
Summary. From a histological and functional point of
view, two types of adipose tissue can be identified. As
opposed to the mainly unilocular white adipocytes,
brown adipocytes possess plenty of small multilocular
lipid droplets and dissipate energy as heat. Moreover,
two distinct types of brown adipose cells exist. In vivo
fate mapping experiments of brown adipose tissue
(BAT) precursors suggest that classical brown
adipocytes and skeletal myoblasts originate from a
common mesenchymal, myogenic factor 5 (Myf5)-
positive precursor cell. In addition to the classical brown
adipocytes, thermogenic brown-like adipocytes
(brite/beige cells) may appear within white adipose
tissue (WAT) depots, sharing many of the morphological
and functional features of brown adipocytes, but arising
from a Myf5-negative lineage. In humans, the conversion
of white fat cells into brite adipocytes could be a strategy
to increase energy expenditure. The zinc finger
transcription factor Prdm16 controls the bidirectional
fate decision between brown adipocytes and myoblasts.
Prdm16 determines the brown fat-like programme and
thermogenesis in both brown and white adipose tissues.
Moreover, the expression of this transcriptional regulator
is strongly correlated with beige cell-selective genes.
From a therapeutical point of view, the potential of
inducing BAT or the transdifferentiation of WAT into
beige cells by enhancing Prdm16 expression, as well as
the identification of mechanisms of Prdm16 function and
regulation represent potentially exciting new approaches
for treatment or prevention of obesity and related
diseases.
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Introduction

Obesity is becoming a major global health problem
often associated with substantial morbidity and
mortality, highlighting the urgent need for new
therapeutic approaches (James, 2008; Frühbeck, 2012).
Prevention and treatment of obesity both rely on the
principles of energy balance regulation. Obesity results
from a chronic imbalance between energy intake and
total energy expenditure (Galgani and Ravussin, 2008).
Adipose tissue mass is controlled by interactions
between the individual's genetic background, the
environment and behavioural factors. Two types of
adipose tissues have been found in mammals, white
(WAT) and brown adipose tissue (BAT), which
accomplish opposite functions. Both adipose tissues can
be distinguished from each other based on their
morphology, physiological functions and gene
expression profile. WAT represents the major site of
energy storage in the form of triglycerides (TG) acting as
a specialised fuel storage depot. Although this organ was
previously considered as a passive tissue with relatively
simple functions such as energy storage, heat insulation
and mechanical protection, recent studies have
demonstrated that WAT constitutes an active endocrine
source of key hormones involved in the regulation of a
wide variety of physiological functions, including energy
balance (Ahima and Flier, 2000; Frühbeck and Gómez-
Ambrosi, 2001; Frühbeck et al., 2001; Muruzábal et al.,
2002; Frühbeck, 2006; Gómez-Ambrosi et al., 2006,
2008; Lancha et al., 2012). In contrast to WAT, BAT is
able to contribute positively to energy expenditure due to
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its prominent role in non-shivering thermogenesis
(Frühbeck et al., 2009a). The proton transporter
uncoupling protein UCP-1 located in the inner
mitochondrial membrane mediates BAT thermogenesis
through uncoupling ATP synthesis from the
mitochondrial respiration chain, releasing the chemical
energy in the form of heat (Gómez-Ambrosi et al.,
1999). Due to these functional differences, attention has
been focused on the balance between brown and white
fat, since it affects energy balance and may contribute to
the development of obesity (Cannon and Nedergaard,
2004).

BAT was initially considered physiologically
important only in small animals and neonates, allowing
the adaptation to a cold environment. Recent studies
with positron-emission tomography (PET) and computed
tomography (CT) have provided evidence of the
existence of several discrete areas of metabolically
active BAT in adult humans upon cold exposure,
particularly in the supraclavicular and neck region
(Nedergaard et al., 2007; Saito et al., 2009; van Marken
Lichtenbelt et al., 2009; Virtanen et al., 2009). BAT
activity is inversely related to body mass index (BMI)
and body fat percentage suggesting a significant role in
metabolism (van Marken Lichtenbelt et al., 2009). These
observations have renewed the interest in BAT non-
shivering thermogenesis as a possible therapeutic target
for the treatment of obesity (Frühbeck et al., 2009a).

The skeletal muscle is another important organ for
thermorregulation. Three types of thermogenesis take
place in skeletal muscle: exercise-induced
thermogenesis, non-exercise activity thermogenesis
(NEAT), and cold-induced shivering thermogenesis
(Frühbeck, 2005a; Tseng et al., 2010). Moreover, muscle
acts as a secretory organ through the production of
different myokines affecting different organs, including
BAT (Lancha et al., 2012). Several studies demonstrate
the implication of skeletal muscle in heat production
without muscle contraction, although the molecular
underpinning of its involvement has not been fully
unveiled. The mechanism for muscle-based
thermogenesis involves ATP turnover and the
maintenance of the Ca2+ gradient mediated by the
sarco(endo)plasmic reticulum Ca2+ ATPases (SERCA
proteins). The 31-aa membrane protein sarcolipin
interacts with these proteins inhibiting their activity, with
this interaction being the basis for skeletal muscle
thermogenesis as well as an important mediator of
whole-body energy metabolism (Bal et al., 2012). 
Origen of adipose tissue

Although it has generally been considered that
adipose tissue, muscle as well as bone and cartilage arise
from a common mesenchymal progenitor (Rosen and
MacDougald, 2006) the precise mesenchymal stem cell
lineage that produces white and brown adipocytes is not
fully known. The commitment of mesenchymal stem
cells to myogenic, adipogenic and fibrogenic lineages

can be considered a competitive process controlled by
different inductive regulators. Although adipocytes from
WAT and BAT have been shown to derive from a
separate and distinct population of progenitors, they
share many common features. Gene expression profiling
reveals an extensive array of markers in common related
to adipogenesis, lipid mobilization (lipolysis) or fat
storage (fatty acid transport, synthesis and
esterification). In fact, adipogenesis is controlled by a
cascade of transcription factors that is in large part
shared by both white and brown adipocytes (Gesta et al.,
2007; Timmons et al., 2007; Farmer, 2008b; Kajimura et
al., 2010). An initial step is the upregulation of the
CCAAT/enhancer binding proteins ß and δ (C/EBPß and
δ), which induces the expression of C/EBPα and the
transcription factor peroxisome proliferator-activated
receptor γ, PPARγ. Inactivation of C/EBPß in mice
permits the differentiation into white and brown
adipocytes, although with low efficiency in the brown fat
lineage, as reflected by a loss of Ucp1 expression in this
tissue (Tanaka et al., 1997).

BAT emerged in parallel with the evolution of
nonshivering thermogenesis and endothermo-regulation
in birds through to mammals, evolving significantly later
than WAT (Gesta et al., 2007). BAT development starts
around the second trimester of gestation in humans and
about embryonic day 15.5 (E15.5) in rodents. BAT
exhibits all the features of the mature tissue at birth,
being the only important organ for heat production
(Cannon and Nedergaard, 1986), whereas WAT
development starts at midgestation (humans) or post-
natally (rodents) with its mass gradually increasing
during postnatal life (Langin et al., 2009). Contrary to
what was initially thought, the evolutionary,
developmental and functional features of both tissues
suggest separate and distinct origins. By lineage tracing
using the homeobox transcription factor Engrailed-1
(En-1), Atit et al. (2006) reported that cells expressing
this gene in the dermomyotome of the early embryo
(E9.5) gave rise not only to skeletal muscle and dermis,
but also to BAT in the interscapular dorsal cervical
region. Skeletal muscle develops from myogenic
precursors through a complex process requiring the
involvement of the transcription factor Myf5, among
others. Timmons et al. (2007) demonstrated that brown
preadipocytes exhibit a myogenic signature, sharing an
early transcriptional programme with skeletal muscle
cells. Most recently, Seale et al. (2007) in lineage tracing
studies in vivo showed that brown but not white fat cells
arise from Myf5-expressing precursors, demonstrating a
close relationship between BAT and skeletal muscle
during development (Walden et al., 2009) (Fig. 1). The
common developmental origin can be observed at the
level of the mitochondrial proteome when comparing
differentiated brown fat and skeletal muscle (Forner et
al., 2009). The ontogenic relationship between BAT and
skeletal muscle may explain why brown adipose cells
are involved in lipid catabolism rather than storage,
similar to oxidative skeletal muscle tissue. It evidences a
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close relationship between them, as well as helping to
explain the frequent neighbouring zones of myotubes
and brown adipocytes during fetal development, as can
be observed in Fig. 2. PR domain containing 16
(PRDM16), as described below, has been identified as
the major molecular determinant of the brown
adipose/skeletal muscle fate switch from a common
progenitor that expresses the myoblast marker Myf5. 
Characteristics of WAT, BAT and skeletal muscle

Despite sharing the functional feature of storing
energy in the form of triacylgycerols (TG), both WAT

and BAT differentiate in anatomical locations,
macroscopic and microscopic characteristics or specific
regulation. As described previously, WAT accumulates
excess energy in the form of TG whereas BAT plays an
important role in thermoregulatory heat production
(nonshivering thermogenesis) and in diet-induced
thermogenesis (Frühbeck et al., 2009a). Oxidative
skeletal muscle shares many features with BAT (Table
1). Both of them are innervated by the sympathetic
nervous system and expend energy by oxidative
phosphorylation, being specialized in lipid catabolism
rather than storage (Smorlesi et al., 2012). Skeletal
muscle expends the stored energy when there is an
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Fig. 1. Representation of the developmental pathways leading to the differentiation of fat cells. Adipocyte and myocyte differentiate from mesenchymal
precursors. Myf5+ expressing precursors give rise to both brown adipocytes and myocytes, whereas Myf5- precursors differentiate into adipoblasts and
then preadipocytes through the action of key regulators. BMP2 and BMP4 promote the differentiation of the white adipocyte lineage, whereas BMP7
specifically promotes brown-fat differentiation in both mesenchymal progenitor cells and committed brown preadipocytes. The brown fat differentiation
program is stimulated by PRDM16, at least in part, via coactivating C/EBPß and inducing the expression of PPARγ, with the subsequent activation of
key features that determine the brown-fat fate. At the same time, PRDM16 suppresses myogenesis, thus decreasing the expression of myogenic genes
such as MyoD, myogenin, myocyte enhancer factor 2 (MEF2) and myogenic related factor 4 (MRF4). Moreover, the adipocytes within the WAT depot
may be induced to transdifferentiate into BAT cells under physiological conditions in vivo. Some conditions, such as cold exposure or chronic ß-
adrenoceptor stimulation have been shown experimentally to drive the conversion from white to beige/brite adipocytes.



increase in energy demand, e.g. by exercise or shivering
thermogenesis. However, despite containing abundant
mitochondria, skeletal muscle does not express Ucp1
(Farmer, 2008a). The existence of a common progenitor
cell confers the strongest link between brown fat and
skeletal muscle. Not suprisingly, leptin and other more
recently identified adipose-related factors such as
aquaporins and caveolins are well known to exert
important physiological effects in BAT and skeletal
muscle (Frühbeck et al., 1995; Frühbeck, 2005b; Campo
et al., 2007; Catalán et al., 2008; Sáinz et al., 2009). As
previously described, skeletal muscle and brown
adipocytes develop from progenitor cells expressing the
transcription factor Myf5. The myogenic precursor cells

arise from the dermomyotome expressing the paired-
homeodomain transcription factors Pax3/7, important
regulators of the myogenic cell fate. When myogenesis
begins, Pax3 expression decreases and the expression of
muscle regulatory factors such as Myf5, MyoD, Myog
and Myf4 significantly increases. Cells that continue to
express myogenic determination factors develop into
myocytes, whereas cells expressing the transcription
factor Prdm16 become brown adipocytes (Buckingham
et al., 2006; Yokoyama and Asahara, 2011).
Molecular switches in the differentiation of BAT

Despite the differences in functional and

1414
PRDM16 and brown adipose tissue 

Fig. 2. A. Representative
histological section of BAT
and skeletal muscle
myotubes in a paraffin
section obtained from a 19
day-old mouse embryo.
Developmental proximity
between BAT and skeletal
muscle reveals an evolutional
and functional link between
them. B. Detail of the
developing BAT cells,
showing round and often
centrally located nuclei and
lipid droplets in less numbers
than adult BAT cells. 
C. Developing skeletal
myotubes, which are formed
by sequential fusion of
myoblasts, are tubular and
multinucleated.
Haematoxylin-eosin stain.



developmental characteristics of white and brown
adipocytes, both PPARγ and CCAAT/enhancer binding
proteins (C/EBPs) transcription factors have been
traditionally considered to participate in the terminal
adipocyte differentiation process of brown and white
adipocytes into mature fat cells (Rosen and
MacDougald, 2006; Feige and Auwerx, 2007; Koppen
and Kalkhoven, 2010). C/EBPα and PPARγ positively
regulate each other's expression and they both coordinate
the maintenance of the stable differentiated state of
adipocytes. However, these molecules do not control the
determination of the brown fat cell fate since their
ectopic expression in mesenchymal cells induces a
white, not brown, fat phenotype. Moreover, PPARγ is
indispensable for both white and brown fat cell
development, despite this factor alone not being
sufficient to drive the mesenchymal cells into a brown
fat programme (Seale et al., 2007). The browning

activity of PPARγ is mediated through its Sirt-1-
dependent deacetylation via regulation of the ligand-
dependent coactivator/corepressor exchange at the
PPARγ transcriptional complex (Qiang et al., 2012).
Several studies have identified transcriptional regulators
that control brown fat development that are briefly
outlined below.
Forkhead Box C2 (FOXC2)

Forkhead box C2 belongs to the forkhead/winged
helix transcription factor family and constitutes an
important regulator of adipocyte metabolism. Intra-
abdominal WAT of mice overexpressing FoxC2 acquired
a brown-fat phenotype with increased number of
mitochondria, elongated mitochondrial morphology and
elevated expression of thermogenic genes including
Ucp1 and Pparg1a. Moreover, transcription factors
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Table 1. Main differential characteristics between white and brown adipocyes, as well as myocytes.

Characteristic White adipocyte Brown adipocyte Skeletal muscle cell

Differentiation Adipoblast (Myf5-lineage) Myf5+ progenitor Myf5+ progenitor
Funtional properties Energy storage (TG) Dissipation of energy Contraction - Oxidative phosphorylation

(thermogenesis)
Macroscopic properties
Main depot localization Abdominal, inguinal, perirenal, Interscapular, paravertebral, Throughout the body attached to bones

retroperitoneal, gonadal axillary, perineal
Vascularization Good vascularization/capillaries Rich vascularization/capillaries High vascularization/capillaries
Innervation Mainly sympathetic; also parasympathetic Sympathetic Sympathetic
Tissue organization Densely packed cells Lobular arrangement with Multinucleated fibers grouped in

gland-like structure bundles
Colour White, ivory, yellow Brown (variable from dark red Red (from pale to dark red) depending 

to tan) on myoglobin
Microscopic properties
Shape Spherical, round Polygonal, polyhedral Elongated, cylindrical, threadlike cells
Size 25-200 µm 15-60 µm 10-100 µm diameter, length variable
Lipid droplets Unilocular Multilocular Unilocular when present in certain 

conditions (athletes and metabolic 
diseases)

Nucleus Peripheral semilunar, flattened Centrally located, round or oval Multinucleated, peripheral, oval
shape

Mitochondria Few, small, elongated Abundant, large, round Abundant, round elongated
Proteins Metabolism of fatty acids/detoxification Pyruvate and fatty acid oxidation Pyruvate and fatty acid oxidation

activities activities
Function Lipogenic function Metabolic function Metabolic function

Fatty acid composition Monoeic acids Cholesterol and phospholipids -
Gene expression profile
UCPS Ucp2, no Ucp1 Ucp1, Ucp2, Ucp3 Ucp3, no Ucp1
Adrenoreceptors Mainly ß1-AR (ß3-AR, α1/2-AR) Mainly ß3-AR (ß3-AR, α1/2-AR) ß2, ß2-AR
PGC1 Downregulated Upregulated Upregulated
PRDM16 Downregulated Upregulated Downregulated
Leptin Upregulated Present at birth, not in adulthood Upregulated
Other genes Dio2, Elovl3, Cox8b, Tr3, Ppara are Dio2, Elovl3, Cox8b, Tr3, Ppara, MyoD, Myf5, Myf6, Miogenin are 

downregulated Pparg, C/ebpb are upregulated upregulated



involved in adipocyte differentiation such as C/EBPα,
PPARγ or SREBP1 are upregulated (Cederberg et al.,
2001; Lidell et al., 2011). The browning effect of
FOXC2 is achieved by increasing the sensitivity of the
ß-adrenergic cAMP protein kinase A (PKA) signalling
pathway. Furthermore, FOXC2 stimulates angiogenesis
to support elevated metabolism in active BAT by
activating the expression of angiopoietin-2 (Xue et al.,
2008).
PGC-1α and its transcriptional regulators

The PPARγ coactivator-1 α (PGC-1α) is involved in
the regulation of crucial aspects of energy metabolism,
such as mitochondrial biogenesis or oxidative metabolic
pathways (Handschin and Spiegelman, 2006; Scarpulla
et al., 2012). It was first discovered as a cold-inducible
transcription coactivator of adaptive thermogenesis
driving the activation of the thermogenic gene program
of brown fat. 

The regulation of the transcriptional activity or gene
expression of Ppargc1a influences brown fat
development and function. Studies have suggested that
PGC-1α activity is positively regulated by several
transcriptional regulators; these include the steroid
receptor coactivator-1 (SRC-1) (Picard et al., 2002),
SIRT-1 (Lagouge et al., 2006), leucine-rich protein 130
(LRP130) (Cooper et al., 2006) and PRDM16 (Seale et
al., 2007), among others. PRDM16 directly binds to
PGC-1α, allowing the activation of Ucp-1 and other
brown fat-specific genes (Seale et al., 2007; Frühbeck et
al., 2009b). Conversely, Ppargc1a mRNA expression in
the brown fat is inhibited by the orphan nuclear receptor
SHP, the retinoblastoma protein (RB), as well as by
p107, another member of the RB pocket protein family
(Scime et al., 2005; Wang et al., 2005). Two factors,
GCN5 and p160MBP, have been shown to suppress PGC-
1α activity (Fan et al., 2004; Lerin et al., 2006). The
corepressor RIP140 also affects PGC-1α, antagonising
its transcriptional function through a physical interaction
(Hallberg et al., 2008). Furthermore, the SRC (steroid
receptor coactivator) family member SRC-2/TIF2/GRIPI
represses PGC-1α transcriptional activity, inhibiting its
interaction with PPARγ (Picard et al., 2002). Twist1 also
participates in the maintenance of energy homeostasis,
inhibiting PGC-1α function (Pan et al., 2009).
BMPs

Bone morphogenetic proteins (BMPs) are members
of the transforming growth factor ß (TGF-ß) superfamily
(Wozney et al., 1988) and exert pleiotropic effects in
embryonic development and differentiation including
adipogenesis (Chen et al., 2004). It has been described
that BMPs 2 and 4 are able to increase the commitment
of mesenchymal cells to the adipocyte lineage (Tang et
al., 2004). Both proteins also participate in the
achievement of the characteristics of mature adipocytes
by the acquisition of all the machinery needed for lipid

transport, synthesis of TG or secretion of proteins
(Bowers and Lane, 2007; Frühbeck et al., 2009b). 

BMP7
Contrary to BMP2 and BMP4, which promote the

differentiation of the white adipocyte lineage, BMP7
drives brown fat cell fate in mesenchymal precursor
cells. It selectively induces brown preadipocyte
differentiation, activating a full program of brown
adipogenesis, including induction of the regulator PGC-
1α, as well as the key molecular determinant PRDM16,
at the same time as suppressing early adipogenic
inhibitors, such as necdin, Pref-1 and WNTs (Seale et
al., 2007; Tseng et al., 2008). Moreover, BMP7
upregulates the expression of the biomarker specific of
brown adipocytes Ucp1, the adipogenic transcription
factors PPARγ and C/EBPs, as well as increasing
mitochondrial biogenesis. BMPs may act as a controller
of brown adipogenic instead of skeletal muscle cell fate
since these proteins negatively regulate myogenesis in
certain contexts (Murray et al., 1993; Katagiri et al.,
1997; Reshef et al., 1998) (Fig. 1).

BMP8B
Whittle et al. (2012) have recently described the

induction of BMP8B in response to nutritional and
thermogenic factors in mature BAT, acting as a
component of the thermogenic machinery through
enhanced p38MAPK/CREB signalling. In fact, 
Bmp8b-/- mice have impaired thermogenesis and are
susceptible to diet-induced obesity. Moreover, BMP8B is
expressed in key hypothalamic nuclei controlling energy
balance acting together with AMPK. This group
demonstrated that BMP8B increases the peripheral
response of BAT to adrenergic stimulation while acting
centrally to increase sympathetic output to BAT.
Myostatin

Myostatin, another member of the TGF-ß
superfamily, acts as a potent negative regulator of brown
adipogenic differentiation suppressing the expression of
brown -adipocyte-specific genes, including PRDM16,
Ppargc1a and Ucp1 (Kim et al., 2012). 
PRDM16

PRDM16 (PRD1-BF-1-RIZ1 homologous domain-
containing protein 16) is a 140 kDa zinc finger
transcription factor identified as the key molecular
switch determining brown fat development from a
myoblastic progenitor. Seale et al. (2007) identified this
transcription factor together with two others (Zic1 and
Lhx8) greatly enriched in brown as compared to white
fat (expression of Prdm16 mRNA showed a 15-fold
enrichment in BAT cells). PRDM16 controls brown
adipocyte formation by inducing expression of BAT-
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specific genes while suppressing expression of WAT-
specific genes.
Transdifferentiation of BAT

Of special interest is the capability of WAT to
transdifferentiate into BAT. Transdifferentiation consists
of a process whereby a mature differentiated cell
transforms into a new phenotype with a different
morphology and physiology without going through
dedifferentiation (Eberhard and Tosh, 2008). Adipocytes
possess this physiological property. Two diverse types of
brown or brown-like adipose cells, with different
developmental origins can be identified. Classical brown
fat cells, as described previously, are derived from a
Myf5-positive lineage through the action of the
transcriptional regulators PRDM16 and C/EBP (Fig.1).
In addition, under certain conditions such as cold
exposure, prolonged ß-adrenergic receptor activation or
PPARγ agonist treatment UCP-1 positive brown fat-like
cells that emerge within white fat pads are designated
brite (corresponding to the contraction of “brown in
white”) or beige cells (Seale et al., 2008, 2010; Petrovic
et al., 2010; Wu et al., 2012). These beige cells posses
many of the biochemical and morphological
characteristics of classical brown adipocytes, including
multilocular appearance. Lipid deposition in a discrete
subpopulation of multilocular cells morphologically
similar to BAT can be observed in Figure 3. The
multilocular adipocytes stained positive for UCP-1,
demonstrating that brown fat-like adipocytes emerging
in WAT are metabolically active (Fig. 4). Although beige
cells present low basal levels of Ucp1 gene expression,
they respond to cyclic AMP stimulation with high levels

of UCP-1, activating a robust program of respiration and
energy expenditure as do classical brown adipocytes
(Wu et al., 2012). 

The origin of these newly formed brown-like
adipocytes is being discussed. Neither an increase in
adipocyte number nor in DNA content in white fat
depots is observed, suggesting that cell proliferation
mechanisms are not implicated in this process (Cousin et
al., 1996; Manieri et al., 2009; Barbatelli et al., 2010).
Data obtained from independent research groups using
different experimental methods have shown that the
early marker of myogenesis Myf5 is not present in the
lineage of beige cells, concluding that these brown-like
adipocytes in WAT are ontogenically different from
those of the classical interscapular BAT (Atit et al.,
2006; Seale et al., 2008; Petrovic et al., 2010).
Previously, it had been reported that the amounts of
UCP-1 positive cells in the white and classical brown fat
pads are controlled by different genetic loci, strongly
suggesting a distinct regulation of these diverse types of
thermogenic cells (Koza et al., 2000; Xue et al., 2005,
2007).

The brown-like transformation is more frequent in
the inguinal subcutaneous fat pads, whereas the
perigonadal depots are less susceptible to this change in
the phenotype. Browning of WAT in rodents can be
achieved by various factors (some of which have been
already mentioned above); pharmacological activators of
PPARγ (e.g. rosiglitazone), cytokines and hormones
such as FGF21 (Fisher et al., 2012) and irisin (Böstrom
et al., 2012) or by transcriptional modulation through
PRDM16 (Seale et al., 2011), FoxC2 (Cederberg et al.,
2001), Rip140 (Powelka et al., 2006) or 4E-BP1
(Tsukiyama-Kohara et al., 2001), among others. The
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Fig. 3. A. Foci of multilocular adipose tissue, morphologically similar to BAT, can be found in white adipose tissue. B. Detail of the rectangle in (A)
showing multilocular adipocytes, which are smaller and contain abundant lipid droplets, intermingled with bigger unilocular white adipocytes.
Haematoxylin-eosin stain.



rate-limiting enzyme in prostaglandins synthesis
cyclooxygenase-2 (COX-2) as well as the cardiac
natriuretic peptides are also reportedly implicated in the
de novo BAT recruitment in WAT depots (Vegiopoulos et
al., 2010; Bordicchia et al., 2012). Nitric oxide is another
important factor implicated in brown-like
transformation, participating in the recovery of the BAT
phenotype and the improvement of brown fat cell
function, likely involving the transcriptional coactivator
MED1 (Becerril et al., 2010, 2012).

The existence of beige fat cells may provide
flexibility in adaptive thermogenesis, constituting an
evolutionarily conserved cellular mechanism. The group
of Spiegelman observed that the whole systemic
improvement resulting from transgenic overexpression
of muscle Ppargc1a was not only due to the local action
of this transcriptional coactivator (Böstrom et al., 2012).
They suggested the existence of a protein secreted by
muscle that could mediate the beneficial effects on the
whole-body metabolism. In this sense, exercise
increased the expression levels of Ppargc1a in mouse
skeletal muscle, leading to a "brown-like" adipose tissue
programme through the induction of the type I protein
FNCD5. This protein is cleaved and secreted as irisin,
which reaches adipose tissue via the circulation and
changes the genetic profile of WAT after binding to an
unidentified receptor. Of particular interest, irisin
induces the expression of Ucp1 and other BAT-
associated genes through the increase of Ppara
expression, browning WAT and increasing energy
expenditure. Nevertheless, studies in humans are not
evident and FNCD5 has not been positively linked to an
improvement in systemic metabolism, highlighting that
the role of muscle FNCD5 in human metabolism needs
to be further analysed (Pedersen and Febbraio, 2012;
Timmons et al., 2012). 

PRDM16

Structural features

PRDM16, also known as positive regulatory domain
I-binding factor 1 and retinoblastoma-interacting zinc
finger protein-1 [PRDIBF1-RIZ1] belongs to a 17
(human) or 16 (mouse) member family of PR (PRDI-
BF1 and RIZ1homologous) domain containing proteins
(PRDMs). PRDM16 was initially identified at a
chromosomal breakpoint of t(1;3)(p36;q21)-positive
human acute myeloid leukemia cells (Mochizuki et al.,
2000).

As illustrated in Figure 5, PRDM16 is a 140 kDa
zinc-finger protein that contains seven repeats of C2H2
zinc-finger DNA binding domain (ZF1 domain) after the
N-terminus and another similar three zinc-finger domain
(ZF2 domain) at its C-terminus. The first pair of zinc-
coordinating residues are cysteines, and the second pair
are histidines, conferring zinc-dependent DNA- or RNA-
binding properties. The PR region also contains a SET
domain, a conserved region with histone methyl-
transferase activity and a PLDLS motif at position 804-
808 (Nishikata et al., 2003; Kajimura et al., 2008, 2010).
Transcriptional control of brown fat determination by
PRDM16

Molecular mechanisms involved in BAT
differentiation

PRDM16 controls brown fat determination by
stimulating brown fat selective gene expression while
simultaneously suppressing the expression of white
adipocyte- and myogenic-specific genes. This switching
mechanism is due to the ability of PRDM16 to interact
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Fig. 4. A pair of paraffin serial sections showing that the area of multilocular adipose tissue, stained with haematoxylin-eosin in (A), exhibits
immunostaining with an antibody against uncoupling protein-1 (UCP-1) in (B). A. Haematoxylin-eosin stain. B. EnVision method.



with specific transcription factors associated with the
promoters and/or enhancers of the respective target
genes (Frühbeck et al., 2009b). PRDM16 can bind
through ZF1 and ZF2 and co-activate the transcriptional
function of PPARγ, increasing the activity of PGC-1α y
PGC-1ß. Indeed, PRDM16 activates the selective brown
adipocyte gene programme (e.g. Elovl3, Cidea and
Ucp1, among others) by binding to and stimulating
PGC-1α and PGC-1ß (Seale et al., 2008). In this line,
PRDM16 promotes adipogenesis by binding and
activating the master regulator of adipogenic
differentiation PPARγ. On the other hand, PRDM16
directly interacts with the corepressor proteins CtBP1
and CtBP2 through the PLDLS motif. This recruitment
is supposed to specifically mediate the suppressive
effects of PRDM16 on white fat- and myogenic-selective
gene expression (e.g. resistin, angiotensinogen, myoD,
myogenin, among others) (Kajimura et al., 2008) (Fig.
6). It has been recently discovered that the myogenic
regulator MyoD, together with the growth factor Igf2, act
simultaneously, but through independent pathways, to
repress PRDM16 (Borensztein et al., 2012). The binding
of PGC-1s or CtBPs to PRDM16 is mutually exclusive,
and the involvement of other transcriptional factors
cannot be completely ruled out. Although PRDM16, via

the zinc-fingers, directly binds to a specific DNA
sequence, abrogation of DNA binding by inserting a
point mutation in ZF2 does not modify the capacity of
PRDM16 to induce the brown fat phenotype. This
observation suggests that PRDM16 action is principally
mediated by protein-protein interactions, rather than by
direct DNA binding (Seale et al., 2009).

Recently, different studies have identified
microRNAs (miRNAs) as being implicated in BAT
determination and function. Sun et al. (2011) have
identified a brown-fat-enriched miRNA cluster, miR-
193b-365, as a key regulator of brown fat development.
Ectopic expression of miR193b in C2C12 myoblasts
represses the expression of the myogenic markers Pax3
and MyoD, upregulating the expression of the brown-fat-
selective markers Ucp1, Cidea or Prdm16. Moreover, it
is also described that the miR-193b-365 cluster is
upregulated by Prdm16 partially through Ppara, creating
a feedforward loop that ensures differentiation of brown
adipocytes from bipotential brown adipocyte/myocyte
progenitors. It has been reported as well that both
miR193b and miR365 probably regulate other factors in
addition to Prdm16 to control brown fat adipogenesis,
acting as essential regulators of brown fat differentiation.
Furthermore, the muscle-enriched miR-133 directly
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Fig. 5. Structure of PRDM16 and key
functional domains. Following the N-
terminal PR domain, PRDM16 has a
zinc finger DNA-binding domain, a
proline-rich domain, a repressor
domain, a second zinc finger DNA-
binding domain, and a C-terminal
acidic domain. The two sets of zinc-
finger DNA binding domains
correspond to the classical C2H2-
type. These two regions, called ZF1
and ZF2, have been identif ied to
interact with canonical transcription
factors such as PPARγ, whereas the
correpresors CtBPs are associated to
PRDM16 though the PLDLS motif. 

Fig. 6. Brown fat cell determination by
PRDM16. The coregulatory protein PRDM16
functions as a bidirectional switch controlling
brown fat development by inducing the
expression of select brown adipocyte genes
and simultaneously repressing the expression
of white adipocyte- and myogenic-selective
genes. The corepresor proteins CtBP1 and
CtBP2 directly bind to PRDM16 through the
PLDLS motif, suppressing white fat-selective
gene expression. Moreover, PRDM16 directly
binds to PPARγ through ZF1 and ZF2,
thereby activating its transcriptional function,
increasing the transcriptional activities of
PGC-1α and PGC-1ß. The coactivation drives
a brown fat differentiation program. 



interacts with target sites in the Prdm16 transcripts,
decreasing its expression. Adrenergic stimulation leads
to a marked downregulation of miR-133, resulting in a
de-repression of Prdm16 increasing brown adipocyte
differentiation (Trajkovski et al., 2012).

PRDM16 expression induces mitochondrial
biogenesis 

BAT contains high amounts of densely packed
mitochondria required to dissipate the energy as heat, so
it is plausible that the BAT differentiation process is
associated with mitochondrial biogenesis. As described
previously, PRDM16 activates BAT-selective genes,
including genes responsible for mitochondrial biogenesis
and oxidative metabolism at least in part by increasing
the transcriptional activity of PGC-1α and PGC-1ß.
Seale et al. (2007) generated cells lacking the Pparg
gene and induced them to differentiate into adipocytes
by retroviral introduction of PPARγ in presence or
absence of PRDM16. The studies revealed an intense
elevation of mitochondrial density in differentiated
adipocytes upon PRDM16 expression compared to cells
expressing PPARγ only. Moreover, silencing of
PRDM16 expression during brown fat cell
differentiation blunts mitochondrial biogenesis and
expression of BAT-selective genes. In summary,
expression of PRDM16 affects mitochondrial DNA
replication, gene expression and biogenesis during fat
cell differentiation (Murholm et al., 2009).
Thermogenic activity

Initially, it was observed that when mice were
exposed to cold temperatures (4°C for 4 h), there was no
change in Prdm16 mRNA expression. This suggested
that Prdm16 expression was connected to differentiation
of preadipocytes into BAT cells, but not to adaptive
thermogenesis (Seale et al., 2007).

The transcriptional coactivator PGC-1α, highly
expressed in BAT, activates the thermogenic gene
program through the control of the gene expression
levels of Ucp1 and Ppargc1a itself (Puigserver et al.,
1998; Gómez-Ambrosi et al., 2001). PGC-1α has been
recently identified as a direct target of PPARα
transcriptional regulation in BAT. It has also been
observed that PPARα directly interacts with PRDM16,
suggesting that by interacting with PPARα, PRDM16
regulates the expression of thermogenic genes through
induction of the Ppargc1a gene (Hondares et al., 2011).
Knockdown and transgenic expression of PRDM16

The determining role of PRDM16 in the brown fat
phenotype has been investigated using short interfering
RNA (siRNA) technology to specifically knock down
PRDM16 in the brown fat cell lineage (Seale et al.,
2007). PRDM16 knockdown of cultured brown fat

preadipocytes resulted in a broad loss of brown fat gene
expression, including Ucp1, Ppargc1a, Cidea or Ppara.
The expression of a broad set of mitochondrial genes
important to brown fat function was also significantly
reduced. On the contrary, some white fat-selective genes
such as resistin were increased. Despite siRNA-mediated
depletion of PRDM16 causing a near total ablation in the
differentiation into brown fat cells, chronic loss of
PRDM16 in mice caused a significant but more modest
reduction in brown fat cell characteristics and promoted
overt skeletal muscle differentiation. It is suggested that
one or more of the other 15 PR-domain containing
family members could partially compensate for the loss
of PRDM16 from BAT in vivo (Seale et al., 2007).

Transgenic overexpression of PRDM16, driven by
the aP2 promoter in white fat cells, increased the
expression of a broad set of BAT-selective genes,
including activation of thermogenic and/or
mitochondrial BAT-selective genes in white fat depots
(Kajimura et al., 2008; Seale et al., 2011). Moreover, it
resulted in the emergence of multilocular BAT-type cells
that stained intensely for the UCP-1 protein within the
WAT. In summary, PRDM16 activates a broad program
of brown fat differentiation when expressed in cultured
white fat preadipocytes or in white fat depots in vivo.
Transdifferentiation of WAT. Role of PRDM16

PRDM16, besides acting as the master regulator in
the bifurcation between the myocyte and the brown
adipocyte fates, has been recently considered to be
involved in the development of brite cells in
subcutaneous fat pads induced by PPARγ agonists
(Walden et al., 2011). In fact, Prdm16 is highly
expressed in subcutaneous WAT (scWAT) relative to its
levels in epididymal and retroperitoneal fat pads in mice.
A full agonism of PPARγ is required to activate the
thermogenic brown-fat gene program in scWAT. The
activation requires the expression of Prdm16, since
depletion of this transcriptional factor blunts the effects
of the PPARγ agonist on the induced brown fat gene
program. Furthermore, PPARγ agonists promote the
development of beige adipocytes through the
stabilization of the PRDM16 protein (Ohno et al., 2012).

The transcription factor T-box 15 (TBX15) is
expressed predominantly in BAT, being capable of
giving rise to brite adipocytes. Tbx15 knockout mice
reportedly reduce the expression of Prdm16 and other
phenotypic marker genes such as Ppargc1a, Cox8b or
Ucp1. Tbx15 knockdown also impairs adipogenesis in
primary brown and brite adipocytes and mitochondrial
biogenesis, concluding that this transcription factor
seems to be essential for the enhancement of the brown
phenotype in both brown and brite adipocytes (Gburcik
et al., 2012).

Another factor involved in adipocyte
transdifferentiation is the vascular endothelial growth
factor VEGF-A. Repression of this growth factor
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programmed brown-like adipocyte differentiation in
WAT through stimulation of BAT-specific transcription
factors, including PPARγ, C/EBPß or PRDM16 (Lu et
al., 2012). The tumor suppressor PTEN also participates
in brown adipocyte function due to its ability to improve
the generation of subcutaneous BAT implants from
PRDM16/C/EBPß-programmed fibroblasts (Ortega-
Molina et al., 2012).

Transgenic expression of Prdm16 in scWAT
stimulates as well the development of brown-like
adipocytes. Moreover, depletion of Prdm16 in isolated
subcutaneous adipocytes provokes a decrease in the
expression of thermogenic genes and a reduction of the
brown-fat phenotype, concluding that PRDM16
determines the brown-fat-like and thermogenic gene
program in scWAT of mice (Seale et al., 2011). In
summary, PRDM16 can turn on a full set of BAT-
selective genes when expressed in WAT precursors in
culture or in vivo, while turning off the expression of
several white fat-enriched genes.

The presence and relevance of beige fat cells in
humans remains largely unknown. Sharp et al. (2012)
studied the molecular signatures of human BAT isolated
from different adipose depots and unexpectedly
observed an undetectable expression of brown fat-
selective genes but an abundance of beige selective ones.
Moreover, PRDM16 expression correlated with beige
fat-selective genes but not with that of brown fat,
indicating that PRDM16 may be an important factor for
the formation of human beige adipocytes. The relevance
of PRDM16 and beige fat cells in the development of
human obesity remains to be elucidated.
Role of PRDM16 in the potential therapeutic use of
BAT for treating obesity

The differentiation program of both classical brown
and beige adipocytes is complex and coordinated by
multiple factors, representing potential sites for
pharmacological manipulation. The potential role of
PRDM16 in human energy balance has not been fully
established. The master brown adipocyte differentiation
factor PRDM16 acts as a dominant regulator of brown
fat cell determination controlling the development of
adipocytes, as well as the acquisition of the thermogenic
function and phenotype of BAT. However, it is unknown
whether this factor or related pathways can be exploited
as new therapeutic alternatives for the treatment of
obesity and linked metabolic diseases (Frühbeck et al.,
2009a; Tseng et al., 2010; Whittle et al., 2011).
Clarification of the functional relevance of brown
adipocyte differentiation, the molecular determinants
that enhance the brown fat cell commitment programme,
as well as PRDM16 protein stability, might facilitate the
design of PRDM16-modulating agents for effective
therapeutic manipulation (Frühbeck et al., 2009b).
Nevertheless, this strategy requires further
characterization of the binding sites of PRDM16, the

implication of the protein-protein interactions as well as
the intrinsic activity of the PR-domain or its post-
transcriptional regulation.
Concluding remarks and future perspectives

With the rising prevalence of obesity, attention has
been focused on the control of the signalling underlying
white and brown adipocyte differentiation. The
confirmation of the existence and functionality of BAT
in adult humans, and the evidence of its anti-obesity
functions in rodents (Hansen and Kristiansen, 2006) has
caused great interest in the development and function of
brown adipocytes. The increase in BAT activity as well
as the activation of conversion of white adipocytes into
brown fat cells provides an attractive approach to the
treatment of obesity and related metabolic
complications. Changes in BAT activity affect not only
body temperature, but also obesity and glucose
homeostasis. In fact, subcutaneous transplants of
embryonic BAT improve diabetes in mice with impaired
glucose tolerance by inducing a significant loss of WAT,
resulting in normalized glucose tolerance, reduced tissue
inflammation and reversal of clinical diabetes markers
such as polyphagia or polyuria (Gómez-Hernández et al.,
2012). To unravel the therapeutic potential of activating
brown fat-mediated thermogenesis in humans more
studies are clearly needed.

Besides classical brown adipocytes, thermogenic
brown-like adipocytes (beige adipocytes) appear within
WAT depots, sharing many of the morphological and
functional features of brown adipocytes while
originating from a different source. The existence of
beige fat cells may provide flexibility in adaptive
thermogenesis constituting an evolutionarily conserved
cellular mechanism. In humans, the conversion of white
adipocytes into beige cells could be a strategy to
increase energy consumption. From a therapeutical point
of view, the potential of inducing BAT or
transdifferentiation of WAT into beige cells in adults by
enhancing PRDM16 expression would be an exciting
new approach for the treatment or prevention of obesity.
Gene silencing and microRNA tools will be further
developed in the years to come and may provide new
therapeutic avenues. In conclusion, defining the cues
that promote brown fat induction, transdifferentiation
and activation of the energy expenditure program will
yield novel drug targets for the treatment or prevention
of obesity and its comorbidities.
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