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  Abstract   The current epidemic of obesity and overweight has caused a surge of 
interest in the study of adipose tissue formation. Much progress has been made in 
defi ning the transcriptional networks controlling the terminal differentiation of 
preadipocytes into mature adipocytes. However, the early steps that direct mesen-
chymal stem cells down the adipocyte lineage remain largely unknown. Similarly, 
the study of the developmental origin of adipocytes during embryogenesis has been 
largely disregarded until now. This review summarizes the surprising fi ndings that 
have recently emerged from in vivo lineage tracing studies, unraveling unsuspected 
developmental origins for white adipocytes. We will propose that the differential 
origin of adipocytes could also refl ect functional differences and site-specifi c regu-
lations of adipose tissue. This chapter also reports recent work that has led to the 
identifi cation of discrete immature cell populations from which white adipocytes 
are derived in mice. 

 A pool of adipocyte progenitors remains present in adipose tissue during adult 
life. This pool is responsible for the renewal of adipocytes and the potential of this 
tissue to expand in response to chronic energy overload. However, factors control-
ling proliferation and differentiation of human adipocyte progenitors are largely 
unknown. We will present stem cells derived from human adipose tissue (human 
Multipotent Adipose tissue Derived Stem (hMADS) cells) for studying prolifera-
tion and differentiation of adipocyte progenitors and will show that fi broblast growth 
factor 2 and activin A are key regulators of human adipocyte precursor self-renewal. 
Finally, we will discuss about the plasticity of hMADS cells.  
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    1.1   Introduction 

 Two adipose tissues with different functions coexist in humans, i.e. white and brown 
adipose tissues. White adipose tissue (WAT) is mainly involved in energy storage 
and mobilization. WAT is localized in various sites of the body, has an enormous 
capacity for expansion, and excess of fat accumulation is associated with metabolic 
disorders. Brown adipose tissue is specialized in energy expenditure. It is a key ther-
mogenic organ, and brown adipocytes burn fat. We will concentrate in this chapter 
on adipocyte precursors (APs) giving rise to white adipocytes. 

 The main cellular components of WAT are mature adipocytes and stromal-
vascular cells, which include immune cells, endothelial cells, and APs. Expansion 
of WAT during normal development and in obesity is the result of an increase in 
size and number of adipocytes. As mature adipocytes do not divide in vivo, regen-
eration of adipocytes and the increase in adipocyte number depend on self-renewal 
of a pool of APs that remains present during adult life and that can be recruited to 
form new fat cells (Hauner et al.  1989 ; Spalding et al.  2008  ) . Therefore, charac-
terization of the cellular and molecular events involved in the generation of APs 
and the identifi cation of factors regulating their self-renewal could provide a 
means for better understanding the mechanisms that lead to hyperplasia and 
excessive development of adipose tissue. 

 Adipogenesis is described as a two-step process. The fi rst step consists in the 
generation of APs, also named preadipocytes, or adipose-derived stem cells depend-
ing on their potential to differentiate in adipocyte only or in additional cell types. 
The second step involves the terminal differentiation of these precursors. Key events 
controlling terminal differentiation of preadipocytes into adipocytes have been 
identifi ed. Transcription factors such as CCAAT/enhancer binding proteins (C/
EBPs) and peroxisome proliferator-activated receptors (PPARs) are known to play 
a critical role in this process, whereas Wnt and Hedgehog signaling pathways are 
critical regulators of terminal differentiation (Rosen and Spiegelman  2000 ; Longo 
et al.  2004 ; Fontaine et al.  2008  ) . Terminal differentiation has been extensively stud-
ied (Rosen and MacDougald  2006  )  and will not be reviewed in this chapter. We will 
focus on the earliest steps of adipogenesis, i.e. the generation of APs and regulators 
of their self-renewal and plasticity (Fig.  1.1 ).   

    1.2   Developmental Origins of Adipocyte Precursors 

 Strikingly, the study of the developmental origin of APs has received very little 
attention until now. APs are generally described to derive from mesenchymal stem 
cells (MSCs), which themselves are thought to arise from mesoderm. It is worth 
noting that during development of higher vertebrates, the mesoderm is not the only 
germ layer source of mesenchymal cells. In the head, for instance, the facial bones 
have been shown to derive from the neural crest (NC). The NC is a vertebrate cell 
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population that arises from the neuroectoderm. After neural tube closure, NC cells 
(NCCs) undergo an epithelio–mesenchyme transition and migrate to diverse regions 
in the developing embryo, where they differentiate into various cell types. In the 
head and neck, the NC also yields mesenchymal precursors differentiating into con-
nective tissue cells (reviewed in Dupin et al.  2006  ) . Adipogenesis of mouse embry-
onic stem (mES) cells in vitro provided a powerful model to investigate the earliest 
steps of adipocyte development and revealed the surprising conclusions regarding 
the ontogeny of such cells in the NC. 

    1.2.1   Adipocyte Development in Mouse Embryonic Stem Cells 

 Mouse embryonic stem cells (mESCs) are proliferating, pluripotent stem cells that 
have been isolated from the epiblast of blastocyst-stage mouse embryos. They can 
be propagated indefi nitely at the undifferentiated state in vitro. Furthermore, when 
transplanted into a mouse blastocyst, mESCs integrate into the embryo and contrib-
ute to all cell lineages, including germ cells (Smith  1992  ) . When aggregated to form 
embryoid bodies (EBs) in vitro, they undergo differentiation in ectodermal, meso-
dermal, and endodermal derivatives (Keller  1995  ) . In addition, ESCs are easily 
genetically modifi able and can be produced in large numbers, thus offering a unique 
cell culture model to study the earliest steps of mammalian development. Directed 
differentiation of mESCs towards the adipocyte lineage was fi rst accomplished in 
1997 by Dani et al.  (  1997  ) , who showed that functional adipocytes could be obtained 
when mESCs were exposed to appropriate extracellular cues. In this system, the 
generation of adipocytes is dependent on an early and transient exposure of EBs to 

  Fig. 1.1    Different steps of the adipocyte development. Adipose tissue is composed of mature 
adipocytes and stromal-vascular cells including adipocyte precursors (APs). Key events control-
ling terminal differentiation of APs have been identifi ed. The developmental origins of APs, factors 
regulating AP self-renewal, as well as the plasticity of APs are discussed in this chapter       
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retinoic acid (RA) and a subsequent treatment with conventional adipogenic factors 
(e.g., insulin, triiodothyronine, and rosiglitazone). Both, lipogenic and lipolytic 
activities, as well as high levels of expression of adipocyte-specifi c genes, could be 
detected in mESC-derived adipocytes. Remarkably, the sequence of expression of 
key transcription factors known to govern preadipocyte differentiation, such as 
members of the C/EBP and the PPAR families, was closely conserved during mESC 
adipogenesis. Thus, this model has provided a powerful system to address the 
different steps of adipocyte development (Wdziekonski et al.  2003,   2006,   2007 ; 
Billon et al.  2010 ; Schulz et al.  2009 ; Carnevalli et al.  2010 ; Tong et al.  2000 ; 
Takashima et al.  2007  ) . More recently, adipocytes have been obtained from human 
ESCs and from human induced pluripotent stem (iPS) cells using a protocol based 
on mESC studies (e.g., Xiong et al.  2005 ; Taura et al.  2009 ; T. Mohsen-kanson and 
C. Dani, unpublished data). 

    1.2.1.1   Mesenchymal Stem Cells and Adipocytes Developing 
from RA-Treated mESCs Derive from the Neuroectoderm, 
Rather Than from the Mesoderm 

 In a fi rst attempt to unravel the events underlying the formation of mesenchymal 
derivatives in RA-treated mES cells, Kawaguchi et al.  (  2005  )  examined the expres-
sion of various mesodermal and mesenchymal markers in early EBs. Surprisingly, 
they noticed that treatment with RA resulted in a sharp reduction in several meso-
dermal markers, as well as in the suppression of cardiomyocyte formation, suggest-
ing that RA reduces overall mesoderm formation in mESCs (Kawaguchi et al. 
 2005  ) . Since at high concentrations, RA was shown to promote neural differentia-
tion of mESCs and since some mesenchymal tissues are known to be generated by 
the NC, which itself derives from neuroectoderm, these authors then analyzed the 
expression of various NC markers in mES cells. They showed that  sox9 ,  sox10 , 
 foxD3 , and  runx2 , which all play an important role in NC formation and/or mesen-
chymal condensation, were upregulated upon RA treatment. Together, these data 
suggest that neuroectoderm/NC is the major source of mesenchymal cells in 
RA-treated mESCs. To test this hypothesis with respect to adipocytes, we have 
developed a genetic lineage selection approach in mESCs, which is outlined in 
Fig.  1.2 . We used genetically engineered, selectable  Sox2- b geo/oct4-tk  mESCs that 
allow selection for neuroepithelial precursors (Sox2 + ) and eliminate residual undif-
ferentiated mESCs (Oct4 + ). After induction of neural differentiation via RA treat-
ment, highly enriched populations of neuroepithelial cells were selected in the 
presence of G418 and Gancyclovir. We then exposed them to adipogenic signals 
and showed that indeed, they could give rise to mature adipocytes within 14 days. 
Interestingly, a signifi cant increase in  sox9 ,  sox10 , and  FoxD3  mRNAs was observed 
prior to adipocyte formation, suggesting that NC-like cells present in the selected 
population could undergo adipocyte differentiation (Billon et al.  2007,   2008  ) . 
Together, these data suggest that neuroectoderm/NC is the major source of adipo-
cytes, at least in mESCs exposed to RA (Fig.  1.2a ).  
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 These fi ndings were later corroborated by Takashima et al. who used an elegant 
approach to unravel the NCC origin of MSCs in both mESC culture and during 
mouse development (Takashima et al.  2007  ) . All together, these studies suggest that 
MSCs, as well as adipocytes generated from RA-exposed mES cells, arise from the 
neuroectoderm/NC, rather than from the mesoderm.   

    1.2.2   Study of Adipocyte Precursor Developmental Origins 
in Quail and Mouse Embryos 

 To better understand adipocyte lineage specifi cation from the NC, we checked 
whether adipocytes could be obtained from NCCs isolated from a normal develop-
ing embryo. We used primary cultures of quail NCCs, since they have been instru-
mental in establishing the developmental potentialities of the NC. NCCs were 
isolated from both the cephalic and thoracic level and maintained in culture media 
permissive for adipocyte differentiation (Rodriguez et al.  2004  ) . This analysis 
revealed that typical mature adipocytes could readily be produced from cephalic 

  Fig. 1.2    Subset of adipocytes that originated from the neural crest. ( a ) Genetic selection strategy 
used for the generation of adipocyte of neuroepithelium origin in mESCs. ( b ) Adipogenic potential 
of cephalic and truncal NCCs isolated from quail embryo. ( c ) Permanent genetic lineage-labeling 
approaches used in mouse to reveal NC-derived adipocytes in adult cephalic adipose tissues       

 



6 C. Dani and N. Billon

NCCs and, to a lesser extent, from truncal NCCs (Billon et al.  2007  ) . Therefore, 
quail NCCs from both the cephalic and the thoracic level exhibit an adipogenic 
potential in vitro (Fig.  1.2b ). Finally, we have used a lineage tracing approach in 
mouse to address the origin of the adipocyte lineage in vivo and to provide direct 
evidence for the contribution of the NC. We have investigated whether subsets of 
adipocytes originate from the NC using  Sox10-cre /yfp transgenic mice to map NC 
derivatives in vivo because to date, Sox10 is considered as the best bona fi de NC 
marker. Indeed, Sox10 is strongly and specifi cally expressed in the NC from early 
embryonic development and is not expressed in mesoderm. This study revealed 
adipocytes derived from NC in cephalic adipose depots, between the salivary gland 
and the ear area. In contrast, no NC-derived adipocytes could be detected in truncal 
adipose depots, including subcutaneous, perirenal, periepididymal, and interscapu-
lar tissues (Fig.  1.2c ). These data therefore provide new information about the ontog-
eny of the adipocyte lineage and demonstrate that during normal development, a 
subset of adipocytes in the face originates from NC, and not from mesoderm (Billon 
et al.  2007  ) . The role of RA in the early steps of adipocyte development remains to 
be demonstrated in vivo in mouse. Interestingly, RA has recently been shown to be 
required for differentiation of cephalic NCCs into adipocytes in developing zebrafi sh 
embryos (Li et al.  2010  ) , which is reminiscent of the role of RA in mESC adipogen-
esis. Due to the lack of specifi c markers of undifferentiated APs in the studies 
described above, these cells were functionally traced by the appearance of adipo-
cytes, or identifi ed a posteriori, by their potential to differentiate into adipocytes. The 
AP phenotype allowing their identifi cation in a prospective manner, as well as their 
tissue localization in adult mice, has recently been addressed (see below).   

    1.3   Cellular Origins and Tissue Localization 
of Adipocyte Precursors 

 Recently, Graff and Friedman laboratories performed critical experiments to iden-
tify and localize APs in mouse adipose tissue. Rodeheffer et al. used Fluorescence 
Activated Cell Sorting (FACS)    analysis to isolate various cellular subpopulations 
from stromal-vascular fraction (SVF) and tested their adipogenic potential both 
in vitro and in vivo after transplantation in lipoatrophic A-Zip mice. By this approach, 
the authors identifi ed mouse APs in the SVF of adipose tissue as lin − /CD34 + /CD29 + /
sca-1 + /CD24+ cells (Rodeheffer et al.  2008  ) . Whether APs originated from NC or 
from mesoderm display the same immunophenotype remains to be determined. By 
a different approach, based on the expression of PPAR g  in SVF of adipose tissue, 
(Tang et al.  2008 ) isolated undifferentiated cells able to undergo adipogenesis 
in vitro and in vivo in  nude  mice. These cells express markers of preadipocytes 
but not those of mature adipocytes, indicating that PPAR g  can also be used to trace 
APs. Interestingly, these cells are CD45 − /Ter119 − /CD34 + /sca1 + , indicating that they 
are similar, if not identical, to cells isolated by Friedman laboratory. Thanks to 
the expression of a reporter gene under the control of PPAR g  promoter, APs have 
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been localized in the mural cell compartment of adipose tissue vasculature in mice 
(Tang et al.  2008  ) . The immunophenotype of human APs has not yet been fully 
characterized, although they have been shown to reside in the CD34 + /CD31 −  sub-
population of stromal-vascular cells of adipose tissue (Sengenes et al.  2005  ) . 

 APs are resident in adipose tissue, but other sources have been recently reported. 
Bone marrow appeared to be a source of APs in the adipose tissue as it has been 
reported that a small subpopulation of adipocytes in WAT might arise from bone 
marrow progenitors (Crossno et al.  2006  ) . More recently, a hematopoietic origin of 
APs has also been proposed. Indeed, clonal analysis and cell sorting-based studies 
of hematopoietic progenitors suggested that adipocytes could be derived from 
hematopoietic stem cells via progenitors for monocytes/macrophages or via myel-
oid intermediates in mice. These conclusions are supported by previous studies 
showing that the phenotypes of adipocyte and macrophages are closed. Interestingly, 
hematopoietic-derived adipocytes seem to accumulate with age in visceral fat depot, 
where they display higher expression of infl ammatory genes than “conventional” 
adipocytes (Sera et al.  2009 ; Majka et al.  2010 ; Cousin et al.  1999  ) . The contribu-
tion of these nonresident APs on metabolic diseases remains to be determined.  

    1.4   Do Adipocyte Precursors Produced from Different Sources 
Differ in Their Biological Properties? 

 It is well established that APs isolated from different depots display different fea-
tures in terms of proliferation, differentiation, and gene expression profi les (Tchkonia 
et al.  2007 ; Gesta et al.  2006  ) . In addition, adipocytes derived from these APs have 
different functional properties and have different contributions to metabolic dis-
eases (Montague et al.  1998  ) . The cellular and molecular mechanisms underlying 
these fat depot-dependent differences are currently unknown. However, several 
observations suggest that developmental mechanisms contribute to regional varia-
tion in function. Therefore, studies on the origins of APs open at least two ques-
tions: are adipocytes derived from different developmental origins or cellular 
sources functionally different? And what are the developmental origins of APs in 
humans? As adipocytes can be now generated from human ESCs and from human 
iPS cells (Xiong et al.  2005 ; Taura et al.  2009 ; T. Mohsen-kanson and C. Dani, 
unpublished data), studies of APs properties related to their cellular and develop-
mental origins can be now addressed in human cellular models.  

    1.5   Self-Renewal of Human Adipocyte Precursors 

 A pool of APs remains present in adipose tissue during adult life. This pool is 
responsible for the renewal of adipocytes and the potential of this tissue to expand 
in response to chronic energy overload. Therefore, the identifi cation of factors 
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regulating self-renewal of APs cells could provide a means for better understanding 
the mechanisms that lead to hyperplasia and excessive development of adipose 
tissue and could ultimately be translated into clinical interventions. Ex vivo and 
in vitro cellular models are used to gain insight into cellular and molecular mecha-
nisms of early steps of adipogenesis. 

    1.5.1   Cellular Models to Investigate Self-Renewal of Human 
Adipocyte Precursors 

 Three types of AP populations can be isolated from the SVF of human adipose 
tissue (Fig.  1.3 ) to study the regulation of human adipogenesis. Primary cultures of 
preadipocytes derived from SVF of adipose tissue, although being able to differen-
tiate into adipocytes in vitro, undergo a dramatic decrease in their ability to differ-
entiate, and replicative senescence occurs with serial subculturing, making it 
diffi cult to investigate molecular mechanisms in a fully reproducible manner. It has 
been clearly demonstrated that native APs are contained in the CD34 + /CD31 −  cell 
population. This population can be easily isolated from the SVF using the immu-
noselection/depletion protocol as previously described (Bourlier et al.  2008  ) . 
Finally, human Multipotent Adipose tissue Derived Stem (hMADS) cells are adi-
pocyte progenitors isolated from the SVF of infant adipose tissues (Rodriguez et al. 
 2005a  ) . As these cells display the characteristics of MSCs, they have been termed 
hMADS cells.  

  Fig. 1.3    Three types of adipocyte precursors isolated from the stromal-vascular fraction of human 
adipose progenitors       
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    1.5.1.1   Human Adipose-Derived Stem (hMADS) Cells 

 hMADS cells exhibit the capacity to self-renew, as cells can be expanded in vitro for 
more than 160 population doublings (i.e., around 30 passages) while maintaining a 
normal diploid karyotype. They also differentiate under serum-free adipogenic con-
dition into cells able to exhibit characteristics of human fat cells (Rodriguez et al. 
 2004  ) . Within 14 days after induction of adipocyte differentiation, more than 90% 
of cells accumulate intracellular lipids present as multiple droplets. These cells 
express the major molecular markers, key transcription factors, and nuclear recep-
tors of human white adipocytes. Then, after differentiation, they exhibit the panoply 
of lipolytic responses, which are characteristic of human adipocytes. Interestingly, 
hMADs cells respond to the atrial natriuretic peptide, a unique characteristic both 
in vitro and in vivo of adipocytes from primates (Lafontan et al.  2000  ) . An impor-
tant feature of differentiated hMADS cells is their ability to secrete leptin and 
adiponectin within values reported for isolated human adipocytes. More recently, 
hMADs cells have been described as a faithful model to study human fat cell metab-
olism (Poitou et al.  2009 ; Bezaire et al.  2009  ) . Altogether, these data indicate that 
hMADS cells commit to the adipose lineage at a high rate and differentiate into cells 
that display a unique combination of properties similar, if not identical, to those of 
native human adipocytes making them a powerful cellular model to investigate 
human adipogenesis.   

    1.5.2   Fibroblast Growth Factor 2    (FGF2) and Activin A, Both 
Secreted by hMADS Cells, Are Key Regulators 
of Self-Renewal 

 Regarding factors regulating proliferation and differentiation of hMADS cells, it 
has been shown that FGF2 plays a crucial autocrine role (Zaragosi et al.  2006  ) . 
Analysis of FGF2 secretion revealed that FGF2 is exported to hMADS cell surface 
without being released into the culture medium, suggesting a strictly autocrine loop. 
Indeed, treatment of FGF2-expressing hMADS cells with PD173074, a specifi c 
FGF receptor inhibitor, decreased dramatically their clonogenicity and differentia-
tion potential. Thus, hMADS cells express a functional autocrine FGF loop that 
allows maintenance of their self-renewal ability in vitro. Inhibition of Mitogen-
Activated Protein Kinase (MEK1)    reduced the clonogenic potential of hMADS 
cells but did not affect their differentiation potential, indicating that the Extracellular 
Signal Regulated Kinase (ERK)   1/2 signaling pathway is partly involved in FGF2-
mediated self-renewal. FGF1 is also expressed in human adipose tissue (Widberg 
et al.  2009  ) . However, the involvement of FGFs in human WAT growth remains to 
be investigated. Activin A is expressed in the SVF of human adipose tissue and is 
secreted by undifferentiated hMADS cells and by preadipocytes isolated from dif-
ferent human fat depots. However, its expression is down regulated as soon as cells 
undergo adipocyte differentiation and is not only a marker of undifferentiated cells 
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but plays also a functional role in proliferation as observed by activin A supple-
mentation and activin A knockdown expression (Zaragosi et al.  2010  ) . Altogether, 
data support the hypothesis that activin A represents a novel crucial player control-
ling self-renewal of human adipose progenitors. We have proposed a model in which 
activin A is involved in the maintenance of the pool of adipose progenitors in adi-
pose tissue of lean subjects by promoting proliferation and inhibiting differentia-
tion. The molecular mechanisms involved in activin A effects have been identifi ed. 
Sustained activation or inhibition of the activin A pathway impairs or promotes 
adipocyte differentiation via C/EBP b -LAP and Smad2 pathway, respectively, in an 
autocrine/paracrine manner (Zaragosi et al.  2010  ) . It has been proposed recently 
that the bone morphogenetic protein pathway, which shares signaling components 
with the activin pathway, regulates both adipose cell fate determination, differentia-
tion of committed preadipocytes, as well as function of mature adipocytes in mouse 
models (Schulz and Tseng  2009  ) . Altogether, these data support the hypothesis that 
the Smad pathway regulates different steps of adipogenesis. Therefore, we propose 
a model in which FGF2 and activin A, both secreted by undifferentiated cells, are 
involved in the maintenance of the pool of APs in adipose tissue by promoting pro-
liferation and inhibiting differentiation. 

    1.5.2.1   Regulation of AP Self-Renewal by Obese Adipose Tissue 
Microenvironment 

 Obesity is associated with new macrophages that are recruited into adipose tissue 
and is accompanied by chronic low-grade infl ammation in this tissue (Weisberg 
et al.  2003 ; Xu et al.  2003  ) . Interestingly, an increase in the proportion of CD34 + /
CD31 −  cells exhibiting proliferative potential is observed in obese adipose tissue 
(Maumus et al.  2008  ) . In addition, it has been recently reported that the differentia-
tion potential of human preadipocytes is inversely correlated with obesity, whereas 
the pool of precursors cells was positively correlated to BMI (Permana et al.  2004 ; 
Isakson et al.  2009  ) , suggesting that the obese microenvironment is capable of 
inducing proliferation of human preadipocytes while inhibiting their differentia-
tion. Concordantly, human macrophages conditioned medium stimulates prolifera-
tion of human preadipocytes in vitro (Lacasa et al.  2007 ; Keophiphath et al.  2009  ) . 
Therefore, a model of cross talk between APs and macrophages, in which immuno-
infl ammatory cells that accumulate within adipose tissue with obesity might con-
tribute to fat mass enlargement through paracrine effects on APs, can be proposed. 
We observed that levels of secreted activin A and of FGF2 are dramatically increased 
in hMADS cells maintained in the presence of factors secreted by macrophages 
isolated from obese adipose tissues. Adipose-tissue macrophage secreted factors 
involved in stimulation of activin A expression remain to be identifi ed. IL-1 b  and/
or TNF a  are potent candidates as previous studies have shown in other cell models 
that activin A secretion is increased upon treatment with these two cytokines 
(Mohan et al.  2001  ) . Therefore, we propose a model in which FGF2 and activin A, 
both secreted by undifferentiated cells and induced by signals secreted from 
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adipose tissue-derived immune cells, are involved in the maintenance of the pool 
of APs in adipose tissue by promoting proliferation and inhibiting differentiation. 
The disappearance of macrophages (Cancello et al.  2005  ) , and by consequences, 
the reduction of activin A levels in adipose tissue, for instance as a consequence of 
dieting, might be favorable to the formation of additional adipocytes from adipose 
progenitors upon ending dietary restriction, a situation reminiscent of the “yoyo” 
phenomenon. Related with the concept of adipose tissue expandability (Sethi and 
Vidal-Puig  2007  ) , blocking activin A signals that prevent differentiation of APs in 
adipose tissue of obese patients could represent a new therapeutic avenue to increase 
the number of new adipocytes and therefore to decrease the accumulation of fat in 
ectopic tissues not specialized to store large amount of triglycerides. Further studies 
are required to validate activin A as a candidate biomarker for obesity and associ-
ated metabolic complications. 

 Finally, we would like to point out that APs are also present in skeletal muscles. 
In 2010, two papers have been published showing a critical role of undifferentiated 
APs in muscle of mouse models (Uezumi et al.  2010 ; Joe et al.  2010  ) . Proliferation 
and differentiation of APs seem to be controlled in healthy skeletal muscle. However, 
in several pathological situations including obesity, type II diabetes, aging, and 
muscular dystrophies (Wren et al.  2008 ; Goodpaster and Wolf  2004  ) , APs undergo 
adipocyte differentiation, and adipocytes accumulate and replace a large proportion 
of muscle fi bers. As previously described in human adipose tissue, APs are con-
tained in the CD34 +  cell population of human skeletal muscle (Pisani et al.  2010  ) . 
However, it is not know whether skeletal muscle and adipose tissue APs are identi-
cal. Nevertheless, clinical knowledge of muscular dystrophy disease may lead to the 
identifi cation of new regulators of AP biology.    

    1.6   Plasticity of Human Adipocyte Precursors 

 Zuk et al. fi rst reported that human adipose tissue contains a population of unchar-
acterized cells, harvested by liposuction, able in vitro to undergo adipogenic, osteo-
genic, chondrogenic, and myogenic differentiation (Zuk et al.  2001,   2002  ) , 
suggesting that APs could be multipotent stem cells. A few years later, isolation and 
characterization of hMADS cells demonstrated that human adipose tissue is a rich 
source of multipotent stem cells (Rodriguez et al.  2005a,   b  ) . hMADS cells display 
the potential to undergo differentiation into adipocytes, osteoblasts, and chondro-
cytes at the single cell level (Rodriguez et al.  2005a ; Zaragosi et al.  2006  )  (Fig.  1.4 ). 
The plasticity of hMADS cells led us to investigate their therapeutic potential. 
Actually, transplantation of hMADS cells into  mdx  mouse, an animal model for 
Duchenne muscular dystrophy, results in substantial expression of human dystro-
phin on a long-term basis, and engraftment takes place in non-immunocompromised 
animals (Rodriguez et al.  2005a  ) . hMADS cells have a weak intrinsic myogenic 
potential. However, ectopic expression of MyoD1 dramatically increases the ability 
of hMADS cells to form myotubes in vitro and in vivo (Goudenege et al.  2009  ) . 
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When transplanted with a scaffold, hMADS cells are able to form ectopic bone in 
mouse, suggesting that cells can be used for bone repair (Elabd et al.  2007  ) . More 
recently, culture conditions to turn hMADSc-white adipocytes into brown adipo-
cytes have been reported (Elabd et al.  2009  ) . Upon chronic exposure to a specifi c 
PPAR g  agonist, but not to a PPAR b / d  or PPAR a  agonists, white adipocytes derived 
from hMADS cells are able to switch to a functional brown phenotype by express-
ing uncoupling protein 1 (UCP1)    protein. This switch is accompanied by an increase 
in oxygen consumption and uncoupling. The existence of a common precursor for 
white and brown adipocytes has been a debate for several years. Recently, elegant 
experiments in mouse have reported the surprising fi ndings of a common precursor 
between brown adipocytes and skeletal myocytes while white adipocytes derived 
from a different lineage (Timmons et al.  2007 ; Seale et al.  2009  ) . These studies also 
report the existence of a second type of brown adipocytes, localized in WAT, that do 
not derive from an adipocyte/myocyte precursor. The ability of hMADS cells to 
 differentiate into both white and brown adipocytes strongly suggests that a common 
precursor for these two types of adipocytes may exist in humans.  

  Fig. 1.4    Plasticity of human adipose derived Stem (hMADS) cells. hMADS cells are isolated 
from the stromal-vascular fraction of young donor adipose tissues. In vitro, they can undergo dif-
ferentiation into osteoblasts, skeletal myocytes (after ectopic expression of MyoD gene), and white 
adipocytes, which can turn into brown adipocytes. In vivo, they are able to contribute to muscle 
regeneration after transplantation into mdx mice or to form ectopic bone after subcutaneous 
transplantation       
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 Altogether, the plasticity of APs suggests that these cells could be an important 
tool for cell-mediated therapy. They also represent an invaluable cell model to 
screen for drugs stimulating the formation and/or the uncoupling capacity of human 
brown adipocytes that could help to dissipate excess caloric intake of individuals.      
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