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Adipose tissue is a major endocrine organ that exerts a profound
influence on whole-body homoeostasis. Two types of adipose
tissue exist in mammals: WAT (white adipose tissue) and BAT
(brown adipose tissue). WAT stores energy and is the largest
energy reserve in mammals, whereas BAT, expressing UCP1 (un-
coupling protein 1), can dissipate energy through adaptive thermo-
genesis. In rodents, ample evidence supports BAT as an organ
counteracting obesity, whereas less is known about the presence
and significance of BAT in humans. Despite the different functions
of white and brown adipocytes, knowledge of factors differentially
influencing the formation of white and brown fat cells is sparse.
Here we summarize recent progress in the molecular under-

standing of white versus brown adipocyte differentiation,
including novel insights into transcriptional and signal trans-
duction pathways. Since expression of UCP1 is the hallmark of
BAT and a key factor determining energy expenditure, we also
review conditions associated with enhanced energy expenditure
and UCP1 expression in WAT that may provide information on
processes involved in brown adipocyte differentiation.

Key words: brown adipose tissue (BAT), peroxisome proliferator-
activated receptor y co-activator la (PGC-1a), signalling, tran-
scription, white adipose tissue (WAT).

DISTINCTIVE FEATURES OF WHITE AND BROWN ADIPOSE TISSUES

WAT and BAT (white and brown adipose tissue respectively)
are normally localized in anatomically distinct areas in rodents,
although the presence of brown adipocytes in typical white fat
pads occurs under certain conditions [1]. The two types of fat tis-
sue also differ ontogenically in mice and rats, as BAT and WAT
develop pre- and postnatally respectively [1]. Whereas both WAT
and BAT develop before birth in other mammals, such as rabbits,
cats, dogs, sheep, goats, cattle, reindeer, monkeys and humans,
BAT develops postnatally in hamsters [2—4]. Several features
distinguish the adipocytes of WAT and BAT. First, whereas white
fat cells usually contain one major (unilocular) lipid droplet
that fills up the majority of the cytoplasm, brown fat cells
contain several small (multilocular) lipid droplets [1]. Secondly,
brown adipocytes contain high numbers of mitochondria packed
with cristae. White fat cells display relatively few mitochondria.
Thirdly, BAT is highly vascularized and highly innervated by
the SNS (sympathetic nervous system). The differences in lipid
content and mitochondrial abundance in white and brown fat
cells, as well as in vascularization of the tissues, are the
reasons for the colour differences between WAT and BAT.
WAT and BAT perform essentially opposite functions in vivo,
with WAT accumulating excess energy as triacylglycerol and
BAT dissipating energy through adaptive thermogenesis. The

thermogenic capacity of BAT is due to expression of UCP1
(uncoupling protein 1) exclusively in brown adipocytes. UCP1 is
a facultative proton transporter localizing to the mitochondrial
inner membrane, where it can uncouple the oxidation of fuel
substrates from the production of ATP, instead generating heat.
In rodents, expression of UCP1 is highly responsive to external
stimuli such as food intake and changes in temperature. Food
intake and exposure to cold signal to BAT through SNS-derived
noradrenaline (norepinephrine), which, in turn, activates ARs
(adrenergic receptors) on brown fat cells. Signalling through
ARs in adipocytes has been reviewed recently [2,5] and will be
discussed only briefly below.

EVIDENCE FOR ANTI-OBESITY FUNCTIONS OF BAT AND UCP1

Early evidence for BAT as a tissue affecting adiposity in rodents
came from experiments in which interscapular BAT was surgically
denervated or excised. In some reports such animals accumulated
abnormal amounts of body fat [6]. Transgenic mice expressing
diphtheria toxin A from the UCP1 promoter have a 60-70 %
reduction in BAT mass, and these mice are obese and sensitive
to both cold and diet-induced obesity when kept below thermo-
neutrality [7-9]. Mice lacking UCP1 are cold-sensitive, yet are
neither obese nor prone to diet-induced obesity [10]. Transgenic
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mice expressing UCP1 from the FABP4 (fatty acid-binding pro-
tein 4; also known as aP2) promoter are resistant to genetic and
diet-induced obesity [11,12]. These mice express UCP1 in WAT
at levels 2—-10 % of that observed in BAT, but mice homozygous
for the transgene are cold-sensitive due to BAT atrophy, indicating
that ectopic expression of UCP1 in WAT is unable to compensate
for impaired BAT-dependent thermogenesis [13]. Targeted disrup-
tion of Cidea (cell death-inducing DFF45-like effector A) results
in lean mice that are resistant to diet-induced obesity [14]. Of in-
terest, biochemical data suggest that Cidea inhibits the uncoupling
activity of the UCP1 protein, possibly through a direct interaction
between UCP1 and Cidea. Moreover, BAT is dysfunctional in
genetically obese mouse models like ob/ob (leptin-deficient) and
db/db (leptin receptor-deficient) [2,15,16]. However, whether im-
paired BAT function is the cause or consequence of obesity is not
clear. Finally, in most mouse models described below, proneness
to obesity correlates with decreased BAT activity, and resist-
ance to obesity correlates with increased BAT function or the
induction of brown adipocyte-like gene expression in WAT.

PLASTICITY OF WAT AND BAT

The developmental relationship between white and brown adipo-
cytes is not clear. Are they derived from common or separate pre-
cursor cells? Can a white fat cell through transdifferentiation
transform into a brown adipocyte and vice versa? Several studies
have addressed the question of plasticity between the two types of
adipocytes in vivo. As mentioned above, the anatomical location
of depots of WAT and BAT is relatively distinct. In addition, it has
been shown that inguinal white fat cells arise independently of the
brown adipose lineage in mice kept at ambient temperature [17].
Moreover, cells in the SV (stromal-vascular) fraction (containing
the preadipocytes) of WAT and BAT differentiate mainly into
white and brown adipocytes respectively [18]. In rodents, BAT
depots persist into adulthood, whereas BAT depots shortly after
birth are replaced partially or completely by WAT in larger
mammals such as cats [19], dogs [20], goats [21], sheep [22],
cattle [22], reindeer [23], red deer [23] and humans [24]. In all
larger mammals, UCP1 expression is most prominent in visceral
depots, with particular high levels of expression observed
in perirenal adipose tissue. The mechanism by which BAT
transforms into WAT after birth is unknown, but might be due
to transdifferentiation of brown adipocytes into white fat cells or
neodifferentiation of white preadipocytes. In sheep and cattle, it
was demonstrated that transcription of the UCP1 gene in visceral
adipose tissues ceases abruptly at birth [22]. The BAT-to-WAT
transition after birth reverts in response to cold exposure or S-
adrenergic agonists in cats [25] and dogs [20,26], but not in
sheep [27] and reindeer [23]. On the basis of quantification of
UCP1 mRNA levels in human intraperitoneal adipose tissue,
it has been estimated that 1 in 100-200 adipocytes expresses
UCP1, but it is unknown to what extent these cells contribute
to energy expenditure [28]. There is circumstantial evidence
that cold ambient temperatures may induce the formation of
adipose tissue resembling BAT around neck arteries and in the
pericardium [29]. Plasma catecholamines increase during cold
exposure [30], but even though some reports have indicated the
existence of adaptive adrenergic non-shivering thermogenesis in
humans, the contribution to overall thermogenesis is minor [2].
Significant induction of UCP1 expression in adults is associated
with pathological conditions [2,4]. Thus, induction of UCP1
expression in intraabdominal adipose tissues is observed in
patients with pheochromocytoma [31,32], and UCP1 is expressed
in hibernomas, a BAT tumour [33]. In mice and rats, exposure to
cold or B-adrenergic agonists induces the appearance of brown
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adipocytes in traditional white fat pads [34—37]. Interestingly, the
extent varies greatly in different mouse strains, suggesting that
the appearance of brown adipocytes in WAT is under genetic con-
trol. Continuous exposure for 7 days to a f-adrenergic agonist
induces the appearance of multilocular, mitochondria-rich adipo-
cytes in the retroperitoneal white fat pad of rats [37]. A subset of
these multilocular adipocytes expresses UCP1. They were sug-
gested to arise by transdifferentiation of existing white fat cells,
and not by proliferation of brown adipocyte precursor cells for two
reasons: first, the number of unilocular fat cells declined substan-
tially during treatment, and secondly, the multilocular adipocytes
did not incorporate bromodeoxyuridine during the course of the
B-adrenergic stimulation [37]. Finally, the 3T3-L1 and 3T3-
F442A mouse white preadipocyte cell lines can be induced to
express UCP1 by forced expression of PGC-1a [PPARy (peroxi-
some proliferator-activated receptor y) co-activator-1a] or SV40
(simian virus 40) TAg (large T antigen) [38,39] (see below).
Similarly, forced expression of PGC-1« in human white adipo-
cytes induces expression of UCP1 [40]. Taken together, it appears
that some plasticity exists between the white and brown adipocyte
lineages, but the extent of such lineage shifts and the molecular
mechanisms governing these remain largely unknown.

MODEL SYSTEMS TO STUDY WHITE AND BROWN ADIPOCYTE
DIFFERENTIATION

Understanding the molecular regulation of adipocyte differenti-
ation through in vivo studies is complicated by the fact that adi-
pose precursor cells differentiate relatively asynchronously and
are difficult to detect in situ. The use of SV fractions from WAT
and BAT is an informative and commonly used approach. How-
ever, the low yield of cells from such isolations, the various
differentiation stages displayed by the isolated cells and their
limited proliferative life span in vitro necessitate frequent iso-
lations, which makes it a laborious option. In addition, primary
brown adipocytes have been reported to express very low levels
of some genes characteristic of BAT, including PPAR« (which
in mice is expressed at the highest level in BAT of all tissues)
and B2-AR [41-44]. The establishment of cell lines capable of
differentiating into white or brown adipocytes has been fruitful
tools in deciphering molecular aspects of adipogenesis and adipo-
cyte function [45,46]. White preadipocyte cell lines, most promi-
nently 3T3-L1 and 3T3-F442A (both subclones of the sponta-
neously immortalized Swiss 3T3 cells), have been extensively
used to study white adipogenesis. Several mouse brown preadipo-
cyte cell lines have been established, including HIB-1B (derived
from a TAg-induced BAT tumour) [47], MB4 (derived from pri-
mary brown preadipocytes by forced expression of TAg and onco-
genic H-Ras) [48], B7-4 (derived from a TAg-induced BAT
tumour) [49] and HB2 (derived from p53~/~ primary brown
preadipocytes) [50]. In addition, primary brown preadipocyte
cultures immortalized by TAg retain the ability to differentiate
into brown adipocytes [51]. Cell lines are attractive tools due
to their high proliferative capacity (as they are immortal), easy
handling and reproducible differentiation; however, they too
have limitations. A DNA microarray analysis demonstrated that
multiple genes were differentially expressed in 3T3-L1 adipocytes
compared with white adipocytes in vivo, and brown adipo-
cytes differentiated from cell lines generally express low levels of
UCP1 and PPAR« compared with BAT [47,48,52-54].

DIFFERENTIAL GENE EXPRESSION IN WHITE AND BROWN
PREADIPOCYTES AND ADIPOCYTES

Several established key transcriptional regulators of white adipo-
cyte differentiation, PPARy and members of the C/EBP (CCAAT/
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enhancer-binding protein) family, also regulate brown adipo-
genesis [55] (see below). The molecular events that govern
white versus brown adipose conversion have therefore remained
elusive. Nevertheless, many genes are differentially expressed
in mature white and brown adipocytes. Genes involved in
mitochondrial biogenesis and function are often enriched in BAT
relative to WAT, whereas UCP1 is the only gene reported to
display an entirely brown adipocyte-specific expression [2,56].
The functional characterization of regulatory regions of the
UCP1 gene has revealed the importance of critical response
elements in the proximal promoter as well as in a short distal
enhancer [2]. The proximal promoter contains a binding site
for CREB (cAMP response element-binding protein), and the
distal enhancer contains binding sites for TRs (thyroid hormone
receptors), PPARs, RXRs (retinoid X receptors), retinoic acid re-
ceptors and CREB [2]. The distal enhancer is required for
BAT-specific expression of UCP1l. PPAR« and Dio2 (type 2
iodothyronine deiodinase) are other examples of genes highly
enriched in BAT relative to WAT [57,58]. Until recently, much
less was known about genes preferentially expressed in WAT,
with leptin being an exception [59]. However, a DNA microarray
analysis comparing gene expression in rat epididymal WAT and
interscapular BAT revealed a list of such genes, with fibrillin-1,
WAP four-disulfide core domain 10A and thioesterase B found to
be expressed at nearly 100-fold higher levels in WAT [56]. To gain
insight into the regulatory circuits controlling white versus brown
adipogenesis, it is perhaps of greater interest to identify genes
differentially expressed in white and brown preadipocytes, e.g.
cells from SV fractions of WAT and BAT. Only few molecular
markers for preadipocytes are known, and even less is known
about markers that can distinguish precursor cells originating from
WAT and BAT. In an attempt to address this question, differentially
expressed genes of SV fractions from WAT and BAT of the
Djungarian dwarf hamster were identified by representational
difference analysis followed by DNA microarray analysis [60].
The result was the identification of four genes expressed at higher
levels in the WAT SV fraction and seven genes expressed at
higher levels in the BAT SV fraction. The four genes enriched
in white preadipocytes were three complement factors (B, C2
and C3) and the A°® fatty acid desaturase, and the seven genes
enriched in brown preadipocytes were fibronectin, «-actinin-4,
metargidin, vigilin, hepatocellular carcinoma-associated protein,
small nuclear ribonucleoprotein polypeptide a and necdin [60].
The differential expression of the 11 genes was not confirmed
at the protein level, in SV fractions from other rodent species or
in white and brown preadipocyte cell lines. In addition, except
for necdin (see below), their possible involvement in white or
brown adipose conversion remains to be determined. It is very
likely that many more genes are differentially expressed in white
and brown preadipocytes, and it would therefore be of significant
interest to carefully compare suitable model systems of white
and brown adipocyte differentiation, e.g. the WAT and BAT SV
fractions from other species, like mouse or rat, using large-scale
gene expression profiling.

MOLECULAR REGULATION OF WHITE VERSUS BROWN
ADIPOCYTE DIFFERENTIATION

Despite adipogenesis being an active area of research, little is
known about molecular mechanisms controlling white versus
brown adipocyte differentiation. However, recent years have
brought to light some examples of potential regulators, identified
mainly through studies of gene-targeted mice or cells derived from
gene-targeted mice. In this section, we will summarize recent
advances in the understanding of factors differentially regulating

white and brown fat cell differentiation, including conditions
that are associated with increased energy expenditure and UCP1
expression in WAT.

BARs, Foxc2 (forkhead box C2) and cAMP sensitivity

Noradrenaline-induced activation of BARs is important for
both activation of existing brown fat cells and recruitment
of new brown adipocytes [2,5]. BARs are G-protein-coupled
receptors that signal through an increase in intracellular cAMP
and subsequent activation of PKA (cAMP-dependent protein
kinase). BARs are believed mainly to couple to G,c. Activation
of existing BAT by B-adrenergic stimulation depends on the
activity of the p38 MAPK (mitogen-activated protein kinase),
which is activated downstream of PKA [5]. The crucial role of
BARs in BAT function was confirmed by the creation of mice
lacking all three SAR subtypes [41,61]. Whereas BAT of mice ex-
pressing only the B2-AR subtype had a normal morpho-
logy, brown adipocytes of mice lacking all three SARs have
unilocular lipid droplets and these mice are highly sensitive to both
diet-induced obesity and cold. Accordingly, they fail to induce
expression of UCP1 in response to cold. In addition, increased ex-
pression of Gy in WAT has been linked to induction of UCP1
expression, mitochondrial biogenesis and increased energy ex-
penditure [62]. Support for a role of cAMP signalling in BAT
function was suggested by targeted disruption of the PKA
regulatory subunit RIIS [63]. In brown adipocytes of these mice,
a compensatory up-regulation of the Rlo regulatory subunit is
observed. As Rlo has a higher affinity for cAMP than RIIS,
this causes the brown adipocytes to be cAMP-hypersensitive for
activation of PKA. The knockout mice have diminished WAT
depots, increased expression of UCP1 in BAT, and they are lean
and resistant to diet-induced obesity [63]. One factor controlling
the expression of Rlu is the adipose tissue-enriched forkhead
transcription factor Foxc2 [64]. In transgenic mice expressing
Foxc2 in white and brown fat, an induction of Rl was observed
and the adipocytes of WAT and BAT were hypersensitive to cAMP.
In addition, a partial morphological conversion of WAT into BAT-
like tissue occurred, and this BAT-like tissue expressed UCP1 and
increased levels of PGC-1«. Finally, the Foxc2-transgenic mice
are lean and resistant to diet-induced obesity [64]. A potential
role of Foxc2 and Rl in white versus brown adipose conversion
has recently been supported by in vitro experiments [39].
However, the physiological role of Foxc2 in WAT and BAT is not
fully understood for several reasons. First, Foxc2 was shown to
be expressed at higher levels in the adipose compared with the SV
fraction, but paradoxically to be down-regulated during the dif-
ferentiation of 3T3-L1 preadipocytes and MEFs (mouse embryo
fibroblasts) [39,64,65]. Secondly, Foxc2 was reported to be ex-
pressed at equal levels in WAT and BAT [64], whereas others
have found substantially lower levels of Foxc2 in the latter
[66]. Thirdly, recent data demonstrate that forced expression of
Foxc2 blocks adipose conversion of 3T3-L1 preadipocytes and
overrides the ability of retrovirally expressed PPARy to induce
differentiation of non-adipose fibroblasts [67].

The PGC-1 family

PGC-la was cloned as a PPARy-interacting protein with an
enriched expression in BAT compared with WAT [38]. It interacts
with numerous nuclear receptors and is strongly induced in BAT
in response to cold exposure. In addition, PGC-la potently
co-activates both PPARy and TRB on the UCPI1 promoter
[38]. Forced expression of PGC-l« in white fat cells induces
mitochondrial biogenesis and expression of UCP1 [38,40,68].
A mechanism through which PGC-la induces mitochondrial

© 2006 Biochemical Society



156 J. B. Hansen and K. Kristiansen

biogenesis was subsequently demonstrated in myoblasts [68].
In these cells, PGC-1a induces expression of NRF-1 (nuclear
respiratory factor 1) and NRF-20/GABPo (GA-binding protein
o) and functions as a co-activator of NRF-1 on the Tfam
(mitochondrial transcription factor A) promoter [68]. NRFs are
important transcriptional regulators of many respiratory chain
genes and Tfam is a crucial regulator in transcription and
replication of the mitochondrial genome [69]. The mechanism
through which PGC-1a regulates mitochondrial biogenesis in
brown adipocytes has not been resolved, although it is expected
to be similar to that in myoblasts. Another potentially important
factor mediating the effects of PGC-la on mitochondrial
biogenesis and respiration is ERRa (oestrogen-related receptor
«) [70,71]. The link to ERR« has, however, not been established
in brown adipocytes. Expression of PGC-1« is strongly induced
during brown adipocyte differentiation [39,72], yet little is known
about the regulators of PGC-la expression in this setting. In
hepatocytes and myoblasts, the PGC-1« promoter is positively
regulated by CREB (a PKA substrate) [73,74], suggesting that
cAMP signalling may be involved in the induction of PGC-
la expression also during brown adipogenesis. Together, these
data point to a key function of PGC-1« in orchestrating UCP1
expression and mitochondrial respiration and biogenesis during
brown adipose conversion as well as in mature brown fat cells.
Two independent lines of PGC-1« knockout mice were reported
recently [75,76]. One of these lines have impaired BAT function,
with brown adipocytes displaying increased accumulation of large
lipid droplets [75]. In addition, these PGC-1a knockout mice
are cold-sensitive, a characteristic possibly linked to a blunted
induction of UCP1 expression and other genes involved in the
thermogenic response [75]. It is noteworthy that, despite impaired
BAT function, these mice are resistant to diet-induced obesity due
to their physical hyperactivity [75]. In the second line of PGC-
lae knockout mice, however, no BAT phenotype was observed
[76]. Although young PGC-1a-deficient mice were found to be
cold-sensitive, this was not associated with impaired induction of
UCP1 expression. Moreover, Leone et al. [76] reported a male-
specific resistance to diet-induced obesity, yet this was apparently
not linked to hyperactivity. The reason for the differences in BAT
phenotype of the two PGC-1«a knockout lines is not clear, but may
relate to differences in strain background. The function of PGC- 1«
is far from restricted to brown fat cells, as PGC-1« has important
roles in, for example, the regulation of hepatic gluconeogenesis
and muscle fibre type switching [77].

Phosphorylation of three amino acid residues in PGC-1a by
the p38 MAPK results in an increased stability and transcriptional
activity [78]. The functionality of these phosphorylations has been
addressed in brown adipocytes, in which S-adrenergic stimulation
induces p38 MAPK activity [79,80]. Inhibition of p38 MAPK ac-
tivation abrogates cold-induced induction of UCP1 expression in
BAT as well as B-adrenergic stimulation of UCP1 expression
in brown fat cells in vitro. The B-adrenergic stimulation of
UCP1 expression in primary brown adipocytes is blunted in cells
expressing a non-phosphorylatable PGC-1o mutant compared
with cells expressing wild-type PGC-1a [79]. The mechanism
by which phosphorylation activates the transcriptional activity
of PGC-1a possibly relates to alleviation of the function of the
repressive domain, a negative regulatory domain identified in
PGC-1a [78,81]. The repressive domain in PGC-1la interacts
with several proteins and these interactions are abrogated
upon p38 MAPK-mediated phosphorylation [82-84]. One of
the identified interacting proteins, p160 myb binding protein,
has intrinsic transcriptional repressor activity and antagonizes
PGC-1a-induced mitochondrial respiration [82]. Recently, two
additional types of post-translational modifications were shown to
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influence PGC-1« activity. The activity of PGC-1a was reported
to be enhanced by methylation of three arginine residues in its
C-terminal region [85]. The modifications were carried out by
PRMT1 (protein arginine methyltransferase 1), and they were
shown to be important for activation of PGC-1« target genes
involved in mitochondrial biogenesis. Moreover, PGC-1a was
shown to be acetylated at multiple lysine residues, possibly in
part by p300 [86,87]. The sirtuin family member SIRT1 (see
below) deacetylates PGC-1« [86,87], which affects the regulation
of gluconeogenic genes by PGC-1« in liver [87]. PGC-la can
also be activated by docking of transcription factors on its
N-terminal domain, resulting in an altered conformation and
increased interaction with other co-activators, including SRC-1
(steroid receptor co-activator 1) [81].

Two additional PGC-1«-related co-activators have been cloned
[88-90]. PGC-18 shares sequence homology with PGC-la
throughout the molecule, whereas the sequence of PRC (PGC-
1-related co-activator) is similar to PGC-1lo mainly in the N-
and C-terminal regions. The PGC-1 family members share some
similarities in expression patterns and function, but differ in other
aspects. Like PGC-1a, PGC-18 is highly enriched in BAT com-
pared with WAT and powerfully induces mitochondrial respir-
ation and biogenesis in muscle cells [88,91,92]. The expression
of PGC-18 is induced during white as well as during brown adipo-
cyte differentiation [39,72,88,93], although the level of induction
during brown adipogenesis is substantially higher [39]. Of
interest, PGC-1p appears to be less ‘promiscuous’ in the selection
of transcription factors that it co-activates than PGC-1« [89,93].
However, all three PGC-1 family members are potent co-activators
of NRF-1 [68,88,90]. Using immortalized brown preadipocytes
from wild-type or PGC-1a knockout mice in which expression
of PGC-18 could be silenced by RNA interference, it was shown
that neither PGC-1« nor PGC-18 was necessary for brown adipo-
cyte differentiation in vitro, including expression of UCP1 and
Cidea [72]. Moreover, brown adipocytes lacking PGC-1« or PGC-
18 displayed only subtle reductions in oxygen consumption and
differentiation-dependent mitochondrial biogenesis. However,
PGC-1a-deficient adipocytes failed to properly induce thermo-
genesis and thermogenic gene expression in response to cAMP.
Silencing of PGC-1p expression in PGC-1a ™/~ preadipocytes did
not interfere with differentiation per se, as evidenced by
normal FABP4 expression and lipid accumulation, but severely
attenuated expression of brown adipocyte-selective genes
like UCP1, oxygen consumption and differentiation-dependent
mitochondrial biogenesis [72]. These studies demonstrate that
PGC-1a and PGC-18 are functionally redundant in brown adipose
conversion, but that their combined loss compromises brown
adipogenesis in vitro. PRC is ubiquitously expressed and its
expression is not enriched in BAT relative to WAT [90]. In
addition, neither PRC nor PGC-18 are induced in BAT after cold
exposure [88,90]. It has not yet been examined whether PRC can
induce mitochondrial biogenesis, although it has been linked to
mitochondrial respiration and biogenesis in thyroid oncocytoma
and serum-stimulated BALB/3T3 fibroblasts [94,95].

The p160 family

The pl60 family of nuclear receptor co-activators comprises
SRC-1, TIF2 (transcriptional intermediary factor 2) and p/CIP
[p300/CBP (CREB-binding protein)/co-integrator-associated
protein]. A comparison of TIF2~/~ and SRC-17/~ mice revealed
that TIF2™/~ mice were protected against diet-induced obesity
and exhibited enhanced adaptive thermogenesis, whereas
SRC-1-deficient mice displayed an impaired ability for energy
expenditure and adaptive thermogenesis, and furthermore, they
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were prone to obesity [96]. TIF2~/~ MEFs had an impaired adipo-
genic potential, and in 3T3-L1 preadipocytes forced expression of
TIF2, but not SRC-1, enhanced adipogenesis. The interscapular
BAT of TIF2™/~ mice had enhanced expression of UCP1, PGC-
la and acetyl-CoA oxidase. Furthermore, enlarged mitochondria
with more cristae were observed, and BAT in TIF2-deficient mice
contained smaller lipid droplets. As discussed above, PGC-1« is a
key regulator of BAT development and UCP1 expression and sti-
mulates transcription in part through PPARy -dependent recruit-
ment of co-activators harbouring histone acetyltransferase ac-
tivity, including SRC-1 [81,97]. In keeping with the increased
expression of UCP1 in BAT of TIF2~/~ mice, SRC-1 stimulated
PPARy- and PGC-1wa-dependent transactivation, and TIF2 dose-
dependently attenuated the effect of SRC-1. It was noteworthy
that high-fat feeding increased the level of TIF2 selectively in
WAT and BAT, thus promoting fat accumulation in these two
tissues. Hence, the balance between SRC-1 and TIF2 seems to
play an important role in energy homoeostasis via differential
regulation of the physiology of WAT and BAT, where a high ratio
between SRC-1 and TIF2 favours high energy expenditure in
adipose tissue. Given the observation that S-adrenergic induction
of cAMP production is a key regulator of UCP1 expression in BAT
and that decreased levels of TIF2 tend to enhance the activity of
the PPARy—-PGC-1a complex, it is noteworthy that activation
of PKA directs TIF2 to proteasome-mediated degradation [98].

By crossing SRC-17/~ and p/CIP~/~ mice it was recently
shown that mice lacking both co-activators exhibited a defective
development of BAT [99]. The amount of BAT in double
knockout mice was significantly reduced compared with both
wild-type mice and single knockout mice. In double knockout
mice the development of BAT was arrested at an early stage
prior to the accumulation of fat. Using preadipocyte cell lines
established from the immature BAT depot of the double knockout
mice it was shown that the defect in BAT formation was cell-
autonomous and occurred at a stage after PPARy induction.
Combined expression of p/CIP and SRC-1 rescued differentiation,
and similarly, expression of a constitutively active PPARy—
VP16 fusion protein, but not wild-type PPARy, rescued differ-
entiation of the SRC-17/=/p/CIP~/~ preadipocytes. The effect
of lack of SRC-1 and p/CIP on gene expression was selective,
as expression of several genes characteristic of adipose tissue
was unaffected, whereas particularly expression of UCP1 was
down-regulated. ChIP (chromatin immunoprecipitation) analysis
of BAT from newborn double knockout mice demonstrated
decreased binding of PPARy to the UCP1 enhancer region.
Furthermore, binding of CBP and TIF2 was also decreased,
whereas binding of the repressors RIP140 (receptor interacting
protein 140) and NCoR (nuclear receptor co-repressor) to the
UCP1 enhancer region was increased. Thus, in the absence of
SRC-1 and p/CIP, impaired recruitment of PPARy to the UCPI
enhancer combined with decreased recruitment of certain co-
activators and enhanced recruitment of co-repressors block proper
development of functional BAT, and accordingly the double
knockout mice exhibit defective adaptive thermogenic responses
to cold and high-fat feeding. Yet it should be noted that the
double knockout mice remain lean as a result of an increased
basal metabolic rate and higher physical activity [99].

RIP140

RIP140 is an unusual co-repressor that is recruited to most nuclear
receptors in a ligand-dependent manner [100—102]. RIP140 is ex-
pressed in most tissues, but within one tissue, expression is often
confined to specific cell types. High expression of RIP140 is
observed in gonadal tissues, WAT and muscle, whereas express-

ion in BAT is lower [66,103]. RIP140 knockout mice are viable,
but females are infertile as a result of impaired ovulation [104].
Interestingly, RIP140 knockout mice display a lean phenotype
with a decrease in total body fat of about 70 %. RIP140~/~ mice
are almost completely devoid of subcutaneous WAT and exhibit a
marked decrease in other WAT depots. Histological examinations
revealed that the reduction of adipose mass was due to a de-
creased content of triacylglycerol and not adipocyte cell number.
Food intake was not diminished and physical activity was not
increased. The decrease in adipose mass was not accompanied
by accumulation of triacylglycerol in other tissues, and insulin-
sensitivity appeared normal. Finally, RIP140 mice gained less
weight on a high-fat diet than normal mice [66]. These findings
suggested that energy expenditure was increased in RIP140
knockout mice, and accordingly, expression of genes involved
in mitochondrial S-oxidation was up-regulated in RIP140 knock-
out mice, and, even more conspicuously, a greater than 100-fold
up-regulation of UCP1 expression was observed in WAT. Surpris-
ingly, no increase in PGC-1la mRNA expression was observed,
and likewise, the levels of SRC-1 and TIF2 were unaltered [66].
To distinguish systemic effects from cell autonomous effects, the
role of RIP140 was investigated in primary cultures of WAT and
in MEFs. These analyses demonstrated that expression of RIP140
increases during the process of adipocyte differentiation, but
RIP140 is not essential for adipogenesis per se [66,105]. In
the absence of RIP140, expression of genes involved in energy
expenditure, including UCP1, Cidea and CPT-1b (carnitine pal-
mitoyltransferase 1b) was increased, and forced expression of
RIP140 in RIP140-deficient cells prevented this increase. In keep-
ing with the increased expression of UCP1 and genes facilitating
fatty acid oxidation, the rate of B8-oxidation was increased in the
RIP140~/~ cells [105]. Thus, RIP140 cell autonomously controls
expression of key genes involved in energy expenditure, and using
ChlIP, it was shown that RIP140 is targeted to the UCP1 enhancer,
which, as mentioned, harbours binding sites for PPARs and TRs
[105]. A recent study furthermore demonstrated that RIP140 in
an ERRa-dependent manner functions as a global regulator of
genes involved in glucose uptake, glycolysis, the tricarboxylic
acid cycle, fatty acid oxidation and oxidative phosphorylation, and
that ablation of RIP140 increased insulin sensitivity and glucose
tolerance [106]. As mentioned, expression of RIP140 is lower in
BAT than in WAT and it is conceivable that this at least in part
determines UCP1 expression. As mentioned, despite increased
UCP1 levels, the expression of PGC-1oe and PGC-18 mRNAs
was not increased in RIP140-deficient adipose tissue and cell
lines. Consistently, mitochondrial numbers were not altered in
RIP140-deficient adipocytes.

Thyroid hormone, TRs and hile acids

The function of thyroid hormone in energy homoeostasis has been
intensely studied and is very important, yet it is still incompletely
understood [2]. Thyroid hormone action is mediated by the
family of TRs, which can function as transcriptional repressors
or activators in the absence or presence of thyroid hormone res-
pectively. Studies addressing the function of thyroid hormone in
adipose tissue have focused on its role in BAT. The UCP1 gene is
thyroid hormone-responsive, and thyroid hormone is often used
for differentiation of brown preadipocytes in vitro [47,107]. In
addition, activation of BAT by cold exposure causes a dramatic
increase of the expression and activity of Dio2, which catalyses the
conversion of T, (thyroxine) into the active substance T; (3,5,3'-
tri-iodothyronine) [108]. In this way, brown adipocytes boost the
local concentration of T, thereby saturating their TRs, and they
serve as a source of systemic T; [2,108]. In mice, bile acids induce
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expression of Dio2, PGC-1« and UCP1 in BAT, and they prevent
and reverse high fat-diet induced weight gain [109]. The effects
of bile acids on body weight are dependent on Dio2, as they
are not observed in Dio2-deficient mice. Mechanistically, bile
acids induce Dio2 expression by increasing cAMP production
in brown fat cells through the G-protein-coupled receptor TGRS
(G-protein-coupled bile acid receptor 1) [109]. Using different
mouse strains with dramatically varying abilities to induce brown
adipocyte differentiation and UCP1 expression in retroperitoneal
WAT in response to cold exposure, it was found that expression
of Dio2 was linked to UCP1 expression [110]. This observation
indicates a possible role for Dio2, and thereby T;, in controlling
the appearance of brown adipocytes in WAT. Surprisingly, mice
lacking all T;-binding TRs (i.e. TRal and TRB) have normal
levels of UCP1 expression under thermoneutral conditions, and
apparently normal BAT recruitment and induction of UCP1
expression in response to cold [111]. However, for unknown
reasons, these mice are cold-sensitive. Therefore, although thyroid
hormone influences BAT function, the mechanism through which
this happens is not yet fully explored.

The PPAR family and PPARy ligands

PPARYy is the master regulator of adipose conversion in vitro,
being necessary as well as sufficient for adipogenesis
[55,112,113]. Accordingly, PPARy is required for the formation
of both WAT and BAT in vivo, as demonstrated by exclusion of
PPARy ~/~ ES (embryonic stem) cell-derived cells from the adi-
pose fraction of chimaeric mice [114], tetraploid rescue of a
PPARy-deficient embryo [115], fat-specific deletion of PPARy
[116,117], generation of mice homozygous for a hypomorphic
PPARy allele [118] and by deletion of the PPARy2-specific
exon B [119]. In addition, inducible ablation of PPARy in mature
white and brown adipocytes has shown that PPARy is required
for their survival [120].

PPARY ligands have significant impact on adipocytes as well as
adipose tissue. TZDs (thiazolidinediones) are ligands for PPARy,
and they powerfully promote white and brown adipogenesis
in vitro [121,122]. Moreover, they increase expression of UCP1
in cultured brown adipocytes [122—-124]. TZD as well as non-
TZD PPARy ligands can induce UCP1 expression in BAT
[124-126], BAT hyperplasia [122,125] as well as the appearance
of brown adipocytes and UCP1 expression in WAT depots
[126-128]. Strikingly, TZD treatment induces mitochondrial
biogenesis in white adipocytes in vitro and in vivo and results
in mitochondrial remodelling to a cristae-rich morphology
[128,129]. This effect is possibly due to the ability of TZDs to
induce expression of PGC-1l« in white and brown adipocytes
in vitro and in vivo [126,128,130,131]. It is generally acknow-
ledged that selective recruitment of coactivators either caused by
tissue- or cell-specific differences in expression levels or as a
result of the binding of selective receptor modulators dictates the
transcriptional response [132]. A number of SPPARMs (selective
PPARy modulators) have been developed recently [133-136].
Common to these SPPARMs is their reduced adipogenic activity
in comparison with classical TZDs. One of these, Fmoc (fluoren-
9-ylmethoxycarbonyl)-L-leucine, was shown to preferentially
recruit SRC-1, but not TIF2 in glutathione S-transferase pull-
down experiments and enhance PPARy -dependent transactivation
in the presence of SRC-1, but not TIF2 or p300 [133]. This is a
potentially important observation due to the phenotypes of mice
lacking SRC-1 or TIF2 (see above).

As expression of PPAR« is very high in BAT and low in
WAT, a function of PPAR«x in brown adipocyte differentiation
and function has been expected. In reporter assays, PPAR« is
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clearly capable of activating the UCP1 promoter in a manner
potentiated by PGC-lo-mediated coactivation [137-139]. In
addition, a genetic analysis of different mouse strains linked
PPARw to appearance of brown adipocytes and UCP1 expression
in retroperitoneal WAT [110]. Finally, PPAR« ligands have in
some studies been reported to induce UCP1 expression in primary
brown adipocytes and in BAT [110,138,140]. However, others
have failed to detect induction of UCP1 expression in response
to PPAR« ligand in either primary brown adipocytes or BAT
[125,137,141]. Moreover, analyses of PPARx~/~ mice have
demonstrated that the morphology of BAT appears normal, that
expression of UCP1 is normal and that they are not cold-sensitive
[110,140,142,143]. Therefore, the exact function and importance
of PPARw in brown adipocytes are presently unclear.

Whereas PPARS clearly plays an important role in skeletal
muscle, where activation or forced expression controls oxidative
metabolism and development [144—146], the role of PPARS in
adipose biology has been a matter of dispute. Initial experiments
indicated that PPARS was not adipogenic [147]. Now it appears
that PPARS controls preadipocyte proliferation [148,149] and
its activation may induce PPARy expression [149—152]. Forced
expression of a constitutively active form of PPARS in adipose
tissue resulted in animals with markedly less WAT, which was
attributed to less accumulation of triacylglycerol rather than a
decreased number of cells [153]. BAT also contained less triacyl-
glycerol, but the size of the interscapular BAT was not reduced. In
the transgenic mice, an increased expression of genes involved
in fatty acid oxidation and energy dissipation was observed in
BAT and WAT. Specifically, it was shown that UCP1 was ex-
pressed in WAT of the transgenic mice, even though the level
of expression was significantly lower than in BAT. In keeping
with the altered gene expression profile, the transgenic mice were
protected against high-fat diet-induced obesity. As expression
of constitutively active PPARS also counteracted weight gain
in db/db mice, it was concluded that the effect did not require
leptin signalling. Furthermore, treatment of db/db mice with the
potent PPARS agonist GW501516 for 7 days decreased lipid
accumulation in BAT. Using co-immunoprecipitation, PPARS was
shown to interact with PGC-1« in a manner that was enhanced by
GW501516 and dependent on the LXXLL motif located between
amino acids 142 and 146 of PGC-1«. Furthermore, it was shown
that PGC-1a was a powerful activator of ligand-dependent as
well as ligand-independent PPARS-mediated transactivation, and
it was suggested that PPARS via PGC-1a could regulate UCP1
expression and, hence, increase thermogenesis. Finally, it was
demonstrated that high-fat feeding-induced UCP1 expression
was severely compromised in adipose-specific PPARS knockout
mice [153]. This last observation clearly suggest that PPARS may
play a role in diet-induced adaptive thermogenesis, but as the
phenotype of the adipose-specific PPARS knockout is rather
complex [154], the biological significance of PPARS in relation
to thermogenesis remains to be fully established.

LXR (liver X receptor)

LXRs are established regulators of cholesterol, lipid and glucose
homoeostasis [155]. LXRa and LXRp are highly expressed in
adipose tissue, LXR being constitutively expressed in preadipo-
cytes and adipocytes, whereas expression of LXRa« is strongly
induced during adipocyte differentiation [156,157]. However,
the role of LXR in adipocyte differentiation and function has
been ambiguous. No adipose phenotype was reported for LXRa-
deficient mice [158], whereas it was reported that adipose depots
were smaller in LXRa~/~/LXRB~/~ double knockout mice [157].
Administration of synthetic LXR agonists has been reported
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to have no effect on adipogenesis [156,159] or stimulate adipo-
genesis in vitro [160]. In mature adipocytes, activation of LXR
induces expression of genes involved in lipid and glucose
homoeostasis [156,159,161-164], and it was reported that activ-
ation of LXR enhanced triacylglycerol accumulation in adipo-
cytes [157,160]. In keeping with an effect of LXR activation
on lipid accumulation in adipocytes, it was recently shown that
LXR§ is required for the age-dependent or diet-induced increase
in adipocyte size [165]. In the same study it was found that
UCP1 expression was markedly increased in gonadal adipose
tissue of LXRB-deficient mice. However, no marked differences
in daily food intake or oxygen consumption between wild-type
and LXRA™/~ mice were observed [165]. Unexpectedly,
LXRa~/~/LXRB~/~ mice were found to be resistant to diet-in-
duced obesity when fed a western high-fat high-cholesterol diet,
but not when fed a cholesterol-free high-fat diet [166]. The double
knockout mice have a defective hepatic lipid metabolism,
but impaired SREBP-1c (sterol regulatory element-binding
protein 1c)-dependent lipogenesis did not explain the observed
obesity resistance. Rather the LXRa~/~/LXRB~/~ mice exhibited
enhanced energy dissipation due to ectopic expression of UCP1 in
WAT and muscle. Expression of Dio2 was strongly up-regulated
in liver, but no increase in plasma Tj; levels was observed, making
it unlikely that T, affected UCP1 expression in muscle and adi-
pose tissue. Interestingly, induction of UCP1 expression was
not paralleled by enhanced expression of PGC-la mRNA.
PGC-1a protein levels were not determined. The notion that
LXRs, particularly LXRB, may play a role in controlling UCP1
expression is consistent with the finding that administration of
LXR agonist to mice suppresses UCP1 expression in BAT [167].

SHP (small heterodimer partner)

SHP is an unusual orphan nuclear receptor in that it lacks a
DNA-binding domain [168]. It normally functions as a repressor
and interacts with numerous other nuclear receptors, including
LRH-1 (liver receptor homologue 1), LXRs, ERRs, PPARs and
RXRs. The best characterized function of SHP is its involvement
in feedback regulation of bile acid production in liver through
repression of LRH-1 activity [168]. Recently, it was reported that
SHP inhibits expression of PGC-1« in brown adipocytes [169].
Mice lacking SHP are resistant to diet-induced obesity, mainly due
to diminished accumulation of triacylglycerol in adipose tissue.
SHP-deficient mice display increased energy expenditure linked
to altered thermogenic gene expression, including increased
expression of PGC-1o and UCP1 in WAT and BAT [169]. Using
primary cells, increased expression of PGC-1a and UCP1 was
observed in SHP~/~ brown adipocytes. Accordingly, silencing
SHP expression in wild-type brown adipocytes resulted in higher
levels of PGC-1a expression, whereas reintroduction of SHP
¢DNA into SHP~/~ brown fat cells led to decreased expression of
PGC-1a and UCP1 [169]. SHP was found to interact with a region
of the PGC-1a promoter containing a putative ERR binding site
as well as to repress ERRy-dependent activation of the PGC-1«
promoter in a dose-dependent manner. Although the expression
pattern of SHP during white and brown adipocyte differentiation
is not known, expression of SHP was down-regulated in BAT
upon cold exposure or acute S-adrenergic stimulation [169],
suggesting a physiological function of SHP in the regulation of
energy expenditure in BAT.

The C/EBP family

Three members of the C/EBP family, C/EBPS, C/EBPS§ and
C/EBPa, play important roles in adipocyte differentiation

[55,170]. The early regulators C/EBPS and C/EBPS are involved
in the formation of both WAT and BAT as well as in white
adipocyte differentiation in vitro [171,172]. Mice lacking C/EBPS
display reduced depots of both WAT and BAT, a phenotype
exacerbated in C/EBPB~/~/C/EBP§~/~ mice. Moreover, UCP1
expression and lipid accumulation are decreased in embryonic
day 18.5 BAT of knockout embryos, particularly in double
knockouts [172]. Interestingly, expression of adipocyte marker
genes in the WAT present in adult mice lacking C/EBPS and/or
C/EBPS is unaltered compared with wild-type mice [172].
Similar results were obtained upon analysis of adult BAT from
C/EBPg-deficient mice [171]. Likewise, induction of PGC-l«
and UCP1 expression was normal in C/EBPB~/~ mice in response
to cold, although they were cold-sensitive, possibly due to
impaired lipid metabolism. Finally, primary brown preadipocytes
lacking C/EBPg differentiated normally in vitro, and the primary
adipocytes expressed elevated basal levels of UCP1 as well
as elevated levels of PGC-la and UCP1 after noradrenaline
stimulation [171]. Thus C/EBPS and C/EBPS appear to play an
important role during the development of WAT and BAT, but to
play minor roles in mature adipose tissue.

C/EBPa knockout mice die from hypoglycaemia within 12 h
after birth, but display absence of lipid accumulation in BAT
[173,174]. Moreover, detailed analysis of pre- and neonatal
BAT demonstrated that C/EBP«a-deficiency results in decreased
and/or delayed expression of PPARy, UCP1, PGC-1«, PPAR«,
NRF-2 and TRs, attenuated Dio2 activity as well as defective
mitochondrial biogenesis and maturation [175]. C/EBPa ™/~ mice
transgenic for C/EBP« in liver have an improved neonatal survival
compared with non-transgenic C/EBP« knockout animals [176].
At 7 days of age, BAT of transgenic C/EBPa null mice is
largely indistinguishable from that of corresponding wild-type
mice with respect to mitochondrial numbers and morphology,
as well as expression of UCP1 and several adipocyte markers
[175,176]. A few differences were noticed, though, including a
tendency of C/EBP«-deficient brown adipocytes to accumulate
larger lipid droplets and to express higher levels of C/EBPS, pos-
sibly as a compensatory mechanism. Although the C/EBP«
transgene rescued the BAT phenotype, this was not the case for
WAT [176]. All WAT depots were still absent, except for the
mammary fat pad. These data suggest that the brown fat phenotype
described in C/EBP«-deficient mice is non-cell autonomous and
secondary to other functions of C/EBP«, possibly as a regulator
of gluconeogenesis, whereas the defective development of white
adipocytes is cell autonomous. Consistently, postnatal ablation of
C/EBPua selectively affects WAT and not BAT [177]. An important
function of C/EBP« in promoting white adipogenesis in vitro and
in vivo appears to be repression of E2F-dependent transcription
[178]. Mice homozygous for a knockin of C/EBPS in the C/EBP«
locus display elevated amounts of interscapular BAT and severely
decreased amounts of WAT in which the fat cells morphologically
resemble brown adipocytes [62,179]. Moreover, adipocytes from
homozygous knockin WAT express UCP1, contain higher levels
of cAMP and possess more mitochondria, which in addition to
being more numerous also are cristae-rich [62]. In summary, it
appears that C/EBPu is strictly required for white adipogenesis
in vivo, whereas it is dispensable for brown adipose conversion.

Insulin receptor substrates and necdin

Insulin and IGF-1 (insulin-like growth factor 1) signal through
activation of their respective cell surface receptors, which
trigger phosphorylation of intracellular IRSs (insulin receptor
substrates) mediating a plethora of downstream signalling events
[180]. Insulin/IGF-1 signalling strongly promotes adipocyte
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differentiation [45]. Consistently, mice lacking IRS-1 have
reduced amounts of WAT, a phenotype exacerbated in mice
lacking both IRS-1 and IRS-3 [181]. Moreover, a subset of
IRS proteins is required for adipose conversion of SV40 TAg-
immortalized brown preadipocyte cell lines, as demonstrated by
the use of cells prepared from mice carrying targeted disruptions
of individual or combinations of IRS protein-encoding genes
[182]. Using this model system, it was shown that IRS-1-deficient
cells were strongly impaired in brown adipogenesis, whereas cells
lacking IRS-3 were marginally impaired. The combined absence
of IRS-1 and IRS-3 fully blocked differentiation. Cells lacking
IRS-2 or IRS-4 differentiated as efficiently as wild-type cells
[182]. Comparison of microarray expression data from the
same preadipocytes lacking individual IRS proteins demonstrated
that expression of a panel of genes, including necdin, was
negatively correlated with the ability to differentiate into brown
adipocytes [183]. Necdin was expressed at 40-fold higher levels
in IRS-1-deficient brown preadipocytes compared with wild-type
preadipocytes, and this was partially reversed upon reintroduction
of IRS-1 cDNA into IRS-1-deficient cells. Intriguingly, silencing
of necdin expression by RNA interference in cells lacking IRS-1
partially restored differentiation and expression of marker genes
like PPARy, PGC-1a and UCP1 [183]. Thus necdin appears to
be an inhibitor of brown adipogenesis, at least of immortalized
IRS-17/~ preadipocytes. However, ectopic expression of necdin in
wild-type brown preadipocytes to levels observed in cells lacking
IRS-1 has no impact on either differentiation or BAT-specific
gene expression [183]. In addition, whereas WAT is strongly
affected in mice lacking IRS-1, BAT apparently is unaffected,
even in mice lacking both IRS-1 and IRS-3 [181]. Moreover,
the differential expression of necdin in immortalized wild-type
and IRS-1-deficient brown preadipocytes is not recapitulated
in vivo, as necdin is not expressed at significantly different
levels in BAT from wild-type and IRS-1-deficient mice [183].
Finally, how the observation that necdin is expressed at higher
levels in SV fractions from BAT than in SV fractions from WAT
[60] relates to the observations in wild-type and IRS-17/~ brown
preadipocytes is unclear at present. Clearly, IRS-1, IRS-3 and
necdin are potential regulators of brown adipocyte differentiation
in vitro. It will be interesting to decipher their impact on brown
adipose conversion in vivo, as the characterization of mice lacking
IRS-1 and/or IRS-3 suggests that the IRS proteins are more im-
portant for the formation of WAT than BAT. Therefore, more
studies are required to establish if IRS proteins and necdin
are molecular determinants of white versus brown adipocyte
differentiation.

S6K1 [40S ribosomal protein S6 kinase (p705¢%/p855¢K)]

S6K1 is a key regulator of cellular proliferation [184,185]. S6K1
is activated by mTOR (mammalian target of rapamycin), which
serves as an integrator of proliferative, hormonal and nutritional
signals [186]. Recently, a homologous rapamycin-sensitive S6
kinase termed S6K2 was identified [187]. Disruption of either
the S6K1 gene or the S6K2 gene does not affect viability or
fertility [184,187]. However, S6K1-deficient mice were shown
to be hypoinsulinaemic and glucose intolerant due to a selective
decrease in pancreatic B-cell mass, but surprisingly, the S6K1-
deficient mice maintained normal fasting plasma glucose levels,
suggesting hypersensitivity to insulin [188]. In a subsequent
study S6K1~/~ mice were shown to be protected against diet-
induced or genetic obesity [189]. In S6K1~/~ mice a marked
decrease in the size of adipose depots was observed, and epi-
didymal WAT acquired a multilocular, BAT-like appearance.
Energy expenditure as determined by oxygen consumption was
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increased, but the fact that circulating triacylglycerol and fatty
acids were similar in knockout and wild-type animals indicated
that triacylglycerol and fatty acids were oxidized in adipose tissue
or muscle. Accordingly, PGC-1a and UCP1 were expressed in
WAT, and expression of PPARS and PGC-la was increased
in muscle [189]. Acquisition of a BAT-like phenotype with
expression of UCP1 in WAT of S6K1~/~ mice probably reflects
enhanced insulin/IGF-1 signalling in the absence of the negative
mTOR/S6K1 feedback loop impinging on IRS-1 and IRS-2 [190].
Insulin and, in particular IGF-1, have been demonstrated to
play crucial roles in adipogenic and thermogenic differentiation
of foetal brown adipocytes [191-194]. Induction of UCP1
expression in differentiating brown adipocytes is dependent on
an IGF-1R (IGF-1 receptor)-dependent IRS-1/IRS-2-mediated
activation of Akt/PKB (protein kinase B) [194,195]. IGF-1-
dependent activation of the UCP1 promoter is not inhibited by
rapamycin in transient transfection experiments, and rapamycin
only partly inhibited IGF-1-induced UCP1 expression in foetal
brown adipocytes [196]. Furthermore, insulin-mediated S6K
activation is not impaired in IGF-1R-deficient brown adipocytes,
in which insulin does not induce UCP1 expression [194]. Thus,
even though adipogenesis per se is inhibited by rapamycin [197],
it appears that enhanced insulin/IGF-1 signalling in the absence
of negative S6K feedback regulation promotes differentiation of
BAT-like adipocytes with UCP1 expression.

4E-BP1 (4E-binding protein 1)

Targeted disruption of the eukaryotic translation initiation factor
4E-BP1 resulted in mice with a more than 50 % decrease in
WAT mass [198]. Moreover, multilocular adipocytes appeared
in the inguinal and retroperitoneal WAT of knockout mice. In
addition, UCP1 expression was substantially increased in inguinal
WAT, confirming an increased presence of brown adipocytes, and
knockout mice had an increased metabolic rate [198]. Intriguingly,
whereas no difference in expression of PGC-1ae mRNA in inguinal
WAT was observed between wild-type and knockout mice, the
level of PGC-la protein was 2-3-fold higher in the knockout
adipose tissue. Cold exposure or injection of a f-adrenergic
agonist led to a rapid down-regulation of 4E-BP1 expression in
BAT of wild-type mice, concomitant with an induction of UCP1
expression [199]. The cold-induced down-regulation of 4E-BP1
was absent in mice lacking B-adrenergic receptors [199]. In
these studies, the level of PGC-1a was not addressed. Although
speculative, it appears that 4E-BP1 can function as an inhibitor of
PGC-1la mRNA translation and is thereby a potential inhibitor
of brown adipogenesis.

The pRB (retinoblastoma protein) family

pRB is a tumour suppressor and a key regulator of the cell cycle
and differentiation of many cell types [200]. Moreover, it is the
founding member of a family also encompassing p107 and p130.
The involvement of the pRB family in adipocyte differentiation
has recently been reviewed [201,202]. The ability of TAg to inhibit
white adipocyte differentiation is well established [203,204].
However, as mentioned above, most brown preadipocyte cell lines
have been established either from TAg-expressing BAT tumours
or by forced expression of TAg in primary brown preadipocytes.
Moreover, transgenic mice expressing TAg from the FABP4
promoter exhibit a partial conversion of white into brown adipose
tissue [47]. These results indicate a differential effect of TAg
on white and brown adipogenesis. Important targets of TAg are
the three pRB family members that are functionally inactivated
by TAg through direct interaction [205]. Expression of TAg in
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several white preadipocyte cell lines resulted in expression of
UCPI in the adipose state [39]. It is noteworthy that adipose
conversion of these TAg-expressing cells was obtained by addition
of exogenous PPARy ligand, which bypassed the differentiation-
inhibitory effect of TAg normally observed in these cells. A point
mutant of TAg that failed to bind pRB family members did not
result in the induction of UCP1 expression. Mouse ES cells
lacking pRB directed to differentiate into adipocytes expressed
UCP1, whereas this was not the case for wild-type cells or cells
lacking both pl107 and p130 [39]. Consistently, pRB-deficient
and wild-type MEFs differentiated into brown and white fat cells
respectively. pRB-deficient adipocytes expressed UCP1 protein,
as well as PGC-1a and PGC-18 mRNAs, at levels comparable
with those in BAT and they contained many more mitochondria
than wild-type fat cells [39]. Moreover, wild-type and pRB-
deficient fat cells expressed the three SARs at levels similar to
those in WAT and BAT respectively. Additional evidence that
pRB regulates white versus brown adipocyte differentiation was
obtained by studying primary adult white preadipocytes from
mice carrying two floxed Rb (retinoblastoma gene) alleles. Cells
made pRB-deficient through infection with adenovirus expressing
Cre recombinase differentiated into brown fat cells, whereas
cells infected with control adenovirus differentiated into white
adipocytes [206]. These data establish pRB as a molecular switch
involved in the commitment of precursor cells to become either
white or brown adipocytes in vitro. Besides the phenotype of
FABP4-TAg transgenic mice, three observations indicate a role
of pRB in determining white versus brown adipose conversion
in vivo: pRB is not present in preadipocytes of interscapular
BAT, but is present in preadipocytes of epididymal WAT (it is
noteworthy that pRB is abundantly expressed in both mature
BAT and WAT); pRB levels decrease during transdifferentiation
of retroperitoneal white fat cells into brown-like adipocytes;
and pRB is inactivated by phosphorylation during cold-induced
activation and recruitment of BAT [39]. However, definite proof
that pRB differentially regulates the formation of white and brown
fat cells in vivo has remained elusive.

Scime et al. [206] recently reported that white adipose tissue
mass in pl07~/~ mice is substantially decreased, whereas the
weight of the interscapular BAT depot is similar to that of wild-
type mice. Adipocytes present in pl107-deficient WAT contain
smaller lipid droplets, more mitochondria and express highly
elevated levels of UCP1 and PGC-l«. Using a novel FACS-
based strategy for isolating preadipocytes, it was demonstrated
that WAT depots of p107-deficient animals contain 30 % more
preadipocytes than WAT from wild-type animals, indicating that
p107 positively regulates differentiation of white preadipocytes
in vivo. In contrast, cultures of primary preadipocytes from adult
p107 null mice have an increased differentiation potential in vitro,
and the resulting p107~/~ fat cells express UCP1 and PGC-1a. The
finding that freshly isolated primary preadipocytes from inguinal
WAT of adult p107~/~ mice contain dramatically decreased levels
of pRB furthermore suggests that pRB may in fact mediate the
effect of p107-deficiency on adipose conversion [206].

It is conceivable that pRB controls white versus brown adipo-
genesis by interfering with expression of PGC-1«. In comparison
with wild-type cells, Rb~/~ MEFs exhibit increased cAMP
sensitivity during the early stages of differentiation. Increased
cAMP sensitivity is important for the brown adipogenic fate of
fibroblasts lacking pRB, as an inhibitor of PKA attenuates the
induction of PGC-1o and Tfam expression and largely blocks in-
duction of UCP1 expression [39]. Scime et al. [206] applied
ChIP to show pRB association with at least two regions of the
PGC-1a promoter, located approx. 1 and 4 kb upstream of
the transcription start site. Moreover, pRB represses the activity

of the PGC-1« promoter in a dose-dependent manner, a repressive
effect mimicked by E2F4 expression and amplified by co-
expression of pRB and E2F4.

In summary, pRB and pl107 are potent regulators of white
versus brown adipose conversion in vitro and in vivo. However, it
remains to be shown how pRB regulates cAMP sensitivity, how
pRB is recruited to the PGC-1« promoter in preadipocytes and
whether the repressive effect of pRB is dependent on histone
deacetylase activity. Finally, it is not clear why p107-deficient
preadipocytes are impaired in differentiation in vivo, but display
improved differentiation in vitro.

Whnt signalling

Activation of Wnt signalling potently inhibits white adipocyte
differentiation in vitro and in vivo [207,208]. Activated Wnt
signalling prevents induction of C/EBPa and PPARy during
preadipocyte differentiation, and forced expression of these
overrules the differentiation-inhibitory effects of Wnt signalling
[207]. The mechanism by which Wnt signalling blocks induction
of C/EBP« and PPARy expression is unknown. Wnt signalling
also blocks differentiation of brown preadipocytes [16,209].
Although ectopic expression of C/EBPa and PPARy allows
brown preadipocytes to accumulate lipid droplets in the presence
of activated Wnt signalling, they do not express typical brown
adipocyte genes, including PGC-1« and UCP1. Combined ectopic
expression of PPARy and PGC-1«, however, overrules the effect
of Wnt signalling on both differentiation and expression of
brown adipocyte genes [16]. Interestingly, activation of Wnt
signalling in immature brown adipocytes shuts down brown
adipocyte genes, while leaving general adipocyte transcription
factors and marker genes untouched [16]. The selective down-
regulation of brown adipocyte genes by Wnt signalling in this
scenario is likely to be due to the observed rapid attenuation of
PGC-1la expression, as forced expression of PGC-1a bypasses
the effect of activated Wnt signalling. It is not known how
activated Wnt signalling leads to down-regulation of PGC-1la
expression. Wnt signalling also affects BAT in vivo. FABP4—
Wnt10b transgenic mice have dysfunctional interscapular adipose
tissue, with adipocytes displaying a unilocular morphology [208].
Moreover, these mice are cold-sensitive and fail to increase core
body temperature in response to injection with a B-adrenergic
agonist [16,208]. Similarly, UCP1-Wnt10b transgenic mice have
impaired BAT function, with interscapular adipocytes exhibiting
unilocular lipid droplets and strongly reduced expression of
brown adipocyte genes [16]. Finally, Wnt10b is up-regulated in
BAT from genetically obese mice, concomitantly with a down-
regulation of PGC-1« and UCP1 expression [16], suggesting that
Whnt signalling may also affect brown adipocyte function in a
physiological setting.

SIRT3 (sirtuin 3)

SIRT3 is one of seven members of the mammalian sirtuin
family possessing NAD7-dependent protein deacetylase and
ADP-ribosylase activities [210]. Mouse SIRT3 is ubiquitously
expressed, but displays an enriched expression in BAT relative
to WAT [15]. Moreover, it localizes to the mitochondrial inner
membrane. Forced expression of wild-type SIRT3 in HIB-1B
cells enhances expression of UCP1, PGC-1« and enzymes of
the respiratory chain, whereas expression of a dominant-negative
SIRT3 attenuates expression of these genes [15]. The effect of
the dominant-negative SIRT3 is partially bypassed by ectopic
expression of PGC-1e«, suggesting that SIRT3 promotes brown
adipogenesis at least in part through induction of PGC-la ex-
pression. The induction of PGC-1a expression is possibly linked
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Molecular determinants involved in white versus brown adipocyte differentiation

Factors that characterize white or brown adipogenesis are indicated in the upper and middle parts of the Figure respectively, whereas factors influencing PGC-1er activity at various levels are listed
in the lower part. The mechanism by which LXR affects UCP1 expression in fat and white versus brown adipose conversion is unknown. The potential transdifferentiation of white and brown fat cells
is indicated in the upper right part of the Figure. See the text for details. The involvement of TRAP220 and PGC-2 in white adipose conversion has been described [219,220].

to an increased activity of CREB, as the level of phosphoryl-
ated CREB was enhanced in SIRT3-expressing HIB-1B cells
[15]. Physiologically, the expression of SIRT3 is induced in BAT
in response to cold exposure, whereas the expression of SIRT3
is down-regulated in BAT of genetically obese mice [15]. It is
noteworthy that another sirtuin family member, namely SIRT1,
has been shown to inhibit adipocyte differentiation of 3T3-L1
preadipocytes and to promote triacylglycerol mobilization in 3T3-
L1 adipocytes [211]. SIRT1 mediated these effects by promoting
the recruitment of co-repressors to PPARy, thereby blunting
PPARy activity [211]. Ectopic expression of SIRT1 in HIB-
1B cells has, however, no effect on either adipose conversion
or expression of PGC-1« and UCP1 [15].

NO (nitric oxide)

NO is a physiological regulator of a plethora of tasks, many of
which involve its effects on mitochondria [212]. NO has been re-
ported to stimulate the differentiation of primary rat brown
preadipocytes [213]. Subsequently, NO was shown to induce
mitochondrial biogenesis in brown adipocytes, and this effect
of NO was dependent on an NO-mediated induction of PGC-
la expression [214]. Adipocytes appear to express eNOS (endo-
thelial NO synthase) as the only NOS [214]. eNOS knockout
mice have impaired BAT function with an increased presence
of unilocular adipocytes, a decreased mitochondrial content and
a decreased expression of PGC-la and UCP1. Consistently,
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eNOS-deficient mice were sensitive to diet-induced weight gain
[214]. Although eNOS and NO are clearly capable of inducing
mitochondrial biogenesis in brown adipocytes, the effect is not
restricted to this cell type. NO induces mitochondrial biogenesis
also in 3T3-L1 adipocytes and in several non-adipose cell lines,
and eNOS™/~ mice exhibit reduced amounts of mitochondria in
all tissues examined, with WAT being the sole exception [214].

CONCLUSIONS, FUTURE DIRECTIONS AND PERSPECTIVES

The ability of brown fat to dissipate energy through uncoupled res-
piration and thermogenesis has caused speculation as to whether
controlled recruitment of brown adipocytes would be a suitable
strategy to counteract obesity. Most crucial regulators of adipo-
genesis have possibly been identified, like PPARy and C/EBPs.
However, novel important transcription factors involved in white
adipose conversion have recently been reported [215,216], and
several factors affecting both white and brown adipogenesis
have been described, such as components of the Wnt signalling
pathway [16,207] and GATA transcription factors [217,218].
Knowledge of factors specifically involved in promoting or
inhibiting brown adipocyte differentiation is sparse. However,
research in recent years have brought to light some examples of
potential regulators. With few exceptions, the recurrent impact
of these is direct or indirect effects on the activity of PGC-1«
(Figure 1). The ability of PGC-lo to induce expression of
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UCP1 as well as mitochondrial biogenesis and activity in fat
cells points to PGC-1« as the prime factor co-ordinating brown
adipocyte differentiation and function. The activity of PGC-1«
is controlled by the potential regulators at multiple levels: through
positive or negative effects on transcription of the PGC-la
gene, through translational regulation of the PGC-1a« mRNA or
through post-translational modification of PGC-1c«. The post-
translational regulation of PGC-l« includes interactions with
repressor proteins, p38 MAPK-dependent phosphorylation of
PGC-1a resulting in its activation and stabilization (and the
dissociation of repressors), and recruitment of PGC-1w to target
promoters through interaction with transcription factors, leading
to activation of PGC-1« due to the docking effect (Figure 1). In
several cases, the molecular mechanism through which the factors
discussed above modulate PGC-1« activity is unknown, e.g. how
does S6K1 and Wnt signalling decrease expression of PGC-1a,
and does the improved translation of the PGC-1o mRNA in the
absence of 4E-BP1 occur as a result of a direct effect of 4E-BP1
on the PGC-1a mRNA?

Of all the potential regulators, only three examples have been
reported in which the expression of PGC-l« mRNA was not
affected, and in one example, although not addressed, no change in
PGC-1a expression is suspected. The latter example is the Cidea
knockout mice, where Cidea has been proposed to act through a
direct interaction with the UCP1 protein and thus downstream
of PGC-la. The former three examples are the transgenic
mice expressing a constitutively active PPARS in fat, the
RIP140-deficient mice and the LXRB™~ and LXRa/~/LXRB ™/~
knockout mice. As PPARGS interacts with PGC-1« and effectively
is co-activated by PGC-1e, it is plausible that PPARS activates
PGC-1a through the transcription factor docking mechanism. In
this way, PPARS could increase PGC- 1« activity without affecting
its expression. In the case of RIP140 knockout mice it appears
that the absence of RIP140 allows ectopic activation of the UCP1
promoter by low levels of PGC-1« in WAT. On the basis of the
correlation between increased activity of PGC-1« and hyperactive
BAT as well as brown adipose-like conversion of WAT, it is
also possible that RIP140 represses PGC-la activity through
an unknown mechanism. Several possibilities exist: RIP140
might repress PGC-1a activity through a direct interaction be-
tween the two or RIP140 might sequester PGC-1w-interacting
proteins necessary for execution of PGC-1a-mediated functions.
In the LXRB™/~ single knockout and LXRa™/~/LXRB ™/~ double
knockout mice it remains to be determined if the level of the
PGC-1a protein is increased.

Whether controlled recruitment of brown fat cells is a suit-
able strategy in the treatment of obesity and obesity-asso-
ciated disorders remains to be shown. Nevertheless, designed
interference of the balance between white and brown adipocyte
differentiation requires a more detailed understanding of fac-
tors differentially regulating the formation of white and brown fat
cells. In addition, and perhaps even more important in relation to
humans, would be detailed knowledge of the processes that control
the regression of BAT and/or conversion of BAT into largely
non-adrenergic responsive WAT after birth in larger mammals.
A few regulators of white versus brown fat cell differentiation
have been described, and from the reported data, it appears
that most of these act upstream of PGC-la. However, the
existence of factors that promote brown adipose conversion in
a PGC-lu-independent manner cannot be ruled out. Moreover,
a significant impact of other PGC-1 family members is highly
likely. Being an active area of research, the coming years will
undoubtedly expose novel and exciting insight into regulatory
circuits controlling white versus brown adipocyte differentia-
tion.
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