
Beige Adipocytes Are a Distinct
Type of Thermogenic Fat
Cell in Mouse and Human
Jun Wu,1 Pontus Boström,1 Lauren M. Sparks,2 Li Ye,1 Jang Hyun Choi,1 An-Hoa Giang,1 Melin Khandekar,1

Kirsi A. Virtanen,5 Pirjo Nuutila,5 Gert Schaart,3 Kexin Huang,6 Hua Tu,6 Wouter D. van Marken Lichtenbelt,2 Joris Hoeks,2
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SUMMARY

Brown fat generates heat via the mitochondrial un-
coupling protein UCP1, defending against hypo-
thermia and obesity. Recent data suggest that there
are two distinct types of brown fat: classical brown
fat derived from a myf-5 cellular lineage and UCP1-
positive cells that emerge in white fat from a non-
myf-5 lineage. Here, we report the isolation of
‘‘beige’’ cells from murine white fat depots. Beige
cells resemble white fat cells in having extremely
low basal expression of UCP1, but, like classical
brown fat, they respond to cyclic AMP stimulation
with high UCP1 expression and respiration rates.
Beige cells have a gene expression pattern distinct
from either white or brown fat and are preferentially
sensitive to the polypeptide hormone irisin. Finally,
we provide evidence that previously identified brown
fat deposits in adult humans are composed of
beige adipocytes. These data provide a foundation
for studying this mammalian cell type with thera-
peutic potential.

INTRODUCTION

The epidemic of obesity and diabetes has greatly increased the

interest in brown fat. Adipocytes can be broadly divided into

white and brown fat cells. Whereas white fat cells are specialized

to store chemical energy, brown adipocytes produce heat, coun-

teracting hypothermia, obesity, and diabetes. Brown fat utilizes

a high mitochondrial content and high mitochondrial UCP1 to

uncouple respiration and dissipate chemical energy as heat.

Rodents and other small mammals have copious brown fat

deposits, but larger mammals often lose prominent brown fat
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depots after infancy. Recent data indicate that adult humans

contain significant deposits of UCP1-positive brown fat that

can be detected by positron emission tomography (PET)-scan-

ning methods, particularly in the supraclavicular and neck region

(Cypess et al., 2009; Mirbolooki et al., 2011; Orava et al., 2011;

van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009). The

physiological significance of adult human brown fat has not yet

been fully explored.

It has been known for many years that some white adipose

tissues contain cells that can express high levels of UCP1 and

take on a multilocular appearance upon prolonged stimulation

by cold or pathways that elevate intracellular cyclic AMP

(cAMP) (Cousin et al., 1992; Young et al., 1984). Recent data

have shown that classical brown fat, exemplified by the inter-

scapular depots of rodents, is derived from a myf-5 muscle-

like cellular lineage (Seale et al., 2008). The ‘‘brown-like’’ cells

within white adipose depots are not derived from the myf-5

lineage and have been called ‘‘beige’’ or ‘‘brite’’ cells (Ishibashi

and Seale, 2010; Petrovic et al., 2010; Seale et al., 2008). Inter-

estingly, it has been reported that distinct genetic loci control

the amounts of UCP1-positive cells in the white and classical

brown fat depots (Coulter et al., 2003; Guerra et al., 1998;

Koza et al., 2000; Xue et al., 2005, 2007), strongly suggesting

that these two types of thermogenic cells are regulated differ-

ently. The therapeutic potential of both kinds of brown fat cells

is clear (Himms-Hagen et al., 1994; Seale et al., 2011), as genetic

manipulations in mice that create more brown or beige fat

have strong antiobesity and antidiabetic actions. For example,

ectopic expression in white adipose tissue (WAT) of PRDM16,

a transcriptional coregulator that controls the development of

brown adipocytes in classical brown adipose tissue (BAT)

depots, or in COX-2, a downstream effector of b-adrenergic

signaling, protects mice from diet-induced obesity and meta-

bolic dysfunction (Seale et al., 2011; Vegiopoulos et al., 2010).

Whereas classical brown fat cells have been isolated, cloned,

and characterized, beige fat cells have never been isolated or
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cloned. In fact, some studies have suggested that the ‘‘brown

conversion’’ of white fat is an inherent property of most or all

white fat cells and may not be due to the presence of a distinct

cell type with this predisposition (Cinti, 2002; Himms-Hagen

et al., 2000). Importantly, the identity of brown adipose tissues

in adult humans as either classical brown fat or beige fat is

unknown.

Here, we report the cloning of murine beige fat cells and

describe their unique gene expression signature. Although these

cells have a very low basal level of UCP1 gene expression that

is comparable to bona fide white fat cells, they retain a remark-

able ability to powerfully activate expression of this gene and

to turn on a robust program of respiration and energy expendi-

ture that is equivalent to that of classical brown fat cells.

Furthermore, we show here that the deposits of brown fat previ-

ously observed in adult humans have the gene expression

pattern and immunohistochemical characteristics of beige fat.

These data demonstrate the existence and properties of a

distinct type of adipose cell common to both mice and humans.

RESULTS

Multilocular, UCP1-Positive Cells Are Prominent in the
Subcutaneous White Adipose Depot of Mice
It has been observed that the subcutaneous white adipose

depots of rodents have a higher propensity toward expression

of UCP1 and other brown fat cell genes as compared to the

visceral white adipose depots (Cousin et al., 1992). This propen-

sity to activate these cells varies widely among different strains

of inbredmice (Collins et al., 1997; Guerra et al., 1998). As shown

in Figure 1A, multilocular brown-fat-like cells are readily detect-

able in the inguinal subcutaneous fat depot of 129SVE mice

that are maintained at ambient temperature and have no prior

cold exposure. Gene expression analysis of this subcutaneous

fat tissue showed levels of mRNA-encoding UCP1 and other

brown-fat-cell-enriched proteins, like CIDEA and PGC1a, that

were intermediate between those of epididymal visceral WAT

and the classical (interscapular) BAT (Figure 1B). To determine

whether these differences in gene expression were cell autono-

mous and could be maintained after differentiation in culture,

cells from the stromal vascular fraction (SVF) taken from these

three depots were subjected to in vitro differentiation. This

procedure did not alter the relative enrichment of these brown-

selective genes in different depots (Figure 1C). These data

strongly suggest that at least part of the intermediate ‘‘brown’’

nature of this subcutaneous adipose depot is independent of

extrinsic factors such as innervation, blood flow, the level of

oxygenation, and nutrients.

Unbiased Gene Expression Analysis Identifies Two
Distinct Adipose Cell Types Derived from the
Subcutaneous Fat Depot
To investigate the molecular identity of fat cells from the subcu-

taneous fat depot, we isolated the SVF from subcutaneous fat

in the inguinal region and then subjected these undifferentiated

cells to a classical 3T3 immortalization protocol (Todaro and

Green, 1963). These cultures were then subjected to cloning of

individual cells by limiting dilution; we thus derived 305 new
clonal cell lines (Figure S1A available online). Among these

clonal lines were more than 20 that were highly and reproducibly

adipogenic, as evidenced by lipid accumulation after the induc-

tion of differentiation (Figure S1B). For purposes of subsequent

comparison, multiple adipogenic clones were also generated

by the same methods from the interscapular brown fat depot.

Importantly, these immortalized clonal lines retain expression

of previously reported interscapular depot and inguinal depot-

enriched genes (Billon and Dani, 2011; Gesta et al., 2006; Seale

et al., 2007) (Figure S1C).

To investigate possible heterogeneity in the clonal cells

derived from the subcutaneous adipose tissue, multiple cell lines

were differentiated and treated with forskolin, and their RNA was

subjected tomicroarray analysis.We used the established class-

finding algorithm ISIS (von Heydebreck et al., 2001) to search for

the existence of subgroups among these inguinal cell lines. As

shown in Figure 1D, these 23 cell lines separated into two distinct

clusters, with 10 cell lines in one group and 13 in the other. Once

these groupings were identified and the differentially expressed

gene sets were determined, we included analysis of the cell lines

derived from the classical brown fat depots into the data set; all

samples were then hierarchically clustered by using complete

linkage of differentially expressed genes. This clustering (Fig-

ure 1D) indicates that one of the subsets of cells derived from

the inguinal depot has a gene expression pattern more similar

to the bona fide brown fat cell lines than to the other cluster of

inguinal cell lines. The separation of these three groups of cells

was further established by principle component analysis (PCA;

Figure S1D). These data strongly support the notion that a

distinct pool of progenitors in the inguinal depot can give rise

to cells (beige cells) that are similar, but not identical, to classical

brown fat cells.

Beige Cells Have Characteristics of Both White and
Brown Fat Cells
We further characterized several cell lines from both subgroups

(beige and white) derived from the subcutaneous depot in terms

of their molecular and functional properties. All these lines are

reproducibly highly adipogenic and presented similar levels of

adipogenesis and expression of fat-cell-specific markers (e.g.,

aP2, Adiponectin, Adipsin, and Pparg) (Figure S2A). Both groups

of the inguinal-derived cells showed a similar low basal level of

gene expression for Ucp1, Cox7a1, and Cidea; these levels of

gene expression were much lower than those observed in all

of the cell lines derived from the classical brown fat (Figure 2A).

However, upon cAMP stimulation, the beige lines responded

with a very large induction of Ucp1 gene expression, reaching

similar absolute levels to that observed in the interscapular

BAT lines (Figures 2B and 2C). In fact, although the absolute

levels of Ucp-1 mRNA were similar between beige and brown

cells, the fold induction in the beige cell lines (>150-fold) was

actually greater than that observed in the BAT cell lines (about

40 fold) (Figure S2B). It has been observed that some of the

precursor cells within heterogeneous cultures derived from

epididymal adipose tissue can show an elevated expression of

Ucp-1 in response to PPARg agonist treatment (Petrovic et al.,

2010). In our clonal cell lines, basal expression levels of Ucp-1

are increased upon long-term thiazolidinedione (TZD) treatments
Cell 150, 366–376, July 20, 2012 ª2012 Elsevier Inc. 367
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Figure 1. Beige Fat Cells Arise from a Subset of Preadipocytes in the Subcutaneous Adipose Depot

(A) Multilocular beige fat cells are prominent in the subcutaneous white adipose depot of 129SVE male mice at 7–9 weeks of age. Hematoxylin and Eosin stains

show islets of multilocular fat cells within inguinal white fat depot (4003).

(B) Total RNA was isolated from epididymal (Epi), inguinal (Ing), and interscapular (Bat) adipose tissues of 129SVE mice and assayed for mRNA expression for

Ucp-1 and other brown-fat-like genes by qPCR. Values are mean ±SD (n = 5). Expression levels of Ucp-1 and Cidea are undetected in epididymal depot.

(C) Total RNA was isolated from fat cells differentiated from epididymal (Epi), inguinal (Ing), and interscapular (Bat) primary stromal vascular cells and assayed for

mRNA expression for Ucp-1 and other brown-fat-like genes by qPCR. Relative gene expression was normalized to AdipsinmRNA levels. Values are mean ±SD

(n = 3).

(D) Cluster dendrogram of array expression data with RNA samples from differentiated cultures of 26 immortalized fat cell lines as described in text. Analysis

details were described in the Extended Experimental Procedures. Height (y axis) is Euclidean distance. To mimic the sympathetic tone in vivo upon prolonged

cold exposure when beige fat cells are functionally activated, we analyzed RNA from fully differentiated cells (day 8) that were treated with 10 mM forskolin (FSK),

a cAMP-inducing agent, for 4 hr.

For additional information on the generation of the clonal cell lines, see Figure S1.
in both beige and white cell lines, although this induction is

stronger in the beige cells (8- to 10-fold versus 4- to 5-fold,

respectively) (Figure S2C).

We next investigated the potential of these white and beige

cells to express UCP1 in vivo via transplantation experiments.

Multiple beige and white inguinal lines can differentiate in vivo

and form ectopic fat pads 4–6 weeks after transplantation into

immunodeficient mice. Cidea, Cox7a1, and basal Ucp1 levels

were comparable in transplanted fat pads derived from beige

fat cell lines (X3 and X9) and white inguinal lines (N13 and X7)

in the basal unstimulated state (Figure 2D). To mimic sympa-

thetic nervous system input, we treated mice with CL316,243,

a selective b3-adrenergic agonist, and harvested the trans-
368 Cell 150, 366–376, July 20, 2012 ª2012 Elsevier Inc.
planted fat pads 5 hr later. The fat pads from the beige lines

displayed a 10- to 30-fold increase in Ucp-1 mRNA compared

to basal level, whereas fat pads from white lines showed a

5-fold increase. Thus, these molecular differences in Ucp1

gene expression are a stable property of these cells and can

be readily observed in an in vivo setting.

Mitochondrial respiration is central to adaptive thermogene-

sis. To assay the functional characteristics of these cells, we

investigated respiratory function in representative lines of the

white, beige, and brown groups. In brown cells (bat1) without

cAMP stimulation, uncoupled respiration (respiration insensitive

to oligomycin) contributed to 78% of their basal respiration

rate, which is significantly higher than the relative contribution



of uncoupled respiration in the beige cells (X9, 60%). In the pres-

ence of cAMP, uncoupled respiration went up almost 2-fold in

beige fat cells, compared to a 1.2-fold induction in the brown

fat cells. Importantly, the uncoupled respiration in the beige

cells equaled or even exceeded that in the classical brown fat

cells with the cAMP stimulation. The white cells (J6) had 53%

of uncoupled respiration without stimulation and showed little

cAMP-dependent increase in uncoupled respiration. Both the

basal respiration and uncoupled respiration rates in the white

fat cells are significantly lower than both the brown and beige

fat cells in the presence of cAMP. These experiments revealed

that the beige cells show high respiratory capacity and an un-

coupled respiration that is even more cAMP responsive than

the brown cells (Figure 2E).

Beige Fat Cells Express a Unique Gene Expression
Profile
Analysis of differentially expressed genes between the beige and

brown fat cells demonstrates that they have related but distinct

gene expression profiles (Extended Experimental Procedures).

The expression of a subset of the beige-selective and brown-

selective genes was verified in the basal (not cAMP-stimulated)

state via quantitative PCR (qPCR) analysis (Figure 3A). The

genes whose expression is enriched in brown cell lines in-

cluded markers identified in previous studies, such as epithelial

V-like antigen 1 (Eva1, also known as myelin protein zero-like

2, Mpzl2) (Seale et al., 2007). Importantly, expression of certain

beige-selective genes can distinguish beige fat cells from both

brown fat cells as well as from the white cells derived from the

inguinal depot. Figure 3A shows that genes expressed in a

beige-selective manner include a developmental transcription

factor (Tbx1) and a component of lipid metabolism pathways

(Slc27a1), as well asmolecules known to be important in immune

and inflammatory response pathways (CD40 and CD137).

Because these gene signatures were established from the

clonal cell lines, we returned to mice kept at ambient tempera-

ture to examine expression levels of putative beige- and

brown-selective genes in the inguinal and interscapular adipose

depots. Despite the inevitable heterogeneity in the fat tissues,

mRNAs encoding beige-fat-cell markers such as TMEM26,

CD137, and TBX1 were all expressed at higher levels in the

inguinal fat depot, as compared to the interscapular brown fat.

Conversely, Eva1 and other brown fat genes were expressed

at higher levels in the interscapular brown fat depot (Figure 3B).

Antibodies were commercially available for some of these

potential markers, including CD137, TMEM26, and TBX1 for

beige cells and EVA1 for brown cells. We confirmed that the

protein expression was highly concordant with mRNA expres-

sion, as shownby immunoblot and immunohistochemistry in vivo

(Figures 3C, 3D, and S3). Importantly, immunohistochemical

analysis showed that the UCP1+ cells contained CD137 and

TMEM26 from the inguinal depot, but not from the interscapular

brown fat depot (Figures 3D and S3).

Beige Cell Surface Proteins Can Be Used to Select
Primary Beige-Fat-Cell Precursors
Some of the identified beige-selective markers are cell surface

proteins, and this allows us to use fluorescence-activated cell
sorting (FACS) to separate primary cells from the SVF express-

ing high levels of CD137 or TMEM26 versus those expressing

low levels of these proteins (Figure S4). Although these cells

differentiated equally well, the CD137+ group clearly shows

greatly elevated expression of Ucp-1 as compared to the low

CD137 cells (Figure 4A) in this unstimulated state. A very similar

phenomenon was observed when we used another beige-selec-

tive marker, TMEM26, to sort these cells by FACS (Figure 4B).

Enriched expression of many other thermogenic genes was

observed in beige-marker-positive cells, including mitochondrial

genes Cox7a1 and Cox8b, transcriptional coregulators Prdm16

and Pgc-1b, and the thermogenic hormone Fgf21 (Figures 4A

and 4B).

We have recently shown that irisin, a polypeptide hormone

secreted by muscle and increased with exercise, induced the

‘‘browning’’ of subcutaneous white adipose tissues; in contrast,

this protein had little effect on the classical brown fat cells

isolated from the interscapular depot (Boström et al., 2012).

This differential regulation of a thermogenic program by irisin

suggests that the response to this hormone could be a selective

characteristic of beige cells. To test this hypothesis, we applied

irisin, which was prepared either as a fusion protein with the

Fc fragment of human IgG, or FNDC5, the transmembrane

precursor of irisin shown to be active in Boström et al. (2012),

to the sorted primary inguinal precursor cells during differentia-

tion. All cultures treated with irisin or vehicle differentiated well,

and greater than 90% showed an adipocyte morphology and

copious lipid droplets. As shown in Figure 4C, expression of

Ucp-1 and other known brown-like genes such as Prdm16 and

Cox8b were robustly increased by both irisin-Fc and FNDC5

treatments in the CD137-high-expressing groups. Very little

effect of these same polypeptides was observed on the expres-

sion of these genes in the CD137-low cellular population. These

data strongly suggest that beige cell precursors have preferential

sensitivity to the browning effects of irisin. It is also worth noting

that expression of the fat cell gene and PPARg target aP2 is

slightly but significantly elevated in the irisin/FNDC5-treated

primary beige adipocytes. Although both CD137-high and

CD137-low cultures appeared to be very well differentiated,

these data suggest that irisin might have subtle effects on the

differentiation or PPARg activity of the beige cell precursors.

Brown Fat in Adult Humans Has the Molecular
Characteristics of Murine Beige Cells Rather Than
Brown Adipose Cells
The gene expression signatures generated in this study provide

a powerful tool for investigating the identity of the brown fat

previously identified in adult humans. Human BAT biopsies

from two independent cohorts of patients were analyzed for

the gene expression levels of both beige- and brown-selective

genes (Figures 5A, 5B, and S5). It was necessary to do this in

a quantitative manner because all of the human brown fat

biopsies were somewhat contaminated with visible white fat.

Neighboring white fat that was free of detectable brown fat

was also taken as a control. UCP1 mRNA expression levels

were first determined to confirm BAT versus WAT identity; as

expected, the UCP1 levels were several fold higher in putative

BAT as compared to WAT samples (Figure 5A). The mRNA for
Cell 150, 366–376, July 20, 2012 ª2012 Elsevier Inc. 369
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genes characteristic of beige cells, such as CD137, TMEM26,

and TBX1, were all found to be expressed at significantly higher

levels in the human BAT versus WAT (Figure 5C). Conversely

(and importantly), genes characteristic of the classical murine

brown fat, such as EBF3, EVA1, and FBXO31, were not differen-

tially expressed in the two tissues (Figure 5D).

Because the biopsies of adult human BAT always contain

a mixture of brown and white adipocytes, we also studied the

molecular identity of these UCP1+ fat cells via immunohisto-

chemistry. As shown in Figures 6A and 6B, UCP1-positive cells

in these sections from the supraclavicular region also stained

positively for the beige marker proteins CD137 and TMEM26.

The WAT (perilipin-1+, UCP1-) in the neighboring areas does

not express detectable CD137 (Figure 6C). Taken together,

these results indicate that the brown adipose tissues identified

in adult humans resemble murine beige fat much more closely

than they resemble classical brown fat.

DISCUSSION

The ability of brown fat to suppress obesity through increased

energy expenditure has caused an explosion of interest in the

development and function of brown adipocytes. Studies indi-

cating that the brown fat cells emerging in white fat depots

come from a completely different cell lineage than those in the

classical brown fat depots first suggested the possible existence

of a new type of fat cell, termed beige or brite cells (Seale et al.,

2008). This view has been strengthened by recent studies of

primary cultures derived from epididymal adipose tissue, which

showed that the thermogenic gene program expressed in

response to PPARg agonists was distinct from that stimulated in

cultures of classical brown fat cells from the interscapular depot

(Petrovic et al., 2010). Alternatively, this apparent morphological

‘‘transdifferentiation’’ from white fat to brown fat could, at least

theoretically, represent a fundamental switch in cell identity

(Himms-Hagen et al., 2000). To date, definitive evidence support-

ing either hypothesis has been lacking due to the heterogeneity of

tissues in vivo and in primary stromal vascular cultures.

Stem/progenitor cells have been reported to be isolated

from different fat depots and skeletal muscle by FACS, and their

cell-intrinsic adipogenic capacities have been evaluated in the
Figure 2. Beige Fat Cells Show Comparable Thermogenic Potential to

Representative lines from each group were further analyzed functionally. Bat1,

analyzed for beige fat cells; and N13, X7, J6, and G18 were analyzed for white fa

specific markers were measured via qPCR. See also Figure S2A. Similar results

(A) Total RNA was isolated from the differentiated brown, beige, and white clona

Cidea, and Cox7a1) by qPCR. Values are mean ±SD (n = 3). ***p < 0.001.

(B) Total RNA was isolated from the differentiated brown, beige, and white clonal

Ucp-1. Values are mean ±SD (n = 3). ***p < 0.001.

(C) Protein lysates were isolated from the differentiated brown, beige, and white c

probed by immunoblot as indicated, with tubulin as a loading control.

(D) Cell transplantations were done in the preadipose state as described in Ex

expression was analyzed by qPCR. Values are mean ±SD (n = 5–8). For acute sym

before harvesting the transplanted fat pads.

(E) Oxygen consumption in cultured brown, beige, and white fat cells was assayed

was added to cells to measure the uncoupled respiration rate. The cells were tr

(n = 4). *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S2.
presence of various environmental cues (Joe et al., 2009, 2010;

Lee et al., 2012; Rodeheffer et al., 2008; Schulz et al., 2011;

Uezumi et al., 2010). Notably, Sca-1+/CD45-/Mac1- (referred

as ScaPCs; Schulz et al., 2011) and PDGFRa+/CD34+/Sca-1+

(referred as PDGFRa+ cells; Lee et al., 2012) have been sug-

gested to have brown adipogenic potential. These studies

isolated/enriched stem/progenitor cells that later commit for

adipose lineage; however, knowledge about the molecular iden-

tity and functional phenotypes of these cells remains limited

due to the heterogeneity of the cellular populations.

The studies presented here demonstrate that a subset of the

precursor cells within subcutaneous adipose tissue can give

rise to beige cells, which are capable of expressing abundant

UCP1 and a broad gene program that is distinct from either

white or classical brown adipocytes. Roughly 40% of the differ-

entiation-competent preadipocyte clones that we isolated from

the subcutaneous cultures had the characteristics of beige

cells. Although 129 mice are rather prone to the browning of

their white fat compared to certain other murine strains, our

data suggest that beige adipocytes are not a rare cell type in

the subcutaneous depots of mice. Further studies will help to

answer important questions regarding the presence and/or

abundance of beige precursor cells in various white fat depots

and whether/how the beige precursor pool contributes to an

animal’s metabolic status. It is tempting to speculate that, at

the basal state, the beige precursor cells represent a higher

percentage of adipose precursors in the subcutaneous depots

than in the visceral depots. When animals are exposed to cold

or receive chronic b-adrenergic stimulation, the pre-existing

beige adipocytes (which may appear unilocular in the basal

state) will go through phenotypic transdifferentiation, and brown-

ing will appear morphologically and histochemically. On the

other hand, for the depots more resistant to browning (such as

the abdominal WAT depots), beige precursor cells may have

to go through a proliferation step before robust browning can

take place. This notion is consistent with the observations that

BrdU+, UCP1+ cells are abundant in the epididymal depot, but

not in the inguinal or retroperitoneal depots, upon adrenergic

stimulation (Himms-Hagen et al., 2000; Lee et al., 2012). Defini-

tive understanding of the origins of these cells will come from

further studies with fate-mapping approaches.
Brown Fat Cells upon Stimulation

bat6, and bat8 were analyzed for brown fat cells; X9, X3, D16, and D12 were

t cells. All of these lines presented similar levels of adipogenesis, and fat-cell-

were observed in more than three independent experiments.

l cell lines and was assayed for mRNA levels of brown-fat-like genes (Ucp-1,

cell lines treated with 10 mM FSK for 4 hr and was assayed for mRNA levels of

lonal lines either unstimulated or treated with 10 mM isoproterenol for 6 hr and

perimental Procedures. After 6 weeks, fat pads were harvested, and mRNA

pathetic stimulation, CL316,243 at 1mg kg�1 was injected intraperitoneally 5 hr

as described in Experimental Procedures. Oligomycin (ATP synthase inhibitor)

eated with dibutyryl-cAMP for 12 hr before harvesting. Values are mean ±SD

Cell 150, 366–376, July 20, 2012 ª2012 Elsevier Inc. 371
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Figure 3. Beige and Brown Fat Cells Exhibit Distinct Gene Expression Profiles

(A) Genes with a beige- or brown-selective expression pattern were first identified by microarray analysis as described in Extended Experimental Procedures.

Relative mRNA expression for these genes was then measured by qPCR in differentiated brown, beige, and white fat cells in an unstimulated state. Values are

mean ±SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001.

(B) Analysis of beige- and brown-selective genes expression in adipose tissues isolated from inguinal WAT and interscapular BAT of 129SVE mice. Values are

mean ±SD (n = 5). *p < 0.05; **p < 0.01; ***p < 0.001.

(C) Protein lysates of adipose tissues isolated from inguinal WAT and interscapular BAT of 129SVEmicewere probedwith antibodies by immunoblot as indicated.

Asterisk represents a nonspecific band as a loading control.

(D) Microscopic and confocol images of mouse inguinal white and interscapular brown adipose tissue stained with antibodies recognizing CD137 (red)

(microscopic images), TMEM26 (green) (confocal images), and UCP1 (green and red), with nuclei costained with DAPI as indicated. To induce the browning

morphology and UCP1 expression in inguinal white adipose depot, 129SVE mice were injected intraperitoneally with CL316,243 at 1 mg kg�1 daily for 4 days.

Inguinal and interscapular adipose tissues were harvested on day 5.

See also Figure S3.
One important issue is how the beige cells differ functionally

from the classical brown fat cells; the gene expression studies

presented here give a first indication. The beige cells express

very little of the thermogenic gene program, including UCP1, in

the basal (unstimulated) state. In this regard, they resemble

bona fide white adipocytes. On the other hand, once stimulated,

these cells activate expression of UCP1 to levels that are similar
372 Cell 150, 366–376, July 20, 2012 ª2012 Elsevier Inc.
to those of the classic brown fat cells. Thus, the beige cells have

the capability to switch between an energy storage and energy

dissipation phenotype in a manner that other fat cells lack. It is

worth noting that primary preadipose cells isolated by sorting

for CD137 have a higher basal level of UCP1 than the beige

immortalized cells. It is not knownwhether this is a consequence

of the immortalization procedure itself or is simply a function of



B
TMEM26-selected

Ad
ipQ aP

2

Co
x7
a1
Co
x8
b
Ci
de
a
Elo
vl3
Elo
vl6
Fg
f21

Pg
c-1
Pg
c-1

Pr
dm
16
Uc
p-1

0
1
2
3

4

8

R
el

at
iv

e
ex

pr
es

si
on *

***** *
*

A CD137-selected

Ad
ipQ aP

2

Co
x7
a1
Co
x8
b
Ci
de
a
Elo
vl3
Elo
vl6
Fg
f21

Pg
c-1
Pg
c-1

Pr
dm
16
Uc
p-1

0

2

4

6

8

R
el

at
iv

e
ex

pr
es

si
on

**

*
*

C

aP
2

Co
x7
a1

Co
x8
b

Ci
de
a

Pr
dm
16

Uc
p-1

0

5

10

15

20

50

100

150

R
el

at
iv

e
ex

pr
es

si
on

*

*

*

*

CD137 low

CD137 high

TMEM26 low

TMEM26 high

CD137low

CD137low

CD137low

CD137high

CD137high

CD137high

hFc

Irisin-Fc

hFc

Irisin-Fc

FNDC5

FNDC5

Figure 4. Isolation of Beige Precursor Cells from Inguinal Stroma

with Beige-Selective Cell Surface Markers

(A and B) Total RNA was isolated from differentiated cultures of beige-

selective marker CD137-positive and -negative cells (A) and TMEM26-positive

and -negative cells (B) purified from inguinal SV cells; these adipocytes were

then assayed for mRNA levels of general adipogenic markers, Ucp-1, and

other characteristic thermogenic/brown-fat-like genes by qPCR. Values are

mean ±SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001.

(C) Primary inguinal SV cells were purified as in (A) and differentiated into

adipocytes for 6 days in the presence of Fc fragment of human IgG (hFc)

(100 nM), fusion protein of irisin-Fc (100 nM), or recombinant FNDC5 (20 nM).

Total RNA was isolated and assayed for mRNA levels of general adipogenic

marker aP2, thermogenic gene Ucp-1, and other brown-like genes by qPCR.

Values are mean ±SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001. Similar results

were observed in more than three independent experiments.

See also Figure S4.
the time apart from the b-adrenergic stimulation that takes place

in vivo. Further optimization of this protocol for isolation and

purification of primary beige cells should provide a powerful

tool for investigations of this cell type.

Infant humans have brown fat in the same interscapular loca-

tion as the classical brown fat of rodents. This tissue disappears
as humans mature, and it is only recently that brown fat was fully

recognized in adult humans (Cypess et al., 2009; Orava et al.,

2011; Ouellet et al., 2012; van Marken Lichtenbelt et al., 2009;

Virtanen et al., 2009). This brown fat is observed primarily in

the supraclavicular and neck region and along the spine. The

cloning and subsequent gene expression analyses of the beige

and brown rodent fat cells done here allowed us to critically

determine the nature of the adult human BAT. Our data show

that the selective molecular markers of beige fat cells, rather

than those of the classical brown fat cells, are enriched in the

human UCP1-positive tissues. If these UCP1-positive cells are

functionally similar to the rodent beige cells, this might explain

why a relatively low proportion of humans show PET-positive

fat deposits until activated with a brief cold exposure. The

existence of beige fat cells may represent an evolutionarily

conserved cellular mechanism to provide flexibility in adaptive

thermogenesis. It is likely that these beige adipocytes, rather

than the classical brown fat cells, remain present in the adult

state of larger mammals in which hypothermia is a less frequent

threat than in rodents.

The therapeutic potential of activating brown-fat-mediated

thermogenesis in human has yet to be fulfilled. Trials of drugs

that increase the b-adrenergic activation of BAT have not been

successful in humans due to either lack of efficacy or to intoler-

able side effects resulting from activation of b-adrenergic recep-

tors in other tissues (Collins et al., 2004; Whittle et al., 2011).

Clearly, there is a need to develop more specific means to

activate brown fat in humans in more specific ways. Because

irisin is an endogenous circulating molecule that mediates

some of the benefits of exercise and activates beige fat cells

in rodents, it could represent one way to do this in humans. Other

polypeptide hormones that brown white adipose tissues in

rodents, such as FGF21 (Fisher et al., 2012) and ANP (Bordicchia

et al., 2012), might also prove useful in humans with obesity and

diabetes.

EXPERIMENTAL PROCEDURES

General Note

Primary mouse SVFs from adipose tissues were isolated and differentiated

as described (Seale et al., 2011). Derivation of clonal cell lines via limiting dilu-

tion was performed as described (Gupta et al., 2010). For adipocyte differen-

tiation assay, confluent cultures of clonal lines were exposed to induction

DMEM/F-12 GlutaMAX (Invitrogen) containing dexamethasone (5 mM), insulin

(0.5 mgml�1), isobutylmethylxanthine (0.5, mM), rosiglitazone (1 mM), T3 (1 nM),

and 10% fetal bovine serum (FBS). Day 4 after induction, cells weremaintained

in media containing insulin (0.5 mg ml�1), T3 (1 nM), and 10% FBS until they

were ready for collection.

Cell Transplantations

Immortalized clonal inguinal cells (3 3 107) were implanted subcutaneously

into 7- to 9-week-old male NCr nude mice (Taconic; n = 5–8 mice per group)

according to the methods described previously (Seale et al., 2007). At week

6 after injection, the fat pads were isolated for the analysis of gene expression.

For acute sympathetic stimulation, CL316,243 at 1mg kg�1 was injected intra-

peritoneally 5 hr before harvesting the transplanted fat pads.

Oxygen Consumption Assays

At day 6 of differentiation, oxygen consumption was measured at 37�C
in cultured fat cells by using a Mitocell S200 micro respirometry system.

For cyclic-AMP-induced respiration assays, fully differentiated fat cells were
Cell 150, 366–376, July 20, 2012 ª2012 Elsevier Inc. 373
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Figure 5. Brown Fat in Human Adults Shares Molecular Characteristics of Murine Beige Cells Rather Than Brown Cells

Expression of beige- and brown-selective genes in hWAT versus hBAT samples from a total of 11 subjects of two independent cohorts was measured by qPCR.

(A) UCP1 expression levels were measured and confirmed to be higher in BAT as compared to WAT.

(B–D) Heat map summary of relative fold changes in expression of these genes in each subject. Relative gene expression level of three beige selective (C) and

three brown selective (D) are shown individually. p value was analyzed using Wilcoxon matched-pairs signed-ranks test.

For expression of additional beige- and brown- selective genes in hBAT and hWAT of human subjects, see also Figure S5.
incubated with 1 mM dibutyryl cAMP for 12 hr before measuring oxygen

consumption. 1 mM oligomycin (Sigma-Aldrich) was added to block ATP pro-

duction, rendering uncoupled respiration. Basal and uncoupled (i.e., oligomy-

cin-insensitive) respiration rates were normalized by total cell numbers.

Similar results were observed when the results were normalized by total cell

protein amount.
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FACS Analysis

FACS experiments were carried out on a FACSAria cell sorter at Beth Israel

Deaconess Medical Center Flow Cytometry Core Facility. Briefly, primary

SVFs were isolated from inguinal depots of male 129SVE mice (4–6 weeks

old) housed at ambient temperature. Subconfluent SV cultures passaged 2

to 3 times following the initial fractionation were trypsinized, centrifuged, and



Figure 6. Beige-Selective Markers Are Expressed in Human Brown

Fat Cells Residing in Supraclavicular Regions

(A–C) Microscopic images of adult supraclavicular adipose tissue stained with

antibodies recognizing CD137 (red; A and C), UCP1 (green; A), TMEM26

(green; B), and perilipin (green; C) as indicated with nuclei stained with DAPI. It

is worth noting that, in (A) and (B), multilocular UCP1+ adipocytes express

CD137 and TMEM26 (see the arrowhead in B), whereas the neighboring per-

ilipin-1+, UCP1- adipocytes are CD137- (labeled with WAT; see C).
resuspended in 1% FBS/PBS for labeling. Antibody incubations were per-

formed on ice for 30 min for primary and 20 min for secondary. Cells were

washed and resuspended for sorting. Cells were initially selected by size on

the basis of forward scatter (FSC) and side scatter (SSC), followed by exclu-

sion of immune cells (APC-labeled F4/80 or CD19-positive cells). Cells were

gated on both SSC and FSC singlets, ensuring that the staining of individual

cells was analyzed. Next, the cells were separated on the basis of the

cell-surface markers indicated. The following antibodies were used: rabbit

anti-CD137 (abcam, ab64836), rabbit anti-TMEM26 (IMGENEX, IMG-6633A),

monoclonal antibody F4/80 rat anti-mouse (Invitrogen, MF48000), monoclonal

antibody CD19 rat anti-mouse (Invitrogen, RM7700), F(ab0)2 donkey anti-

rabbit IgG PE (ebioscience, 12-4739-81), and F(ab0)2 anti-rat IgG APC (ebio-

science, 17-4822-82).

Human Subjects

Human brown fat biopsies from two independent cohorts of patients were

analyzed for expression of beige- and brown-selective genes. Seven are

from the University of Turku, Finland, and four are from Maastricht University,

The Netherlands. Details on subjects and procedures are as described previ-
ously (Orava et al., 2011; vanMarken Lichtenbelt et al., 2009). Briefly, the site of

biopsies of supraclavicular adipose tissue was decided by the cold exposure

[18F]FDG-PET/CT image that showed activated BAT. A subcutaneous WAT

sample was collected from the same incision. All subjects gave written

informed consent before taking part in the study.
Statistical Analysis

All results except human studies are expressed as mean ±SD. Two-tailed

Student’s t test was used to determine p values. Statistical significance was

defined as p < 0.05. Gene expression levels in human WAT versus BAT were

analyzed by using the Wilcoxon matched-pairs signed-ranks test.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, five

figures, and one table and can be found with this article online at http://dx.

doi.org/10.1016/j.cell.2012.05.016.
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Gesta, S., Blüher, M., Yamamoto, Y., Norris, A.W., Berndt, J., Kralisch, S.,

Boucher, J., Lewis, C., and Kahn, C.R. (2006). Evidence for a role of develop-

mental genes in the origin of obesity and body fat distribution. Proc. Natl. Acad.

Sci. USA 103, 6676–6681.

Guerra, C., Koza, R.A., Yamashita, H., Walsh, K., and Kozak, L.P. (1998).

Emergence of brown adipocytes in white fat in mice is under genetic control.

Effects on body weight and adiposity. J. Clin. Invest. 102, 412–420.

Gupta, R.K., Arany, Z., Seale, P., Mepani, R.J., Ye, L., Conroe, H.M., Roby,

Y.A., Kulaga, H., Reed, R.R., and Spiegelman, B.M. (2010). Transcriptional

control of preadipocyte determination by Zfp423. Nature 464, 619–623.

Himms-Hagen, J., Cui, J., Danforth, E., Jr., Taatjes, D.J., Lang, S.S., Waters,

B.L., and Claus, T.H. (1994). Effect of CL-316,243, a thermogenic beta

3-agonist, on energy balance and brown and white adipose tissues in rats.

Am. J. Physiol. 266, R1371–R1382.

Himms-Hagen, J., Melnyk, A., Zingaretti, M.C., Ceresi, E., Barbatelli, G., and

Cinti, S. (2000). Multilocular fat cells in WAT of CL-316243-treated rats derive

directly from white adipocytes. Am. J. Physiol. Cell Physiol. 279, C670–C681.

Ishibashi, J., and Seale, P. (2010). Medicine. Beige can be slimming. Science

328, 1113–1114.

Joe, A.W., Yi, L., Even, Y., Vogl, A.W., and Rossi, F.M. (2009). Depot-specific

differences in adipogenic progenitor abundance and proliferative response to

high-fat diet. Stem Cells 27, 2563–2570.

Joe, A.W., Yi, L., Natarajan, A., Le Grand, F., So, L., Wang, J., Rudnicki, M.A.,

and Rossi, F.M. (2010). Muscle injury activates resident fibro/adipogenic

progenitors that facilitate myogenesis. Nat. Cell Biol. 12, 153–163.

Koza, R.A., Hohmann, S.M., Guerra, C., Rossmeisl, M., and Kozak, L.P. (2000).

Synergistic gene interactions control the induction of the mitochondrial uncou-

pling protein (Ucp1) gene in white fat tissue. J. Biol. Chem. 275, 34486–34492.

Lee, Y.H., Petkova, A.P., Mottillo, E.P., and Granneman, J.G. (2012). In vivo

identification of bipotential adipocyte progenitors recruited by b3-adrenocep-

tor activation and high-fat feeding. Cell Metab. 15, 480–491.

Mirbolooki, M.R., Constantinescu, C.C., Pan, M.L., and Mukherjee, J. (2011).

Quantitative assessment of brown adipose tissue metabolic activity and

volume using 18F-FDG PET/CT and b3-adrenergic receptor activation.

EJNMMI Res 1, 30.

Orava, J., Nuutila, P., Lidell, M.E., Oikonen, V., Noponen, T., Viljanen, T., Schei-

nin, M., Taittonen, M., Niemi, T., Enerbäck, S., and Virtanen, K.A. (2011).
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