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greater caution must be taken in interpreting studies of 
adipogenesis and adipocyte metabolism. 

 In this review, we offer a consolidated view of the wide-
ranging approaches that can be taken to study adipose bi-
ology and discuss important considerations and pitfalls 
associated with each method. We divide the discussion 
into three sections; the fi rst section describes model sys-
tems, ways to understand where and when molecules of 
interest may play a role in the adipose lineage, and recent 
insights gained from these approaches. The second and 
third sections provide guidelines for the study of adipocyte 
biology in vivo and in cellular systems, respectively. Along 
the way, we highlight improved genetic and cellular mod-
els that can aid researchers interested in studying the role 
of their favorite protein in the adipose tissue and discuss 
the insights gained from each approach. 

 IS MY FAVORITE GENE EXPRESSED IN THE 
ADIPOSE LINEAGE? WHERE DO I LOOK? 

 The establishment and maintenance of adipocytes in 
principle involves key regulatory steps ( 3 ). First, multipo-
tent progenitor cells must commit to the adipocyte lin-
eage, a process referred to as preadipose cell determination. 
Next, in response to appropriate spatial and temporal 
cues, committed preadipose cells undergo adipocyte dif-
ferentiation, a morphological and biochemical transition 
into mature adipocytes. Finally, mechanisms must exist 
that function to maintain the differentiated state of the 
mature adipocyte (adipocyte maintenance). This includes 
factors critical for regulating the functional properties of 
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 Since the 1970s, fat cell differentiation of immortalized 
fi broblast cell lines has been an extensively studied model 
of cellular differentiation ( 1 ). The ability to study this pro-
cess in a tissue culture dish has allowed cellular biologists 
and biochemists to explore general mechanisms of cell 
fate determination and cellular differentiation, and to iso-
late novel regulatory proteins and signaling cascades that 
initiate these processes  . However, it is now clear that adi-
pocytes represent critical regulators of nearly all aspects of 
energy balance. Adipose tissues exhibit high plasticity with 
a tremendous capacity for expansion and contraction in 
response to the energy demands of an organism. The 
alarming rise in obesity and obesity-linked metabolic dis-
orders has directed the focus of energy metabolism re-
searchers to the fi eld of adipose development ( 2 ). Over 
the past several years an increasing number of mouse mod-
els exhibiting a lean or overweight phenotype have been 
described; these phenotypes have often been linked to pri-
mary defects in adipose biology. However, as our knowl-
edge of energy metabolism and adipose biology expands, 
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expression is enriched in subcutaneous versus visceral adi-
pose depots, suppresses a signifi cant portion of the visceral 
adipocyte gene program and phenotype in subcutaneous 
(inguinal) WAT of mice. Kahn and colleagues discovered 
that the transcription factor, Shox2, is expressed more 
abundantly in subcutaneous fat than in visceral WAT de-
pots in both mice and humans, and controls lipolysis pref-
erentially in subcutaneous adipocytes ( 18 ). Moreover, 
Mueller and colleagues have identifi ed Foxa3 as a visceral 
WAT-enriched transcription factor that regulates peri-go-
nadal, but not subcutaneous, adipogenesis in vivo ( 19 ). 

 Response to metabolic challenges.   The ability of adipose 
tissues to respond to rapidly changing environments is con-
ferred by complex signaling cascades that are regulated at 
the transcriptional and posttranscriptional levels. For ex-
ample, during fasting, adipocytes rapidly mobilize stored 
TG through the hydrolytic action of lipases, resulting in 
the release of NEFAs into circulation ( 20 ). Importantly, 
many of the factors that regulate lipolysis are also regulated 
at the level of gene expression. This includes hormone-
sensitive lipase (HSL) itself, as well as transcription factors 
that control the expression of the lipolytic gene program 
(e.g.,  Tblr1 ,  Tfe3 , and  Irf4 ) ( 21–23 ). Upon cold exposure, 
brown and beige adipocytes respond to adrenergic signals 
to induce thermogenic regulatory pathways. This involves 
acute regulatory events as well as alterations in gene ex-
pression programs. Proteins that coordinate these cellular 
adaptations, such as Pgc-1 � , are often themselves regulated 
at the level of gene expression. Therefore, understanding 
how genes of interest are behaving under conditions of 
metabolic stress may shed insight into their functional role 
in the adipose tissue. 

 Expression programs within different adipose tissue depots.   It 
is critical to note that adipose tissue depots are heteroge-
neous. A majority of the mass of the tissue is attributable to 
mature adipocytes; however, the nonadipocyte compart-
ment of adipose tissue (the “stromal vascular” component) 
consists of an abundant variety cell types, including en-
dothelial cells, immune cells, fi broblasts, and adipose pro-
genitor cells (APCs). The relative proportion of these 
diverse cell types can vary considerably between depots. A 
detailed understanding of the cell types that express genes 
of interest is essential to uncovering any potential function 
in the adipose lineage. 

 Methods for separating adipocytes from the stromal and 
vascular cells of the adipose tissue were pioneered in the 
1960s ( 24 ). These methods, still in use today, involve di-
gestion of adipose fragments with collagenase and physi-
cal separation of lipid-containing adipocytes from the 
stromal vascular fraction (SVF) by differential centrifuga-
tion. Hollenberg and Vost ( 25 ) made the seminal discov-
ery that preadipocytes in adult animals exist within the 
adipose tissue SVF. They utilized tritiated thymidine to 
monitor DNA synthesis in the adipose tissue and found 
that radioactivity initially found exclusively in the SVF pro-
gressively appeared in the adipocyte fraction. Because adi-
pocytes are postmitotic, this implied the existence of a 

adipocytes. Any gene suspected of playing a direct role in 
the adipocyte must obviously be expressed at some point 
in the life cycle of the fat cell or its progenitor. Thus, a 
logical fi rst question that must be addressed is: “Where 
and when is my gene and protein of interest expressed 
and/or active in the adipose lineage?” 

 Expression in white and brown adipose tissue depots 
 Expression in white adipose tissue versus brown adipose tissue; 

subcutaneous versus visceral white adipose tissue.   Adipose tis-
sues exist in mammals in two general forms, termed “white” 
and “brown”. White adipose tissue (WAT) serves as the 
principle site for safe energy storage. White adipocytes 
contain a single large lipid droplet and the enzymatic ma-
chinery to both synthesize and hydrolyze TGs. Brown adi-
pose tissue (BAT) is specialized to dissipate chemical 
energy in the form of heat, and serves to protect mammals 
from hypothermia and defend against obesity ( 4 ). How-
ever, in more recent years, it has become more widely ap-
preciated that the designation of an adipocyte as simply 
white or brown may in fact be too simplistic. For instance, 
white adipose depots located in different anatomical re-
gions contain adipocytes that exhibit stable and intrinsic 
differences in gene expression and adipokine secretion 
( 5–7 ). This implies that multiple types of white adipocytes 
exist in mammals and make different contributions to the 
maintenance of energy balance. In fact, numerous studies 
indicate that obese individuals accumulating fat in the vis-
ceral (abdominal) compartment are at much greater risk 
for developing type 2 diabetes and cardiovascular events 
than BMI-matched individuals whose adiposity is more 
prevalent in the subcutaneous regions ( 8 ). Furthermore, 
it is becoming increasingly clear that not all thermogenic 
adipocytes are created equally. It has long been appreci-
ated that multi-locular uncoupling protein 1 (Ucp1)-ex-
pressing cells can be found within white adipose depots; 
however, lineage tracing and molecular analyses of these 
cells now reveal that these thermogenic cells within WAT 
(referred to as “beige” or “BRITE” cells) are in fact devel-
opmentally, molecularly, and perhaps functionally distinct 
from brown adipocytes located within the developmentally 
preformed BAT (“classical brown adipocytes”) ( 9–11 ). 

 Tremendous   insight can be gained by analyzing the ex-
pression of genes of interest in these different adipose de-
pots. Notably, many of the well-characterized determinants 
of thermogenic function in adipocytes, including  Prdm16 , 
 Ppargc-1 ,  Tle3 , and  Ebf2 , are differentially expressed be-
tween white and brown adipocytes. Tle3, a recently de-
scribed antagonist of thermogenic gene expression, is 
more abundant in white adipocytes than in brown adipo-
cytes ( 12 ). Prdm16, Pgc-1, and Ebf2, all activators of brown 
adipocyte development and/or thermogenic gene ex-
pression, are relatively enriched in brown adipocytes ( 9, 
13–16 ). Importantly, in rodents, many of these same genes 
will be expressed at intermediate levels in the subcutane-
ous inguinal WAT where beige fat cells are bountiful ( 10 ). 
Molecular determinants of WAT depot-specifi c adipocyte 
development and function are also coming in focus. Most 
recently, Cohen et al. ( 17 ) determined that  Prdm16 , whose 
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 Regulation during adipogenesis 
 Immortalized preadipose and mesenchymal cell lines.   Moni-

toring the expression and/or protein activity of potential 
adipocyte regulators during adipogenesis can provide in-
sights into the detailed timing when candidates are func-
tionally contributing to the adipogenic program. Numerous 
cellular models have been employed to study adipocyte dif-
ferentiation. These include the multi-potent C3H 10T1/2 
cell line, OP9 preadipocytes, and various 3T3-immortalized 
fi broblasts ( 42–44 ). Historically, the 3T3-L1 fi broblast cell 
line has been the standard model system to identify regula-
tors of adipogenesis and fat cell function (such as lipogen-
esis, lipolysis, etc.). In the 1970s, Green and colleagues 
originally derived 3T3-L1 cells as a clonal subline of Swiss 
3T3 mouse embryonic fi broblasts ( 45, 46 ). 3T3-L1 cells are 
viewed as being a “determined” cell line; the cells are mor-
phologically indistinguishable from less- or nonadipogenic 
fi broblasts, but are highly competent to undergo adipogen-
esis in response to a hormonal/pharmacological cocktail 
consisting of dexamethasone, iso-butyl-methyl-xanthine, 
and insulin (generally referred to as “DMI medium”). Green 
and colleagues also derived 3T3-F442A cells ( 47 ). These 
cells were derived as a subclone of a nonadipogenic clonal 
line and spontaneously acquired its ability to undergo adi-
pogenesis. 3T3-F442A cells are also highly committed. Un-
like 3T3-L1 cells, they are able to differentiate simply by 
stimulating with insulin and, unlike 3T3-L1 cells, can form 
ectopic fat pads when implanted into the sternum of immu-
nodefi cient mice ( 48 ). 

 It is now standard practice to examine the expression of 
candidate adipogenesis factors during the time course of 
DMI-induced adipocyte differentiation in vitro. Often, the 
temporal pattern of expression can help predict the stage 
of differentiation that is infl uenced by the gene of interest. 
Genes that are upregulated in the early stages of differen-
tiation are often, but not necessarily, positive regulators of 
adipogenesis. Genes whose expression is downregulated 
during differentiation are often negative regulators of adi-
pose cell formation. Numerous transcriptional components 
that drive adipocyte differentiation have been identifi ed 
through expression analysis of differentiated 3T3 cells; in-
sightful reviews have been written on this matter ( 3, 49 ). 
Furthermore, differential protein expression or activity be-
tween preadipose and nonadipogenic fi broblast cell lines 
can indicate a role in preadipose cell determination. In-
deed, preadipocyte commitment factors, such as  Zfp423  
and  Tcf7l2 , are enriched in preadipose fi broblast cell lines 
relative to nonadipogenic cells ( 50, 51 ). 

 The clonal fi broblast lines developed by Green and col-
leagues have been instrumental in elucidating many criti-
cal aspects of adipocyte biology ( 52 ). This includes the 
transcriptional regulatory network of fat cell differentia-
tion ( 49 ), the dynamic alterations in the epigenomic land-
scape of differentiating fat cells ( 53–56 ), and adipokines 
controlling lipid and glucose metabolism ( 57–59 ). The 
function of nearly every critical factor of adipogenesis, in-
cluding the master regulatory protein Ppar � , has been 
identifi ed through analysis in 3T3 cells ( 60, 61 ). However, 
it is widely recognized that there are potential limitations 

replicating progenitor within the SVF. Today, it is still 
widely accepted that at least most preadipocytes reside 
within the adipose tissue depot, although other potential 
sources may exist ( 26–29 ). It is now common practice to 
examine the mRNA levels of candidate regulators in frac-
tionated adipose tissues, documenting the relative expres-
sion pattern within the SVF and adipocyte compartment 
in both WAT and BAT. 

 Recent methodological advances in the adipose fi eld now 
allow for highly adipogenic APCs within the SVF to be puri-
fi ed and separated from endothelial and hematopoietic lin-
eage cells ( 26 ). One such method combines antibodies 
raised against combinations of known stem cell cell-surface 
proteins and fl uorescent-activated cell sorting (FACS) to 
selectively purify APCs from freshly isolated adipose SVF. 
Elegant cell transplantation studies by Rodeheffer and col-
leagues determined that at least two distinct APC popula-
tions exist; a primitive population defi ned as CD31  �  ;CD45  �  ;
CD29 + ;Sca1 + ;CD34 + ;CD24 +  (CD24 +  APCs) and a descend-
ing preadipocyte population defi ned as CD31  �  ;CD45  �  ;CD2
9 + ;Sca1 + ;CD34 + ;CD24  �   (CD24  �   APCs) ( 30, 31 ). Both the 
CD24 +  and CD24  �   APC populations uniformly express 
platelet-derived growth factor receptor  �  ( Pdgfr �  ). Pdgfr �  
is a cell surface tyrosine kinase receptor for the family of 
platelet-derived growth factors (Pdgfs). Pdgfr �  is expressed 
broadly in the paraxial mesoderm during embryogenesis 
and is commonly found in fi broblastic/mesenchymal cells 
in various adult tissues ( 32 ). Importantly, lineage-tracing ap-
proaches reveal that adipocytes descend from cells that ex-
press Pdgfr �  at some stage during their genesis ( 31 ); this 
includes adipocytes formed during development as well as 
new fat cells formed in adult animals ( 33–35 ). This is in line 
with historical observations that adipogenesis originates 
from fi broblast-like cells ( 36 ). Clonal analyses indicate 
that  � 70–80% of Pdgfr �  + ;CD31  �  ;CD45  �   cells are capable 
of adipogenesis in vitro ( 33–35 ). Thus, the isolation of 
Pdgfr �  + ;CD31  �  ;CD45  �   has become a convenient method 
to purify adipogenic cells. Other methods utilize transgenic 
reporter strains in which the expression of fl uorescent pro-
teins is driven by the locus/promoters of key regulators/
markers of adipose lineage commitment. Most notably, 
Tang et al. ( 37 ) developed a lineage marking system that 
allows for purifi cation and localization of stromal cells ex-
pressing, or once-expressing,  Ppar �   ( Ppar �   tTA ; TRE -H2B-GFP 
reporter mice). In addition, we recently described the deri-
vation of  Zfp423  GFP  BAC transgenic mice in which GFP is 
expressed under the control of the  Zfp423  locus ( 38 ). These 
reporter models have provided much needed molecular 
evidence to support a long-standing hypothesis that com-
mitted preadipocytes reside in the adipose tissue vascula-
ture within the mural cell compartment ( 36, 39, 40 ). This is 
supported by a recent study by Kuang and colleagues dem-
onstrating the expression of  Fabp4  in PdgfR �  +  adipose pro-
genitors located in the adipose tissue vasculature ( 41 ). It is 
important to note that the precise relationship between all 
of the aforementioned APC populations remains unclear; 
however, these methods provide a starting point for defi n-
ing the expression pattern and function of genes of interest 
in the early stages of adipogenesis. 
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on the basis of  Zfp423 ,  PdgfR �  , or  Fabp4  (aP2) expres-
sion when using corresponding reporter mouse strains 
( 38, 41 ). 

 A potential caveat to the sole reliance on these cells is 
that the precise relationship between these cultured 
preadipocytes and native APCs found in adult animals 
in vivo remains uncertain. In fact, we have recently shown 
that the adipogenic capacity of depot-specifi c SVCs in vitro 
does not mirror the capacity of adipogenesis in vivo. 
SVCs from subcutaneous WAT differentiate more robustly 
in vitro than SVCs from visceral WAT ( 71, 72 ). However, 
in vivo, there is limited adipogenesis occurring in the in-
guinal WAT of male mice upon high-fat feeding; this de-
pot expands predominantly through adipocyte hypertrophy 
( 73 ). On the contrary, there is robust adipogenesis under 
numerous conditions in the epididymal fat of these same 
mice ( 73 ). It is possible that the in vitro cell culture condi-
tions cannot fully mimic the stimulations these APCs are 
encountering in vivo under various physiological condi-
tions. Also, it is unknown if the APCs at the embryogenic 
stage share the same characteristics with the APCs in adult 
or aged individuals, and if they respond to the same stimu-
lations to undergo proliferation and differentiation. Fur-
ther studies will be needed to better understand the 
precise relationship between the commonly used preadi-
pocyte cultures and native APCs found in vivo. 

 Additional considerations 
 In most studies describing the function of genes/pro-

tein in adipose biology and energy metabolism, the experi-
ments utilize rodents that are male; this refl ects the widely 
accepted notion that male animals are more susceptible to 
metabolic disturbances than female animals and thus, 
phenotypes are more readily observed in these male mod-
els. It is important to note that there is a tremendous sex-
ual dimorphism to the adipose phenotype in obesity. 
These differences have been recently highlighted else-
where in numerous reviews ( 74, 75 ). The phenotypic re-
sponse of the adipose tissue to high-fat feeding is regulated, 
in part, by the direct actions of estrogen signaling in the 
adipocyte itself ( 76 ). Likewise, age is another variable that 
may affect adipose function and expansion in obesity ( 77 ). 
Understanding the dependence of sex and age on the ex-
pression of genes of interest can shed light on the func-
tional role of these factors. 

 It is also important to consider the impact of circadian 
rhythmicity on WAT and BAT gene expression. The circa-
dian clock machinery is functional and regulated in adipo-
cytes within all the major depots in mice ( 78, 79 ). A white 
adipocyte in vivo must adjust rates of de novo lipogenesis 
(DNL) and TG storage with the rate of hydrolysis of TG 
according to the circadian clock ( 80 ). Gerhart-Hines et al. 
( 81 ) recently provided clear evidence that the thermogenic 
program of classical BAT is under circadian control. Thus, 
any interpretations of adipose gene expression data should 
take into account the precise time of day in which the tis-
sues are harvested. 

 The paragraphs above highlight the importance of un-
derstanding the temporal and spatial expression pattern 

to the use of immortalized cell lines. Most notably, 3T3-L1 
cells are signifi cantly aneuploid ( 52 ). 3T3-L1 preadipo-
cytes are highly committed preadipose cells; however, the 
precise relationship between these cultured preadipocytes 
and adipose progenitors found in adult and fetal animals 
in vivo remains uncertain. 3T3 adipocytes in vitro can dif-
fer signifi cantly from white adipocytes found in vivo ( 62 ). 
For instance, 3T3-L1 adipocytes express lower amounts of 
leptin than adipocytes found in vivo ( 63 ). Morphologi-
cally, 3T3-L1 preadipocytes differentiate into multilocular 
adipocytes, which are largely different from the unilocular 
mature white adipocytes in vivo. Importantly, 3T3-L1 adi-
pocytes are white adipocyte-like; however, to what extent 
they resemble any particular depot-specifi c adipocyte found 
in vivo remains unclear. In vitro experiments based solely 
on evidence from a 3T3-L1 paradigm should therefore be 
interpreted with caution. 

 Adipose-derived stromal vascular cultures.   Studies from 
the 1970s fi rst revealed that fi broblast-like cells from the 
cultures of the SVF [stromal vascular cultures (SVCs)] 
could be propagated and differentiated, in a similar way to 
3T3-L1 fi broblasts, into mature adipocytes in vitro ( 64–66 ). 
Cells within SVCs, however, can also give rise to other os-
teoblasts, myoblasts, and chondrocytes ( 68 ). As recently 
described elsewhere, this has led to an expanded nomen-
clature to describe SVCs, which includes “adipose stem 
cells” or “mesenchymal stem cells” ( 68 ). Importantly, these 
in vitro SV-derived adipocytes molecularly resemble the 
adipocytes found in their depot of origin; BAT-derived 
SVCs differentiate into brown adipocytes and SVCs from 
WAT differentiate into white adipocytes ( 69, 70 ). Further-
more, WAT depot-specifi c characteristics are preserved in 
the in vitro-derived adipocytes. SVCs from human and 
mouse WAT give rise to adipocytes in culture that molecu-
larly and functionally resemble adipocytes located in their 
tissue of origin; this suggests that at least some of the 
depot-specifi c properties of anatomically distinct white fat 
tissues are intrinsic, programmed at the level of the pread-
ipocyte ( 70, 71 ). 

 Adipose SVCs offer distinct advantages over 3T3-L1 
cells. First, they retain many of the properties of their de-
pot of origin; to some extent, this allows for an analysis of 
depot-specifi c gene expression and function during adipo-
genesis. Recently, adipose SVCs from inguinal WAT have 
been instrumental in identifying and studying beige and 
white adipogenesis and function ( 10 ). Second, using pri-
mary cells circumvents the caveats associated with im-
mortalized cells. However, these cells can easily become 
immortalized, if desired, through classic 3T3 passaging 
protocols. This has been particularly useful in the context 
of generating 3T3 immortalized clonal cell lines of beige 
fat progenitors ( 10 ). Furthermore, the primary cells can 
be transduced with retroviral or adenoviral vectors in an 
effort to create gain- or loss-of-function cellular models. It 
should be noted however, that adipose SVCs remain het-
erogeneous, even after extensive culturing. Methods to 
prospectively identify preadipose fi broblasts from these 
SVCs now exist. Preadipocytes from SVCs can be isolated 
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under different physiological or pathological conditions 
in adult organisms ( 91, 92 ). Recently, we developed a sim-
ple pulse-chase lineage tracing approach (referred to as 
the “AdipoChaser” mouse for convenience) to identify 
new adipocytes that are formed during high-fat feeding, or 
in response to cold exposure ( 73 ). AdipoChaser mice uti-
lize a combination of three published transgenic lines 
(  Fig. 1A  ):   1 ) transgenic mice expressing the “tet-on” tran-
scription factor rtTA under the control of the adiponec-
tin gene promoter ( Adn -rtTA) ( 93 );  2 ) a tet-responsive 
CRE ( TRE -Cre) line that can be activated with rtTA in the 
presence of doxycycline ( 94 ); and  3 )  Rosa26  reporter mice 
expressing a reporter gene from the  Rosa26  locus in a 
Cre dependent manner ( Rosa26 -loxP-STOP-loxP-reporter) 
( 95 ). In the absence of doxycycline, there is no reporter 
expression in mature adipocytes. Upon treatment with 
doxycycline, rtTA activates the TRE promoter to induce 
Cre expression, and Cre protein will subsequently elimi-
nate the fl oxed transcriptional stop cassette and perma-
nently turn on reporter gene expression in every mature 
adipocyte present during doxycycline exposure ( Fig. 1B, C ). 
Importantly, within 12 h of removing doxycycline-containing 
food, Cre expression returns to baseline levels seen prior to 
doxycycline treatment ( 73 ). Thus, any new adipocyte gener-
ated after this stage will be LacZ negative. AdipoChaser 
mice were used to monitor adipocyte development in 
embryos and perinatal animals, as well as adipocyte hyper-
plasia occurring in obese adult mice. This led to the obser-
vation that most inguinal white adipocytes, like classic 
brown adipocytes, are formed during embryogenesis while 
the epididymal fat cells are formed only after birth. In 
adults, the inguinal WAT of male mice expands almost ex-
clusively by adipocyte hypertrophy during high-fat diet 
feeding. In contrast, the epididymal WAT of these same 
mice exhibits both adipocyte hypertrophy and adipocyte 
hyperplasia, highlighting the depot-specifi c mechanisms 
of WAT expansion ( 73 ). 

 Cre-loxP-mediated lineage tracing approaches have also 
been used recently to address the origin and fate of cold-
induced beige adipocytes in the inguinal WAT depot. The 
prevailing hypothesis in the fi eld has been that UCP1 +  adi-
pocytes that arise within the WAT depot during cold expo-
sure originate through a “transdifferentiation” of mature 
unilocular white adipocytes into thermogenic multilocu-
lar cells ( 96, 97 ). This hypothesis is supported by elegant 
morphological analyses, as well as numerous studies re-
vealing the absence of BrdU incorporation in newly de-
rived UCP1 +  adipocytes ( 34 ). Unclear, however, was the 
fate of these UCP1 +  adipocytes after mice returned to ther-
moneutral conditions. Our recent lineage tracing studies 
with the AdipoChaser model indicate that most cold-in-
ducible UCP1 +  cells emerging in the inguinal WAT actu-
ally derive from cells initially not expressing adiponectin 
( Fig. 1C ); this indicates that the majority of inguinal beige 
adipocytes arise through adipogenesis of beige precursors 
( 73 ). This is in line with recent studies indicating the pres-
ence of distinct beige precursor cells residing in the inguinal 
adipose SVF ( 10 ). Importantly, we found that beige adipo-
genesis occurred in a depot where BrdU incorporation in 

of candidate regulators of adipocyte biology. However, it is 
important to note that a gene or protein does not have to 
be actively regulated during adipogenesis or at the level of 
the mature adipocyte in order to exert a function in dif-
ferentiation and/or maintenance of phenotype; it may 
simply have to be present. Moreover, understanding the ac-
tivity, localization, secretion, or posttranslational modifi ca-
tions, rather than mere expression, of candidate enzymes, 
kinases, or secreted factors may be of equal importance. Ul-
timately, functional analyses in vitro and in vivo, as outlined 
below, are needed to fully understand the role of a specifi c 
protein in adipocyte development and function. 

 HOW DO I STUDY ADIPOCYTE DEVELOPMENT 
AND FUNCTION IN VIVO? 

 Tracking adipogenesis in vivo 
 Human and rodent studies suggest that most adipocytes 

are formed early in life and there is little adipocyte turnover 
in older animals ( 82–85 ). However, it is clearly evident that 
in response to high-fat feeding, when the demand for en-
ergy storage increases, there is an expansion in both adipo-
cyte size (“adipocyte hypertrophy”) and adipocyte number 
(“adipocyte hyperplasia”) ( 82 ). Adipocytes are postmitotic; 
therefore, adipocyte hyperplasia results in the formation of 
new fat cells through adipogenesis. Understanding how adi-
pocyte hypertrophy and adipocyte hyperplasia are regulated 
is of profound clinical signifi cance; adipocyte hypertrophy 
is associated with WAT infl ammation, fi brosis, and insulin 
resistance ( 86 ). WAT expansion through adipocyte hyper-
plasia, rather than adipocyte hypertrophy, correlates with 
improved insulin sensitivity ( 87, 88 ). 

 Historically, methods to monitor adipocyte hypertrophy 
and hyperplasia have relied upon:  1 ) quantifi cation of 
cell size and number ( 82, 89 ), and  2 ) BrdU or radiolabeling 
“pulse-chase” experiments to quantify the incorporation of 
label into mature adipocytes ( 34, 90 ). Much has been 
learned using these approaches; however, there are a num-
ber of key assumptions that are made in interpreting these 
experiments. First, one assumes that cell size is a surrogate 
for the age of the cell; smaller fat cells corresponding to 
new fat cells, while large fat cells represent previously exist-
ing adipocytes undergoing hypertrophy. However, differ-
ences in fat cell size may simply refl ect alterations in lipid 
handling. From a technical point of view, quantifying adipo-
cyte number can be challenging given the heterogeneity of 
the adipose tissue. 3D reconstruction of histological sec-
tions may be needed for more accurate quantifi cation. Sec-
ond, when utilizing BrdU incorporation, one assumes that 
progenitors must proliferate before undergoing differentia-
tion. This assumption is reasonable; however, recent data, 
described further below, suggests that a proliferative step 
may not be required for adipogenesis in some cases. 

 Lineage tracing approaches to track adipogenesis.   In recent 
years, inducible genetic lineage tracing systems have been 
used successfully to monitor de novo cell formation in vivo 
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do not exist; suitable markers have yet to be discovered. 
However, Granneman and colleagues have utilized tamox-
ifen-inducible  Pdgfr �  -CreERT2 mice to demonstrate that 
cold-induced beige adipocytes and high-fat diet-induced 
adipogenesis originate from  Pdgfr �   +  cells ( 34 ). Thus, com-
bining the  Pdgfr �  -CreERT2 ( 99 ) with Rosa26 reporter 
lines offers a unique model to track adipogenesis in vivo. 

 Regulation of adipogenesis 
 Analysis of adipose development in germline “knockout” mouse 

models.   The analysis of adipose tissue development in global 
knockout mouse models is complex and relies on thorough 
understanding of the nutritional status of the animal. A 
common misconception is that aberrant adipogenesis per 

adipocytes was not found ( 34 ). This suggests that prolifer-
ation is not required before differentiation. Wolfrum and 
colleagues recently utilized tamoxifen-inducible  Ucp1 -Cre-
ERT2 mice to reveal that these beige adipocytes adopt a 
white adipocyte phenotype (unilocular) upon warm reac-
climation ( 98 ). Going forward, the AdipoChaser model 
and  Ucp1 -CreERT2 mice represent genetic tools to study 
the development of both white and brown/beige adipo-
cytes under different physiological conditions. 

 The AdipoChaser model can be used to provide clear 
evidence of adipocyte hyperplasia; however, the precise 
origin of the newly derived adipocytes cannot be deter-
mined with this model alone. As described further below, 
Cre lines driven by true preadipocyte-specifi c promoters 

  Fig.   1.  Tracking adipogenesis in vivo using the AdipoChaser mouse. A: The AdipoChaser mouse. Adipo-
Chaser mice are derived from interbreeding three transgenic strains:  1 ) transgenic mice expressing the 
“tet-on” transcription factor rtTA under the control of the adiponectin gene promoter ( Adn -rtTA);  2 ) a tet-
responsive CRE ( TRE -Cre) line that can be activated with rtTA in the presence of doxycycline (Dox); and  3 ) 
 Rosa26  LacZ reporter mice expressing a reporter gene from the  Rosa26  locus in a Cre-dependent manner 
( Rosa26 -loxP-STOP-loxP-LacZ). In the absence of doxycycline, rtTA remains inactive and there is no Cre 
expression. Upon treatment with doxycycline, rtTA activates the TRE promoter to induce Cre expression, 
and Cre protein will subsequently eliminate the fl oxed transcriptional stop cassette and permanently turn 
on reporter gene expression in every mature adipocyte present during doxycycline exposure. B: Tracking 
cold-induced beige adipogenesis in inguinal WAT. Prior to doxycycline treatment, inguinal adipocytes are 
devoid of LacZ expression. Upon doxycycline treatment at room temperature, all adipocytes become LacZ 
positive (pulse labeling). After doxycycline withdrawal, mice were switched exposed to 4°C for 3 days; accu-
mulated multilocular adipocytes are observed as LacZ negative, indicating that they were formed from cells 
originally unlabeled rather than preexisting mature   adipocytes  .   
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interest is expressed exclusively in adipocytes (e.g., adi-
ponectin or UCP1), the expression and function of the in-
activated gene in other tissues needs to be understood in 
order to interpret any adipose phenotype. A number of 
studies, including our previous study of  Zfp423  function, 
have analyzed embryonic adipose tissue formation in whole-
body knockout models, because BAT and some subcutane-
ous WAT appear late in the gestation period ( 50 ). Studying 

se drives the development of a lean or obese phenotype. In 
fact, obesity is fundamentally a disorder of energy balance; 
as energy intake exceeds energy expenditure, the demand 
for energy storage increases ( 100 ). Thus, adipose tissue ex-
pansion or contraction is a natural consequence of altered 
energy balance. A lean mouse is not necessarily a lipodystro-
phic mouse (see     Fig. 2  );  low fat mass may simply refl ect high 
levels of energy expenditure. In addition, unless the gene of 

  Fig. 2.  Lean or lipodystrophic  ? A commonly observed phenotype in animal models is a change in adiposity. 
In recent years, more and more mouse models exhibiting protection from diet-induced obesity have been de-
scribed. Ultimately, the level of adiposity is dictated by the demand for energy storage. An engineered mouse with 
reduced adiposity may exhibit reduced fat mass simply because of reduced food intake or because of elevated 
energy expenditure. Such a mouse can be considered “lean”; low adiposity is a normal consequence of a negative 
energy balance. A lean mouse (e.g., C57BL/6 mice on chow diet) exhibits greater glucose tolerance when com-
pared with metabolically unhealthy obese animals (e.g., C57BL/6 mice on high-fat diet). A true adipose defi -
ciency, or “lipodystrophy”, occurs when energy storage in adipose tissue cannot meet the demand for retention of 
fatty acids. This occurs when there is a primary defect in adipose tissue function or development (e.g., Fat-ATTAC, 
A-ZIP, or  aP2 -SREBP-1c transgenic animals; various Ppar �  knockout models) ( 220 ). Lipodystrophic animals ex-
hibit a metabolically unhealthy phenotype, similar (or worse than) that observed in unhealthy obese animals. This 
includes severe insulin resistance, glucose intolerance, elevated TGs, and ectopic lipid deposition and ceramide 
accumulation in the liver, pancreas, and/or skeletal muscle. The residual adipose tissue, though lacking adipo-
cytes, actually exhibits features of pathological adipose tissue seen in unhealthy obese animals. This includes in-
creased fi brosis and infl ammation. Thus, it is not necessarily obesity per se that leads to metabolic disease. In fact, 
mice can be engineered (e.g.,  aP2 -Mitoneet,  aP2 -Glut4,  aP2 -adiponectin transgenic animals) ( 87, 88, 221 ) to ex-
hibit a “healthy-obese” phenotype. This obese phenotype includes preferential expansion of subcutaneous WAT, 
and insulin sensitivity, glucose tolerance, and adiponectin levels seen in normal BMI individuals. Importantly, the 
adipose tissue appears histologically similar to WAT of lean individuals; adipose expansion occurs through adipo-
cyte hyperplasia and limited fi brosis occurs. Furthermore, the “healthy-obese” phenotype correlates with low ec-
topic lipid deposition. The image details the adipose and metabolic phenotypes commonly observed in rodent 
models and in humans  . sWAT, subcutaneous adipose tissue; gWAT, gonadal adipose tissue.   
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adipocytes (referred to as  Adpn -Cre 5.4 ). The line described 
by Eguchi et al  . ( 23 ) is a BAC transgenic expressing Cre 
under the control of a very large portion of the adiponectin 
locus (referred to as  Adpn -Cre BAC ).  Adpn -Cre 5.4  has recently 
been used successfully to delete ER �  in an adipocyte-
specifi c manner ( 76 ); however, in our experience, Cre ex-
pression is relatively weak and the Cre transgene may need 
to be bred to homozygosity for recombination of some 
fl oxed alleles. Thus, the most effi cient and adipocyte-specifi c 
Cre line to date is the publically available  Adpn -Cre BAC  mouse 
line developed by Eguchi et al. ( 23 ). This line, currently 
distributed through the Jackson Laboratory, has been 
used in a number of studies and has been demonstrated 
to be specifi c to adipocytes within WAT and BAT ( 12, 31, 
112, 113 ). 

 An important consideration is that Cre expression is 
driven by promoters activated during the terminal differ-
entiation of adipocytes in nearly all of the existing models 
( Table 1 ). Thus, the expression of fl oxed genes of interest 
will be lost only in actively differentiating or fully differen-
tiated fat cells. An exception to this is the aforementioned 
 Ppar �  -tTA mouse ( 37 ). When combined with the  TRE -Cre 
transgene and fl oxed alleles of interest, tTA is expressed 
in both adipose progenitors and mature adipocytes to 
drive Cre expression. This tool has recently been used suc-
cessfully to examine the impact of activated WNT signal-
ing on early events in adipose tissue formation ( 114 ). 
However, it should be noted that  Ppar �   expression is not 
limited to the adipose lineage; true preadipocyte-specifi c 
Cre lines currently do not exist. 

 BAT-selective gene targeting.   Lineage tracing studies 
using independent approaches discovered that the well-
characterized brown adipocytes that arise during embry-
onic development in rodents (classical brown adipocytes) 
share a common lineage with skeletal muscle, rather than 
white adipocytes. The  Myf5 -Cre line ( 115 ) and  Pax7 -Cre-
ERT2 (tamoxifen-inducible Cre) ( 116 ) used to establish 
this fi nding can now be used to ablate fl oxed genes of in-
terest early in development of BAT. These promoters are 
active in the earliest progenitors that give rise to skeletal 

adipose development during embryogenesis captures the 
early events of WAT and BAT formation and circumvents a 
number of potential metabolic confounders that may arise 
in adult animals; however, this approach alone still cannot 
determine if any observed defects in adipocyte formation 
represent a primary defect within the adipose lineage. 

 Adipocyte-specifi c gene targeting.   The Cre-LoxP recombi-
nation system has been instrumental in elucidating gene 
function in specifi c organs or cell types ( 101 ). To date, 
most “adipocyte-specifi c” knockout models have been gen-
erated by utilizing strains in which Cre expression is driven 
by promoters of genes activated in the terminal stages of 
adipocyte differentiation (  Table 1  ).  The fi rst and most 
commonly used Cre-driver has been the  Fabp4 -Cre mouse 
that was developed independently by a number of groups 
( 102, 103 ). In these models, a Ppar � -dependent 5.4 kb en-
hancer located upstream of the  Fabp4  transcriptional start-
site drives the expression of Cre recombinase. The activity 
of this enhancer was previously characterized as being a 
differentiation-dependent regulatory element ( 104, 105 ). 
However, the precise timing of the activation of the  Fabp4 -
driven transgenes has varied in different transgenic mod-
els; some  Fabp4 -Cre mice exhibit activity only in terminally 
differentiated adipocytes while others show Cre-mediated 
recombination at the level of the progenitor cell ( 37, 41 ). 
 Fabp4 -Cre mice have been used in numerous studies; how-
ever, very recent publications now highlight the serious 
pitfalls of this tool ( 106, 107 ). In particular,  Fabp4 -Cre-me-
diated recombination can occur in cells other than adipo-
cytes, including macrophages, endothelial cells, neural 
cells, and cardiomyocytes ( 106, 108, 109 ). Furthermore, 
 Fabp4 -Cre-mediated recombination of fl oxed alleles in the 
germline can sometimes occur ( 106 ). 

 Alternative adipose-selective Cre lines are now becom-
ing widely available and the  Fabp4 -Cre lines are likely to 
fall out of fashion. Most notably, models in which Cre ex-
pression is driven by the adiponectin gene promoter have 
been generated.  Adpn -Cre, derived by Wang et al. ( 110 ), 
utilizes a 5.4 kb adiponectin promoter fragment that is suf-
fi cient to drive adiponectin transcription specifi cally in 

 TABLE 1. Available mouse strains for genetic manipulation of the adipose lineage     

Strain Specifi city Expression in Adipose Lineage Promoter

 Fabp4 -Cre ( 103 ),  Fabp4 -Cre ( 102 ), 
 Fabp4 -Cre ERT2  ( 123 )

WAT and BAT. CNS, macrophages, 
endothelial cells, and cardiomyocytes 
(depending on strain)

Committed preadipocytes (some strains) 
and mature adipocytes

5.4 kb

 Adipo -Cre ( 110 ),  Adipo -rtTA ( 73 ) WAT, mosaic expression in BAT Differentiating adipocytes, mature 
adipocytes

5.4 kb

 Adipo -Cre ( 23 ) WAT and BAT Differentiating adipocytes, mature 
adipocytes

BAC

 Adipo -Cre ERT2  ( 124 ) WAT, mosaic expression in BAT Differentiating adipocytes, mature 
adipocytes

BAC

 Resistin -Cre ( 107 ) WAT and BAT. Some expression 
in CNS

Differentiating adipocytes, mature 
adipocytes

BAC, 33 kb fragment

 Ppar  �  -tTA ( 37 ) White and brown adipocytes, 
other tissues expressing Ppar � 

Adipocyte progenitors and mature 
adipocytes

Knock-in endogenous 
allele

 Ucp1 -Cre ( 122 ),  Ucp1 -Cre ERT2  ( 98 ) Beige and brown adipocytes Mature adipocytes BAC
 Myf5 -Cre ( 115 ) Muscle lineage and brown adipocytes, 

mosaic expression in other cell types
Classical brown adipocyte precursors Knock-in endogenous 

allele
 Pax7 -Cre ( 222 ),  Pax7 -Cre ERT2  ( 223 ) Satellite cells and embryonic brown 

adipocyte precursors
Classical embryonic brown adipocyte 

precursors
Knock-in endogenous 

allele
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from the system within 24 h ( 73 ), while tamoxifen is much 
harder to wash out and its prolonged effect lasts for weeks 
(128). A head-to-head comparison of the impact of tamox-
ifen and doxycycline on metabolism and adipocyte function 
is still needed; therefore, independent of the system used, it 
is good practice to study cohorts of mice in which experimen-
tal and control animals both receive the Cre-activating drug. 

 Does my mouse have an adipose phenotype? 
 A singular recipe or “standard protocol” for the analysis 

of metabolic phenotypes is diffi cult to prescribe; the pre-
cise approach to analyzing the phenotype of engineered 
mouse models depends on the nature and location of the 
genetic manipulation. In most cases, a thorough analysis 
of energy metabolism in rodents begins with measure-
ments of energy intake (food intake) and energy expendi-
ture. Excellent guidelines for conducting these assays have 
been described ( 129 ). Below, we highlight assays relevant 
to the study of adipose tissue in mouse models (  Table 2  ).  

 Adipose tissue mass and morphology.   As described above, 
alterations in WAT mass may refl ect either a normal adapta-
tion to changes in energy homeostasis or an actual defect in 
adipogenesis. The adipose tissue mass can be measured by 
simply weighing tissues; however, NMR ( 130 ), MRI ( 131 ), or 
CT scans ( 132 ) can provide insight into relative lean versus 
fat mass composition and body fat distribution. Importantly, 
and also described above, the size and number of adipo-
cytes may give insight into how adipose tissue expands or 
handles lipid (adipocyte hyperplasia or hypertrophy). Func-
tional adipose tissue defi ciency can lead to accumulation 
of lipid in other tissues, such as pancreas, muscle, and liver 
(ectopic lipid deposition). Thus, histological analyses of 
these metabolically active tissues are critical for explaining 
an adipose phenotype at the whole-body level (see  Fig. 2 ). 

 Adipose tissue inflammation and macrophage infiltra-
tion.   There is a widely accepted link between adipose tis-
sue infl ammation and systemic insulin resistance ( 133 ). 
During high-fat diet feeding, adipocytes and resident im-
mune cells secrete an array of proinfl ammatory cytokines 
and chemoattractants that further enhances macrophage 
infi ltration ( 133, 134 ). Accumulated adipose tissue mac-
rophages (ATMs) secrete TNF � , IL1 � , and other mole-
cules that can directly impair adipocyte lipid and glucose 
metabolism ( 133 ). ATMs are composed of M1 (classically 
activated) and M2 (alternatively activated) macrophages 
( 132 ); studies have shown that ATMs in normal insulin-
sensitive lean mice have a larger M2 population, while 
increased adiposity leads to an accumulation of M1 popu-
lation ( 135, 136 ). Therefore, besides the classic macrophage 
infi ltration staining by F4/80 ( 137 ), it is useful to analyze 
the M1/M2 population in adipocytes by measuring the ex-
pression of selective markers (CD206, CD301, and IL-10 
for M1 macrophages; NOS2 and IFN �  for M2 macro-
phages) ( 132 ). We have to remember though that the dif-
ferentiation into M1 and M2 macrophages is a functional 
one and many macrophages do not strictly qualify to be 
placed into one of these distinct subclasses. Studies also 

muscle and brown adipocytes, but importantly, are not ac-
tive in the mature brown adipocyte. The  Myf5 -Cre mouse 
has recently become a tool of choice to study classical brown 
adipogenesis; studies of chromatin regulators, PTEN, and 
BMP signaling in BAT development have recently employed 
this tool with great success ( 117–119 ). However, investiga-
tors should be reminded that  Myf5 , a muscle determina-
tion factor, is expressed throughout the skeletal muscle 
lineage, and activated quite early in the presomitic meso-
derm of fetal rodents ( 120, 121 ). Therefore, any interpreta-
tion of phenotypes observed in models using the  Myf5 -Cre 
must consider the potential functions of the inactivated 
gene in the primitive and mature skeletal muscle. Cre lines 
that are specifi cally active in the classical brown adipose 
lineage currently do not exist; however, the  UCP1 -Cre line 
can be used to specifi cally target all mature thermogenic 
adipocytes, both brown and beige ( 122 ). 

 Regulation of adipocyte function in adult animals 
 Inducible adipocyte-specifi c gene targeting.   A signifi cant 

limitation to the use of constitutively active Cre-expressing 
strains is the inability to separate gene function during de-
velopment from gene function in adult animals. The pre-
cise response of adipose tissue to different metabolic 
challenges (e.g., high-fat feeding, cold exposure, etc.) in 
the adult will undoubtedly be infl uenced by defects mani-
fested during development. To overcome this limitation, 
inducible adipocyte-selective Cre drivers have been de-
scribed. Imai et al. ( 123 ) have utilized a tamoxifen-induc-
ible  Fabp4 -CreERT2 strain to drive  Ppar �   deletion in adult 
adipocytes. However, this Cre strain, like other Fabp4-
driven Cre lines described above, appears to target other 
nonadipose cell types and thus may ultimately be limited 
in use. Sassman, Offermanns, and Wettschureck ( 124 ) 
have described an alternative model in which CreERT2 is 
expressed from an adiponectin BAC, resulting in effi cient 
inducible Cre-mediated recombination in WAT depots. 
Similarly, the  Adn -rtTA transgenic allele, when combined 
with the  TRE -Cre transgene and fl oxed alleles of interest, 
can yield doxycycline-inducible fat cell-specifi c knockout 
models ( 73 ). For inducible gene knockout in brown adi-
pocytes, Rosenwald et al. ( 98 ) recently generated a BAC 
transgenic  UCP1 -CreERT2 line. 

 An important consideration in utilizing these inducible 
models is the potential metabolic effects of tamoxifen or 
doxycycline itself. Tamoxifen, an estrogen receptor antag-
onist, can infl uence estrogen receptor signaling through-
out the mouse and has been observed to elicit glucose 
intolerance in male mice ( 125 ). Additional side effects of 
tamoxifen administration in mice, including gastric toxic-
ity, have been reported ( 126 ). The importance of estrogen 
receptor signaling in the adipose tissue is becoming clearer 
( 76, 127 ); therefore, greater caution must be taken with 
the use of tamoxifen. High doses of doxycycline may also 
elicit metabolic effects in mice. As an antibiotic, the poten-
tial side effect of doxycycline on metabolism is an altera-
tion of gut microbiome; bacteria critical for normal energy 
balance may be replaced by doxycycline-resistant strains. 
However, it is evident that doxycycline can be removed 
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show that numbers of CD8 +  effector T cells are infi ltrated 
in adipose tissue of obese mice, whereas CD4 +  helper and 
regulatory T cells are diminished ( 138 ). Taken together, it 
is becoming more important to have a relatively full pic-
ture of the alteration of immune cell populations in adipose 
tissue; this can be achieved in part through FACS analysis 
or immunostaining of CD45 +  (immune cells), CD3 + CD4 +  
(T cells), CD3 + CD8 +  (T cells), B220 +  (B cells), CD3  �  NKp46 +  
(NK cells), and CD11b + F4/80 +  (macrophages) ( 139 ). Apop-
totic adipocytes can be identifi ed by immunohistochem-
istry; a deceased adipocyte appears negative for perilipin 
immunostaining, positive for caspase 3 or terminal deoxy-
nucleotidyl transferase dUTP nick end labeling staining, and 
is surrounded by macrophages (F4/80 staining) ( 137, 140 ). 

 Adipose tissue hypoxia and fi brosis.   The ability of adipose 
tissue to expand depends, much like a tumor, on the abil-
ity of the vasculature to maintain oxygen supply. Over the 
past several years, it has become clear that a common fea-
ture of pathological adipose tissue expansion is the inabil-
ity of the adipose tissue vasculature to keep pace with 
rapidly expanding adipocytes, leading ultimately to local 
hypoxia. This hypoxic response is characterized by increased 
hypoxia-inducible factor-1 �  (Hif-1 � ) expression ( 141, 142 ), 
unfolded protein response, and endoplasmic reticulum stress 
in adipocytes ( 143 ). Regions of hypoxia can be detected 
histologically by pimonidazole staining and are seen in most 
rodent models of diet-induced obesity ( 137, 144 ). 

 Functional studies of Hif-1 �  indicate that this protein, 
unlike its actions in tumor environments, fails to initiate a 
pro-angiogenic response. Instead, elevated Hif-1 �  drives 
the expression of proteins of the extracellular matrix 
(ECM). Adipocytes are embedded in a unique ECM; pro-
teins within the ECM provide both mechanical support 
and participate in various signal pathways ( 145 ). However, 
excessive ECM production, defi ned as “fi brosis,” can re-
duce the plasticity of adipose tissue and can lead to adipo-
cyte dysfunction ( 86 ). In recent years it has become clear 
that adipose tissue fi brosis is a hallmark of metabolically 
challenged adipocytes ( 146–148 ). Adipose tissue fi brosis 
can be visualized by trichrome and picrosirius red staining 
of histological sections ( 149 ). Molecularly, collagen VI is 
believed to be positively correlated with adipose tissue fi -
brosis and decreased collagen VI leads to improvement in 
adipose tissue energy homeostasis ( 146 ). 

 Glucose metabolism and insulin sensitivity.   Adipose tissue 
is a critical regulator of systemic glucose homeostasis and 
insulin sensitivity. Insulin-stimulated glucose uptake is a 
major function of adipocytes in response to insulin stimu-
lation. In rodents, insulin-stimulated glucose uptake can 
be measured in primary adipocytes ( 150–152 ) or by in vivo 
glucose uptake studies ( 153, 154 ). Simple oral or intrap-
eritoneal glucose tolerance tests can be utilized to assess 
the rate and magnitude of glucose clearance from the 
bloodstream ( 88 ), while circulating insulin levels during 
glucose tolerance tests refl ect acute glucose-induced insu-
lin secretion ( 155 ). Insulin tolerance tests can be used to 
measure systemic insulin sensitivity. Specifi c measurements 
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 � 3 agonist-mediated insulin release, which is a direct ef-
fect linked to adipocyte function ( 188, 189 ). 

 TG clearance can be tested upon exposure of the mice 
to an oral TG gavage ( 137, 190 ). For example,  ob/ob  mice 
are expected to have high excursion/slow clearance of 
TGs from circulation ( 87 ). Though WAT is the major site 
of TG clearance, the impact of other tissues, such as BAT, 
cannot be ignored ( 191 ). Thus, injection of  3 H-triolein to 
trace where the lipid has been cleared can further confi rm 
tissue-specifi c responses ( 88 ). LPL hydrolyzes circulating 
TGs to fatty acids. In adipocytes, insulin activates LPL and 
its placement in the capillary endothelium. LPL activity 
assay can be measured enzymatically ( 192 ) to reveal the 
ability of adipose to take up TGs. 

 The liver was once considered the principle lipogenic 
organ; however, DNL in the WAT also plays a key role in 
energy storage and is controlled in response to nutritional, 
hormonal, and metabolic stimuli ( 193–195 ). In humans, 
WAT is likely to be the most important lipogenic organ; 
DNL contributes to approximately one-fi fth of newly de-
posited TG in subcutaneous adipose tissue ( 196 ) with little 
DNL occurring in the liver ( 197–199 ). Thus, studying DNL 
in WAT of rodents has tremendous clinical relevance. A 
few groups reported that DNL in adipose tissue is posi-
tively correlated with insulin sensitivity ( 112, 200, 201 ) and 
is controlled by insulin in the brain ( 202 ). Leptin also ap-
pears to be a regulator of DNL through central STAT3-
independent mechanisms ( 203 ). Lipogenic enzymes in 
the liver and epididymal adipose tissue are predominantly 
suppressed in response to high-fat diet (HFD) feeding; this 
occurs as a feedback mechanism of increased dietary lipid 
intake through increased leptin action. This feedback is 
gradually weakened by prolonged HFD-induced leptin re-
sistance ( 203, 204 ). In contrast to HFD-induced obesity, 
DNL in  db/db  mice is dramatically upregulated in a liver-
selective manner, accompanied by the abnormally elevated 
hepatic expression of PPAR �  ( 205 ). Methods for analyzing 
DNL in adipose tissue include expression analyses of en-
zymes involved in DNL pathways, such as FAS, ACC, ACL, 
etc. ( 203, 204 ), and lipogenesis rate measurements in pri-
mary adipocytes isolated from adipose tissue ( 157 ). 

 Adipokines.   The endocrine action of adipocytes is criti-
cal for the maintenance of nutrient homeostasis and en-
ergy balance. Adipokines are critical to the systemic control 
of metabolic homeostasis; the measurement of the levels 
of some key adipokines is an excellent refl ection of the 
physiological state of adipose tissue. Quantitative (q)PCR 
or Western blot analysis can determine the expression lev-
els of adipokines  , and there are a vast array of ELISA and 
RIA kits on the market to determine adipokine levels in 
circulation. Note that alterations in expression levels of 
adipokines are not always correlated with the changes in 
its secretion rate or concentrations in circulation, each 
stage is strictly regulated by distinct pathways and can be 
disturbed by specifi c manipulation of a component. Further-
more, the changes in adipokines should be very carefully 
interpreted because the exact function of most adipokines 
and their correlations with metabolic phenotypes are still 

of adipose tissue insulin sensitivity require more special-
ized approaches, such as the hyperinsulinemic-euglycemic 
clamp or the use of ex vivo and in vitro models as described 
below. To determine if an alteration in insulin sensitivity 
results from impaired insulin signaling in adipose tissue, 
phosphorylation/activation of Akt, GSK3 � , and ERK can 
be analyzed by Western blotting of primary adipocytes 
treated by insulin ( 156, 157 ) or in vivo insulin injections 
into fasted animals ( 158–160 ). Circulating glucagon, an-
other important hormone that has the opposite effect of 
insulin, is also worth measuring; blood samples should be 
collected with protease inhibitors ( 161 ). 

 Lipolysis, TG clearance, and lipogenesis.   The ability of adi-
pocytes to store TG during periods of nutritional excess 
and release free fatty acids during fasting is achieved 
through coordinated cycles of lipogenesis and lipolysis 
( 162 ). During normal cycles of fasting and feeding, the 
balance between lipogenesis and lipolysis is controlled by 
nutrients such as carbohydrates and polyunsaturated fatty 
acids, and by hormones such as insulin and catecholamines. 
Insulin resistance and dysfunctional adipose tissue in obe-
sity is characterized by inappropriate regulation of these 
pathways ( 163, 164 ). In recent years, studies have shown 
that TG hydrolysis in WAT is not only controlled by HSL, 
but also by desnutrin/adipose TG lipase (ATGL) ( 165–169 ) 
and other lipases. Actually, although HSL has hydrolase 
activity for both TG and diacylglycerol, the enzyme may be 
more prone to hydrolysis of diacylglycerol ( 162, 170, 171 ). 
Desnutrin/ATGL is a TG-specifi c lipase ( 168, 172 ). Adipose-
specifi c ablation of desnutrin/ATGL revealed that this en-
zyme is essential for adipocyte lipolysis and that it is 
phosphorylated by AMPK to increase its lipase activity 
( 173 ). CGI-58, also known as  � / �  hydrolase domain-con-
taining protein 5 (ABHD5), has been found to promote 
TG hydrolysis by coactivating ATGL ( 174 ). Moreover, 
other adipocyte lipases, such as TG hydrolases ( 175 ), adi-
ponutrin, GS2 ( 176 ), and monoglyceride lipase ( 177 ) also 
may contribute to adipose tissue lipolysis. 

 Perilipin A and B on lipid droplets are believed to be a 
barrier that prevents adipocyte lipases from access to neu-
tral lipid substrates ( 178 ). When the  � -adrenergic recep-
tor/adenylyl cyclase pathway is activated, perilipin A is 
phosphorylated by protein kinase A (PKA) and HSL is 
translocated to the lipid droplet surface to be able to meet 
neutral lipid substrates ( 179–183 ). The phosphorylation 
of perilipin A may also increase lipolysis by increasing the 
surface area of neutral lipid droplets to make more neu-
tral lipid substrates accessible for lipases ( 184, 185 ). 

 Analysis of lipolysis can be accomplished by measuring 
basal, fasting, and  � 3 agonist-induced NEFA and glycerol 
release, as well as the activation of adipocyte lipases ( 186 ). 
In  � 3 agonist-induced lipolysis assays, note that the glyc-
erol to NEFA ratio is an assessment of reesterifi cation and 
cellular glyceroneogenesis ( 187 ). While a 1:3 molar ratio 
is predicted for the change, that ratio can be rather differ-
ent and be anywhere from 1:0.1 to 1:2. Besides lipolysis, 
glucose and insulin levels during  � 3 agonist treatment are 
important refl ections of whole-body glucose tolerance and 
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 General considerations   
 In designing and interpreting results, it is essential to 

bear in mind that many of the pathological features of adi-
pose tissue in obesity such as increased infl ammation, fi bro-
sis, or hypoxia will depend on age, strain, sex, and weight. 
Comparing weight- and sex-matched animals is often essen-
tial to understanding the primary defects caused by genetic 
manipulations. Furthermore, all of the potential pheno-
types described above are intimately linked. Insight into the 
cell-autonomous functions of genes of interest can best be 
gained through tissue-specifi c gene ablation or cellular 
analyses as described below. In addition, if a given mouse 
strain is displaying a stunted overall growth (giving rise to a 
“runted” phenotype), care has to be used with respect to 
differentiating a developmental phenotype versus effects of 
a gene product on the functionality of the mature fat cell. 
Mice with disproportionately small growth can show im-
provements in insulin sensitivity and longevity, unrelated to 
the function of the protein in mature fat cells. Ultimately, 
inducible gain- or loss-of-function studies need to be per-
formed to provide functional insights. 

 HOW DO I STUDY ADIPOGENESIS AND 
ADIPOCYTES USING CELLULAR MODELS? 

 Cellular models of adipogenesis remain tremendously 
helpful in understanding the cell-autonomous functions of 
any candidate regulator. In addition, they continue to serve 
as an excellent system to explore the biochemical proper-
ties and function of key adipogenic factors and pathways. 
Furthermore, given the limitations of the existing Cre lines, 
and the inability to target adipose progenitors in a specifi c 
manner, it remains essential to complement in vivo studies 
with cellular analysis. Below, we provide a general overview 
of how ex vivo and in vitro analyses of adipocytes can be 
conducted and highlight important markers that should be 
examined in order to properly interpret results. 

 In vitro adipogenesis assays 
 Adipogenic “cocktails”.   The commonly described stan-

dard protocol for differentiating immortalized or primary 
preadipose cell lines involves inducing differentiation of 
confl uent (growth arrested) cultures with DMI for 48 h, 
followed by maintenance in media containing insulin for 
an additional 4–6 days. This protocol works well for well-
maintained cell lines and primary SVCs; however, supple-
mentation with a Ppar �  agonist, such as the thiazolidinedione 
rosiglitazone or other adipogenic factors, is sometimes 
needed to enhance differentiation in vitro. Brown or beige 
cell adipogenesis can be induced using a similar protocol; 
triiodothyronine (T3) is often added to help initiate the 
thermogenic gene program via thyroid hormone signal-
ing. It should be noted that very little is known about the 
bona fi de signals of white adipogenesis in vivo; therefore, 
adherence to a strict standard protocol may be limiting. 
For example, members of the bone morphogenic protein 
(BMP) family can drive both white and brown adipocyte 
differentiation ( 211–214 ); the mechanisms required for 

being actively studied and are not yet fully understood. 
Taking adiponectin as an example, it is well established 
that the circulating adiponectin level is a refl ection of met-
abolically healthy adipose tissue ( 206 ). Circulating adi-
ponectin levels are generally negatively correlated with 
adipose tissue mass during high-fat diet-induced obesity; 
however, occasionally whole-body fat mass may decrease 
when there is a dramatic drop in circulating adiponectin 
levels, refl ecting other physiological changes in adipose 
tissue ( 137 ). In other cases, if adipose tissue expansion oc-
curs in a healthy manner, adiponectin levels can be posi-
tively correlated with adipose tissue mass ( 190 ). 

 BAT function.   Classical BAT, found most prominently 
in the interscapular region of rodents, is critical for TG 
clearance, glucose disposal, and for nonshivering thermo-
genesis. BAT has an enormous effect on metabolic rate; 
small alterations in BAT activity can impact multiple meta-
bolic variables ( 207 ). Thus, understanding the effect of 
BAT is essential for complete metabolic phenotyping in 
mice. Excellent guidelines for the study of BAT function 
have recently been proposed and thus will not be discussed 
in detail here ( 208 ). Importantly, it is critical for investiga-
tors to note that standard housing conditions (22°C) may 
not be suitable for the analysis of BAT function in rodents; 
this “room temperature” setting actually poses a thermal 
(cold) challenge to most mice. The greatest activation of BAT 
is seen in mice maintained at thermoneutrality ( � 30°C) 
prior to cold exposure. Furthermore, it is now appreciated 
that the thermogenic activity of BAT is under Rev-erb � -
dependent circadian control; mice exposed to cold fare 
considerably better at Zeitgeber time 22 when Rev-erb �  
levels are low ( 81 ). Brown adipocyte activity can be assessed 
by calorimetry and through analysis of molecular markers 
as recently described ( 208 ). Importantly, the measurements 
of core body temperature during acute exposure to the 
cold only minimally refl ect nonshivering thermogenesis 
of BAT; rather it is a refl ection of muscle-based shivering 
thermogenesis. 

 Adipogenesis of beige fat cells.   The ectopic accumulation 
of UCP1 +  multilocular adipocytes within the WAT depots 
has been well-documented for more than a decade; how-
ever, in recent years, these cells have garnered consider-
able interest for their potential role in rodent and human 
energy balance ( 210 ). Beige cell adipogenesis in mice oc-
curs most rapidly in the subcutaneous inguinal WAT; 
however, prolonged cold exposure or stimulation with 
 � 3 agonists eventually trigger the formation of these cells 
in numerous WAT depots. As described above, the Adi-
poChaser model provides a clear approach to study beige 
fat cell neogenesis ( 73 ). However, in any rodent model, 
the abundance of inguinal beige adipocytes can be as-
sayed either histologically (UCP1 immunostaining or lo-
calization of multilocular adipocytes) and molecularly by 
protein and mRNA analysis of thermogenic regulatory 
genes or markers [e.g., Pgc-1 � , Prdm16, UCP1, Cidea, 
and Dio2; see a recent review by Harms and Seale ( 210 ) 
for complete information]. 
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low, differences in differentiation effi ciencies between gen-
otypes are of limited value. The most convincing cellular 
studies of adipogenesis therefore utilize both gain- and loss-
of-function analyses as well as multiple strains of preadipo-
cyte cell lines and induction cocktails. 

 Cellular transplantation assays 
 As described above, an important caveat to the in vitro 

differentiation assays is that the full range of bona fi de adi-
pogenic signals present in vivo may not be represented 
under the standard culture conditions. A complementary 
approach that can be utilized is to perform cellular trans-
plantation experiments. It has long been appreciated that 
among the various immortalized cell lines, the 3T3-F442A 
cells are capable of forming ectopic fat tissue when trans-
planted over the sternum of immune-defi cient animals   
( 48, 215 ). In numerous studies, these cells, along with 
other immortalized lines, have been engineered to overex-
press or knock down genes of interest, and then are trans-
planted into recipient mice as a way to assess brown and 
white adipogenesis in vivo ( 13, 216, 217 ). 

 Transplantation assays have been utilized to charac-
terize the properties of putative adipose progenitor pop-
ulations ( 30, 37, 218 ). Primary APCs characterized by the 

this response may in fact be different than those that drive 
DMI-induced adipogenesis. In addition, some compo-
nents of the standard differentiation cocktail may not be 
needed to stimulate differentiation. Primary Pdgfr +  cells 
from adipose SVF can differentiate in vitro spontaneously 
or with only the addition of insulin ( 37 ). 3T3-F442A cells, 
regarded as being a highly committed preadipose cell line, 
can differentiate in a similar manner ( 47 ). Several labora-
tories have differentiated the cultured mouse SVF with 
varying success; in our experience this likely refl ects the 
varying degrees in which different lots of FBS can support 
adipogenesis. It is quite common for laboratories studying 
adipogenesis to identify FBS from different lots/sources 
that can best support primary preadipocyte differentiation 
under their desired conditions. 

 Assessing adipogenesis.   The extent and quality of adipo-
cyte differentiation in vitro should be assessed by:  1 ) the 
morphological appearance of lipid-laden fat cells (deter-
mined by light microscopy and lipid staining), and  2 ) the 
expression of molecular markers of adipocytes. It is impor-
tant to note that many cells can accumulate lipid; assaying 
lipid accumulation alone may not reveal the extent of adi-
pocyte differentiation. As such, TG synthesis can often be 
confused with adipogenesis (  Table 3  ).  Adipocytes are hor-
mone-producing cells with specialized functions. Thus, it is 
critical to assay the expression of adipocyte-selective genes 
that appear only in adipocytes and not in the undifferenti-
ated progenitors. The most adipocyte-selective genes in-
clude those that encode adipokines, such as adipsin and 
adiponectin; however, as described above, some hormones 
such as leptin may not be expressed in cultured adipocytes. 
A list of some suitable markers can be found in  Table 3 . 

 Gain- and loss-of-function analyses in vitro.   Most of our 
current knowledge regarding the mechanisms controlling 
adipocyte differentiation derives from functional studies 
in 3T3-L1 cells, primary SVCs, and mouse embryonic fi -
broblasts from various mouse models. These cellular sys-
tems can easily be manipulated in vitro using lentiviruses, 
retroviruses, or sometimes using simple transfection meth-
ods. Moreover, the effects of many small molecules on adi-
pogenesis have been assessed using these cellular systems. 

 An important consideration in the design and interpreta-
tion of these cellular experiments is that many manipula-
tions to primary or immortalized cell lines easily result in a 
loss of adipogenic capacity. Proteins or chemicals affecting 
cell growth or viability when introduced to preadipocytes 
may result in impaired adipogenesis; however, this may not 
refl ect a true function in the differentiation process per se. 
While insights from these in vitro studies have proven to be 
very insightful and instrumental for our current under-
standing of adipogenesis, we have to be mindful of the limi-
tations of the system. Conclusions based on the ability of 
stromal vascular isolates to undergo differentiation in vitro 
in support of a pro- or anti-adipogenic phenotype have to 
be performed on multiple isolates and may or may not be 
consistent with the in vivo phenotype. If the overall yield of 
differentiation of unsorted stromal vascular cell isolations is 

 TABLE 3. Adipogenesis or lipogenesis? Reliable preadipocyte and 
adipocyte selective transcripts to assess in vitro adipogenesis    

Molecular Marker 
(mRNA levels)

Preadipocyte 
(in vitro)

Adipocyte 
(in vitro)

Stem cell/adipose 
progenitor genes:

 CD34 + (expression may be lost 
with prolonged culture)

 � 

 Sca1 ++ (expression may be lost 
with prolonged culture)

 � 

 Pdgfr �  (CD140b) ++  � 
 Pdgfr �  (CD140a) +++  � 
 Pref1 +++  � 
Transcription Factors:
 C/EBP � + + + +
 Ppar � 1 + + + +
 Ppar � 2  � + + +
Lipid/glucose metabolism:
 Fabp4 + + + + + +
 Glut4  � + + +
 LpL + + + +
Adipokines:
 Adipsin  � + + + + +
 Adiponectin  � + + + + +

The ability to store excess energy in the form of lipid is an ancient 
and fundamental requirement for growth and survival. Virtually all 
species have developed mechanisms for fat storage.  Caenorhabditis elegans  
stores lipid in intestinal cells while  Drosophila  maintains a “fat body” which 
shares similarities to the mammalian liver. In vertebrates, many cell types 
can accumulate lipid; however, the evolution of adipocytes provided a 
specialized and safe compartment for this purpose. Furthermore, the 
identifi cation of leptin, adiponectin, and other adipocyte-derived 
hormones and cytokines revealed the endocrine function of adipo-
cytes. As such, an adipocyte must be viewed as being more than a mere 
lipid-accumulating cell. Studies of adipogenesis often rely on lipid-
accumulation as a primary read-out for cellular differentiation. Our 
current knowledge of adipocytes demands a more precise defi nition of 
terminally differentiated adipocytes. The extent of adipocyte differen-
tiation in vitro should be determined through quantitative measurements 
in the expression of preadipocyte-selective transcripts (downregulated 
during differentiation) and adipocyte-selective transcripts (activated 
during adipogenesis).
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of the Seahorse analyzer system. Mitochondrial respira-
tion can be determined by measuring oxygen consump-
tion rate; mitochondrial glycolysis can be determined by 
measuring extracellular acidifi cation rate ( 88, 189 ). 

 Many of the functional differences between brown and 
white adipocytes are retained in cultured cells. Brown adi-
pocytes derived from interscapular BAT have high baseline 
levels of UCP1, Pgc-1 � , and other factors of thermogenic 
gene program when compared with cultured white adipo-
cytes. Importantly, in response to forskolin or  � 3-adrenergic 
receptor agonists, cultured brown and beige adipocytes 
exhibit a more robust activation of UCP1 expression and 
ultimately, uncoupled respiration ( 10 ). Interestingly, 3T3-L1 
adipocytes appear resistant to this “browning” response; 
primary adipocytes derived from the inguinal WAT appear 
to have the greatest propensity to activate the thermogenic 
gene program in vitro and in vivo. This cellular model of 
thermogenic function has been extremely useful in de-
lineating the function of proteins in brown and beige fat 
biology. 

 OPPORTUNITIES AHEAD 

 The fi eld of adipose biology has evolved rapidly in last 
several years ( 2 ). Progress is now being made in unravel-
ing the identity of the elusive native APCs. The unique fea-
tures of anatomically distinct brown and white adipocytes 
in rodents and humans are becoming apparent. Moreover, 
the therapeutic potentials of adipokines are increasingly 
evident. The uncovered cellular biology and physiology 
have led to refi nements in our technical approach to study 
adipogenesis and adipocyte metabolism. Similarly, new 
and improved mouse models now provide the opportunity 
to address key biological questions that have yet to be ex-
plored. An immediate goal for the fi eld is to understand 
how adipose tissue mass is regulated by physiological and 
dietary cues in a depot-specifi c manner; combining the 
AdipoChaser model with new tools for the study of APCs 
should help in this endeavor. Inducible Cre-loxP recombi-
nation systems will also allow us to examine the function of 
our genes of interest both during development as well as 
in adult animals. 

 Despite the progress we describe, a number of impor-
tant obstacles remain. A true preadipocyte-selective Cre 
line does not currently exist; gene targeting specifi cally in 
APCs remains a huge challenge. Further profi ling and 
characterization of the recently identifi ed progenitor pop-
ulations may help reveal a suitable marker. Furthermore, 
mouse models that enable investigators to genetically ma-
nipulate fat cells in a depot-specifi c manner would be ex-
tremely useful in understanding the biology of anatomically 
distinct brown/beige and white adipocytes. It has become 
certain that subcutaneous and visceral white adipocytes 
stably express a distinct set of genes; however, whether any 
of these genes can help lead to the derivation of WAT de-
pot-specifi c Cre lines remains unclear, as the gene expres-
sion differences are merely quantitative in nature and 
hardly ever in the form of “all on” or “all off.” 

expression of Pdgfr �  or Pdgfr �    can form an ectopic fat 
pad following transplantation into isogenic or immunode-
fi cient mice ( 34, 37 ). Interestingly, Pdgfr �  +  cells isolated 
from tissues other than adipose failed to generate a similar 
fat pad following transplantation ( 37 ); this suggests adipose-
resident perivascular cells contain determined precursors. 
Furthermore, elegant transplantation studies from Berry 
and Rodeheffer ( 31 ) have revealed functional differences 
between distinct progenitor populations. The CD24 + , but 
not the CD24  �  , population of adipose progenitors can re-
constitute a lipodystrophic mouse and at least partially res-
cue the adipose defi ciency when transplanted into the 
residual WAT of these animals ( 31 ). On the other hand, 
only the CD24  �   population contains cells that can be viewed 
as determined; this population is capable of forming an ec-
topic fat pad when transplanted into regions outside the 
normal WAT microenvironment (e.g., sternum). This sug-
gests that the CD24 +  progenitor population consists of more 
primitive adipose tissue stem cells while the CD24  �   popula-
tion contains more committed preadipocytes. Importantly, 
these functional differences between the two populations 
could not be delineated in vitro using existing methods. 

 These recent studies utilizing cell transplantation assays 
provide a framework for future studies of adipogenesis. In 
principle, the aforementioned populations can be isolated 
from various mouse models of interest and then trans-
planted appropriately in wild-type animals as a means to 
assay the effect of specifi c genetic perturbations on adipo-
genesis. It should be noted, however, that these assays are 
not purely an assay of differentiation per se. Factors that 
infl uence the engraftment, proliferation, or survival of 
these cells may effect the formation of a fat pad. In addi-
tion, these assays remain inconsistent and the variability in 
the sizes of fat tissues formed makes quantifying the results 
diffi cult. Nevertheless, in the absence of a true preadipo-
cyte-specifi c Cre driver, these assays provide a complemen-
tary approach to understanding the biology of APCs. 

 Cellular adipocyte function in a dish 
 The ability to isolate or derive cultures of adipocytes 

provides the opportunity to explore some of the functional 
aspects of fat cells in a cell autonomous manner. Classic 
adipocyte assays include measurements of  �  agonist-in-
duced lipolysis and insulin-stimulated glucose uptake. 
These assays are routinely used with 3T3 adipocytes or pri-
mary adipocytes from various adipose depots ( 150–152 ) 
and combined with molecular analyses of downstream sig-
naling cascades ( 156, 157 ). 

 Another aspect of adipocyte biology that has become 
easier to explore is mitochondrial function. Essential stages 
of lipid and glucose metabolism take place in mitochon-
dria, and mitochondria are crucial for adipokine secre-
tion and insulin sensitivity ( 190 ). Mitochondrial function 
or abundance in adipocytes can be determined by gene 
expression analysis, histology, or fl ow cytometry. For in-
stance, mitochondrial membrane carrier (mDIC) expres-
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 For most of the 20th century, white adipocytes were 
viewed as mere energy-storing cells that serve as the reser-
voir for excess energy. However, it is now clear that adipo-
cytes are quite complex and regulate many facets of energy 
metabolism, physiology, and disease. This extraordinary 
complexity creates many challenges for the fi eld; however, 
it also provides great opportunities for unique therapeutic 
intervention. The tools and methodology available to adi-
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tain that we will continue to rapidly gain new insight into 
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