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Introduction

Two major types of adipose tissue exist in mammals, named 
brown and white fat based on their macroscopic appearance. 
These two types are mainly composed of and functionally 
defined by their most important cell type, brown or white adi-
pocytes, respectively. White adipocytes are roundish cells of 
large diameter that consist of one massive lipid droplet and a 
thin rim which contains the cytoplasm and the nucleus. White 
adipocytes primarily act as storage cells for neutral triacylglycer-
ols, storing excess calories for use in times of scarcity. They con-
tribute to whole body insulation and have endocrine functions 
including the secretion of adipokines such as leptin, resistin, and 
adiponectin.

Brown adipocytes are usually of smaller diameter than white 
adipocytes and are composed of several small lipid droplets. 
Their cytoplasm contains a high amount of mitochondria that 
are functionalized by uncoupling protein 1 (UCP1). This pro-
tein mediates non-shivering thermogenesis, which is the main 
physiological function of brown adipose tissue. Brown adipo-
cytes generate heat via a futile cycle of proton transport across the 
inner mitochondrial membrane. Accordingly, they contribute to 

the maintenance of body temperature homeostasis during both 
chronic and long-term cold exposure.

Human Relevance

The accumulating evidence for the presence of functional 
brown adipose tissue not only in newborn but also in adult 
humans1-5—or in a major subset of the population—led to a 
revival of ideas about the therapeutic potential of activated brown 
adipocytes.6,7 It was estimated that even small amounts of active 
brown adipose tissue could lead to a significant increase in basal 
energy expenditure thus promoting weight loss.8 The resulting 
weight-lowering effect would not only be of aesthetic interest, but 
could also decrease the risk for certain co-morbidities of obesity 
such as type 2 diabetes and cardiovascular complications.9,10

First studies indicate that the oxidative metabolism of human 
brown adipose tissue can indeed contribute significantly to total 
energy expenditure.11-13 Conversely, a negative correlation of the 
occurrence of detectable brown adipose tissue and the body mass 
index (BMI) was reported.3 Activation of brown adipose tissue 
could only be observed in lean but not obese patients.14 The past 
years have revealed a plethora of novel factors that can induce 
brown adipocyte formation or activation in animal models more 
specifically (not reviewed here). Clinical studies will show if one 
or a combination of these can lead to an efficacious weight reduc-
tion in humans.

Brown Adipocyte Nomenclature

Laboratory mice as the most widely used model for metabolic 
research contain a rather homogeneous depot of brown adipose 
tissue in the interscapular area and smaller ones in its vicinity.15,16 
These depots are most often referred to as classical brown fat 
and are present throughout life. In addition, several predomi-
nantly white adipose tissues of mice can contain cells with the 
characteristics of brown adipocytes.17,18 These cells were named 
brite (brown-in-white), beige, inducible, or recruitable brown or 
brown adipocyte-like cells.19–23 We will subsequently use the term 
brite, which we consider to be a definition of the localization and 
the characteristics of a brown adipocyte. A brite adipocyte thus 
is a cell with the multilocular morphology and functional prop-
erties (including UCP1 expression) of brown adipocytes found 
in predominantly white adipose tissue depots with the defini-
tion being independent of the developmental origin. While most 
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white adipose tissue stores energy while brown adipose 
tissue contributes to body temperature maintenance through 
non-shivering thermogenesis. In addition, brite (brown-in-
white) adipocytes resembling classical brown adipocytes 
within predominantly white adipose tissue can be found in 
response to cold adaptation or other stimuli. even though our 
understanding of brite adipocyte formation has increased 
substantially in the last few years, it is still unclear how brite 
and classical brown adipocytes are formed in vivo. In this 
review, we outline and discuss the current understanding of 
brite adipocyte nomenclature, developmental origin and pos-
sible mechanisms of their recruitment. we reason that future 
work in the field will bridge in vivo tracing studies and primary 
cell characterization with molecular mechanistic data from 
in vitro approaches to devise new means to increase energy 
expenditure.
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researchers use the various mentioned terms as synonyms for brite 
adipocytes, some point out differences in their definitions and 
even the meaning of the term “brite adipocyte” is under debate. 
Following the original publication that introduced this name, it 
has recently been used to describe cells that are indistinguishable 
from white adipocytes on the morphological level, but which can 
be converted into UCP1-expressing cells with the characteristics 
of brown adipocytes upon β-adrenergic stimulation.16 The ambi-
guity of terminology also reflects the current debates in the field 
of brown and white adipocyte biology, as it is unclear how brite 
adipocytes are formed and what the origin of these cells is.

Classical Brown versus Brite Adipocytes

Apart from the localization in either predominantly brown 
or white adipose tissue, other traits have been reported that dif-
ferentiate classical brown and brite adipocytes in mice, includ-
ing genetic variability in their occurrence, developmental origin, 
cell size, and elevated expression of certain transcripts.16,24-27 
Transcriptome data of adipocytes differentiated in vitro from 
primary precursor cells or from immortalized cell lines led the 
basis for many of the characterizations of brite adipocytes pub-
lished to date. The problem associated with these in vitro studies 
is the artificial induction of brown and white adipocyte forma-
tion that might not resemble the physiological situation. In vivo 
studies comparing the transcriptome of whole tissues contain-
ing brown (classical or brite) and white adipocytes revealed sub-
stantial differences between classical brown and brite-enriched 
depots. However, as whole tissues were employed in these studies, 
it remains to be shown whether these results can be attributed to 
intrinsic differences in adipocytes. Using some of these charac-
teristics, the brown adipose tissue in adult humans was classified 
as more closely resembling brite adipocytes, while the brown fat 
tissue of newborn humans was considered to be more similar to 
classical brown adipose tissue in the mouse.27,28

As mentioned above, a major part of the scientific community 
nowadays refers to three types of adipocytes—brown, brite, and 
white.27,29–31 From our point of view, and based on our recent 
results, classical brown and brite adipocytes could still be con-
sidered as brown adipocytes and not independent cell types 
(Fig. 1). First of all and most importantly, until today there is no 
evidence suggesting that the functions of brown and brite adi-
pocytes might be any different from each other. Second, classi-
cal brown and brite adipocytes in vivo are remarkably alike both 
with regard to molecular and morphological markers.

We recently published the first gene expression data of FACS-
sorted primary adipocytes comparing classical brown and brite 
adipocytes.32 The mRNA levels of both general adipocyte mark-
ers as well as typical brown markers were virtually identical in 
both populations. Regarding the transcriptional markers to dis-
tinguish classical brown from brite adipocytes reported in the 
above mentioned in vitro studies or whole tissue transcriptome 
analyses,16,27,28,33 we could only confirm one of the proposed brite-
typical transcripts. We thus fully agree that there are measur-
able differences between classical brown and brite adipocytes 
in the most commonly studied depots. However, just as skeletal 

myocytes exist in different fiber types with differing transcript 
levels of certain typical genes34,35 but are still the same cell type, 
at present we would not consider brite adipocytes sufficiently dif-
ferent from classical brown adipocytes to regard them as a cell 
type of their own. This could also apply to human brown fat as 
recent studies detected both brite-like as well as classical brown-
like adipocyte properties in various human fat depots.29,31

Brite Adipocyte Formation

Inguinal adipose tissue constitutes the biggest and thus physi-
ologically most important fat depot capable of recruiting brite 
adipocytes upon chronic cold exposure of mice.16 We could 
recently show that mature adipocytes in this depot have the 
potential to interconvert between cells with the typical character-
istics of white and brown adipocytes.32 This means that the ratio 
of lipid-storing to lipid-burning cells can be adjusted within an 
existing adipose depot depending on the environmental tempera-
ture without the need for de novo cell differentiation from pre-
cursors. Although this mechanism was proposed decades ago,36 
we provided the first direct experimental validation using lineage 
tracing in adult mice. Our findings support the idea of pharma-
cologically targeting white adipocytes to increase the number of 
brown adipocytes. The future will show if this approach—as a 
single therapy or in conjunction with other measures—will result 
in efficacious therapies for weight loss and help to counteract 
metabolic disorders.

Given the diametrically opposed function of brown and white 
adipocytes, this interconversion could be considered a transdif-
ferentiation process, which is the biologically rare conversion of 
one differentiated somatic cell type into another one without 
returning to an undifferentiated state37 (Fig. 1).

Based on a detailed analysis of the transcriptomes of pri-
mary adipocytes and stromal-vascular fractions from different 
adipose tissue depots with or without cold stimulation,32 we 
identified a set of genes most highly transcribed in white adipo-
cytes. However, we could not detect a single transcript uniquely 
expressed in white adipocytes that shows a similar specificity as 
Ucp1 in brown adipocytes, suggesting that such a unique marker 
for white adipocytes may not exist. Therefore, the definition of a 
white (in contrast to a brown) adipocyte might always depend on 
the presence/absence or the expression levels of multiple marker 
genes. Hence, genetic approaches targeting only white adipo-
cytes in vivo will be only feasible with more sophisticated mouse 
strains that employ combinations of markers to drive expression 
of a transgene.

Determinants of Brite Adipocyte Formation

Let’s return to the above-mentioned ambiguity in terminology 
and the resulting problems associated with the lack of knowledge 
on brite adipocyte origin. One major question that remains unre-
solved is whether every “apparently white” adipocyte could be 
turned into a brown adipocyte or if there might be a finite pool 
of adipocytes that can undergo this transdifferentiation. We con-
cluded our recent study with an experiment determining what 
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percentage of cells that became brite adipocytes during a first 
one-week cold stimulation turn into UCP1-positive brite adipo-
cytes during a later second cold stimulation. We detected that 
about half of the new brite adipocytes were derived from former 
brite adipocytes labeled during the first cold stimulation that 
underwent “whitening” in the intermediate warm phase. The 
origin of the newly formed brite adipocytes could include other 
white adipocytes or cells from the stromal–vascular fraction. 
Brite adipocytes constitute approximately 10% of total adipo-
cytes in the cold-stimulated inguinal depot under our experi-
mental conditions. Thus, the observed 50% overlap is more than 
what could be expected from a completely stochastic selection of 
cells that undergo transdifferentiation. Intriguingly, most brite 
adipocytes localize to the same patches within the depot after the 
first and second cold stimulation, indicating that there are local 
differences in a white adipocyte’s capacity to briten. This could 

be due to different white adipocyte populations or due to a dif-
ferent microenvironment (Fig. 2).

If the microenvironment is the determining factor for an adi-
pocyte’s potential to transdifferentiate, several parameters such 
as density of vascularization, the types of stromal-vascular cells 
in the adipocyte’s vicinity, the composition of the extracellular 
matrix, and the local innervation need to be considered. Several 
circulating factors have been shown to influence the formation of 
brite adipocytes;23,38-40 however, white adipose tissue depots react 
very differently to the same cues from the bloodstream,16,18 sug-
gesting the neuronal stimuli are the more crucial determinants. 
The number of brite adipocytes was shown to correlate with 
noradrenergic nerve fibers and mice lacking β

3
-adrenergic recep-

tors are not capable of britening during cold stimulation indicat-
ing that indeed the microenvironment is a major contributor to 
brown and brite adipocyte formation.41,42

Figure  1. Developmental lineages of adipocytes. Schematic representation of the current knowledge about the possible developmental origins of 
murine adipocytes, including skeletal myocytes for comparison. At the level of preadipocytes (or myoblasts), the cells are considered committed to a 
specific differentiation. However, due to the lack of definite molecular markers, it should be noted that precursor cells and preadipocytes can be at least 
partly overlapping populations. Solid arrows represent conclusions from in vivo lineage tracing studies, dotted lines represent conclusions inferred from 
ex vivo or in vitro studies.
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Lineages

When studying intrinsic differences 
within cells of a particular population, 
a commonly used approach is to deter-
mine the developmental origin of these 
cells and their precursors. It is based on 
the assumption that their lineage defines 
their fate, i.e., the potential cell type(s) 
and thus functions one particular cell can 
acquire. Especially the apparently simple 
discrimination by the Myf5+ lineage giv-
ing rise to classical brown but not brite 
and white adipocytes fuelled this way of 
thinking.25 If brite adipocytes appear as 
apparently white adipocytes that can be 
stimulated quickly to a brown-like pheno-
type, whereas the “normal white” cannot, 
the developmental origin might actually 
be the distinguishing feature.33

However, recent reports have proven 
adipocyte development to be more 
complex than anticipated and that the 
Myf5 lineage is not exclusive to classical 
brown in contrast to other adipocytes43,44 
(Fig. 1). In spite of a number of tracing 
studies using different markers, the pre-
adipocyte is still not a defined cell and no 
developmental path delineating brown, 
white or possibly brite adipocytes from 
each other has been established. Given 
the multiple cell types (including mes-
enchymal stem cells, vascular epithelial 
cells, neural crest cells, and hematopoi-
etic stem cells) that were shown to con-
tribute at least parts of the white and 
possibly brown adipocyte populations 
during normal murine life,45-48 we might 
have to accept that we deal with conver-
gent development to mature cells virtu-
ally indistinguishable in spite of different 
origins. Thus, as long as we lack any trait 
differentiating adipocytes capable of 
white to brown transdifferentiation from 
those cells that are not capable of under-
going this process, the question whether 
a single or multiple subtypes of appar-
ently white adipocytes exist will have to 
remain unanswered.

Future Approaches

How could we approach these open 
questions? Prolonged cold stimulation 
beyond the commonly employed 7 day 
stimulation could give additional insights 

Figure 2. Brite adipocyte formation from white adipocytes. Two potential models of how mature 
apparently white adipocytes can be transformed into brite adipocytes are depicted. A potential 
contribution of any precursor cells to brite adipocyte recruitment is not taken into account here. 
Left: Adipocyte precursors within a white adipose tissue depot develop into a homogenous pop-
ulation of mature white adipocytes. Upon cold adaptation, a subset of these transdifferentiates 
into thermogenic brite adipocytes. The subset could be determined by their vicinity to blood ves-
sels and thus circulating factors, adrenergic nerve endings or special extracellular matrix compo-
nents. Right: Different subsets of the adipocyte precursor population within a white adipose tissue 
depot develop into an apparently homogeneous but intrinsically heterogeneous population of 
cells with mature white adipocyte characteristics. One subset of these cells holds the potential to 
transform into thermogenic brite adipocytes upon cold adaptation, while the others remain white 
adipocytes.
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into the question whether only a subset of apparently white adi-
pocytes is capable of turning into brite adipocytes. If the trans-
differentiation potential is limited to a finite number of cells, 
the remaining adipocytes should retain their white phenotype 
independent of the length of the stimulus. Additional research 
is also needed regarding the different potential of white adipose 
tissue depots to form brite adipocytes, for example the epididy-
mal depot remaining purely white fat in comparison to inguinal 
adipose tissue capable of transdifferentiation. We need to under-
stand which differences are crucial for the different behavior 
of these tissues upon cold stimulation to induce transdifferen-
tiation efficiently. Neuronal interactions but also contributions 
from stromal–vascular cells will probably be the major focus of 
attention. Finally, the ongoing development of novel techniques 
for characterization and manipulation of primary cells in vivo 
or ex vivo will be essential. Our presented novel mouse strains 

combined with live adipocyte FACS allow for a more selective 
analysis of the cell types of interest and circumvention of several 
biases of cell culture work. Transgenic mouse strains allowing 
specific modifications only in white or brite adipocytes would be 
a major technical advance, although challenging due to the lack 
of exclusive markers.

The additional insights should allow us to put the existing 
and rapidly increasing wealth of molecular information mainly 
derived from cell culture data into the bigger perspective of in 
vivo organ function. We are convinced that only a combina-
tion of these experimental approaches will allow us to address 
the challenging task of increasing energy expenditure in adult 
humans in a safe and efficacious manner.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

References
1. Cypess AM, Lehman S, Williams G, Tal I, Rodman 

D, Goldfine AB, Kuo FC, Palmer EL, Tseng YH, 
Doria A, et al. Identification and importance of 
brown adipose tissue in adult humans. N Engl J Med 
2009; 360:1509-17; PMID:19357406; http://dx.doi.
org/10.1056/NEJMoa0810780

2. Saito M, Okamatsu-Ogura Y, Matsushita M, 
Watanabe K, Yoneshiro T, Nio-Kobayashi J, Iwanaga 
T, Miyagawa M, Kameya T, Nakada K, et al. High 
incidence of metabolically active brown adipose 
tissue in healthy adult humans: effects of cold 
exposure and adiposity. Diabetes 2009; 58:1526-
31; PMID:19401428; http://dx.doi.org/10.2337/
db09-0530

3. van Marken Lichtenbelt WD, Vanhommerig JW, 
Smulders NM, Drossaerts JM, Kemerink GJ, Bouvy 
ND, Schrauwen P, Teule GJ. Cold-activated brown 
adipose tissue in healthy men. N Engl J Med 2009; 
360:1500-8; PMID:19357405; http://dx.doi.
org/10.1056/NEJMoa0808718

4. Virtanen KA, Lidell ME, Orava J, Heglind M, 
Westergren R, Niemi T, Taittonen M, Laine J, Savisto 
NJ, Enerbäck S, et al. Functional brown adipose tis-
sue in healthy adults. N Engl J Med 2009; 360:1518-
25; PMID:19357407; http://dx.doi.org/10.1056/
NEJMoa0808949

5. Zingaretti MC, Crosta F, Vitali A, Guerrieri M, 
Frontini A, Cannon B, Nedergaard J, Cinti S. The 
presence of UCP1 demonstrates that metabolically 
active adipose tissue in the neck of adult humans 
truly represents brown adipose tissue. FASEB J 
2009; 23:3113-20; PMID:19417078; http://dx.doi.
org/10.1096/fj.09-133546

6. Langin D. Recruitment of brown fat and conversion 
of white into brown adipocytes: strategies to fight the 
metabolic complications of obesity? Biochim Biophys 
Acta 2010; 1801:372-6; PMID:19782764; http://
dx.doi.org/10.1016/j.bbalip.2009.09.008

7. Ravussin E, Kozak LP. Have we entered the 
brown adipose tissue renaissance? Obes Rev 
2009; 10:265-8; PMID:19175509; http://dx.doi.
org/10.1111/j.1467-789X.2008.00559.x

8. Rothwell NJ, Stock MJ. Surgical removal of brown 
fat results in rapid and complete compensation 
by other depots. Am J Physiol 1989; 257:R253-8; 
PMID:2548406

9. Saito M. Brown adipose tissue as a regulator of energy 
expenditure and body fat in humans. Diabetes Metab 
J 2013; 37:22-9; PMID:23441053; http://dx.doi.
org/10.4093/dmj.2013.37.1.22

10. Virtanen KA, van Marken Lichtenbelt WD, Nuutila 
P. Brown adipose tissue functions in humans. Biochim 
Biophys Acta 2013; 1831:1004-8; PMID:23274235; 
http://dx.doi.org/10.1016/j.bbalip.2012.12.011

11. Ouellet V, Labbé SM, Blondin DP, Phoenix S, Guérin 
B, Haman F, Turcotte EE, Richard D, Carpentier 
AC. Brown adipose tissue oxidative metabolism 
contributes to energy expenditure during acute cold 
exposure in humans. J Clin Invest 2012; 122:545-
52; PMID:22269323; http://dx.doi.org/10.1172/
JCI60433

12. Vijgen GH, Sparks LM, Bouvy ND, Schaart G, 
Hoeks J, van Marken Lichtenbelt WD, Schrauwen 
P. Increased oxygen consumption in human adi-
pose tissue from the “brown adipose tissue” region. 
J Clin Endocrinol Metab 2013; 98:E1230-4; 
PMID:23783102; http://dx.doi.org/10.1210/
jc.2013-1348

13. Chen KY, Brychta RJ, Linderman JD, Smith S, 
Courville A, Dieckmann W, Herscovitch P, Millo 
CM, Remaley A, Lee P, et al. Brown fat activa-
tion mediates cold-induced thermogenesis in adult 
humans in response to a mild decrease in ambi-
ent temperature. J Clin Endocrinol Metab 2013; 
98:E1218-23; PMID:23780370; http://dx.doi.
org/10.1210/jc.2012-4213

14. Carey AL, Formosa MF, Van Every B, Bertovic 
D, Eikelis N, Lambert GW, Kalff V, Duffy SJ, 
Cherk MH, Kingwell BA. Ephedrine activates 
brown adipose tissue in lean but not obese humans. 
Diabetologia 2013; 56:147-55; PMID:23064293; 
http://dx.doi.org/10.1007/s00125-012-2748-1

15. Cinti S. The adipose organ at a glance. Dis Model 
Mech 2012; 5:588-94; PMID:22915020; http://
dx.doi.org/10.1242/dmm.009662

16. Waldén TB, Hansen IR, Timmons JA, Cannon B, 
Nedergaard J. Recruited vs. nonrecruited molecular 
signatures of brown, “brite,” and white adipose tis-
sues. Am J Physiol Endocrinol Metab 2012; 302:E19-
31; PMID:21828341; http://dx.doi.org/10.1152/
ajpendo.00249.2011

17. Young P, Arch JR, Ashwell M. Brown adipose tissue 
in the parametrial fat pad of the mouse. FEBS Lett 
1984; 167:10-4; PMID:6698197; http://dx.doi.
org/10.1016/0014-5793(84)80822-4

18. Loncar D. Convertible adipose tissue in mice. Cell 
Tissue Res 1991; 266:149-61; PMID:1747909; 
http://dx.doi.org/10.1007/BF00678721

19. Petrovic N, Walden TB, Shabalina IG, Timmons JA, 
Cannon B, Nedergaard J. Chronic peroxisome pro-
liferator-activated receptor gamma (PPARgamma) 
activation of epididymally derived white adipocyte 
cultures reveals a population of thermogenically 
competent, UCP1-containing adipocytes molecularly 
distinct from classic brown adipocytes. J Biol Chem 
2010; 285:7153-64; PMID:20028987; http://dx.doi.
org/10.1074/jbc.M109.053942

20. Ishibashi J, Seale P. Medicine. Beige can be slimming. 
Science 2010; 328:1113-4; PMID:20448151; http://
dx.doi.org/10.1126/science.1190816

21. Schulz TJ, Huang TL, Tran TT, Zhang H, Townsend 
KL, Shadrach JL, Cerletti M, McDougall LE, 
Giorgadze N, Tchkonia T, et al. Identification of 
inducible brown adipocyte progenitors residing in 
skeletal muscle and white fat. Proc Natl Acad Sci U S 
A 2011; 108:143-8; PMID:21173238; http://dx.doi.
org/10.1073/pnas.1010929108

22. Lazar MA. Developmental biology. How now, brown 
fat? Science 2008; 321:1048-9; PMID:18719271; 
http://dx.doi.org/10.1126/science.1164094

23. Schulz TJ, Huang P, Huang TL, Xue R, McDougall 
LE, Townsend KL, Cypess AM, Mishina Y, Gussoni 
E, Tseng YH. Brown-fat paucity due to impaired BMP 
signalling induces compensatory browning of white 
fat. Nature 2013; 495:379-83; PMID:23485971; 
http://dx.doi.org/10.1038/nature11943

24. Xue B, Rim JS, Hogan JC, Coulter AA, Koza RA, 
Kozak LP. Genetic variability affects the develop-
ment of brown adipocytes in white fat but not in 
interscapular brown fat. J Lipid Res 2007; 48:41-
51; PMID:17041251; http://dx.doi.org/10.1194/jlr.
M600287-JLR200

25. Seale P, Bjork B, Yang W, Kajimura S, Chin S, Kuang 
S, Scimè A, Devarakonda S, Conroe HM, Erdjument-
Bromage H, et al. PRDM16 controls a brown fat/
skeletal muscle switch. Nature 2008; 454:961-
7; PMID:18719582; http://dx.doi.org/10.1038/
nature07182

26. Frontini A, Cinti S. Distribution and development of 
brown adipocytes in the murine and human adipose 
organ. Cell Metab 2010; 11:253-6; PMID:20374956; 
http://dx.doi.org/10.1016/j.cmet.2010.03.004

27. Wu J, Boström P, Sparks LM, Ye L, Choi JH, 
Giang AH, Khandekar M, Virtanen KA, Nuutila P, 
Schaart G, et al. Beige adipocytes are a distinct type 
of thermogenic fat cell in mouse and human. Cell 
2012; 150:366-76; PMID:22796012; http://dx.doi.
org/10.1016/j.cell.2012.05.016



www.landesbioscience.com Adipocyte 9

28. Sharp LZ, Shinoda K, Ohno H, Scheel DW, Tomoda 
E, Ruiz L, Hu H, Wang L, Pavlova Z, Gilsanz V, et 
al. Human BAT possesses molecular signatures that 
resemble beige/brite cells. PLoS One 2012; 7:e49452; 
PMID:23166672; http://dx.doi.org/10.1371/jour-
nal.pone.0049452

29. Cypess AM, White AP, Vernochet C, Schulz TJ, Xue 
R, Sass CA, Huang TL, Roberts-Toler C, Weiner LS, 
Sze C, et al. Anatomical localization, gene expression 
profiling and functional characterization of adult 
human neck brown fat. Nat Med 2013; 19:635-
9; PMID:23603815; http://dx.doi.org/10.1038/
nm.3112

30. Lidell ME, Betz MJ, Dahlqvist Leinhard O, Heglind 
M, Elander L, Slawik M, Mussack T, Nilsson D, 
Romu T, Nuutila P, et al. Evidence for two types 
of brown adipose tissue in humans. Nat Med 
2013; 19:631-4; PMID:23603813; http://dx.doi.
org/10.1038/nm.3017

31. Jespersen NZ, Larsen TJ, Peijs L, Daugaard S, 
Homøe P, Loft A, de Jong J, Mathur N, Cannon B, 
Nedergaard J, et al. A classical brown adipose tissue 
mRNA signature partly overlaps with brite in the 
supraclavicular region of adult humans. Cell Metab 
2013; 17:798-805; PMID:23663743; http://dx.doi.
org/10.1016/j.cmet.2013.04.011

32. Rosenwald M, Perdikari A, Rülicke T, Wolfrum 
C. Bi-directional interconversion of brite and 
white adipocytes. Nat Cell Biol 2013; 15:659-
67; PMID:23624403; http://dx.doi.org/10.1038/
ncb2740

33. Petrovic N, Walden TB, Shabalina IG, Timmons JA, 
Cannon B, Nedergaard J. Chronic peroxisome pro-
liferator-activated receptor gamma (PPARgamma) 
activation of epididymally derived white adipocyte 
cultures reveals a population of thermogenically 
competent, UCP1-containing adipocytes molecularly 
distinct from classic brown adipocytes. J Biol Chem 
2010; 285:7153-64; PMID:20028987; http://dx.doi.
org/10.1074/jbc.M109.053942

34. Schiaffino S, Reggiani C. Fiber types in mamma-
lian skeletal muscles. Physiol Rev 2011; 91:1447-
531; PMID:22013216; http://dx.doi.org/10.1152/
physrev.00031.2010

35. Westerblad H, Bruton JD, Katz A. Skeletal mus-
cle: energy metabolism, fiber types, fatigue and 
adaptability. Exp Cell Res 2010; 316:3093-9; 
PMID:20580710; http://dx.doi.org/10.1016/j.
yexcr.2010.05.019

36. Cinti S. Adipocyte differentiation and transdifferen-
tiation: plasticity of the adipose organ. J Endocrinol 
Invest 2002; 25:823-35; PMID:12508945

37. Zhou Q, Melton DA. Extreme makeover: converting 
one cell into another. Cell Stem Cell 2008; 3:382-
8; PMID:18940730; http://dx.doi.org/10.1016/j.
stem.2008.09.015

38. Bordicchia M, Liu D, Amri EZ, Ailhaud G, Dessì-
Fulgheri P, Zhang C, Takahashi N, Sarzani R, 
Collins S. Cardiac natriuretic peptides act via p38 
MAPK to induce the brown fat thermogenic pro-
gram in mouse and human adipocytes. J Clin Invest 
2012; 122:1022-36; PMID:22307324; http://dx.doi.
org/10.1172/JCI59701

39. Boström P, Wu J, Jedrychowski MP, Korde A, Ye L, 
Lo JC, Rasbach KA, Boström EA, Choi JH, Long 
JZ, et al. A PGC1-α-dependent myokine that drives 
brown-fat-like development of white fat and thermo-
genesis. Nature 2012; 481:463-8; PMID:22237023; 
http://dx.doi.org/10.1038/nature10777

40. Fisher FM, Kleiner S, Douris N, Fox EC, Mepani 
RJ, Verdeguer F, Wu J, Kharitonenkov A, Flier JS, 
Maratos-Flier E, et al. FGF21 regulates PGC-1α 
and browning of white adipose tissues in adap-
tive thermogenesis. Genes Dev 2012; 26:271-81; 
PMID:22302939; http://dx.doi.org/10.1101/
gad.177857.111

41. Jimenez M, Barbatelli G, Allevi R, Cinti S, Seydoux J, 
Giacobino JP, Muzzin P, Preitner F. Beta 3-adrenocep-
tor knockout in C57BL/6J mice depresses the occur-
rence of brown adipocytes in white fat. Eur J Biochem 
2003; 270:699-705; PMID:12581209; http://dx.doi.
org/10.1046/j.1432-1033.2003.03422.x

42. Vitali A, Murano I, Zingaretti MC, Frontini A, 
Ricquier D, Cinti S. The adipose organ of obesity-
prone C57BL/6J mice is composed of mixed white 
and brown adipocytes. J Lipid Res 2012; 53:619-
29; PMID:22271685; http://dx.doi.org/10.1194/jlr.
M018846

43. Sanchez-Gurmaches J, Hung CM, Sparks CA, Tang 
Y, Li H, Guertin DA. PTEN loss in the Myf5 lineage 
redistributes body fat and reveals subsets of white adi-
pocytes that arise from Myf5 precursors. Cell Metab 
2012; 16:348-62; PMID:22940198; http://dx.doi.
org/10.1016/j.cmet.2012.08.003

44. Berry R, Rodeheffer MS. Characterization of the 
adipocyte cellular lineage in vivo. Nat Cell Biol 
2013; 15:302-8; PMID:23434825; http://dx.doi.
org/10.1038/ncb2696

45. Rodeheffer MS, Birsoy K, Friedman JM. 
Identification of white adipocyte progenitor cells 
in vivo. Cell 2008; 135:240-9; PMID:18835024; 
http://dx.doi.org/10.1016/j.cell.2008.09.036

46. Lee YH, Petkova AP, Mottillo EP, Granneman JG. 
In vivo identification of bipotential adipocyte pro-
genitors recruited by β3-adrenoceptor activation 
and high-fat feeding. Cell Metab 2012; 15:480-
91; PMID:22482730; http://dx.doi.org/10.1016/j.
cmet.2012.03.009

47. Crossno JT Jr., Majka SM, Grazia T, Gill RG, 
Klemm DJ. Rosiglitazone promotes development of 
a novel adipocyte population from bone marrow-
derived circulating progenitor cells. J Clin Invest 
2006; 116:3220-8; PMID:17143331; http://dx.doi.
org/10.1172/JCI28510

48. Billon N, Iannarelli P, Monteiro MC, Glavieux-
Pardanaud C, Richardson WD, Kessaris N, Dani 
C, Dupin E. The generation of adipocytes by the 
neural crest. Development 2007; 134:2283-92; 
PMID:17507398; http://dx.doi.org/10.1242/
dev.002642


