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ABSTRACT 

 
Adipose tissues have long been considered to derive from a common 
origin. Even the functionally different brown and white adipose 
tissues were generalized to share a common origin. Brown adipose 
tissue is a highly innervated and vascularised tissue containing 
multilocular and multimitochondrial brown adipocytes. Brown 
adipose tissue expends energy through sympathetic nervous system-
mediated non-shivering thermogenesis, where uncoupling protein 1 
(UCP1) is the key player. In contrast, white adipose tissue consists of 
unilocular white adipocytes with a main role to store energy in the 
form of the lipid droplet.  

We know today that this generalisation is exaggerated since 
adipocytes can derive from more than one origin and not only be 
brown or white. We and others have demonstrated that the brown 
adipocyte has a dermomyotomal origin and derives from the 
adipomyocyte, the precursor cell that can also become a myocyte, 
whereas white adipocytes are suggested to derive from pericytes, cells 
that are embedded within the vascular vessel walls. For a long time 
there has been evidence that energy-expending adipocytes reside 
within certain white adipose tissues, based on the fact that cold 
exposure, by switching on the sympathetic nervous system, leads to 
levels of UCP1 that are not detectable in mice housed at 
thermoneutrality. We demonstrated that these cells have a molecular 
signature that is distinct from brown and white adipocytes. Since these 
energy-expending cells reside within certain white adipose tissues, we 
chose to name them brite (brown in white) adipocytes. Moreover, we 
also identified regulatory factors that were specifically expressed in 
each adipocyte type, thus, facilitating the possibility to identify the 
three adipocytes: the brown, the white and the brite.     
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aP2 Adipocyte Protein 2 
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 effector A 
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Erk5 Extracellular signal-regulated protein kinase 5 
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FAS Fatty acid synthase 
FGF Fibroblast growth factor 
Foxc2 Forkhead box c2 
Hoxa1 Homeobox A1 
Hoxb1 Homeobox B1 
Hoxc1 Homeobox C1 
Hoxc4 Homeobox C4 
Hoxc8 Homeobox C8 
Hoxc9 Homeobox C9 
Id1-3 Inhibitor of DNA binding 1 
Igf Insulin growth factor 
Igfbp3 Insulin-like growth factor binding protein 3 
Inhbb Inhibin β B 
Lhx8 LIM homeobox 8 
LXR Liver X receptor 
Meox2 Mesenchyme homeobox 2 
miRNA Micro ribonucleic acid 
mRNA Messenger ribonucleic acid 
Myf5 Myogenic factor 5 
Myf6 Myogenic factor 6 
Mylpf Myosin regulatory light chain 2 
Myl3 Myosin light chain 3 
MyoD Myogenic differentiation 1 
MyoR Myogenic repressor 
Pank3 pantothenate kinase 3 
Pax3 Paired box 3 
Pax7 Paired box 7 
PDK4 Pyruvate dehydrogenase kinase, isoenzyme 4 



 

 

PGC-1 Peroxisome proliferative activated receptor, gamma, coactivator 1 PPAR
 Peroxisome proliferative activated receptor 
Prdm16 PR domain containing 16 
RAAS renin-angiotensin-aldosterone system 

RAR Retinoic acid receptor 
Rb Retinoblastoma-associated protein 
Rbbp2 Retinoblastoma binding protein 2 
Rip140 Receptor Interacting protein 140 
Sfrp2 Secreted frizzled-related protein 2 
Shh Sonic hedgehog 
Sirt Sirtuin 
Shox2 Short stature homeobox 2 
SNS Sympathetic nervous system 
SOD-1 Superoxide dismutase 1 
SREBP1c  sterol regulatory element-binding-protein-1c 

T3 Triiodothyronine 
T4 Thyroxine 
Tbx15 T-box 15 
Tcf21 Transcription factor 21 
Tpm Tropomyosin 
UTR Untranslated region 
UCP1 Uncoupling protein 1 
WAT White adipose tissue 
Wnt Wingless-type MMTV integration site 
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1. Introduction 

Today, the adipose organ is regarded as one of the most central organs 
in metabolic homeostasis. For a long time, the adipose organ (Cinti, 
2002) was categorized into two distinctly different adipose tissues: the 
brown adipose tissue (BAT) and the white adipose tissue (WAT), the 
energy-expending and the energy-storing adipose tissue, respectively. 
However, we discovered a myogenic signature in brown adipocytes that 
clearly demonstrated that white and brown adipocytes originate from 
distinctly different cell lineages (Paper I).  

In contrast to the very familiar WAT, BAT was until three years 
ago described only to be found in neonatal and hibernating mammals, 
and diminished with age. However, since the existence of this tissue 
was unveiled from overlooked PET-scan studies (Nedergaard et al., 
2007), several studies have demonstrated the presence of adult human 
BAT (Cypess et al., 2009; Saito et al., 2009; van Marken Lichtenbelt et 
al., 2009; Virtanen et al., 2009; Zingaretti et al., 2009).    

Almost a decade before these findings, scientists in the adipocyte 
field pointed out that certain WAT depots harbored the classical 
molecular signature of structural genes recognized only to exist in BAT 
(Guerra et al., 1998). Thereby, the generalized term “white adipose 
tissues” or WATs is today, depending on anatomical location, a set of 
functionally different depots. Moreover, this functional difference was 
clearly realized when cells from WATs were treated with an anti-
diabetic drug (Paper III). In adipocyte cultures treated with this drug, 
we discovered a novel population of adipocytes with a unique genetic 
profile different from the profile found in classical brown or white 
adipocytes. Here, I will characterize this novel adipocyte species that 
we termed brite adipocyte, brown in white. 
  

1.1. Anatomical distribution of adipose depots in mouse  

Adipose tissue is distributed throughout the mammal as separate depots. 
These depots are found sub-dermally, subcutaneously, intramuscularly 
and viscerally. Subdermal adipose tissues (SAT) is located right 
underneath and attached to the skin, while subcutaneous adipose tissue 
depots are concentrated assemblies of adipose tissue found directly 
underneath but, more or less, unattached to the skin (Fig. 1). 
Intramuscular depots or intramuscular adipose tissues (IMATs) are 
found attached and unattached to adjacent tissues (Fig. 1). Separate 
from subcutaneous and intramuscular adipose depots, visceral adipose 
depots are interspersed between vital organs and encapsulated by the 
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peritoneum. Isolated from each other by the peritoneum, subcutaneous 
and visceral adipose depots are recognized as being functionally 
different tissues, simply stated as being the “good” (subcutaneous) and 
the “bad” (visceral) fat.  

Below, I will specify the name and location of theses depots in the 
mouse body.   

 
Fig. 1. Anatomical distribution of murine adipose tissue depots. Depots used in our 
studies are presented in black font while the remaining depots and anatomical parts 
are presented in blue font. 
 
 
1.1.1. Brown adipose tissues (BATs) in mouse 

Interscapular BAT (iBAT) is the largest depot and is anatomically 
found as two symmetrical depots situated over the center of the 
shoulder-blades, right beneath the skin (Fig. 1). Being distinctly brown 
in young mice (< 4 weeks), this depot becomes, with age and at 
thermoneutrality (30 °C), immersed and surrounded with tissue similar 
to WAT. 

Cervical BAT (cBAT) is found as two symmetrical banana-shaped 
depots that are sandwiched intramuscularly in the mouse neck. Most 
researchers in the field would agree that this is the cleanest murine 
BAT, although it also becomes “whiter” with age (Fig. 7B). 
 The two axillary BAT (aBAT) depots are localized right beneath 
the shoulder blades and are in practice the most complex depots to 
dissect out without including contaminating tissues such as cartilage, 
tendons or muscle. Similar to the first two BATs, this tissue becomes 
whiter with age.  

Retro-renal BAT (rBAT) is found as a small depot close to the 
kidney that surrounds the renal ducts. 
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Mediastinic BAT (mBAT), is found attached around the aorta 
behind the heart. This is the least discussed BAT depot, although it 
possesses some original characteristics in contrast to the other adipose 
tissues.  
  

1.1.2. White adipose tissues (WATs) in mouse 
Generally, white adipose tissues include the epididymal, mesenteric, 
retro-peritoneal, and inguinal depots. Although all regarded as white, 
these depots are largely different in gene expression and spectra of cell 
types. 

In male mice, epididymal WAT (eWAT) is the adipose tissue that 
is largely regarded as the depot with the most uniform population of 
white adipocytes and recognized as visceral fat. Within the peritoneum 
and in the vicinity of the testis and the epididymus, this depot is 
anchored to and embeds the vas deferens and blood capillaries. This 
depot is the largest adipose tissue depot and becomes even larger with 
age.       

Mesenteric WAT (mWAT), is a spindle-shaped depot that lines 
the intestine in the mesentery. Also regarded as visceral, this depot does 
not share the same characteristics as eWAT (Paper V and (Vernochet et 
al., 2009)). 

Omental WAT (oWAT) can be described as an apron of adipose 
tissue that cloaks the intestines. This visceral depot is often referred as 
the “belly-fat”. It is not easily observable in lean mice. 

Retro-peritoneal WAT (rWAT) depots are situated right behind 
the kidneys attached to the back wall and separated from any organ, 
enclosed in a thin membrane. One would regard this depot as the 
cleanest white depot to dissect. 

Inguinal WAT (iWAT) is often referred to as subcutaneous fat. 
This depot is wrapped around the mouse pelvis, from the back to the 
front of the thigh, on each side of the mouse. This is one of the larger 
mouse depots which has characteristics resembling BAT (Guerra et al., 
1998; Vernochet et al., 2009) and Paper V).   

Cardiac WAT (cWAT) is a quite unnoticed depot found lined 
across the epicardium as a streak of white fat. In humans, adipose 
tissues around the heart are reported to have brown adipocyte 
characteristics (Sacks et al., 2009). It is the most distinct adipose tissue 
in the vicinity of the mouse heart.  
 
Adipose tissues localized as different depots throughout the mammalian 
body have not been extensively considered as separate tissues, but have 
been discussed as being distinctly different in gene expression (Gesta et 
al., 2006; Guerra et al., 1998; Tchkonia et al., 2007; Vohl et al., 2004), 
response to the anti-diabetic agents thiazolidinediones (TZDs) (Adams 
et al., 1997) and in metabolism (Dicker et al., 2009). The fundamental 
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functional difference between BAT and WAT has been evident for a 
long time. Today, one must even consider clear functional differences 
between separate WAT depots depending on anatomical location (Yang 
and Smith, 2007). Increased mass of visceral depots is correlated with 
insulin resistance, high levels of sympathetic nervous system (SNS)-
mediated lipolysis and cardiovascular disease. In contrast to visceral 
depots, subcutaneous depots are more responsive to synthetic PPARγ 
agonists (e.g. anti-diabetic drugs). Thus, the visceral adipose tissue is 
regarded to be dangerous “fat” while the subcutaneous adipose tissue is 
regarded as less dangerous “fat” (Gesta et al., 2007). We (Paper V) and 
others (Cousin et al., 1992; Gesta et al., 2006; Guerra et al., 1998; 
Vernochet et al., 2009) have investigated the expression of genes in 
various murine adipose tissue depots that have often been considered 
the equivalent of human visceral and subcutaneous adipose tissues. 
 

1.1.3. In vitro vs. in vivo: interpreting gene expression 
When performing experimental studies investigating gene expression, 
one must consider at least three difficulties. Firstly, gene expression can 
be measured at both the mRNA level and the protein level, and it is not 
always so that the former level reflects the latter level. However, the 
central dogma is that if the mRNA is absent in a tissue or a cell, the 
protein is absent too. Therefore, finding mRNAs that are expressed in 
one cell type or tissue but that are absent in other cells or tissues truly 
reflects a cell- or tissue-specific gene expression.  

Secondly, the mRNA or protein levels in a multicellular tissue 
(e.g. iBAT) do not always correspond to the levels in primary cell 
cultures (e.g. primary brown adipocytes), cell lines (e.g. HIB-1B) or 
mouse embryonic stem cells (MEFs) induced to differentiate into 
mature cells with adipogenic characteristics. For example, genes 
specifically expressed in brown adipocytes in comparison to white 
adipocytes can be detected at significant levels in both BAT and WAT. 
This could suggest that cell types other than white adipocytes, in a 
multicellular tissue such as WAT, also express the brown adipocyte-
specific gene. Moreover, genes found at moderate mRNA levels in 
brown adipocytes can in some cases be found at quite low mRNA levels 
in BAT, reflecting a “dilution” by the RNA content from other cell 
types present in BAT.   

Thirdly, the technique or combination of techniques used in 
measuring mRNA levels of genes in different cells or tissues is another 
difficulty. In my case, this largely involves microarrays and Real-Time 
qPCR. Microarray is a multiplex technique where one array-chip has 
thousands of DNA oligonucleotide spots that each contain specific 
DNA sequences (probes) recognizing sections of different gene 
sequences (Schena et al., 1995). Pitfalls in this technique are e.g. that 
the dyes used can change in their physical property or that labeled 
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targets bind unspecifically to or cross-hybridize with the probe(Morey 
et al., 2006). Although expression of some genes can be mere false 
positives due to these pitfalls, the advantage of using microarrays is the 
benefit of measuring gene expression on a global scale and all together 
observe a plethora of differentially expressed genes in cells and tissues.  

To validate microarray results, one often uses Northern blot or 
Real-Time qPCR. The advantage with Northern blot compared to Real-
Time qPCR is that one can see the mRNA expression levels visually on 
a membrane and the step of converting RNA into cDNA is not required. 
The size of the mRNA is also readily evident. However, the 
disadvantage with Northern blot is that the practical part of the method 
is time-consuming and that this technique has difficulties in measuring 
weakly expressed mRNAs.   
Real-Time qPCR is a procedure where one amplifies cDNA (converted 
from tissue or cell RNA) with the classical PCR technique.  The Real-
Time reagents contain a fluorescencent dye (Sybr Green) that binds to 
anything that is DNA. For each PCR cycle, one can monitor the 
increased amount of a particular cDNA product (amplicon) with 
increased fluorescence. The advantage of this technique is that it is 
rapid, less time-consuming, one can use a large number of samples, 
minimal amount of template and measure several different genes in 
parallel in one experiment. Similar to microarrays, Real-Time qPCR 
also has disadvantages that include mispriming or primer-dimer 
formation, poor primer amplification efficiency, amplication of more 
than one product (false-positives). Genes differentially expressed on 
microarrays can be validated with Real-Time PCR which allows for 
estimation of genes with only a twofold change. However, it is 
suggested that genes that change less than fourfold on microarrays are 
complicated to validate by Real-Time qPCR (Chuaqui et al., 2002). In 
our case, we have microarray results and Real-Time qPCR data that 
coincide in those instances where we have made direct comparisons.  

Other more fundamental sources of error that affect both 
microarrays and Real-Time qPCR are the quality of the RNA after 
extraction, efficiency in the conversion of RNA into cDNA and the 
choice of endogenous control used to normalize the gene expression 
levels. The RNA extraction method can generate degraded RNA or 
leave residues of phenol, ethanol and salts that negatively affect cDNA 
synthesis and PCR efficiency (Morey et al., 2006). The choice of an 
endogenous control is one of the most critical steps in analyzing gene 
expression data with Real-Time qPCR. For instance, β-actin mRNA 
levels are dramatically changed in differentiating adipocytes, while 
“TATA box binding protein” (TBP) mRNA and ribosomal 18S RNA 
are unchanged (Gorzelniak et al., 2001). In my studies, I have used 18S, 
TBP and “transcription factor II B” (TFIIB) as endogenous controls 
that, under the conditions I have used, do not change to any large extent 
by treatment, cell type or tissue.         
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In this thesis, I will describe differentially expressed mRNAs 
between various cells and tissues where the previously mentioned 
potential sources of error should be considered.         

1.2. What defines adipocytes; the classical view 
The general view of energy maintenance in a multicellular organism is 
that adipocytes store energy in the form of lipids, and that skeletal 
muscle cells expend the stored energy when there is an increase in 
energy demand, e.g. by exercise or shivering thermogenesis. Brown 
adipocytes, exclusively found in mammals, convert energy into heat 
through non-shivering thermogenesis. In vivo, brown adipose tissue 
depots are relatively easy to distinguish from the white lipid-storing 
adipose tissue, because of the distinct brown coloration due to the dense 
vascularization and the high mitochondrial abundance. Brown 
adipocytes have a lot of mitochondria and multilocular lipid 
compartments while white adipocytes have unilocular lipid 
compartments and a low number of mitochondria. Brown adipose tissue  
(BAT) dissipates energy in the form of heat during adaptive/non-
shivering thermogenesis initiated by cold exposure or diet. In contrast, 
the white adipocytes store and release triglycerides in accordance with 
energy demand (Cannon and Nedergaard, 2004). BAT is distinguished 
by the high expression of uncoupling protein 1 (UCP1) which is located 
in the inner membrane of the mitochondria (Nicholls and Locke, 1984). 
UCP1 uncouples substrate oxidation and electron transport through the 
respiratory chain from ATP production. This is caused by an increased 
proton leakage over the inner mitochondrial membrane which dissipates 
the proton motive force as heat instead of ATP synthesis (Klingenberg 
and Huang, 1999). BAT is highly innervated by the sympathetic 
nervous system (SNS) that controls UCP1-mediated thermogenesis via 
cAMP. Norepinephrine (NE) is released from the nerve endings, where 
it binds to β, α1 and α2-adrenergic receptors on the brown adipocytes 
(Cannon and Nedergaard, 2004; Sell et al., 2004) and mediates the 
thermogenic response.  
 
The transcriptional program of adipogenesis 
Mostly based on studies using cell lines (3T3-L1) or mouse embryonic 
fibroblasts (MEFs), the set of master regulators commonly known to 
initiate adipogenesis and define the adipocyte phenotype is found 
among the CCAAT/enhancer binding proteins (C/EBPs) and the 
peroxisome proliferator-activated receptors (PPARs). The C/EBPs are 
found as the α, the β and the δ isoform, and the PPARs as the α, the β/δ 
and the γ isoform. C/EBP β and δ induce the expression of PPARγ and 
C/EBPα which are two co-operating master regulators that define the 
“adipocyte”, commonly characterized as a lipid-laden cell expressing 
typical adipogenic markers such as the fatty acid-binding transporter 
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protein aP2, the glucose transporter GLUT4, and the adipocyte-specific 
secretory protein leptin (Fig. 2). In parallel with the presence of C/EBP 
β and δ, sterol regulatory element-binding-protein-1c (SREBP1c) is 
expressed and suggested to be involved in the production of PPARγ 
ligands (Rosen and Spiegelman, 2000). 
  

 
 

 
Fig. 2. The transcriptional network inducing adipogenesis. See text for explanation. 
 

 
The most crucial factor among these genes is the PPARγ nuclear 

receptor. Precursor cells lacking this gene are unable to become either 
white or brown adipocytes. This receptor can be translated from four 
spliced mRNAs into two PPARγ isoforms: PPARγ1 and 2, where 
PPARγ2 is specifically expressed in adipocytes (Farmer, 2006). In 
brown adipocytes, PPARγ ligands promote the expression of UCP1 but 
cannot increase the metabolic capacity for adaptive thermogenesis 
without adrenergic stimuli (Nedergaard et al., 2005).  Furthermore, 
PPARγ ligands, found endogenously or as artificial TZDs, can promote 
downstream PPARγ-regulated actions, initiating mitochondrial and 
thermogenic gene expression (Tzameli et al., 2004). 

C/EBPα co-operates with PPARγ to drive adipocytes into mature 
adipocytes but is not as crucial for adipogenesis as PPARγ. Adrenergic 
stimuli down-regulate C/EBPα in BAT and in primary brown pre-
adipocytes. The role of C/EBPα in brown adipocyte recruitment in BAT 
is thus less clear (Rehnmark et al., 1993). C/EBPα knockout mice have 
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intact interscapular BAT but reduced WAT stores, including dermal 
adipose tissue. Accordingly, loss of C/EBPα has an effect on the 
maturation of white adipocytes but not on brown adipocytes (Linhart et 
al., 2001). 

Although functionally distinct, brown and white adipocytes were 
initially regarded as originating from the same precursor cell due to the 
similarity in cell morphology and a similar PPAR- based transcriptional 
program. One suggestion has been that white adipocytes could 
transdifferentiate into brown adipocytes and vice versa depending on 
energy status (Cinti, 2002). In addition to the similarities in C/EBPα 
and PPARγ, this adipocyte conversion is also suggested due to the 
nature of a few other genes. For instance the “retinoblastoma protein” 
(pRb) and receptor interacting protein 140 (Rip140) favour a white 
adipocyte phenotype, and absence of either of these genes in mouse 
embryonic fibroblasts (MEFs) leads to the up-regulation of genes 
recognized in brown adipocytes (Debevec et al., 2007; Hansen et al., 
2004) (Fig. 3). Conversely, knocking out the translational inhibitor 
“eukaryotic translation initiation factor 4E-binding protein” (4E-BP) in 
mice leads to overexpression of UCP1 in certain white adipose tissues 
(Tsukiyama-Kohara et al., 2001). However, this has yet only been 
shown in knockout mice. Furthermore, introduction of “peroxisome 
proliferative activated receptor gamma coactivator -1α” (PGC-1α) in 
white adipocytes enhances mitochondrial biogenesis and the expression 
of UCP1 (Rosen and Spiegelman, 2000).  
 
 

 
Fig. 3. Favouring a brown or a white phenotype.  
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Steroid receptor co-activator 1 (SRC-1) and transcriptional intermediary 
factor 2 (Tif2), two members in the p160 family of nuclear receptor co-
regulators, are described as controlling energy balance by regulating the 
brown and white adipocyte ratio (Picard et al., 2002)(Fig. 3). SRC-1 
interacts with PGC-1α and promotes energy expenditure while Tif2 
competes with SRC-1 in the PGC-1α-interaction and suppresses energy 
expenditure in BAT and promotes energy storage in WAT.  

Adipocytes cannot today be seen in black (brown) or white but 
rather seen in full color, due to the presence of several genetic factors 
that indicate the existence of adipocyte precursors unique in their 
origins, not only brown and white adipocytes but even different white 
adipocytes from distinct anatomical locations.    

1.3. Classification of adipocytes today 
When I initiated my doctoral studies, UCP1 was the only gene used to 
distinguish brown adipocytes from white adipocytes. It was commonly 
used to distinguish BAT from WAT, but it had already then been 
demonstrated to exist at detectable levels in WATs to various extents 
depending on anatomical location (Cousin et al., 1992; Guerra et al., 
1998). Except for the special feature of UCP1 expression in brown 
adipocytes, adipocytes (brown, visceral and subcutaneous) in general 
were considered to derive from a common embryonic origin, due to 
their similar morphology and C/EBP-PPAR-based transcriptional 
program that defines a mature functional adipocyte. Our recent studies 
have provided a set of different factors that define a molecular motif 
that distinguishes brown from white adipocytes, where many of these 
factors are genes that determine cell fate already during embryogenesis.  
Presently, we believe that the distinct developmental routes of white 
and brown adipocytes are as described herein.  

Intially, pluripotent mesenchymal stem cells are defined into two 
cell populations, where one expresses the lineage gene marker engrailed 
1 (En1) and the other does not (Fig. 4). The En1-expressing cells 
express hallmark myogenic regulatory factors (Myf5 and myogenin) 
((Atit et al., 2006; Seale et al., 2008) and Paper I) and we have thus 
named these cells adipomyocytes ((Cannon and Nedergaard, 2008) and 
Paper III). Adipomyocytes that continue to express myogenic 
regulatory factors develop into myocytes (Fig. 4). If they express 
Prdm16, a regulatory gene which attenuates the myogenic program, 
adipomyocytes become brown adipocytes that are characterized by 
UCP1 expression. The “muscle-specific” microRNA (myomir) miR-
206, expressed in both myocytes and brown adipocytes, post-
differentially exemplifies that these cell types derive from a common 
progenitor, the adipomyocyte (Paper II).  
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Fig. 4. The present dogma of adipocyte origin. This figure corresponds to Fig. 7 in 
(Paper III). 
 

 
Cells lacking En1 expression acquired a Hoxc9 expression motif 

(Fig. 4). These Hoxc9-postive cells, expressing Tcf21, developed into 
white adipocytes or, when expressing UCP1, developed into a novel 
energy-expending fat cell (Paper III). We named these unique energy 
expending fat cells brite  (brown in white) adipocytes found 
interspersed among other adipocytes.  

In order to screen brite adipocyte distribution in vivo, we 
investigated levels of brown and white adipocyte-specific genes in a 
wide array of adipose tissues, before and after cold exposure (Paper V) 
and concluded that certain adipose depots are putatively more brite 
adipocyte-enriched and therefore named brite adipose tissues. I will 
here for the first time outline the molecular signature that characterizes 
adipocytes that are not only brown and white, but also brite.   
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2. Developmental point(s) of adipose origin?  

In 1551, brown adipose tissue was described by the Swiss naturalist 
Konrad Gessner (seen on the book cover of this thesis) in his Historiae 
Animalium as being neither fat nor flesh [nec pinguitido, nec caro] - but 
something in between (Cannon and Nedergaard, 2008). 300 years later, 
in the late 1900s, histological studies were performed to describe 
adipose tissue development. At that time, the unique functional property 
of brown adipose tissue was not recognized. Moreover, the presently 
incorrect theory of a common white and brown adipocyte origin was 
not generally agreed (Hausman et al., 1980). Some people already then 
regarded BAT and WAT as separate tissues, which agrees with the view 
on adipocyte origin today.  

Adipocytes have been suggested to develop from precursor cells 
originating from a variety of embryonic germ layers (Fig. 6). 
Depending on the nature of the adipocyte, adipocytes have been 
suggested to trans-differentiate from one into the other (Cinti, 2002), or 
derive from migrating neuronal precursor cells (Billon et al., 2007), 
blood vessel-embedded cells (Crisan et al., 2008a; Iyama et al., 1979; 
Tang et al., 2008), bone-marrow cells (Crossno et al., 2006) or muscle 
precursor cells ((Atit et al., 2006) and Paper I).  

To dissociate the origin of distinctly different adipocyte 
precursors, one must understand the stepwise processes that take place 
during embryogenesis. In this section, I will present the different routes 
of mesoderm development,n accordance with the embryology concepts 
and ideas summarized by Scott F. Gilbert (Gilbert, 2006), The 
mesoderm is the main germ layer that is important in the context of 
brown and white adipocyte origin. 

2.1. The mesodermal germ layers and adipocyte origin 
On each side of the notochord and the neural tube, large accumulations 
of mesodermal cells form paraxial mesoderm (Fig. 5). As the primitive 
streak regresses, the paraxial mesoderm divides up into blocks called 
somites. In parallel but further away from the notochord and the 
paraxial mesoderm, the intermediate and lateral plate mesoderm are 
formed. The intermediate mesoderm generates the kidneys and gonads 
(Tonegawa et al., 1997). The lateral plate mesoderm, divided into two 
sublayers, develops into the dorsally positioned somatic mesodermal 
layer and the ventrally positioned splanchnic mesodermal layer (Fig. 5). 
The somatic mesoderm generates the lining of the body cavity while the 
splanchnic mesoderm generates heart, blood vessels, blood cells and the 
lining of the gut.  
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Fig. 5. The primitive streak and patterning of the mesodermal germ layers during 
embryogenesis. 
 

Dorsally positioned and divided up along an anterior-posterior 
axis, somites divides into the dermomyotome and sclerotome (Yusuf 
and Brand-Saberi, 2006) (Fig. 5). The dermomyotome give rise to bone, 
chondrocytes, tendon, skeletal myocytes and adipocytes while the 
sclerotome forms the vertebral  column, ribs and meninges, vascular 
smooth muscle cells and pericytes (Pouget et al., 2008).  

Adipose tissues develop at different stages of mammalian 
development. BAT depots are already developed in the fetal stage, 
subcutaneous and peri-gonadal WAT appear right after birth, and 
omental WAT (Fig. 1) appears much later (Billon et al., 2008; Gesta et 
al., 2007). The timed appearance of various adipose tissue depots and 
their distinct molecular signatures can be due to the timed appearance 
of a distinct variety of adipocyte precursors from different branches of 
the mesodermal germ layers.  

In the following sections, I will suggest that brown adipocytes 
originate  from dermomyotomal adipomyocytes, that white adipocytes 
originate from sclerotomal or lateral plate mesodermal CD146-positive 
pericytes and lateral plate mesodermal CD24-positive hematopoietic 
cells, and that brite adipocytes originate from dermomyotomal (skeletal 
muscle satellite cells and mesoangioblasts) and lateral plate mesodermal 
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(bone marrow-derived hematopoietic vascular endothelial) CD34-
positive cells (Fig. 6).  
 

 

Fig. 6. The origin of brown, white and brite adipocytes. 

2.1.1. Brown adipocyte origin  
By lineage tracing using the homeobox gene engrailed 1 (En1), Atit et 
al. (Atit et al., 2006) observered that brown adipocytes derive from the 
dermomyotome, the common origin of skeletal muscle cells and dermis 
(“skin fibroblasts”). Simultaneously, this was further supported by us 
demonstrating the presence of muscle-specific mRNAs and microRNAs 
in brown adipocytes (Papers I and II). During mouse development, cells 
that express one of the most central “myogenic” transcription factors, 
Myf5, are those that develop into muscle and brown fat but not white 
fat (Seale et al., 2008). Due to the clear distinction from white 
adipocytes, brown adipocytes could be designated adipomyocytes and 
dissociated from myocytes (Cannon and Nedergaard, 2008) and skin 
fibroblasts (Kajimura et al., 2009) by the characterized expression of 
“PR domain containing 16” (Prdm16).  In Paper V, we demonstrate that 
the “zinc fingers in the cerebellum 1” (Zic 1) gene is not detected in 
white adipocytes or myocytes and thus possesses a restricted expression 
to classical brown adipocytes. However, it has been indicated that Zic1 



 

 17

is expressed in proliferating skin (dermal) fibroblasts (Pourebrahim et 
al., 2007), and this would describe brown fat as the cell type that is 
something in-between skin and muscle, thus brown fat is really neither 
fat nor flesh. 

2.1.2. White adipocyte origin 
Before the common origin of skeletal myocytes and brown 

adipocytes was discovered, brown adipocytes were suggested to 
differentiate into white adipocytes and thus implicated to derive from a 
common origin. However, this hypothesis was ruled out by crossing 
transgenic mice, carrying a Cre DNA recombinase sequence 
downstream of a UCP1 promoter, with transgenic mice, carrying a 
reporter gene (lac-Z) found downstream of a cytomegalovirus (CMV) 
promoter and a STOP-codon within two loxP sites. Thus, cells in the 
transgenic mice that expressed UCP1 would also express lac-Z. White 
adipocytes in the crossbred mice did not express UCP1 and thus did not 
originate from former UCP1-expressing brown adipocytes (Moulin et 
al., 2001).  

One of the cell types discussed most as being able to act as 
adipocyte precursors and develop into adipocytes, are pericytes. 
Pericytes (a.k.a. mural cells, Rouget cells, adventitial cells (Crisan et 
al., 2008b; Hausman et al., 1980), interstitial cells, mesangial cells (in 
kidney) or Ito-cells (in liver) are a branch of multipotent mesenchymal 
cells with potential to differentiate into osteocytes, chondrocytes, 
skeletal myocytes or adipocytes (Bukowiecki et al., 1986; Crisan et al., 
2008b; Hirschi and D'Amore, 1996). The origin of pericytes and thus 
plausibly the multitude of diverse types of adipocytes, is suggested to 
be from the sclerotome (Pouget et al., 2008) or the lateral plate 
mesoderm (Armulik et al., 2005) (Fig. 6). Moreover, endothelial cells 
are suggested to transdifferentiate into pericytes.     

Pericytes are often found adjacent to capillaries and in a variety of 
tissues to various degrees depending on the type of tissue. Similarly, 
certain areas of blood vessel formation are demonstrated to have 
gatherings of mesenchymal cells named primitive fat organs implied to 
derive from adventitial cells (pericytes). Since these primitive fat organs 
appeared in areas of prospective BAT and WAT, it was suggested by 
Wasserman et al. (Iyama et al., 1979) that these tissues share a common 
origin.  

Pericytes are frequently believed to be vascular smooth muscle 
cells and thus have been suggested to derive from a common cell 
lineage. However, pericytes can be distinguished from vascular smooth 
muscle by location, expression of gene markers and 
morphology(Armulik et al., 2005). Pericytes are found within the  
capillary endothelium, embedded in the endothelial basal membrane 
and express marker genes such as smooth muscle α-actin (α-sma), 
desmin, NG-2/versican, platelet-derived growth factor receptor 
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(PDGFR)-β, aminopeptidase A and N and regulator of G-protein 
signaling (Rgs5). Depending on location, groups of pericytes may lack 
some of these pericyte gene-markers while some vascular smooth 
muscle cells may express them (Armulik et al., 2005; Hirschi and 
D'Amore, 1996).  

In the context of adipocyte origin, pericytes are suggested to be 
present within epididymal, inguinal and retro-peritoneal WATs(Iyama 
et al., 1979; Tang et al., 2008; Xue et al., 2008) and interscapular BAT 
(Bukowiecki et al., 1986). Dormant adipocyte precursors in WAT depot 
vasculature were demonstrated to be a specific group of “mural cells” 
with an innate expression of the adipocyte master regulator PPARγ. 
Due to the innate PPARγ expression not being found in pericytes 
around the kidney, with an expression profile of recognized pericyte 
marker genes (PDGFR-β, NG2), these mural cells were characterized as 
being adipocyte precursors (Rodeheffer et al., 2008; Tang et al., 2008). 
These PPARγ-expressing “mural cells” were also positive for CD34, a 
recognized cell surface marker for bone marrow hematopoietic 
precursor cells and vascular endothelial cells, and not for pericytes 
(Crisan et al., 2008b) Instead, pericytes are identified by the combined 
expression of CD146 and “hallmark” pericyte markers (NG2 and α-
sma). CD146-positive cells (pericytes) in adipogenic medium develop 
into multilocular adipocytes that do not express UCP1 (Crisan et al., 
2008a) and could thus be potential white adipocyte precursors. 
Nevertheless, there is a subset of CD34-positive cells that can develop 
into unilocular adipocytes in cell culture medium without TZDs being 
present(Rodeheffer et al., 2008). 

Among the CD34-positive cells, there is a minor subgroup of 
CD24-positive cells reported to be white adipocyte precursors (Fig. 6). 
These cells express adipogenic gene markers and when grafted in vivo, 
are able to develop into fully functional adipose tissue (Rodeheffer et 
al., 2008). I would suggest that the CD34-positive cells not only can 
differentiate into white adipocytes but also into what we have named 
brite adipocytes.  

2.1.3. Brite adipocyte origin? 
Before our classification of brite adipocytes as a separate cell type, the 
minute levels of UCP1 in murine and human white adipose tissues and 
skeletal muscle tissue were explained by the existence of embedded 
brown adipocytes or ectopic brown adipocytes within these tissues 
(Cousin et al., 1992; Crisan et al., 2008a; Guerra et al., 1998; Himms-
Hagen et al., 2000; Krief et al., 1993; Moulin et al., 2001; Xue et al., 
2007). Furthermore, treating white adipocyte cultures with TZDs 
evokes an adrenergic stimulus-sensitive population of brite adipocytes 
that express hallmarked brown adipocyte thermogenesis factors after 
stimulation (Fig. 7) (Paper III). I suggest that the “ectopic brown 
adipocytes” before mentioned are brite adipocytes that appear in white 
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adipose tissues (and likely in muscle) when PPARγ-agonist are present 
(Fig.7A).   
Fig. 7. TZD-mediated effect on white adipocyte cultures and the browning and 

whitening of brown adipose tissue. (A) PPARγ-ligands, TZDs, increase white 
adipocyte mitochondrogenesis (illustrated as white adipocytes with a capital 
m)(Wilson-Fritch et al., 2004) the presence of brite adipocytes in white adipocyte cell 
cultures (Paper III). (B) The browning effect has been observed in hypertrophic brown 
adipose tissue from gene manipulation studies (Cederberg et al., 2001). 
 
 
Human intra-abdominal WAT has been suggested to harbor about 1 
brown (brite) adipocyte for every 100-200 white adipocyte (Oberkofler 
et al., 1997). These brite adipocytes (Paper III) within WATs increase 
in number when exposed to cold or catecholamines (Koza et al., 2000; 
Young et al., 1984). The increased number of brite adipocytes are found 
around the blood vessels within murine parametrial WAT (female 
gonadal WAT) and constitute 6 % of the whole fat depot. (Young et al., 
1984). Moreover, cells derived from the human subcutaneous adipose 
tissue stromal vascular fraction and TZD-treated, acquired a selective 
enrichment of CD34-positive cells (Sengenes et al., 2005).   

Therefore, I believe that potential brite adipocyte precursors are 
those expressing the CD34(Crisan et al., 2008a; Crisan et al., 2008b; 
Rodeheffer et al., 2008; Tang et al., 2008) from where a subgroup of 
multipotent cells can become white adipocytes (Rodeheffer et al., 
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2008). CD34 is a glycoprotein that is expressed in vascular endothelia 
around small capillaries (Furness and McNagny, 2006). Moreover, 
CD34-positive hematopoietic cells and muscle-derived progenitor cells, 
are suggested to be equivalent to multipotent mesenchymal stem cells 
and capable of differentiating into osteoblasts, chondrocytes, muscle 
and adipocytes.  

Herein, I will describe cells from separate germ layers that 
express CD34. As a potential brite adipocyte precursor, CD34-positive 
cells can be found in dermomyotomal muscle satellite cells, 
dermomyotomal mesoangioblasts and splanchnic mesodermal (sublayer 
of the lateral plate mesoderm) bone marrow hematopoietic stem cells 
and vascular endothelial cells (Fig. 6), as detailed below.  

Muscle satellite cells originating from the dermomyotome are 
embedded between the basement membrane and myocyte plasma 
membrane in adult muscle tissue. These cells are described as a pool of 
precursors important for muscle regeneration. Distinct from pericytes 
and other CD34-positive cells, satellite muscle cells express the 
myogenic factors Pax7, MyoD and myogenin (Dellavalle et al., 2007). 
These cells can differentiate into immature osteoblasts when treated 
with bone-morphogenic protein BMP2 or adipocytes when treated with 
linolenic acid(Wada et al., 2002). Intermuscular adipose tissues (IMAT 
in Fig. 1) are depots distributed in between muscles groups and are 
demonstrated to originate from muscle satellite cells (Vettor et al., 
2009). Intramuscular adipose tissue derived- adipocytes were suggested 
only to be differentiated into white adipocytes and not energy-
expending (brite) adipocytes, due to the lack of morphological and 
molecular features that characterize a brown adipocyte-like phenotype. 
However, data with or information about the molecular features 
described in Vettor et al. (Vettor et al., 2009) that was used to support 
these conclusions, was not provided. I would suggest that these muscle 
satellite cells with a dermomyotomal origin can develop into brite 
adipocytes. 

Mesoangioblasts, also described as being CD34-positive, are 
pluriopent stem cells located around the aorta that can develop into 
chondrocytes, smooth muscle cells, cardiac myocytes and skeletal 
myocytes. During embryogenesis, dermomyotomal cells expressing the 
dermomyotomal master regulator Pax3 migrate from somites to the 
dorsal aorta and become mesoangioblasts (Esner et al., 2006). This 
implies that adipocytes originating from CD34-positive 
mesoangioblasts also originate from the dermomyotome. However, the 
type of adipocytes that arise from the mesoangioblasts is yet to be 
determined. One could speculate that mesoangioblasts are precursors 
for UCP1-expressing adipocytes in adipose tissues located around the 
heart and the aorta such as mediastinic BAT and cardiac WAT. 
Similarly to brown adipocytes, mesoangioblasts arise from the 
dermomyotome but do not express Myf5 (Otto et al., 2009), the 
myogenic master regulator and marker for adipomyocytes. However, 
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the mesoangioblast precursors express the myogenic master regulator 
Pax3 that is repressed by Foxc2 when these cells reach the aorta and 
becomes vascular endothelial cells or vascular smooth muscle cells 
specified from mesoangioblasts (Lagha et al., 2009). Transgenic mice 
overexpressing Foxc2 have hypertrophic BAT and a browning of WAT 
depots (Fig. 7B). By shutting down the myogenic program by inhibition 
of Pax3, I think Foxc2 potentially increases the presence of brite 
adipocytes in both BAT and WAT by forcing mesoangioblasts into a 
brite adipocyte phenotype.        

Hematopoietic stem cells, expressing CD34, are suggested to 
become adipocytes, as emphasized by the expression of recognized 
adipocyte gene markers (C/EBPα, PPARγ and aP2). The stromal- 
vascular fraction (SVF) in WATs is suggested to contain, in contrast to 
BAT, a predominant population of hematopoietic stem cells with the 
ability to develop into adipocytes (Prunet-Marcassus et al., 2006; Sera 
et al., 2009). CD34-positive hematopoietic vascular endothelial cells in 
muscle tissue are demonstrated to express UCP1, PGC-1α and 
Cidea(Crisan et al., 2008a). In contrast to epididymal WAT and similar 
to BAT stromal vascular fraction, hematopoietic stem cells in inguinal 
WAT SVFs have a high potential to develop into contracting 
cardiomyocytes. This indicates an energy-expending phenotype present 
in both BAT and inguinal WAT (Prunet-Marcassus et al., 2006) that has 
long been evident by the expression of UCP1. Moreover, one could 
speculate about the presence of hematopoietic stem cell-derived brite 
adipocytes within BAT (Fig. 6), since BAT becomes hypertrophic when 
specific genes are overexpressed (Cederberg et al., 2001) resulting in a 
browning feature (Fig.7B). Additionally, BATs tend to become whiter 
with age and this could be due to CD24-positive precursor-derived 
white adipocytes or some other resident population of precursor cells, 
not yet discovered, having the potential to develop into either white or 
brown adipocytes. 

Thereby, I suggest that precursors for energy-expending brite 
adipocytes, found within various adipose tissues, derive with the 
highest probability from the hematopoietic stem cells that originate 
from the lateral plate mesoderm.  

To examine this hypothesis, I would culture chronically treated 
mature primary white adipocytes, derived from both the “brite 
adipocyte poor” eWAT and “brite adipocyte abundant” iWAT depot, 
with a PPARγ-agonist. Thereafter, I would measure the number of 
CD34-positive cells present and correlate them with the number of 
UCP1-expressing cells. Using immunohistochemistrty, I would 
investigate if the CD34-expressing cells are the cells that express 
UCP1.     
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2.1.4. Trans-differentiation or not? 
Based on studies of murine mammary glands, adipocytes have been 
suggested to transdifferentiate into cells that form epithelial milk-
secreting glands (Cinti, 2002; Cinti, 2009). Similarly, vascular 
endothelial cells, with the potential to develop into brite adipocytes, are 
suggested to transdifferentiate into pericytes (Crisan et al., 2008b) and 
vascular smooth muscle cells (Moonen et al., 2010). Therefore, I think 
that brite adipocyte progenitors (vascular endothelial cells) can trans-
differentiate into pericytes that subsequently become white adipocytes. 
Thus, brite and white adipocytes can potentially derive from a common 
precursor via precursor transdifferentiation. 

2.1.5. Impact of murine genetic background  on adipocyte distribution  
When performing experiments, especially in vivo experiments and 
especially when it involves adipocytes, one must consider what mouse 
strain to choose. The genetic background of different strains of mice 
massively influences UCP1 levels in adipose tissues and potentially 
the presence of energy-expending adipocytes (what we now call brite 
adipocytes) interspersed within WAT (Guerra et al., 1998). 
One widely used mouse strain that completely lacks UCP1 mRNA 
expression in retroperitoneal WAT and epididymal WAT, and has low 
UCP1 levels in inguinal WAT, is C57/Bl6. These mice become obese 
as an outcome of the absence of UCP1 (Feldmann et al., 2009). 
Although not directly demonstrated, one could reason that C57/Bl6 
mice lack brite adipocytes or lack the response of adrenergic stimuli.    

Opposite to C57/Bl6 mice, A/J mice exhibit distinctly high 
UCP1 mRNA levels in retroperitoneal WAT and inguinal WAT, very 
similar to the levels found in interscapular BAT (Guerra et al., 1998). 
Although not found at similar levels as in the other adipose depots, 
UCP1 was relatively high in epididymal WAT. What now could be 
suggested from studies with this mouse strain is that there is either an 
enhancement of brite adipocytes in the WATs or an increased 
sensitivity to adrenergic stimuli. 

The misty mutant completely lacks BAT but is considered to be 
a lean mouse strain (Sviderskaya et al., 1998). In addition to lacking 
BAT, these mice also have abnormalities in pigment cells 
(melanocytes) and platelets (thrombocytes). The gene mutated in this 
strain is the “dedicator of cytokinesis 7” (Dock7) (Blasius et al., 
2009). This gene belongs to the Dock180 nucleotide exchange factors, 
a family of factors that modifies Rho-GTPases. Dock7 is expressed in 
cells migrating from the neural crest and is described as promoting 
axon formation and defining melanocytes and Schwann cells. In this 
aspect, one could speculate that BAT originates from the neural 
crest/tube (Fig. 6). In a lineage tracing study, adipose tissue arising 
from the neural lineage was suggested to be restrictively localized to 
those depots found in the head and not to subcutaneous or visceral 
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adipose tissues (Billon et al., 2007). It was not ascertained whether 
adipose tissues in the neck (BAT) had a neural origin or not. Thus, 
brown adipocytes may also originate from the neural crest and not 
only from the dermomyotome. This possibly may be hinted at by the 
prevalence of other factors (Hoxa1, Zic1 and Lhx8) commonly found 
in neural lineages.  

In conclusion, when conducting in vivo experiments studying 
brown, brite and white adipocytes, one should be very careful in the 
choice of mouse strain.    

2.2. Signaling pathways 
Signaling pathways generally known to define specific tissues during 
embryogenesis and demonstrated to determine adipocyte cell fate are 
the wingless-type MMTV integration site (Wnt), the fibroblast growth 
factor (FGF), the bone morphogenic protein (BMP) and the sonic 
hedgehog (Shh) pathways (Fig. 8).  

Wnts are described as adipogenic inhibitors (Fig. 8). 
Preadipocytes and mesenchymal stem cells spontaneously differentiate 
into mature adipocytes when this pathway is subsides. For example, 
transgenic mice overexpressing Wnt10b lack the formation of WAT 
depots and display an improved insulin sensitivity and glucose 
tolerance. Expressing Wnt10b in interscapular BAT results in a down-
regulation of thermogenic genes, and leaves the expression of 
adipogenic gene markers intact, with a white adipocyte-like tissue 
unable to respond to adrenergic stimuli (Kang et al., 2005).  

β-Catenin is a central downstream Wnt-transactivator that is 
translocated into the cell nucleus and switches on Wnt target genes. In 
the bifurcation where en1- expressing dermomyotomal precursors are 
forced into a specific cell fate, β-catenin promotes the dermal cell fate 
and represses progression of the muscle and brown fat cell fate(Atit et 
al., 2006).  Dermal cells were confirmed not to be brown fat by the 
absence of myogenin, which is a muscle-specific gene that is expressed 
in muscle and in brown pre-adipocytes (Paper I). In agreement with 
this, mice with a conditional deletion of β-catenin in the uterus exhibit a 
switch into adipocytes from cells that are usually committed to become 
smooth muscle cells (Arango et al., 2005). This could imply that β-
catenin interacts in a mechanism that defines if adipocyte precursors 
should commit into smooth muscle cells or adipocytes.  

Among fibroblast growth factors, FGF1, FGF2, FGF10, FGF16 
and FGF19 are suggested be involved in adipogenesis. FGF1 and 
FGF10 promote pre-adipocyte proliferation, where the latter is highly 
enriched in white adipocytes. FGF16, found in brown adipocytes, is 
suggested to be important in embryonic development of brown 
adipocytes (Gesta et al., 2007).  



 

 24 

Transgenic mice over-expressing FGF19 have substantially enlarged 
interscapular BAT, decreased WATs depots and reduction in muscle 
and liver triglycerides, indicating an increase in whole-body metabolic 
rate (Tomlinson et al., 2002) (Fig. 8). In brown adipocytes, FGF2 is 
enhanced by adrenergic stimuli and is suggested to contribute to the 
cold-induced enlargement of BAT (Yamashita et al., 1994). This 
enlargement was explained by FGF2 promoting the generation of 
“brown adipocyte precursors” and vascular endothelial cells, described 
in this thesis to be potential brite adipocyte precursors. This would 
imply that, when brown adipocytes in vivo are challenged by adrenergic 
stimuli, they secrete FGF2 to enhance the formation of brite adipocytes 
within the local brown adipose tissue to counter the increased rate of 
adaptive thermogenesis.  
 
 

Fig. 8. Signalling pathways determining adipocytes. 
 
 
The BMP signaling pathway possesses the ability to promote the 
progression of both brown and white adipocytes (Fig. 8) (Tseng et al., 
2008). While BMP2 and BMP4 are described to induce the progression 
of white adipocytes, only BMP4 represses UCP1 expression and brown 
adipogenesis. Ectopic expression of BMP2 in murine hind leg muscle 
resulted in the formation of mitochondria-dense, multilocular lipid-
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filled and UCP1-expressing adipocytes regarded as brown (brite?) 
adipocytes, since none of these features were seen in surrounding white 
adipocytes (Olmsted-Davis et al., 2007). BMP7 can also convert 
hematopoietic stem cells into “adipocytes”, chondrocytes and 
osteoblasts, depending on the presence of other lineage-determining 
factors (Shen et al., 2010). The adipocyte phenotype derived from these 
stem cells was confirmed with general adipogenic gene markers. 
However, it was not validated or excluded that these adipocytes were 
white, brown or brite adipocytes, since UCP1 was not measured. In 
vivo, BMP7 enhances lipid accumulation and enhance UCP1 
expression in BAT (Tseng et al., 2008). Moreover, BMP7 transgenic 
mice exhibit an increased BAT mass, in contrast to unchanged 
epididymal WAT mass, One could speculate that BMP7 and BMP2 
promote brite adipocyte differentiation, in view of the observation that 
BMP7 converts hematopoietic stem cells into adipocytes and that 
BMP2 induction results in brown fat development in hind leg muscle. 
Therefore, brite adipocytes may be induced by BMP2 or BMP7, while 
classical brown adipocytes are induced by BMP7 only.   

Recently, a sonic hedgehog-dependent mechanism was identified 
by genome-wide scale RNAi transgenics to regulate adiposity in 
Drosophila fat body. In mammals, the sonic hedgehog pathway abruptly 
reduced murine WAT depots and left BAT depots intact (Pospisilik et 
al., 2010) (Fig. 8). In contrast to 3T3-L1 cells without troglitazone or 
without IBMX/dexamethasone, 3T3-L1 cell cultures treated with the 
thiazolidinedione troglitazone were unable to differentiate when 
glucocorticoid-activating molecules, IBMX and dexametasone were 
present. Troglitazone-treated cells without IBMX/dexamethasone 
differentiate and express typical hedgehog pathway target genes (Gli1 
and Gli2) (Pospisilik et al., 2010). Since thiazolidinediones promote the 
progression of brite adipocytes, brite adipocytes are speculatively 
repressed in vivo by glucocorticoid signaling and induced by Shh 
signaling in the absence of glucocorticoids.   

2.3. Adipocyte structural and regulatory factors 
In this section, I will discuss factors that we have encountered and 
found interesting in the context of categorizing different adipocytes and 
adipose tissues into the brown, the white and the brite. Here, I 
categorize these factors into structural genes, regulatory genes and 
microRNAs.  

Structural genes constitute well-recognized genes important for 
the function of each cell type e.g. for energy-storage and adipogenesis 
(aP2 Ca3, Inhbb, Pank3, Chemerin, Agt) or thermogenesis (UCP1, Dio2 
and Cidea).  

Among the regulatory genes are energy-sensitizing factors (Sirt1, 
Sirt3 and Sirt5) and hallmarked factors important for (PGC-1α and 
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PPARα) and against (Rip140) thermogenesis. Novel regulatory genes 
are represented by a prominent proportion belonging to the homeobox- 
(Hoxa1, Hoxc4, Hoxc8 and Hoxc9), homeobox-containing- (Meox2, 
Tbx15, Shox2), basic helix-loop-helix (Tcf21, Myf5, MyoD and 
myogenin) gene families, whereas a few genes (Lhx8 and Zic1) are less 
known.  

A novel category of regulatory factors are microRNAs that I in 
more detail will describe in the following sections. Thereafter I will 
discuss known and putative microRNAs that can be used as molecular 
signatures to separate brown, white and brite adipocytes.        

2.3.1. Hox genes 
The homeobox genes (Hox) are a family of highly conserved genes that 
commonly associated with timing somite segmentation during embryo 
development. The characterizing homeodomain is a 183 base pair 
region that encodes a 61 amino acid DNA-binding domain (Kessel and 
Gruss, 1990). In mammals, the hox genes constitute 39 genes encoded 
from 4 gene clusters at different chromosomal loci designated A, B, C 
and D (e.g. Hoxd4). Numbered from 1 to 13 (from 3’ to 5’of the 
chromosome), these genes or paralogues are transcribed in a spatial-
temporal fashion along each locus and geographically along the 
anterior-posterior axis of the embryo. Not all 4 loci have a full set of 
numbers (Pearson et al., 2005). Generally, these paralogues establish 
the complete body plan of the embryo by turning off the previously 
expressed paralogue and induce downstream target genes to specify and 
synchronize the development of the particular region of the embryo in 
one particular germ layer (McGinnis and Krumlauf, 1992). Depending 
on germ layer, the expression boundaries of these hox genes along the 
anterior-posterior axis are different (e.g. the boundary in the neural 
tissues is more anterior than the paraxial mesoderm) (McGinnis and 
Krumlauf, 1992). Additionally, the earliest expressed hox gene 
(Hoxa1), starting from the 3’ end of the cluster locus, is the most 
responsive to retinoic acid (RA) and the last hox gene on that locus is 
the least responsive but instead most responsive to fibroblast growth 
factors (FGFs). This implies that this synchronized body segmentation 
is under the influence of a RA and a FGF concentration gradient (Kwon 
et al., 2005). Hox paralogues are suggested to have complementary and 
overlapping roles (e.g. the Hox3 paralogues in angiogenesis) (Cantile et 
al., 2008). Mutation of a hox gene may lead to considerable 
morphological defects at the area where it is usually expressed. For 
instance, Hoxa3 knockout mice have shortened arteries, due to a 
decreased proliferation and migration rate of neural crest cells in the 
mesenchyme, and completely lack thymus (Chisaka and Kameda, 
2005). In some cases, the expression of the preceding paralogue is 
prolonged and can result in a repeated development of a preceding 
morphological structure (Favier and Dolle, 1997).  
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Except for developmental body patterning, hox genes are 
important for post-embryonic mechanisms such as inflammatory 
response, wound repair, angiogenesis, cancer and metabolism (Cantile 
et al., 2008). The functional mechanism of the hox genes is executed 
through heterodimer complexes with Meis1 or Pbx1, two of a plethora 
of homeobox-containing transcription factors. 

Several reports have described signatures of developmental genes, 
including hox genes, in human and murine adipose tissues that 
distinctly separates differently located depots (Cantile et al., 2003; 
Gesta et al., 2006; Tchkonia et al., 2007; Vohl et al., 2004). In our 
studies, we discovered that Hoxa7, Hoxc8 and Hoxc9 are expressed in 
white and not in brown adipocytes (Paper I). Hoxa7 mRNA levels were 
never measured in vivo due to the difficulty in acquiring good Real-
Time qPCR primers. However, we found that Hoxc8 and Hoxc9 
mRNAs were only expressed in white and brite adipose tissues but not 
in brown adipose tissue (Paper V).    
        
2.3.2. Homeobox-containing genes 
Homeobox-containing transcription factors are characteristized as 
homeobox genes with variable homeobox homology and a region with 
domains having a variable degree of protein binding specificity and 
regulation. Discussed in this thesis are “LIM homeobox 8” (Lhx8), 
“mesenchyme homeobox 2” (Meox2) and “paired box gene 3” (Pax3) 
(Nam and Nei, 2005; Woodside et al., 2004).  

The hox genes and other homeobox-containing genes discussed in 
this thesis, are differently expressed in various adipocytes and adipose 
tissues (Paper I, Paper III, Paper IV, Paper V and (Cantile et al., 2003)).  

2.3.3. bHLH factors 
Basic-helix-loop-helix (bHLH) proteins are transcription factors that 
bind to and regulate down-stream genes with an E-box (CANNTG) in 
the promoter region and are categorized into two groups. Class I bHLH 
factors (e.g. E12 and E47) are widely distributed among tissues and 
often heterodimerize with class II bHLH factors to bind to a targeted E-
box. Class II bHLH transcription factors (in this thesis: Myf5, MyoD, 
myogenin and Tcf21) are recognized as tissue-restricted genes that 
hetero- or homodimerize to determine cell fate, thereby specifying cell 
lineages (Massari and Murre, 2000). The bHLHs are reported to 
regulate and become regulated by microRNAs. Examples of these 
interactions can be found among muscle-specific bHLHs and muscle-
specific microRNAs (Rao et al., 2006; Sweetman et al., 2008). 

2.3.4. MicroRNAs: A novel class of regulatory factors 
A group of master regulators among non-coding RNAs designated 
microRNAs (miRNAs or mir’s) are endogenously expressed and 
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regulate levels of coding RNAs (mRNAs) and the respective proteins 
(Bartel, 2004). MiRNAs are closely associated and interact with several 
recognized transcription factors mentioned in this thesis such as hox 
genes (miR-196) (Yekta et al., 2004), homeobox-containing genes 
(miR-196) (Chen and Gorski, 2008) and bHLH factors (Sweetman et 
al., 2008).  

Although occasionally demonstrated under specific conditions to 
activate genes(Iwasaki and Tomari, 2009), miRNAs are mostly referred 
to as gene silencers. The RNA interference (RNAi) mechanism itself 
was originally elucidated in C. elegans and constitutes the introduction 
of double-stranded silencing RNAs (siRNAs) into a cellular system to 
silence a gene of interest (Fire et al., 1998).  
Vertebrate cells are suggested to code for up to 1000 miRNAs which 
may regulate 20-30% of the total genes (Wienholds and Plasterk, 2005) 
(i.e. ∼5000-7500 of the 25 000-30 000 genes in the human genome). In 
the genome, some miRNAs are found conserved and distant from other 
recognized genes, while the majority of miRNAs derive from sites 
within introns of pre-mRNAs. About 40 % of the miRNAs reside in 
poly-cistronic clusters, where many of them are found to be co-
expressed. These small RNAs co-operate to give a biological advantage 
by simultaneous regulation of a network of genes (Bartel, 2004).    
With in-silico predictions using web-based microRNA databases 
(mIRANDA, picTar, microRNA.org and TargetScan), one may initiate 
an investigation of possible genes targeted by a particular miRNA, or 
vice versa.   
Either ubiquitously or tissue-specifically expressed, miRNAs can be 
found in various tissues as paralogues. Although found on separate 
chromosomes, miRNA paralogues are near to complete homologues in 
their 21 nt strand and thus target a common network of gene mRNAs. 
These mRNAs are recognized in the 3’ UTR by an 8 nucleotide long 
“seed sequence” in the 5’ end of the miRNA (Fig. 9).    
 

Fig. 9. The seed sequence. 
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Gene silencing by miRNAs is either performed by mRNA degradation 
or translational repression. While all identified plant miRNAs perform 
mRNA cleavage and degradation, the majority of animal miRNAs 
perform translational repression or mRNA decay due to the fact that 
there is rarely a full cleavage-specific complementarity between the 21 
nt targeting miRNA and the targeted mRNA sequence. This partial 
complementarity means that the remaining 3’-part of the miRNA is not 
fully complementary to the target site, creating a mid-miRNA bulge 
which is the key feature in translational repression.    
 
 
The miRNA engine 
Initially, miRNAs are transcribed by RNA polymerase II (pol II) as 1 
kb transcripts with a poly-A tail and are designated pri-miRNAs (Fig. 
10A). The pri-miRNAs are processed by the RNAse III enzyme Drosha 
and its partner DiGeorgie syndrome critical region gene 8 (DGCR8) 
into a pre-microRNA recognized by a hair-pin loop and a 3’ 2 
nucleotide overhang (Fig. 10A).  

The pre-miRNA is recognized by membrane protein exportin 5 
(Exp5) and exported to the cytoplasm and immediately incorporated 
into a complex with RNAse III enzyme Dicer (Fig. 10B). Dicer “dices” 
and unwinds the pre-microRNA into two single 21 nucleotide RNA 
strands (Fig. 10B) (Bernstein et al., 2001).  

Generally, one strand, called the passenger strand or miRNA*, 
becomes degraded, while the other, the guide strand or the mature 
miRNA, is loaded into the enzyme complex RISC (RNA-induced-
silencing-complex) to hybridize with and silence a target gene (Fig. 
10C) (Hammond et al., 2000). However, it has also been demonstrated 
that both strands can develop into two functional mature miRNAs.  
These “sister strands”, the 5’-strand and 3’-strand respectively, can be 
found expressed in pairs at similar levels in some tissues or as single 
strands in a tissue-specific manner (Ro et al., 2007). 

Each mammalian miRNA is predicted to regulate approximately 
200 genes through translational repression, and these genes may contain 
several target sites for one single miRNA or for several miRNA species 
(Wienholds and Plasterk, 2005). 
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Fig. 10. The microRNA engine. Pri-miRNA transcription and pre-miRNA processing 
(A), Pre-miRNA export and dicing (B) and mRNA targeting and gene silencing (C).  

 
 
 
 
In this thesis, I will describe a few miRNAs that can be used to 

elucidate adipocyte precursor origin and separate the functional 
characteristics of brown and white adipocytes. Together with homeobox 
genes, bHLH genes and other factors, these novel factors are most 
likely to be involved in the development of adipocytes. 
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3. What is brown, white and brite?  

In this section, I will describe the molecular signatures that specify the 
brown, the white and the brite adipocyte. These molecular signatures 
are defined on the basis of structural genes and regulatory genes. 
Genes that specify hallmarked functional characteristics 
(thermogenesis or energy-storage) in one or in more than one 
adipocyte species are categorized as structural genes. Regulatory 
genes are the second category that represent genes and miRNAs either 
regulating structural genes or specifying the adipocyte phenotype and 
origin.  
Due to the common origin of brown adipocytes and skeletal myocytes, 
I will describe in the following section structural and regulatory genes 
that define skeletal myocytes. Thereafter, in the following sections, I 
will describe structural and regulatory genes that define the brown, the 
white and the brite adipocytes. 

3.1. Skeletal muscle 
Skeletal muscle arises from the dermomyotome. During embryogenesis, 
the dermomyotome muscle precursors give rise to the epaxial muscle 
(back muscle) or migrate laterally to develop into hypaxial muscle 
(trunk and limb muscle) (Buckingham, 1994). The BAT depots iBAT 
and aBAT are demonstrated, by lineage-tracing with the myogenic 
transcription factor myf5, to arise from the dermomyotome (Seale et al., 
2008). In addition, we demonstrated that muscle-associated gene Mylpf 
and myomir miR-206 are expressed in all three common BATs 
(interscapular, cervical and axillary) and not in other adipose tissues 
(Paper V). Although not experimentally verified, one could speculate 
that dermomyotomal brown adipocytes (i.e. classical brown adipocytes) 
develop from the epaxial muscle precursors. Developing earlier than 
muscle during embryogenesis (Atit et al., 2006), brown adipocytes most 
probably arise from the epaxial muscle precursors and not from the 
hypaxial muscle precursors which develop much later. Secondly, the 
expression of recognized muscle-specific transcription factors in 
epaxial muscle and brown adipocytes is more similar than in hypaxial 
muscle and reflects the fact that myogenic expression profiles in brown 
adipocytes versus limb muscle (hypaxial) can differ somewhat when 
e.g. using gastronemicus muscle as an experimental control. 

Here I will briefly describe muscle-associated genes commonly 
used to depict the phenotype of differentiated muscle cells. Thereafter, I 
will describe the master regulatory myogenic transcription factors and 
known muscle-enriched miRNAs.  
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3.1.1. Structural skeletal muscle genes 
Recognized as the tissue expending the major share of body energy, 
muscle is functionally defined by the expression of muscle-associated 
proteins important for energy-expending contractions. These muscle-
associated genes include myosin regulatory light chain 2 (Mylpf), 
myosin light chain 3 (Myl3), tropomyosin-1 α (Tpm1) and tropomyosin 
β (Tpm2), also found in non-muscle tissues, including BAT (Tong et 
al., 2005)and Paper IV), although at low levels.  
To determine when muscle-precursors become muscle and not brown 
fat (Seale et al., 2008), myosin heavy chain (MyHC) was used as a 
preferable marker for myogenesis. Signifying differentiated myocytes, 
these late factors are controlled by Pax- and bHLH transcription factors 
which emerge already in dermomyotomal cells.  
 

3.1.2. Regulatory skeletal muscle genes  
Paired-box 3 and 7 (Pax3 and Pax7) genes and the bHLH myogenic 
regulatory factors (MRFs) (i.e. myogenic factor 5 (Myf5), myogenic 
differentiation 1 (MyoD), myogenin and myogenic factor 6 (Myf6)) 
play central roles during muscle development and maintenance. 

Together, Pax3 and Pax7 control the initiation of dermomyotomal 
precursors into the myogenic program (Fig. 10). The loss of only Pax7 
results in no apparent phenotype, except the loss of muscle satellite 
cells (Seale et al., 2000), while a loss of Pax3 results in the absence of 
hypaxial musculature (Relaix et al., 2005). Absence of both Pax genes 
during embryonic development results in a complete loss of skeletal 
muscle, with only a minimal amount of muscle precursors found in the 
early central dermomyotome (Relaix et al., 2005). Pax3 and Pax7 
initiate the myogenic program by inducing Myf5 and MyoD that 
subsequently induce myogenin and Myf6 (Fig. 10) (Collins et al., 2009). 
Myf5, MyoD and Myf6 define the proliferating myoblast (which we 
will refer to as the adipomyocyte), while MyoD, myogenin and Myf6 
define the differentiated myotube (Fig. 10) (Buckingham et al., 2006; 
Buckingham and Relaix, 2007). With the ability to force non-muscle 
cells into a myogenic program, these transcription factors induce the 
expression of muscle-specific proteins and define the skeletal muscle 
cell (Buckingham, 1994).  
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Fig. 11. The myogenic transcriptional program. 
 

 
In mice, Myf5 is the first of the four transcription factors to 

appear in the mouse embryo, detected in the dermomyotome and 
suggested to initialize the other three myogenic regulatory factors 
MyoD, Myf6 and myogenin (Tajbakhsh et al., 1996).  Subsequently, 
MyoD is expressed in the myotome. Knocking out Myf5 in mice results 
in a retarded development of the ribcage but surprisingly does not lead 
to effects on muscle development. The other three myogenic regulatory 
factors, MyoD, Myf6 and myogenin, are expressed normally in these 
Myf5 knockout mice. It is suggested that MyoD, that is normally 
expressed after Myf5 (Buckingham, 1994), can substitute for the 
functional role of Myf5 (Braun et al., 1992). Vice versa, regarding 
MyoD mutant mice that share similar abnormalities to Myf5 (Rudnicki 
et al., 1992). There is a Myf5-dependent muscle cell lineage and a 
Myf5-independent muscle cell lineage, suggesting that Myf5 and MyoD 
induce separate muscle precursor populations(Haldar et al., 2008).  
Mice lacking both genes are completely devoid of skeletal muscle and 
the myogenic regulatory factors Myf6 and myogenin that appear later, 
and die shortly after birth due to an inability to breathe. This clearly 
demonstrates that MyoD and Myf5 can functionally substitute each 
other (Rudnicki et al., 1993).     

Similar to the MyoD/Myf5 knockout mice, myogenin knockout 
mice have extremely reduced skeletal muscle mass, suffer from 
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kyphosis, thickening of the neck and die immediately after birth since 
they also are unable to breathe (Hasty et al., 1993). Myogenin appears 
prior to differention of myocytes into myotubes, while Myf6 appears 
later in differentiated myotubes (Buckingham, 1994). However, Myf6 
also precedes, and is suggested to induce MyoD expression together 
with Myf5 (Olson et al., 1996). Since Myf6 knockout mice have a 
similar phenotype to Myf5 mutants, it has been suggested that Myf6 
functions down-stream of Myf5. Similar to the myogenin knockout 
mice, mice lacking both MyoD and Myf6 are devoid of skeletal muscle 
and show defects in rib cage development (Rawls et al., 1998). In 
contrast to the Myf5/MyoD knockout mice, MyoD/Myf6 knockout 
mice still have undifferentiated myoblasts that (in contrast to the 
myoblasts in the myogenin knockout mice) still express muscle-specific 
genes. This indicates that Myf6 is redundant in defining the myotube. 

In the process of defining the muscle phenotype, myogenic 
regulatory factors are demonstrated to interact with the “muscle-
specific” microRNA family miR-1 and miR-133, also called myomirs.  
 
The myomirs 
The muscle-specific microRNA miR-1 (miR-1-1, miR-1-2 and miR-
206) and miR-133 (miR-133a-1, miR-133a-2 and miR-133b) families 
are expressed in skeletal and cardiac muscle late during embryogenesis 
and are demonstrated to be important for myogenic proliferation and 
differentiation (Chen et al., 2006). Orthologues of these miRNAs are 
found conserved in the genomes of Drosophila, C. elegans, mouse and 
human (Lagos-Quintana et al., 2001). miR-1-2 and  miR-133a-1 are 
encoded from the antisense strand of an intron within the protein-coding 
gene Mindbomb 1 (Mb) (Rao et al., 2006) while miR-1-1 and miR-
133a-2 are found within intergenic regions of  the mouse chromosome 
2, and miR-133b and miR-206 are found on mouse chromosome 1 
(Anderson et al., 2006; Boutz et al., 2007). In contrast to the other 
paralogues, including miR-206, miR-133b is not induced during 
myogenesis (Boutz et al., 2007). miR-1 and miR-206 possess an 18/21 
match in sequence with each other but possess an identical “seed” 
sequence.  

In contrast to miR-1, found in both cardiac and skeletal muscle, 
miR-206 was initially regarded as skeletal muscle-specific, being only 
detected in skeletal muscle (Chen et al., 2006; Kim et al., 2006), until 
we demonstrated that both miR-206 and miR-1 are present in brown 
adipocytes (Paper II).    

Expression of miRNAs in skeletal muscle progenitors is regulated 
by myogenic transcriptional networks involving MyoD, myogenin and 
myocyte enhancer factor 2 (MEF2). MyoD and myogenin bind to 
promoter regions upstream of miR-1-1, miR-1-2, miR-206, miR-133a-1 
and miR-133a-2 and induce them during myogenesis (Callis et al., 
2007). Moreover, a lack of Myf-5 (but not of MyoD) in chicken leads to 
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the loss of miR-1 and miR-206 (Fig. 10), emphasizing Myf5 as an 
important myogenic master regulator (Sweetman et al., 2008). 

Potential targets for miR-1 and miR-133, although not 
experimentally validated, are inhibitors of myogenesis such as HDAC4, 
and inducers of the progression into other cell lineages, such as Notch3 
and BMP2 (Rao et al., 2006). miRNAs such as miR-133 are predicted 
to target MyoD and MEF2C and are thus implied to be part of a 
negative feedback that controls the levels and activity of these genes.  

In C2C12 muscle cells, miR-206 promotes cell cycle arrest and 
decreases DNA synthesis by repressing the expression of the α subunit 
of DNA polymerase (DNA pol α), thus attenuating myogenic 
proliferation. Furthermore, miR-206 indirectly down-regulates 
musculin (MyoR) and inhibitor of DNA binding 1-3 (Id1-3), which are 
inhibitors of MyoD. These genes were verified in luciferase reporter 
assays not to be direct targets for miR-206, suggesting that miR-206 
may target genes upstream of these genes (Kim et al., 2006). 

Taken together, the miR-1 and miR-133 paralogoue miRNAs 
(myomirs) are important for the specification of myocytes by 
suppression of inducers and inhibitors that promote progression into 
other cell lineages, such as adipocytes, chondrocytes and osteocytes. 

3.2 Brown adipocytes 
The traditional way to recognize a functional brown adipocyte is to 
verify expression of the UCP1 gene after an adrenergic stimulus 
(Cannon and Nedergaard, 2004). Other structural genes that respond 
similarly to the adrenergic stimulus and hallmark the brown adipocyte 
transcriptome and clearly distinguish these cells from white adipocytes 
are “type 2 deiodinase” (Dio2), “cell death-inducing DNA 
fragmentation factor-α-like effector A” (Cidea) “elongation of very 
long chain fatty acids 3” (Elovl3) and “Carnitine palmitoyltransferase 1 
muscle isoform” (CPT-1M) (Fig. 12).  

Regulatory brown adipocyte-selective genes are “PPAR Gamma 
Coactivator-1α” (PGC-1α), Prdm16, PPARα, “homeobox A1” (Hoxa1), 
“homeobox C4” (Hoxc4), “mesenchyme homeobox 2” (Meox2), “Lim 
homeobox 8” (Lhx8), “zinc fingers in the cerebellum 1” (Zic1) and 
certain miRNAs.  

As detailed below, we have demonstrated that these genes, 
together with a signature of myogenic regulatory factors, were 
specifically expressed in brown adipocytes compared to white 
adipocytes (Paper I and Paper II), are unique brown adipocyte gene 
markers (Paper III) and individually have a unique expression pattern in 
different adipose depots (Paper V). Because of the limited reports of 
some of these regulatory genes, one may speculate on the functional 
importance of them in brown adipocytes.       
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3.2.1. Structural brown adipocyte genes 
 
UCP1 
Belonging to a family of mitochondrial carrier proteins, “uncoupling 
protein 1” UCP1 is predominantly expressed in brown adipocytes 
(Cannon and Nedergaard, 2004) (Fig. 12). Non-shivering thermogenesis 
is mediated by adrenergic stimulation and is fully dependent on the 
presence of UCP1 (Golozoubova et al., 2001). Adrenergic stimulation, 
following cold exposure in vivo or norepinephrine in vitro, induces 
cAMP-mediated release of free fatty acids which activate UCP1. By 
uncoupling the respiratory chain, UCP1 lowers the rate of ATP 
production and produces heat. UCP1 expression in white adipocyte 
cultures, induced by adrenergic stimulation or PPARγ-ligands or 
several fold by both stimuli, characterizes the presence of brite 
adipocytes (Paper III). Based on UCP1 expression, one can group 
adipose tissues into the classical brown adipose tissues expressing 
UCP1 before and several fold more after stimuli (brown), those that 
lack UCP1 expression (white) and those with an acquired UCP1 
expression after stimuli (brite) (Paper V).  Thus, the presence of UCP1 
characterizes adipose tissues that are either brown or brite. 
  
Dio2  
Dio2 is an enzyme important for the conversion of thyroxine (T4) into 
3,3′,5-triiodothyronine (T3). Increased several fold in cold-exposed 
mouse BAT, this enzyme contributes to an enhanced level of T3 that 
binds to the thyroid hormone receptor, thereby increasing adrenergic 
responsiveness and non-shivering thermogenesis (Fig. 12). Moreover, 
loss of this enzyme eliminates cold-induced non-shivering 
thermogenesis, that is fully dependent on the T3 levels (Christoffolete 
et al., 2004). 
 
Cidea 
Initially described as an apoptotic gene, Cidea is a lipid droplet-
associated protein with a role in fat storage (Hallberg et al., 2008). In 
control mice, cidea mRNA levels are high in BAT but undetectable in 
WAT (gonadal) (Zhou et al., 2003). Mice treated with the PPARγ-
agonist rosiglitazone have increased levels of Cidea in interscapular 
BAT, inguinal WAT and epididymal WAT. Moreover, inguinal WAT 
from rosiglitazone-treated mice contained multilocular UCP1 
expressing-adipocytes (Rong et al., 2007) (brite adipocytes). In our 
white adipocyte cultures, Cidea expression is increased by chronic 
rosiglitazone treatment and thus characterizes the presence of brite 
adipocytes (Paper III).  
     
Elovl3 
Elovl3 is an elongase enzyme important for elongation of 
monounsaturated or saturated very long chain fatty acids. Specifically 
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expressed in brown adipocytes compared to white adipocytes, Elovl3 
mRNA is substantially enhanced in BAT after cold exposure (Fig.12). 
Treating brown adipocytes with the PPARγ-agonist rosiglitazone or the 
PPARα-ligand Wy14,643, together with norepinephrine and 
dexamethasone, enhances elovl3 mRNA levels considerably (Jorgensen 
et al., 2007). In paper III, we used Elovl3 as a bona fide brown 
adipocyte-specific gene. Interestingly, rosiglitazone treatment elevated 
Elovl3 mRNA levels in both brown and white adipocytes, although to 
higher levels in white adipocytes. This is in line with previous findings 
from our department (personal communication, D. Zadravec), where 
Elovl3 mRNA levels were increased by cold-induction in the brite 
adipocyte-enriched depot iWAT but remained low and unaltered in the 
brite adipocyte-poor depot eWAT.       
 
CPT-1M 
Carnitine palmitoyltransferase 1 is important for β-oxidation of long 
chain fatty acids and exists in two known isoforms, one muscle-type 
(CPT-1M) and one liver-type (CPT-1L). CPT-1M is highly expressed in 
sketetal muscle, heart and BAT (Fig. 12) (van der Leij et al., 2002). 
Similarly to Elovl3, this gene is increased in BAT during cold exposure. 
We demonstrated an elevation of CPT-1M mRNA to comparable levels 
in both the brown and white adipocyte cultures treated with 
rosiglitazone, implicating an increase in both brown and brite β-
oxidizing cells. 
 

 
Fig. 12. Molecular signature of brown adipocyte developmental stages. 

3.2.2. Regulatory brown adipocyte genes 
 
PGC-1α 
One of the initial factors discovered to define brown adipocyte 
functional characteristics is PGC-1 α (Fig.12). Generally important for 
oxidative metabolism in various tissues and more enriched in BAT than 
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in WAT, PGC-1α induces mitochondrial biogenesis and thermogenesis 
but is not required for brown adipogenesis. Factors that repress PGC-1α 
actions are RIP140 and pRb that, through this PGC-1α repression, 
promote a white adipocyte phenotype (Farmer, 2008).  
Additionally, the bHLH factor “sterol regulatory element binding 
protein 1c” (SREBP-1c) induces differentiation of pre-adipocytes, 
presumably by being involved in the production of natural PPARγ-
ligands (Farmer, 2008). SREBP-1c also induces PGC-1α expression in 
brown and inguinal adipose depots (Hao et al., 2009), promoting a 
brown and potentially a brite adipocyte phenotype. We demonstrated 
that PGC-1α was induced to almost similar levels in both white and 
brown adipocyte cultures treated with rosiglitazone and 
norephinephrine (Paper III). Thus, PGC-1α characterizes the presence 
of brite adipocytes among white adipocytes.    
 
Prdm16  
Prdm16 is currently considered a master regulator of brown adipocyte 
specification and differentiation. Initially, Prdm16 was referred to as a 
gene involved in hematopoietic cell differentiation. Transgenic mice 
lacking the PR domain in the Prdm16 protein sequence develop 
myeloid leukemia (Nishikata et al., 2003). Prdm16 was discovered 
together with two other transcription factors (Zic1 and Lhx8) by 
transcription factor expression analysis (Seale et al., 2007) to be 
specifically expressed in brown fat and not in white fat (Fig. 12). We 
had also detected Zic1 and Lhx8 on our microarrays as brown 
adipocyte-specific genes (Paper I) but we did not find Prdm16 since this 
gene was not found on these microarray chips. Initially, Seale et al. 
(2007) demonstrated that the absence of Prdm16 in brown adipocytes 
decreases the expression of PPARγ, PGC-1α, and UCP1 genes highly 
associated with brown adipogenesis and non-shivering thermogenesis. 
Therefore Seale et al. (2007) suggested that Prdm16 was the master 
regulator that directs the pre-adipocyte into a brown adipocyte rather 
than a white lineage. After our observation of the myogenic signature, 
Seale et al. (2008) confirmed these findings by in-vivo fate mapping 
that brown and not white adipocytes express Myf5, the early 
transcription factor that defines myocytes. Additionally, Prdm16 was 
demonstrated to repress the myogenic genes Myf6, MyoD, myogenin 
and MyHC, white adipocyte factors (in complex with co-repressors 
(CtBP1 and CtBP2)) angiotensinogen, resistin and WDNM-1-like, and 
to interact with PGC-1α and β to induce brown-adipocyte specific genes 
UCP1, PGC-1α, Dio2, Otop1, Ntrk3, Eva1, Elovl3 and Cox8b 
(Kajimura et al., 2009; Seale et al., 2007; Seale et al., 2008).  In 
complex with C/EBPβ, Prdm16 can define the brown adipocyte 
phenotype from both muscle precursors and skin fibroblasts, suggesting 
that this master regulator not only shuts down the myogenic program, 
but also the dermal program (i.e. skin fibroblasts) (Kajimura et al., 
2009).      
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Brown adipocyte genes are up-regulated after induction of Prdm16 
expression in epididymal WAT and stimulation with cAMP analogues. 
Immunohistochemical sections of WAT after cAMP stimulation show 
patches of resident UCP1-expressing cells (∼10% of the WAT) (Seale 
et al., 2008). We screened for Prdm16 mRNA in adipose depots and 
found it at high levels in brown, low levels in brite depots and present at 
almost undetectable levels in white depots. Notably, Prdm16 was 
significantly decreased in brown adipose depots after cold-exposure 
(Paper V), implying that a second population of energy-expending cells 
(brite adipocytes?), not expressing Prdm16, are recruited in the BAT 
and dilutes the Prdm16-expressing brown adipocytes.   
Although they are induced by Prdm16 in brown adipocytes, Ntrk3, 
Otop1 Eva1 and Cox8b are poorly described genes that are presently 
hard to put into the context of brown adipogenesis. However, other 
more known prdm16 target genes  ̶  dio2, cidea, elovl3 and CPT-1M  ̶  
are the structural genes previously described.  
 
PPARα – a Prdm16 mimic or partner? 
PPARα is highly expressed in BAT compared to the very low levels in 
WAT (Escher et al., 2001). One of the most important functions of this 
nuclear receptor is in the regulation of fatty acid catabolism which is 
one of the main functional features in BAT. PPARα is not detectable in 
brown adipocytes unless a PPARγ ligand is present (Petrovic et al., 
2008). However, both rosiglitazone-treated brown and white adipocyte 
cultures express high levels of PPARα mRNA (Paper III) suggesting 
that a natural ligand for PPARα/γ is restricted in vivo to BAT and not 
WAT and secondly that thermogenic brite adipocytes within WAT are 
unveiled by PPARα expression.   

Apart from having a catabolic function, PPARα was suggested to 
be an inhibitor of muscle-associated genes (Tong et al., 2005) and could 
thus putatively play a Prdm16-like role in repressing the myogenic 
phenotype. Based on studies of BAT from PPARα-ablated mice, both 
mRNA and protein levels of “myosin light chain 2” (Myl 2), Myl3, 
“tropomyosin-1 alpha” (Tpm1) and “tropomyosin β” (Tpm2) were 
demonstrated to be significantly up-regulated in BAT in mutant 
compared to the wildtype mice (Tong et al., 2005). Noteably, we 
detected Mylpf in our microarray of genes differentially expressed in 
brown adipocytes in comparison to white adipocytes Paper I) and which 
we describe as brown adipose depot-specific (Paper V). When Tong et 
al. (Tong et al., 2005) supplemented  the diet with the PPARα agonist 
Wy14,643, levels of the muscle-associated mRNAs in wildtype mouse 
BAT decreased considerably. Moreover, the age-related decrease of 
these factors was also speculated to be a PPARα–regulated mechanism. 
Excited by this finding, which both agreed with and preceded 
publication of Paper I, we repeated part of this report initially to 
confirm these findings investigating muscle-associated genes (Tpm2, 
Myl3 Mylpf and MyHC) in PPARα. ablated mice. In addition, we also 
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investigated if more upstream myogenic transcription factors (Myf5, 
MyoD, and myogenin) and a myomir (miR-206) were affected by 
PPARα-ablation (Paper IV). In contrast to what was reported by Tong 
et al. (Tong et al., 2005), we failed to demonstrate any change in the 
mRNA levels of the muscle-associated genes Tpm2, Myl3 Mylpf and 
MyHC in BAT from PPARα-ablated mice. Similarly, mRNA levels of 
the myogenic transcription factors Myf5, MyoD and myogenin were 
also unchanged.  

In order to study the reported effect of the PPARα agonist Wy 
14,643, we also measured the levels of mylpf mRNA, myogenin mRNA 
and miR-206 miRNA in primary brown adipocyte cultures isolated 
from both PPARα-ablated and wildtype mice. Following chronic 
treatment with the PPARγ-agonist rosiglitazone to obtain a significant 
presence of PPARα, both untreated cells and cells treated with 
Wy14,643 showed unaltered levels of these myogenic factors. To 
summarize these results, PPARα does not appear to regulate myogenic 
factors and evidently does not possess a Prdm16-like role. I am 
currently unable to explain the discrepancy with the results of Tong et 
al.         
 
The sirtuins 
Sirt1, Sirt3 and Sirt5 belong to the class III histone deacetylase (HDAC) 
family of 7 sirtuins. These sirtuins are metabolic sensitizers under the 
control of NAD+/NADH ratios that are regulated by nutritional 
demands and they are described to increase life-span and to protect 
against type II diabetes (Sasaki et al., 2008). In skeletal muscle, Sirt1 
enhances the expression of PGC-1α together with MyoD to the extent 
PGC-1α positively autoregulates its own expression. Thereafter, Sirt1 
represses the expression of MyoD (Amat et al., 2009). Since we 
observed that brown adipocytes derive from the same precursor as 
muscle (Paper I), we also sought to understand the mechanism that 
down-regulates the myogenic factors. By crosscomparing microarrays 
of genes down-regulated in sirtuin 1 (Sirt1)–over-expressing C2C12 
muscle cells with genes that are up-regulated in brown preadipocytes, 
we discovered a consensus of myogenic factors such as MyoD and 
Mylpf. This comparison suggests that Sirt1 may act as a master 
regulator of brown adipogenesis. However, Sirt1 mRNA was found at 
equal levels in all adipose depots (Paper V) which could indicate a less 
significant function in adipocytes or an overall repression of the 
myogenic program. However, Sirt1 protein has been described to be 
activated by cell cycle kinases through phosphorylation (Sasaki et al., 
2008) and suggested to repress MyoD (Amat et al., 2009). Thus, Sirt-1 
mediated repression of the myogenic program should be observable at 
the level of protein-interaction, which has not yet been fully studied. 

Sirt3 has been implicated to be important for adaptive 
thermogenesis, since it was claimed to induce UCP1 in brown 
adipocytes from cold-exposed mice (Shi et al., 2005). However, the 
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involvement of Sirt3 in adaptive thermogenesis has also been rejected 
(Lombard et al., 2007) since UCP1 expression in Sirt3 mutants was 
unaltered and Sirt3 expression did not change on cold exposure. Sirt3 
and Sirt5 mRNAs have been described to be differentially expressed in 
BAT and WAT ((Shi et al., 2005) and Paper V) and restricted to 
mitochondria. Noteably, we found that Sirt3 is highly expressed in 
brown depots, expressed to a lesser extent in brite depots and has very 
low expression in white depots (Paper V) and may describe the 
abundance of mitochondria in BAT. This could be the case, since Sirt3 
is highly expressed in mature brown adipocytes (Paper I). 

Sirt5 is normally found in the mitochondrial matrix and, by 
translocating to the mitochondrial intermembrane space, regulates 
cytochrome c activity. Sirt5 expression is enhanced during caloric 
restriction and is involved in the mechanism that disposes of ammonia 
when amino acids are used as nutrients (Gertz and Steegborn, 2009). In 
the context of the report suggesting an important role for Sirt3 during 
non-shivering thermogenesis, Sirt5 was demonstrated to be up-
regulated by cold exposure in BAT (Shi et al., 2005). In our in vivo 
study, Sirt5 mRNA was up-regulated after cold exposure in 
interscapular BAT, and even more significantly, in inguinal WAT and 
retroperitoneal WAT imply an important functional feature of Sirt5 in 
brite depots (Paper V).    
 
Myogenic regulatory factors 
We were the first to demonstrate the presence of myogenic regulatory 
factor mRNAs in primary brown adipocytes (Paper I). Myf5, MyoD and 
myogenin mRNA levels were detected brown pre-adipocytes on culture 
days 1 and 4, but became undetectable by day 8 when the adipocytes 
were fully differentiated. 
As I described in section 3.1.2., Myf5/MyoD double knockout mice are 
devoid of skeletal muscle and expression of myogenin and Myf6 and 
thus these factors are important in defining the muscle phenotype 
(Rudnicki et al., 1993). Interestingly, histological observations report an 
accumulation of “adipose tissue” at anatomical sites where muscle 
should have been present. These accumulated masses of adipose tissue 
can very likely be brown fat, since both Myf5 and MyoD disappear 
upon brown adipocyte maturation (Paper I),. Similarly, myogenin 
mutant mice that have extremely reduced skeletal muscle mass, are 
described as having a thickened neck (Hasty et al., 1993).  This 
thickening was described as being due to large amounts of cervical 
brown fat and is actually the first report linking myogenic factors to 
BAT.  
 
Hox genes in brown adipocytes 
Hoxa1, the first hox gene to be transcribed in the Hox A cluster, is 
reported to be very important during embryogenesis. Highly expressed 
along the anterior-posterior axis in the neuroectoderm (hindbrain) and 
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lateral plate mesoderm and to a limited extent in the pre-somitic 
mesoderm, this gene was demonstrated to be transcribed in two splice 
variants, where the shortest transcripts lack the homeobox sequence. 
Although the function of the shorter transcript is unknown, the 
expression pattern is distinctly different. The full-length transcripts 
have a restricted expression in the gut epithelium, while the truncated 
transcript is detected in more posterior parts of the neural tube, gut-
associated mesoderm (lateral-plate mesoderm) and pre-somitic 
mesoderm. Knocking out both transcripts in mice leads to 
developmental defects of the cranial nerves, ears and hindbrain 
(Chisaka et al., 1992) and overexpressing the full-length transcript is 
embryolethal (Zhang et al., 1994).  Defined targets genes for this hox 
gene are the paralogue Hoxb1, growth factors BMP2 and BMP4 (white 
adipocyte-defining signaling molecules), cell cycle regulators such as 
retinoblastoma binding protein 2 (Rbbp2) and enzymes such as 
superoxide dismutase 1 (SOD-1) (Shen et al., 2000). 
In a qualitative PCR screen of different hox genes in human adipose 
tissues, Hoxa1, together with Hoxc4, was found only to be expressed in 
infant retro-renal BAT and not in visceral, subcutaneous and dermal 
WAT (Cantile et al., 2003). Hoxc4 has earlier been described to be a 
hox gene important for lineage commitment in neurons. 

In an effort to confirm these findings at a cellular level with Real-
Time qPCR, I unexpectedly detected Hoxa1 and Hoxc4 mRNA in both 
primary brown and white adipocytes. In view of the existence of two 
Hoxa1 splice variants and by performing some simple bioinformatics, I 
soon realized that the PCR-primers used by Cantile et al. (Cantile et al., 
2003)  amplified a sequence transcribed within the first exon of Hoxa1. 
In contrast, the Real-Time qPCR gene assay, supplied by Applied 
Biosystems, amplified a sequence overlapping the last part of exon 1 
and the first part of exon 2, imply that I  pick up the truncated Hoxa1 
variant in both brown and white adipocytes. This variant lacks the 
DNA-binding homeobox. This could mean that the full-length 
homebox-containing Hoxa1 gene could still have an important function 
in brown adipocyte determination that requires the homeobox. In the 
case of Hoxc4, we could not explain our findings by a similar 
phenomenon. 

The underlying functional role of Hoxa1 in BAT is yet unknown 
but may be speculated upon by looking at the targets genes. In murine 
embryonic stem (ES) cells, loss of Hoxa1 results in up-regulation of 
Hoxc9 (Martinez-Ceballos et al., 2005), a hox gene I will describe later 
in the thesis as a brite adipocyte gene marker, and in down-regulation of 
Cidea (Zhou et al., 2003), the brown and brite structural gene, and of 
C/EBPβ, that in complex with Prdm16, defines the brown adipocyte 
(Kajimura et al., 2009). 

Krüppel-like factor 5 (Klf5) is another gene that is up-regulated in 
the absence of Hoxa1. Klf5 is suggested to promote white adipogenesis, 
due to the fact that Klf5-knockout mice are reported to have a reduced 
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number of adipocytes in WAT depots (eWAT) (Oishi et al., 2005). 
Interestingly, the number of adipocytes in interscapular BAT from 
Klf5-ablated mice was unaltered. Additionally, PPARγ2 was absent in 
WATs and found at unaltered levels in BAT, implying a tissue-specific 
targeted induction of PPARγ2.   

The fact that Hoxa1 is specifically correlated to brain 
development, is expressed in brown adipose tissue and targets genes 
that define a pro- or anti-brown adipocyte phenotype, implies that the 
brown adipocytes or a specific population of brown adipocytes may 
have a similar origin to neural cells. The lack of BAT in the misty 
mutant mouse supports this fact (Sviderskaya et al., 1998). 
 
Meox2 - the clue for an alternative brown phenotype origin? 
Mesenchyme homebox 2 (Meox2) is a homeobox containing factor. It 
is expressed in and important for specifying cardiac, skeletal and 
smooth muscle. In skeletal muscle, Meox2 regulates hallmark muscle 
transcription factors pax3 and Myf5 and is thereby important for 
migrating muscle precursors that will develop into limb muscle. Meox2 
suppresses angiogenesis in vascular endothelial and vascular smooth 
muscle cells, through the cell cycle inhibitor p21 (Gorski and Leal, 
2003). Meox2 knockout mice exhibit malformations in tissues that 
derive from the dermamyotome, especially in limb muscle and in 
secondary palate development (the division of the nasal and oral 
cavities) (Cantile et al., 2008). Demonstrating the joint importance of 
Meox1 and Meox2 in dermomyotome and sclerotome development, 
Meox1/Meox2 double-knockout mice are tremendously ablated in the 
epaxial, hypaxial, limb, pre-vertebral muscle of the head and neck and 
of “overlying” (interscapular) BAT (Mankoo et al., 2003). Thus, Meox2 
is in defining the adipomyocyte. In addition, since Meox2 regulates 
vascular endothelial cell proliferation, this gene may also part of stages 
where CD34-positive vascular endothelial precursor cells become brite 
adipocytes.  
We observered that Meox2 mRNA was specifically expressed in brown 
adipocytes, compared to white adipocytes, and was elevated upon 
brown adipocyte differentiation (Paper I). In paper III, we again 
demonstrated that Meox2 is distinctly expressed in brown adipocytes 
although found at low levels in white adipocytes. Meox2 have a 
tendency to be down-regulated in rosiglitazone-treated brown 
adipocytes, in contrast to rosiglitazone-treated white adipocytes where 
Meox2 mRNA levels were significantly decreased. In vivo, we found 
that Meox2 was expressed in all analyzed adipose depots, which 
contradicts the original idea that this gene would be brown adipocyte-
specific (Paper V). In response to cold exposure, Meox2 has a tendency 
to be down-regulated in brown and brite but not in white depots. In line 
with previous suggestions by others (Crisan et al., 2008a) that brown 
adipocytes or brown adipocyte-like cells derive from vascular 
endothelial CD34-positive cell precursors, the decrease of Meox2 in 
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these depots and in rosiglitazone-treated adipocyte cultures could imply 
that these Meox2-expressing precursors develop into cells with an 
energy-expending (brite) adipocyte phenotype. Moreover, the down-
regulation of Meox2 could also, in addition to defining energy-
expending (brite) adipocytes, contribute to the development of a denser 
vascular network when the number of energy-expending adipocytes is 
increased and the tissue is entering a thermogenic state. Therefore, 
Meox2 may have a potential role in maintaining a pool of brite 
adipocyte precursors during a non-thermogenic state.      
 
Lhx8 
The LIM homeobox genes are a family of transcription factors, 
characterized by having two LIM domains and a homeobox domain. 
These genes are spatiotemporally expressed in developing embryos, 
especially in the nervous system and the head mesenchyme (Kitanaka et 
al., 1998). Lim homebox 8 (Lhx8) is reported to be crucial for oocyte 
development in that ovaries of Lhx8-null mice lack germ cells (Pangas 
et al., 2006), and for cholinergic neuron development in the forebrain 
(Manabe et al., 2007).  

Lhx8 is specifically expressed in brown adipocytes compared to 
white adipocytes (Paper I and Seale et al., 2007). The Lhx8 expression 
was restricted to the brown depots, was found at minute levels in brite 
depots and could not be detected in white depots (Paper V). Significant 
levels of Lhx8 mRNA were detected in the white depot mesenteric 
WAT. This could be explained by the fact that the cholinergic neurons 
that express Lhx8 are present in the extra-vascular portion of the 
mesentery (Amenta et al., 1981). Thus, Lhx8 may still be regarded as a 
brown depot-specific factor. Cholinergic neurons have been discussed 
to be present only in mediastinic BAT but not in interscapular BAT, 
axillary BAT and perirenal BAT(Giordano et al., 2004). This further 
supports the idea that this gene is expressed in brown adipocytes only. 
That BAT, seemingly distant in origin from oocytes (intermediate 
mesoderm) and cholinergic neurons (neural crest), expresses Lhx8 is 
still a mystery since BAT is recognized as coming from the 
dermomyotome. However, the total loss of BAT in misty mutant mice 
(section 2.1.5. and (Sviderskaya et al., 1998)) could imply that Lhx8 is 
a remnant gene from a neural crest progenitor. Here, one should 
lineage-trace Lhx8 and investigate if neural crest cells are alternative 
brown adipocyte progenitors.    
  
Zic1 – the unique brown adipocyte gene marker 
The “zinc fingers in the cerebellum” (Zic) genes are a family of 
transcription factors constituted of 5 members: Zic1-5. The Zic proteins 
contain five Cys2His2 zinc-finger domains that are close homologues 
of the Drosophila gene OPA. Loss of the Zic Drosophila homologue 
opa causes defects in the visceral mesoderm along the anterior-posterior 
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axis and has been related to an impairment of segment polarity genes 
such as engrailed and thus important for body plan determination.   

Zic transcription factors are mainly associated with neural 
development but are also involved in skeletal and muscle development 
(Aruga, 2004). During mouse development, Zic1-3 are expressed in the 
cerebellum, the first third of the neural tube and dorsal mesenchyme 
(Nagai et al., 1997). In mice reaching adulthood, these genes are 
suggested to be restricted to the cerebellum, although there are reports 
suggesting that Zic1 is also found expressed in and suggested to 
regulate proliferation of skin fibroblasts (Pourebrahim et al., 2007).  

Zic1 is the latest of the three zic genes to be expressed during 
mouse development and (except for the high expression in cerebellum) 
is found in the dermomyotome, sclerotome and to some degree in the 
myotome of the somites. Of note, Zic1 is not expressed in differentiated 
myotomal cells that express Myosin (Sun Rhodes and Merzdorf, 2006). 
Zic1 interacts with Pax3 to specify migrating neural crest cells. As 
previously described, Pax3 is the main transcription factor that initiates 
the myogenic program (Relaix et al., 2005). Similarly to Prdm16-
mediated brown adipocyte specification, Pax3 and Zic1 may 
speculatively be the crossroads where the dermomyotomal precursor 
cell chooses whether it should enter a myocyte or a brown adipocyte 
fate.  
In paper I, we observed that Zic1 was exclusively expressed in brown 
pre-adipocytes and adipocytes and was undetected in white adipocytes. 
Furthermore, we detected this gene in C2C12s, which could reflect a 
large proportion of undifferentiated mesenchymal cells with reasonable 
levels of myogenin, MyoD, and Myf5 mRNA, suggesting perhaps that 
only a few C2C12 cells had become myotubes. Based on computational 
predictions, Zic1 is suggested to interact with myogenin and thus may 
define the adipomyocyte (Blais et al., 2005). Thereafter Zic1 may 
continue to define the brown adipocyte without myogenin, since 
myogenic regulatory factors are repressed upon brown adipocyte 
differentiation. We conducted RNAi transfections to silence Zic1 
mRNA expression in primary brown adipocyte cultures (not shown) 
according to the optimized protocol from our previous work (Scheele et 
al., 2007). Interestingly, myogenin had a tendency to be up-regulated 
when Zic1 mRNA levels were decreased, implying a Zic1-myogenin 
interaction. This needs to be further investigated if there is an 
underlying mechanism in this possible Zic1-myogenin interaction that 
specifies brown adipocytes.   

In Paper V, we present Zic1 mRNA as a genuine marker for 
brown depots, being absent in both brite and white depots, and 
demonstrate that it is distinctly expressed in both brown pre-adipocytes 
and brown mature adipocytes, in contrast to white adipocytes. 
Interestingly, Zic1 mRNA was not present in murine thigh muscle 
(Paper V) which is in contrast to the absence of this gene in the C2C12 
cell line (Paper I). However, this agrees with previously published 
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reports where Zic1 was detected in cells from the emerging myotome 
(muscle precursors) but not in cells from the differentiated myotome 
(myotubes) (Sun Rhodes and Merzdorf, 2006). 

Speculatively, two populations of brown adipocytes could exist 
among adipocytes derived from BAT: one positive and one negative for 
Zic1. Zic1 mRNA levels have a tendency to be lowered by rosiglitazone 
(Paper III) and one could then speculate that there is a rosiglitazone-
induced brite adipocyte population, contributing to the further browning 
of the BAT (Fig. 7B) when this tissue becomes hypertrophic. This 
browning would mean that Zic1-negative cells increase in numbers 
thereby “diluting” the Zic1-positive cells. In view of the fact that misty 
mutant mice lack BAT (section 2.1.5.) and that Zic1, together with 
Pax3, specifies neural crest cells, one could once again speculate that 
brown adipocytes have an alternative origin among neural crest cells.     
 
Myomirs  
Although expressed to a much lesser degree than in muscle, one may 
wonder if the myomirs miR-133, miR-1 and miR-206 have a 
functional role or just “hang around” as a remnant of the myogenic 
past. Levels of miRNAs are regulated by exonucleases and miRNAs 
can have a half-life of some 24 h (Gatfield et al., 2009; Kai and 
Pasquinelli, 2010). Moreover, miRNAs can vary in abundance at 
different developmental stages. In C2C12 muscle cell lines, miR-206 
is expressed at low levels in proliferating precursor cells and highly 
expressed in differentiated muscle cells (McDaneld et al., 2009). miR-
206 is increased in abundance upon differentiation and its main role is 
to silence genes that maintain muscle precursor cell function. 
Although found at much lower levels in brown adipocytes, miR-206 
may also herel play a similar role, to repress genes that promote the 
progression of adipomyocyte precursors. Thereby, miR-206 could be 
one of the miRNAs that force the adipomyocyte into a myocyte or a 
brown adipocyte, depending on the cell-specifying cues. 
 
Potential miRNAs in brown adipocytes 
Except for the microRNAs that we demonstrate to be present in brown 
adipocytes (Paper II), there are no other reports demonstrating the 
existence of microRNAs in these cells. One route to define potential 
brown adipocyte-miRNAs is to find miRNAs that plausibly silence 
inhibitors of brown adipocyte function and lineage commitment.   

We demonstrate that miR-455 significantly correlated with 
adrenergically induced UCP1 mRNA levels in brown adipocytes and 
could potentially play a role in energy-expending cells.  

Acting as a pro-angiogenic miRNA, miR-130a down-regulates 
the anti-angiogenic factor Meox2 in vascular endothelial cells (Chen 
and Gorski, 2008). Since Meox2 is specifically expressed in brown 
adipocytes compared to white adipocytes, miR-130a may well 
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regulate brown adipogenesis and furthermore promote angiogenesis in 
BAT.   

In skeletal muscle, PGC-1α is increased by exercise and 
decrease by immobility. In parallel, miR-696 is decreased by exercise 
and has been described to silence PGC-1α gene expression upon 
immobilization(Aoi et al., 2010). miR-696 could therefore be 
suggested to influence brown adipocyte mitochondriogenesis and 
thermogenesis through PGC-1α.     

Another phenomenon of miRNA interaction involves the 
unexpected detection of the lineage-specifing myogenic factor Myf5 
in the brain. Myf5 was previously described to be expressed in the 
adipomyocyte precursor. Found at detectable mRNA levels in brain, 
Myf5 could not be found at protein levels (Daubas et al., 2009). This 
phenomenon was explained by post-transcriptional repression of Myf5 
by the miRNAs miR-20 and miR-31, microRNAs reported to be 
present in adipocytes. Therefore, miR-20 and miR-31 could be part of 
the program that represses the myogenic signature in mature brown 
adipocytes. 

3.3. White adipocytes  
 
Although enriched to very similar levels in brown adipocytes, the 
expression of genes important for energy storage (aP2 and Glut4, 
Adiponectin, FAS and Resistin), are generally used to identify lipid-
laden white adipocytes. The few structural genes that are more enriched 
in white adipocytes compared to the brown counterpart are inhibin B 
(Inhbb) carbonic anhydrase 3 (Ca3), dermatopontin (Dpt), insulin-like 
growth factor binding protein 3 (Igfbp3) (Papers I and V). Moreover, 
designated “visceral white” genes, angiotensinogen (Agt), Chemerin 
(Rarres2), Wdnm-like 1 and Pank3, were picked out from a screen of  
genes up-regulated during 3T3-L1 preadipocyte differentiation and 
suppressed by thiazolidinedione treatment (Vernochet et al., 2009). In 
vivo, these “visceral white” genes were detected at high mRNA levels 
in murine gonadal (epididymal) and mesenteric WAT compared to 
BAT and subcutaneous WAT. Furthermore, these genes were down-
regulated in gonadal and mesenteric WAT after treatment with a 
PPARγ-agonist, implying that they may be part of the anti-brown and 
anti-brite adipocyte transcriptome.   

Among white adipocyte regulatory genes is the anti-thermogenic 
gene “receptor interacting protein 140” (Rip140) and two 
developmental genes found at high mRNA levels in white adipose 
tissues compared to brown and brite adipose depots. These 
developmental genes are Homeobox C8 (Hoxc8) and transcription 
factor 21 (Tcf21). Additionally, there is a number of miRNAs with 
regulatory roles in white adipocytes.  
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While some of these genes potentially only play a subordinate 
role in white adipocytes, the remaining factors may constitute central 
transcription factors that define the origin of white adipocytes.  I will 
here summarize what is known about these genes and place them in 
context with our studies. 
 

3.3.1. Structural white adipocyte genes 
 
Gene markers of adipogenesis and metabolic status 
Hallmarking adipogenesis in brown, white and brite adipocytes, aP2 
(also called FABP4) as well as GLUT4, FAS, adiponectin, leptin and 
resistin, are mentioned in this section to emphasize that these genes are 
more enriched in the white adipocytes than in the energy-expending 
adipocytes and indicate an energy-storing rather than an energy-
expending phenotype. Adipocyte protein 2 (aP2) is a fatty acid-binding 
protein that correlates with adipogenesis (Coe et al., 1999).  Glucose 
transporter 4 (GLUT4) translocates glucose into the adipocyte after 
insulin stimulation and is increased upon adipocyte differentiation 
(Dallner et al., 2006; Kaestner et al., 1990). Fatty acid synthase (FAS) 
is important for de-novo synthesis of long-chain saturated fatty acids 
and correlates in expression with lipid accumulation in differentiated 
adipocytes (Berndt et al., 2007). Adiponectin, leptin and resistin are 
recognized as adipokines (Nawrocki and Scherer, 2005). Adiponectin is 
found at low serum levels in obesity and insulin resistance. In contrast 
to adiponectin, leptin is enhanced by an increase in adipose tissue mass. 
Resistin, a not so well understood adipokine, is expressed especially in 
adipocytes found in visceral adipose tissue compartments (Vernochet et 
al., 2009).  

In conclusion, these common adipocyte genes reflect the level of 
energy-storage and adipogenesis in adipocytes.  
 
Angiotensinogen 
A component of the the renin-angiotensin-aldosterone system (RAAS) 
regulating systemic blood pressure, angiotensinogen (Agt) is highly 
expressed in mature white adipocytes. As the bioactive form 
angiotensin II, this gene is important for adipocyte development and is 
involved in the control of adipocyte size and number. Transgenic mice 
overexpressing this gene have fat depots substantially increased in 
mass, hypertrophic adipocytes, increased levels of angiotensinogen in 
the blood stream and high blood pressure. Indeed, increased secretion of 
angiotensinogen upon fat accumulation could perhaps explain the link 
between obesity and increased blood pressure (Massiera et al., 2001). 
More expressed in adipose depots I classify as white (mWAT and 
eWAT) compared to depots that I classify as brown (iBAT) and brite 
(iWAT and rWAT), and that it is suppressed in expression by 
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“browning” agents (PPARγ agonists) (Vernochet et al., 2009), this gene 
reflects the progression of white adipogenesis and fingerprints the white 
adipocyte.  
 
Chemerin 
Chemerin is a novel secretory adipokine that was initially described as a 
ligand for the G-protein-coupled chemokine-like receptor 1 (Cmklr1) 
with a fundamental role in innate and adaptive immunity. Detected at 
high and constant mRNA levels in murine eWAT and iWAT, chemerin 
mRNA is found at lower levels in BAT and enhanced when BAT is 
ablated (Goralski et al., 2007).  Conversely, described to be a “visceral 
white” gene influenced and down-regulated by PPARγ-agonists, 
chemerin mRNA is more enriched in eWAT (white), lower in iWAT 
(brite) and very low in BAT (Vernochet et al., 2009). This discrepancy 
could perhaps be explained by the fact that the different studies used 
different mice strains. The high and constant expression of chemerin 
mRNA is found in eWAT and iWAT from C57Bl/6 mice while the 
clearly higher levels of chemerin mRNA in eWAT and mesenteric 
mWAT derives from the FVB/N mouse strain (unpublished data by I. 
Hansen).  Depending on mouse strain, this gene could be used as a 
white depot gene marker, contrasting gene markers for brown and brite 
depots. 
 
Pank3 
Pantothenate kinases are enzymes that catalyze the phosphorylation of 
pantothenate (Vitamin B5), which is the rate-limiting step in the 
production of Coenzyme-A. These enzymes consists of Pank1-Pank3, 
the genes of which include miR-103/107 within their introns (Wilfred et 
al., 2007). miR-103 is described as enhancing lipid accumulation and 
adipogenesis. Pank3 mRNA and miR-103 miRNA are co-expressed in 
adipogenesis, although not during obesity (Xie et al., 2009). Pank3 is 
down-regulated by PPARγ-agonists in mWAT and eWAT (Vernochet 
et al., 2009), and can be said to fingerprint the white adipocyte and can 
thus be a significant white depot gene marker. 
 
Inhibin B (Inhbb) 
Inhibin β-B (Inhbb) encodes the secretory protein Activin βB that, 
together with Activin αA (encoded by Inhba), belongs to the TGF-β 
superfamily, known to be important for many biological processes, such 
as inflammation, pancreatic islet function, response to vascular injury 
and during embryogenesis (Brown et al., 2003). Activin receptors can 
also be influenced by TGF-superfamily members other than the 
activins. For instance, BMP7 is suggested to bind Activin receptors and 
induce the brown adipocyte differentiation cascade (Li et al., 2009; 
Tseng et al., 2008). Inhbb is a secreted protein, suggested to be a novel 
adipokine regulated by leptin, dexamethasone and insulin. Inhbb 
mRNA levels is reported to be 2-fold higher in human subcutaneous 
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compared to visceral adipose tissue (Sjoholm et al., 2006). Inhbb is 
expressed in murine adipose tissues, 3T3-L1 cell lines and primary 
human adipocytes. Inhbb is detected at low levels in adipose tissue from 
lean patients and at high levels in obese patients, and the mRNA levels 
are down-regulated by diet-induced weight loss. Additionally, the Inhbb 
mRNA levels increase upon maturation of 3T3-L1 and primary white 
adipocytes (Hoggard et al., 2009).  

In our studies, we found Inhbb mRNA in our microarray data 
(supporting information of Paper I) to be highly expressed in white pre-
adipocytes, compared to the brown counterparts being about 9-fold 
higher. In agreement with this, we found Inhbb mRNA at almost 
undetectable levels in brown adipose depots and highly expressed in 
both white and brite depots, with a tendency to be down-regulated by 
cold exposure (Paper V). Thus, Inhbb is potentially a novel adipokine 
secreted only from white adipocytes.  
 
Carbonic anhydrase 3 (Ca3)  
Carbonic anhydrases are a family of at least 15 zinc metalloenzymes 
where at least 11 of these isoenzymes catalyze the conversion of carbon 
dioxide and water into bicarbonate (Kim et al., 2004). In comparison 
with other carbonic anhydrases, carbonic anhydrase 3 (Ca3) is unique in 
its functional characteristics. It is only 3% as active catalytically as 
carbonic anhydrase 2 (Ca2), but is demonstrated instead to have a 
potential role in anti-oxidative stress in muscle (Zimmerman et al., 
2004) and in protection from hydrogen-peroxide induced apoptosis in 
NIH-3T3 cells (Raisanen et al., 1999). However, in the Ca3 knockout 
mice, there is no apparent phenotype. The mice are fertile, have a 
normal life-span, respond to oxidative stress similarly to the wildtype 
and have a normal distribution of fat.  

Initially reported as the “Basic Muscle Protein” (Koester et al., 
1977), Ca3  represents ∼8% of the total amount of soluble proteins in 
slow-twitch muscle (Cabiscol and Levine, 1995). Subsequently, this 
protein was found to be similarly expressed in liver and even more 
highly expressed in adipocytes (∼24%) (Spicer et al., 1990). In obese 
rats, Ca3 decreases, although it is unchanged in diabetic obese rats, 
implying that insulin acts as a Ca3 suppressor. This protein is almost 
undetected in 3T3-L1 pre-adipocytes and is markedly increased upon 
differentiation (Lynch et al., 1993a; Lynch et al., 1993b). Ca3 is 
suggested to be a mesodermal gene marker expressed in murine 
embryonic muscle and in brown adipocytes (Lyons et al., 1991). A 
proteomic study based on differentially expressed proteins between 
white and brown adipocytes demonstrated that Ca3 was 20-fold more 
expressed in primary white than brown adipocytes. Additionally, the 
same study also demonstrated that Ca3 had a tendency to be down-
regulated in BAT from acutely or chronically cold-exposed mice 
(Forner et al., 2009). In paper V, we found Ca3 to be tremendously 
enriched in all adipose tissues (4-fold higher than the adrenergically 
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mediated UCP1 levels in BAT). Remarkably, Ca3 was down-regulated 
after chronic cold induction in all brown adipose depots but completely 
unaltered in white adipose depots. Ca3 was also slightly down-regulated 
in brite adipose depots but not to the same extent as in brown adipose 
depots. Therefore, Ca3 could serve as a gene marker for the effect of 
adrenergic stimuli in energy-expending adipose tissues, being inversely 
regulated compared to UCP1.   
   
Dermatopontin (Dpt) 
Dermatopontin (Dpt) is an extracellular matrix (ECM) protein found 
around collagen fibers and is highly enriched in skin, heart, skeletal 
muscle, bone and lung tissue. Dpt is suggested to be involved in cell 
adhesion, cytokine modification and collagen fibrilogenesis, being 
important for wound healing and skin elasticity. It is also reported to 
inhibit proliferation when over-expressed in 3T3-L1 adipocyte cell lines 
(Okamoto and Fujiwara, 2006). Dpt was one of the most highly 
expressed mRNAs found in white adipocytes, was increased on 
differentiation and was very low in brown adipocytes and C2C12 
muscle cell lines (Paper I). Moreover, this gene was highly enriched in 
WAT, although it was also found at significantly detectable levels in 
BAT and muscle tissue (Paper V). Dpt mRNA levels were significantly 
down-regulated in rosiglitazone-treated white and brown adipocyte cell 
cultures and in vivo by adrenergic stimulation (Papers III and V). This 
indicates that this gene is either diluted developing thermogenic brite 
adipocytes or is switched off (Paper III). Although the function of Dpt 
is not yet established and it is found expressed BAT depots, it 
nonetheless serves as a good gene marker for white adipogenesis and 
can be seen as a reference gene for the whitening phenomenon (Fig. 
7B).   
 
Insulin-like growth factor binding protein 3 (Igfbp3) 
Insulin-like growth factor binding proteins (Igfbps) are a family of six 
members important for insulin growth factor 1 (Igf-1) transport and 
storage in close proximity to the Igf-1 receptor (Igf1r), thereby 
facilitating Igf-1-mediated actions. Igfbp3 both facilitates and inhibits 
Igf-1-mediated action. Both in 3T3-L1 cells and in inguinal WAT 
depot-derived primary adipocytes, secreted Igfbp3 protein levels were 
unchanged upon differentiation (Boney et al., 1994) The gene has also 
been described as an inhibitor of adipogenesis based on experiments 
where 3T3-L1 cells treated with ectopic Igfbp3 protein were unable to 
differentiate (Chan et al., 2009).  

Similarly to Dpt, Igfbp3 is highly expressed in white adipocytes 
and almost undetected in brown adipocytes and C2C12 cell lines. 
Noteably, we found Igfbp3 at similar mRNA levels in both white 
preadipocytes and mature adipocytes (Paper I). In vivo, there was no 
apparent difference in Igfbp3 mRNA levels between the three groups of 
adipose depots (Paper V), implying that other cell types residing in the 
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adipose tissues also express this gene. Ectopic expression of Igfbp3 has 
been demonstrated to drive CD34-positive hematopoietic stem cells into 
a vascular-endothelial phenotype (Chang et al., 2007). In rosiglitazone-
treated brown and white adipocytes, Igfbp3 mRNA was significantly 
down-regulated, suggesting a similar response as seen for Dpt (above) 
and Tcf21 (below), i.e. white adipocytes become outnumbered by brite 
adipocytes.  

Since Igfbp3 is expressed in-vivo in all adipose depots, this could 
mean it defines a population of endothelial precursor cells. 
Rosiglitazone may therefore in vitro, alter the cell fate of CD34-positive 
hematopoietic stem cells to promote a brite adipocyte phenotype and 
suppress white adipocyte-specific Igfbp3 gene expression.  
 

 
 

 
Fig. 13. Molecular signature of stages in white adipocyte development. 

 

3.3.2. Regulatory white adipocyte genes 
 
LXR subunits and RIP140 – UCP1 co-repressors? 
The liver X receptor (LXR) family LXRα and LXRβ belong to the same 
family of nuclear receptors as the PPARs. Since these receptors are 
homologues, they share the same ligands and target genes. What 
distinguishes the LXRs from one another is the tissue-distribution. 
LXRβ is ubiquitously expressed, while LXRα is expressed in skeletal 
muscle liver, adrenal glands, intestine, lungs, kidneys, white and brown 
adipocytes (Bensinger and Tontonoz, 2008; Jakobsson et al., 2005; 
Juvet et al., 2003).  The LXRs are activated by sterols and form 
heterodimers with the retinoic acid receptor (RAR), and act as one of 
the major players in processes such as cholesterol metabolism, fatty 
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acid metabolism, glycogen synthesis and non-esterified fatty acid 
release (Ross et al., 2002). LXRα expression is increased on adipocyte 
differentiation and induces genes such as SREBP-1c and FAS that are 
important for lipid storage in liver. LXRα and -β double knockouts have 
reduced white and brown adipose tissues, hence it may be concluded 
that LXRs are important in fat accumulation (Schultz et al., 2000). In 
LXR-knockouts, the brown adipocytes are demonstrated to be smaller, 
increased in number, have higher mitochondrial density and are more 
intensely enriched with UCP1 than in corresponding wildtype brown 
adipocytes (Wang et al., 2008). Similarly, gonadal WAT in these 
knockouts also showed increased amounts of UCP1. Additionally, the 
levels of several well-established mitochondrial and brown adipocyte 
marker mRNAs such as Cidea, Elovl3 and Prdm16 were increased in 
BAT (Wang et al., 2008). Similar features were also suggested to be 
found in WAT. The LXRs were suggested to bind to a PPARγ element 
on the UCP1 promoter and directly suppress UCP1 transcription.  

Receptor interacting protein 140 (Rip140) is suggested to act as 
an LXR-co-regulator in UCP1 suppression, since it binds to a closely 
adjacent UCP1-promoter-element (Debevec et al., 2007; Wang et al., 
2008). Together with other nuclear receptors, this protein acts as a co-
suppressor of genes involved in fatty acid oxidation and mitochondrial 
biogenesis in skeletal muscle (Sell et al., 2004). Similarly to the LXR 
double knockout mice, Rip140 null mice have an increased expression 
of UCP1 in both BAT and WAT (Leonardsson et al., 2004). Moreover, 
primary cells from the inguinal WAT-derived (brite) adipocytes express 
high levels of UCP1 after rosiglitazone treatment. Although Rip140 has 
not been measured in brite adipocytes, it may be suggested that Rip140 
suppresses the energy-expending phenotype, acting as negative 
regulator of both brown and brite adipocytes.   
 
Hoxc8 
Hoxc8 is one of the late expressed hox genes patterning the body 
segments during embryogenesis (Kwon et al., 2005) 
This gene is expressed in the neural tube, in the somitic mesoderm 
(sclerotome) of the prospective thorax and to some extent in the 
intermediate mesoderm, the germ layer giving rise to the renal duct of 
the kidney and gonads. Hoxc8 is important for osteoblast differentiation 
and bone cell formation (Yang et al., 2000). Loss of Hoxc8 in Hoxc8-
null mice results in neuromuscular defects in the forelimbs and skeletal 
defects in the ribs and vertebrae of the thorax. When this gene is over-
expressed, the embryos acquire cartilage defects and retarded skeletal 
elements by an increase in the number of proliferating chondrocyte 
precursors. Hoxc8 is reported to be predominantly expressed in visceral 
WAT compared to subcutaneous WAT (Gesta et al., 2006; Tchkonia et 
al., 2007). 

On our microarray, we found Hoxc8 specifically expressed in 
white adipocytes and not in brown adipocytes (Paper I). Similarly to 
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Gesta et al. (Gesta et al., 2006), we find Hoxc8 highly expressed in 
epididymal WAT and expressed at low levels in inguinal WAT (Paper 
V). Since it is undetected in both skeletal muscle and brown depots, 
Hoxc8 serves as good white adipocyte gene marker.  
 
Transcription factor 21 (Tcf21) 
Tcf21 (also known as Pod-1, capsulin and epicardin) is a basic-helix-
loop-helix (bHLH) class II developmental factor described as a 
myogenic repressor in skeletal myoblasts, inhibiting MyoD-induced 
trans-activation of p21, a cell cycle protein important for muscle 
differentiation (Funato et al., 2003).  
Tcf21 is expressed in the mesenchyme surrounding tubular networks of 
developing visceral organs such as intestine, lungs, heart, and 
glomerulus (podocytes) of the kidney. Moreover Tcf21 is also described 
to be expressed in interstitial cells (pericytes) and is down-regulated in 
differentiated smooth muscle cells and is thus not important for smooth 
muscle development (Cui et al., 2003; Lu et al., 1998). Knocking out 
the Tcf21 gene in mice results in pups with an inability to breathe, that 
die directly after birth due to lung hypoplasia (Quaggin et al., 1999). 
Additionally, these mice have morphological defects in kidneys, 
gonads, facial muscle and spleen. In kidneys, the retarded development 
of the tubular network, capillaries and glomeruli is suggested to be the 
result of a reduced number of pericytes that are important for 
mesenchymal-epithelial cell transition (Cui et al., 2003). Moreover, 
these pericytes are described as adipocyte progenitors since they 
express PPARγ (Rodeheffer et al., 2008; Tang et al., 2008).   

In agreement with this, Tcf21 was almost exclusively expressed 
in white  adipose depots and not in the brown depots (Paper V) and is 
thereby a potential candidate marker for white adipocyte-precursors. In 
vitro, Tcf21 mRNA is more enriched in white adipocytes compared to 
brown adipocytes (Paper I). The low Tcf21 mRNA levels in brown 
adipocytes could be explained by the putative presence of white 
adipocyte-precursors that develop into mature white adipocytes that 
distinctly infiltrate the classical murine BATs and cause whitening (Fig. 
7B) of the tissue as a function of  age or diet.      

Conversely, and similar to Igfbp3 and Dpt mRNA levels, 
browning of white adipocytes by rosiglitazone (Fig. 7A) results in a 
down-regulation of Tcf21 (Paper III), This could imply that the relative 
number of white adipocytes decreases and becomes diluted by brite 
adipocytes. 

Taken together, I suggest that the Tcf21 can be used as a 
reference to measure the amount of white adipocyte progenitors found 
in adipose tissues and as a suitable reference to measure brown adipose 
tissue whitening.   
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3.3.3. MicroRNAs in white adipocytes  
 
miR-143- the adipogenic miRNA 
A recognized microRNA important for adipogenesis, miR-143, is 
transcribed from the same chromosomal locus as miR-145 (Cordes et 
al., 2009a; Esau et al., 2004). Both miRNAs are co-transcribed and 
suggested to regulate the dormant and proliferative state of pericytes 
and the differentiation of vascular smooth muscle cells (Cordes et al., 
2009b; Larsson et al., 2009). When miR-143 expression was inhibited 
in cultured adipocytes, adipogenic marker genes such as PPARγ, 
GLUT4 and aP2 were down-regulated (Esau et al., 2004). Although this 
demonstrates a positive relationship to adipogenesis, miR-143 was 
down-regulated in obesity, which was explained by the chronic 
inflammatory environment in the adipose tissue (Xie et al., 2009).   

 One of the genes that are silenced by miR-143 is “extracellular 
signal-regulated protein kinase 5” (Erk5) (Clape et al., 2009), a MAP 
kinase that induces myogenesis by promoting the expression of 
mesenchyme enhancer factor 2C (MEF2C) (Esau et al., 2004; 
Molkentin and Olson, 1996). Additionally, Erk5 is demonstrated to be 
important for vascular endothelial cell survival, morphology and 
migration (Roberts et al., 2009). As described previously, vascular 
endothelial cells are suggested to be precursors for intramuscular brown 
adipocytes(Crisan et al., 2008a). By regulating vascular endothelial cell 
fate, Erk5 and miR-143 potentially possess a pivotal role in defining the 
presence of brite adipocytes within WATs.  

We demonstrated that miR-143 miRNA was expressed not only in 
white adipocytes, but also in brown adipocytes (Paper II). miR-143 was 
expressed at low levels in both brown and white pre-adipocytes upon 
differentiation, although it was more abundantly expressed in white 
adipocytes, putatively playing a role in energy storage. 
 
miR-8 homologues and the Wnt-pathway 
In Drosophila, miR-8 represses the Wnt signaling pathway by post-
transcriptional repression of downstream Wnt pathway target genes 
(Kennell et al., 2008). There are no conserved miR-8 paralogues found 
in mammals; however, there are three miRNAs (miR-200b, miR-200c 
and miR-429) with identical miR-8 seed sequences, and two miRNAs 
(miR-200a and miR-141) that are almost completely identical to the 
mature miR-8 miRNA. Co-expressed in separate miRNA-clusters from 
two separate chromosomes, these miRNAs also inhibit Wnt pathway 
progression, which is an anti-adipogenic pathway. Stable expression of 
these miRNA-clusters in murine bone marrow cell lines induces 
adipogenesis, as characterized by aP2 expression and lipid 
accumulation. Although not yet described in adipocytes, miRNAs miR-
200a, miR-.200b, miR-200c, miR-429 and miR-141 may have a 
fundamental role in inducing brown, brite, and white adipogenesis. 
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Whether these miRNAs are differentially regulated in bona fide 
adipocytes  remains to be investigated.      

 

MiR-103/miR-107 cluster 
Conserved in most vertebrates within the introns of Pank3 and Pank7 
are miR-103-1, miR-103-2 and miR-107. Interestingly, Pank3 is one 
of the most abundantly expressed genes in visceral WAT, compared to 
subcutaneous WAT and BAT. Correspondingly, up-regulation of 
miR-103 enhances adipogenesis and expression of the adipogenic 
factors adiponectin and aP2 (Xie et al., 2009).Generally, miRNAs 
within introns are usually suggested to be co-transcribed with the host 
gene implying a conserved functional relationship. In silico, miR-
103/107 are predicted to target a wide spectrum of genes typically 
involved in lipid metabolism and fatty acid release, such as FAS, 
pyruvate dehydrogenase kinase 4 (PDK4) and PGC-1α (Wilfred et al., 
2007). In the context of the latter two targeted genes, PPARγ ligand-
treated mice exhibit a marked increase in PDK4, followed by fatty 
acid release from both subcutaneous and visceral WAT. As mentioned 
above, the browning of visceral WAT by PPARγ-ligand 
administration also reduces the expression of Pank3 (Vernochet et al., 
2009), and thus potentially of miR-103. Thus, a down-regulation miR-
103 would represent a PPARγ-ligand mediated repression of a group 
of miRNAs that silence energy expenditure. 

 
Potential miRNAs in white adipocytes 
The differently expressed hox genes in adipose tissues depict the 

molecular signature for brown, white and brite adipocytes. Within 
intergenic regions on the chromosomal loci where hox genes are 
transcribed, one can find paralogues belonging to the miR-196 family. 
miR-196 is transcribed upstream of Hox-9 paralogues and is 
suggested to target Hox-8 and Hox-7 paralogues (Yekta et al., 2004). 
This is suggested to be a conserved gene regulatory mechanism, 
where miRNAs, together with co-transcribed hox genes, regulate the 
spatio-temporal body patterning during embryogenesis. The question 
is if this is a mechanism that defines the adipocyte phenotype, where 
miR-196 could down-regulate Hoxc8 (the white adipocyte hox gene) 
to promote expression of Hoxc9 (the brite adipocyte hox gene).      

3.4. Brite adipocytes 
The “novel” brite adipocytes are energy-expending cells found among 
energy-storing white adipocytes and distinguished from them by the 
presence of typical brown adipocyte structural gene markers UCP1, 
PGC-1α, Cidea, Elovl3 and PPARα (Paper III) but lacking both the 
developmental genes and the myogenic signature that define classical 
brown adipocytes. This structural gene expression profile clearly 
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defines where and to what extent brite adipocytes are located. However, 
this does not explain the developmental origin or even how one could 
distinguish brite adipocytes from brown adipocytes within brown 
adipose tissues. Speculatively, factors involved in de novo brown and 
brite adipogenesis could be Foxc2 or 4E-BP1, even though the 
browning effect has only been demonstrated in vivo.  

Regulatory factors found in either brown adipose tissues (e.g. 
Tbx15) or white adipose tissues (e.g. Hoxc8) are also found expressed 
in brite adipose tissues. Sfrp2, En1 and Shox2 have been described to 
be at higher levels in brite (subcutaneous) adipose depots than in white 
(intra-abdominal) adipose depots. In paper V, we extend this finding 
and demonstrate that Shox2 and Hoxc9 are truly brite adipose tissue 
gene markers, not found in either brown or white adipose depots. 
Moreover, the enhanced Hoxc9 mRNA level in thiazolidinedione-
treated white adipocytes indicates an increase in brite adipocytes (Paper 
III). Although there is limited knowledge of Hoxc9 and Shox2, these 
genes serve as the best brite adipocyte gene markers.  

Below, I will describe the structural and the lineage-defining 
factors that are so far proven to be essential for understanding how brite 
adipocytes are unveiled and identified amongst brown and white 
adipocytes.  

 

3.4.1. Structural brite adipocyte genes 
 
Brown and brite structural genes 
Brite adipocytes share almost the same gene expression profile as 
brown adipocytes (Paper III). UCP1 and PGC-1α are similarly 
expressed in brown and white adipocyte cell cultures after adrenergic 
stimulation or rosiglitazone treatment. In the presence of both 
rosiglitazone and norepinephrine, PGC-1α is considerably elevated to 
similar high levels in both white and brown adipocyte cultures. 
Although it is elevated in both cell cultures, UCP1 is about 2-fold 
higher in brown adipocytes than in white adipocyte cultures. In both 
brown adipocytes and brite adipocytes, rosiglitazone and 
norepinephrine induce the presence of UCP1 and PGC-1α while a 
combination of both drugs tremendously enhances the levels of these 
genes.  The presence of active brown and brite adipocytes cannot be 
induced single-handedly by chronic rosiglitazone treatment. Instead, a 
combination of both rosiglitazone and norepinephrine is necessary to 
activate both types of energy-expending adipocytes.  

Among the other brown adipocyte structural genes, PPARα, CPT-
1M and Elovl3 mRNA levels were highly elevated in both adipocyte 
cell cultures after rosiglitazone treatment. Elovl3, regarded as a “brown 
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adipocyte-specific” gene, was even more elevated in the white 
adipocyte cultures than in brown adipocytes.  

In contrast to the other “brown-adipocyte-specific” genes, Cidea 
was not as elevated in the white adipocyte cultures as in the brown. 
Therefore, Cidea may potential play a larger role in brown adipocytes 
than in brite adipocytes.  

Presently we know how to uncover brite adipocytes, but what 
factor uncovers them in vivo?  
 
Foxc2 - inducer of brites? 
Uniquely described in Forkhead box C2 (Foxc2) transgenic mice, the 
enhanced induction of angiogenesis through angiopoietin 2 (Ang-2), 
with increased vascular density and expression of angiogenic gene 
markers was demonstrated as a recruitment and redistribution of 
pericytes, vascular smooth muscle cells and vascular endothelial cells 
from larger vasculatures to capillaries within these adipose depots to 
facilitate vessel growth and maturation (Xue et al., 2008). Moreover, 
repression of the myogenic master regulator Pax3 by Foxc2 in 
mesoangioblasts (at the aorta) results in that these cells become vascular 
endothelial cells or vascular smooth muscle cells specified (Lagha et al., 
2009). 
Foxc2 has been demonstrated to be expressed in human subcutaneous 
adipose tissue and to correlate with the expression of brown adipocyte 
marker genes UCP1 and PGC-1α (Yang et al., 2003). Over-expressing 
Foxc2 in mice results in hypertrophic iBAT, reduced intraabdominal 
adipose depots and an induction of UCP1 in eWAT (Cederberg et al., 
2001). However, genes necessary to distinguish brown from brite 
adipocytes have not been determined in these mice.          
Brown adipocytes expressing UCP1 are reported to be distributed 
among muscle bundles (Almind et al., 2007) and suggested to arise 
from hematopoietic precursor- and vascular endothelial cells and not 
from pericytes (Crisan et al., 2008a).Since Foxc2 indirectly recruits 
vascular endothelial cells to facilitate vessel growth, this gene could 
putatively also specify heamotopoietic precursor- and vascular 
endothelial cells to differentiate into brown or “brite” adipocytes.  

Subjecting brown and white adipocyte cultures to ectopic Foxc2 
protein could clarify if Foxc2 really increases the presence of brite 
adipocytes. 
 
4E-BP1 - inhibitor of adaptive thermogenesis 
The translational inhibitor “eukaryotic translation initiation factor 4E-
binding protein 1” (4E-BP1) is recognized as one of the inhibitors of 
cap-dependent translation during protein synthesis. In contrast to other 
4E-BPs, 4E-BP1 is highly expressed in brown and white adipose tissues 
and suggested to repress UCP1 (Tsukiyama-Kohara et al., 2001). This 
gene is repressed by β3-adrenergic stimuli thus favouring the 
progression of adaptive thermogenesis (Lehr et al., 2004). Knockout 
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mice lacking (4E-BP1) have increased numbers of multilocular 
adipocytes, expressing UCP1 and PGC-1α, within the inguinal and 
retroperitoneal white adipose tissue depots (Tsukiyama-Kohara et al., 
2001). In contrast, UCP1 and PGC-1α expression levels were not 
modulated in interscapular BAT from 4E-BP1 knockout mice. 

Although the effect by 4E-BP1 loss has not been shown in 
cultured inguinal or retroperitoneal WAT-derived adipocytes, I would 
suggest that this gene represses the progression of brite adipocytes 
within inguinal and retroperitoneal white adipose tissue depots.  
Fig. 14. Molecular signature that defines the stages in brite adipocyte development. 

 

3.4.2. Regulatory brite adipocyte genes 
 
En1 - dermomyotomal marker in brites? 
Engrailed 1 (En1) is a homeobox gene important in the early stages of 
embryogenesis. Mutant mice lacking En1 exhibit malformed forelimbs 
and sternum, and deleted midhindbrain tissue (Wurst et al., 1994). As 
previously mentioned, En1 was used in lineage-tracing dermomyotomal 
cells that became either skin, muscle or brown fat (Atit et al., 2006). 
Moreover, En1 is also expressed in cells derived from the lateral plate 
mesoderm among which some become endothelial cells (Ohtola et al., 
2008). En1 is described as being one of the developmental transcription 
factors most enriched in inguinal WAT compared to epididymal WAT 
(Gesta et al., 2006). Speculatively, brite adipocytes deriving from the 
lateral plate mesoderm are plausibly the cell population in inguinal 
WAT that predominantly express En1. 

Fig. 14. Molecular signature that defines the stages in brite adipocyte development. 
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Sfrp2 
Secreted Frizzled-related protein 2 (Sfrp2) belongs to a family of Wnt-
pathway regulators that interact with the wnt-receptor frizzled (Fz) and 
represses Wnt-regulated pathways (Nakajima et al., 2009). Together 
with Sfrp1, Sfrp2 is important for regulating the Wnt pathway during 
somitogenesis and anterior-posterior elongation (Satoh et al., 2006). 
Moreover, Sfrp2 promotes endothelial cell migration and vascular tube 
formation and is described as a highly expressed hematopoietic 
endothelial cell marker in several types of cancers and as being 
involved in angiogenesis.  

Similarly to En1, Sfrp2 mRNA is more expressed in inguinal 
WAT than in epididymal WAT (Gesta et al., 2006). Sfrp2 represses the 
anti-adipogenic Wnt pathway, is highly expressed in hematopoietic 
endothelial cells and brite adipocyte-enriched adipose tissues which 
may suggest that Sfrp2 may be one of the central regulators that define 
the brite adipocytes.     
 
Shox2  
Short stature homeobox 2 (Shox2) is a homeodomain-containing factor 
that is homologous to the homebox gene short stature homeobox protein 
(SHOX). The name “short stature” derives from cases where humans 
with mutations in the SHOX gene are below average height, combined 
with other development perturbations (Blaschke et al., 2007).  

Shox2 is suggested to be involved in brain, craniofacial, and heart 
aorta development. In adult mice, Shox2 is expressed in skeletal 
muscle, bone marrow fibroblasts, pancreas, placenta and in the sinous 
venosus myocardium of the heart (Blaschke et al., 1998; Blaschke et al., 
2007). Moreover, Shox2 was demonstrated to be one of the most  
enriched genes in subcutaneous adipose tissue (iWAT) compared to 
visceral depots (eWAT) (Gesta et al., 2006) and expressed in cultured 
ingunal WAT-derived adipocytes. Correspondingly, we also found 
Shox2 mRNA levels in inguinal WAT although not in retroperitoneal 
WAT, indicating that these two brite adipose depots do not completely 
share a common genetic profile (Paper V). In addition, Shox2 mRNA 
was also detected in skeletal muscle and in adipose depots in the 
vicinity of the heart aorta mediastinic BAT and cardiac WAT (Paper 
V).   

Shox2 was exclusively expressed in inguinal WAT-derived 
cultures (Gesta et al., 2006) and serves as a unique gene marker for 
adipocytes derived from this particular adipose depot.  
 
Tbx15 
T-box 15 (Tbx15) belongs to a conserved family of transcription factors 
important for developmental stages during gastrulation and 
organogenesis. Both in humans (Cousins syndrome) and mice (droopy-
ear), Tbx15-ablation results in abnormally developed cranial-, cervical- 
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and scapular- and upper vertebral column bone elements (Lausch et al., 
2008). The gene is described as being important for regulating 
mesenchymal stem cell proliferation and chondrocyte development. 
Although expressed in brain, bone, intestine, liver, testis, thymus and 
muscle, Tbx15 is suggested to be a subcutaneous adipose tissue-specific 
gene as compared to other adipose tissues (Gesta et al., 2006; Lausch et 
al., 2008).  

In our studies, we initially described Tbx15 as a plausible gene 
marker for brown adipocytes compared to white adipocytes (Paper I). 
Reflecting the common origin of brown adipocytes and muscle, Tbx15 
was also detected at high mRNA levels in C2C12 cell lines. Although 
not detected in the brite adipose depots, mediastinic BAT and cardiac 
WAT, we conclude that Tbx15 could serve as common brown and brite 
adipose tissue gene marker (Paper V).  
 
Hoxc9 
Hoxc9 is one of the homeobox genes that are expressed in the later 
stages of body segmentation during embryogenesis (Krumlauf, 1994) 
and is described to repress Hoxc8 expression (Suemori et al., 1995). 
Hoxc9 is essential for defining the body segment that develops into 
thoracic ribs and sternum. Transgenic mice lacking Hoxc9 exhibit 
almost identical malformations to those found in Hoxc8-deficient mice, 
suggesting that these genes are in a close regulatory relationship and 
may involve miR-196 (Yekta et al., 2004). Hoxa9, one of the Hoxc9 
paralogues, is suggested to regulate angiogenesis, because loss of this 
gene results in reduced CD34-positive endothelial cell migration and 
differentiation (Bruhl et al., 2004). Hoxc9 may also influence 
endothelial cell determination, since all four Hox9 paralogues together 
are essential for mammary gland development.   

In adipocytes (similarly to Tbx15 and Shox2), Hoxc9 was 
identified as a subcutaneous adipose tissue-specific gene compared to 
visceral adipose tissue, indicating two different tissues with separate 
origins (Gesta et al., 2006). Interestingly, Hoxc9 was demonstrated to 
be expressed in aortic vascular smooth muscle progenitors and not in 
developed vascular smooth muscle cells (Miano et al., 1996). Although 
not stated, one could speculate that these cells are the multipotent pool 
of cells that may develop into brite adipocytes. In primary adipocyte 
cultures, we also recognized Hoxc9 as white adipocyte-specific 
compared to brown adipocytes (Paper I).  Subsequently, treating white 
and brown adipocyte cultures cells with rosiglitazone, we demonstrated 
a significant increase of Hoxc9 in white adipocytes (Paper III). The 
rosiglitazone effect on Hoxc9 may suggest that brite adipocytes 
outnumber white adipocytes in inverse correlation to the white 
adipocyte-specific genes Igfbp3, Tc21 and Dpt. The mechanism here 
could be that rosiglitazone induces the expression of miR-196 that 
silences the white regulatory factor Hoxc8 in parallel with an induction 
of the brite regulatory factor Hoxc9.    
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We also found that Hoxc9 was completely undetectable in brown 
depots, found at miniscule levels in white depots and specifically 
enriched in brite depots (Paper V). Together with Shox2 and Tbx15, 
Hoxc9 could thus serve as a candidate brite adipocyte gene marker. 
Considering the fact that Hoxc9, together with other Hox9 paralogues, 
is important for mammary gland development, one could speculate that 
Hoxc9 possesses an essential role in transforming CD34-positive 
endothelial cells into brite adipocytes.      
 
 
MiRNAs in brite adipocytes 
Knowledge about “brite” miRNAs is limited. In addition to Paper V, at 
least one report has earlier described miRNA expression profiles in 
adipose tissues. Comparing miRNA expression in human omental 
(visceral WAT) and subcutaneous WAT (brite WAT), no individual 
miRNAs could be discriminated as “brite miRNAs”. However, 
compared to omental WAT, miR-27a, miR-30e, miR-140 and miR-155 
were found at significantly higher levels in subcutaneous WAT 
(Kloting et al., 2009) and could therefore perhaps be active in brite 
adipocytes. 

miR-27 has been demonstrated to inhibit adipogenesis, by targeting 
C/EBPα and PPARγ. Conversely, the expression of this miRNA is 
increased in obese mice, which has been explained by hypoxia in the 
adipose tissue (Lin et al., 2009). miR-27 is also suggested to target 
Pax3 in differentiating skeletal muscle- and activated muscle satellite 
cells, forcing proliferating cells into differentiation (Crist et al., 2009). 
Speculatively, this miRNA may have an underlying role in defining 
the muscle satellite cell fate, i.e. whether it should develop into a 
myocyte or an adipocyte. 

miR-140 is regarded as cartilage-specific and is important for 
cartilage development and has not yet been described to be involved 
in any biological feature linking this miRNA to brite adipocytes.  

miR-30e and miR-155 are described as being inversely expressed 
in metastatic breast cancer(Baffa et al., 2009). Targeting p53, the miR-
30 family of paralogues is involved in regulating apoptosis and 
mitochondrial fission, and are responsive to reactive oxygen species (Li 
et al., 2010). miR-155 inhibits CD34-positive hematopoietic progenitor 
cells from differentiating into a specified cell fate. Since CD34-positive 
cells are, in the context of this thesis, potential brite adipocyte 
precursors, one could speculate that miR-155 could be involved in 
controlling brite adipocyte development.   
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4. Discrimination of the Adipocyte                                      

 ̶  the New Consideration 

In 2005, when I entered adipocyte research, adipocytes were defined 
as either being brown or white, or as energy-expending or energy-
storing units. We are today more challenged in defining adipocytes 
and adipose tissues, since various adipose tissues located at different 
sites in the body, subcutaneously and viscerally, are molecularly and 
potentially functionally distinct. I conclude in this thesis that there are 
at least three distinct adipocytes, the brown, the white and the brite.  

4.1. Brown – The classical brown adipocytes 
Brown adipocytes are recognized today, partly thanks to our first 

publication (Paper I), as deriving from precursor cells that are also 
capable of giving rise to skeletal muscle. We named these progenitors 
adipomyocytes, which are identified by having a myogenic molecular 
signature. The myogenic signature is detected in brown pre-adipocytes 
and diminishes upon brown adipocyte differentiation. Five years ago, 
brown adipocytes were almost only molecularly identifiable by the 
presence of UCP1, the expression of which was dependent on 
adrenergic stimulation. Today it is realized that, UCP1 can also be 
found in adrenergically and thiazolidinedione-stimulated brite 
adipocytes, and therefore UCP1 is no longer a unique marker for 
classical brown adipocytes. However, brown adipocytes can after 
differentiation be distinguished from white and brite adipocytes by a 
unique signature of developmental genes (Papers I, III and V) and 
miRNAs (Papers II and III).  

Compared to epididymal adipose tissue-derived white 
adipocytes, Prdm16, Meox2, Lhx8 and the myomir miR-206 are 
factors only found in brown adipocytes but are not fully specific for 
classical brown adipose tissues. Zic1 is so far the only well-defined 
gene expressed solely in classical brown adipocytes and classical 
brown adipose tissues. It is one of the brown adipocyte-specific genes 
that I have found in unpublished work as having a tendency to 
regulate myogenin mRNA levels. Since Zic1 is expressed in C2C12 
mesenchymal cells (Paper I) and is absent in muscle tissue (Paper V), 
one can speculate that Zic1, similarly to the Prdm16-mediated 
suppression of the myogenic program, forces the adipomyocyte into 
becoming a brown adipocyte, suppressing myogenin. If there is a 
Zic1-Prdm16 interaction ̶ or two completely separate mechanisms ̶ 
that attenuates the myogenic program is yet unknown.  
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The absence of Zic1 in mediastinic BAT clearly reflects the fact 
that this BAT is not of dermomyotomal origin. Therefore, Zic1 is truly 
a dermomyotomal BAT marker that is not found either in muscle, 
brite or white adipose tissue. 

In conclusion, brown adipocytes can today be separated from 
brite and white adipocytes by certain gene markers and not only by 
measuring UCP1 levels after adrenergic stimulation. In this thesis I 
have described structural genes (Cidea, Elovl3 and Dio2) and 
regulatory genes (PPARα, PGC-1α, Meox2, Hoxa1, Lhx8 and muscle 
regulatory factors) that define the brown adipocyte and in most cases 
separate brown adipocytes from brite and white adipocytes. 
Nevertheless, Zic1 is the only gene that I think defines both the 
classical brown adipocyte and classical brown adipose tissue. 

4.2. White – White Adipocytes 
Today, WATs are considered to have multifaceted characteristics 
other than serving as energy-storing units. The focus on brown 
adipocytes and the generalization of a white adipocyte as any energy-
storing adipocyte has overshadowed the fact that there are different 
types and populations of white adipocytes. Human subcutaneous and 
visceral adipose tissues have contrasting gene expression profiles of 
developmental genes (Gesta et al., 2006; Tchkonia et al., 2007; Vohl 
et al., 2004), and several other developmental genes are differentially 
expressed in various murine adipose tissues depending on anatomical 
location (Paper V), indicating that these adipocytes derive from 
separate origins. Indeed, differently localized adipose depots are 
shown to be different in gene expression (Gesta et al., 2007), cell type 
composition (Kershaw and Flier, 2004; Loncar, 1991), in their spectra 
of secreted proteins and metabolic activity (Kershaw and Flier, 2004) 
and should thus be categorized by these characteristics. An 
influencing factor that I think affects the differential expression of 
these genes, depending on anatomical location, is the gradient of brite 
adipocytes present within these depots that can contribute to a mixed 
genetic profile. Primarily, what I classify as white adipose tissues are 
those lacking UCP1, the mesenteric and epididymal WAT. White and 
brite adipose tissues similarly express the structural genes chemerin, 
Pank3, Agt, Inhbb, Dpt and Ca3 and the regulatory gene Hoxc8 and 
would seemingly emerge from a common origin. However, the higher 
levels of Tcf21 in the epididymal WAT question that suggestion, even 
though we also found detectable mRNA levels of Tcf21 in brown 
adipocyte cultures (Paper III). However, this latter observation may 
just indicate the presence of white amongst brown adipocytes. 

In the view of my studies on white adipocytes and white adipose 
tissue I cannot conclude with certainty what gene or genes that truly 
defines “the white adipocyte”. However, I do know today what 
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defines different white adipose tissues by anatomical location and that 
is the gene profile that defines the presence and amount of brite 
adipocytes resident in these depots.     

4.3. Brite – A cache of energy-expending adipocytes 
Mice exposed to cold have a significant increase of UCP1 protein in 
inguinal WAT. When the mice are returned to a warmer environment, 
UCP1 expression is reversed and with time becomes undetectable 
(Loncar, 1991). These findings led to the definition of “the convertible 
adipocyte” (Loncar and Afzelius, 1989) or the ”masked brown 
adipocyte” (defined in a French article by Casteilla et al. 1999 
(Himms-Hagen et al., 2000)) that has the phenotypical and 
biochemical properties of a white adipocyte with the potential to 
acquire, after β-adrenergic stimulation, phenotypical and biochemical 
characteristics that are typical for a brown adipocyte. It has also been 
suggested that white adipocytes may trans-differentiate into brown 
adipocytes. Adipocytes in brown adipose tissue are implicated as 
becoming white in a similar fashion to when adipocytes trans-
differentiate into mammary gland epithelial cells and vice versa upon 
lactation and post-lactation (Cinti, 2008). However, we demonstrate 
(Paper III) that only a subset of cells in white adipocyte cell cultures 
possess brown adipocyte characteristics. This coincides with what 
others have described as islets of cells with brown characteristics 
within WAT depots (Cousin et al., 1992; Guerra et al., 1998; Himms-
Hagen et al., 2000). Today, I define white adipose tissues in which 
resident energy expending adipocytes emerge after adrenergic 
stimulation as brite adipose tissues (Paper V). Brite adipocytes 
become molecularly visible in white adipocyte cultures after 
rosiglitazone treatment. Thus, they express brown adipocyte structural 
genes (UCP1, Cidea, Dio2 and Elovl3) and a recognized regulatory 
gene (PPARα). In contrast to rosiglitazone, only adrenergic 
stimulation can both unveil and activate brite adipocytes, as indicated 
by elevated levels of brown adipocyte structural and regulatory genes.  
Evidently, brite depots cannot be designated as brown, since they 
appear whiter than brown and do not express genes (Zic1, Meox2, 
Lhx8, Myf5, MyoD, myogenin and miR-206) that fingerprint the 
classical brown adipocytes originating from the dermomyotome 
(Paper I). Furthermore, treating white adipocytes with TZDs 
suppressed the mRNA expression of specific white adipocyte marker 
genes (Tcf21, DPT and Igfbp3) while two genes, Shox2 and Hoxc9, 
were found to be specifically expressed in brite adipose depots but not 
in white (Paper III and V). This would imply that brite adipocytes 
derive from a precursor origin with a Shox2 and Hoxc9 fingerprint. 
These cells may have the same origin as “brown adipocytes” found 
infiltrated in muscle tissue, identified by the hematopoietic marker  
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CD34 (Almind et al., 2007; Crisan et al., 2008a). However, this must 
be further investigated. 
 

So why did we call them brite adipocytes and brite adipose 
tissues? Prior to the publication of Paper III, there was evidence for a 
novel population of adipocytes embedded within white adipose 
tissues, based on the fact that certain white adipose tissues expressed 
UCP1, while other tissues did not. This fact became more apparent 
when we discovered that a group of differentially expressed 
developmental genes (Shox2 and Hoxc9) was expressed only in white 
adipose tissues that expressed UCP1 and not in white or brown 
adipose tissues (Paper V). Combined with the knowledge of other 
genes (En1 and Sfrp2) (Gesta et al., 2006) restrictively expressed in 
these UCP1-expressing adipose tissues, we wanted to give this 
adipose tissue a name. I thought of brown adipocytes amongst white 
adipocytes and thereby called them brite  (brown in white) adipose 
tissues.  

In conclusion, we defined the existence of a new class of 
adipocytes called brite adipocytes. I think these cells may potentially 
play a significant role in whole-body metabolism, possibly 
counteracting the onset of disorders such as diabetes, and contributing 
to some degree to non-shivering thermogenesis.    
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