen et al., 2006; Celi et al., 2010; Wijers et al., 2010). For a
more detailed overview of these studies see van Marken Lichtenbelt
and Schrauwen (2011). The maximal level of NST of humans is not
known. Rodents, who are fully dependent on BAT for NST, clearly
demonstrate that the capacity for NST and BAT activity depends
on the level of acclimatization to cold (Golozoubova et al., 2001;
Meyer et al., 2011). Heat production in BAT is by mitochondrial
uncoupling and is executed by uncoupling protein-1 (UCP1). This
is a BAT specific inner-membrane mitochondrial protein. Under
“normal” circumstances F (0)F(1)-ATPase uses most of the energy
stored in the proton gradient to produce ATP, which is the energy
intermediate in the organism. UCP1 causes a reflux of protons
into the mitochondrial matrix, bypassing the ATPase. Instead of
ATP, heat is dissipated by the uncoupling itself but also by the other
parts of the phosphorylation process (Nicholls and Locke, 1984;
Klingenberg and Huang, 1999; Cannon and Nedergaard, 2004). In
other words the overall cell efficiency to produce ATP drops by
mitochondrial uncoupling. UCP1 is a member of a mitochondr-
ial carrier protein family (like UCP2, UCP3). UCP1, however, is
the only protein from this family that is shown to mediate NST
(Nedergaard et al., 2001) in BAT, at least in rodents.

In humans the classical studies of Davis clearly show that (par-
allel to rodent studies) during regular cold exposure shivering
decreases, while the level of CIT increases (Davis et al., 1960).
This indicates that indeed NST increased in adult humans. The
anatomical/histological studies by Huttunen et al. (1981) demon-
strate high amounts of BAT in Finnish outdoor workers (Huttunen
et al,, 1981). Combining the results of these studies in humans at
least suggest that with increasing NST capacity the amount of BAT
increases. Contrary to rodents there are studies that indicate that
in humans skeletal muscle NST by cold-induced mitochondrial
uncoupling is involved (Wijers et al., 2008, 2011). It is interesting
to note that with cold acclimatization, not only the capacity for
NST increases, but in parallel the BMR also rises.

In conclusion, human NST can amount up to 30% of BMR, but
it is possible that by means of cold acclimatization higher levels are
possible. There is a large individual variation, which can in part be
explained by different levels of cold acclimatization. These levels
of cold acclimatization may in turn be linked to body composition
(see below).

BAT OR BRITE

Adult human brown fat was anatomically described (Cramer,
1920; Heaton, 1972; Tanuma et al., 1975, 1976) many years ago,
and significant amounts of BAT have for long been demonstrated
in adults living in cold environments from samples obtained by
necropsy (Huttunen etal., 1981). More recently, unrelated pursuits
within nuclear medicine, using FDG-PET/CT scans, indicated
that BAT is present and active in adult patients (Hany et al,
2002; Cohade et al., 2003; Yeung et al., 2003; Nedergaard et al.,
2007), followed by experimental studies on cold activated BAT
(Saito et al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen
et al., 2009). With a PET scan performed 45-60 min after intra-
venous injection of '8F-2-fluoro-2-deoxyglucose (FDG), glucose
uptake can be visualized. FDG is taken up via members of the

sodium-independent glucose transporter family (such as GLUT1,
GLUT3, and GLUT4). Therefore it provides a measure of the
volume of brown fat and a measure of glucose uptake in BAT,
especially so with the dynamic PET/CT scans. From these scans,
however, it cannot be determined how pure (brown adipocyte
density relative to white adipocytes) the BAT tissue is. Alterna-
tively BAT perfusion has recently been measured using PET/CT in
humans using labeled water (['>O]H,0; Orava et al., 2011).

Animal and cell line studies have revealed much information
on the embryonic development of BAT and skeletal muscle (Seale
et al., 2008). Brown adipocytes from distinct depots and skeletal
muscle cells share common precursors. Subscapular and perire-
nal BAT in rodents consists of almost 100% brown adipocytes.
In contrast, brown-like adipocytes emerging in white adipose tis-
sue (“BRITE-brown-in-white adipocytes”) originate from other
precursors, that are shared with white adipocytes (Petrovic et al.,
2010). This tissue thus consists of a mixture of brown and white
adipocytes. It is also possible that BRITE cells come from trans-
differentiation of white adipocytes (Cinti, 2009). A very recent
cell culture study provided the first evidence of inducible brown
adipogenesis in humans (Lee et al., 2011b).

To address the specific origin of human brown fat cells definite
anatomical, histological, and molecular measurements are needed.
Some information is already available. To some extend there is a
shift in the BAT depots from newborns to adults (Figure 1). Meta-
bolic studies related to brown fat or NST in newborns are very
scarce (but see for instance; Karlberg et al., 1965). However, older
histological studies show that there is a large interscapular depot in
newborns, resembling that of rodents, but probably more mixed
with white adipocytes (Merklin, 1974). The most pure BAT depots
in newborns are located posterior cervical, perirenal, and suprail-
iac. Most of the interscapular and suprailiac depots disappear
during growth. Also the perirenal BAT is much more abundant
in newborns than in adults. In older children at least from the
age of 9year and in adult humans the most important sites are
supraclavicular, axillary, and paravertebral (Hong et al., 2011; van
Marken Lichtenbelt and Schrauwen, 2011). Although these sites
are also reported in newborns it is possible that in adults much of
these tissues consist of later recruited brown(like) adipocytes. It
therefore is possible that these sites in fact are BRITE cell depots.
Indeed, all histological observations of BAT in humans show that
brown adipocytes are mixed with white adipocytes (Heaton, 1972;
Cypess et al., 2009; van Marken Lichtenbelt et al., 2009; Zingaretti
et al., 2009). Even in the major supraclavicular depots the tissue
consists of a mixture of brown and white cells (Virtanen et al.,
2009). The cell composition of human BAT and whether the dis-
tinction between BAT and BRITE has functional consequences
remains to be investigated. Nevertheless, it is likely that the density
of the brown fat (like) adipocytes determines the mass-specific
metabolic capacity of the tissue.

BAT AND NST

Rodents fully depend on BAT with respect to NST (Cannon and
Nedergaard, 2004). The quantitative contribution of BAT to NST
in humans still needs to be elucidated. Up to this day, dedicated
studies on human cold activated BAT combined with measure-
ments on energy expenditure are restricted to five studies (Saito
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FIGURE 1 | Examples of brown adipose tissue in the newborn [(A)
Merklin, 1974], 13-year-old boy [(B) Hong et al., 2011], adult male [(C) van
Marken Lichtenbelt et al., 2009], and a morbid obese male [(D) Vijgen

et al., 2011]. Note that the drawings of BAT in newborns are based on
anatomical studies and that the scan 13-year-old boy was carried out without a
specific cooling protocol.

et al., 2009; van Marken Lichtenbelt et al., 2009; Orava et al., 2011;
Vijgen et al., 2011; Yoneshiro et al., 2011). Two of these studies
show that subjects with BAT have higher CIT (Vijgen et al., 2011;
Yoneshiro etal.,2011). Only one study shows that there is a correla-
tion between BAT activity (i.e., FDG uptake) and NST (Yoneshiro
et al., 2011). One study shows an association between BAT perfu-
sion (by ['?O]JH,0 PET/CT) and energy expenditure in the cold
(Orava et al., 2011). However in this study no distinction has been
made between CIT and RMR. Another study shows that there is a
relation between BAT activity and RMR (van Marken Lichtenbelt
et al., 2009). It is disputed whether the RMR measurements (at
22°C) in this study were really under thermoneutral conditions,
because 28°C is reported to be thermoneutral (Nedergaard et al.,
2011). However, the thermoneutral conditions were established
in naked or very sparsely clothed humans (Erikson et al., 19565
Dauncey, 1981), while during the BAT tests the subjects wore more
clothes (0.49 clo). Therefore, indeed RMR was measured. Higher
levels of BAT could indicate higher levels of cold acclimatization,
which in turn are related to elevated levels of RMR. It should be
noted, however, that the issue of measurements conditions dur-
ing thermoneutral conditions and during mild cold does deserve
special attention (see below).

In summary, the available studies at best provide a relation
between BAT FDG-activity and NST, but from these data the con-
tribution of BAT cannot be quantified. Prudent calculations based
on maximal BAT oxygen consumption in rodents combined with
allometric considerations, and based on PET/CT scans reveal a
contribution of activated BAT of 3-5% of BMR (Virtanen et al.,
2009; van Marken Lichtenbelt and Schrauwen, 2011). These num-
bers are based on 50 g of BAT (based on FDG-PET/CT). From a
physiological and practical point of view a 5% contribution is sig-
nificant. Moreover, the individual variation is high, meaning that
higher contributions are likely. Based on PET/CT the amount of
BAT ranges from 0 to 130 g (van Marken Lichtenbelt et al., 2009;
Orava et al., 2011). For the calculations several assumptions were
made that must be verified. For actual quantification of human
BAT energy expenditure more information is needed about the
actual amount of BAT, the brown fat cell density of the tissue, and
the mass-specific (or cell specific) BAT energy expenditure. More-
over it is possible that BRITE cells from less distinct depots have an

additional contribution to NST. They have not yet been mapped
in humans, because their FDG uptake is below the detection limit
of PET/CT. However these cells may be abundant in many white
adipose tissue, and therefore can have a significant contribution.

Another important aspect not yet studied is to what extent BAT
needs to be activated to have a significant effect on energy expen-
diture. May be maximal activation of BAT needs uncomfortable
low temperatures. It is likely that temperatures just below the ther-
moneutral zone do not activate BAT maximally, but are acceptable
from a comfort point of view. Studies are needed to find out to
what extend sub maximally activated BAT increases thermogene-
sis. It is likely that those conditions will be more readily accepted
in our daily living environment such as offices and dwellings.

DIET INDUCED THERMOGENESIS AN BAT

DIET INDUCED THERMOGENESIS

Diet induced thermogenesis can be subdivided in an obligatory
part and a facultative part. Obligatory DIT encompasses the heat
generated by digestion, absorption, and processing of the food. The
facultative DIT is the regulated heat production used to dissipate
food energy. This part is affected by for instance glucose tolerance,
insulin sensitivity, body fat (distribution), and the sympathetic
nervous system (SNS) activity (Valensi et al., 1998; Camastra et al.,
1999). The SNS activity in its turn is elevated due to feeding (Young
and Landsberg, 1977). Especially carbohydrate intake (Schwartz
et al., 1999) and a very low protein diets increase the facultative
thermogenesis (Stock, 1999). On the other hand the activity of the
SNS is reduced in response to starvation (Young and Landsberg,
1977). The SNS-response to feeding significantly contributes to
DIT (Ravussin and Swinburn, 1992).

The SNS is concerned in both the facultative part of DIT and
NST. Where NST is a means of protecting the body against cold,
the facultative part of DIT is a mechanism for enriching nutrient
poor diets by disposing of the excess non-essential energy (Stock,
1999). Thus, facultative DIT increases as the diet becomes unbal-
anced (e.g.,low protein content). On the other hand the increase in
DIT after a high protein diet results from the high metabolic costs
of metabolizing protein and is a form of obligatory thermogen-
esis not involving the SNS. One of the first studies on facultative
DIT was on pigs showing that animals with a rather extreme low
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protein diet had a much higher DIT than those with a high protein
weaning diet (Miller and Payne, 1962). Several studies followed
that indicted that the SNS was involved. Stirling and Stock (1968)
showed that both CIT and DIT involve SNS activation of heat
production.

In humans such experiments are very rare. One study com-
pared the variations in thermogenesis in subjects exposed to both
mild cold (3 days) and overfeeding (3 days, 160% of normal energy
intake; Wijers et al., 2007). The changes in energy expenditure
during mild cold exposure and overfeeding were significantly cor-
related. These results thus reveal that both overfeeding-induced
and mild CIT are individual specific and may share common
regulating mechanisms, confirming results from animal studies
(Feldmann et al., 2009). Indeed, there was a significant correlation
between fasting norepinephrine plasma concentrations and energy
expenditure in both situations. Although fasting catecholamine
levels may not be the best indicator, this result is in line with SNS
involvement.

DIT AND BAT

It was not until the publication of Rothwel and Stock (1979) that
the link between DIT and BAT was established in rodents, although
this link has recently been disputed (Kozak, 2010).

Are there any indications for a relation between the food
intake or diet composition and BAT activity in humans? Cur-
rently there are no dedicated studies available. From studies from
Nuclear Medicine carried out to reduce BAT FDG uptake for can-
cer research, it is evident that the diet composition may affect
FDG uptake in BAT. A high fat low carbohydrate diet reduced BAT
uptake compared to a fasted condition (Williams and Kolodny,
2008). This was explained by the fact that fatty acids are used as
main fuel and secondly by the Randle effect (fatty acids loading
inhibits glucose metabolism). This study however, does not pro-
vide evidence for nutritional activation of BAT in humans. It does
show that nutritional manipulation can affect BAT activity, in this
case reduced glucose (or FDG) uptake. However, there are no elab-
orate studies that show that food intake can increase BAT activity.

Indirectly, there is some evidence of involvement of BAT in
DIT in humans. That is, insulin, which normally is increased after
eating, increases human BAT metabolism (Orava et al., 2011).
Glucose uptake was measured with FDG-PET/CT, while plasma
insulin concentration was elevated by using euglycemic hyper-
insulinemic clamp technique (1 mU/kg/min). It turned out that
Insulin-stimulated glucose uptake rate in BAT was higher than in
white adipose tissue, similar to skeletal muscle, but less than cold
stimulated glucose uptake in BAT. This indicates that food intake,
which elevates insulin levels, may activate BAT as well. Interest-
ingly, while during cold exposure BAT both glucose uptake and
blood perfusion are elevated, insulin induced glucose uptake was
not accompanied with an increase in blood perfusion. Probably,
the glucose is transported into the brown adipocyte without an
increase in thermogenesis. If certain diets increase both glucose
uptake and/or perfusion in BAT awaits investigation.

In conclusion, there is no dietary intervention study in humans
available that shows a relation between food intake, dietary com-
position, or overfeeding and BAT activity. Such studies simply still
need to be performed.

BAT AND OBESITY

Obese subjects tend to show a blunted NST under the same mild
cold situation compared to lean subjects (Claessens-van Ooijen
et al., 2006; Wijers et al., 2010). The reason for this can be two-
fold: NST is impaired in obese subjects or obese people just need
a cooler environment to trigger NST. The latter can be attributed
to the insulation properties of subcutaneous fat (Bar-or et al,,
1969; Claessens-van Ooijen et al., 2006; Savastano et al., 2009),
surface-to-volume ratio (Kurz et al., 1995), or skin vasoconstric-
tive reaction to cold (Valensi et al., 2000). These properties can
reduce body heat loss from the skin. This in turn affects the trigger
for NST. Indeed, it has been shown that the individual variation in
24 h NST was negatively related to changes in distal skin tempera-
tures (van Marken Lichtenbelt et al., 2002). On the other hand,
a blunted NST in the obese can also be caused by a different
cold-induced autonomic responsiveness (Matsumoto et al., 1999,
2001) or to a reduced TSH and thyroid hormone response (Lean
et al., 1988). From these observed differences in the mechanisms
involved in heat loss and heat production, it cannot be deduced
whether reduced hormonal or neural responses are a consequence
of obesity or a causal factor for the risk of weight gain. Finally,
there are indications of a genetic component involved in ther-
mogenesis and BAT that come from UCP1 and beta-adrenergic
receptor polymorphism studies (see van Marken Lichtenbelt and
Schrauwen, 2011).

Several retrospective studies show that BAT prevalence and the
amount of active BAT is lower in obese subjects (Cypess et al., 2009;
Pfannenbergetal.,2010; Wang etal., 2011). However, retrospective
studies generally show a lower prevalence, because these patient
studies were not designed for activating BAT (Nedergaard et al,,
2011; van Marken Lichtenbelt and Schrauwen, 2011). Using a stan-
dardized cold exposure protocol we showed that BAT activity was
significantly negatively related to body mass index (BMI) and to
percent body fat (van Marken Lichtenbelt et al., 2009). In a follow-
up study on morbid obese subjects we extended the range of BMI
and body fat percentage (Vijgen et al., 2011). In this study we used
an individualized protocol and cooled the subjects to maximal
non-shivering conditions. The combined results clearly confirm
the negative relationship between active BAT and BMI or body fat
(Figure 2). The subjects were in the age range of 18-32 years (lean
to obese) and 25-51 years (morbid obese subjects). In both stud-
ies most subjects were young adults. This means that the relation
with body fat is independent of age. Based on the combined data
of two other studies (Saito et al., 2009; Zingaretti et al., 2009) it was
postulated that the interrelationship between age and obesity may
obscure the relationship between BAT and obesity (Nedergaard
etal.,2011). Our results however, clearly show the relation between
BAT and obesity is independent of age. This does not mean that the
interrelationship does not exist. A reduced active BAT in elderly
can at least partly be explained by increased adiposity with age. In
other words the relation between BAT and age may be obscured
by differences in body composition. Future studies should try to
measure BAT in elderly with varying body compositions.

BODY COMPOSITION MEASUREMENT
Most human BAT studies use body fat (by dual X-ray absorp-
tiometry, DXA) or BMI as an indication of obesity. Because BAT
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FIGURE 2 | Brown adipose tissue activity in relation to body fat
percentage. The open dots indicate the study group ranging from lean to
morbidly obese obese (age range: 18-32 years; van Marken Lichtenbelt
et al., 2009) and the red dots indicate a second group of morbidly obese
subjects (age range: 25-51 years; Vijgen et al., 2011).

activation by cold depends on the insulation properties of the
body, preferably more information about body fat distribution
then DXA gives should be obtained. Especially the amount of sub-
cutaneous body fat and skeletal muscle in the limbs is needed.
DXA provides to some extend a possibility to map body fat,
but with scanning techniques such as magneto resonance imag-
ing (MRI) or CT more details on subcutaneous body fat can be
determined. DXA is the most widely used technique for deter-
mining whole body fat percentage, but it is not very accurate
on an individual level. It is used because of convenience, not
because of accuracy. In fact DXA has a substantial error up to
6.7% compared to the gold standard (four-compartment model;
Wong et al., 2002; van Marken Lichtenbelt et al., 2004; Minderico
et al., 2008). This means that the DXA results are comparable to
methods such as skinfold thickness and bioimpedance analyses.
A serious problem is that the DXA companies do not provide
details about their assumptions and calculations and comparisons
of different instruments indicate a large inter-instrument variabil-
ity. More attention should be given to the errors involved and
that a significant part of the variation in metabolic studies poten-
tially can be ascribed to the variation in body composition (DXA)
results. Most accurate method is the three-compartment model
combining underwater weighing with deuterium dilution (or the
four-compartment model including a DXA bone scan; useful in
subjects with low bone mineral densities). Unfortunately these
techniques do not provide information about the body fat dis-
tribution. Alternatively imaging techniques such as CT and MRI
are very useful because they do provide details on body fat dis-
tribution and subcutaneous fat. CT has better resolution than
DXA but provides greater ionizing radiation exposure. MRI pro-
vides detailed information but needs a longer imaging time and
specialized equipment for acquisition and analysis (Silver et al.,
2010).

METABOLIC STUDIES AND ENVIRONMENTAL TEMPERATURE
Metabolic studies on BAT activity using (mild) cold exposure
need to be carried out correctly, preferably in a standardized fash-
ion. Both the cold and the thermal neutral conditions have to be
selected carefully. Wrong environmental temperatures can result
in wrong conclusion as has been shown recently with rodents
that are in general raised and housed at temperatures below
their thermoneutral zone. These conditions resulted in the wrong
conclusions that UCP1 knock out mice fail to become obese (Feld-
mann et al., 2009). The mice shivered in order to keep warm.
Feldmann et al. (2009) elegantly demonstrated that when these
mice were kept at thermoneutrality, UCP1 ablation in itself did
induce obesity.

Cold exposure experiments in humans should be carried out
with the temperature conditions adjusted to the individual. This
holds for both the cold situation (e.g., maximal non-shivering
conditions without shivering; Vijgen et al., 2011) and for the ther-
moneutral condition (Kingma et al., 2011). Both conditions are
important because the level of NST is calculated by the differ-
ence in energy expenditure of each condition. The importance of
individual attuned environmental conditions in human metabolic
studies has very often been neglected.

Many factors influence the thermoneutral zone, such as body
composition (degree of obesity), fat distribution, clothing, energy
expenditure, age, and gender (Kingma et al., 2011). These factors
have the potential to introduce bias in study results and therefore
need to be taken into consideration in studies on energy metab-
olism, obesity, medical conditions, thermal comfort, or vigilance.
It is needed to go back to the basics of human thermoregulation.
For instance, when baseline conditions are carried out at too low
temperatures some NST may already occur. The NST calculated
after cold exposure would then result in too low values. For more
examples and the determination of the thermoneutral zone see
Kingma et al. (2011).

The same applies for the experiments under mild cold con-
ditions. The goal is to establish maximal BAT activity and NST
under non-shivering conditions. During shivering much of the
FDG label will be taken up by the skeletal muscle and the relation
between CIT and BAT activity will be obscured by shivering ther-
mogenesis due to competition in FDG uptake in the tissues. The
few dedicated human BAT studies use a standard, more, or less
fixed protocol under mild cold conditions (around 16°C) some-
times with additional ice cooling of the feet. It is disputed whether
ice (or cold pressor test) is an effective way of stimulating BAT,
because it works systemically (Nedergaard et al., 2011). BAT, how-
ever, is normally selectively stimulated via sympathetic nerve fibers
that are activated by the coldsensitive centers in the brain.

In our recent studies we cool subjects until the start of shiver-
ing, which is monitored by EMG and questionnaires (Vijgen et al.,
2011). Then we raise the temperature slightly, so that the shiver-
ing just stops. In this way we want to achieve maximal NST. It
is assumed that the NST level will not increase when shivering
starts, although this is hard to prove. Our current trials also indi-
cate that the rate of cooling may affect the level of NST with a
lower level of NST during fast cooling due to an earlier onset of
shivering. Finally, we also obtained indications that for activating
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BAT it matters which parts of the body skin are exposed to the
cooling medium.

In conclusion, several studies indicate differences in BAT activ-
ity and thermogenesis between individuals and between groups
(lean and obese), but for more subtle and physiological relevant
differences more care should be taken in the study design and the
attuning of environmental conditions.

OTHER TISSUES INVOLVED — SKELETAL MUSCLE
Theoretically other tissues and other processes than mitochon-
drial uncoupling (e.g., Ca-cycling, transmembrane ion leak) may
be responsible for the increase in energy expenditure upon cold
exposure. Skeletal muscle is potentially a significant contributor
to NST as indicated in older studies using adrenalin, ephedrine,
or carbohydrate induced thermogenesis (Astrup et al., 1985, 1986;
Simonsen et al., 1992). An estimated contribution amounts to 35—
67% of the CIT or DIT (Simonsen et al., 1992; van Baak, 2008).
More recently, it is shown that human NST in response to cold
exposure is accompanied by and significantly related to mitochon-
drial uncoupling in skeletal muscle (Wijers et al., 2008, 2011). The
last study also indicates that both BAT and skeletal muscle play a
role in NST with their relative contribution depending on which
beta receptors are involved (beta 2 for skeletal muscle; beta 3 for
BAT). More details on the involvement of skeletal muscle are given
in van Marken Lichtenbelt and Schrauwen (2011).

The actual in vivo increased energy expenditure of skeletal
muscle and of BAT during cold have not been studied. More-
over for a comparison about the contribution of the different
tissues one relies on various techniques of which the results
are not quantitatively comparable. For skeletal muscle biopsies
and cell respiration measurements are used, while for BAT vol-
ume and activity the glucose tracer FDG provides the infor-
mation. For a sound comparison between the contributions of
each tissue, comparable techniques are needed. New techniques
such as MRI, functional MRI (fMRI), or magneto resonance
spectrometry (MRS) may in future be applied in both skele-
tal muscle and BAT (Barker and Armstrong, 2010; Hu et al,
2010). Alternatively, the implementation and development of
(dynamic) PET techniques combining FDG and fatty acid tracers,
tracers measuring blood perfusion (Orava et al., 2011), sympa-
thetic innervation, thermogenesis, or oxygen consumption also
are promising in this respect (Baba et al., 2007; Madar et al,,
2011).
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BAT RECRUITMENT

Finally, in relation to obesity it is important to know whether
brown fat (both BAT and BRITE) can be recruited and then used
to increase energy expenditure. In the case of obesity, the question
is whether obesity develops because obese people are prone to have
less BAT or whether during the development of obesity BAT gradu-
ally disappears. The latter can be explained by the larger insulation
of the subcutaneous fat layer and the smaller surface-to-volume
ratio. Therefore obese people are less often in a situation where
NST is needed compared to their lean counterparts.

In this respect it is important to study whether BAT can be
recruited by cold acclimatization or dietary intervention. No inter-
vention studies are available yet, except for the earlier mentioned
study by Davis (1961) on cold acclimatization. Recent data on
morbidly obese subjects show that indeed BAT can be recruited by
weight loss (Vijgen et al., in review), indicating that low levels or
absence of BAT is a result of obesity.

CONCLUSION

Adult humans do show NST up to 30% of BMR and BAT seems to
contribute significantly. Contrary to rodent studies skeletal mus-
cle thermogenesis may also be involved. There is a clear (negative)
relation between BAT and the degree of obesity and there is an indi-
cation that weight loss can recruit BAT. However, more basic stud-
ies are needed on cold acclimatization and dietary interventions
in relation to BAT activity.

More knowledge is needed about the relative presence in BAT
and BRITE in humans and the actual BAT metabolic activity in
comparison with other tissues. There exist several new and promis-
ing techniques that deserve more attention, such as dynamic
PET/CT, the use of new PET tracers, and techniques such as fMRI
and MRS should be explored. Cold exposure studies should be
carried out in a more standardized fashion, taken into account
the individual variation in thermoneutral zone and in ambient
temperature to induce NST. For the metabolic studies on BAT
related to obesity body composition methods should include fat
distribution, especially the measurement of subcutaneous fat.
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Brown adipose tissue (BAT) represents a remarkable heat-producing tissue. The thermo-
genic potential of BAT is conferred by uncoupling protein 1, a protein found uniquely in
brown adipocytes. BAT activity and capacity is controlled by the sympathetic nervous sys-
tem (SNS), which densely innervates brown fat depots. SNS-mediated BAT thermogenesis
is essentially governed by hypothalamic and brainstem neurons. BAT activity is also mod-
ulated by brain energy balance pathways including the very significant brain melanocortin
system, suggesting a genuine involvement of SNS-mediated BAT thermogenesis in energy
homeostasis. The use of positron emission tomography/computed tomography scanning
has revealed the presence of well-defined BAT depots in the cervical, clavicular, and
paraspinal areas in adult humans. The prevalence of these depots is higher in subjects
exposed to low temperature and is also higher in women compared to men. Moreover,
the prevalence of BAT decreases with age and body fat mass, suggesting that BAT could
be involved in energy balance regulation and obesity in humans. This short review sum-
marizes recent progress made in our understanding of the control of SNS-mediated BAT
thermogenesis and of the determinants of BAT prevalence or detection in humans.

Keywords: energy balance, energy expenditure, melanocortin system, cold exposure, age, sex, environmental

temperature, positron emission tomography

INTRODUCTION

Brown adipose tissue (BAT) is a specialized tissue whose main
function is to produce heat. In small mammals, it is located in dis-
crete depots and haslargely been investigated for its role in thermo-
genesis (Cannon and Nedergaard, 2004; Sell et al., 2004a; Richard
etal.,2010; Richard and Picard, 2011). The heat-producing capac-
ity of BAT is such that it allows small mammals such as rats and
mice to live at temperatures as low as 4°C without shivering.

The activation of BAT thermogenesis is under the strict control
of the sympathetic nervous system (SNS). BAT is richly innervated
by the postganglionic neurons of the efferent branches of the SNS
(Bartness et al., 2010). These neurons release noradrenaline (NA),
whose action on B-adrenergic receptors triggers the breakdown
of triglycerides into fatty acids, which not only serve as energy
source for thermogenesis but also act as the stimulators of BAT
thermogenic activity (Nicholls and Locke, 1984). The SNS activ-
ity in BAT is governed by the brain autonomic centers including
hypothalamus and brainstem, which are regions involved in the
cold-induced thermogenesis (Morrison, 2011) and energy balance
regulation (Richard, 2007; Richard and Picard, 2011).

We now have evidence that BAT is not only found in small
mammals but also in adult humans (Nedergaard et al., 2007;
Cannon and Nedergaard, 2010; Enerback, 2010a,b; Richard et al.,
2010). A number of studies involving imaging procedures such as
positron emission tomography/computed tomography (PET/CT)
scanning have revealed symmetrical distribution of metabolically
active brown fat depots around cervical, clavicular, and paraspinal
regions in humans (Cypess et al., 2009; van Marken Lichtenbelt

et al., 2009; Virtanen et al., 2009; Zingaretti et al., 2009). Recent
progress has also been made in our understanding of various fac-
tors that affect the prevalence and activity of BAT in humans
(Cypess et al., 2009; Saito et al., 2009; van Marken Lichtenbelt
et al., 2009; Ouellet et al., 2011; Wang et al., 2011; Yoneshiro et al.,
2011a).

This short article is aimed at reviewing (i) the brain circuits,
essentially those pertaining to the metabolic brain melanocortin
system, that control SNS-mediated BAT thermogenesis and (ii) our
current understanding of the factors determining the prevalence
or detection of BAT depots in humans.

BAT THERMOGENESIS

Brown adipose tissue was first observed in 1551 by the Swiss
naturalist Konrad Gessner, who described it as being “neither
fat nor flesh (nec pinguitudo nec caro)” (Gesner, 1551; Can-
non and Nedergaard, 2008). The brownish appearance of BAT
indeed contrasts with that of the white adipose tissue (WAT)
whose role is to store lipids predominantly. Furthermore, brown
adipocytes have a developmental origin that largely differs from
that of the white adipocytes (Seale et al., 2008; Tseng et al,
2008). In that respect, brown but not white adipocytes develop
from myogenic factor 5 (Myf5)-expressing myoblasts under the
action of the transcription factor PRD1-BF1-RIZ1 homologous
domain-containing 16 (PRDM16; Cannon and Nedergaard, 2008;
Kajimura etal., 2010; Seale, 2010). The extraordinary thermogenic
capacity of BAT is conferred by the presence of uncoupling pro-
tein 1 (UCP1), a protein uniquely found in the brown adipocytes.
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UCP1 is a mitochondrial inner membrane protein that is capable
of uncoupling mitochondrial oxidation from ATP synthesis, in a
process that triggers heat production through enhanced cellular
respiration (Nicholls and Locke, 1984).

Owing to its tremendous thermogenic potential, BAT is viewed
as a potential target to increase energy expenditure and com-
bat obesity. Animal data support a role for BAT thermogene-
sis in energy homeostasis. Chronic reduction in SNS-mediated
BAT thermogenesis parallels the reduction in energy expenditure
exhibited by various animal models of obesity (also exhibiting
enhanced energy intake) such as the leptin deficient 0b/ob mouse
(Trayhurn et al., 1982), leptin-receptor deficient db/db mouse
(Goodbody and Trayhurn, 1981), leptin-resistant fa/fa rat (March-
ington et al., 1983), and melanocortin-4 receptor (MC4R)-ablated
obese mice (Ste et al., 2000; Balthasar et al., 2005). A decrease in
SNS-mediated BAT thermogenesis associated with reduced energy
expenditure has also been reported in animals seeking to spare
energy such as rats subjected to energy restriction (Rothwell and
Stock, 1982) as well as in lactating (Trayhurn and Richard, 1985)
and pregnant rodents (Andrews et al., 1986).

Further support for the role of BAT in energy balance was the
recent finding that Ucpl-ablated mice displayed a reduction in
adaptive thermogenesis accompanied by an increase in fat gain,
which was exacerbated by high-fat feeding (Feldmann et al., 2009).
It is noteworthy that Ucpl-ablated mice gained excess fat only
when they were housed at a thermoneutral temperature (29°C).
Interestingly, lack of UCP1 per se would apparently not increase
metabolic efficiency in the Ucp1-deficient mice housed below 29°C
(Kozak and Anunciado-Koza, 2008), except in old mice (Kontani
et al., 2005), or in mice chronically fed an energy-dense palat-
able diet (Nedergaard et al., 2001). The absence of changes in the
energy balance following Ucp1loss/gain-of-function under certain
circumstances, should not be considered to invalidate the impor-
tance of BAT in energy balance. It is important to consider that
the complex brain circuitries controlling SNS-mediated BAT ther-
mogenesis can and do activate alternative thermogenic pathways
in animals with defective BAT. A well-developed/organized BAT
thermogenic machinery can certainly be an asset upon which the
brain can rely to efficiently control energy expenditure and hence
regulate energy balance.

BRAIN CIRCUITS INVOLVED IN SNS-MEDIATED CONTROL OF
BAT THERMOGENESIS AND ENERGY HOMEOSTASIS

Brown adipose tissue depots are richly innervated by SNS postgan-
glionic neurons, and it is through the SNS, and hence via adrener-
gic receptors, that BAT thermogenesis is physiologically controlled
(Cannon and Nedergaard, 2004; Bartness et al., 2010). Although
thermogenic capacity of BAT can be significantly enhanced by the
use of agents such as peroxisome proliferator-activated receptor
vy (PPARy) agonists, the actual thermogenic activity of the tis-
sue is critically dependent upon the adrenergic tone to BAT (Sell
et al., 2004b; Festuccia et al., 2008). Cold exposure and overfeed-
ing increases noradrenaline (NA) turnover rate in BAT (Landsberg
et al., 1984) and, remarkably, neither cold nor overfeeding induce
thermogenic activity in mice lacking p-adrenoreceptors (B-less
mice; Bachman et al., 2002; Jimenez et al., 2002; Lowell and
Bachman, 2003).

Sympathetic nervous system-mediated BAT thermogenesis is
controlled by the hypothalamic and brainstem nuclei such as
the preoptic area (POA), arcuate hypothalamic nucleus (ARC),
paraventricular hypothalamic nucleus (PVH), dorsomedial hypo-
thalamic nucleus (DMH), periaqueductal gray (PAG), and raphé
pallidus (RPA; Grill, 2006; Berthoud and Morrison, 2008; Richard
etal.,2010; Morrison, 2011; Richard and Picard, 2011). All of these
nuclei contain neurons expressing chemical mediators and recep-
tors involved in the control of SNS-mediated BAT thermogenesis.
The brain circuits involved in energy balance regulation differ
slightly from those involved in thermoregulatory thermogenesis.
The latter have been the subject of excellent reviews elsewhere
(Morrison, 2011; Nakamura, 2011) and will not be discussed here.
This section will review the recent advances made in our under-
standing of the melanocortin system, which represents the most
significant regulator of energy homeostasis.

THE MELANOCORTIN SYSTEM IS A KEY PLAYER IN THE CONTROL OF
SNS-MEDIATED BAT THERMOGENESIS IN RELATION TO ENERGY
HOMEOSTASIS

The brain “metabolic” melanocortin system consists of (i) ARC
neurons producing the proopiomelanocortin (POMC) fragment,
a-melanocyte-stimulating hormone («MSH), (ii) neurons har-
boring the melanocortin receptor 4 (MC4R), (iii) and ARC neu-
rons synthesizing agouti-related protein (AgRP), an endogenous
antagonist of the MC4R. The ARC neurons that synthesize AgRP
also express NPY, which is a well-recognized anabolic neuropep-
tide (Herzog, 2003; Nguyen etal.,2011). The “catabolic” role played
by the brain melanocortin system has been acknowledged previ-
ously (Garfield et al., 2009; Mountjoy, 2010; Corander and Coll,
2011; De Jonghe et al., 2011; Pandit et al., 2011). Loss-of-function
mutations of the key players of this system (for instance POMC
or MC4R) have been reported to cause massive obesity in labora-
tory animals (De Jonghe et al., 2011) and humans (Farooqi and
O’Rahilly, 2006; Tao, 2010).

It is noteworthy that ARC POMC and AgRP/NPY neurons are
known to be leptin-sensitive, which further corroborates the role
of the melanocortin system in energy homeostasis. Upon acti-
vation by leptin, POMC neurons release the catabolic fragment
a-MSH from nerve terminals found in several brain regions that
express MC4R. Moreover, leptin inhibits AgRP/NPY neurons and
MCAR deficiency has been shown to blunt the ability of leptin (be
it injected centrally or peripherally) to increase Ucpl expression
in BAT and WAT (Zhang et al., 2005).

HYPOTHETICAL MELANOCORTINERGIC CIRCUITS CONTROLLING
SNS-MEDIATED BAT THERMOGENESIS

In an attempt to delineate the circuits pertaining to the
melanocortin system controlling SNS-mediated BAT thermoge-
nesis, we have identified numerous brain populations of MC4R
mRNA-harboring neurons that are polysynaptically (through sev-
eral synapses) connected to BAT, using transneuronal viral retro-
grade tract-tracing technique (Song et al., 2008). It was estimated
that 84, 83, and 77% of the neurons expressing MC4R found in
the PVH, PAG, and POA brain regions, respectively, were con-
nected to interscapular BAT in rats (Song et al., 2008). Since the
absolute total number of neurons from each of these three region
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that connect to BAT is very high in, one can confidently infer
that MC4R neurons found in the PVH, POA, and PAG brain
regions are all unquestionably part of the circuits that control
BAT thermogenesis (Morrison, 2011; Richard and Picard, 2011).

An increase in BAT thermogenesis was reported when MC4R
agonist melanotan 2 (MT2) was injected in the PVH (Song et al.,
2008), further demonstrating that the MC4R neurons of the PVH
promote BAT-mediated thermogenesis. The phenotype of the
MCA4R neurons of PVH that are connected to BAT remains to be
ascertained. However, it is likely that neurons expressing oxytocin
(OT) and the cannabinoid receptor 1 (CB1; Richard et al., 2009;
Gelez et al., 2010; Ghamari-Langroudi et al., 2011) could directly
project to the intermediolateral column (IML) of the spinal cord
in order to control the SNS neurons linked to BAT (Song et al.,
2008). Recent data from our laboratory has further demonstrated
that CB1 agonism can blunt MT2-induced oxygen consumption
and UCP1 expression in BAT (Roffarello and Richard, unpublished
results), pointing toward an interaction between the melanocortin
and cannabinoid pathways in the regulation of BAT-mediated
thermogenesis.

With 83% of its 1337 MC4R positive neurons (some 1165
neurons) synaptically linked to the iBAT (Song et al., 2008), the
PAG would represent the next brain region (after PVH) contain-
ing the largest population of MC4R neurons connected to BAT
(Song et al., 2008). This neuro-anatomical finding leaves little
doubt about the potential involvement of PAG in the MC4R-
agonism-mediated regulation of BAT thermogenesis. The ventro-
lateral division of the PAG has been reported to receive direct
projections from the ARC (Guo and Longhurst, 2010; Li et al,,
2010a) and then to project to the RPA (Li et al., 2010b), where-
from 5-hydroxytryptamine neurons in turn were found to project
to the IML, likely to control the SNS outflow to BAT (Morri-
son, 1999, 2011). In addition, other studies have demonstrated a
direct involvement of the PAG in the regulation of BAT-mediated
thermogenesis (de Menezes et al., 2006; Rathner and Morrison,
2006).

After the PVH, the POA comprises the second largest popula-
tion of hypothalamic MC4R neurons that are connected to iBAT
(Song et al., 2008). The role of the POA in regulating BAT thermo-
genesis has been acknowledged previously (Nakamura et al., 2005;
Nakamura, 2011). However the neuronal circuits through which
MCA4R neurons of POA control BAT-mediated thermogenesis have
yet to be delineated. The POA contains gamma-aminobutyric acid
(GABA) neurons that project to the DMH, where they inhibit exci-
tatory neurons that send projections to the brainstem in order
to connect with the premotor neurons governing the activity
of the SNS efferent neurons (Nakamura et al., 2005; Morrison,
2011; Nakamura, 2011). Interestingly, similar to prostaglandin
E2 (PGE2; Nakamura et al., 2005; Morrison, 2011; Nakamura,
2011), MC4R POA neurons could inhibit the POA GABA neurons
projecting to the DMH to ultimately release their inhibition on
neurons promoting SNS activity to BAT.

Opverall, it is apparent that the melanocortin system exerts its
control on the SNS-mediated BAT thermogenesis via various neu-
ronal populations of hypothalamus and brainstem regions. Future
studies would be required to better characterize these neurons and
extend our current understanding on this subject.

BAT IN ADULT HUMANS

In the last decade, various studies using PET/CT scanning
with 3fluorodeoxyglucose ('®FDG; often aimed at screening
tumors) have demonstrated the presence of metabolically active
fat depots within the cervical, supraclavicular, and paraspinal
regions in adults humans (Nedergaard et al., 2007; Cannon
and Nedergaard, 2010; Enerback, 2010a,b; Richard et al., 2010).
These depots were characterized as being BAT with cells hav-
ing multilocular cytoplasm and abundant mitochondria (Zin-
garetti et al., 2009). Moreover, these fat depots were reported
to have rich SNS-innervations and to express Ucpl, the ulti-
mate marker of the brown adipocytes (Cypess et al., 2009;
van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009;
Zingaretti et al., 2009). Additionally, '®FDG-detected BAT was
found to express mRNAs encoding other proteins such as
type II iodothyronine deiodinase (DIO2), PPARy-coactivator-1a
(PGCla), PRDM16, and B3-adrenergic receptor (Virtanen et al.,
2009), all of which are known to be the key players in mediating
BAT thermogenesis.

The prevalence of '®FDG-detectable BAT is determined by a
series of factors including age, sex, body mass index (BMI), out-
door temperature preceding PET/CT scanning and the diabetes
status of the individuals. The detection of metabolically active
BAT has been shown to (i) decrease with age (Cypess et al., 2009;
Saito et al., 2009; Zingaretti et al., 2009), (ii) inversely correlate
with BMI and fat content (Cypess et al., 2009; Saito et al., 2009;
Zingaretti et al., 2009), (iii) increase with exposure to low temper-
atures (Cohade et al., 2003a; Garcia et al., 2006; Kim et al., 2008;
Cypess et al., 2009; Saito et al., 2009), (iv) be higher in women
than men (Cypess et al., 2009), and (v) to be lower in diabetic
than non-diabetic patients (Cypess et al., 2009). In large cohorts
of adult humans screened for cancer, the detection/prevalence of
BAT was estimated to be relatively low (5-10% and below; Cypess
et al., 2009; Ouellet et al., 2011). This obviously represents an
underestimation of the true prevalence of BAT. In fact, the pres-
ence of BAT is not ineluctably detectable during PET scans in
cancer screening investigations, as BAT needs to be stimulated
to exhibit '®FDG uptake. The true prevalence of BAT is much
higher than 5-10% and we (Ouellet et al., 2012) and others (van
Marken Lichtenbelt et al., 2009) have reported a near 100% BAT
prevalence in cold-exposed young human subjects. PET/CT inves-
tigations with large cohorts have nonetheless proved invaluable
for meaningfully scrutinizing various determinants of the BAT
prevalence.

BAT DISTRIBUTION IN CHILDREN AND ADULT HUMANS DIFFERS FROM
THAT OF HUMAN NEONATES AND SMALL MAMMALS

The pattern of BAT distribution in adult humans differs from
that seen in human neonates (Enerback, 2010a) and small labo-
ratory rodents such as rats and mice (Cannon and Nedergaard,
2004). In contrast to rodents, humans do not possess a promi-
nent interscapular BAT depot. In adult humans (Ouellet et al,,
2011) as well as in children and adolescents (Drubach et al.,
2011), the most easily detectable and the most prominent BAT
depot is located in the supraclavicular area. This depot exhib-
ited the highest '8 FDG uptake activity following cold exposure
(van Marken Lichtenbelt et al., 2009) and was also described as
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FIGURE 1 | Brown adipose tissue (BAT) distribution in a pediatric (A)
and adult (B) human. (A) The PET/CT scans of a 5-year-old boy taken

60 min after an i.v. injection of 5mCi "®FDG. Red arrow shows the
supraclavicular BAT, yellow arrow shows the peri-spinal BAT depots and
blue arrow shows the peri-adrenal BAT depot in (a) coronal view
(postero-anterior projection). The Supraclavicular BAT is also illustrated in a
transversal series of (b) PET, (¢) CT, and (d) fusion views of the
cervical-supraclavicular region. Red circles denote the supraclavicular BAT
in (b-d). (B) The PET/CT scans of a 35-year-old woman taken 60 min after an
i.v. injection of 5mCi "®FDG. First row shows the transversal section of the
aortic arch. Red arrows denote the peri-spinal BAT depots and the blue
arrows point to the mediastinal BAT depots on PET (left panel), CT (middle
panel), and fusion scans (right panel). Second row shows the transversal
section of the hepatocardiac section, where yellow arrows point to the
peri-aortic BAT depots and the green arrow points to the pericardial BAT
depots. Third row shows the transversal section of the adrenal gland,
where orange arrows point to the peri-adrenal BAT depots. PET/CT, positron
emission tomography/computed tomography; ®FDG, '®fluorodeoxyglucose;
i.v., intravenous; BAT, brown adipose tissue.

the USA-fat (Uptake in Supraclavicular Area Fat) in one of the
decisive studies identifying BAT using PET/CT scanning (Cohade
etal.,2003b). In addition, BAT is also noticeably seen in the cervi-
cal and paraspinal areas in both children and in adults (Enerback,
2010a; Richard et al., 2010; Richard and Picard, 2011). Figure 1A
demonstrates the PET/CT images of a 5-year-old boy showing
the presence of '8 FDG uptake activity in various fat depots,
whereas Figure 1B represents the PET/CT images of a 35-year-
old women showing the presence of '8 FDG-detectable BAT in the
supraclavicular, peri-spinal, mediastinal-, pericardial, peri-aortic,
and peri-adrenal sites. We (Chechi et al., unpublished observa-
tions) and others (Sacks et al., 2009; Sacks and Fain, 2011) have
recently observed that human epicardial fat depot expresses sig-
nificant levels of Ucpl, indicating that BAT is present around the
heart.

HUMAN BAT ACTIVITY IS UNDER THE CONTROL OF THE SNS

The detection of '8 FDG-detectable BAT in humans is also mod-
ulated by the use of B-blockers (Tatsumi et al., 2004; Jacobsson
et al., 2005; Parysow et al., 2007; Soderlund et al., 2007; Cypess
et al., 2009). Soderlund et al. (2007) demonstrated that a single
dose of 80 mg of propranolol (taken 2 h before FDG administra-
tion) led to the complete attenuation of '8 FDG uptake in BAT. On
the other hand, patients with pheochromocytoma were reported
to exhibit intense "8 FDG uptake in BAT (Hadi et al., 2007; Kuji
et al., 2008; Yamaga et al., 2008), which disappeared following the
resection of the catecholamine-secreting tumors (Hadi et al., 2007;
Yamaga et al., 2008).

BAT PREVALENCE/DETECTION DECREASES WITH AGE

Age represents a significant determinant of '®FDG-detectable BAT
(Truong et al., 2004; Gelfand et al., 2005; Cypess et al., 2009; Saito
etal., 2009). In cohorts of patients under cancer surveillance, peo-
ple exhibiting '®FDG uptake sites were reported to be on average
younger than those showing no sign of ¥ FDG-detectable BAT
(Cypess et al., 2009; Zingaretti et al., 2009; Ouellet et al., 2011).
In a recent investigation aimed at assessing the prevalence and
determinants of BAT '8FDG uptake in children and adolescents
screened for tumors, Drubach et al. (2011) reported prevalence
of detectable BAT of above 40%, with the highest BAT activ-
ity seen in the 13- to 15-years-old age group. A prevalence of
above 40% in children/adolescents tested in conditions that do
not necessarily activate BAT has to be considered as being high
and much higher than that of 5-10% seen in cohorts of adult
patients tested in similar conditions. Consistent with this, in our
cohort of adult patients tested for cancer, we observed a decrease in
the detection/prevalence of BAT with age in both men and women
(Ouellet et al., 2011). In addition, Saito et al. (2009) reported a
prevalence of cold-induced BAT '8FDG uptake in 52% (16/31) of
subjects aged between 23 and 35 years, compared to 8% (2/24) of
subjects aged between 38 and 65 years. Altogether, the literature
suggests that age reduces the thermogenic capacity of BAT, which
renders BAT detection by PET/CT less probable (Richard et al.,
2010).

BAT PREVALENCE/DETECTION DECREASES WITH INCREASED FATNESS
The detection of BAT appears strongly influenced by BMI and
body fat in humans of all age groups (Cypess et al., 2009; Saito
et al., 2009; van Marken Lichtenbelt et al., 2009; Drubach et al.,
2011; Ouelletetal.,2011; Wangetal.,2011; Yoneshiro et al.,2011a).
Specifically, BAT activity was reported to be inversely correlated to
BMI (Cypess et al., 2009; Ouellet et al., 2011), body fat (Saito et al.,
2009; van Marken Lichtenbelt et al., 2009; Yoneshiro et al., 2011a),
and visceral obesity (Wang et al., 2011). Noteworthily, Saito et al.
(2009) reported that the only two subjects with active BAT (out
of 24) in an age group of 38-65 years were the two leanest sub-
jects. The same investigators also provided evidence to support a
negative association between BAT activity and the accumulation
of body fat with age (Yoneshiro et al., 2011a). van Marken Licht-
enbelt et al. (2009), who reported an inverse relationship between
cold-induced '8FDG uptake activity in BAT with both BMI and
percentage of body fat, emphasized that the sole subject (out of
24), who resisted cold-induced BAT "8 FDG uptake in their study,
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was the one displaying the largest BMI (38.7) and percentage of
body fat (41.8%).

BAT DETECTION/PREVALENCE INCREASES WITH LOW TEMPERATURE
In addition to age and body fat mass, the outdoor temperature on
the day of '®FDG PET/CT scanning may be a major determinant
of BAT detection. Expectedly, the colder the temperature at the
time of scanning, the higher is the prevalence of '* FDG-detectable
BAT (Cohade et al., 2003a; Kim et al., 2008; Ouellet et al., 2011).
Not surprisingly, this BAT prevalence varies with seasons, being
higher in winter than in summer (Cohade et al., 2003a; Au-Yong
et al., 2009; Cypess et al., 2009; Saito et al., 2009; Ouellet et al.,
2011). Winter could enhance the stimulating effect of acute cold
exposure on the ¥ FDG uptake in BAT (Saito et al., 2009), likely
by increasing BAT capacity (Richard et al., 2010; Ouellet et al.,
2011). The seasonal effects on BAT detection has also been linked
to changes in the photoperiod (Au-Yong et al., 2009). However,
we found that the outdoor temperature on the day of testing was
a stronger determinant of BAT detection than the photoperiod
(Ouellet et al., 2011). The notion that environmental temperature
is a major determinant of ¥ FDG-detectable BAT prevalence is also
consonant with the early data reported by Huttunen et al. (1981),
who demonstrated a higher prevalence of BAT-related enzymes in
the adipose tissue biopsies of outdoor workers compared to indoor
workers.

BAT DETECTION/PREVALENCE IS HIGHER IN WOMEN THAN MEN

Sex represents another factor that influences BAT detection in
humans, since women exhibit higher prevalence than men (Hany
et al., 2002; Cohade et al., 2003b; Truong et al., 2004; Rousseau
etal., 2006; Cypess et al., 2009). Cypess et al. (2009) reported posi-
tive scans for 18FDG uptake sites in 76 of 1013 women (7.5%) and
30 of 959 men (3.1%), corresponding to a female/male ratio of
more than 2:1. We also observed a similar pattern of BAT preva-
lence in women compared to men in our cohort (Ouellet et al.,
2011). In addition, women were reported to exhibit greater BAT
mass and higher '8 FDG uptake activity (Cypess et al., 2009). Inter-
estingly, we observed that the sex effect on the detection/prevalence
of BAT tended to disappear in aging humans (Ouellet et al.,
2011), indicating the potential role of female sex hormones in
BAT thermogenesis. In that respect, it is worth mentioning that
the prevalence of detectable BAT did not differ between boys and
girls prior to puberty (Drubach et al., 2011).

The reason as to why women exhibit a higher detection of
IBEDG-BAT (after puberty and prior to menopause) is not known.
The possibility however exists that women experience more cold
sensation at a given temperature than men, which is supported
by human and animal studies (Quevedo et al., 1998; Rodriguez
et al., 2001; Rodriguez-Cuenca et al., 2002; Valle et al., 2007).
This hypothesis needs to be further substantiated in future human
cohorts.

DIABETES LOWERS DETECTION OF BAT

We recently demonstrated that prevalence of ¥ FDG-detectable
BAT was lower in the diabetic subjects (1.8%) than the non-
diabetic subjects (11.5%; Ouellet et al., 2011), which is in line
with the observations made by Cypess et al. (2009). However, the

mechanisms linking diabetes to a reduced detection of BAT remain
to be delineated.

BAT-MEDIATED THERMOGENESIS MAY REPRESENT A SIGNIFICANT
ENERGY-CONSUMING PROCESS IN HUMANS

Our recent series of experiments with ! C-acetate (Ouellet et al.,
2012), a PET tracer used to assess tissue oxidative metabolism
(Labbe et al., 2011), convincingly demonstrated the metabolic
importance of BAT in non-shivering thermogenesis in young
adults. Our subjects were studied under well-controlled cold expo-
sure conditions designed to minimize shivering (Ouellet et al.,
2012). We observed a significant 1.8-fold increase in the total
energy expenditure (excess expenditure of some 250 kcal over
3h of cold exposure), which was suggested to be due, in large
part, to an increase in BAT-mediated non-shivering thermogen-
esis associated with an increase in intracellular fat depletion. We
indeed observed a significant increase in the radio-density of BAT
after cold exposure, indicating that BAT triglyceride content was
reduced by cold exposure (Ouellet et al., 2012). By demonstrat-
ing the involvement of BAT in the non-shivering thermogenesis
of young adults, our results (Ouellet et al., 2012) add to the
previous findings that BAT detection is reduced by aging and fat-
ness, and lend further support for the participation of BAT in
energy homeostasis. Incidentally, the relative difficulty in detect-
ing adaptive thermogenesis in humans (Schoeller, 2001) does not
necessarily argue against the role of BAT thermogenesis in energy
homeostasis, as it parallels the difficulty in detecting BAT. Future
metabolic studies conducted in the cold-adapted young individu-
als would possibly help to delineate the role of BAT thermogenesis
in controlling energy expenditure in humans. Based on reasonable
assumptions, Virtanen et al. (2009) estimated that annual energy
expenditure associated with the submaximal stimulation of about
60 g of human BAT depot could burn more than 4 kg of body fat.
Such an estimate is in line with that of Rothwell and Stock (1983),
who pioneered the view that active brown fat can have profound
influence on human energy metabolism.

CONCLUSION

Recent advances in our understanding of numerous brain path-
ways that drive the SNS outflow to BAT (Bartness and Song, 2007;
Song et al., 2008; Bartness et al., 2010; Morrison, 2011; Richard
and Picard, 2011) using sophisticated techniques like transneu-
ronal viral retrograde tract-tracing have fueled the current interest
in studying the brain systems involved in energy balance regula-
tion (Bartness et al., 2010; Richard et al., 2010; Richard and Picard,
2011). One such system includes the brain metabolic melanocortin
system, which acts via the activation of MCA4R, thereby control-
ling energy expenditure while enhancing BAT thermogenesis (Ste
et al., 2000; Butler, 2006). Numerous brain populations of MC4R
mRNA-harboring neurons that are synaptically connected to BAT
(Song et al., 2008) and WAT (Song et al., 2005) have been identi-
fied. Although the functional circuits involving these neurons in
the control of BAT thermogenesis remain to be delineated, the
available data supports a role of the PVH, PAG, POA. Future stud-
ies are warranted to further understand the role of melanocortin
system and other neuronal pathways contributing to the regulation
of SNS-mediated BAT thermogenesis.
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The revitalized interest in understanding the role of BAT ther-
mogenesis in obesity is largely due to the recent demonstration
that BAT exists in substantial amount in adult humans (Ned-
ergaard et al., 2007; Enerback, 2010b; Nedergaard and Cannon,
2010; Ouellet et al., 2011; Richard and Picard, 2011; Yoneshiro
et al., 2011b). In addition, new sites (such as epicardial adipose
tissue) exhibiting the presence of brown adipocytes are being
recognized in humans. Our recent observations demonstrating
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INTRODUCTION

Objective: Although it has been believed that brown adipose tissue (BAT) depots disappear
shortly after the perinatal period in humans, positron emission tomography (PET) imaging
using the glucose analog '8 F-deoxy-d-glucose (FDG) has shown unequivocally the existence
of functional BAT in humans, suggesting that most humans have some functional BAT. The
objective of this study was to determine, using dynamic oxygen-15 ('°0) PET imaging, to
what extent BAT thermogenesis is activated in adults during cold stress and to establish the
relationship between BAT oxidative metabolism and FDG tracer uptake. Methods: Four
teen adult normal subjects (9F/5M, 30 + 7 years) underwent triple oxygen scans (H,'°0,
C'%0, 10,) as well as indirect calorimetric measurements at both rest and following expo-
sure to mild cold (16°C). Subjects were divided into two groups (BAT+ and BAT—) based
on the presence or absence of FDG tracer uptake (SUV > 2) in cervical-supraclavicular
BAT. Blood flow and oxygen extraction fraction (OEF) was calculated from dynamic PET
scans at the location of BAT, muscle, and white adipose tissue (WAT). The metabolic rate
of oxygen (MRQO5) in BAT was determined and used to calculate the contribution of acti-
vated BAT to daily energy expenditure (DEE). Results: The median mass of activated BAT
in the BAT+ group (5F, age 31 £8) was 52.4g (range 14-68¢g) and was 1.7g (range 0—
6.3 g) in the BAT — group (6M/4F, age 29 + 6). Corresponding SUV values were significantly
higher in the BAT+ as compared to the BAT— group (74 +3.7 vs. 1.9+ 0.9; p=0.03). Blood
flow values in BAT were significantly higher in the BAT+ group as compared to the BAT—
group (13.1 £4.4vs. 5.7 £ 1.1 ml/100 g/min, p =0.03), but were similar in WAT (4.1 + 1.6 vs.
4.2 +1.8ml/100 g/min) and muscle (3.7 0.8 vs. 3.3 + 1.2 ml/100 g/min). Moreover, OEF in
BAT was similar in the two groups (0.56 £0.18 in BAT+ vs. 0.46 £0.19 in BAT—, p=0.39).
Calculated MRO> values in BAT increased from 0.95+0.74 to 1.62 4+ 0.82 mI/100 g/min in
the BAT+ group and were significantly higher than those determined in the BAT— group
(0.43+£0.27 vs. 0.56+0.24, p=0.67). The DEE associated with BAT oxidative metabo-
lism was highly variable in the BAT+ group, with an average of 5.5+ 6.4 kcal/day (range
0.57-15.3 kcal/day). Conclusion: BAT thermogenesis in humans accounts for less than
20 kcal/day during moderate cold stress, even in subjects with relatively large BAT depots.
Furthermore, due to the large differences in blood flow and glucose metabolic rates in BAT
between humans and rodents, the application of rodent data to humans is problematic and
needs careful evaluation.

Keywords: brown fat thermogenesis, oxidative metabolism, O PET imaging

adults (Kortelainen et al., 1993). Recently, numerous papers have

Brown adipose tissue (BAT or brown fat) is a thermogenic organ
that plays a critical role in non-shivering thermogenesis (Fos-
ter and Frydman, 1979; Nedergaard et al., 2001). Most mam-
mals, including humans, have abundant BAT during the peri-
natal period (Dawkins and Scopes, 1965; Blaza, 1983); however,
prominent depots disappear shortly after the perinatal period
in several species, and it has been widely assumed the same
was true for humans. Nevertheless, several investigations have
found convincing histological evidence of BAT in postmortem

appeared in the positron emission tomography (PET) literature
identifying symmetric foci of intense uptake of '®F-deoxy-p-
glucose (FDG) uptake in humans, and correlative CT clearly
indicates that these sites are adipose tissue. Indeed, a very recent
series of papers has unequivocally demonstrated the existence
of functional BAT in humans, suggesting that most, if not
all, humans have some functional BAT (Cohade et al., 2003;
Cypess et al., 2009; Lichtenbelt et al., 2009; Virtanen et al,
2009).

www.frontiersin.org

February 2012 | Volume 3 | Article 15 | 105


http://www.frontiersin.org/Endocrinology
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/about
http://www.frontiersin.org/Cellular_Endocrinology/10.3389/fendo.2012.00015/abstract
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=41868&d=2&sname=OttoMuzik&name=Medicine
http://www.frontiersin.org/Community/WhosWhoDetails.aspx?UID=43534&d=1&sname=JamesGranneman&name=Science
mailto:otto@pet.wayne.edu
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Endocrinology/archive

Muzik et al.

Oxidative metabolism in human brown fat

It is clear that beta-adrenergic agonists increase fat oxidation
and thermogenesis in humans and that activation of BAT in
humans (as assessed by FDG uptake) is sensitive to adrenergic
activation. However, it is not known whether, and to what extent,
the increase in FDG uptake in fact represents an increase in ther-
mogenesis. Indeed, work in rodents has indicated that glucose
contributes little to BAT thermogenesis and that most glucose that
is taken up in BAT during activation is not oxidized (Ma and Foster,
1986). Therefore, it is critical to directly establish the relationship
between BAT oxidative metabolism and FDG uptake, which is a
widely used, but indirect and ambiguous measure (Ma and Foster,
1986; Nedergaard et al., 2007). In addition, it is important to deter-
mine the quantitative contribution of BAT thermogenesis to total
energy expenditure in both resting state and during physiological
activation by cold stress in order to judge the potential of BAT
thermogenesis in contributing to weight loss in obese patients.
Thus, the objective of this study was to determine, using dynamic
oxygen-15 (1°0) PET imaging, to what extent BAT thermogenesis
can be activated in adults during cold stress and to establish the
relationship between BAT oxidative metabolism and FDG uptake.

MATERIALS AND METHODS

SUBJECTS

A total of 14 adult normal subjects (9F/5M, 30 % 7 years) were
studied following approval by the Institutional Review Board
(IRB) of Wayne State University. The BMI of this study group
was 23.7 £ 2.8 (range 19.1-27.4). All subjects underwent triple
oxygen scans (H,'°0O, C1°0, 1°0,) at rest and following exposure
to mild cold (16°C; see Figure 1) following a 6-h fasting period.
To induce cold stress, subjects rested in the PET scanner room in
minimal clothing 20 min prior to the 13O stress scans and during
the entire FDG uptake period. The room was held at a temperature
of 16°C and fans were used to provide low-level airflow. All sub-
jects reported experiencing cold stress, however, overt shivering
was not reported or observed.

PET DATA ACQUISITION

All subjects were scanned on an EXACT HR PET scanner in 2D
mode in order to decrease contribution of scatter from outside
of the field-of-view (FOV). The EXACT HR scanner (Siemens,
Knoxville, TN, USA) generates 47 image planes with a slice thick-
ness of 3.2 mm and an isotropic spatial resolution of 8 mm FWHM
for >0 studies. Initially, two venous catheters were established
for tracer injection and venous blood sampling. Subsequently,
a 10-min indirect calorimetric measurement was performed to
obtain baseline total energy expenditure using a MedGraphics
V02000 Portable Metabolic Testing System (St. Paul, MN, USA).
The instrument was calibrated against a known gas mixture prior
to each experimental day, and auto-calibrated between experi-
mental runs. During the entire baseline protocol, patients were
wrapped in warm blankets and rested comfortably either inside
the PET gantry or in an armchair in the scanner room. Subjects
were positioned inside the PET scanner with the neck/shoulder
region in the FOV and a 15-min transmission scan was performed
to correct for photon attenuation. Subsequently, subjects inhaled
150 labeled oxygen (80 mCi) through a disposable plastic face-
mask for 5s (1-2 deep breaths) which coincided with the start

of a 2-min dynamic emission scan (60 x 2s). Two venous blood
samples (0.4 ml) were obtained at the end of the dynamic scan for
determination of blood hematocrit. In addition, arterial oxygen
saturation was monitored during the whole dynamic scan using a
Dinamap ProCare 400 monitor (GE, Milwaukee, WI, USA). Fol-
lowing a 12-min period to allow for tracer decay, the subjects
then inhaled 13O labeled CO gas (50 mCi) in one to two short
breaths and after a 2-min equilibration phase, a 3-min static PET
scan was initiated. Six venous blood samples (0.4 ml) were taken
during the static scan to measure whole-blood radioactivity dur-
ing the scanning period. Finally, 1>O water (80 mCi) was injected
as a slow bolus over 45s and a 2-min dynamic PET scan was
obtained (60 x 2s). Again, two venous blood samples (0.4 ml)
were obtained at the end of the dynamic scan and arterial oxy-
gen saturation was monitored during the dynamic sequence as
before. These three scans were then repeated during cold stress,
which was induced by removing all blankets from the patient and
letting the subjects rest in the PET scanner in minimal clothing
exposed to a temperature of 16°C. Following a 20-min transition
period to reach stable systemic oxygen consumption, the three >0
PET scans (O3, CO, and H,O) were repeated. At the conclusion of
the oxygen PET scans (about 60 min after the beginning of cold
exposure), another 10 min indirect calorimetric measurement was
performed in order to obtain cold stress oxygen consumption. The
FDG tracer (5mCi) was then injected and the subject remained
exposed to 16°C temperature during a 50-min uptake period. At
the conclusion of the uptake period a 10-min static FDG scan was
acquired at the same position as the oxygen scans. Finally, the sub-
ject was transported to the nearby PET/CT suite and a whole body
PET/CT scan was obtained in order to verify the presence of BAT
in adipose tissue and to calculate the BAT volume. The GE Discov-
ery STE PET/CT scanner (GE Medical Systems, Milwaukee, W1,
USA) combines a Light-Speed 16-slice CT with an advanced BGO
PET system. CT images (acquisition parameters 100 keV, 80 mA)
were acquired with an in-plane spatial resolution of ~1 mm and
a reconstructed slice thickness of 3.3 mm. The total dose to the
subjects from all acquisitions was 21 mSv (2.1 rem).

IMAGE DATA PROCESSING AND ANALYSIS

Regions of interest (ROIs) were defined in PET/CT images at the
location of BAT, white adipose tissue (WAT), and muscle and
subsequently transferred to the dynamic '°O scans. BAT was con-
sidered present if there were areas of tissue that were more than
5mm in diameter, had the CT density of adipose tissue (-250 to
-50 HU), and had a maximal SUV of FDG of at least 2.0. This cut-
off represented more than 2 SD above the maximal SUV seen in
typical depots of WAT. BAT volume was determined by threshold-
ing both the CT image volume (—250 < HU < —50) and the FDG
volume (SUV > 2.0) and then applying the logical AND opera-
tion to the two masks, followed by removal of all areas that were
smaller than 0.125 cm?. The final BAT ROI was chosen at the loca-
tion of the largest contiguous group of voxels that survived the
masking operation. These regions most frequently represented the
cervical, supraclavicular, and superior mediastinal depots, superfi-
cial and lateral to the sternocleidomastoid muscles (see Figure 2).
The volume of BAT ROIs (cm?) was converted into weight (g)
by assuming a density of 0.90 g/cm>. Moreover, WAT ROIs were
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FIGURE 1 | Positron emission tomography protocol used to
quantify the metabolic rate of oxygen (MIRO,) in BAT at rest and
stress (i.e., mild cold exposure at 16°C). Following the quantitative
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assessment of oxidative metabolism the patient underwent a FDG

PET/CT scan in order to correlate MRO, with FDG derived SUV
measures.

defined manually on two to three adjacent planes at the location
of subcutaneous neck fat as well as muscle ROIs at the location of
the shoulder/deltoid area.

Dynamic quantitative PET imaging has been established as gold
standard for the in vivo determination of metabolic rate of oxygen
(MRO,) in the brain (Frackowiak et al., 1980; Mintun et al., 1984)
and skeletal muscle (Ruotsalainen et al., 1997; Kalliokoski et al.,
2000). The measurement involves the combined use of 1>O-labeled
water, carbon monoxide, and molecular oxygen gas to measure
the blood flow (F), blood volume (BV), and oxygen extraction
fraction (OEF). Data are analyzed based on a three-compartment
model that accounts for intravascular >0 hemoglobin and >O
water from systemic and tissue metabolism. The accuracy of this
method for the measurement of oxygen OEF in brain tissue has
been validated under physiological and pathological conditions
over a range of OEF values from 0.05 to 0.80 (Mintun et al,
1984; Hattori et al., 2004). The arterial input function can be
derived either from arterial sampling or, in case that the aortic
arch is in the FOV of the PET scanner, from a small region at
the location of the aorta. The metabolic rate of oxygen (MROy;
ml/100 g/min) in the tissues of interest is then calculated as the
product of blood flow (F; ml/100 g/min), OEF (unitless), and
the arterial oxygen concentration (cOz; mlO,/100 ml), which is
derived from the patient’s arterial oxygen saturation (pSat%) and
hematocrit (HCT) according to the equation

CO; (mlO,/100ml) = (HCT/3) x 1.36 pSat + 0.0031 pO; (torr)

where pO; was calculated from the measured pSat according to
Severinghaus’ (1977) formula and the exact inversion by Ellis
(1989). Finally, the daily energy expenditure (DEE; kcal/day)
was calculated from the obtained MRO; and the weight of BAT
according to the formula

DEEgar(kcal/day) = MRO;(ml/100g/ min) x BAT weight(100g)
% 0.0048 (kcal/ml) x 1440 (min /day)

Where the conversion factor between kilocalorie and milliliter O,
was assumed for a respiratory quotient (RQ = Vo, /Vo,) of 0.80
(Leonard, 2010).

STATISTICAL ANALYSIS

Data are reported as mean &= SD and all analysis was performed
with the use of the SPSS software version 19. FDG uptake in BAT
following cold exposure was highly variable, with a few subjects
showing extensive uptake in the cervical-supraclavicular depots,
whereas most subjects displayed either no BAT, or only small
pockets of activated BAT (Figure 2). To account for this skewed dis-
tribution, subjects were divided into two groups (BAT+, BAT—),
with the threshold being set to 10 g of activated BAT. Normally
distributed continuous variables were compared between the two
groups using an independent sample ¢-test and non-normally dis-
tributed continuous variables using the Mann—Whitney U-test.
Finally, correlation between variables were assessed using Pear-
son’s . All reported p-values are two-tailed and values less than
0.05 were considered to indicate statistical significance.

RESULTS

FDG UPTAKE IN BAT

The amount of detectable BAT in cervical-supraclavicular depots
showed a highly skewed distribution (Figure 3A). In the BAT+
group (age 31 £ 8), the median mass of activated BAT was 52.4 g
(range 14-68 g) and was found to be 1.7 g (range 0-6.3 g) in the
BAT — group (age 29 £ 6). The BAT+ group consisted exclusively
of women (5F, OM), whereas the BAT— group was dominated by
men (5M, 4F), aresult suggesting that women have a greater capac-
ity to increase the mass and activity of their BAT. There was no
significant difference in BMI between the BAT+ and BAT— groups
(22.4+2.3 vs. 249+ 3.8, p=0.38, Figure 3B). In accordance to
the experimental design, corresponding SUV values were found
to be significantly higher in the BAT+ group as compared to the
BAT— group (7.4 +3.7 vs. 1.9 £ 0.9; p =0.03, Figure 3C).

INDIRECT CALORIMETRY

Due to the fact that the BAT— group was dominated by males
(5M, 4F), resting DEE in the BAT— group was higher than in
the BAT+ group, which was comprised from females only (1776
vs. 1436 kcal/day). However, after males were removed from the
BAT — group, the resting DEE was similar in the two study groups
(1453 vs. 1436 kcal/day). As expected from previous work (Orava
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FIGURE 2 | (A) Representative image of a subject with high uptake of
FDG in BAT. Five out of 14 subjects had high FDG uptake (BAT+ group,
mean + SD: SUV=23.6 +0.5). ROIs were defined at the location of
FDG-defined BAT, abdominal WAT (not shown), and shoulder muscle,

BAT- group
, -

\
Lk No BAT

which were then transferred to the dynamic O sequences for
quantification. (B) Representative image of a subject from the BAT—
group — there is an absence of FDG uptake at the location of BAT following
exposure to cold (SUV ~0.6).
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FIGURE 3 | Distribution of the amount of BAT (A), the BMI (B), and
the maximal SUV in BAT (C) in the BAT+ group (full circles, N =5)
and in the BAT- group (open circles, N =9). (A) The amount of BAT
was highly variable, with most of the subjects displaying <10 g of active
BAT in small supraclavicular depots. Accordingly, subjects with >10g of

active BAT were assigned to the BAT+ group. (B) The BMI was similar
between the two groups (p = 0.38). (C) In contrast, the maximal SUV in
BAT observed in the BAT+ group was significantly higher than in the
BAT— group (p=0.03). The error bars in (B,C) represent SD of the
measurements.

et al., 2011; Yoneshiro et al., 2011), individuals with and with-
out detectible BAT responded differently to mild cold exposure.
Each subject in the BAT+ group increased DEE by an average
of 24 +11% (range: 238492 kcal/day, p < 0.01). In contrast, the
metabolic response of individuals lacking detectible BAT var-
ied considerably (range: —311 to 345 kcal/day), and overall, cold
stress failed to significantly increase DEE in this group (3 & 19%).
Finally, the respiratory quotient (RQ = Vco,/Vo,) was simi-
lar between the two groups (0.83 & 0.06 in the BAT+ group and
0.91 £ 0.09 in the BAT — group; p = 0.15) and was not significantly
affected by cold stress.

BLOOD FLOW IN BAT, WAT, AND MUSCLE

Absolute blood flow values were significantly higher in the
BAT+ group as compared to the BAT— group only in BAT
regions (13.1 4.2 vs. 5.7 & 1.1 m1/100 g/min, p = 0.04), but were
similar in WAT (4.1 £ 1.6 vs. 4.2 + 1.8 ml/100 g/min) and muscle

(3.74£0.8 vs. 3.3+ 1.2ml/100 g/min) regions (Figure 4). More-
over, in the BAT+ group the percent change in blood flow during
cold exposure showed a large increase (44 = 8%) in BAT regions,
but remained on average almost unchanged in the BAT— group
(5421%). Smaller increases in blood flow were determined in
muscle regions for both groups (11 & 25% in BAT+ and 8 +28%
in BAT—), whereas blood flow changes in WAT were mixed. Blood
flow in WAT regions decreased in the BAT+ group (—8 £ 15%),
whereas these values increased in the BAT— group (13 & 25%).

OEF AND MRO; IN BAT, WAT, AND MUSCLE

The OEF was found to be similar in both groups (BAT+, BAT—)
in BAT, muscle, and WAT regions (Figure 5A). Specifically, overall
BAT OEF was determined as 0.56 £ 0.18 in the BAT+ group
and 0.46£0.19 in the BAT— group (p=0.39). Similarly, OEF
values in muscle were 0.29 £ 0.08 and 0.28 £ 0.09 in the BAT+
and BAT— groups (p=0.63), and were slightly higher in WAT
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FIGURE 4 | Absolute changes in blood flow in the BAT+ and BAT—
groups. Absolute blood flow (mI/100 g/min) in brow adipose tissue (BAT),
muscle, and white adipose tissue (WAT) averaged during both rest (R) and
cold exposure (S). Error bars represent the SEM. Blood flow in activated
BAT is about 50% higher than in non-activated BAT and about threefold
higher than in muscle and WAT (3-5 mI/100 g/min). Whereas there was a
large increase in blood flow in activated BAT, virtually no increase in blood
flow was determined in non-activated BAT, muscle, or WAT.

regions (0.32 +0.15 vs. 0.39 +0.21, p=0.21). Calculated MRO,
values in BAT based on corresponding blood flow and OEF val-
ues were found to be highest in the BAT+ group during both
rest and cold exposure (Figure 5B). MRO, estimates increased
from a mean resting value of 0.95 4= 0.74 m1/100 g/min to a mean
value of 1.62£0.82ml/100 g/min during cold exposure. These
MRO; values in BAT were significantly higher than those deter-
mined in the BAT— group (0.43£0.27 at rest and 0.56 £ 0.24
during cold exposure, respectively). In comparison, MRO, esti-
mates in muscle tissue were found to be similar during rest
and cold exposure in both groups (~0.18 = 0.09 ml/100 g/min).
Finally, MRO; values in WAT were significantly lower in the BAT+
group as compared to the BAT— group at both rest (0.17 £ 0.07
vs. 0.28 £0.18 ml/100 g/min) and exposure to cold (0.18 +0.09
vs. 0.38 £ 0.26 ml/100 g/min) condition (Figure 5B).

ENERGY CONSUMPTION OF BAT

Our data showed a significant correlation between blood flow and
the MRO; (r? = 0.86, p =0.01, Figure 6A), suggesting that oxida-
tive metabolism is the main determinant of BAT perfusion. More-
over, we also found a significant relationship between the semi-
quantitative assessment of glucose uptake in BAT (SUV) and meta-
bolic rate of glucose (r2 =0.63, p=10.02, Figure 6B). Based on
the calculated MRO; values, the DEE associated with BAT oxida-
tive metabolism was highly variable in the BAT+ group, with an
average of 5.5 & 6.4 kcal/day (range 0.57-15.3 kcal/day). This value
was significantly higher than that in the BAT— group, which was
determined as only 0.14 + 0.12 kcal/day (range 0-0.38 kcal/day).

DISCUSSION
Recent work has clearly established the presence of symmet-
ric adipose depots in the cervical and supraclavicular region of

humans which, in a subset of individuals, can be induced to greatly
increase FDG tracer uptake in response to cold stress. These depots
contain UCP1 positive multilocular adipocytes, and the fat cells
within these depots express genes that are known to be enriched
in brown adipocytes. In rodent models, cold-induced glucose
uptake is correlated with a much larger increase in fatty acid-
induced thermogenesis (Ma and Foster, 1986), suggesting that the
FDG tracer uptake observed in humans might represent signifi-
cant cold-induced heat production. Indeed, it has been estimated
that 50 g of human BAT having the thermogenic activity of cold-
adapted rodent BAT, might expend as much as 20% of daily energy
intake (Rothwell and Stock, 1983), and thus might be a rational
target for anti-obesity therapeutics. Despite these intriguing and
potentially promising results, no experiments have directly evalu-
ated oxidative metabolism in human BAT, or its relation to FDG
tracer uptake and total energy expenditure.

Our results confirm recent experiments examining cold-
induced FDG uptake in human BAT. This study demonstrates
that mild cold exposure leads to high FDG tracer uptake in BAT
in about a third of young adult subjects, whereas about half of a
group of young subjects shows no FDG tracer uptake, with the
rest displaying low-level FDG tracer uptake in scattered supra-
clavicular BAT depots. Similar to previous reports (Cypess et al.,
2009), we found higher mass and activity of BAT in females
than in males, with a ratio of ~3:1. Our study group consisted
entirely of young adults, so no relationship between BAT activa-
tion and age or BMI was observed. Baseline blood flow in BAT
of subjects with high FDG tracer uptake was about twice that
of subjects with low FDG uptake (10 vs. 5ml/100 g/min) and
increases by about 50% during cold stress (to ~15 ml/100 g/min).
These values are nearly identical to those recently published by
Orava et al. (2011). Moreover, semi-quantitative assessment of
glucose metabolism in BAT based on FDG SUVs showed a sig-
nificant correlation with the calculated MRO3, suggesting that at
least part of the glucose transported into adipose tissue might
undergo oxidative metabolism. However, direct measurement of
oxidative metabolism indicates that human BAT activation con-
tributes little to total energy expenditure, despite the observed
(significantly larger than background) FDG tracer uptake in BAT.
Tissue oxygen MRO; (consumption) is the product of blood flow
and OEFE. Moreover, the cold-induced increase in human BAT
blood flow observed in the present study corresponds closely
to that recently reported by Orava et al. (2011). Our data also
includes estimates of OEF, allowing estimation of tissue MRO;
in the range of 1-3 ml/100 g/min during cold stress, which trans-
lates into an energy consumption in activated BAT of less than
20 kcal/day. Even if one assumes 100% OEEF, blood flow data
from both labs indicate that acutely activated human BAT con-
tributes very little to cold-induced energy expenditure. In light
of this data it is unclear whether the glucose that is transported
into human BAT during cold stress is stored, oxidized, or released
as lactate. Regardless, the energy content of the glucose that is
taken up is small and is consistent with low overall contribu-
tion of human BAT to total energy expenditure. Intriguingly, a
significant cold-induced increase in whole body energy expen-
diture (average of ~300 kcal/day) was only observed in subjects
demonstrating cold-activated BAT. Nonetheless, our quantitative
data indicate that other, systemic effects are the likely cause of
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FIGURE 5 | Oxygen extraction fraction (OEF) and absolute metabolic
rate of oxygen (MRO,) in brown adipose tissue (BAT), muscle, and
white adipose tissue (WAT) observed in the BAT+ and BAT— groups.
Error bars represent the SEM. (A) The OEF was similar in both groups in
BAT, muscle, and WAT, although OEF in WAT was tended to be lower in
the BAT+ group. (B) In the BAT+ group, MRO, in BAT at rest was about
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twice as high as that determined in the BAT— group. Moreover, following
cold exposure, MRO, increased by about 50% in the BAT+ group, but
remained at the same level in the BAT— group. In contrast, MRO, in WAT
was higher in the BAT— group at both rest and cold exposure condition.
Finally, MRO, in muscle was similar for both groups at rest and following
cold exposure.
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FIGURE 6 | Relationship between the metabolic rate of oxygen and
blood flow as well as the maximal standard uptake value (SUV). (A)
Correlation between the metabolic rate of oxygen in BAT (full circle), WAT
(open circle), and muscle (cross) tissue. We determined a highly significant
correlation (p=0.01), indicating that tissue perfusion is the main determinant
of oxidative metabolism in all three types of tissue. Highest values of
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oxidative metabolism was determined in activated BAT tissue

(1-3mI/100 g/min), followed by WAT tissue (0.2-0.5ml/100 g/min), and muscle
tissue (~0.2 ml/100 g/min). (B) Correlation between maximal SUV in BAT and
the metabolic rate of oxygen in those subjects who had a SUV > 2.0
(indicative of activated BAT). We found a significant correlation between
glucose uptake and oxygen consumption (p=0.02).

increased energy expenditure, and that the elevated FDG uptake
in BAT is an epiphenomenon.

Speculation regarding the functional importance of human
BAT has often invoked comparisons with rodent models of BAT
function. In this regard, the classic experiments by Foster and
Frydman (1978, 1979) demonstrated that cold exposure increases
BAT blood flow by a factor of 10- to 20-fold, achieving a maximal
rate of more than 1000 m1/100 g/min. This rate is 100 times greater
than that observed in humans. Similarly, maximal glucose uptake
rates in rodent BAT is at least 10-fold greater than that observed in
human BAT. As mentioned above, glucose is a minor energy source
for rodent thermogenesis. In the case of human BAT, the energy
content of the cold-induced glucose uptake reported by Orava
etal. (2011) amounts to less than 10 kcal/day, if fully oxidized.

CONCLUSION AND PERSPECTIVES
Our results indicate that BAT thermogenesis in humans accounts
for less than 20kcal/day during moderate cold stress, even in

subjects with relatively large BAT depots. Indeed, oxidative metab-
olism of the imaged BAT depots accounted for less than 2% of
the total increase in energy expenditure observed during cold
stress in BAT+ subjects. With regard to the potential impact of
BAT activation on DEE, we note that moderate physical exer-
cise (~10kcal/min) is far more effective than BAT in trigger-
ing controlled energy expenditure. The reasons for the rela-
tively small contribution of human BAT, when present, to total
thermogenesis is not known. The available histological data indi-
cates that human BAT depots contain a mixture of multilocular
brown adipocytes interspersed within a greater volume of uniloc-
ular white adipocytes, which have much lower metabolic activity.
PET imaging does not have sufficient resolution to localize micro-
scopic patches of brown adipocytes, and thus provides an average
metabolic activity of a mixed cell population within the anatomi-
cally defined depot. Thus, the low average activity of human BAT
depots may reflect the relatively low density of brown adipocytes.
If the thermogenic potential of individual brown adipocytes is
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similar in humans and rodents, then the abundance of these cells
would need to be increased greatly to impact DEE.

Positron emission tomography /CT imaging using the glucose
analog FDG has entered clinical routine and although the use of
radioactive tracers represents more than minimal risk, the effective
dose to participants (in the range of 1-2rem) is not prohibi-
tive for carefully planned studies. Moreover, because of concerns
that some active BAT might not accumulate FDG for unknown
reasons, there is a need for other PET tracers that might allow
better insight into the mechanisms of BAT activation. In the pre-
sented study we directly quantified oxidative metabolism in BAT
depots based on independent measurements of both blood flow
and oxygen extraction. As any increase in tissue metabolic activity
will be necessarily accompanied by increased blood flow and oxy-
gen consumption, we are confident that we were able to accurately
assess metabolic activity of BAT, even if FDG accumulation might
not have been present. Unfortunately, the applicability of PET
imaging using isotopes with short half-life (such as >0 with

2 min) is hindered by the expensive methodology, which requires
both an on-site cyclotron as well as sophisticated radio-synthesis
modules. As a result, PET studies using short-lived isotopes are
likely to be performed only in University research settings, but are
ideally suited to study human BAT under various experimental
conditions.
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Fusion positron emission and computed tomography (PET/CT) remains the gold-standard
imaging modality to non-invasively study metabolically active brown adipose tissue (BAT). It
has been widely applied to studies in adult cohorts. In contrast, the number of BAT studies
in children has been few. This is largely limited by the elevated risk of ionizing radiation and
radionuclide tracer usage by PET/CT and the ethical restriction of performing such exams
on healthy children. However, metabolically active BAT has a significantly higher prevalence
in pediatric patients, according to recent literature. Young cohorts thus represent an ideal
population to examine the potential relationships of BAT to muscle development, puberty,
disease state, and the accumulation of white adipose tissue. In turn, magnetic resonance
imaging (MRI) represents the most promising modality to overcome the limitations of
PET/CT. The development of rapid, repeatable MRI techniques to identify and quantify both
metabolically active and inactive BAT non-invasively and without the use of exogenous con-
trast agents or the need for sedation in pediatric patients are critically needed to advance
our knowledge of this tissue’s physiology.

Keywords: brown adipose tissue, PET/CT, Hounsfield units, children, MRI, muscle, puberty, white adipose tissue

INTRODUCTION

The recent findings of metabolically active brown adipose tissue
(BAT) in adult humans by fusion positron emission and com-
puted tomography (PET/CT) have reinvigorated research toward
the tissue’s role in energy balance, metabolism, and physiology
(Cypess et al., 2009; van Marken Lichtenbelt et al., 2009; Virta-
nen et al., 2009). In contrast to white adipose tissue (WAT), which
functions to store fat and consists of cells with large intracellu-
lar lipid droplets, BAT is involved in lipid metabolism and both
non-shivering and diet-induced thermogenesis, facilitated by its
unique uncoupling protein UCP-1 (Rothwell and Stock, 1979;
Himms-Hagen, 1989). BAT is also highly vascularized, rich in
mitochondria organelles, innervated by the sympathetic nervous
system, and most importantly, it is metabolically active and preva-
lent in newborns and children (Heaton, 1972; Enerback, 2010). In
contrast to WAT adipocytes, brown adipocytes are further charac-
terized by multiple smaller intracellular lipid droplets, have lower
lipid content by volume, and greater intracellular water (Cannon
and Nedergaard, 2004; Cinti, 2006).

While fusion PET/CT has provided the unique ability to non-
invasively visualize metabolically active BAT and remains the
gold-standard approach, it is now recognized by the scientific
community that PET/CT lacks sensitivity and specificity, has key
limitations, and that new and alternative imaging techniques need
to be developed. First, PET/CT is restricted to oncology patients as
a tool for tumor detection and cancer screening. Second, PET/CT
is not widely applicable to the general population due to signifi-
cant radiation exposures, the need to inject a radionuclide tracer,
and related prohibitive costs. It is also not suited for longitudinal

studies where repeated scans are required. Third, PET/CT can
only detect metabolically active BAT that uptakes the injected
tracer, which represents only a small percentage of the tissue’s
total amount in the body. Moreover, tracer uptake by metaboli-
cally active BAT is sensitive to factors such as environment and
examination room temperature, season, anesthesia, the amount
of clothing worn by the patient (Au-Yong et al., 2009; Pfannen-
berg et al., 2010; Yoneshiro et al., 2011), and the health/disease
condition of the subject at exam time. The presence of metabol-
ically active BAT can further be confounded by competing tracer
uptake in nearby muscles, organs, and tumors. Perhaps the biggest
unmet need in the imaging of BAT by PET/CT is that the endpoint
measurement remains a binary visual interpretation of positive or
negative depiction of BAT activity, often decided by the reading
radiologist. This subjective measure has made systematic compar-
isons between studies from various investigators difficult with no
apparent consensus amongst the literature. Ultimately, the method
lacks the ability to generate a quantitative measure of total BAT
mass or volume, one however that is critically needed to advance
the field. Alternatives such as standalone CT and magnetic reso-
nance imaging (MRI) that can detect BAT based on morphology,
regardless of tissue metabolic activity, are necessary to avoid the
confounding factors that have limited functional PET/CT.

In this review article, we first survey several unique imaging
signatures of BAT that differentiates this tissue from WAT in CT
and MRI based solely on morphology. These have been published
in recent imaging periodicals. MRI holds promise as the most
appropriate non-invasive imaging modality for studying BAT in
humans, particularly in newborns and children, since it does not
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involve ionizing radiation and can be repeated multiple times with
ultra-low risk. In the second part of this review, we summarize the
high prevalence of BAT by PET/CT in pediatric patients and find-
ings of BAT associations with muscle volume, puberty, and disease
states from studies performed at our institution, Children’s Hospi-
tal of Los Angeles. Our goal is to inform the reader that (1) due to
high BAT prevalence, young cohorts represent an ideal population
to study BAT physiology and examine the relationships of BAT to
muscle development, puberty, disease states, and body adiposity,
and that (2) MRI is the most suitable platform to implement these
investigations in pediatric populations.

IMAGING OF BAT

IMAGING SIGNATURES OF BAT IN CT

In PET/CT, standard uptake values (SUVs) have been used as
an adjunct to distinguish metabolically active BAT from inactive
WAT, based on uptake of a tracer, typically fluoro-deoxyglucose
(FDG). By radiology convention CT images of tissues with nega-
tive Hounsfield units (HUs) X-ray attenuations have traditionally
been interpreted as fat and no additional stratification of the neg-
ative HU scale was further considered. In contrast, all other soft
tissues and bone occupy the positive HU range. The question of
whether there exists a parallel difference in CT HUs and tissue

densities between BAT and WAT has only been recently suggested
and explored (Carter and Schucany, 2008; Baba et al., 2010; Hu
etal.,2011). These studies have found that additional stratification
of the negative HU scale is feasible to uniquely differentiate meta-
bolically active BAT and WAT. Namely, metabolically active BAT
was characterized by higher, but still negative, HUs than lipid-rich
WAT. BAT exhibits higher CT attenuation values than WAT, largely
due to its greater intracellular water content and higher degree of
vascularization. Figure 1A illustrates results from a cohort of pedi-
atric patients who all exhibited positive visual depiction of BAT
on their PET/CT exams (Hu et al., 2011). It is important to note
that metabolically active BAT and inert WAT data points occupy
unique and nearly non-overlapping regions on the CT HU versus
PET SUV plot. The use of standalone CT to identify and quantify
metabolically active BAT, however, has not yet been corroborated
by a large study or validated with histology. Furthermore, whether
such HU differences between metabolically inactive BAT and WAT
exist has yet to be explored.

IMAGING SIGNATURES OF BAT IN MRI

The use of MRI and magnetic resonance spectroscopy (MRS) to
study BAT in rodents was investigated in the 1990s (Sbarbati et al.,
1997; Lunati et al., 1999). Inspired by these early works, recent
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FIGURE 1 | The difference in intracellular water and fat content

between BAT and WAT leads to unique signal contrast between

the two tissues in (A) PET/CT and (B) MRI. In (A) PET/CT,

metabolically active BAT and WAT not only differ in their standard uptake
values (SUVs) of the radionuclide tracer, but also in their Hounsfield units
(HUs) of X-ray attenuation. The greater water content in BAT leads to more
positive HUs than WAT. Note that the differences in SUVs and HUs between
the two tissues are unique, with no overlap on either axis. In (B) MRI,
separated water and fat representative images are shown in the sagittal plane
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of a mouse. Shown additionally is the corresponding fat fraction (FF) map, on
a color scale from 0 to 100%. lllustrated to the far right is the fat fraction map
in the axial plane from the same animal. The red arrows point to the
triangular/trapezoidal interscapular BAT depot. The white dotted arrows
denote WAT. Note that BAT has a much lower fat fraction than WAT, caused by
BAT's greater water and lower fat content, which can be observed by the
opposing grayscale contrast differences in the water and fat images,
respectively. (C) A schematic of approximate BAT and WAT signal contrasts
based on CT HU and MRI FF.
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methodological advances in both MRI and MRS methodology
have led to several promising literature publications describing
more robust and accurate characterizations of rodent BAT. Unlike
PET/CT where the functional uptake of a radionuclide tracer was
needed to differentiate BAT from WAT, one common theme among
these MR-based works was the use of only morphological differ-
ences between BAT and WAT for identification and signal contrast.
Specifically, the greater vascularity, mitochondria number, and
intracellular water in closer proximity to lipid droplets of BAT
when compared to WAT have been exploited.

Using chemical-shift water—fat separation MRI techniques that
can accurately decompose lean (water-based) and fatty (lipid-
based) signals across an imaging volume on a voxel-wise basis, Hu
et al. (2010a) demonstrated in mice the feasibility of differentiat-
ing BAT and WAT based on a fat fraction metric in wild-type mice.
A fat fraction map was computed from the separated water and fat
signals. Whereas WAT is predominantly composed of lipids and is
thus typically characterized by a fat fraction >90%, interscapular
BAT was shown to occupy a much broader and lower fat fraction
range. Figure 1B illustrates a representative example. Figure 1C
summarizes the approximate tissue signal contrast between BAT
and WAT by CT and chemical-shift MRI. In a follow-up study, the
investigators further showed that their technique could detect dif-
ferences in BAT fat fraction among mice groups that were housed
at cold (19°C) and warm (25°C) temperatures. Given ad libitum
access to food, mice exposed to colder temperature consumed sig-
nificantly more food (~30%), exhibited lower BAT fat fractions
(~10% difference), but yet maintained the similar body weight,
and composition, as determined by quantitative magnetic reso-
nance (QMR), in comparison to warm-housed animals over a
4-week period (Hu et al., 2010b). The lower BAT fat fractions of
the cold-exposed animals suggested greater metabolic activity and
involvement of the tissue in thermogenesis. One limitation of this
chemical-shift MRI approach is the need for high spatial resolu-
tion to avoid partial volume effects that can mimic BAT-like fat
fractions at fat-lean tissue boundaries.

In another recent study, Branca and Warren (2011a) reported
a novel and promising spectroscopy technique utilizing unique
intermolecular zero-quantum coherence transitions between
water and fat protons, specifically those of the methylene (-CH;-)
groups, to differentiate BAT from WAT (Branca and Warren,
2011a). The approach exploited the fact that in BAT, intracellu-
lar water and fat are in close physical vicinity to each other, and
thus gives rise to distinctive iZQC signal peaks. On the contrary, in
WAT, water, and fat are separated by greater distances and thus such
iZQC peaks are not observed. Furthermore, the authors demon-
strated that the amplitude of the signal peaks were substantially
greater in more thermogenically active young mice than in old or
obese mice, signifying increased amounts of metabolically active
BAT in the former group. However, in BAT, and WAT, iZQC sig-
nal peaks from interactions between lipid methylene and olefinic
groups were both observed. The critical methodological advance-
ment was that iZQC allowed the investigators to perform a survey-
like scan and unambiguously determine whether BAT is simply
present in an imaging volume based on the tissue’s unique water—
fat signal peaks. In a related follow-up study by Branca and Warren
(2011b) the researchers used a variant of their spectroscopy tech-
nique to determine differences in the chemical composition of

adipose tissue, such as triglyceride degree of unsaturation, in mice
fed with either standard chow or fatty diets (Branca and Warren,
2011b).

In another spectroscopy study by Hamilton et al. (2011), the
authors utilized conventional high-resolution proton MRS to first
confirm the finding that BAT has a uniquely lower fat fraction than
BAT. The investigators then discovered that the T relaxation time
of the water component in BAT was significantly reduced by nearly
twofold from that in WAT. Briefly, the MRI/MRS signal arises from
hydrogen protons in water and fat. When an object is placed inside
a magnetic field, a longitudinal magnetization from the proton
ensemble is created. In an MR experiment, radiofrequency pulses
are applied repetitively to gather imaging data. The pulses excite
the longitudinal magnetization and perturb it away from equi-
librium. T is a tissue-specific exponential constant that describes
the rate with which the perturbed magnetization recovers between
consecutive radiofrequency excitation. The authors speculated
that the source of this apparent T; contrast was due to the fact
that a molecule’s T rate is primarily governed by its surround-
ing chemical environment. In contrast to WAT where intracellular
water is confined to a small globule, water molecules in BAT are
more interspersed and in greater contact with lipids. Moreover, the
researchers were able to quantify an average number of carbon—
carbon double bonds from the MR spectra, and reported that
BAT was more saturated than WAT, consistent with previous find-
ings (Zingaretti et al., 2009). An extended imaging approach for
carbon—carbon double-bond mapping was also recently reported
(Bydder etal., 2011) and its application to BAT is under investiga-
tion. This MRS approach may not be adequate for the independent
identification of BAT since a priori knowledge of tissue depot loca-
tion is required. Nonetheless, the technique should serve as a useful
adjunct tool for characterizing BAT properties.

Magnetic resonance is the most appropriate modality to address
the shortcomings of PET/CT. It involves no ionizing radiation and
requires no radionuclide tracer. It can be safely repeated multiple
times with minimal risk in healthy volunteers and is applicable
to large study populations and nearly all age groups, includ-
ing children. The works demonstrated by Hu et al. (2010a,b);
Branca and Warren (2011a,b); Hamilton et al. (2011) in identify-
ing unique BAT imaging signatures from MRI and MRS represent
the modality’s immense versatility. Their results represent exciting
new potential from the fact that none of the described MR-based
signals of BAT depend on the tissue’s metabolic functions, but
rather its intrinsic cellular morphology. Validation and application
of these MR-based methods to humans remains an area of future
research. However, it is unlikely that a single MR-based approach
will definitively capture both metabolically active and inactive
BAT (Carter and Schucany, 2008). Many additional distinctive
features of BAT are known but have not yet been explored by MRI
and MRS. For example, BAT’s immense vasculature lends itself to
well-established MRI perfusion techniques such as arterial-spin-
labeling that can quantify local blood flow. MR techniques that are
sensitive to T relaxation as a consequence of fluctuating levels of
oxy- and deoxy-hemoglobin in blood are being evaluated in BAT
by multiple investigators. Signal contrasts between BAT and WAT,
such as diffusion and targeted molecular imaging of the mito-
chondria, have not been explored. Lastly, recent advances in fusion
PET/MR also holds great promise as an additional complementary
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tool for imaging BAT and will likely play a critical role in validating
a subset of aforementioned standalone MRI techniques in future
studies.

BAT IN PEDIATRICS
PREVALENCE OF BAT IN CHILDREN
Based on previous anatomical studies, BAT was known to be
present in all neonates but thought to be lost after infancy (Ener-
back, 2010). However, significant amounts of metabolically active
BAT have recently been noticed in a large proportion of pediatric
patients undergoing PET/CT examinations (Celi, 2009). While
BAT is seen in similar locations in adults and children, a sig-
nificantly higher prevalence of nearly 10-fold increase in BAT
depiction in pediatric PET/CT examinations (Gelfand et al., 2005;
Zukotynski et al., 2010; Gilsanz et al., 2011; Hu et al., 2011) has
been reported in comparison to the prevalence in adults (Cypess
et al., 2009). Based our own experiences, approximately 40% of
PET/CT studies in young patients depict metabolically BAT, even
when they live in warm climates and when the PET/CT exams are
performed under thermoneutral conditions (Gilsanz et al., 2011).
A previous study by Gelfand et al. (2005) found that the inci-
dence of BAT uptake in adolescents was greater than in patients
younger than 10 years. More recently, using qualitative and quan-
titative approaches to analyze PET/CT exams, Gilsanz et al. (2011)
reported a higher prevalence and significantly greater amounts of
BAT in adolescence than during childhood. In that study, whereas
less than 20% of studies in pre-pubertal girls or boys exhibited
uptake of FDG by metabolically active BAT, more than 75% of
such studies in pubertal teenagers displayed visually identifiable
BAT uptake. Additionally, the volume of metabolically active BAT
measured using CT HU and PET SUV metrics increased with ado-
lescence in both sexes. The magnitude of the increase in BAT was
substantially greater during the late stages of puberty (e.g., Tanner
stages) than during the early phases of sexual development and
was substantially higher in boys when compared to girls.
Numerous metabolic and hormonal changes occur during
puberty, including increases in the production of growth hor-
mone/growth factors, gonadotropins, and sex steroid hormones.
Variations in one or more of these important modifiers known to

influence muscle development could also account for the increases
and gender dimorphism in BAT development during adolescence.
Recent data suggest that sex hormones have a marked effect on BAT
activity, with corroborating studies demonstrating that associated
receptor expression differs in cell-cultured brown adipocytes of
male and female rodents, with higher numbers of all receptor
types in male BAT (Rodriguez-Cuenca et al., 2007).

ASSOCIATION OF BAT TO DISEASE

In children, like in adults, the depiction of metabolically active
BAT by PET/CT has been reported to be dependent on a multi-
tude of physiologic and technical factors including age, sex, body
composition, FDG dose, anesthesia, modality acquisition parame-
ters, and season and temperature during examinations (Cohade
et al., 2003; Au-Yong et al., 2009; Saito et al., 2009; Lee et al.,
2010; Pfannenberg et al., 2010; Yoneshiro et al., 2011). In PET/CT
studies of adult cancer patients, the visualization of metabolically
active BAT was predominantly thought to be independent of dis-
ease status, and to date, no association has been noted between
the prevalence of BAT depiction and the presence of metastases.
One previous longitudinal investigation assessing changes in BAT
in females with breast cancer found no association between tumor
response during treatment and activation of the tissue (Rousseau
et al., 2006). At our institution, we have recently observed sev-
eral cases where a patient with a malignant lymphoma exhibited
metabolically active BAT only when evidence of the disease was
not present on the PET/CT images (Figure 2). This prompted the
speculation that the prevalence of BAT in pediatric patients with
lymphoma is greater when there is no evidence of disease than
at diagnosis. In 62 studies to date involving 30 pediatric patients
at our institution, we have found that approximately 10% of the
exams at diagnosis exhibited uptake of FDG tracer by metabol-
ically active BAT, while a significantly higher 80% of follow-up
exams after therapeutic treatment displayed BAT when there was
no longer evidence of disease.

The mechanisms responsible for the possible suppression of
BAT activity by lymphoma are unknown. However, we speculate
that patients with malignant lymphomas have high circulating
levels of tumor necrosis factor-alpha (TNF-q; Salles et al., 19965

baseline

FIGURE 2 | Coronal PET, and registered axial CT and fusion PET/CT of a
16-year-old male patient at baseline and 36 weeks follow-up after
chemotherapy treatment. At baseline, the subject exhibits no evident
bilateral and symmetrical FDG uptake by interscapular BAT (solid arrows).
However, the presence of disease is clearly visualized by strong unilateral
FDG uptake of the enlarged cervical lymph nodes (dashed arrows). On the CT

follow-up

image, note that the lymph node mass is characterized by soft-tissue-like
attenuation. At follow-up, the subject exhibits clear bilateral FDG uptake
indicative of BAT. This is confirmed on the CT images which show negative
fat-like attenuation (solid arrows). In contrast, the corresponding BAT depots
on the baseline axial images do not exhibit FDG uptake. Note that the
enlarged lymph node has been successfully treated.
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Warzocha et al., 1997), a pluripotent cytokine reported to elicit a
large number of biological effects in different cell systems includ-
ing the apoptotic degeneration of brown adipocytes (Nisoli et al.,
1997). This cytotoxic effect is known to be mediated by the p55
TNF-a receptor subtype, and its deletion has been shown to
increase thermogenesis with an associated increase of uncoupling
protein-1 expression in BAT (Romanatto et al., 2009). The finding
of an apparent association between disease state and BAT depic-
tion is still at an early stage, and additional research is needed to
better establish the roles of TNF-o on BAT homeostasis.

ASSOCIATION OF BAT TO MUSCLE

Adipose and musculoskeletal tissues originate from the meso-
derm, and the prevailing model has been that a common stem
cell gives rise to WAT, BAT, bone, and muscle. In an interme-
diate developmental step, it was assumed that WAT and BAT
share a common precursor because both forms of adipose tissue
express a similar array of genes involved in triglyceride metabo-
lism. However, although it is possible to convert WAT precursors
into brown adipocyte-like cells, evidence also suggests that brown
adipocytes are developmentally close to skeletal muscle. An in vivo
study by Seale et al. (2008) indicated that some brown adipocytes
arise from the same Myf5-expressing progenitor as skeletal muscle
cells, whereas white adipocytes did not show such commonal-
ity. Consistent with this notion are additional data indicating
that brown adipocytes and skeletal muscle cells share many com-
mon features: an abundance of mitochondria, energy expendi-
ture via oxidative phosphorylation, and sympathetically mediated
adaptive thermogenesis.

In a recent study by Gilsanz et al. (2011) young patients with
metabolically active BAT on PET/CT examinations were observed
to have significantly greater muscle volume than patients of the
same age and body-mass-index with no visibly identifiable BAT
on PET/CT. This finding was present in the axial and appendicu-
lar skeletons of both male and female patients. Gilsanz et al. (2011)
reported that on average, pediatric cancer patients who exhibited
visually evident BAT on their PET/CT exams had approximately
50% greater neck volume and approximately 33% greater gluteal
muscle volume than patients who did not exhibit BAT FDG uptake.
Figure 3 summarizes some additional results from that study.

Lastly, studies in adults have consistently shown an inverse
relation between body mass, body fat, and BAT (van Marken
Lichtenbelt et al., 2009; Yoneshiro et al., 2011). However, since
BAT decreases while WAT increases with age, attempts to make
an unequivocal connection between these two age dependent tis-
sues has been difficult. Establishing whether increased obesity is
inversely associated with BAT in normal pediatric populations can
have important implications that can lead to potential strategies
to combat obesity and its comorbidities (Lee et al., 2011).
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FIGURE 3 | Scatter plot of muscle volume versus age for male and
female pediatric patients with (black, BAT+) and without (gray, BAT—)
visually depicted metabolically active BAT by PET/CT. For males
without visualized BAT (gray triangles), the linear correlation coefficient was
r=0.88; for males with visualized BAT (black triangles), the coefficient was
r=0.72; for females without visualized BAT (gray circles), the coefficient
was r=0.85; for females with visualized BAT (black circles), the coefficient
was r=0.78. All correlations were statistically significant with p < 0.001.

SUMMARY

With the resurgent discovery of human BAT by PET/CT, new fron-
tiers are now being pursued to study the modulation of this tissue
during human growth and development and its involvement in
regulating body metabolism, energy expenditure and body com-
position, especially in children and adolescents. These issues are
of high relevance to public healthcare as the obesity epidemic
affecting all ages across Western countries continues to spread.
MRI represents the most suitable non-invasive imaging modality
to overcome the limitations of PET/CT. MRI methods that can
detect BAT based on intrinsic tissue morphology are minimally
susceptible to environmental and extraneous confounding factors
that have thus far restricted functional PET/CT. The demonstra-
tion of feasibility in employing such MRI methods in humans,
particularly in pediatrics, will be the next major advancement.
Progress in knowledge of human BAT physiology will come from
MRI methodological developments that will allow the identifica-
tion and quantification of both metabolically active and inactive
BAT with high sensitivity and specificity.
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Brown adipose tissue (BAT) has been recognized for more than 20 years to play a key role
in cold-induced non-shivering thermogenesis (CIT, NST), and body weight homeostasis in
animals. BAT is a flexible tissue that can be recruited by stimuli (including small molecules
in animals), and atrophies in the absence of a stimulus. In fact, the contribution of BAT (and
UCP1) to resting metabolic rate and healthy body weight homeostasis in animals (rodents)
is now well established. Many investigations have shown that resistance to obesity and
associated disorders in various rodent models is due to increased BAT mass and the num-
ber of brown adipocytes or UCP1 expression in various depots. The recent discovery of
active BAT in adult humans has rekindled the notion that BAT is a therapeutic target for
combating obesity-related metabolic disorders. In this review, we highlight investigations
performed in rodents that support the contention that activation of BAT formation and/or
function in obese individuals is therapeutically powerful. We also propose that enhance-
ment of brown adipocyte functions in white adipose tissue (WAT) will also regulate energy

balance as well as reduce insulin resistance in obesity-associated inflammation in WAT.

Keywords: human, brown adipose tissue, BAT, progenitors, recruitment, therapy

BAT MASS/ACTIVITY CAN BE ENHANCED WITH DRUGS,
INDUCING LONG-TERM BODY WEIGHT LOSS AND
IMPROVEMENT OF DIABETES IN ANIMALS

The efficacy of increasing brown adipose tissue (BAT) recruitment
(BAT mass and expression of UCP1) as a therapeutic approach for
obesity and type 2 diabetes has been demonstrated by many groups
(Holloway et al., 1992; Himms-Hagen et al., 1994; Kopecky et al.,
1995, 1996a; Nagase et al., 1996; Collins et al., 1997; Ghorbani
and Himms-Hagen, 1997; Arch, 2002; Kim et al., 2006). Agents
that increase BAT recruitment and UCP1 levels (for instance
B3-AR agonists) can effectively treat obesity and insulin resis-
tance/diabetes in all rodent models of obesity (Arch, 2002). Inter-
estingly, in lean animals (which have normal amounts of BAT),
enhancement of BAT recruitment or activity (e.g., by drugs or cold
exposure) does not affect body weight, and the induced increase
in metabolic rate is compensated by an increase in food intake.
However, in obese animals enhancement of energy expenditure
by BAT recruitment seems to be the most effective (long-term)
therapy for decreasing body weight and improving the meta-
bolic status (as compared to treatment with diet drugs). Indeed,
increasing or restoring normal levels of BAT mass/UCP1 levels
in obese rodents prevents the adaptive drop in metabolic rate
invariably observed upon weight loss due to a decrease in food
intake (Dulloo and Girardier, 1990; Leibel et al., 1995; Crescenzo
et al., 2003; Heilbronn and Ravussin, 2003; Dulloo, 2005, 2007;
Major et al., 2007). It seems that increasing BAT mass/UCP1 levels
resets the “adipostat” to a lower level (Cannon and Nedergaard,
2009). Weight/fat loss can be maintained long-term only if the
adipostat is readjusted to a lower level. The mechanisms partici-
pating in this adipostat are not known in detail but BAT (increasing

BAT recruitment/activity) seems to play an important role in this
system (Cannon and Nedergaard, 2009). Gastric bypass (Roux-
en-Y) surgery has been shown to have dramatic effects on body
weight and blood glucose homeostasis/glucose metabolism. The
molecular mechanisms responsible for this efficacy are not yet
fully understood but recent data suggest that BAT recruitment
plays a key role (Stylopoulos et al., 2009), again supporting an
adipostat-lowering effect of BAT.

Recently, Almind et al. (2007) showed that the capacity to
induce BAT/UCP1 expression around muscles confers resistance
to obesity in mice. Similarly, Nagase et al. (1996) showed that
treatment of obese yellow KK mice with the B3-AR agonist CL
316243 decreased the body weight and fat of the mice, and induced
expression of UCP1 in skeletal muscle [as well as in BAT and white
adipose tissue (WAT)]. Even though the authors contend that the
B3-AR agonist induced UCP1 in myofibers, we can speculate that
in fact the UCP1 mRNA detected in the muscle mass indeed orig-
inated from induced brown adipocytes around the muscle fibers,
and that the “UCP” signal identified with an UCP1 antibody in
the myofibers was in fact increased levels of UCP3 (Boss et al.,
1997). These results support, in a more physiological setting, ear-
lier results showing that overexpression of UCP1 in WAT of mice
can prevent the development of obesity in genetic as well as dietary
models of the disease (Kopecky et al., 1995, 1996a,b). In contrast,
lack of BAT or UCP1 (at or close to thermoneutrality) induces
obesity and diabetes in mice (Lowell et al., 1993; Hamann et al,,
1996; Feldmann et al., 2009). Initially, it was hoped that B3-AR
agonists would also enhance energy expenditure in humans but
these drugs proved to be ineffective probably due to less than
optimal bioavailability and/or pharmacokinetic properties of the
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compounds (Arch, 2002, 2008). Another likely explanation is that,
unlike in rodents, in humans the f3-AR is expressed at much lower
levels than the B;-AR and f,-AR in adipose tissues (WAT and
BAT; Deng et al., 1996; Arch, 2008). Induction of brown adipocyte
formation with drugs in humans, in order to enhance or restore
healthy levels of BAT recruitment, is a feasible strategy to enhance
energy expenditure but “druggable” molecular targets other than
the B3-AR and PPARY have yet to be identified (Harper et al., 2004;
Ravussin and Kozak, 2004).

RECRUITMENT OF BROWN ADIPOCYTES FROM
PROGENITORS

Various studies have shown that primary preadipocytes isolated
from white and brown adipose depots differentiate in vitro into
the corresponding white and brown adipocytes (Kopecky et al.,
1990; Rehnmark et al., 1990; Ailhaud et al., 1992). Multilocular
fat cells, expressing UCP1 and rich in mitochondria, were initially
observed in a WAT depot by Young et al. (1984). The emergence of
these so-called ectopic brown adipocytes in WAT could be induced
by cold acclimation in rats (Cousin et al., 1992, 1996) and mice
(Loncar, 1991a,b; Guerra et al., 1998). This phenomenon is gen-
erally referred to as recruitment. The new cells were found to be
sympathetically innervated (Giordano et al., 1996) and remained
in WAT as long as a sympathetic stimulation persisted (Loncar,
1991Db). Subsequent reports have shown that administration of
selective B3-AR agonists like CL 316243 in mice could also induce
the emergence of brown adipocytes in WAT depots (Nagase et al.,
1996; Collins et al., 1997; Ghorbani and Himms-Hagen, 1997;
Guerra et al., 1998; Granneman et al., 2005) and that this phenom-
enon was strongly dependent on the mouse genetic background
(Collins et al., 1997; Guerra et al., 1998; Kozak and Koza, 1999).
Interestingly, it was discovered that transgenic overexpression of
the human $;-AR in WAT of mice also induced the appearance of
abundant brown adipocytes in this tissue (Soloveva et al., 1997).
These results suggested that the f3-AR might not be the only -
subtype controlling the emergence of brown adipocytes in WAT.
These results were recently confirmed using human multipotent
adipose-derived stem cells (hMADS; Mattsson et al., 2011). How-
ever, administration of B;-AR agonists would not be appropriate
for the treatment of obesity due to the well-known effects of these
agents on the heart.

The origin and the true nature of the multilocular cells rich in
mitochondria and expressing UCP1 that appeared in WAT upon
cold acclimation or B3-AR stimulation has yet to be determined.
The presence of brown adipocyte progenitors in WAT has been
hypothesized by studies showing that 10-15% of the precursor
cells isolated from mouse WAT differentiate into brown adipocytes
in culture (Klaus etal., 1995) and that brown adipocyte progenitors
are present in human WAT depots (Digby et al., 1998). Another
hypothesis suggests that a few unilocular white adipocytes are
indeed “masked” brown adipocytes that can recover a brown phe-
notype in response to a SNS stimulation such as that induced by
cold exposure. Himms-Hagen et al. (2000), studying the effect of
CL 316243 in rats, suggested that the multilocular cells expressing
UCP1 that appeared in the WAT were different from the classi-
cal brown adipocytes and postulated that they might derive, at
least in part, from pre-existing unilocular adipocytes. Orci et al.

(2004) showed that hyperleptinemia in rats induces the trans-
formation of white adipocytes into so-called post-adipocytes (or
fat-oxidizing machines), which have the phenotype of brown
adipocytes. Other effectors that enhance brown adipocyte recruit-
ment in white depots include synthetic PPARy ligands such as
thiazolidinediones (Wilson-Fritch et al., 2004; Xue et al., 2005; Ver-
nochetetal.,2009; Petrovicetal.,2010). Overall, it seems very likely
that, at least in some WAT depots, brown adipocytes can emerge
from differentiation of brown adipocyte precursors/preadipocytes
or transdifferentiation of existing white adipocytes (Jimenez et al.,
2003; Zingaretti et al., 2009). The precise origins of brown cells in
WAT will likely be determined within the very near future since
recent studies have started to identify the progenitors of brown
as well as white adipocytes. In the case of brown cells, tracing the
lineages arising from progenitors expressing the myogenic tran-
scription factor, myf5 have clearly shown that brown adipocytes
within the interscapular BAT depot of mice share an origin with
skeletal myocytes that arise from the dermomyotome (Seale et al.,
2008). In these investigations, the brown cells recruited to WAT
in response to the cold were myf5 negative, thus unlikely to share
a myogenic origin. Two independent studies employing different
procedures have identified white progenitors within the microvas-
culature of adipose tissue and not of other tissues (Rodeheffer
et al., 2008; Tang et al., 2008). These progenitors express mark-
ers of mural cells (pericytes) that arise from the sclerotome and
give rise to several other cell types of the vasculature. It is con-
ceivable; therefore, that recruitment of WAT brown adipocytes is
due to a selective activation of these mural cells to progress along
a brown lineage in response to effectors that are activated by the
recruitment-associated stimulus. Possible effectors include BMP7,
which has been shown to induce the conversion of mesenchymal
stem cells to brown adipocytes in culture and is required for BAT
formation in mice (Tseng et al., 2008).

HUMAN ADULTS HAVE FUNCTIONAL, ACTIVATABLE BAT
Understanding the importance of BAT in energy balance has
entered a new and exciting era of investigation now that the
existence and functionality of this tissue in adult humans has con-
vincingly been demonstrated (Heaton, 1972; Rothwell and Stock,
1979; Hany et al., 2002; Cohade et al., 2003; Bar-Shalom et al.,
2004; Cannon and Nedergaard, 2004). Early studies by Rothwell
and Stock (1979) using infrared thermography resulted in data
strongly suggesting that adult humans possess functional BAT
that is activated by ephedrine. The authors suggested that if this
tissue contributes to diet-induced thermogenesis as it does in ani-
mals it could play an important role in energy balance and body
weight homeostasis. It is unfortunate that it took almost 30 years,
and many studies using more recent techniques, for the research
community to accept that adult humans have physiologically sig-
nificant amounts of BAT, and that defective recruitment or activity
of this tissue may contribute to weight gain and insulin resistance.
The new data show that adult humans have appreciable
amounts of BAT, that the metabolic activity or rather, glucose
uptake activity is activated by cold, and that the amount of BAT in
individuals is inversely correlated (independently) to body weight
and age (Celi, 2009; Cypess et al., 2009; Farmer, 2009; Saito et al.,
2009; Yoneshiro et al., 2011). A role for BAT in regulating human
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body weight homeostasis is strongly suggested by the numerous
reports that found the amount of BAT (detected by PET) in indi-
viduals is inversely correlated to body weight, independent of age,
and other factors.

The capacity of BAT to be recruited in humans, as in animals,
is convincingly supported by the following data: (a) The exis-
tence of a reservoir of brown adipocyte/BAT progenitor cells in
human muscle (CD344-) and WAT depots (hMADS; Crisan et al.,
2008; Elabd et al., 2009); (b) Cold stimulates BAT activity and
energy expenditure (thermogenesis) in humans (Huttunen et al.,
1981; Cohade et al., 2003; Garcia et al., 2004, 2006; Christensen
et al., 2006; Nedergaard et al., 2007; Saito et al., 2009; Van Marken
Lichtenbeltetal.,2009); (c) Pheochromocytoma, a catecholamine-
secreting tumor of the adrenal gland, has long been shown to
cause increases in BAT mass and metabolic rate as well as leanness
(Ricquier et al., 1982; Lean et al., 1986; Cannon and Nedergaard,
2004; Fukuchi et al., 2004; Ramacciotti et al., 2006). When the
pheochromocytoma tumor is eliminated the high metabolic rate
(BAT) subsides (Ramacciotti et al., 2006).

The recent discovery of brown adipocyte stem/progenitor cells
(Crisan et al., 2008; Elabd et al., 2009) in skeletal muscle and sub-
cutaneous WAT of adult humans, further supports a physiological
role for BAT in humans. The fact that these progenitor cells have
been found in older adults as well as in fetal tissues strongly sug-
gests that enhancing BAT recruitment, in order to restore BAT
mass to a healthy level, is feasible in humans of any age.

BROWN ADIPOCYTE PROGENITORS IN HUMANS

A major hurdle in identifying (and validating) novel drug targets
for brown adipocyte recruitment is the lack of large quantities
of relevant and unmodified (non-immortalized) human brown

adipocytes in culture to allow for screening of small molecules as
well as other applications. Stroma-vascular cell preparations from
human BAT (or other tissues like skeletal muscle or WAT') contain
only very limited quantities of cells (if any at all) that can differen-
tiate into brown adipocytes. The recently identified human brown
adipocyte stem/progenitor cells, CD34+ in skeletal muscle (Crisan
etal.,2008),and hMADs in subcutaneous WAT (Elabd et al., 2009),
could provide the means to search for novel molecular targets as
well as validate existing candidate targets for the development of
therapeutics to increase brown adipocyte/BAT recruitment and
UCP1 levels in vivo. Both CD34+ and hMADs progenitors have
self-renewal capability, and can thus be expanded. They differenti-
ate, in response to specific agents, into functional brown adipocytes
that express high levels of UCPI, are rich in mitochondria, and
undergo highly uncoupled cell respiration (Crisan et al., 2008;
Elabd et al., 2009). The muscle-derived CD34+ cells differentiate
exclusively into brown adipocytes, and do not appear to pro-
duce white adipocytes (i.e., not expressing UCP1; Crisan et al.,
2008). The WAT-derived hMADs, in contrast, differentiate initially
into white adipocytes, and only gain a brown phenotype (UCP1
expression) following an extended exposure to PPARY activators
(rosiglitazone; Elabd et al., 2009). These cell types are thus quite
distinct, and each have the potential of generating relevant cell
models for studying human brown adipocyte biology as well as
screening for anti-obesity therapeutics. Such screens could iden-
tify agents that induce the differentiation of the cells into brown
adipocytes. Validation that the agents have in fact induced brown
adipocyte formation will require analysis of several functional
features of BAT. These would include quantitative PCR and west-
ern blot analysis of brown-selective/specific genes such as UCP1,
CIDEA, and PGC-1a as well as measurement of cell respiration

Cell therapy

Site of transplantation?

Matrix, scaffold? Expansion
-—
S0 - [

In vitro
differentiation

FIGURE 1 | The discovery of brown adipocyte stem/progenitor
cells in humans of all ages provides an essential tool for drug
discovery. The cells could also be expanded and induced to
differentiate in culture, and transplanted back to the patient.

Brown adipocyte stem/
progenitor cells

Drug therapy
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— —
—
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‘ Therapeutic
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Increasing the amount of brown adipose tissue (through recruitment
or transplantation) is expected to improve glucose metabolism
(diabetes), lower body fat (obesity), and ameliorate dyslipidemia and
cardiovascular disease risks.
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(i.e., Oy consumption) to determine the degree of uncoupling
of oxidative phosphorylation. Advantages of phenotypic cellular
screens (Swinney and Anthony, 2011) are: (a) there is no need to
know upfront the identity of a molecular target or how to affect a
particular target (activate, inhibit, or modulate); (b) unsuspected,
novel targets, or pathways can be identified based on efficacy in
the relevant cellular environment; (c) agents toxic to human cells
are eliminated early in the screening process. After a phenotypic
screen we know that the active agents reach their molecular tar-
get(s), whether it is at the cell surface or inside the cell, and they
modify their molecular target(s) in the appropriate way to reach
efficacy, whether it is through activation, inhibition, or modula-
tion. Very recently, Schulz et al. (2011) identified brown adipocyte
progenitors in skeletal muscle, interscapular BAT, and some white
adipose depots of mice. It is too early to know whether these
cells represent the mouse equivalents of the human CD34+ and
hMADs.

USE OF BROWN ADIPOCYTE PROGENITORS FOR
TRANSPLANTATION

The existence of brown adipocyte stem/progenitor cells that are
readily accessible through biopsy of human tissues such as skele-
tal muscle and subcutaneous WAT encourages the development
of transplantation procedures to treat obese, diabetic patients.
Harvested cells from tissue biopsies of insulin resistant individ-
uals could be expanded and induced to differentiate into brown
adipocytes prior to their implantation as an autologous trans-
plantation to enhance energy expenditure and improve glucose
metabolism in obese, insulin resistant patients. In fact, BAT (tis-
sue rather than cells) implants in mice have recently been shown to
robustly improve the metabolic condition of obese, insulin resis-
tant mice (Stanford et al., 2011), and more surprisingly, to restore
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The world-wide obesity epidemic constitutes a severe threat to human health and wellbe-
ing and poses a major challenge to health-care systems. Current therapeutic approaches,
relying mainly on reduced energy intake and/or increased exercise energy expenditure,
are generally of limited effectiveness. Previously believed to be present only in children,
the existence of metabolically active brown adipose tissue (BAT) was recently demon-
strated also in healthy human adults. The physiological role of BAT is to dissipate chemical
energy, mainly from fatty acids, as heat to maintain body temperature in cold environments.
Recent studies indicate that the activity of BAT is negatively correlated with overweight and
obesity, findings that raise the exciting possibility of new and effective weight reduction
therapies based on increased BAT energy expenditure, a process likely to be amenable to
pharmacological intervention.

Keywords: brown adipose tissue, thermogenesis, energy expenditure, obesity, overweight, weight loss, metabolic
syndrome

INTRODUCTION
The prevalence of overweight and obesity has increased world-
wide during the recent decades, constituting a severe threat to
public health and causing enormous health-care costs. Obesity is
a major risk factor for type II diabetes mellitus, cardiovascular
disease, osteoarthritis, and certain forms of cancer (Haslam and
James, 2005), ultimately leading to increased mortality (Pischon
et al., 2008; Berrington De Gonzalez et al., 2010; Zheng et al.,
2011). The causes of obesity are complex in terms of physiology,
but are quite straightforward in terms of physics: obesity stems
from a long-term imbalance of energy intake and energy expen-
diture. While lipid deposition in adipose tissue is a normal and
vital physiologic process not necessarily causing disease, excess
triglyceride accumulation strains the capacity of adipose depots
and often leads to ectopic lipid deposition in skeletal muscle and
liver. This perturbs a multitude of metabolic pathways, which leads
to insulin resistance and type II diabetes mellitus (Qatanani and
Lazar, 2007).

Fortunately, the adverse metabolic consequences of obesity can
be reversed by weight loss (Petersen et al., 2005). However, this is
often difficult to achieve with currently available therapies.

LIMITATIONS OF CURRENT THERAPIES AGAINST OBESITY

Presently, the only scientifically proven, effective therapy of morbid
obesity, both in terms of weight loss and decreased morbidity and
mortality, is bariatric surgery (Sjostrom et al., 2004, 2007; Adams

Abbreviations: BAT, brown adipose tissue; BMR, basal metabolic rate; DIO2, type 2
deiodinase; FDG PET-CT, "¥F-fluorodeoxyglucose positron emission tomography
combined with computed tomography; FGF, fibroblast growth factor; SNS, sympa-
thetic nervous system; THR, thyroid hormone receptor; UCP1, uncoupling protein
1; WAT, white adipose tissue.

et al., 2007). However, this therapeutic approach is invasive and it
is available only to a subgroup of morbidly obese subjects.

A mainstay of current medical management of overweight and
obesity is caloric restriction, i.e., limiting the amount of calories
ingested to a level below the patient’s estimated or measured total
energy expenditure (Eckel, 2008). While this may seem to be the
most logical approach, it faces several obstacles: the sensation of
hunger is recognized as very unpleasant and drugs acting on the
CNS to suppress appetite such as Sibutramine or Rimonabant
can cause serious adverse events. Use of sibutramine, a substance
targeting the central monoamine system, was associated with
increased incidence of non-fatal myocardial infarction and stroke
(James et al., 2010), which led to its withdrawal. Another promis-
ing appetite suppressant, Rimonabant, a cannabinoid receptor 1
blocker that was effective in inducing and maintaining weight loss
as well as improving insulin sensitivity, failed to get approval from
the Federal Drug Administration in the United States and was
withdrawn in Europe due to increased incidence of depression
and suicide (Christensen et al., 2007).

Additionally, caloric restriction as the sole method of weight
reduction is accompanied by both metabolic and behavioral com-
pensations leading to reduced basal metabolic rate (BMR) and
reduced physical activity level (Martin et al., 2007). These adapta-
tions commonly lead to unwanted weight regain, often predomi-
nantly as fat mass, once the caloric restriction ends (Dulloo et al.,
1997).

In comparison these compensatory changes were not observed
in a combination therapy of caloric restriction and exercise (Red-
man et al., 2009). This is in line with results from other studies,
identifying energy expenditure through physical activity as a main
determinant of successful weight reduction and long-term weight
control (Wing and Hill, 2001; Weinsier et al., 2002). Moreover, a
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combination of caloric restriction and structured exercise led to
greater weight loss and a more favorable cardio-metabolic profile
(Goodpaster et al., 2010). Unfortunately, increasing physical activ-
ity often proves difficult for obese patients due to musculoskeletal
and cardiovascular disease, causing a vicious circle of reduced exer-
cise, reduced energy expenditure, increased body weight and even
further reduced activity. Alternative ways to increase energy expen-
diture could expand the therapeutic options for treating obese
patients and ultimately lead to more successful treatment.

BROWN ADIPOSE TISSUE

BROWN ADIPOSE TISSUE PHYSIOLOGY

Adipose tissue exists in two distinct forms: white adipose tissue
(WAT) and brown adipose tissue (BAT). WAT is the main energy
storage compartment of the mammalian body. It is characterized
by adipocytes containing a single large lipid droplet storing excess
energy in the form of triglycerides. White adipocytes possess rel-
atively few mitochondria and a peripherally located nucleus. In
addition, WAT constitutes a large endocrine organ that secretes
hormones such as leptin and adiponectin which are involved in
the regulation of satiety and insulin sensitivity (Kershaw and Flier,
2004). BAT is a densely innervated and highly perfused tissue con-
sisting of brown adipocytes, a cell type characterized by small
multilocular lipids droplets, a central nucleus, and a high number
of mitochondria. The major differences between WAT and BAT
are summarized in Table 1.

Within the mitochondrial matrix acetyl-CoA derived from car-
bohydrates, fatty acids, or proteins is fed into the citric acid cycle.
The chemical energy released by the stepwise oxidation of acetyl-
CoA is then transferred to the electron transport chain in the inner
mitochondrial membrane building up a proton gradient across
the membrane. Usually, the flow of protons back to the mito-
chondrial matrix through a channel in the ATP-synthase complex
powers the synthesis of ATP (Berg et al., 2007), thereby cou-
pling the oxidation of nutrients to the generation of the cell’s
energy currency. Brown adipocytes are unique in their expression
of UCP1, the gene encoding uncoupling protein 1. Activation of
UCP1 short-circuits or uncouples the proton gradient from ATP
generation, thereby dissipating the energy stored in the gradient
as heat (Figure 1A).

Table 1 | Characteristic of white vs. brown adipose tissue.

White adipose tissue Brown adipose tissue

White adipocytes contain
single large lipid droplet, few
mitochondria

Brown adipocytes contain multiple small
lipid droplets, rich in mitochondria
Secretes adipose derived Densely vascularized and innervated by
hormones, that regulate sympathetic nerve endings
insulin sensitivity and satiety
Stores excess energy as Expression of uncoupling protein 1
triglycerides, releases fatty

acids during fasting periods

Dissipates chemical energy (mainly from

fatty acids) to generate heat

The physiological function of BAT is thus to convert chemical
energy, mainly from lipids, into thermal energy. This capability is
very important for small and hibernating mammals as well as for
newborn humans to maintain body temperature in cold environ-
ments. In the mammalian body heat is generated as a by-product
of basic cellular and organ functions (BMR), of digestion and
absorption of food, and of voluntary and involuntary movement.
If this amount of thermal energy does not suffice to keep the body
temperature within the normal range in a cold environment, adap-
tive thermogenesis sets in. Even before core body temperature drops
cold is sensed by receptors in the skin. The afferent information
is integrated in the hypothalamus leading to disinhibition of its
thermogenesis-promoting neurons, which in turn increases sym-
pathetic output to BAT (Nakamura and Morrison, 2007). Acute
cold stress in non-cold adapted animals causes muscle shivering
as a first mechanism to defend body temperature. During chronic
cold exposure the amount of shivering abates over the course of
days to weeks as non-shivering thermogenesis increases (Cannon
and Nedergaard, 2004). The signal from the sympathetic nervous
system (SNS) is relayed by noradrenergic neurons, which stimulate
G-protein coupled B3-adrenoreceptors (3-AR) in BAT. Stimula-
tion of B3-ARs leads to lipolysis via activation of the Gs-adenylyl
cyclase-PKA pathway. The fatty acids released by lipolysis do not
only represent the main substrate of thermogenesis, but they also
activate UCP1 allosterically (Figure 1B; Cannon and Nedergaard,
2004).

Thyroid hormone is an important endocrine modulator of
thermogenesis. It potentiates the actions of catecholamines on
the B3-AR and adenylyl cyclase and increases the transcription
of UCP1 through thyroid hormone receptor (THR) response ele-
ments located in the UCP1 promoter (Silva and Rabelo, 1997).
Moreover, BAT expresses high levels of type 2 iodothyronine deio-
dinase (DIO2), an enzyme converting tetraiodothyronine (T4)
into the active triiodothyronine (T3). Type 1 iodothyronine deio-
dinase (DIO1) is mainly expressed in liver and kidney and is the
main source of plasma T3 in hyperthyroid patients. While DIO1
is under tight transcriptional control of thyroid hormones, DIO2
expression is induced by catecholamines acting through the cAMP
signaling cascade. Its effects in promoting T3 production are lim-
ited to BAT and do not affect plasma T3 levels (Bianco and Kim,
2006).

About 30 years ago Rothwell and Stock described that ad libi-
tum feeding of a high calorie diet rich in fat and carbohydrates,
casually dubbed “cafeteria diet,” led to recruitment and activa-
tion of BAT in rats and thus increased energy expenditure. They
concluded that BAT was a major site of diet induced thermoge-
nesis (DIT), the increase in energy expenditure that follows food
intake and might thus protect against diet induced obesity (Roth-
well and Stock, 1979). In contrast to cold-induced thermogenesis,
which is generally undisputed, the proposal of DIT as a function of
BAT is more controversial (Kozak, 2010; Fromme and Klingenspor,
2011).

ORIGINS AND DIFFERENTIATION OF BROWN ADIPOSE TISSUE

In contrast to earlier assumptions of a common origin of brown
and white adipocytes, recent research clearly demonstrates that
brown and white adipocytes have distinct developmental origins.
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FIGURE 1 | (A) Outline of UCP1 action in brown adipocyte mitochondria. The
electron transport chain generates a proton gradient across the inner
mitochondrial membrane. This electromotive force is usually drives
ATP-synthase restoring the cell’'s energy currency ATP. Activation of UCP1 by
fatty acids in brown adipocytes dissipates the proton gradient without
coupling to ATP regeneration releasing the energy as heat. (Details of the
electron transport chain have been omitted for reasons of simplicity). (B)
Outline of BAT regulation. Upon cold exposure afferent signals from cold
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receptors are integrated in the hypothalamus. The efferent signal is
transmitted via the sympathetic nervous system (SNS) and norepinephrine
(NE) acting on the Bs-adrenoreceptor located on the brown adipocyte surface,
which is coupled to the cAMP second messenger pathway. Phosphorylation
of hormone sensitive lipase and perilipin activates lipolysis. The resulting free
fatty acids provide the fuel for thermogenesis and activate UCP1 allosterically.
Additionally, transcription of UCP1 and PGC-1a is activated via the CREB/CRE
pathway.

Atitetal. (2006) proposed a common origin of skeletal muscle and
BAT, based on their finding that specific cells of the dermomy-
otome positive for the transcription factor engrailed-1 develop
into both skeletal myocytes and brown, but not white adipocytes.
In parallel with this finding, lineage tracing revealed that both
brown adipocytes located in the interscapular BAT and myocytes
derive from precursors positive for the myogenic transcription
factor Myf5 (Timmons et al., 2007).

Seale et al. (2008) delineated the existence of two different
types of brown adipocytes: those found in “classic” BAT (e.g.,
interscapular BAT), deriving from Myf5 positive precursors, and a
second population, deriving from Myf5 negative precursors, that is
interspersed in WAT. Because these interspersed brown adipocytes
appear upon stimulation with cold or $3-AR agonists, we chose
to call them “recruitable” brown adipocytes to discriminate them
from the invariably present “classic” brown adipocytes, which are
located in typical BAT fat pads.

Our knowledge of BAT development and differentiation has
advanced considerably during recent years, as several transcrip-
tional regulators essential to BAT have been discovered.

PPARYy coactivator-la (PGC-1a) is highly induced in BAT
upon cold exposure, mediated via SNS stimulation and the cAMP-
PKA second messenger pathway. It interacts with PPARy and is
an important regulator of mitochondrial biogenesis and oxida-
tive phosphorylation. Ectopic overexpression of PGC-1a in white
adipocytes induces UCP1 and other thermogenic genes, while its
genetic ablation severely reduces the animals’ capacity for adaptive
thermogenesis (Seale et al., 2009). The importance of the cAMP-
PKA pathway for brown adipocyte development is highlighted by
the fact that FOXC2, a member of the forkhead transcription fac-
tor family, sensitized adipocytes to the actions of $3-AR agonists
by inducing the expression of the RIa subunit of PKA (Cederberg
et al., 2001; Dahle et al., 2002). Overexpression of FOXC2 in adi-
pose tissue led to a “browning” of white fat pads and protected
mice against diet induced obesity and insulin resistance.

In conjunction with the discovery of a common lineage of BAT
and muscle PRDM16 was identified as a molecular switch between
brown adipocyte and myocyte development. Ectopic expression
of PRDM16 in myoblasts induced differentiation into brown
adipocytes possessing the full molecular machinery necessary for
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thermogenesis. In contrast, loss of PRDM16 in BAT pre-cursor
cells led to a loss of the brown adipocyte phenotype and myocyte
differentiation (Seale et al., 2008). When PRDM16 was transgeni-
cally expressed in the subcutaneous WAT of mice, brown adipocyte
like cells appeared in this fat pad, rendering the mice less obesity
prone and more glucose tolerant (Seale et al., 2011).

IMPLICATIONS OF BAT IN METABOLISM AND BODY WEIGHT IN
RODENTS

During the last three decades the effects of active BAT on body
weight and metabolism in rodents have been carefully studied.

Several different models of BAT disruption clearly demon-
strated its importance for adaptive thermogenesis and also high-
lighted its relevance for body weight regulation. Surgical dener-
vation or excision of BAT in mice led to increased body weight
as compared with sham operated animals (Dulloo and Miller,
1984). Biochemical disruption of BAT by expression of cholera
toxin A under the control of the UCP1 promoter induced obe-
sity and insulin resistance in mice (Lowell et al., 1993). A com-
plete knock-out of the UCP1 gene did, somewhat unexpectedly,
not result in obesity, when mice were housed at usual animal
facility temperatures (i.e., around 22°C; Enerback et al., 1997).
However, keeping them at conditions of thermoneutrality (i.e.,
30-33°C for mice) rendered the animals obese (Feldmann et al.,
2009).

Expansion of BAT on the other hand resulted in opposite effects
on body weight and metabolism. Transgenic mice overexpressing
UCP1 in WAT displayed a reduced amount of subcutaneous fat at
3 months of age and when the transgene was expressed in a genet-
ically obese mouse strain, it protected against obesity (Kopecky
et al., 1995). Overexpression of the forkhead transcription factor
FOXC2 in adipose tissue led to a “browning” of WAT fat pads,
with expression of UCP1 and increased vascularization. Accord-
ingly, the animals were protected from diet induced obesity, as well
as insulin resistance and hypertriglyceridemia (Cederberg et al.,
2001; Kim et al., 2005).

Pharmacological stimulation of the p3-adrenoreceptor (B3-
AR) with the specific agonist CL316,243 in Zucker fa/fa rats led
to the appearance of brown adipocytes in WAT regions, increased
BMR, and reversed diet induced obesity. Upon treatment with the
agonist obese rats showed a more pronounced increase of BMR
than lean controls and partial reversion of hyperphagia, while
food intake remained constant in lean controls. Additionally, the
hyperinsulinemia and hyperglycemia of the Zucker fa/fa rats was
ameliorated, indicating reduced insulin resistance (Ghorbani and
Himms-Hagen, 1997).

Similar experiments were performed in mice. However, the
ability of B3-AR agonists to induce brown adipocytes in WAT
regions varied enormously between different mouse strains, as did
the body weight after high fat feeding. Importantly, the variation
of UCP1 expression in the classic interscapular BAT fat pad was
rather small between the different mouse strains, indicating that
the differences in body weight were largely conferred by recruitable
brown adipocytes in WAT regions (Collins et al., 1997; Guerraetal.,
1998). This genetic variability of UCP1 expression in different adi-
pose tissue compartments could not be explained by variation in
the expression of specific transcription factors, but rather suggests

different developmental mechanisms for the two brown adipocyte
populations (Xue et al., 2007).

Bartelt et al. investigated the implications of BAT activa-
tion on lipid metabolism. They demonstrated that clearance
of triglyceride-rich lipoproteins from plasma in BAT drastically
increased upon short-term cold exposure thus correcting hyper-
lipidemia and ameliorating insulin resistance in mice (Bartelt et al.,
2011). As hyperlipidemia is a leading risk factor for cardiovascular
disease, the authors speculated that activation of BAT might be
a valuable therapeutic approach to correct hypertriglyceridemia
and associated diseases in humans.

In conclusion, in rodents an impressive amount of scientific
evidence highlights the beneficial consequences of active BAT for
regulation of normal body weight, insulin sensitivity, and lipid
metabolism. Given the implications of these findings, BAT had
already been considered an attractive therapeutic target in humans
suffering from overweight and obesity decades ago. However, the
recent proof of its presence and activity in human adults has
sparked new interest in this possibility.

BROWN ADIPOSE TISSUE IN HUMANS

EVIDENCE AND PREVALENCE OF ACTIVE BAT IN HUMAN ADULTS
While the existence of BAT in rodents and human infants has been
known for decades and its physiological function was described
as early as the 1960s, it was only recently that several researchers
could unequivocally identify active BAT in human adults using
BE_fluorodeoxyglucose positron emission tomography combined
with computed tomography (FDG PET-CT; Cypess et al., 2009;
Van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009). For
a summary of recent studies investigating BAT in humans see
Table 2.

The FDG PET-CT is currently the only imaging technique that
can visualize active BAT. Due to the ionizing radiation associated
with its use, it has up to now not been possible to conduct large
studies in healthy individuals to test for the presence of active BAT.
Instead researchers have often made use of already available FDG
PET-CT scans, most commonly obtained during routine diagnos-
tic studies for staging of cancer. The total proportion of subjects
displaying active BAT in these studies was relatively low, generally
below 10% (Cypess et al., 2009; Jacene et al., 2011; Ouellet et al.,
2011).

Using BAT as a therapeutic target to combat obesity and asso-
ciated diseases does, however, only make sense, if it is present in
the vast majority of patients and not just an occasional remnant of
BAT present at birth. While the data obtained from cross-sectional
retrospective analysis of FDG PET-CT scans performed for other
diagnostic purposes suggests that BAT is present only in a minority
of adults the true prevalence is probably significantly higher.

The activity of BAT is highly variable and, among other fac-
tors, dependent on outdoor temperature at the time of diagnostic
imaging (Cypess et al., 2009; Saito et al., 2009; Ouellet et al,,
2011). Moreover, radiologists had noted bilateral symmetric glu-
cose uptake in FDG PET scans since the early 1990s. As, under-
standably, such “artifacts” interfered with the main intention of the
diagnostic studies (predominantly detection of tumor and metas-
tases), they tried to suppress this unwanted PET tracer uptake by
using pre-medication with beta blockers, benzodiazepines and by
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Table 2 | Recent studies on BAT in humans, sorted by study type.

Reference

Study population, characteristics

Main findings

RETROSPECTIVE ANALYSIS OF FDG PET-CT SCANS PERFORMED FOR ROUTINE DIAGNOSTIC STUDIES IN PATIENTS

Cypess et al.
(2009)
Jacene et al.
(2011)

Lee et al.
(2010)
Pfannenberg
et al. (2010)
Gilsanz et al
(20171)
Ouellet et al.
(2011)
Yilmaz et al.
(2011)

1972 Patients (3640 consecutive scans)

908 Patients; 445 female, 463 male; mean age &+ SD

58+ 15years

2934 Patients; female 1848, male 1086; mean age 36 years;
age range 18-87 years

3604 Patients screened, 260 patients analyzed; 98 BAT
positive, 162 study-date matched control subjects; 136
female, 124 male; mean age + SE, 48 + 1 years; age range
11-82 years; mean BMI 24.5 + 0.3 kg/m?

71 Children and adolescents; 26 female, 45 male; age range
6-20vyears

4842 Patients; 2370 female, 2472 male; mean age + SE,

62 + 0.2 years; age range 2-94 years

3666 Consecutive scans in 1832 patients screened; 30
patients positive for BAT, 90 age and sex matched controls

FDG PET positive BAT in 76 of 1013 women (7.5%) and 30 of 959 men
(3.1%), inverse correlation of BAT activity with age, beta-blocker use,
and BMI among older patients.

FDG PET positive BAT in 56 of 908 patients (6.2%), patients without
active BAT had higher risk for hyperglycemia in univariate analysis.
Active BAT identified in 250 patients (8.5%); 145 patients scanned
more than once, showing a high intra-individual variability of BAT
activity.

Active BAT associated with female sex. Inversely associated with age,
BMI, and fasting glucose.

BAT activity was associated with female sex; inverse correlation of
BAT activity with age in men but not in women; inverse correlation
with BMI.

30 of 71 children displayed active BAT (42%); prevalence of active BAT
was positively correlated with muscle volume. No differences in age,
BMI, or sex were detected.

328 of 4842 patients with active BAT. Prevalence of active BAT was
negatively associated with BMI, diabetes mellitus, outdoor temper
ature, and BMI. Men were less likely than women to display active
BAT.

30 of 1832 patients (10 male, 20 female) displayed active BAT (preva-
lence 2%); non-alcoholic fatty liver disease was significantly more
prevalent among patients negative for active BAT.

PROSPECTIVE STUDIES USING FDG PET-CT AND COLD EXPOSURE PROTOCOLS IN HEALTHY VOLUNTEERS

Saito et al.
(2009)

Virtanen et al.
(2009)

Van Marken
Lichtenbelt
et al. (2009)

Vijgen et al.
(2011)
Yoneshiro et al.
(2011)

56 Healthy volunteers; 25 female, 31 male; 23-65 years of
age

5 Healthy volunteers, 20-50 years of age; PET-CT guided

surgical biopsies of adipose tissue taken in cervical region of

3 subjects

24 Healthy volunteers; age range 20-32 years, male,

BMI < 25 in 10 subjects, BMI > 25 in 14 subjects; energy
expenditure measured at thermoneutrality and during cold
exposure

15 Morbidly obese subjects, 2 male, 13 female, BMI
35-48 kg/m?

162 Healthy volunteers; 59 female, 103 male; mean

age 4 SD 32.0+12.1; BMI 22.1 3.0 kg/m?

Upon cold exposure active BAT was observed in 17 of 32 sub-
jects aged 23-3byears and in 2 of 24 subjects aged 38-65years.
Inverse correlation of BAT activity vs. BMI, total and visceral body fat,
respectively.

Cold exposure induced FDG uptake in all five subjects; presence of BAT
proven by immunohistochemistry and molecular analysis (qRT-PCR) for
BAT markers.

BAT activity observed in 23 of 24 subjects (96%) after cold exposure,
but not under conditions of thermoneutrality. BAT activity negatively
correlated with BMI and percentage body fat and positively correlated
with basal metabolic rate.

Cold-induced BAT activity detected in 3 out of 15 morbidly obese
subjects.

Cold activated BAT detected in 41% of subjects; inverse correlation of
active BAT with BMI, body fat content, abdominal fat, and age.

ANALYSIS OF TISSUE SAMPLES OBTAINED DURING SURGERY IN THE NECK REGION

Zingaretti et al.
(2009)

Lee et al.
(2011b)

OTHER STUDIES
Wang et al.
(2011)

35 Patients; 8 male, 27 female; age range 18-82 years, BMI
range 18-37 kg/m?; thyroid surgery for goiter and papillary
carcinoma

Prospective cohort study in 17 patients; underwent
preoperative FDG PET/CT for staging of head and
neck-malignancies prior to surgery; analysis of BAT markers
in cervical fat biopsies compared to subcutaneous WAT

FDG PET/CT in 14 patients with pheochromocytoma; 14
matched healthy controls

Histologic evidence of BAT in 10 of 35 patients; presence of BAT
inversely correlated with BMI and age.

FDG PET/CT positive for BAT in 3 of the 17 patients. However, mole-
cular markers of BAT could be detected in cervical fat biopsies from
both PET positive and PET negative patients.

BAT activity as assessed by FDG PET correlated with total plasma
metanephrine.
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warming up to a comfortable room temperature before injecting
the tracer substance (Christensen et al., 2006; Soderlund et al.,
2007).

Studies specifically designed to detect BAT indicate a much
higher prevalence in adult humans. Van Marken Lichtenbelt et al.
(2009) used a specific cold stimulation protocol prior to FDG
PET scanning and were able to detect active BAT in 23 out of
24 healthy male subjects (96%). Using a different approach Lee
et al. examined 17 patients that underwent staging for head and
neck malignancy. While only 3 of 17 had indications of BAT in
the FDG PET-CT scan molecular analysis of samples taken from
the supraclavicular fat revealed the presence of molecular mark-
ers of BAT (UCP1, PRDM16) in all subjects (Lee et al., 2011b).
Of the 2934 patients examined with FDG PET-CT in a large Aus-
tralian study 145 were scanned more than once. The probability to
identify active BAT in an individual increased considerably with
the number of scans, allowing the authors to estimate the true
prevalence of BAT in their cohort to be 64% (Lee et al., 2010).

ASSOCIATION OF ACTIVE BAT AND OBESITY IN HUMANS

While the body of evidence is far from being as robust as in rodents,
several studies also link the activity of BAT in humans to obesity
and associated diseases.

Studies using retrospective analysis of routine FDG PET-CT
scans identified a negative correlation of BAT activity and body
mass index (BMI) in humans (Cypess et al., 2009; Lee et al., 2010;
Pfannenberg et al., 2010; Ouellet et al., 2011). The results of these
publications are corroborated by two trials in healthy volunteers
that underwent FDG PET-CT scanning after cold exposure to acti-
vate BAT (Saito et al., 2009; Van Marken Lichtenbelt et al., 2009).
Zingaretti et al. (2009) observed similar results when studying the
presence of brown adipocytes in samples of adipose tissue collected
in the cervical region of 35 patients undergoing thyroid surgery.
Remarkably, active BAT was present in only 3 out of 15 morbidly
obese subjects (mean BMI 42.1 kg/m?) upon cold stimulation as
assessed with FDG PET-CT (Vijgen et al., 2011). However, the
presence of active BAT in 20% of the subjects indicates that BAT
activation might be a possible therapeutic intervention in at least
a part of morbidly obese patients.

The prevalence of PET positive BAT seems to decrease with
age, as assessed both in retrospective observational studies (Cypess
et al., 2009; Pfannenberg et al., 2010; Ouellet et al., 2011) and
in prospective studies in healthy volunteers (Saito et al., 2009;
Yoneshiro et al., 2011). The declining presence of active BAT with
age might be one explanation for the increase of overweight and
obesity with age.

In retrospective PET studies the prevalence and activity of BAT
was unanimously higher in women than in men (Cypess et al.,
2009; Ouellet et al., 2011). Evaluating the FDG PET-CT scans of
260 subjects, 98 of which displayed active BAT, Pfannenberg et al.
(2010) described that while in male subjects BAT activity and mass
declined with age, this was not the case in female subjects.

Although there are currently no studies prospectively address-
ing the question, whether active BAT might protect against insulin
resistance and diabetes, there is indirect evidence from retro-
spective cross-sectional studies of patients that underwent FDG
PET-CT. Using routine scans Jacene et al. (2011) investigated,

whether the presence of active BAT was predictive of elevated
fasting glucose levels at the time of the examination. Of the 908
patients 6.2% had FDG uptake in BAT and in the univariate analy-
sis patients without active BAT had a significantly increased risk to
have a blood glucose level of more than 100 mg/dl (>5.6 mmol/l).
After adjusting for age, BMI, and sex this difference was not statis-
tically significant. In a larger Australian cohort with 2934 patients,
250 of which displayed active BAT in FDG PET-CT, a significant
correlation between fasting glucose and BAT activity was observed.
The authors also analyzed data from patients who had been stud-
ied repeatedly at different time points and observed an inverse
correlation of blood glucose levels and BAT activity in this subset
(Lee et al., 2010). These findings are in line with another study
describing a reduced prevalence of active BAT in patients with
known diabetes (Ouellet et al., 2011).

Non-alcoholic fatty liver disease (NAFLD) is a manifestation
of the metabolic syndrome with ectopic lipid deposition in the
liver. It is often associated with insulin resistance or type II dia-
betes mellitus, hyperlipidemia, and hypertension (Vuppalanchi
and Chalasani, 2009). In another retrospective evaluation of FDG
PET-CT data the presence of active BAT in adults was indepen-
dently associated with a lower likelihood of NAFLD (Yilmaz et al.,
2011).

Recently, Gilsanz et al. published results of a retrospective
analysis of FDG PET—CT scans performed in 71 children and ado-
lescents. As expected, the overall prevalence of active BAT was
higher (42%) than in an adult population. Intriguingly, an asso-
ciation of BAT activity and muscle mass was observed. Contrary
to studies performed in adults, no associations with age, BMI,
or adiposity could be detected (Gilsanz et al., 2011). However, a
major limitation of this study is — as with most of the studies
using FDG PET-CT in adult humans — the fact that the study
population consisted only of subjects suffering from neoplastic
disease.

In some adult patients suffering from pheochromocytoma, a
catecholamine secreting tumor of the adrenal medulla, BAT had
been discovered and characterized ultrastructurally and biochem-
ically already in the 1980s (Ricquier et al., 1982). It was specu-
lated that the weight loss seen in many patients suffering from
pheochromocytoma was due to the activation or recruitment of
BAT through high levels of catecholamines (Lean et al., 1986). Not
unexpectedly, a more recent study was able to describe a signifi-
cant correlation of plasma catecholamine levels and BAT activity
in patients with pheochromocytoma (Wang et al., 2011).

Correspondingly, the use of beta blockers was inversely cor-
related to the presence of active BAT in a retrospective, cross-
sectional study with FDG PET-CT (Cypess et al., 2009). In a
controlled prospective trial using cold exposure to activate adap-
tive thermogenesis, however, administration of the p adrenore-
ceptor antagonist propranolol led to suppression of cold-induced
thermogenesis in muscle (presumably $2 AR mediated) but did
not alter cold-induced thermogenesis in BAT (presumably p3
mediated; Wijers et al., 2011).

Additionally, the pre-treatment with diazepam — a common
practice meant to suppress FDG uptake of BAT during PET scan-
ning — did not result in reduced BAT activity in a randomized
controlled trial (Sturkenboom et al., 2009).
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PHARMACOLOGICAL TARGETING OF THERMOGENESIS AND
BAT

A calculation performed on the basis of glucose uptake and esti-
mated usage of fatty acids in BAT of healthy individuals yielded
the result that full activation of the present BAT would lead to a
potential consumption of 4.1 kg of adipose tissue over the course
of a year (Virtanen et al., 2009). Increasing thermogenesis phar-
macologically could therefore provide a promising approach to
prevent weight gain and facilitate weight loss in humans.

PHARMACOLOGIC ACTIVATION OF THERMOGENESIS

About eight decades ago 2,4-dinitrophenol (DNP), an artificial
uncoupler of mitochondrial respiration, was used to induce weight
loss in humans. It is a small lipophilic molecule that acts as a
protonophore, as it can carry protons across membranes (Berg
et al., 2007).

The substance was introduced as a drug for weight reduction
in the 1930s and a series of studies demonstrated it to cause
increased metabolic rate and considerable weight loss without
dietary restriction. Since nitrogen excretion remained stable upon
treatment with DNP, it was assumed that weight loss was due to fat
loss and that muscle was spared. The efficacy of the substance led
to a widespread use even as non-prescription drug. Due to the nar-
row therapeutic range of DNP several cases of fatal hyperthermia
occurred, but given the large number of patients who had taken it
(more than 100,000 by 1934), the number of severe adverse events
was remarkably low. In 1935 several cases of cataract were reported
in women taking DNP, which finally resulted in its withdrawal
from the market in 1938 (Harper et al., 2001). DNP does of course
not selectively uncouple BAT mitochondria, but it nevertheless
provides an important proof of principle, as it demonstrates the
efficacy of mitochondrial uncoupling for weight loss in humans.

Central stimulation of BAT via the SNS is believed to contribute
to the weight reducing effect of sibutramine (Liu et al., 2002). A
popular “herbal” weight loss drug, ephedrine, also increases SNS
activity and activates BAT, thereby increasing oxygen consump-
tion and thermogenesis (Dulloo et al., 1991; Baba et al., 2007). Yet,
stimulation of the SNS can lead to adverse effects such as tachy-
cardia, hypertension, and cardiac arrhythmias, all of which are
highly undesirable, especially in obese patients already suffering
from cardiovascular disease.

A more selective activation of BAT could be achieved through
B3-AR agonists. In fact, this strategy has been shown to be effec-
tive in rodents (Nagase et al., 1996; Ghorbani and Himms-Hagen,
1997; Umekawa et al., 1997). The orally available selective B3-
AR agonist L-796568 acutely increased energy expenditure and
lipolysis in obese men (Van Baak et al., 2002), but no effects on
thermogenesis or body fat were observed after extended treatment
over 28 days, probably due to f3-AR down-regulation (tachy-
phylaxis; Larsen et al., 2002). Another study in young, lean men
demonstrated increased insulin sensitivity and fat oxidation after
8 weeks of treatment with the f3-AR agonist CL316,243, while
24 h-energy expenditure and body weight after 8 weeks remained
unchanged as compared to baseline (Weyer et al., 1998).

It must be noted that these studies measured energy expendi-
ture to assess the activation of adaptive thermogenesis. Using FDG
PET-CT to visualize BAT activity could possibly detect smaller

changes induced by B3-AR agonists and should therefore be used
for future trials testing similar compounds.

The thermogenic effect of thyroid hormones is well known.
Not surprisingly levothyroxine and triiodothyronine have been
used to facilitate weight loss in obese patients. Unfortunately,
administration of excess thyroid hormone results in overt hyper-
thyroidism, a condition associated with increased BMR, tachy-
cardia, atrial arrhythmia, muscle wasting, and osteoporosis. The
CNS effects of excess thyroid hormone include increased irritabil-
ity, nervousness, and anxiety (Baxter and Webb, 2009). However,
the effects of thyroid hormones are mediated by different iso-
forms of the THR in a tissue specific fashion. THRa conveys
most of the effects on bone development, cardiac gene expres-
sion, heart rate, and catecholamine potentiation, while activation
of THRP1 in mice increased UCP1 expression in BAT (Melmed
and Conn, 2005; Ribeiro et al., 2010). Accordingly, the thyroid hor-
mone mimetics GC-1 and KB141, which are selective for THRB1,
reduced diet induced obesity and normalized serum lipids via
increased metabolic rate while not affecting heart rate (Grover
et al., 2003, 2004; Villicev et al., 2007). In diabetic ob/ob mice
KB141 improved glucose tolerance and insulin sensitivity (Bryz-
galova et al., 2008). Thus selective thyroid hormone mimetics
might also be of therapeutic benefit in humans.

Activation of the G-protein coupled receptor TGR5 by bile
acids increased the expression of DIO2 in BAT and resulted in
increased energy expenditure and reduced body weight in mice
(Watanabe et al., 2006). Stimulation of DIO2 expression in BAT is
particularly interesting as this approach increases triiodothyronine
availability locally but not systemically thus obviating the delete-
rious effects of hyperthyroidism. The co-expression of TGR5 and
DIO2 in BAT makes bile acids and derived compounds promising
drug candidates for the activation of thermogenesis.

EXPANSION OF BROWN ADIPOSE TISSUE

As outlined above, the prevalence of active BAT, as determined
by FDG PET-CT, is lower in overweight and obese subjects than
in lean controls. To make use of the energy dissipating effect of
BAT in obese persons, it might thus be necessary to expand the
amount of BAT. Recently, brown adipocyte progenitors that could
be differentiated into UCP1 expressing cells in vitro have been
discovered in human WAT (Elabd et al., 2009). Additionally, Lee
et al. obtained fat biopsies from the supraclavicular fossa guided
by PET-CT. They were able to differentiate brown adipocyte pre-
cursors to UCP1 expressing brown adipocytes, regardless whether
PET analysis had shown active BAT or not (Lee et al.,2011a). These
findings provide a rationale for therapeutic expansion of BAT in
humans.

In rodents several small molecules and hormones have been
found to promote the expansion of BAT. Fibroblast growth fac-
tors (FGF) are a family of polypeptide growth factors that regulate
cell proliferation, migration, and differentiation during embryonic
development and function as homeostatic factors in tissue repair
and response to injury in the adult organism (Ornitz and Itoh,
2001). Several members of the family have been implied in BAT
physiology.

Cold exposure induces the expression of basic fibroblast growth
factor (bFGF = FGF-2) in BAT and this growth factor seems to
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stimulate BAT growth through autocrine feedback (Yamashita
et al., 1994; Asano et al., 1999).

While FGF-16 mainly seems to be responsible for growth of
BAT during embryonic development (Konishi et al., 2000), FGF-
19 and FGF-21 demonstrated effects on thermogenesis in adult
mice. Intra-cerebroventricular administration of FGF-19 in mice
increased metabolic rate, prevented diet induced obesity and
improved insulin sensitivity (Fu et al., 2004). It is an especially
attractive molecule since it specifically binds to FGF-receptor 4
and does not appear to be mitogenic.

In newborn mice FGF-21 expression in the liver is reduced in
response to fasting and induced by suckling via PPARa depen-
dent mechanisms. Injection of FGF-21 into newborn fasting mice
induced genes involved in thermogenesis in BAT and increased
body temperature. In vitro FGF-21 induced expression of thermo-
genic genes and increased total and uncoupled respiration (Hon-
dares et al., 2010). Interestingly, FGF-21 expression is induced
in BAT itself by cold exposure or adrenergic stimulation via f3-
adrenergic pathways (Chartoumpekis et al., 2011; Hondares et al.,
2011).

Fibroblast growth factors are attractive from a pharmacological
point of view: like other peptides they might be produced recom-
binantly or substituted by small molecules that specifically activate
FGF receptors and could easily be produced in large scale.

BMP-7, a member of the TGF-f superfamily was originally
identified as a bone inducer, but recent evidence suggests an
important role in brown fat development as well. BMP-7 can acti-
vate the full program of brown fat differentiation both in vitro
and in vivo. Tseng et al. (2008) injected mice with hepatotropic
adenoviruses expressing BMP-7 resulting in hepatic overexpres-
sion and secretion of the protein. In comparison to control mice
those injected with the BMP-7 expressing retroviruses showed
increased thermogenesis, higher body temperature and reduced
body weight.

An alternative strategy could be to transdifferentiate adipocyte
precursors obtained from liposuction into brown adipocytes
ex vivo and then re-transplant the thermogenically active cells.
This could be achieved through overexpression of PRDM16,
FOXC2, or PGC-1a in the cells. Compared to a conventional
pharmacological approach, however, such a method would be
elaborate and expensive and questions of optimal location for
implantation, of blood supply and of innervation remain to be
solved.

Currently, FDG PET-CT is the sole imaging modality to inves-
tigate BAT activity directly. This is a major obstacle in the investi-
gation of BAT activity and potential pharmaceuticals that increase

BAT activity. Recent developments in nuclear magnetic resonance
imaging (MRI; Hu et al., 2010; Branca and Warren, 2011) could
facilitate the evaluation of BAT activity without exposure to ion-
izing radiation thus giving the research in the field an enormous
boost.

Apart from the search for drugs that increase BAT thermogene-
sis, it will also be important to further investigate the consequences
of thermoneutrality and cold exposure. Humans in the developed
world spend most of their time in a thermoneutral zone main-
tained by advanced heating systems and protective clothing (Van
Marken Lichtenbelt and Schrauwen, 2011). As BAT is activated
by sensing cold long prior to a drop of core temperature and at
ambient temperatures around 16°C, deliberately lowering ambient
temperatures in buildings could be a feasible approach to increase
BAT activity and to prevent obesity.

CONCLUSION

Given the growing world-wide prevalence and increasing burden
of obesity and associated diseases and the current lack of effective
treatment strategies, new therapeutic approaches in the field of
anti-obesity therapies are clearly needed.

During the recent years our knowledge of BAT physiology
and development and its implications in metabolic disease has
increased dramatically. Most importantly, there is robust evidence
that BAT is present in a majority of human adults. Furthermore,
a growing body of literature indicates that active BAT is inversely
associated with obesity and metabolic disease. In rodent models
several pharmacological approaches which increase BAT activity,
have been proven to effectively prevent obesity, facilitate weight
reduction, and ameliorate insulin resistance. Deducing from the
animal model these approaches might work in humans as well.

Many questions regarding therapeutic activation or expan-
sion of BAT remain to be solved. It is yet unclear how effective
an increase of thermogenesis would be to reduce obesity and
ameliorate insulin resistance. Compensating mechanisms, such
as increased appetite, could reduce the benefits of this approach.
Not least, the infamous history of the uncoupling agent DNP
reminds us to pay close attention to contingent risks of drugs that
activate thermogenesis. Considering the disappointing results of
pharmacological approaches targeting energy intake and appetite,
stimulation of BAT activity and increasing energy expenditure
would provide exciting new options in obesity therapy.
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