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Abstract

Brown adipose tissue (BAT) is specialized to dissipate chemical energy in the form of heat as a
defense against cold and excessive feeding. Interest in the field of BAT biology has exploded in
the past few years because of the therapeutic potential of BAT to counteract obesity and obesity-
related diseases, including insulin resistance. Much progress has been made, particularly in the
areas of BAT physiology in adult humans, developmental lineages of brown adipose cell fate, and
hormonal control of BAT thermogenesis. As we enter into a new era of brown fat biology, the
next challenge will be to develop strategies for activating BAT thermogenesis in adult humans to
increase whole-body energy expenditure. This article reviews the recent major advances in this
field and discusses emerging questions.
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INTRODUCTION

Brown adipose tissue (BAT) evolved to generate heat and to protect animals from
hypothermia in mammals. This process, termed nonshivering thermogenesis, is particularly
important during hibernation and for small animals and infants who have greater demands
on thermogenesis due to a large surface-to-volume ratio. Recent advances in brown fat
biology suggest that BAT plays a pivotal role in controlling energy homeostasis and thus
may offer new therapeutics with which to treat human obesity.

Obesity develops when food intake chronically exceeds total energy expenditure (1). All
antiobesity medications currently approved by the FDA act to repress energy intake, either
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by suppressing appetite or by inhibiting intestinal fat absorption (e.g., Orlistat). However,
given that these drugs often elicit serious side effects, including depression, oily bowel
movements, and steatorrhea, alternative strategies for treating obesity are needed. Because
BAT has a remarkable capacity to dissipate energy and produce heat via brown fat—specific
uncoupling protein 1 (UCP1) in mitochondria, targeting BAT-mediated thermogenesis may
offer a viable alternative approach to increase energy expenditure.

Over the past few years, several major advancements have been made in the field of brown
fat biology. First, clinical observations in oncology using 18fluoro-labeled 2-deoxyglucose
positron emission tomography (}¥FDG-PET) scanning in combination with computed
tomography (CT) led to the unexpected discoveries that distinct and active BAT deposits
exist in adult humans. The amount of BAT correlates inversely with body mass index (BMI)
and adiposity, raising the possibility that variations in the amount or thermogenic function of
BAT may contribute to the propensity for weight gain (2-7). These findings also suggest
strongly that molecular pathways controlling BAT thermogenesis are evolutionarily
conserved in mammals. Second, studies in rodent models have led to a better understanding
of developmental lineages in brown adipocytes. The current evidence indicates that rodents
and humans possess two types of UCP1-positive thermogenic adipocytes arising from
developmentally distinct lineages: (a) classical brown adipocytes and (b) so-called beige or
brite cells that reside sporadically within white adipose tissue (WAT). Third, deconvoluting
the developmental pathways of brown fat has resulted in the definition of several key
transcriptional regulators and signaling molecules. Researchers have been able to manipulate
these factors to generate new brown adipocytes in vivo. Lastly, in addition to the primary
control of BAT thermogenesis by the sympathetic nervous system, cross talk between BAT
and other peripheral tissues, such as skeletal muscle, liver, and immune cells, is now
recognized and suggests that secondary BAT-mediated physiological networks also control
systemic energy homeostasis and glucose homeostasis.

As we enter into a new and exciting era in brown fat biology, the next challenge will
certainly be aimed at activating BAT thermogenesis in adult humans to increase whole-body
energy expenditure. Meanwhile, much will be learned from efforts focused on elucidating
the fundamental mechanisms underlying brown fat development and function. Identifying
specific and independent regulatory circuits in addition to known pathways such as the p-
adrenoceptor (B-AR) signaling pathway that control BAT development and function would
enable us to synergistically increase energy expenditure. Although other review articles have
discussed BAT thermogenesis (8—14), this review adds to these by focusing on exciting new
advances in this field and by outlining new challenges and emerging questions for the field.

UCP1-MEDIATED ADAPTIVE THERMOGENESIS IN BAT

Structural Insights into UCP1-Dependent BAT Thermogenesis

Despite high mitochondria content and high cellular respiration rates, brown adipocytes
have a remarkably low capacity for ATP synthesis. Most cells lack UCPs and produce ATP
through ATP synthase, utilizing the proton gradient across the mitochondrial inner
membrane. In contrast, brown adipocytes express substantially low levels of ATP synthase
(15) and instead utilize UCP1, which diminishes the proton gradient by uncoupling cellular
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respiration and mitochondrial ATP synthesis, to stimulate thermogenesis. Although other
UCP members, including UCP2 and UCP3, share structural homology with UCP1, they do
not contribute to adaptive thermogenesis in vivo (16). Hence, UCP1 is considered to be the
sole thermogenin responsible for adaptive nonshivering thermogenesis.

UCPL1 expression levels do not necessarily reflect its thermogenic activity in brown
adipocytes. In the resting state, UCP1’s activity is constitutively repressed by purine di- and
triphosphate nucleotides. Purine nucleotides, primarily ATP, bind on the cytosolic side of
UCP1 and prevent proton transport (17). Free fatty acids (FFAS), in contrast, are well-
known activators of UCP1 activity. The Kirichok group recently employed whole-cell
patch-clamp techniques and found that UCP1 is a fatty acid anion/H* symporter (18). This
group found that, although UCP1 has no constitutive activity due to ATP inhibition, long-
chain fatty acids (LCFAS) bind to the cytoplasmic side of UCP1 and override inhibition of
UCP1 activity by purine nucleotides. As illustrated in Figure 1a, one LCFA molecule binds
directly to the UCP1 protein, serving as a UCP1 substrate to transport one H* per transport
cycle. Intriguingly, the transported FFA anion requires a long, hydrophobic tail, as the
affinity of the alkyl anion for the substrate-binding site of UCP1 dramatically decreases as
the tail length decreases. Although LCFA anions compete with ATP for binding to UCP1,
LCFA and ATP are unlikely to competitively bind the same exact surface of UCP1 due to
their drastically different structures. Although structural models, such as the allosteric
change model (8), have been proposed to account for the stimulatory effects of LCFAS on
UCP1 in brown fat mitochondria and for their quick reversal of ATP’s inhibitory effects on
UCP1, further studies including crystal structure analyses are needed to define the precise
mechanisms underlying this phenomenon.

FFA-mediated control of UCP1 activity makes perfect sense from a physiological
standpoint, as FFAs are end products of cold stimuli or excess food intake. In response to
these two physiological stimuli, norepinephrine release by sympathetic nerves acts on
adrenergic receptors (primarily the $3-adrenoceptor) in BAT and activates adenylyl cyclase
to increase intracellular cAMP levels, which then triggers activation of cAMP-dependent
protein kinase (PKA). In turn, PKA phosphorylates hormone-sensitive lipase and lipid
droplet-binding proteins such as perilipins, leading to the hydrolysis of triglycerides in BAT
lipid droplets (Figure 1b). FFAS are either generated by cAMP-induced lipolysis or taken up
from the circulation and subsequently utilized as substrates of 3-oxidation in brown
adipocytes and as UCP1 substrates for H* transport. To activate UCP1, as measured by
UCP1-dependent current, FFA levels must exceed ATP by nearly 100-fold, as shown by
Fedorenko et al. (18), implying that UCP1 activity is suppressed under normal physiological
states.

Although transgenic expression of UCP1 keeps brown fat mitochondria in an active
uncoupled state in vivo, excessive UCP1 expression can be cytotoxic to adipocytes and
causes atrophy of BAT (19). Indeed, efforts in the 1930s to use ubiquitous chemical
uncouplers such as 2,4-dinitrophenol as antiobesity drugs were not successful (20). With
these newer data, future efforts to unravel the structural determinants by which UCP1
activity is controlled by ATP, FFAs, and other metabolites may provide strategies for
developing a new class of antiobesity drugs.
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Metabolic Significance of UCP1: Temperature Matters

More than 30 years ago, investigators suggested that BAT plays a pivotal role not only in
cold-induced adaptive thermogenesis but also in diet-induced thermogenesis in which
energy expenditure increases in response to certain diets to presumably protect animals from
obesity (21). Later studies using genetic mouse models clearly demonstrated that defects in
BAT thermogenesis lead to obesity. The first genetic evidence supporting a causal
relationship between defects in BAT function and the development of obesity came from a
study showing that transgenic mice expressing diphtheria toxin driven by the UCP1 gene
promoter display obesity and insulin resistance without hyperphagia (22). Moreover, UCP1-
null mice exhibit an obese phenotype when kept in thermoneutral conditions (23). Initially,
UCP1-null mice were not reported to be obese but did exhibit impaired tolerance to cold
temperature when housed in ambient temperatures (20-24°C) (24, 25). Later, the Cannon &
Nedergaard group (23) found that shivering thermogenesis is activated in skeletal muscle of
UCP1-null mice under ambient temperature; this group concluded that UCP1-null mice
consume substantial amounts of energy to maintain their body temperature by shivering
thermogenesis. As such, an obese phenotype due to the lack of UCP1-dependent, diet-
induced thermogenesis is revealed only in UCP1-null mice at thermoneutrality (29-30°C) or
at temperatures that do not require muscle shivering. This result validated the importance of
BAT thermogenesis in preventing obesity and underscored the importance of cage
temperature when metabolic phenotypes in rodent models are assessed.

What are the proper experiments needed to fairly assess BAT thermogenesis and to avoid
confounding variables that might lead to paradoxical metabolic outcomes in animal models?
On the basis of numerous studies in the field, other factors need to be considered, namely,
metabolic changes in nonshivering thermogenesis and in shivering thermogenesis and the
animal’s insulation (e.qg., skin, fur, or body surface-to-volume ratio). A thorough assessment
should include (a) metabolic analyses of animals at thermoneutrality (29-30°C for mice) to
measure basal metabolic rates; (b) analyses of changes in whole-body oxygen consumption
rate in response to norepinephrine or a 33-adrenoceptor agonist (e.g., CL316243), preferably
at thermoneutrality; and (c) parallel testing of experimental conditions or compounds in
UCP1-null mice. With regard to human studies, similar temperature-dependent control of
BAT thermogenesis can clearly be observed in adult humans (2, 4-6). Indeed, PET scanning
of healthy adult humans detects active BAT depots, often only after cold exposure. Given
that humans normally now live at thermoneutrality, the lack of PET positivity does not
necessarily imply a lack of BAT deposits.

Potential Caveats in UCP1 Studies

Numerous studies using animal models have attempted to attribute an alteration in energy
expenditure to underlying changes in UCP1 transcript levels in adipose tissue (BAT and
WAT). Although UCP1 is certainly a major determinant of BAT thermogenic activity, this
approach is oversimplified because BAT thermogenesis is also affected by a host of other
factors, including defects in oxidative phosphorylation, fatty acid uptake and metabolism,
and mitochondrial biogenesis. Importantly, UCP1 mRNA levels do not always reflect the
protein levels and activity of UCP1 (26). For example, UCP1 transcripts are highly inducible
following treatment with CAMP (2—4 h) or peroxisome proliferator—activated receptor y
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(PPARY) ligands; these high levels quickly return to basal levels when stimuli are removed.
In contrast, these same two stimuli induce a slow but sustainable increase in UCP1 protein
levels that persists for several days. The half-life of UCP1 mRNA is approximately 2.7 h,
whereas that of the UCP1 protein is estimated to be 5-7 days in vivo (27, 28). Hence, the
biological relevance of changing UCP1 transcript levels in BAT function should be
evaluated with other parameters such as respiratory capacity, uncoupling capacity, and heat
generation.

DEVELOPMENTAL LINEAGES OF THERMOGENIC ADIPOCYTES

The Two Types of Thermogenic Adipocytes Have Distinct Developmental Origins

The current evidence indicates that two types of UCP1-positive thermogenic adipocytes,
classical brown adipocytes and beige/brite cells, arise from distinct developmental lineages.
Classical brown adipocytes are found mainly in interscapular and perirenal BAT deposits
and develop during the prenatal stages (Figure 2a). Genetic fate-mapping experiments
indicate that brown adipocytes in the interscapular region and skeletal muscle arise from
cells that express Myf5, a gene previously assumed to be present almost exclusively in
committed skeletal muscle precursors (29). Engrailed-1 (Enl)-expressing cells in the central
dermomyotome give rise to BAT, skeletal muscle, and dermis (30). These findings were
further explored in a lineage-tracing study in which embryonic myoblasts were traced by
using a myogenic marker gene, Pax7, in a time-inducible manner (31). On the basis of this
study, the divergence of myoblasts and BAT progenitors occurs between embryonic days
9.5 and 11.5 in mice. Interestingly, the transcriptional profile of brown but not white
adipocyte precursors resembles that of skeletal muscle cells (32). Similarly, the
mitochondrial proteomic signature of BAT is highly related to that of skeletal muscle, but
not to that of WAT (33).

As we discuss below, several key transcriptional regulators control the brown adipose—
versus—skeletal muscle cell fate switch. Depletion or genetic ablation of such regulators,
including PRDM16 (PRD1-BF-1-R1Z1 homologous domain—containing protein 16) and C/
EBPB (CCAAT/enhancer-binding protein-g), disrupt the determination of cell fate between
brown adipocytes and myocytes from a common cellular precursor compartment. Indeed,
presumptive brown adipocytes lacking PRDM16 or C/EBPJ display a muscle-like
phenotype with elevated expression of skeletal muscle—selective markers such as Myogenin
and Mhc (29, 34). In contrast, myogenin-deficient mice completely lack differentiated
skeletal muscle but have an expanded BAT depot in the interscapular region (35). Together,
these findings are consistent with the hypothesis that embryonic brown adipocytes share a
direct common upstream precursor with skeletal muscle cells.

Beige/brite cells, the second type of UCP1-positive thermogenic adipocytes, are found
sporadically in the subcutaneous WAT of adult animals that have been exposed to chronic
cold, B-adrenergic agonists, PPARY agonists, or endurance exercise (Figure 2b). This subset
of inducible thermogenic adipocytes possesses many biochemical and morphological
characteristics of classical brown adipocytes, including the presence of multilocular lipid
droplets, enriched mitochondria, and UCP1 expression (11). However, these inducible
thermogenic adipocytes arise from a Myf5-negative cell lineage and therefore have origins
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distinct from those of classical brown adipocytes. A recent study showed that Pdgfra-
positive progenitors in abdominal WAT give rise to UCP1-positive adipocytes in response
to a p3-adrenoceptor agonist in vivo (36). Approximately 62% of adipocytes in inguinal
WAT also arise from Myf5-positive cells (37), indicating high heterogeneity of adipogenic
precursors in subcutaneous WAT. Because of such high heterogeneity, taking a random
sampling in subcutaneous WAT (often of inguinal WAT) rather than harvesting the entire
WAT could easily create large individual variations in the numbers of beige/brite cells.

Spiegelman’s group (38) recently isolated clonal populations of beige cells by
immortalization of stromal vascular (SV) fractions from mouse subcutaneous WAT. The
molecular signature of these beige cells is quite distinct from that of white adipocytes,
suggesting that a defined set of WAT precursors gives rise to beige cells in response to cold.
However, nearly all adipocytes within subcutaneous WAT can become UCP1-positive cells
when mice are exposed to cold or treated with a f3-adrenoceptor agonist for a prolonged
period (11). Furthermore, all preadipocytes isolated from the SV fraction of subcutaneous
WAT express brown/beige cell markers, including UCP1, when cells, even at the
postmitotic stages, are chronically treated with synthetic PPARy agonists (39). Hence,
cellular plasticity between white and beige adipocytes may exist at the precursor stage
(Figure 2b).

The two types of thermogenic adipocytes are also distinct at gene expression levels.
Although beige/brite cells and classical brown adipocytes share a number of BAT-specific
or enriched genes, such as Ucpl, Pgcla, Cidea, and Prdm16, these cell types also express
unique markers that presumably reflect their developmental origins (38—43). For example,
beige cells do not express myocyte-enriched genes such as Zicl, Lhx8, and Epstl1 but
express beige-enriched genes such as Cited1, Tmem26, CD137, and Thx1. Importantly,
human BAT isolated from multiple body locations, including the supraclavicular and
retroperitoneal regions, abundantly express markers of beige cells, indicating that these
subpopulations of human BAT are molecularly similar to beige cells (38, 43). Recently,
other researchers have found that the molecular signature of human BAT obtained from the
interscapular region in infants or from the neck region in adults resembles that of classical
brown adipocytes (44-46). Taken together, these findings indicate that humans also possess
both beige/brite cells and classical brown adipocytes.

Cellular Plasticity of Brown Versus White Adipocytes: Does Transdifferentiation Occur?

Transdifferentiation is a process in which differentiated somatic cells transform into another
cell type without undergoing a precursor cell stage or an intermediate pluripotent state. This
cellular process is different from cell reprogramming, which involves the generation of
embryonic stem cells or cells in a multipotent or a pluripotent state (47). Several papers
indicate that transdifferentiation from mature white adipocytes into brown adipocytes may
occur in response to chronic cold exposure. When mice are chronically exposed to a cold
environment, UCP1-positive adipocytes at an intermediate state of white and brown fat
(termed paucilocular adipocytes) are observed in WAT. These cells also contain mixed
populations of mitochondria with classic brown fat and white fat mitochondria, suggesting
intermediate steps in the process of transdifferentiation of mature white adipocytes into
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brown adipocytes (48). Another line of studies supporting white-to-brown-fat
transdifferentiation is that newly formed beige/brite cells in subcutaneous WAT following
adrenergic stimulation are mostly negative for BrdU or Ki67, suggesting that the formation
of beige/brite cells does not require a mitotic proliferation of precursors (36, 49, 50).
Furthermore, a recent lineage-tracing study showed that cold-induced beige/brite cells are
converted into unilocular white adipocytes after 5 weeks of warm adaptation (51). These
phenomena could also be explained by dedifferentiation of mature white adipocytes into
bipotent or multipotent precursors with subsequent differentiation into beige/brite cells. In
the future, single-cell resolution and live imaging should help to distinguish whether the
transdifferentiation model or the dedifferentiation model is correct.

Physiological Roles of Brown Adipocytes Versus Beige/Brite Cells in Energy Metabolism

Among the major current research areas in beige/brite cells are defining their biological
significance in energy homeostasis and testing their potential as targets for antiobesity
therapies. Because the total amount of UCP1 protein found in beige/brite cells per animal is
low, approximately 10% of those found in classical brown adipocytes, the relative
contribution of beige/brite cells to overall UCP1-dependent thermogenic capacity may be
marginal (26). However, three lines of evidence indicate that beige/brite cells significantly
contribute to whole-body energy expenditure and propensity for weight gain, at least in
rodents.

First, Kozak’s group (52-56) found a strong association between so-called browning
propensity in WAT and susceptibility to diet-induced obesity. By generating recombinant
inbred strains from A/J mice and C57BL/6J mice, this group found that mouse strains with a
high propensity for browning (i.e., beige/brite cell formation) in retroperitoneal WAT by 3-
adrenoceptor agonists are more resistant to diet-induced obesity. Importantly, UCP1 levels
in interscapular BAT are indistinguishable among these strains. Furthermore, quantitative-
trait-locus analyses of these strains identified several gene loci associated with Ucpl
transcription levels in WAT, but not in BAT, suggesting that there are discrete regulatory
mechanisms by which to control the Ucpl gene between WAT and BAT (55).

Second, several mouse models with an increased number of beige/brite cells in WAT are
protected from diet-induced obesity (57-59). For example, transgenic expression of
PRDM16 driven by the fat-specific Fabp4 gene promoter stimulates beige/brite formation in
subcutaneous WAT without substantially changing UCP1 levels in classical BAT. Fabp4-
PRDM16 transgenic mice also displayed increased energy expenditure, limited weight gain,
and improved glucose tolerance under a high-fat diet, albeit with the caveat that ectopic
expression of the transgene in nonfat tissues, such as macrophages, may partially contribute
to these observed changes (58). Similarly, inhibition of retinaldehyde dehydrogenase (Aldh),
which encodes a limiting enzyme that converts retinaldehyde to retinoic acid, preferentially
induced beige/brite cell development in WAT without affecting UCP1 expression in
classical BAT. Administration of Aldhlal antisense oligonucleotides in obese mice induced
browning of white fat and limited diet-induced obesity (59).

Lastly, induction of beige/brite cells contributes to nonshivering adaptive thermogenesis in
the absence of classical brown adipocytes (60). Myf5-derived cell-specific ablation of the
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type 1A bone morphogenetic protein receptor (BmprlA) causes a severe loss of classical
brown adipocytes, which in turn activates beige/brite cell formation in WAT due to
increased sympathetic input. Interestingly, these conditional Bmpr1A knockout mice
exhibited thermogenic defects under short-time cold exposure (48 h) but maintained body
temperature after prolonged cold exposure (11 days), indicating that beige/brite cells can
compensate for the loss of classical brown adipocytes. Although no Cre lines currently exist
for specifically targeting beige/brite cells, additional loss-of-function studies aimed at
depleting beige/brite cells should help distinguish the unique in vivo functions of beige/brite
cells from those of brown adipocytes.

CONTROL OF THERMOGENIC ADIPOCYTE DEVELOPMENT AND
FUNCTION

Transcriptional Regulators of Brown and Beige/Brite Cell Development

Transcriptional cascades that control the process of adipocyte differentiation are well
conserved between brown and white adipocytes. PPARy and the C/EBPs are the major
transcription factors that control adipocyte differentiation (61). Indeed, genetic ablation of
PPARYy completely disrupts adipocyte differentiation in both white fat and brown fat. C/
EBPa is required only for the formation of white fat, but not for brown fat, suggesting a
possible role for other C/EBP family members in brown fat development. C/EBPJ is more
highly expressed in brown adipocytes than in white adipocytes and plays an important role
in regulating the thermogenic gene program in brown adipocytes (34, 62, 63). C/EBPf and -
8, as well as other transcription factors, also participate in the transcriptional cascade of
adipogenesis by regulating PPARY gene expression (64). Intriguingly, brown adipocyte
differentiation requires PPARY, but ectopic expression of PPARY in fibroblasts or
mesenchymal cells induces only white adipocyte differentiation, indicating that additional
factors are required to induce brown adipocyte differentiation (12). A number of positive or
negative transcriptional regulators of brown adipocyte and beige/brite cell development
were recently identified; these regulators are summarized below.

PGC-1a and its modulators—PPARYy coactivator-1a (PGC-1a) was originally
identified from brown fat cells as a cold-inducible transcriptional coactivator of PPARYy (65).
PGC-1a is a critical regulator of mitochondrial biogenesis and oxidative metabolism in
many cell types, including brown fat and skeletal muscle. Ectopic expression of PGC-1a in
white adipocytes induces the expression of mitochondrial genes and thermogenic genes (65,
66). Consistent with the results, deletion of PGC-1a reduces the capacity for cold-induced
thermogenesis (CIT) in vivo and the response to CAMP signaling in cultured brown fat cells
(67, 68). However, loss of PGC-1a does not affect brown adipocyte differentiation (67-69),
indicating that PGC-1a is dispensable for brown adipose cell fate determination.

Several transcriptional regulators control brown fat development and thermogenic function
by modulating either gene expression or activity of PGC-1a. For example, RIP140 is a
corepressor of many nuclear receptors and coregulators, including PGC-1a (70). Loss of
RIP140 induces the formation of beige/brite cells in WAT (71). Similarly, SRC2/TIF2/
GRIP1, a member of the steroid receptor coactivator (SRC) family, represses PGC-1a
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transcriptional activity. SRC2 deletion leads to increases in adaptive thermogenesis and
energy expenditure in vivo (72). Retinoblastoma (Rb) protein and p107, another member of
the Rb pocket protein family, also negatively regulate PGC-1a gene expression. Adipocytes
derived from Rb-deficient fibroblasts have high mitochondrial content and elevated
expression of UCP1, PGC-1a, and mitochondrial genes (73). In addition, Rb deletion results
in the expansion of interscapular BAT in vivo (74). p107-deficient mice also exhibit
increased amounts of beige/brite cells in WAT with high UCP1 and PGC-1a expression
(75). Lastly, twist-1 is a negative regulator of PGC-1a function in brown fat. Indeed,
heterozygous twist-1*/~ mice exhibit an induction of brown fat-selective genes, whereas
transgenic mice overexpressing twist-1 repress these genes in a PGC-1a-dependent fashion
(76).

PRDM16—PRDM16 is a 140-kDa zinc-finger protein that is highly expressed in BAT (77).
Ectopic expression of PRDM16 in white fat precursors or in myoblasts induces a brown fat
gene program, including mitochondrial biogenesis, increased cellular respiration, and
expression of brown fat—selective genes. Mechanistically, PRDM16 increases the
transcriptional activities of PGC-1a, PPARY, and C/EBPs through direct interactions. In
addition, PRDM16 forms a transcriptional repressor complex with C-terminal binding
proteins and represses white fat—selective gene expression (78). These results suggest that
PRDM16 is a coregulatory protein that functions as a bidirectional molecular switch in
brown fat development through multiple protein-protein interactions. Ectopic expression of
PRDM16 and C/EBPp is sufficient to convert nonadipogenic fibroblasts, including skin
fibroblasts from mice and humans, to fully functional brown fat in vivo (34).
Transplantation of fibroblasts expressing these two factors into mice gives rise to an ectopic
fat pad that displays the morphological and biochemical characteristics of brown fat. As
with endogenous brown fat, this synthetic brown fat tissue is a sink for glucose uptake, as
determined by 18FDG-PET scans.

Recent studies have identified several upstream regulators of PRDM16 or C/EBPJ that
control brown fat development. For example, early B cell factor 2 (EBF2) activates
PRDM16 transcription and induces a brown fat gene program in myoblasts and in white
adipocytes (79). EHMT1 (euchromatic histone-lysine N-methyltransferase 1) forms a
transcriptional complex with PRDM16 and determines brown adipose cell fate by activating
PRDM16 transcription (80). Plac8 is an upstream activator of C/EBPp transcription and
induces brown fat differentiation (81). In contrast, TLE3 is a white fat—selective cofactor
that antagonizes the function of PRDM16 and suppresses brown fat differentiation and
thermogenesis (82). In addition to these transcriptional regulators, several microRNAS such
as miR-133, miR-193b, and miR-365 target PRDM16 and negatively regulate brown fat
development (83-85). Furthermore, miR-196a activates C/EBPJ expression and induces
beige/brite cell differentiation by directly repressing HoxC8, a negative regulator of C/EBPpB
(86).

Lastly, the protein stability of PRDM16 is highly controlled by PPARY agonists. Synthetic
PPARYy agonists such as thiazolidinedione induce beige/brite cell differentiation in WAT
(41, 87-92). Ohno et al. (39) found that PPARYy agonists such as rosiglitazone induce white-
to-brown-fat conversion by extending the half-life of the PRDM16 protein. These studies
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suggest that the PRDM16-C/EBPB-PPARY pathway plays a central role in brown and beige/
brite cell development.

Forkhead box C2—Forkhead box C2 (FoxC2) is a member of the forkhead/winged helix
transcription factor family that is expressed exclusively in the adipose tissues of humans and
mice. Transgenic expression of FoxC2 in WAT induces the formation of beige/brite cells,
with increased mitochondria and elevated expression of thermogenic genes, including UCP1
and PGC-1a (57). This browning effect by FoxC2 is due to the elevated expression of the
Rla subunit of PKA, which sensitizes cells to cCAMP signaling through the -adrenergic
pathway. Importantly, FoxC2 transgenic mice gain less weight under a high-fat diet and are
protected from obesity-associated disorders such as insulin resistance and
hypertriglyceridemia (57).

Signaling Pathways That Control Brown and Beige/Brite Cell Development

Given that BAT functions as a defense against hypothermia and obesity, brown and beige/
brite cell development is highly regulated by changes in temperature and nutrition demands.
Indeed, B-AR signaling is a dominant activator pathway not only for BAT thermogenesis but
also for the development of brown adipocytes and beige/brite cells. Additionally, previously
unappreciated signaling pathways have recently been reported, as summarized below.

B-Adrenoceptor signaling—Norepinephrine released from the sympathetic nerve
terminals binds to B-ARs and increases intercellular cAMP levels, leading to the
phosphorylation of PKA and subsequently to p38MAPK activation. Phosphorylation of
p38MAPK indirectly triggers expression of UCP1 and PGC-1a by directly kinasing several
transcriptional regulators such as ATF2 and PGC-1a (93). Among the three subtypes of -
ARs (B1-, 2-, and 3-ARs), p1-AR is considered important for proliferation of classical
brown adipocyte precursors in response to norepinephrine, whereas $3-AR plays the major
role in thermogenic function of mature brown adipocytes (94, 95). However, only f3-AR
signaling appears to be crucial for beige/brite cell development. Indeed, in f3-AR knockout
mice, cold-induced beige/brite cell development is severely impaired, whereas classical
brown adipocyte development remains unchanged. Furthermore, p3-AR agonists, but not p1-
AR agonists, selectively induce the formation of beige/brite cells in WAT (48, 96). The
distinct functions of f1-AR and B3-AR in human beige/brite cell development remain
unknown.

Nitric oxide signaling—Nitric oxide (NO) is a short-lived gaseous signaling molecule
that is synthesized by endothelial cells and other cell types. Guanosine 3’5’-monophosphate
(cGMP) is produced by NO-sensitive guanylyl cyclase and activates cGMP-dependent
protein kinase (PKG). cGMP treatment in brown adipocytes induces UCP1 expression and
mitochondrial biogenesis in a PKG-dependent manner (97). Mechanistically, the cGMP-
PKG signaling pathway activates the phosphatidylinositol 3-kinase type | (P13K)-Akt
cascade by inhibiting RhoA and Rho-associated kinase. In addition, cGMP signaling induces
beige/brite cell development in WAT (98). The physiological role of NO signaling in BAT
thermogenesis and development remains unknown.
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Transient receptor potential vanilloid signaling—Transient receptor potential
vanilloid (TRPV) is a family of transient receptor potential ion channels. TRPV1 is activated
by a number of environmental cues such as heat greater than 43°C and the pungent
compounds in chili peppers. Interestingly, nonpungent capsaicin analogs (capsinoids)
activate gastrointestinal TRPV1 and induce BAT thermogenesis in humans (99) and in
rodents (100, 101). In contrast, TRPV4 expressed in adipocytes negatively regulates a BAT-
selective thermogenic program in a cell-autonomous manner. Inhibition of TRPV4 signaling
in white adipocytes by a TRPV4 antagonist or by shRNA-mediated knockdown activates
UCP1 and PGC-1a expression and cellular respiration through the ERK1/2 protein kinases
(102).

PI3K signaling (via PTEN)—Phosphatase and tensin homolog (PTEN) counteracts the
activity of PI3K, a major kinase mediator of insulin, insulin-like growth factors, and other
growth factors. Ortega-Molina et al. (103) showed that PTEN positively regulates a BAT-
selective thermogenic program by blocking the PI3K pathway. Intriguingly, mouse
embryonic fibroblasts (MEFs) over-expressing PTEN are efficiently reprogrammed to
functional brown adipocytes by PRDM16 and C/EBPf. Importantly, pharmacological PI3K
inhibitors increase BAT thermogenesis and whole-body energy expenditure.

Endogenous Hormones That Control Brown and Beige/Brite Cell Development

Endogenous proteins and polypeptides that induce brown and beige/brite cell development
have recently attracted much attention because they may lead to a new therapeutic
intervention for obesity. Important aspects to consider are (a) sources of signal (i.e., organs
or cells from which such signaling entities are derived) and (b) specificity of action (i.e.,
distribution and regulation of corresponding receptors). The subsections below describe
recently identified endogenous molecules that positively or negatively control brown and
beige/brite cells.

Transforming growth factor family members—BMPs belong to the transforming
growth factor (TGF)-f superfamily. BMP7 treatment of fibroblast cultures or adipogenic
precursors induces brown adipogenic regulators such as PRDM16 (42, 104). Conversely,
BMP7-deficient embryos possess reduced amounts of BAT and lack UCP1 expression
(104). Another BMP family member, BMP4, also directs mesenchymal cells to an adipocyte
lineage and activates beige/brite cell differentiation in the subcutaneous WAT of mice
expressing BMP4 (105). BMP8b acts on mature brown adipocytes as well as in the
hypothalamus to positively regulate BAT thermogenesis but does not affect differentiation
or commitment of brown adipocytes (106).

In contrast, several TGF-B superfamily members, including GDF-8 (myostatin), TGF-B1,
and activins, negatively regulate brown fat differentiation and BAT thermogenesis. Genetic
deletion of Smad3, a major mediator of TGF-f signaling, enhances the formation of beige/
brite cells in WAT and increases whole-body energy expenditure in mice (107). Importantly,
inhibition of TGF-B signaling, by administering either a neutralizing anti-TGF-} antibody or
a soluble form of activin receptor type I1B fused to an immunoglobulin Fc domain, activates
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BAT thermogenesis and protects animals from diet-induced obesity and insulin resistance
(107-109).

Fibroblast growth factors—In contrast to most fibroblast growth factors (FGFs) that act
in an autocrine or a paracrine fashion, FGF-19 (FGF-15 in the mouse), FGF-21, and FGF-23
are endocrine forms of FGFs. Endocrine FGFs bind to cell surface coreceptors a-Klotho
and/or B-Klotho (110). Transgenic expression of FGF-19 in mice increases metabolic rate
and reduces fat mass, in part through activating BAT thermogenesis (111, 112). In neonatal
mice, circulating FGF-21 secreted from the liver is acutely elevated at birth in response to
PPARa and activates BAT thermogenesis (113). FGF-21 also induces beige/brite cell
differentiation in WAT by enhancing adipose tissue PGC-1a protein levels (114). Although
chronically elevated circulating FGF-21 causes bone loss in mice (115), adipose-derived
FGF-21 remains local and does not contribute to circulating levels. Thus, inducing FGF-21
in adipose tissues may constitute an effective treatment for obesity and insulin resistance,
without affecting bone mass.

Irisin—Irisin is a newly identified myokine that is cleaved from a membrane protein,
fibronectin type 111 domain—containing 5 (FNDC5) (116). Endurance exercise or PGC-1a
overexpression stimulates FNDC5 expression in skeletal muscle and increases circulating
levels of Irisin. Irisin treatment in primary adipocytes or adenoviral delivery of FNDCS5 in
the mouse liver induces a thermogenic gene program in WAT and protects animals from
diet-induced obesity. In addition, Irisin fused with the Fc fragment of human IgG in CD137"*
preadipocyte populations stimulates beige cell differentiation (38). Although PPARa has
been suggested to be a downstream mediator of Irisin actions, identification of the cognate
Irisin receptor and its signaling cascades requires further investigation.

Cardiac natriuretic peptides—Atrial natriuretic peptide (ANP) and brain NP (BNP) are
released from the heart and are important endocrine regulators of fluid and hemodynamic
homeostasis. The actions of NPs are mediated through NP receptor A (NPRA), whereas
another type of NP clearance receptor, NPRC, also binds ANP and BNP to remove them
from circulation. Collins’s group (117) showed that cold exposure induces circulating levels
of NPs and NPRA expression in adipose tissues. Administration of BNP in mice or in vitro
treatment of NPs in human adipocytes activates the BAT-selective thermogenic gene
program, mitochondria biogenesis, and uncoupling respiration in a pP38MAPK-dependent
fashion. Furthermore, WAT from NPRC-deficient mice contains a significantly higher
number of beige/brite cells. Because higher circulating levels of NPs are associated with
heart failure and cardiac cachexia, it becomes important to define the therapeutic window of
these peptides that will increase energy expenditure without adversely affecting the heart or
other tissues.

Prostaglandins—Cyclooxygenase (COX) is a rate-limiting enzyme in prostaglandin (PG)
synthesis. Chronic cold exposure induces COX2 gene expression and enhances the release
of PG, PGEZ2, and PGI2 in WAT. Transgenic expression of COX2 in WAT or PGI2
treatment in adipocyte precursors induces the expression of BAT-selective genes such as
Ucpl and Cidea. Conversely, COX2 gene ablation or pharmacological inhibition of COX
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activity impairs beige/brite cell formation in WAT, which indicates that COX-dependent
production of PG is an important step for cold-induced beige/brite cell formation (118, 119).

Interorgan Networks That Control BAT Development and Thermogenesis

As we discuss above, a number of signaling entities are derived from central and peripheral
tissues and contribute to the regulation of brown fat development and thermogenesis. Figure
3 illustrates the recently appreciated BAT-mediated interorgan networks. The central
nervous system produces catecholamines and orexin (120), both powerful activators of
brown fat development and thermogenic function. Activated macrophages residing in
adipose tissues also secrete catecholamines, and these cells regulate adaptive thermogenesis
(121). The skeletal muscle secretes both positive and negative regulators of beige/brite cell
development such as Irisin (116) and TGF-p (107), respectively. From the heart, NPs induce
BAT thermogenesis and browning of white fat (117). From the liver, bile acid (122) and
FGF-21 (113, 114) are important mediators. Furthermore, a recent study identified a new
BAT-liver connection in which obesity-induced expression of hepatic glucokinase represses
BAT thermogenesis by modulating sympathetic nerve activity via the afferent vagus nerve
originating in the liver (123).

Just as other tissues affect brown fat development and thermogenesis, brown fat in turn
contributes to glucose and lipid homeostasis in peripheral tissues. Intriguingly, ectopic
expression of UCP1 in epididymal WAT improves both leptin and insulin sensitivities in
mice. Blocking afferent nerve signals from intra-abdominal WAT by surgical and
pharmacological methods completely blunts the improvement in leptin but not insulin
sensitivity (124). Moreover, transplantation of BAT into the interabdominal regions of age-
and sex-matched mice significantly improves whole-body insulin sensitivity in mice. BAT
transplantation increases insulin-stimulated glucose uptake in endogenous BAT, WAT, and
the heart, in part through BAT-derived interleukin 6 (125). In the future, and as this research
area progresses, other BAT-mediated interorgan networks utilizing new signaling pathways
are likely to emerge.

SIGNIFICANCE OF BAT IN HUMANS
Cold-Activated BAT Detected by 8FDG-PET/CT in Adult Humans

BAT depots are abundant in human newborns, but BAT rapidly decreases in size during
childhood. For several decades, the existence of BAT in the general adult population was
questioned and thought to be restricted to patients with pheochromocytomas
(neuroendocrine tumors of the adrenal medulla) and to workers exposed to chronic cold (8,
126). Therefore, BAT was believed to play a negligible role in adult humans. However, this
notion was challenged by a clinical study using 18FDG-PET imaging and that reported
symmetrical 18FDG uptake in adipose tissue of the shoulder and thoracic spine regions in
the absence of any tumor (2). The prevalent 18FDG uptake in supraclavicular area (USA) fat
is increased significantly at lower temperature and is reduced by pretreatment with 3-
adrenergic blockers, collectively suggesting that USA fat reflects metabolically active BAT.
Prospective 18FDG-PET/CT studies in healthy volunteers confirm the presence of active
BAT depots in adult humans (3-6). Indeed, when subjects were exposed to mild cold (19°C)
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with light clothing for 2 h, some participants showed substantial 18FDG uptake into adipose
tissue in the supraclavicular and paraspinal regions, whereas when subjects were kept at a
warm temperature (27°C), no detectable uptake was observed. Histological examinations
further confirmed the presence of UCP-1-positive multilocular adipocytes in these regions.

Cold-activated BAT detected by 18FDG-PET/CT in human adults is localized mainly to the
supraclavicular and paravertebral regions. In some cases, weaker 18FDG uptake by BAT
was also found in the cervical, axillary, epicardial, mediastinal, and perirenal regions. BAT
is abundant in the interscapular region in infants and children but disappears rapidly in
adolescence and is completely absent after the third decade of life. The striking differences
in localization of human BAT between infants and adults suggest that molecular differences
exist between these stage-specific BAT depots. In fact, gene expression profiles indicate that
interscapular BAT from the neck regions of infants resembles that of classical brown
adipocytes (44-46), whereas other BAT depots in adults appears to be composed mainly of
beige cells (38, 43).

The mass of human BAT estimated from 18FDG-PET/CT images is largely variable,
fluctuating from 0.02 to 288 g in adults (Table 1) (3, 4, 127-129). However, this range may
be either an underestimation, because 18FDG-PET/CT detects only metabolically active
BAT depots and does not detect BAT in the resting state, or an overestimation, given that
human BAT depots contain a mixture of multilocular brown adipocytes interspersed with a
greater volume of unilocular white adipocytes.

Prevalence and Activity of BAT: Effects of Ambient Temperature, Season, and Aging

Various physiological and environmental factors influence the prevalence and activity of
human BAT as assessed by 18FDG-PET/CT (Table 1). Retrospective studies estimate that
the prevalence of BAT in the population is less than 10% (3, 7, 127, 130-132), except in the
case of children (133), whereas prospective studies in healthy volunteers suggests that this
value may increase to 30% (4, 6, 128, 129, 134, 135). Such a wide discrepancy may

reflect 18BFDG-PET/CT scanning carried out at different temperatures: In prospective
studies, 18FDG-PET/CT was performed after acute cold exposure at 16-19°C for 1-2 h,
whereas retrospective studies were performed mostly at ambient room temperatures (22—
26°C). Acute cold exposure presumably increases the intensity of the 18FDG-PET signal in
BAT, yielding a high prevalence of BAT detection. Indeed, no BAT signals were detected at
27-28°C, even in subjects who showed high BAT activity after cold exposure (4, 6).

Seasonal variations in outdoor temperatures also significantly influence the prevalence of
BAT detection by 18FDG-PET/CT scanning. As predicted, both the prevalence and absolute
levels of BAT in human adults are higher during the colder winter temperatures and are
lower during the summer (Table 1). The seasonal variation of BAT activity within subjects
(6) suggests that human BAT is a dynamic tissue and is responsive to environmental stimuli.
Consistent with this notion, repeated cold exposure over 6 weeks resulted in the induction of
BAT in subjects who previously had undetectable BAT levels before the cold exposure
(136). This finding is also consistent with reports that adult human BAT consists largely of
inducible beige/brite cells, as this type of BAT is induced during chronic cold exposure, as
discussed above (38, 43).
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In addition to temperature effects, the prevalence and activity of BAT are substantially
modulated with age (Table 1). A study of 162 healthy participants aged 20-73 years
revealed that the prevalence of cold-activated BAT reached 50% in young subjects (in their
twenties) but dropped precipitously to less than 10% in older subjects (>50 years of age)
(134). Most retrospective studies for adults also report an inverse correlation of BAT with
age (3, 127, 132). Studies in children and adolescents show that BAT is present in more than
40% of subjects, with the highest BAT activity found in young teenagers between 13 and 15
years of age (133). Collectively, these studies imply that the prevalence and activity of BAT
decrease as we age.

A number of cross-sectional studies also show that the prevalence and activity of BAT are
inversely correlated with BMI, body fat, and visceral fat (Table 1). Conversely, a
longitudinal study found that lower body weights were associated with more active BAT
(132). Intriguingly, this inverse relation between body weight and BAT appears to be
relevant only in older subjects. In adults (in their forties), visceral fat mass was twice as high
in subjects with undetectable BAT (BAT negative) as in subjects with detectable BAT (BAT
positive). In younger subjects, all adiposity-related parameters were comparable, regardless
of whether the subjects were BAT negative or BAT positive (134). A retrospective study
also reports an age-dependent correlation between BAT mass and BMI (127). These studies
suggest that the implied protective role of BAT against body fat accumulation is age
dependent.

Effects of Endocrine and Genetic Factors on Human BAT Activity

Medical conditions and pharmacological treatments that affect the p-adrenergic system
appear to have profound effects on human BAT. As mentioned above, an intense 18FDG
uptake in BAT is observed in patients with a catecholamine-secreting tumor
(pheochromocytoma); uptake disappears after surgical removal of the tumor (137). A
significant and positive correlation between plasma norepinephrine level and BAT activity
has also been noted (138). In addition, 18FDG uptake in BAT is significantly attenuated by
pretreatment with the B-adrenergic blocker propranolol (2), whereas 18FDG uptake in BAT
is increased after injection of the sympathomimetic agent ephedrine (139). These results
collectively indicate that the stimulatory effect of the -adrenergic system on BAT activity is
conserved in adult humans.

Several retrospective studies showed that females exhibit higher BAT prevalence than do
males (Table 1). Although it is presumed that sex hormones are involved in controlling BAT
activity, as no sexual dimorphism in BAT is observed prior to puberty (133), no apparent
sex differences in BAT activity are observed after acute cold exposure (Table 1). A
stimulatory role of thyroid hormones is also suggested by a case report describing

increased 18FDG uptake after T4 treatment in a thyroidectomized patient (140).

In addition to hormonal factors, single-nucleotide polymorphisms (SNPs) affect BAT
activity in humans. For example, the G allele of the UCP1 gene at —3826 A/G is associated
with lower promoter activity and lower expression levels of UCP1 in intraperitoneal adipose
tissue (141, 142). SNPs within the UCP1 gene (—3826 A/G) and the $3-AR gene (64 Trp/
Arg) act synergistically to lower BAT prevalence and activity (143). This finding is in
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agreement with reports that these two particular polymorphisms are associated with lower
resting energy expenditure and with decreased cold-induced or postprandial thermogenesis
(144, 145).

Contribution of BAT to the Regulation of Whole-Body Energy Expenditure

The presence of cold-activated BAT implies a significant contribution of BAT to adaptive
thermogenesis, particularly to CIT in humans. In fact, CIT is significantly higher in BAT-
positive subjects than in BAT-negative subjects, although basal energy expenditure under
warm conditions is comparable between the two groups. CIT and 18FDG uptake in BAT are
also positively correlated (135). As neither shivering nor a change in 18FDG uptake is
observed in skeletal muscle during acute cold exposure, these findings suggest that BAT
significantly contributes to whole-body energy expenditure in adult humans. In addition,
BAT may also contribute to diet-induced thermogenesis, as energy expenditure after oral
ingestion of food is significantly higher in BAT-positive subjects than in BAT-negative
subjects, particularly during the initial period (S. Aita, T. Yoneshiro & M. Saito,
unpublished observations). Hence, BAT is most likely a major site for adaptive
thermogenesis in adult humans.

BAT as a Therapeutic Target for Reducing Body Fat

On the basis of the difference in CIT between BAT-positive and BAT-negative subjects,
BAT-dependent energy expenditure is estimated at approximately 200-400 kcal/day under
cold conditions (Table 1); in warm conditions this value would be much lower. Regardless,
small differences of just 10 kcal/day can lead to substantial differences in body fat in the
long term. For example, a difference of 10 kcal/day is equivalent to 1.1 g of body fat per day
and 4 kg (~10 Ib) of body fat per 10 years, which matches well with the gradual
accumulation of body fat during aging. Indeed, BAT-negative subjects in their forties
possess approximately 6 kg more body fat than do BAT-positive subjects (134).

Hence it is tempting to consider BAT as a therapeutic target for combating human obesity.
Importantly, recent studies clearly indicate that adult human BAT can be recruited by
external cues such as chronic cold exposure. When nonobese BAT-negative subjects were
repeatedly exposed to cold for 6 weeks, BAT recruitment was observed in association with
an increase in CIT (136). Furthermore, TRPV1 agonists found in food ingredients such as
capsaicin and its nonpungent analogs (capsinoids) recruit new BAT in adult humans (99,
136), indicating that such food ingredients could be eventually exploited as antiobesity
agents.

PERSPECTIVES AND NEW CHALLENGES

Contrary to conventional dogma, it is now appreciated that significant amounts of active
BAT depots are present in adult humans and are likely involved in energy homeostasis and
regulation of adiposity. Thus, targeting components that contribute to BAT activity may
provide new therapeutic strategies for combating human obesity and related metabolic
disorders. However, better tools are needed in assessing BAT levels and function in humans.
For example, the use of 18FDG-PET/CT is limited because of its high cost and radiation
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exposure. Although this technique provides information regarding the glucose uptake
capacity in BAT, it fails to accurately measure BAT mass per se or thermogenic activity of
BAT. Magnetic resonance imaging may circumvent some of these issues in the evaluation of
BAT mass and its metabolic activity but also carries a high cost (146). Another important
area of research will be to understand the regulatory mechanisms of age-related reduction in
BAT mass in humans. Such insights would be a prerequisite for developing feasible and
efficient methods to recruit and activate BAT in obese adults as a possible therapeutic
modality.
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Glossary
BAT brown adipose tissue
UCP1 uncoupling protein 1
18EDG-PET 18fluoro-labeled 2-deoxyglucose positron emission tomography
CT computed tomography
BMI body mass index
WAT white adipose tissue
B-AR [3-adrenoceptor
FFAs free fatty acids
LCFA long-chain fatty acid
PPARYy peroxisome proliferator—activated receptor vy
PRDM 16 PRD1-BF-1-R1Z1 homologous domain—containing protein 16
C/EBPB CCAAT/enhancer-binding protein-f
CIT cold-induced thermogenesis
TRPV transient receptor potential vanilloid
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Figure 1.
Uncoupling protein 1 (UCP1)-dependent thermogenesis in brown adipocytes. (a)

Hypothetical model of UCP1-dependent proton uncoupling in brown fat mitochondria. A
long-chain fatty acid (LCFA) molecule directly binds to the UCP1 protein, serving as a
UCP1 substrate to transport one H* per transport cycle. The transported free-fatty-acid
(FFA) anion needs a long, hydrophabic tail. (b) ATP inhibits the activity of UCP1 in the
resting state. In response to cold stimuli or excess food intake, norepinephrine acts on the
3-adrenoceptor (3-AR), leading to the activation of cAMP-dependent protein kinase
(PKA) and the phosphorylation of hormone-sensitive lipase (HSL). FFAs are generated by
cAMP-induced lipolysis or taken up from the circulation and utilized as UCP1 substrates for
H* transport and as substrates of B-oxidation in brown fat mitochondria (indicated by red
arrows).
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Figure2.
Hierarchical developmental relationships in brown and white adipocytes. The two types of

thermogenic adipocytes (classical brown adipocytes and beige/brite cells) have separate
developmental origins. (a) BAT and skeletal muscle originate from precursors in the
dermomyotome that express Engrailed-1 (Enl) and Myf5. Brown adipose fate in the somite
is determined by transcriptional regulators, including PRDM16 (PRD1-BF-1-RIZ1
homologous domain—containing protein 16) and C/EBPB(CCAAT/enhancer-binding protein-
B), during embryonic development. (b) Beige/brite cells are not descended from Myf5-
expressing cells. Adipocyte precursors that express PDGFa(36) differentiate into beige/brite
cells mainly in subcutaneous white adipose tissue in response to several environmental cues,
including chronic cold exposure, exercise, and peroxisome proliferator—activated receptor
v(PPARY) agonists (red arrow), through the action of PRDM16. These cells appear to be
derived from (i ) defined beige precursors, (ii ) directed differentiation from bipotent
preadipocytes, or (iii ) transdifferentiation from mature white adipocytes. The dashed purple
arrows depict hypothetical relationships that need further investigation.
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Figure 3.
BAT-mediated interorgan networks. Several endocrine factors regulate BAT development

and thermogenesis and mediate interorgan communication with central and peripheral
tissues. Abbreviations: ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; CNS,
central nervous system; FGF, fibroblast growth factor; TGF, transforming growth factor.
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