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Brown adipose tissue (BAT) is a major site of nonshivering thermogenesis in mammals. Rodent
studies indicated that BAT thermogenic activity may protect against obesity. Recent findings using
novel radiodiagnosis procedures revealed unanticipated high activity of BAT in adult humans.
Moreover, complex processes of cell differentiation leading to the appearance of active brown
adipocytes have been recently identified. The brown adipocytes clustered in defined anatomical
BAT depots of rodents arise from mesenchymal precursor cells common to the myogenic cell
lineage. They are being called “classical” or “developmentally programmed” brown adipocytes.
However, brown adipocytes may appear after thermogenic stimuli at anatomical sites correspond-
ing to white adipose tissue (WAT). This process is called the “browning” of WAT. The brown
adipocytes appearing in WAT derive from precursor cells different from those in classical BAT and
are closer to the white adipocyte cell lineage. The brown adipocytes appearing in WAT are often
called “inducible, beige, or brite.” The appearance of these inducible brown adipocytes in WAT
may also involve transdifferentiation processes of white-to-brown adipose cells. There is no evi-
dence that the ultimate thermogenic function of the beige/brite adipocytes differs from that of
classical brown adipocytes, although some genetic data in rodents suggest a relevant role of the
browning process in protection against obesity. Although the activation of classical BAT and the
browning process share common mechanisms of induction (eg, noradrenergic-mediated induction
by cold), multiple novel adrenergic-independent endocrine factors that activate BAT and the
browning of WAT have been identified recently. In adult humans, BAT is mainly composed of
beige/brite adipocytes, although recent data indicate the persistence of classical BAT at some
anatomical sites. Understanding the biological processes controlling brown adipocyte activity and
differentiation could help the design of BAT-focused strategies to increase energy expenditure and
fight against obesity. (Endocrinology 154: 2992–3000, 2013)

Since the 1970s, brown adipose tissue (BAT) has been
increasingly recognized as the main site of nonshiver-

ing thermogenesis in mammals, and there are indications,
as well as some debate, that it is also the site of the process
called “diet-induced thermogenesis.” The thermogenic
processes elicited in BAT occur via a unique biochemical
property of the mitochondria in brown adipocytes,
wherein the brown adipocyte-specific protein, uncoupling
protein-1 (UCP1), physiologically uncouples the respira-
tory chain. Brown adipocytes thus harbor numerous

highly oxidative, naturally uncoupled mitochondria that
actively oxidize metabolic substrates for the sole purpose
of dissipating chemical energy as heat. In response to cold-
or overfeeding-triggered activation of the sympathetic
nervous system, the thermogenic activity of BAT is in-
duced via distinct cellular processes. They include the
rapid activation of the existing UCP1 and transcriptional
induction of the genes encoding UCP1, components of the
enzymatic machinery responsible for oxidizing metabolic
substrates, and components of the cellular machinery re-
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sponsible for the active uptake of lipids and glucose from
the circulation, to sustain oxidation and thermogenesis.
Complex processes of cellular hypertrophy and hyperpla-
sia, which enlarge the organism’s thermogenic capacity,
are also induced (see below). Experimental studies in ro-
dents have led researchers to propose that diet-induced
thermogenesis in BAT may protect against obesity. Abla-
tion of BAT and genetic invalidation of the UCP1-encod-
ing gene have been shown to sensitize organisms to obesity
in several experimental settings, whereas genetic models of
rodent obesity often show abnormal inhibition of BAT
activity (for review, see Ref. 1).

The recent recognition of active BAT in adult humans
(see below) and indications that BAT activity may be neg-
atively associated with obesity have led to recently re-
newed interest in BAT biology. However, new studies and
the recognition of unexpected complexities in brown adi-
pocyte differentiation have yielded numerous novel con-
cepts and terms, which could cause confusion in this in-
tensely evolving area. Because dozens of excellent reviews
have examined BAT biology in the last few years (1–4), the
present review does not intend to provide an exhaustive
view of the field. Instead, we examine the major emerging
views on BAT-associated energy expenditure processes
and brown adipocyte biology and seek to clarify the cur-
rent nomenclature.

White Adipose Tissue (WAT) and BAT,
Near and Far

In nearly all mammalian species, brown adipocytes
cluster in defined anatomical depots of BAT, at least dur-
ing the early stages of development. Rodents and small
mammals in general possess defined BAT depots through-
out the animal’s lifetime, such as in the scapulae (inter-
scapular, cervical, and axillary depots) and thoracic (me-
diastinal depot) areas of mice and rats. WAT also develops
in multiple anatomical sites, and there are known meta-
bolic and endocrine differences between subcutaneous
and visceral WAT depots. BAT develops significantly ear-
lier than WAT (ie, during fetal life). The development of
subcutaneous WAT begins in utero but primarily occurs
after birth, when specialized fat storage cells are needed to
provide fuel during fasting periods. Hyperplastic and hy-
pertrophic white adipocyte processes occur during WAT
development and throughout the organism’s lifespan,
with the energy balance ultimately governing the sizes of
the WAT depots (for reviews, see refs. 5, 6).

Traditionally, brown adipocytes have been discussed in
the context of their morphological and biochemical sim-
ilarities to white adipocytes, both of which have intracel-

lular fat stores (multilocular and unilocular, respectively)
as an intrinsic feature of their cell identity. However, once
researchers found that brown adipocytes function in en-
ergy expenditure, in total opposition to the specialized role
of white adipocytes in energy storage, the supposed close
similarity and common cell lineage of these cells appeared
somewhat paradoxical. Since then, researchers have out-
lined unanticipated complexities in development and dif-
ferentiation of brown and white adipocytes. Both adipose
tissues arise from a mesodermal origin, but white and
brown adipocytes are now believed to originate from dif-
ferent mesenchymal stem cell lineages (see below). In con-
trast to this difference in the preadipocyte commitment,
however, their subsequent adipogenic differentiation in-
volves a shared transcriptional cascade that mainly in-
volves peroxisome proliferator-activated receptor
(PPAR)-� and CCAAT/enhancer-binding proteins (C/
EBPs) (7, 8). Indeed, PPAR� is indispensable for the de-
velopment of all types of adipose cells (9, 10). C/EBP�

functions to maintain PPAR� expression, and both coop-
eratively regulate gene transcription to promote and main-
tain the differentiated state of adipocytes (ie, lipid metab-
olism, glucose metabolism, and insulin sensitivity). The
absence of C/EBP� in mice prevents the development of
white, but not brown, adipose depots, indicating that a
lack of C/EBP� can be compensated for in brown fat de-
velopment probably via C/EBP� (11, 12). Recently, con-
siderable effort has been devoted to identifying specific
transcriptional mechanisms that govern brown vs white
adipose-related gene regulatory networks. The factors in-
volved include PR domain–containing protein-16
(PRDM16) (13) and peroxisome proliferator–activated
receptor �-coactivator-1� (PGC-1�) (14, 15). PRDM16,
but not PGC-1�, was shown to specifically confer brown
fat cell identity (13, 16). In fact, PRDM16 binds and co-
regulates C/EBP�, PPAR�, PPAR�, and PGC-1� to pro-
mote brown fat–specific gene induction (13, 17, 18). PGC-
1�, which also coactivates PPAR� and PPAR�, is involved
in regulating mitochondrial biogenesis, oxidative metab-
olism, and thermogenesis (14, 19). Interestingly, most fac-
tors that induce or repress the “browning” program (see
below) act through modulation of PGC-1� activity. Al-
though most of the molecular actors that promote adipo-
genesis (eg, PPAR�) commonly function in the differenti-
ation of both brown and white adipocytes, recent studies
using a chromatin immunoprecipitation sequence–based
approach found that numerous PPAR� binding sites are
specific to either BAT or WAT (20). The mechanistic basis
for the selective binding of PPAR� to target genes in dif-
ferent adipose tissues is poorly known, but it appears to
involve the interaction with coregulators. For instance,
PRDM16 and the early B cell factor-2 were found to re-
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cruit PPAR� specifically to BAT-selective genes (13, 21),
whereas other factors, such as TLE3, have been reported
to recruit PPAR� to activate specifically white adipocyte
differentiation (22).

The Browning Process

The so-called “browning” of WAT is the process by
which brown (UCP1-expressing, multilocular) adipocytes
appear at anatomical sites characteristic of WAT. This
phenomenon occurs after a thermogenic stimulus, such as
prolonged cold exposure (23), which also causes the re-
cruitment of BAT at the classical anatomical sites (eg, in-
terscapular depots). The browning process can be mim-

icked by chronic treatment with �3-
adrenergic receptor activators (24).

Recent studies have established
that the cell lineage of these brown
adipocytes that appear in the former
WAT depots differs from that of
brown adipocytes present in the BAT
depots that arise via developmen-
tally programmed processes. Con-
trary to previously held beliefs, re-
searchers showed that the brown
adipocytes present in BAT depots
were more closely related to skeletal
muscle precursor cells than to white
adipocyte precursors (16, 25). In
fact, brown adipocytes and myo-
cytes share a common precursor that
expresses the myogenic lineage
marker Myf5. In contrast, the brown
adipocytes that develop in WAT via
the browning process were found to
come from Myf5-negative cells that
more closely resemble white adi-
pocyte precursors (16). Cell lineage
studies have suggested that resident
Myf-negative mesenchymal precur-
sor cells present in WAT depots can
differentiate into these brown adi-
pocytes in response to thermogenic
stimuli. Today, researchers typically
use the terms “beige” and “brite”
(from “brown in white”) to desig-
nate brown adipocytes that appear in
WAT after permanent thermogenic
induction, whereas those present in
the standard BAT depots are often
called “classical,” “constitutive,” or

“developmentally programmed” brown adipocytes
(26 –28).

In recent years, researchers have sought to establish the
intra- and extracellular molecular actors that govern the
differentiation of each precursor type into the classical or
beige/brite, brown adipocytes. To date, more than 50 mol-
ecules have been identified and their action mechanisms
have been defined to some extent (for an updated, exten-
sive review, see Ref. 3). Several members of the bone mor-
phogenic protein family (29), in addition to transcription
factors such as C/EBP� and PRDM16 (17) and the
PGC-1� coregulator, appear as main actors at distinct
steps of the commitment and differentiation processes
(Figure 1). However, the literature does not present a to-
tally unanimous view of these processes, and the events

Figure 1. Schematic representation of the main pathways of differentiation of brown
adipocytes. Myf5� progenitor cells, common to skeletal muscle cell lineage precursors, give rise
to developmentally programmed brown adipocyte differentiation. A distinct population of Myf5�

cells give rise to inducible (beige/brite) brown adipocytes as well as to white adipocytes. Several
soluble molecules and intracellular factors act at distinct points of these processes
(norepinephrine, members of the bone morphogenic protein [BMP] protein family, PRDM16,
PGC-1�, and C/EBP� are highlighted; for a complete description, see Ref. 3). In addition, there is
evidence of the capacity of white adipocytes to interconvert into inducible brown adipocytes
through transdifferentiation, being paucilocular adipocytes (UCP1-positive with lipid droplet
distribution intermediate between brown and white adipocytes), intermediate forms of
adipocytes transitioning from white to inducible, beige/brite adipocytes.
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underlying the appearance of brown adipocytes at distinct
anatomical sites and under distinct environmental stimuli
are far from fully established.

Some groups claim that the browning process (in whole
or in part) arises via the transdifferentiation of white adi-
pocytes into beige/brite adipocytes (30). “Paucilocular”
adipocytes (UCP1-positive with lipid droplet distribution
intermediate between that of brown and white adipocytes)
have been reported and suggested to represent intermedi-
ate forms of adipocytes transitioning from white to beige/
brite adipocytes (31, 32), and recent data based on genetic
labeling of adipose cells support the existence of bidirec-
tional interconversion processes between beige/brite and
white adipocytes (33). On the other hand, some reports
indicated that �3-adrenergic activation induces browning
through 2 different processes; white to brown transdiffer-
entiation in inguinal WAT, but proliferation and further
differentiation of precursors in epididymal WAT (34). Fi-
nally, even the use of the Myf5-positive vs Myf5-negative
criterion to distinguish between developmentally pro-
grammed brown adipocytes and beige/brite adipocytes
has been challenged to some extent by the finding that
Myf5-positive precursors may also differentiate to white
adipocytes (35, 36).

How Distinct Are Brown and Beige/Brite
Adipocytes?

Two concepts are currently being considered for the
distinction between brown and beige/brite adipocytes, re-
gardless of the original cell lineage: differential inducibil-
ity and differential function.

Recent studies have emphasized the inducible character
of the beige/brite cells vs the more constitutive character of
the brown adipocytes present in BAT. However, this
should be considered an oversimplified (if not wrong) con-
cept. Since the 1980s, it has been well known that BAT
depots are extremely plastic in their response to thermo-
genic stimulation (37). Chronic cold stimulation elicits
hyperplastic and hypertrophic processes in classical BAT
depots; the proliferation and differentiation of precursor
cells (preadipocytes and interstitial cells) into brown adi-
pocytes is enhanced, increasing BAT mass (37, 38). This
process is often referred to as “recruitment” of BAT (1).
Thus, thermogenically activated classical BAT depots con-
tain brown adipocytes that are derived from the adrener-
gic signaling-mediated differentiation of precursor cells
induced by thermogenic activation occurring in
adulthood.

On the other hand, studies in multiple experimental
settings suggest that the inducibility of the brown adi-

pocyte phenotype in WAT depots may have been over-
emphasized, largely because the parameters indicative of
BAT-related thermogenesis (UCP1 expression and mito-
chondrial respiratory activity) show very low basal levels
in WAT under regular conditions. Thus, their induction by
thermogenic triggers can lead to a fold induction that ap-
pears extreme, regardless of the ultimate absolute levels of
BAT activity indicators in WAT depots (39). In the future,
researchers should consider this experimental complexity
when evaluating new activators of brown adipocyte ther-
mogenic activity and comparing their effects on classical
BAT and the browning process (see below).

In terms of differential function, although there has not
yet been a precise bioenergetic analysis of beige/brite cells,
the available data indicate that they have all the morpho-
logical and molecular characteristics of classical brown
adipocytes present in BAT depots (multilocularity, expres-
sion of UCP1, and increased mitochondrial respiratory
equipment) and are thus likely to have intrinsically similar
functions. Even though the current terminology stresses
the differences in cell lineage and anatomical placement,
the evidence suggests that the beige/brite cells function as
true thermogenic brown adipocytes. Researchers have re-
cently identified differential expression of several genes in
classical vs beige/brite brown adipocytes that can be used
to distinguish between the 2 cell lineages. These genes en-
code proteins with very distinct cellular functions, includ-
ing transcription factors (eg, Zic1 and Tbx15), metabo-
lism-related proteins (eg, Slc27a1), and proteins
associated with inflammatory pathways (eg, CD40 and
CD137) (28, 40, 41). Their differential expression is still
observed when the adipocytes are differentiated, but fur-
ther research is needed to establish whether these proteins,
beyond their usefulness as cell lineage markers, confer rel-
evant functional differences between classical brown adi-
pocytes and beige/brite adipocytes.

Some authors have speculated that one possible differ-
ential feature of beige/brite cells is their capacity to make
adipose depots more plastic and able to switch between
energy storage vs thermogenic activity, because of their
capacity to shift from a “white”-type morphology (large
depot of lipids stored as a single lipid droplet) to a
“brown”-type phenotype (multiple lipid droplets, and en-
ergy dissipation associated with uncoupled mitochondrial
respiration) (3). This rationale is plausible, but the actual
ability of a brown adipocyte to burn energy (in BAT or
WAT depots) only relies on intracellular lipid stores for a
short time. After a few hours of strong thermogenic acti-
vation, brown adipocytes burn energy mainly through the
oxidation of lipids (and possibly glucose) coming from
blood via active lipoprotein lipase activity and the subse-
quent oxidation of circulating triglycerides (42–44). En-
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dogenous fat stores should be considered short-term “se-
curity” stores that are intended to sustain thermogenesis
while blood flow, lipoprotein lipase activity, and other
processes are activated.

A relevant observation about the specific impact of the
browning process on the energy balance comes from the
awareness that mouse strains showing an increased ten-
dency to become obese show decreased capacities for
browning of WAT depots compared with those of obesity-
resistant strains (45). However, their BAT size, activity,
and capacity to recruit classical BAT in response to ther-
mogenic activation is similar (45, 46). This result suggests
that the browning process is especially relevant for effec-
tive protection against obesity. However, we do not yet
have a precise explanation for this phenomenon in the
context of whole-body energy balance.

Finally, a key aspect of the systemic physiological im-
pact of brown adipocyte activity is its capacity to substan-
tially clear circulating triglycerides and glucose (42, 47,
48). This will need to be investigated in detail to further
understand the potential differences between the 2 types of
brown adipocytes in this processes.

Novel Activators of BAT and the Distinct
Types of Brown Adipocytes

As mentioned above, the first studies on the hormonal
signaling capable of inducing BAT activity/recruitment
and the browning of WAT indicated that noradrenergic
activation, which mimics the thermogenic effects of cold,
could promote both processes to some extent (49, 50).
Pharmacological activation of the sympathetic nervous
system does not appear to be useful for promoting weight
loss via increased BAT activity due to negative side effects
(51). Other agents, such as the PPAR� activators, thiazo-
lidinediones, can recruit BAT existing depots and promote
the browning of WAT (52–54) but require concomitant
noradrenergic activation to result in effective thermogenic
induction (55). In recent years, researchers have identified
multiple novel nonadrenergic soluble molecules that are
capable of inducing BAT activity and/or the browning of
WAT (56). Although some of them act indirectly by mod-
ulating sympathetic activation and subsequent noradren-
ergic pathways, several appear to have direct effects on
brown adipocytes and/or the browning process. Some of
these agents (eg, fibroblast growth factor-21 and the car-
diac peptides atrial natriuretic peptide and B-type natri-
uretic peptide ) appear to have common inductive effects
on BAT activation and WAT browning (57–59). In con-
trast, irisin, a recently identified hormonal factor released
by muscle, appears to affect the browning process but not

classical BAT activation (60). The cyclooxygenase-2–me-
diated local generation of prostaglandins may also be dif-
ferentially involved in promoting the browning process
(61). Bmp8b, a recently identified novel activator of BAT
activity, acts mainly by sensitizing existing BAT to sym-
pathetic signaling (62).

What About Humans?

The current intense interest in BAT biology largely
stems from the recent identification of active BAT in adult
humans. In humans and other large mammalian species
(unlike rodents) BAT was traditionally thought to be re-
stricted to the neonatal and early childhood periods (63,
64). Positron emission tomography (PET)–scanning tech-
nologies were recently developed to detect metabolically
active sites for oncology diagnosis, based on the uptake of
radiolabeled nonmetabolizable glucose derivatives. Side
observations (65) and further specific use of PET scans to
analyze BAT activity (66–68) showed that active BAT is
present in adult humans at discrete anatomical sites, es-
pecially in the upper trunk (ie, in cervical, supraclavicular,
paravertebral, pericardial, and, to some extent, mediasti-
nal and mesenteric areas). These BAT sites were in agree-
ment with earlier histological reports from human nec-
ropsies (69). The adipose depots were subsequently
identified as bona fide BAT via microscopic analysis of cell
morphology and expression of the BAT-specific marker
gene, UCP1 (67, 70, 71). Moreover, cold exposure en-
hanced the PET scanning–determined activity of BAT
(72), whereas propranolol treatment abrogated BAT ac-
tivity in humans (73), suggesting that, similar to observa-
tions made in rodents, BAT activation occurs mainly
through �-adrenergic–mediated signaling. However, re-
cent observations have been somewhat contradictory, per-
haps due to differences in the dosing protocol, regarding
the extent to which sympathomimetics (eg, ephedrine) are
able (74) or unable (75, 76) to induce human BAT activity.
Observations from several laboratories indicate that the
extent of human BAT activity in patients is inversely as-
sociated with obesity, age, and type II diabetes (77), and
weight loss after bariatric surgery is associated with in-
creased BAT activity in obese patients (78). It is not known
whether high BAT activity is the cause or consequence of
a lean phenotype, either in basal conditions or after bari-
atric surgery. Further research is needed to establish the
potential cause and effect relationships underlying these
observational associations.

2996 Giralt and Villarroya Minireview Endocrinology, September 2013, 154(9):2992–3000

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/154/9/2992/2423030 by guest on 15 August 2021



BAT in Humans: Classical? Beige/Brite? Both?
The results from in vitro cell biology studies and direct

analyses of BAT biopsy samples from the anatomical areas
mentioned above of adults and children led researchers to
propose that BAT depots are largely composed of beige/
brite cells (26, 39). Studies examining the expression levels
of rodent-validated marker genes showed that human
BAT coexpresses UCP1 and marker genes characteristic of
beige/brite cells (CD137, TMEM26, or TBX1) rather than
those of classical, developmentally programmed, brown
adipocytes (28, 40, 41).

The capacity of adult humans to develop the appear-
ance of brown adipocytes in WAT depots was recognized
relative early by the study of patients with pheochromo-
cytomas. In the 1980s, researchers observed numerous
brown adipocytes (multilocular, highly enriched in mito-
chondria, and UCP1-expressing) in the visceral fat of pa-
tients with pheochromocytomas at sites where only WAT
was present in the absence of the disease (79–81) (Figure
2). This finding was attributed to the tumor-mediated re-
lease of catecholamines and subsequent local adrenergic
activation, which is a trophic factor for BAT development.
This phenomenon indicated the capacity of human WAT
depots to develop brown adipocytes in response to a per-
manent stimulus (in this case, of a pathological nature).
Molecular marker gene analysis supports the fact that the
brown adipocytes in these patients show the beige/brite
phenotype (F. Villarroya, A. Frontini, and S. Cinti, un-
published observations).

Based on the above findings, we might ask whether
classical brown adipocytes truly exist in humans. As in
rodents, we might expect that the BAT present in very
early stages of human development could be composed of
developmentally programmed, classical, brown adi-

pocytes. A recent report found that
when the anatomical areas of BAT in
adult humans are analyzed in early
neonates, the expressed genes reflect
a beige/brite cell lineage (41). How-
ever, very recent data indicate that
the interscapular BAT of human ne-
onates and some anatomical sites in
the neck of adults shows a classical,
developmentally programmed, BAT
phenotype (82, 83, 84). We recently
observed that, in human neonates,
the 2 types of brown adipocytes co-
exist: classical brown adipocytes in
the interscapular area and beige/
brite in visceral fat (Kopecky, J.
and F. Villarroya, unpublished
observations).

In summary, we now know that adult humans predom-
inantly have inducible beige/brite, brown adipocytes in
their BAT depots, and additional brown adipocytes can
develop in adult human WAT under proper stimulation.
Therefore, the future development of BAT-focused phar-
macological and/or nutritional strategies to increase en-
ergy expenditure and fight against obesity seems to be
feasible. The human-focused assessment of novel hor-
monal factors reported to be especially active during the
browning process in rodents may be especially promising
in this context.

Future Directions

Clearly, multiple basic and biomedical issues need to be
addressed in the context of BAT-related research. Further
studies will be needed to establish the relative physiolog-
ical contributions of the distinct BAT-related activation
processes to the organism’s overall adaptive energy ex-
penditure. In rodents, it seems possible that neither the
traditional view (that adaptation to thermogenic activa-
tion relies almost entirely on the activation and recruit-
ment of existing BAT) nor an overstated view of the recent
research (that inducible brown adipocytes in WAT depots
are largely responsible for thermogenic adaptation in re-
sponse to environmental changes) will turn out to be bal-
anced perspectives. However, even if the energy expendi-
ture associated with the browning process turns out to be
moderate (39), the browning process is likely to be phys-
iologically significant. It does not seem biologically rea-
sonable to maintain such complex cell differentiation or
transdifferentiation processes for relatively minor conse-
quences in total energy expenditure terms. In any case,

Figure 2. Induction of brown adipocytes in adipose depots of adult humans. Examples of brown
adipocytes found in the visceral adipose tissue of a human patient with pheochromocytoma. A,
Light microscopy, indicating the presence of multilocular brown adipocytes, interspersed among
other unilocular white adipocytes. B, electron microscopy; arrows show the high mitochondrial
content characteristic of the brown adipocyte phenotype.
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precise experimental designs will be needed to obtain a full
qualitative and quantitative understanding of these pro-
cesses. Other emerging concepts, such as the potential en-
docrine role of brown adipocytes, are being recognized
through various experimental approaches, ranging from
direct assessments of the outflow of specific endocrine fac-
tors by BAT (eg, fibroblast growth factor-21) (85) to the
evidence of metabolic effects of BAT transplantation that
may not be explained by intrinsic energy expenditure pro-
cesses (86, 87). Thus, BAT may significantly influence
overall metabolism not only by local energy-burning pro-
cesses but also by releasing endocrine signals that can act
on distant organs and tissues, potentially spurring new
considerations with respect to how much BAT is actually
needed for its activity to have systemic consequences.

Acknowledgments

We thank J. Agusti for editorial help, J. Villarroya for the design
of figures, and A. Goday and J.M. Gallego-Escuredo for help
with microscopy images of the patient with pheochromocytoma.

Address all correspondence and requests for reprints to: Fran-
cesc Villarroya, Departament de Bioquímica i Biologia Molec-
ular, Universitat de Barcelona, Avda Diagonal 643, E-08028-
Barcelona, Spain. E-mail: fvillarroya@ub.edu.

This work was supported by the Ministerio de Economía y
Competitividad (Grant SAF2011-23636), Instituto de Salud
Carlos III (Grant PI11/00376), the European Union (FP7 Project
BETABAT, Grant HEALTH-F2-2011-277713), and the Gener-
alitat de Catalunya (2009SGR-284).

Disclosure Summary: The authors have nothing to disclose.

References

1. Cannon B, Nedergaard J. Brown adipose tissue: function and phys-
iological significance. Physiol Rev. 2004;84:277–359.

2. Whittle AJ, López M, Vidal-Puig A. Using brown adipose tissue to
treat obesity—the central issue. Trends Mol Med. 2011;17:405–
411.

3. Wu J, Cohen P, Spiegelman BM. Adaptive thermogenesis in adi-
pocytes: is beige the new brown? Genes Dev. 2013;27:234–250.

4. Townsend KL, Tseng YH. Brown adipose tissue: recent insights into
development, metabolic function and therapeutic potential. Adi-
pocyte. 2012;1:13–24.

5. Frontini A, Cinti S. Distribution and development of brown adi-
pocytes in the murine and human adipose organ. Cell Metab. 2010;
11:253–256.

6. Cinti S. The adipose organ at a glance. Dis Model Mech. 2012;5:
588–594.

7. Farmer SR. Transcriptional control of adipocyte formation. Cell
Metab. 2006;4:263–273.

8. Gesta S, Tseng YH, Kahn CR. Developmental origin of fat: tracking
obesity to its source. Cell 2007;131:242–256.

9. Barak Y, Nelson MC, Ong ES, et al. PPAR� is required for placental,

cardiac, and adipose tissue development. Mol Cell. 1999;4:585–
595.

10. Rosen ED, Sarraf P, Troy AE, et al. PPAR� is required for the dif-
ferentiation of adipose tissue in vivo and in vitro. Mol Cell. 1999;
4:611–617.

11. Linhart HG, Ishimura-Oka K, DeMayo F, et al. C/EBP� is required
for differentiation of white, but not brown, adipose tissue. Proc Natl
Acad Sci USA. 2001;98:12532–12537.

12. Carmona MC, Iglesias R, Obregón MJ, Darlington GJ, Villarroya F,
Giralt M. Mitochondrial biogenesis and thyroid status maturation
in brown fat require CCAAT/enhancer-binding protein �. J Biol
Chem. 2002;277:21489–21498.

13. Seale P, Kajimura S, Yang W, et al. Transcriptional control of brown
fat determination by PRDM16. Cell Metab. 2007;6:38–54.

14. Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman
BM. A cold-inducible coactivator of nuclear receptors linked to
adaptive thermogenesis. Cell. 1998;92:829–839.

15. Uldry M, Yang W, St-Pierre J, Lin J, Seale P, Spiegelman BM. Com-
plementary action of the PGC-1 coactivators in mitochondrial bio-
genesis and brown fat differentiation. Cell Metab. 2006;3:333–341.

16. Seale P, Bjork B, Yang W, et al. PRDM16 controls a brown fat/
skeletal muscle switch. Nature. 2008;454:961–967.

17. Kajimura S, Seale P, Kubota K, et al. Initiation of myoblast to brown
fat switch by a PRDM16-C/EBP-� transcriptional complex. Nature.
2009;460:1154–1158.

18. Hondares E, Rosell M, Díaz-Delfín J, et al. Peroxisome proliferator-
activated receptor � (PPAR�) induces PPAR� coactivator 1� (PGC-
1�) gene expression and contributes to thermogenic activation of
brown fat: involvement of PRDM16. J Biol Chem. 2011;286:
43112–43122.

19. Barbera MJ, Schluter A, Pedraza N, Iglesias R, Villarroya F, Giralt
M. Peroxisome proliferator-activated receptor alpha activates tran-
scription of the brown fat uncoupling protein-1 gene. A link between
regulation of the thermogenic and lipid oxidation pathways in the
brown fat cell. J Biol Chem. 2001;276:1486–1493.

20. Siersbæk MS, Loft A, Aagaard MM, et al. Genome-wide profiling of
peroxisome proliferator-activated receptor � in primary epididy-
mal, inguinal, and brown adipocytes reveals depot-selective binding
correlated with gene expression. Mol Cell Biol. 2012;32:3452–
3463.

21. Rajakumari S, Wu J, Ishibashi J, et al. EBF2 determines and main-
tains brown adipocyte identity. Cell Metab. 2013;17:562–574.

22. Villanueva CJ, Vergnes L, Wang J, et al. Adipose subtype-selective
recruitment of TLE3 or Prdm16 by PPAR� specifies lipid storage
versus thermogenic gene programs. Cell Metab. 2013;17:423–435.

23. Young P, Arch JR, Ashwell M. Brown adipose tissue in the parame-
trial fat pad of the mouse. FEBS Lett. 1984;167:10–14.

24. Cousin B, Cinti S, Morroni M, et al. Occurrence of brown adi-
pocytes in rat white adipose tissue: molecular and morphological
characterization. J Cell Sci. 1992;103:931–942.

25. Timmons JA, Wennmalm K, Larsson O, et al. Myogenic gene ex-
pression signature establishes that brown and white adipocytes orig-
inate from distinct cell lineages. Proc Natl Acad Sci USA. 2007;104:
4401–4406.

26. Ishibashi J, Seale P. Medicine. Beige can be slimming. Science. 2010;
328:1113–1114.

27. Petrovic N, Walden TB, Shabalina IG, Timmons JA, Cannon B,
Nedergaard J. Chronic peroxisome proliferator-activated receptor �

(PPAR�) activation of epididymally derived white adipocyte cul-
tures reveals a population of thermogenically competent, UCP1-
containing adipocytes molecularly distinct from classic brown adi-
pocytes. J Biol Chem. 2010;285:7153–7164.

28. Wu J, Boström P, Sparks LM, et al. Beige adipocytes are a distinct
type of thermogenic fat cell in mouse and human. Cell. 2012;150:
366–376.

29. Tseng YH, Kokkotou E, Schulz TJ, et al. New role of bone mor-

2998 Giralt and Villarroya Minireview Endocrinology, September 2013, 154(9):2992–3000

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/154/9/2992/2423030 by guest on 15 August 2021

mailto:fvillarroya@ub.edu


phogenetic protein 7 in brown adipogenesis and energy expenditure.
Nature. 2008;454:1000–1004.

30. Barbatelli G, Murano I, Madsen L, et al. The emergence of cold-
induced brown adipocytes in mouse white fat depots is determined
predominantly by white to brown adipocyte transdifferentiation.
Am J Physiol Endocrinol Metab. 2010;298:E1244–E1153.

31. Barbatelli G, Morroni M, Vinesi P, Cinti S, Michetti F. S-100 protein
in rat brown adipose tissue under different functional conditions: a
morphological, immunocytochemical, and immunochemical study.
Exp Cell Res. 1993;208:226–231.

32. Himms-Hagen J, Melnyk A, Zingaretti MC, Ceresi E, Barbatelli G,
Cinti S. Multilocular fat cells in WAT of CL-316243-treated rats
derive directly from white adipocytes. Am J Physiol Cell Physiol.
2000;279:C670–C681.

33. Rosenwald M, Perdikari A, Rülicke T, Wolfrum C. Bi-directional
interconversion of brite and white adipocytes. Nat Cell Biol. 2013;
15:659–667.

34. Lee YH, Petkova AP, Mottillo EP, Granneman JG. In vivo identi-
fication of bipotential adipocyte progenitors recruited by �3-adre-
noceptor activation and high-fat feeding. Cell Metab. 2012;15:480–
491.

35. Sanchez-Gurmaches J, Hung CM, Sparks CA, Tang Y, Li H, Guertin
DA. PTEN loss in the Myf5 lineage redistributes body fat and reveals
subsets of white adipocytes that arise from Myf5 precursors. Cell
Metab. 2012;16:348–362.

36. Schulz TJ, Huang P, Huang TL, et al. Brown-fat paucity due to
impaired BMP signalling induces compensatory browning of white
fat. Nature. 2013;495:379–383.

37. Bukowiecki L, Collet AJ, Follea N, Guay G, Jahjah L. Brown adipose
tissue hyperplasia: a fundamental mechanism of adaptation to cold
and hyperphagia. Am J Physiol. 1982;242:E353–E359.

38. Bukowiecki LJ, Géloën A, Collet AJ. Proliferation and differentia-
tion of brown adipocytes from interstitial cells during cold acclima-
tion. Am J Physiol. 1986;250:C880–C887.

39. Nedergaard J, Cannon B. UCP1 mRNA does not produce heat.
Biochim Biophys Acta. 2013;1831:943–949.

40. Waldén TB, Hansen IR, Timmons JA, Cannon B, Nedergaard J.
Recruited vs. nonrecruited molecular signatures of brown, “brite,”
and white adipose tissues. Am J Physiol Endocrinol Metab. 2012;
302:E19–E31.

41. Sharp LZ, Shinoda K, Ohno H, et al. Human BAT possesses mo-
lecular signatures that resemble beige/brite cells. PLoS One. 2012;
7:e49452.

42. Mitchell JR, Jacobsson A, Kirchgessner TG, Schotz MC, Cannon B,
Nedergaard J. Regulation of expression of the lipoprotein lipase
gene in brown adipose tissue. Am J Physiol. 1992;263:E500–E506.

43. Bartelt A, Bruns OT, Reimer R, et al. Brown adipose tissue activity
controls triglyceride clearance. Nat Med. 2011;17:200–205.

44. Nedergaard J, Bengtsson T, Cannon B. New powers of brown fat:
fighting the metabolic syndrome. Cell Metab. 2011;13:238–240.

45. Guerra C, Koza RA, Yamashita H, Walsh K, Kozak LP. Emergence
of brown adipocytes in white fat in mice is under genetic control.
Effects on body weight and adiposity. J Clin Invest. 1998;102:412–
420.

46. Xue B, Rim JS, Hogan JC, Coulter AA, Koza RA, Kozak LP. Genetic
variability affects the development of brown adipocytes in white fat
but not in interscapular brown fat. J Lipid Res. 2007;48:41–51.

47. López-Soriano FJ, Fernández-López JA, Mampel T, Villarroya F,
Iglesias R, Alemany M. Amino acid and glucose uptake by rat brown
adipose tissue. Effect of cold-exposure and acclimation. Biochem J.
1988;252:843–849.

48. Cawthorne MA. Does brown adipose tissue have a role to play in
glucose homeostasis? Proc Nutr Soc. 1989;48:207–214.

49. Mory G, Bouillaud F, Combes-George M, Ricquier D. Noradren-
aline controls the concentration of the uncoupling protein in brown
adipose tissue. FEBS Lett. 1984;166:393–396.

50. Ghorbani M, Claus TH, Himms-Hagen J. Hypertrophy of brown

adipocytes in brown and white adipose tissues and reversal of diet-
induced obesity in rats treated with a �3-adrenoceptor agonist.
Biochem Pharmacol. 1997;54:121–131.

51. Yen M, Ewald MB. Toxicity of weight loss agents. J Med Toxicol.
2012;8:145–152.

52. Fukui Y, Masui S, Osada S, Umesono K, Motojima K. A new thia-
zolidinedione, NC-2100, which is a weak PPAR-� activator, exhib-
its potent antidiabetic effects and induces uncoupling protein 1 in
white adipose tissue of KKAy obese mice. Diabetes. 2000;49:759–
767.

53. Pardo R, Enguix N, Lasheras J, Feliu JE, Kralli A, Villena JA. Rosigli-
tazone-induced mitochondrial biogenesis in white adipose tissue is
independent of peroxisome proliferator-activated receptor � coacti-
vator-1�. PLoS One. 2011;6:e26989.

54. Ohno H, Shinoda K, Spiegelman BM, Kajimura S. PPAR� agonists
induce a white-to-brown fat conversion through stabilization of
PRDM16 protein. Cell Metab. 2012;15:395–404.

55. Sell H, Berger JP, Samson P, Castriota G, Lalonde J, Deshaies Y,
Richard D. Peroxisome proliferator-activated receptor � agonism
increases the capacity for sympathetically mediated thermogenesis
in lean and ob/ob mice. Endocrinology. 2004;145:3925–3934.

56. Villarroya F, Vidal-Puig A. Beyond the sympathetic tone: the new
brown fat activators. Cell Metab. 2013;17:638–643.

57. Hondares E, Rosell M, Gonzalez FJ, Giralt M, Iglesias R, Villarroya
F. Hepatic FGF21 expression is induced at birth via PPAR� in re-
sponse to milk intake and contributes to thermogenic activation of
neonatal brown fat. Cell Metab. 2010;11:206–212.

58. Fisher FM, Kleiner S, Douris N, et al. FGF21 regulates PGC-1� and
browning of white adipose tissues in adaptive thermogenesis. Genes
Dev. 2012;26:271–281.

59. Bordicchia M, Liu D, Amri EZ, et al. Cardiac natriuretic peptides act
via p38 MAPK to induce the brown fat thermogenic program in
mouse and human adipocytes. J Clin Invest. 2012;122:1022–1036.

60. Boström P, Wu J, Jedrychowski MP, et al. A PGC1-�-dependent
myokine that drives brown-fat-like development of white fat and
thermogenesis. Nature. 2012;481:463–468.

61. Vegiopoulos A, Müller-Decker K, Strzoda D, et al. Cyclooxygen-
ase-2 controls energy homeostasis in mice by de novo recruitment of
brown adipocytes. Science. 2010;328:1158–1161.

62. Whittle AJ, Carobbio S, Martins L, et al. BMP8B increases brown
adipose tissue thermogenesis through both central and peripheral
actions. Cell. 2012;149:871–885.

63. Lean ME. Brown adipose tissue in humans. Proc Nutr Soc. 1989;
48:243–256.

64. Enerbäck S. Human brown adipose tissue. Cell Metab. 2010;11:
248–252.

65. Nedergaard J, Bengtsson T, Cannon B. Unexpected evidence for
active brown adipose tissue in adult humans. Am J Physiol Endo-
crinol Metab. 2007;293:E444–E452.

66. van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM, et
al. Cold-activated brown adipose tissue in healthy men. N Engl
J Med. 2009;360:1500–1508.

67. Virtanen KA, Lidell ME, Orava J, et al. Functional brown adipose
tissue in healthy adults. N Engl J Med. 2009;360:1518–1525.

68. Cypess AM, Lehman S, Williams G, et al. Identification and impor-
tance of brown adipose tissue in adult humans. N Engl J Med. 2009;
360:1509–1517.

69. Heaton JM. The distribution of brown adipose tissue in the human.
J Anat. 1972;112:35–39.

70. Zingaretti MC, Crosta F, Vitali A, et al. The presence of UCP1
demonstrates that metabolically active adipose tissue in the neck of
adult humans truly represents brown adipose tissue. FASEB J. 2009;
23:3113–3120.

71. Lee P, Zhao JT, Swarbrick MM, et al. High prevalence of brown
adipose tissue in adult humans. J Clin Endocrinol Metab. 2011;96:
2450–2455.

72. Ouellet V, Labbé SM, Blondin DP, et al. Brown adipose tissue ox-

doi: 10.1210/en.2013-1403 endo.endojournals.org 2999

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/154/9/2992/2423030 by guest on 15 August 2021



idative metabolism contributes to energy expenditure during acute
cold exposure in humans. J Clin Invest. 2012;122:545–552.

73. Söderlund V, Larsson SA, Jacobsson H. Reduction of FDG uptake
in brown adipose tissue in clinical patients by a single dose of pro-
pranolol. Eur J Nucl Med Mol Imaging. 2007;34:1018–1022.

74. Carey AL, Formosa MF, Van Every B, et al. Ephedrine activates
brown adipose tissue in lean but not obese humans. Diabetologia.
2013;56:147–155.

75. Vosselman MJ, van der Lans AA, Brans B, et al. Systemic �-adren-
ergic stimulation of thermogenesis is not accompanied by brown
adipose tissue activity in humans. Diabetes. 2012;61:3106–3113.

76. Cypess AM, Chen YC, Sze C, et al. Cold but not sympathomimetics
activates human brown adipose tissue in vivo. Proc Natl Acad Sci
USA. 2012;109:10001–10005.

77. Lee P, Swarbrick MM, Ho KK. Brown adipose tissue in adult hu-
mans: a metabolic renaissance. Endocr Rev. 2013;34:413–438.

78. Vijgen GH, Bouvy ND, Teule GJ, et al. Increase in brown adipose
tissue activity after weight loss in morbidly obese subjects. J Clin
Endocrinol Metab. 2012;97:E1229–E1233.

79. Ricquier D, Nechad M, Mory G. Ultrastructural and biochemical
characterization of human brown adipose tissue in pheochromocy-
toma. J Clin Endocrinol Metab. 1982;54:803–807.

80. Lean ME, James WP, Jennings G, Trayhurn P. Brown adipose tissue
in patients with phaeochromocytoma. Int J Obes. 1986;10:219–
227.

81. Bouillaud F, Villarroya F, Hentz E, Raimbault S, Cassard AM, Ric-
quier D. Detection of brown adipose tissue uncoupling protein
mRNA in adult patients by a human genomic probe. Clin Sci (Lond).
1988;75:21–27.

82. Lidell ME, Betz MJ, Leinhard OD, et al. Evidence for two types of
brown adipose tissue in humans. Nat Med. 2013;19:631–634.

83. Cypess AM, White AP, Vernochet C, et al. Anatomical localization,
gene expression profiling and functional characterization of adult
human neck brown fat. Nat Med. 2013;19:635–639.

84. Jespersen NZ, Larsen TJ, Peijs L, et al. A classical brown adipose
tissue mRNA signature partly overlaps with brite in the supracla-
vicular region of adult humans. Cell Metab. 2013;17:798–805.

85. Hondares E, Iglesias R, Giralt A, et al. Thermogenic activation in-
duces FGF21 expression and release in brown adipose tissue. J Biol
Chem. 2011;286:12983–12990.

86. Gunawardana SC, Piston DW. Reversal of type 1 diabetes in mice by
brown adipose tissue transplant. Diabetes. 2012;61:674–682.

87. Stanford KI, Middelbeek RJ, Townsend KL, et al. Brown adipose
tissue regulates glucose homeostasis and insulin sensitivity. J Clin
Invest. 2013;123:215–223.

Save the Date for Endocrine Board Review (EBR),  
September 24–25, 2013, Hyatt Regency New Orleans New Orleans, LA   

www.endo-society.org/CEU2013

3000 Giralt and Villarroya Minireview Endocrinology, September 2013, 154(9):2992–3000

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/154/9/2992/2423030 by guest on 15 August 2021


