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A great deal is known about the molecular mechanisms regulating terminal differentiation of pre-adipocytes
into mature adipocytes. In contrast, the knowledge about pathways that trigger commitment of mesenchy-
mal stem cells into the adipocyte lineage is fragmented. In recent years, the role of members of the bone mor-
phogenic protein family in regulating the early steps of adipogenesis has been the focus of research. Findings
based on these studies have also highlighted an unexpected role for some bone morphogenic protein in en-
ergy homeostasis via regulation of adipocyte development and function. This review summarizes the knowl-
edge about bone morphogenic proteins and their role in adipocyte commitment and regulation of whole
body energy homeostasis. This article is part of a Special Issue entitled Brown and White Fat: From Signaling

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

During gastrulation several specialized cells such as adipocytes,
myocytes and chondrocytes originate from the mesoderm layer [1].
Today it is commonly accepted that with regard to adipocyte develop-
ment, two types of cells are generated: (i) one that functions as a pre-
cursor for white fat, a tissue devoted to store energy in the form of
triglycerides for the time of starvation, and (ii) one precursor that
gives rise to brown fat, a tissue that burns lipids to produce heat via
non-shivering thermogenesis [2-4|. White adipose tissue (WAT) and
brown adipose tissue (BAT) are organized to form the adipose tissue
organ, a multi-depot organ distributed in our body with a discrete anat-
omy and a high physiological plasticity [5-7]. WAT can mainly be found

Abbreviations: WAT, white adipose tissue; BAT, brown adipose tissue; MSC, mesen-
chymal stem cell; UCP1, uncoupling protein 1; PRDM16, PR domain containing 16;
PPARY, peroxisome proliferator-activated receptor gamma; BMP, bone morphogenic
protein; PGC1, peroxisome proliferator-activated receptor gamma coactivator 1;
CtBP, C-terminal-binding protein; SMAD, small mother against decapentaplegic;
TGF-{3, tumor growth factor-p; ALK, activin receptor-like kinase; BMPR, bone morpho-
genic receptor; ActR, activin receptor; GDF, grown/differentiation factor; FGF, fibroblast
growth factor; WNT, wingless; Rb, retinoblastoma; Pref-1, pre-adipocyte factor-1; C/EBP,
CCAAT/enhancer binding protein; RIP140, receptor-interacting protein 140; PG, prosta-
glandin; HSL, hormone sensitive lipase; CNS, central nervous system; SNS, sympathetic
nervous system; VMH, ventromedial hypothalamus; hPSCs, human pluripotent stem cells

* This article is part of a Special Issue entitled Brown and White Fat: From Signaling
to Disease.
* Corresponding author at: Institute for Food, Nutrition and Health, ETH Zurich,
Schorenstrasse 16, 8603 Schwerzenbach, CH, Switzerland. Tel.: +41 44 6557451.
E-mail address: Christian-wolfrum@ethz.ch (C. Wolfrum).

1388-1981/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.bbalip.2013.01.010

in two locations: below the skin (subcutaneous) and in the abdomen
(visceral). BAT, was believed to be absent in adult humans, however re-
cently, using fluoro-deoxyglucose (FDG)-positron emission tomogra-
phy (PET) combined with computer tomography (CT), it was clearly
demonstrated that also adult humans possess BAT, which seems to be
functional as well [8-11].

Morphologically, white and brown adipocytes differ by their lipid
droplet size and abundance. White adipocytes store triglycerides in a
single large lipid droplet and contain few mitochondria. On the
contrary, brown adipocytes show higher numbers of mitochondria
and accumulate triglycerides in several small lipid droplets [12].
The ability of brown adipocytes to dissipate energy is conferred by
uncoupling protein 1 (UCP1). This protein is expressed uniquely in
BAT, where it uncouples cellular respiration from ATP production,
thus dissipating energy as heat [13]. This adaptive non-shivering
thermogenesis is important not only for maintaining body tempera-
ture, but to some extent, also for the maintenance of body weight.
Indeed, genetic ablation of BAT in mice resulted in susceptibility to
develop obesity [14], whereas overexpression of UCP1 protected
from diet induced obesity [15].

For long time white and brown adipocytes have been assumed to
share a common developmental origin as they have a similar differen-
tiation program and a similar expression patter of genes [16]. Howev-
er, recent studies have clearly demonstrated that brown adipocytes
share a common precursor with muscle cells [17]. This is not surpris-
ing as both cell types are rich in mitochondria and can perform oxida-
tive phosphorylation as well as adaptive thermogenesis. Actually, the
common origin of these two cells was already suggested in 1551 by
the Swiss naturalist Konrad Gessner when he described brown adipo-
cytes as neither fat, nor muscle [18]. Almost 450 years later Seale et


http://dx.doi.org/10.1016/j.bbalip.2013.01.010
mailto:Christian-wolfrum@ethz.ch
http://dx.doi.org/10.1016/j.bbalip.2013.01.010
http://www.sciencedirect.com/science/journal/13881981

916 S. Modica, C. Wolfrum / Biochimica et Biophysica Acta 1831 (2013) 915-923

al. [17] confirmed these suggestions by demonstrating that brown ad-
ipocytes share a common origin with skeletal muscle cells and have
phenotypic features similar to both adipocytes and myocytes. Thus,
brown adipocytes can be classified as “adipomyocytes”, i.e. muscle
cells that have developed the capacity to accumulate lipids.

Initial lineage tracing studies showed that cells expressing engrailed-1
(En1) located in the central dermomyotome can give origin to
interscapular brown fat [19]. In addition, brown adipocyte cell precur-
sors were shown to have a myogenic gene expression signature [20]. Fi-
nally, through in vivo fate mapping studies, the existence of a common
Myf5 ™ progenitor for both skeletal muscle and brown adipocytes was
demonstrated [17]. Myf5 is a key early myogenic transcription factor
whose expression was thought to be specific to committed skeletal
muscle cells. Notably, the Myf5* precursor cell population does not
give rise to white adipocytes although this concept has been recently
challenged [21].

In line with this, the observation that brown adipocytes and muscle
cells share a common precursor is the result from myogenin-deficient
mice, which suggests that myocyte precursor cells that are not able to
terminally differentiate into muscle cells can give rise to brown adipo-
cyte accumulation in skeletal muscle fibers [22].

The factor responsible for the commitment of the Myf5* precur-
sor cells into brown adipocytes or myocytes has been shown to be
PR domain containing 16 (PRDM16) [17]. PRDM16 can control a bi-
directional cell fate between muscle and BAT and by repressing the
expression of myogenic factors PRDM16 is responsible for the deter-
mination of brown adipocytes from the Myf5™ progenitors. Indeed,
loss of PRDM16 from brown fat precursors results in an impaired
brown fat formation, whereas the expression of myogenic markers
is increased [17]. On the other hand, ectopic expression of PRDM16
in myoblast results in the appearance of a brown phenotype [17]. No-
tably, it was shown that peroxisome proliferator-activated receptor
gamma (PPARy) mediated the effects of PRDM16 and activation of
PPARy was able to convert myogenic cells to white-like adipocytes,
whereas conversion into brown adipocytes was possible only by the
coexpression of PRDM16. Thus, PRDM16 acts at an early stage to influence
a brown lineage decision. Indeed, the expression of PRDM16 has been
shown to be regulated by bone morphogenic protein 7 (BMP-7), a factor
responsible for trigging commitment of mesenchymal stem cells (MSCs)
specifically into the brown adipogenic lineage [23].

In order to repress the myogenic lineage in brown fat precursors,
some repressing factors are likely to play an important role. In this re-
spect, PRDM16 has been shown to have the ability to simultaneously ac-
tivate and repress genes via a mutually exclusive interaction with
peroxisome proliferator-activated receptor gamma coactivator 1 o/
(PGCloy/p) or C-terminal-binding protein (CtBP) corepressors [24].
Moreover, it has also been shown that PRDM16 can repress the myogen-
ic signature via mir-193b and mir-365 [25]. By coactivating PPARc,
PRDM16 promotes the expression of the cluster mir-193b-365, which
blocks the entire program of myogenesis in C2C12 myoblast to promote,
under adipogenic conditions, the formation of brown adipocytes. In
contrary, blocking mir-193b and/or mir-365 in primary brown pre-
adipocytes results in impaired brown adipogenesis by enhancing
RUNXI1T1 and increased expression of myogenic markers.

The adipose organ is constantly being remodeled in order to respond
to environmental cues. Apart from the population of endogenous
brown adipocytes, a second population of inducible brown adipocytes
exists (referred to as “brite” or “beige”) [26]. Thus, in rodents chronic
cold exposure determines the appearance of brite adipocytes in white
depots [27-29]. Brite adipocytes are not derived from Myf5" express-
ing progenitors [17,30], posing the question from which cellular origin
these cells arise. One possibility that was suggested is the trans-
differentiation of white to brite adipocytes [31]. However, also separate
progenitors, which are negative for Myf5 may exist [21]. These findings
are in line with the observation that BAT cells in the interscapular region
are genetically different from those localized in WAT depots [32].

In addition to the appearance of brite adipocytes in WAT depots,
brown adipocytes have been also identified in skeletal muscle,
which might develop from Myf5* satellite cells to increase the oxida-
tive capacity of the skeletal muscle [33]. Even though it is still unclear
to which extend brite cells can participate to energy expenditure, the
appearance of brown adipocytes in both WAT and muscle has been
suggested to increase energy expenditure and resistance to obesity
[34,35]. Thus, therapies aiming to promote these events to counteract
obesity need the understanding of brown fat lineage commitment.

Although the discovery of the origin of brown adipocytes is an
important finding, the localization and identification of the specific
brown fat/myocyte progenitor cells during mouse embryogenesis
remains to be established. Thus, it will be important to map the
PRDM16 embryonic expression pattern to get insight into both localiza-
tion and identity of the common precursors during early development.
Further cues could be obtained from dissecting the signaling pathways
responsible for the spatial and temporal expression of PRDM16. Of note
in that respect are the BMP proteins, which are morphogens that play a
key role in the development of many tissues, including adipose tissue. In
fact, in mice lacking Schnurri-2, a down-stream mediator of the BMP-2
signaling pathways, the development of WAT is dramatically impaired
[36]. In contrast the development of BAT is compromised in BMP-7
knock-out mice [23]. Among the BMP proteins, BMP-2 and BMP-4
have been proposed to promote the development of WAT, while
BMP-7 has been implicated in the development of BAT [23,36]. BMP-7
has been shown to drive the complete brown fat differentiation pro-
gram, including PRDM16 expression. Nevertheless, apart from small
mother against decapentaplegic (SMAD) transcription factors, the
knowledge of the down-stream mediators of the BMP signaling respon-
sible for adipogenesis is limited.

2. Bone morphogenic proteins

Bone morphogenic proteins (BMPs) are pleiotropic members of the
transforming growth factor B superfamily (TGF-3). As morphogens,
BMPs are synthesized from localized sources from where they diffuse
into the surrounding tissue to provide positional information in a
dose-dependent manner [37]. Originally identified as factors that induce
the formation of bone and cartilage, BMPs have been shown to play an
important role in the development and function of many other tissues
such as intestine, kidney, muscle, brain and hematopoietic as well as ad-
ipose tissue [38]. The activity of BMPs was initially recognized in the
1960s [39]. However, the factors responsible for bone formation stimu-
lation remained elusive until the purification and sequencing of BMP-3
(osteogenin) and the cloning of human BMP-2 and BMP-4 in the late
1980s [40,41]. Since then, around 20 BMP family members have been
identified nowadays in vertebrates and invertebrates [42] (Table 1). Of
these, BMP-2, BMP-4, BMP-6, and BMP-7 are well-established mediators
of both osteogenesis and adipogenesis from mesenchymal stem cells
(MSCs) [43]. BMPs are secreted as precursor protein dimers that are
cleaved by proteinases to yield the mature active form of the protein
[44]. BMPs bind to serine-threonine kinase receptors that transduce
their signal to the nucleus via SMAD proteins [45].

3. Bone morphogenic protein receptors

Two types of serine-threonine kinase receptors are required to
transduce BMP signaling: type I and type II receptors. Both receptors
have a short extracellular domain, a single membrane-spanning do-
main and an intracellular domain containing a serine-threonine ki-
nase domain [46]. The specificity of BMP binding to type I receptors
is affected by type II receptor. Moreover, BMP-receptor binding and
signaling activity can be regulated by co-receptor factors [46].

With respect to BMP type I receptors, seven receptors have been
identified, which are referred to as activin receptor-like kinase
(ALK-1 to ALK-7). These seven receptors are further classified into
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Table 1
Members of the mammalian BMP subfamily of the TGF-p superfamily and components of the BMP signal transduction pathways. Important corresponding references are noted in
the table.
BMP ligand [46] Receptor type I [46] Receptor type Il [46,47] R-SMAD [48] Co-SMAD [48] [-SMAD [48]
GDF-1 ALK-1 BMPR-IIA SMAD1 [36,46] SMAD4 [45] SMADG [45,51,52]
BMP-2 (BMP-2A) [36,41,43,46,63-65,73,74] ALK-2 BMPR-IIB SMAD?2 [46] SMAD?7 [45,50]
BMP-3 (BMP-3A) [40] ALK-3 (BMPR-IA) SMAD?3 [46]
BMP-3B (GDF-10) [40] ALK-4 SMADS [46]
GDF-3 ALK-5 SMADS [46]
BMP-4 (BMP-2B) [41,43] ALK-6 (BMPR-IB)
BMP-5 ALK-7
BMP-6 [43,46]
BMP-7 [23,43,46,73,74,86]
BMP-8A
BMP-8B [84]
BMP-9 (GDF-2)
BMP-10

BMP-11 (GDF-11)
BMP-12 (GDE-7)
BMP-13 (GDF-6)
BMP-14

BMP-15 (GDF-9B)

three groups depending on their similarity in structure and function:
a) the BMPR-I group (ALK-3/BMPR-IA and ALK-6/BMPR-IB), b) the
ALK-1 group (ALK-1 and ALK-2), c) the TBR-I group (ALK-4/ActR-IB,
ALK-5/TBR-I and ALK-7). Signal transduction from members of the
ALK-1 and BMPR-I groups results in activation of SMAD1/5/8, while
the TPR-I group can activate SMAD2/3 [46].

With respect to type Il receptors, three receptors have been iden-
tified: BMPR-II, ActR-II and ActR-IIB. Two isoforms of BMPR-II exist,
one with a long C-terminal tail after the kinase domain, and one with-
out the C-terminal tail. The former is expressed in most type of cells,
while the latter only in a few types. While type Il receptors are widely
expressed in many tissues, the pattern of expression of type I recep-
tors can be more restricted (e.g. BMPR-IB and ALK-1). The specificity
of BMP binding to type I receptors is affected by type II receptors. In-
deed, BMP-4 and BMP-2 preferentially bind to ALK-3 and ALK-6,
BMP-6 and BMP-7 to ALK-2, BMP-9 and BMP-10 to ALK-1 and
ALK-2, growth/differentiation factor 5 (GDF-5) to ALK-6 (Table 1).

4. Bone morphogenic protein signal transduction

Located at the N-terminus of the serine-threonine kinase domain,
the glycine and serine (GS) rich-domain of type I receptor is the
rate-limiting step in BMP signal transduction (Fig. 1). Although type II
receptor is constitutively active and a small fraction of type I and type
Il receptors pre-exists as homo- and heterodimers, upon ligand binding
the fraction of type I-II heterodimers is significantly increased [46].
When heterodimers are formed, type Il receptor phosphorylates the
GS domain of type I receptor, a key event that starts the intracellular sig-
nal transduction. Notably, a constitutively active form of type I receptor
can transduce intracellular signals even in the absence of ligand and
type II receptor. Thus, it is the type I receptor which determines the
specificity of the intracellular signals by acting as a down-stream com-
ponent of type Il receptor [47].

SMAD proteins are the major signal transducers responsible for
TGF-3 signaling from the cytoplasm into the nucleus [48]. Eight differ-
ent SMADs have been identified in mammals. Generally, SMAD1,
SMADS5, and SMADS8 are receptor-regulated SMADs (R-SMADs) in
BMP signaling pathways, while SMAD2 and SMAD3 are responsive to
TGF-B signaling. Nevertheless, specificity of activation of R-SMADs by
TGF-B family ligands is not as strict as previously thought. Thus, BMP re-
ceptors have been shown to phosphorylate SMAD2 in various cells [49],
i.e. in endothelial cells SMAD1 and SMADS5 are activated by TGF-3 via
ALK-1 and ALK-2. Upon activation by type II receptor, type I receptor
phosphorylates R-SMAD. Subsequently, R-SMADs form a complex
with common partner SMAD (co-SMAD) and this complex translocates

into the nucleus to bind to the promoter of target genes [45]. SMAD4 is
the only co-SMAD in mammalians shared by both BMP and TGF-p
signaling pathways. Inhibitory SMADs (I-SMADs), which are SMAD6
and SMAD?7, are negative regulator of the action of R-SMADs and/or
co-SMADs [45]. [-SMADs interact with activated type I receptors, but
unlike R-SMADs they are not released and thus prevent the activation
and R-SMAD:s [45]. For example, SMAD7 inhibits both BMP and TGF-p
signaling, whereas SMADG preferentially represses BMP signaling.
SMAD?7 interacts with type I receptor of the ALK-1, BMPR-I and TPRR-1
groups and in the nucleus can disrupt the formation of a functional
SMAD-DNA complex [50]. SMADG6 inhibits signals from the BMPR-I
group [51] and can compete with SMAD4 by forming a complex with
SMADI1. Interestingly, R-SMADs, co-SMADs, I-SMADs, form a negative
feed-back loop for the regulation of TGF-3 family signaling as I-SMADs
are strongly induced by TGF-B/activins and BMPs [52] (Table 1).

In the nucleus, SMADs regulate the expression of target genes by di-
rectly binding to DNA sequences and recruiting coactivators and/or core-
pressor proteins (Fig. 1). Among the DNA binding proteins that interact
with BMP-specific SMADs are RUNX2 and Schnurri-2. BMP-specific
R-SMADs and RUNX2 cooperatively promote the transcription of genes
responsible for osteoblast differentiation [53]. Upon BMP-2 stimulation,
Schnurri-2 translocates into the nucleus where it interacts with the com-
plex SMAD1/4 and C/EBP« to induce PPARYY2, a key transcription factor
for adipogenesis [36].

5. Bone morphogenic proteins and adipogenesis: form
mesenchymal stem cells to mature adipocytes

Adipogenesis is a multistep process that can be described in the
context of two main phases: commitment and terminal differentia-
tion. Cell fate determination is affected by signaling molecules that
are involved in the evolution of mesodermal tissues. These include fi-
broblast growth factors (FGFs), wingless (WNT), and members of the
TGF-P family such as the aforementioned BMPs. These molecules can
act in an endocrine, autocrine and a paracrine fashion. In the latter
case they are produced from the microenvironment i.e. niche and
provide instructions for commitment of precursor cells into
pre-adipocytes [54]. Upon commitment, in order to become mature
adipocytes, pre-adipocytes need to be released from suppressive sig-
naling molecules including members of the WNT family [55], protein
of the retinoblastoma (Rb) family [56,57] pre-adipocyte factor 1
(Pref-1), a member of the Notch/Delta/Serrate family of epidermal
growth factor-like repeat-containing proteins [58], and Necdin, a
member of the melanoma-associated antigen family of protein [59].
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osteogenesis

adipogenesis

Fig. 1. The BMP signaling pathway. Two types of serine-threonine kinase receptors transduce BMP signals named type I and type II receptors. Initially, BMP ligands promote the
formation of type I-1I heterodimers. Consequently, type II receptor phosphorylates type I receptor, which in turn activates R-SMADs (SMAD1-2-3-5-8) by phosphorylation.
Upon activation, R-SMAD forms a complex with co-SMAD (SMAD-4), which translocates into the nucleus to regulate the expression of target genes such as RUNX2 and OSX (os-
teogenesis) or C/EBPa and PPARy2 (adipogenesis). [-SMADs (SMAD6-7) interfere with phosphorylation of R-SMADs, formation of R-SMAD/co-SMAD complex and formation of a

functional SMAD/DNA complex.

Notably, Necdin and the Rb family members also selectively suppress
brown adipogenesis at an early stage [56,59].

Although the knowledge about the commitment state of
adipogenesis is unclear, a great deal of information is available about
the terminal differentiation process of adipocytes. After being released
from suppression, pre-adipocytes progress towards a mature adipocyte
state through a transcriptional cascade of events that includes members
of the transcription factors CCAAT/enhancer binding protein (C/EBPS)
and the master regulator of adipogenesis PPARY. Notably, some factors
have been identified that are responsible for a white or brown adipo-
cyte differentiation. In this regard, members of the Rb protein family,

and the nuclear corepressor receptor-interacting protein 140 (RIP140)
promote a white phenotype [60-62], while PRDM16, as alluded to
above, is required to determine a brown phenotype [35]. BMPs have
been also suggested to play an important role in the control of white
versus brown adipose fate determination by acting at the commitment
stage of adipogenesis. In particular, it has been shown that BMP-2 and
BMP-4 can promote commitment of MSCs into white pre-adipocytes
[63-65], whereas BMP7 drives brown pre-adipocyte commitment [23].

BMPs are niche factors that provide instructive cues to MSCs. As
morphogens, BMPs are either secreted from the niche in proximity
of MCSs to act as paracrine effectors or blood-derived factors secreted
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from other organs to act as endocrine factors. The effects of BMPs on
fat development seem to be evolutionary conserved as Drosophila
larvae missing the BMP-7 homologue glass bottom boat (gbb-60A)
display impaired fat body development [66]. In line with this observa-
tion, different BMP gradients might instruct the formation of the
different fat depots distributed in our body. Since there is a relation-
ship between the way fat is distributed in our body and our metabolic
phenotype [67], how the embryonic BMP gradients shape our fat dis-
tribution might influence the susceptibility of developing obesity and
other metabolic diseases.

The role of BMPs on adipogenesis is related to the dosage of these
morphogens and to the stage of cell development. For instance, in
bone marrow stromal cells, BMPs mainly promote osteogenesis while
inhibiting adipogenesis [68-70]. On the contrary, BMP-4 has been
shown to promote adipogenesis in embryonic stem cell-derived embry-
onic bodies [71]. In C3H10T1/2 cells, which are mouse embryonic fibro-
blasts established from 14-to-17-day-old embryos of the C3H mouse
strain that show characteristics of MSCs [72], high concentration of
BMP-2 and BMP-7 promotes osteogenesis, whereas low concentrations
promote adipogenesis [73,74].

A key finding suggests that BMP-4 is involved in the earliest stages of
adipogenic commitment. It is in fact possible to commit the MSC line
C3H10T1/2 into a pre-adipocyte cell lineage by means of 5-azacytidine
[63]. This treatment results in de-methylation of BMP4 promoter with
consequent high expression levels of BMIP-4. This event is critical as the
BMP4 antagonist Noggin blocks the development of adipocyte character-
istics [63].

Although early studies have established a link between BMPs and
adipogenesis, only recently a more specific role for some BMP in directing
white versus brown adipogenesis has emerged. While BMP-2 and BMP-4
have been shown to trigger commitment of C3H10T1/2 cells into white
pre-adipocytes [63-65], BMP-7 can direct MSCs towards a brown fat lin-
eage [23]. Notably, both BMP-4 and BMP-7 can promote lipid accumula-
tion in NIH-3T3 cells, a cell line with no adipogenic features, but only
BMP7 can induce the expression of brown fat selective genes such as
UCP1 and PRDM16. BMP-7 does not only commit MSCs to a brown
adipogenic lineage by itself, but it also can act in concert with other differ-
entiating agents such as rosiglitazone to promote a brown phenotype in
primary cultures derived from interscapular brown fat and in different
embryonic fibroblast cell lines [23]. Finally, the more convincing evidence
that BMP7 and BMP-2 are specifically required for BAT and WAT develop-
ment, respectively, comes from knock-out studies. BMP-7 knock-out mice
have a marked reduction in BAT, but not WAT, size [23], while Schnurri-2
knock-out mice display a white, but not brown, fat mass reduction [36].
This can be explained by the fact that Schnurri-2 is responsive to BMIP-2
signaling by entering the nucleus to interact with SMAD1/4 and C/EBPa
to promote PPARY expression [36].

In addition to trigger commitment of MSCs into the adipogenic
lineage, BMPs can also promote differentiation of already committed
pre-adipocytes. In this regard, BMP-2 can promote maturation of
3T3-L1 and 3T3-F44A pre-adipocytes [74]. Notably, the BMP-2 induced
terminal differentiation can be enhanced by rosiglitazone, suggesting a
cross talk between BMP signaling and PPARYy [96]. Also BMP-7 can pro-
mote terminal differentiation of brown pre-adipocytes, even in the ab-
sence of an induction cocktail, but not that of white pre-adipocytes [23].

In conclusion, different members of the BMP family can determine
a brown versus white adipogenesis (Fig. 2). Other members of this
family will need to be investigated to address their role in white ver-
sus brown adipogenesis.

6. The dual role of bone morphogenic proteins in adipogenesis
and osteogenesis

Bone marrow MSCs can either differentiate into adipocyte or osteo-
blast, an event that mutually excludes the other. In the bone, under nor-
mal conditions, the commitment into these two lineages is tightly

regulated in favor of bone formation. Thus, the physiological milieu of
the bone marrow must contain appropriate levels of certain hormones,
nutrients and growth factors that promote osteoblastogenesis while
suppressing adipogenesis. Changes in this milieu that can occur with
aging, or through certain diseases and/or pharmacological treatments
are responsible for loss of bone mass and an increase in bone morrow
adiposity. For example, chronic activation of PPARy by rosiglitazone or
by the naturally occurring prostaglandin ]2 (PGJ2) results in promotion
of adipogenesis and inhibition of osteogenesis [75,76]. Indeed, obese
subjects treated with PPARYy ligands to promote insulin sensitivity are
more susceptible to bone fracture [77]. The inhibition of bone formation
by PPAR7y agonists occurs in part by suppression of master regulators of
osteogenesis such as RUNX2, OSX and DLX5. On the other hand, PPARy
insufficiency was shown to enhance osteogenesis through osteoblast
formation from bone marrow progenitors [78]. In addition to pharma-
cological treatments, aging is also responsible for a decrease in bone
mineral density and a simultaneous increase in bone morrow adiposity.
This event observed in humans and in aged-mice as well as in a mouse
model of premature aging (SAMP6) is characterized at the molecular
levels by an increased expression of PPARy and a parallel decreased
expression of RUNX2 [79].

Osteoblasts secrete several members of the BMP family, thus regulat-
ing in an autocrine and paracrine way bone mass by inducing bone
marrow MSC differentiation [80,81]. Moreover, BMPs can enhance the
metabolic function of mature osteoblasts [80,81]. SMADs and p38-
MAPK are key mediators of BMP-driven osteogenesis by activating both
RUNX2- dependent and -independent pathways that converge on OSX.

The specificity of the intracellular signal that determines, whether the
MSC is committed to the osteogenic or adipogenic lineage is in part relat-
ed to the type of BMP receptor involved. In this context, BMPR-IA has
been linked to adipogenesis, while BMPR-IB has been linked to osteogen-
esis [82]. In line with the above mentioned findings, it was shown that
committed pre-adipocytes display high levels of BMPR-IA compared to
the parental C3H10T1/2 line, while the more osteogenic receptor
BMPR-IB is expressed at low levels [63]. In addition to the type of recep-
tor, also the concentration of BMPs has an effect on directing MSC into fat
or bone cells. Thus, low dose of BMP-2 promotes adipogenesis, whereas
high dose promotes osteogenesis [74].

Just like for osteogenesis, also the BMP-driven adipogenic commit-
ment is mediated by simultaneous activation of SMAD transcription fac-
tors and p38-MAPK. SMAD signaling promotes PPAR"y transactivation via
cooperation with C/EBPoc and the zinc finger transcription factor
Schnurri-2. Indeed, after BMP-2 stimulation, Schnurri-2 shuttles into the
nucleus where it interacts with SMAD1/4 complex and C/EBPo to pro-
mote PPARY expression [36]. In line with this, overexpression of
SMADSG, an antagonist of SMADT1, blocks the expression of PPARY in
C3H10T1/2 MSCs and consequently differentiation into the adipogenic
lineage by BMP-2 [83].

7. Bone morphogenic proteins and energy homeostasis

BMPs have initially been thought to have a biological relevance only
in the determination of the MSC fate. However, recent findings high-
light a new role for BMPs in energy balance (Fig. 2). In this regard,
BMP-8B, a molecule that is expressed in the central nervous system
(CNS) and in mature brown adipocytes, has been recently shown to
act as player of the thermogenic machinery in BAT rather than a factor
trigging commitment/differentiation of MSCs into the adipogenic line-
age [84]. Indeed, BMP-8B is not required for normal BAT development,
as shown in BMP-8B knock-out mice, but it functions to promote a
greater thermogenic response in times of increased demand of heat
production such as cold conditions and overfeeding. Mechanistically,
at the peripheral level, BMP-8B is produced from mature brown adipo-
cytes where it acts in an autocrine way to increase P38-MAPK signaling,
which is important for an adequate UCP1 induction, and to promote ac-
tivation of the hormone sensitive lipase (HSL), which would be
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Fig. 2. Role of bone morphogenic proteins in adipogenesis and energy homeostasis. BMP-2 and BMP-4 trigger commitment of MSCs into white adipocytes, whereas BMP-7 promotes the
brown adipocyte lineage. In addition, BMP-7 can also affect energy homeostasis. At the peripheral level, BMP-7 acts on mature brown adipocytes by promoting thermogenesis via induc-
tion of UCP1. At the central level, BMP-7 acts on the VMH to block food intake. BMP-8B is another factor regulating energy homeostasis, however without affecting adipogenesis. BMP-8B is
produced from mature brown adipocytes where it acts in an autocrine manner to synergize with the SNS to regulate lipolysis, and thermogenesis, by inducing the phosphorylation and
consequent activation of P38-MAPK (pP38-MAPK) and HSL (pHSL). At the central level, BMP-8B also acts on the VHM to increase sympathetic tone of BAT and consequent thermogenesis.
Notably, AMPKa antagonizes the central effects of BMP-8B. In summary, due to the opposing role of white and brown adipocytes in energy intake and energy expenditure, their metabolic
equilibrium is fundamental for the maintenance of body weight. Green arrows indicate positive effects, red arrows indicate inhibitory effects.

responsible for a greater lipolytic activity and likely thermogenic activ-
ity in response to a 3-adrenergic stimulation [84].

Besides its peripheral function in BAT, BMP-8B also has a central
thermogenic role being expressed in key hypothalamic nuclei control-
ling energy balance in the ventral medial hypothalamus (VMH) area.
Indeed, central treatment with BMP-8B enhances thermogenesis with
an increase in the sympathetic tone of BAT. The importance of the

coordination between the central and peripheral activities of BMP-8B
is demonstrated by BMP-8B knock-out mice that are susceptible to
weight gain due to impaired thermogenesis. This phenotype becomes
even more evident when mice are challenged by a high fat diet. Inter-
estingly, overexpression of AMPKa in the CNS completely inhibits the
activation of BAT by BMP-8B, suggesting an opposing role of AMPKo
versus BMP-8B for the maintenance of the energy balance via BAT.
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Besides BMP-8B, BMP-7 has been shown to positively impact on en-
ergy homeostasis by promoting brown adipogenesis and BAT-related
energy expenditure. Unlike BMP-8B, BMP7 it is not expressed in mature
brown adipocytes, suggesting that it does not work as an autocrine fac-
tor, but rather as an endocrine factor. Moreover, BMP-7 is required for
BAT development as BMP-7 knock-out mice show smaller BAT which
could be due to an in-appropriate thermogenic response. Several re-
gions of the brain, including the VMH, express BMP-7 suggesting that
similar to BMP-8B also BMP-7 might regulate BAT function via a central
mechanism [85]. Indeed, besides promoting energy expenditure via its
direct effect on BAT development, recent findings also highlight a cen-
tral role for BMP-7 in appetite regulation [86]. Systemic treatment of
diet-induced obese mice with BMP-7 not only resulted in increased en-
ergy expenditure, but also in a decreased food intake. Weight loss and
reduced appetite were also observed in ob/ob mice treated with
BMP-7, suggesting that BMP-7 functions through a leptin independent
mechanism [86].

Although some BMPs have been positively correlated with energy
expenditure, other family members have a negative impact on the
maintenance of body weight. Recently an increased expression of
BMPR-IA, which binds with high affinity to BMP-2 and BMP-4, but not
to BMP-7 [87], has been reported for both visceral and subcutaneous
white fat depots of obese subjects [88]. Furthermore, corroborating
the link between BMP-2/BMP-4 and obesity [89], BMPR-IA knock-out
mice are protected from high fat diet induced obesity [90].

Taken together, these last findings indicate a critical and complex
role for BMPs in systemic energy homeostasis via regulation of adipo-
cyte development and also mature function.

8. Therapeutic opportunities based on bone morphogenic proteins

The continuously expanding epidemic of obesity clearly demon-
strates that currently available medical treatments are not effective. A
successful treatment must impact the whole-body energy balance by
increasing energy expenditure and/or reducing body fat accumulation.
To this end, a better understanding of the molecular mechanisms regu-
lating adipogenesis of both brown and white adipose tissue is required.
Although we have accumulated a great deal of knowledge about the ter-
minal differentiation process of adipogenesis and this knowledge con-
tinues to be refined, still little is known about the commitment of
stem cells into the adipocyte lineage.

Theoretically, by increasing the size of BAT it should be possible to
raise energy expenditure. It has been calculated that in humans as little
as 50 g BAT, which is less than 0.1% of body weight, could use up to 20%
of basal calorific needs when maximally stimulated [91]. Indeed, dissi-
pation of as little as 17 kcal/day, which is about 0.6% of daily total
energy expenditure, could lead to a weight loss of 1 kg/year [92,93]. Po-
tential therapeutics to elicit such an effect could for example mimic the
action of BMP-7. Such kind of therapeutics might also function beyond
their role in promoting BAT recruitment by PRDM16, as it has been
shown that BMP-7 can reverse obesity and regulate appetite through
mTOR in the brain [86].

BMP-7 clearly is an important factor for BAT formation as evidenced
by the finding that BMP-7 promotes commitment of MSCs into the
brown adipogenic lineage. In adult humans such a process could occur
after chronic cold exposure, which induces hyperplasia and hypertro-
phy of BAT [94]. So far it is not known whether chronic cold exposure
promotes BMP-7 expression either in BAT, or in WAT.

Novel opportunities for the design of anti-obesity drugs could also
come from the recently uncovered role of BMP-8B in the regulation of
energy balance both at the peripheral and the central level. AMPK is
already considered as a drug target for the treatment of insulin resis-
tance [95]. Thus, the newly uncovered relationship with BMP-8B and
AMPK should influence the development of specific therapeutic inter-
ventions without the deleterious cardiovascular side effects associated
with previously reported sympathetic nervous system (SNS) drugs.

Besides the connection between muscle and BAT, a new link be-
tween bone morrow and BAT has now emerged based on the findings
that a particular hematopoietic cocktail containing cytokines known
to drive hematopoiesis such as BMP-7 can generate brown adipocytes
from human pluripotent stem cells (hPSCs) [96]. This is consistent
with observations from Charles Huggins, who showed that rodents ex-
posed to cold conditions increased not only BAT size, but also the mar-
row adiposity [97,98]. Moreover, it has been shown that murine bone
morrow-derived adipocytes show a temperature-inducible expression
of PRDM16 and UCP1 [99]. Taken together, a novel opportunity to
treat obesity could be based on the use of a particular hematopoietic
cocktail to transform autologous hPSCs into brown adipocytes for con-
sequent sub-cutaneous implantation in obese subjects.

In conclusion, it has to be stated that research on adipose tissue for-
mation and metabolic control in relation to BMP signaling is still in its
early stages. As adipose tissue plays an important role in energy homeo-
stasis, uncovering the detailed molecular mechanisms whereby BMPs
regulate commitment of MSCs into the adipogenic lineage and balance
energy intake with energy expenditure could provide new avenues for
the design of an original class of drugs to counteract the epidemic of
obesity.
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