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The recent insight that brown adipocytes and muscle cells
share a common origin and in this respect are distinct from
white adipocytes has spurred questions concerning the origin
and molecular characteristics of the UCP1-expressing cells
observed in classic white adipose tissue depots under certain
physiological or pharmacological conditions. Examining pre-
cursors from thepurestwhite adipose tissue depot (epididymal),
we report here that chronic treatment with the peroxisome pro-
liferator-activated receptor � agonist rosiglitazone promotes
not only the expression of PGC-1� and mitochondriogenesis in
these cells but also a norepinephrine-augmentable UCP1 gene
expression in a significant subset of the cells, providing these
cells with a genuine thermogenic capacity. However, although
functional thermogenic genes are expressed, the cells are devoid
of transcripts for the novel transcription factors now associated
with classic brown adipocytes (Zic1, Lhx8, Meox2, and charac-
teristically PRDM16) or for myocyte-associated genes (myoge-
nin and myomirs (muscle-specific microRNAs)) and retain
white fat characteristics such as Hoxc9 expression. Co-culture
experiments verify that the UCP1-expressing cells are not pro-
liferating classic brown adipocytes (adipomyocytes), and these
cells therefore constitute a subset of adipocytes (“brite” adipo-
cytes) with a developmental origin and molecular characteris-
tics distinguishing them as a separate class of cells.

Primarily because of their shared ability to accumulate lipids,
brown andwhite adipocytes have classically been considered to
be closely related cell types, implicating a close common pro-
genitor. However, studies in recent years have completely
altered this concept. In 2006, Atit and colleagues (1) observed
that cells deriving from the central dermomyotome, molecu-
larly defined as cells that at some time in their development had

expressed the homeobox transcription factor Engrailed 1,
developed into three types of tissue: dermis, muscle, and brown
adipose tissue (BAT),2 thus implying a close developmental
relationship between brown adipocytes and myocytes. Because
the mice had not developed white adipose tissue (WAT) at the
time of investigation, the relationship between the origin of
WAT versus BAT could not be elucidated. However, simulta-
neously, we found that cell cultures of precursors from BAT,
but not cultures of WAT precursors, initially demonstrated a
remarkable expression of genes that had always been consid-
ered to be muscle-specific; thus these brown adipocytes
expressed a myogenic signature that was not shared by the
white adipocytes, clearly indicating different origins of the two
cell types (2). Also, muscle-specific microRNAs (“myomirs”)
were expressed and maintained in brown adipocytes but not in
white adipocytes (3). Further, it was demonstrated by Seale and
coworkers in 2008 in intact mice that cells that had expressed
the “myogenic” transcription factor myf5 during development
could develop into cells constituting muscle or BAT, but never
into the cells found in WAT (4).
Thus, based on this, it would seem that a clear distinction

between the white adipocyte and the brown adipocyte (that
perhaps should rather be considered as an “adipomyocyte” (5))
could bemade; the adipomyocyte should particularly be distin-
guished from the myocyte by expression of the PRDM16 gene
(4, 6, 7).
However, a complicating issue is that a not insignificant

expression of the “brown fat-specific” uncoupling protein-1
(UCP1) can be encountered in vivo in adipose tissues that are
normally considered WAT depots, either in response to
chronic �-adrenergic stimulation (4, 8–11) or in response to
chronic PPAR�-agonist stimulation (12–17). This is particu-
larly evident in the inguinal depot, whereas the epididymal
depot shows this to the least degree. The basis for this “ectopic”
expression of UCP1 is unclear and challenging. Questions that
may be formulated include whether this UCP1 is expressed in a
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few “adipomyocytes” that are resident in the WAT depots, but
not normally sufficiently conspicuous to be detected, but that
may proliferate and differentiate given the correct stimulus, or
whether theUCP1 is found in certain “non-adipomyocyte” cells
that thus, despite a different origin from “true” brown adipo-
cytes (the adipomyocytes), can be forced to initiate UCP1 gene
expression. Additionally it may be asked whether this expres-
sion of UCP1 is an isolated phenomenon, related only to the
expression of this particular gene, or do these non-adipomyo-
cytes develop the complete expression profile of a true adipo-
myocyte? In addition, do all white adipocytes possess this ability
or is it only a subset that can respond?
When examined at either the morphological or the molecu-

lar level, the brown and the white adipose tissues appear, as
indicated above,markedly different, particularlywith respect to
the expression of UCP1, the ‘brown fat-specific‘ uncoupling
protein (e.g. supplemental Fig. 1). However, in situ, the adipo-
cytes will be exposed to distinctive but different external agents
(neuronal transmitter substances, hormones, cytokines, etc.),
and thus the differencesmay reflect these external forces rather
than be (fully) inherent as a difference between the brown and
the white adipocytes. Therefore, primary cultures of white and
brown fat precursor cells represent invaluable tools to charac-
terize cell autonomous differentiation of brown and white adi-
pocytes.Wehave previously shown (2, 18) (supplemental Fig. 2)
that white and brown fat precursor cells in culture proliferate
and develop into adipocytes, which have distinct, inherent
characteristics, resembling (at the molecular level) white and
brown adipocytes differentiated in vivo (supplemental Fig. 1).
To examine the nature of the UCP1-expressing cells that may
be observed in white adipose tissue depots in vivo, we have here
treatedwhite adipocyte cultures to enable occurrence ofUCP1-
expressing cells. Assuming that themost ‘pure‘ white adipocyte
cultures would give the most distinct results, we utilized pri-
mary cultures of the most pure white fat depot, those obtained
from epididymal WAT (9, 19). The most efficient means of
inducing ‘browning‘ in white fat depots (15) and even in human
white adipocyte cultures (20) is the use of PPAR� activators.
Thus, we treated primary cultures of epididymally derived
white adipocytes with the potent PPAR�-ligand rosiglitazone
and observed that rosiglitazone, besides promoting adipose dif-
ferentiation, also led to marked UCP1 gene expression even in
these pure white adipocyte cultures.We demonstrate here that
PPAR�-agonist treatment causes a subset of ‘white‘ adipocytes
to express a broad but nonetheless incomplete array of classic
brown adipocyte genes, clearly distinguishing these cells
molecularly and developmentally from classic brown adipo-
cytes. Despite this, the cells ultimately demonstrate the hall-
mark of functional brown adipocytes: the ability to perform
norepinephrine-induced thermogenesis.

EXPERIMENTAL PROCEDURES

Animals, Cell Isolation, and Cell Culture

Male outbred NMRI mice, purchased from a local supplier
(B&K, Stockholm, Sweden), or, where indicated, male UCP1-
KO mice (on C57Bl/6 background) and UCP1-wild-type mice
(C57Bl/6), bred at the Stockholm University animal facility,

were used for the preparation of primary cultures of brown and
white adipocytes. BATwas isolated from the interscapular, cer-
vical, and axillary depots, WAT was isolated from epididymal
depots, and all isolated depots were processed as described in a
previous study (21). The pellet was then suspended in culture
medium (0.5 ml/animal for brown preadipocytes, 0.4 ml/ani-
mal for white preadipocytes). The cells were cultured in 6-well
plates (10 cm2/well, Corning); 2 ml of culture medium was
added to each well before 0.2 ml of cell suspension was added.
The culture medium was Dulbecco’s modified Eagle’s medium
with 10% (v/v) newborn calf serum (Invitrogen), 2.4 nM insulin,
25�g/ml sodium ascorbate, 10mMHEPES, 4mM glutamine, 50
units/ml penicillin, and 50 �g/ml streptomycin, supplemented
or not (as indicated) with 1 �M rosiglitazone maleate (Alexis
Biochemicals). The cells were grown at 37 °C in an atmosphere
of 8% CO2 in air with 80% humidity. The cells were washed
in Dulbecco’s modified Eagle’s medium, and medium was
changed on day 1 and then every second day. The medium was
not changed on the day the cells were harvested. The experi-
ments were performed on different days of culture, as indicated
in each individual experiment. To enable a fair comparisonwith
brown adipocytes, only control white adipocyte cultures exhib-
iting �50% or more differentiated cells were analyzed.

Analysis of mRNA Levels

Northern Blot—After the experiments, the medium was dis-
carded and the cells were harvested from each well with 1ml of
Ultraspec (Biotecx Laboratories, Houston, TX) as described in
the manufacturer’s protocol. The RNA obtained was examined
by Northern blotting as described previously (21).
Quantitative Real-time PCR—For determination of mRNA

levels, 1 �g of RNA was reverse-transcribed with a High
Capacity cDNA kit (Applied Biosystems, Foster City, CA)
in a total volume of 20 �l. Primers (exon-spanning, supple-
mental Table S1) were pre-mixed with SYBR� Green
JumpStartTM Taq ReadyMixTM (Sigma-Aldrich), and aliquots
of 11 �l were applied to 96-well MicroAmp Optical plates
(Applied Biosystems). cDNAwas diluted 1:10, and aliquots of 2
�l were added in triplicates. Thermal cycling conditionswere: 2
min at 50 °C, 10 min at 95 °C, and 40 cycles of 15 s at 95 °C and
1 min at 65 °C on an ABI Prism� 7000 Sequence Detection
Real-Time PCR System (Applied Biosystems). The�Ct method
was used to calculate relative changes in mRNA abundance.
The threshold cycle (Ct) for TATA-binding protein (TBP) was
subtracted from the Ct for the target gene to adjust for varia-
tions in the cDNA synthesis.
miR-206 expression was determined as in a previous study

(3). TBP mRNA was used as endogenous control, as above.

Analysis of UCP1 and VDAC Protein Levels

Immunocytochemistry—White adipocytes were cultured as
described above except that 20 � 20-mm coverslips were
placed in the wells. Cells were cultured for 7 days in the absence
or presence of 1 �M rosiglitazone. The cells were then washed
twice with PBS and fixed with 3% paraformaldehyde in PBS for
20 min at room temperature. Cells were washed three times
with PBS and then exposed to 5% glycine in PBS to quench
unspecific fluorescence. Cells were then washed three times
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with PBS and permeabilized with 5% acetic acid in ethanol for
10 min at �20 °C. Then the cells were washed three times with
PBS and blocked with 8% bovine serum albumin in PBS for 1 h
at room temperature. Cells were washed three times with PBS
and incubated with 1:3000 diluted anti-UCP1 antibody and
1:3000 diluted anti-VDAC antibody in 8% bovine serum albu-
min in PBS overnight at 4 °C. Cells were washed three times
with PBS and incubated with anti-rabbit-Alexa Fluor 488-la-
beled and anti-mouse-Texas Red-labeled secondary antibodies
(Molecular Probes), diluted 1:1000 in 8%bovine serumalbumin
in PBS for 1 h at room temperature. Cells were then washed
three times with PBS. Nuclei were stained with 1 �g/ml
Hoechst 33258 for 15min. Finally, coverslips were mounted on
microscope slideswith ProLongGoldAntifade reagent (Molec-
ular Probes). The cells were examinedwith a Zeiss fluorescence
microscope equipped with (Axio Cam HRc) charge-coupled
device camera. Wide-field images were acquired with Openlab
version 3.1.4 (Improvision). Images were adjusted for bright-
ness/contrast and merged in Photoshop (Adobe Systems Inc.).
Images in each figure were processed equally.
Western Blot—Western blotting was performed as described

before (21). Antibodies used were UCP1 antibody (rabbit poly-
clonal, raised against C-terminal decapeptide), diluted 1:3000,
and VDAC monoclonal antibody (Calbiochem, 529536), di-
luted 1:2000.
Oxygen Consumption—White adipocyte cultures were cul-

tured in 6-well plates for 6 days. The cells in 9 wells were then
simultaneously trypsinized for 3–5 min, pooled, and centri-
fuged for 2 min at 700 � g. Oxygen consumption rates of cells
were monitored with a Clark-type oxygen electrode (Yellow
Springs Instrument) as described before (21).

RESULTS

PPAR� Activation Enables White (Pre)adipocyte Cultures to
Acquire Brown Adipocyte-like Characteristics—To examine
whether the effects of in vivo PPAR� stimulation on the occur-
rence of UCP1-expressing adipocytes in WAT can be mim-
icked by similar treatment in vitro, we continuously treated
primary cultures of white adipocytes with the potent PPAR�
agonist rosiglitazone, starting immediately after plating. We
characterized these cultures during differentiation both at the
morphological (Fig. 1A) and at the molecular level, examining
the expression of general adipogenic genes (aP2 and PPAR�), as
well as the brown (as opposed towhite) adipocyte-related genes
PGC-1� and UCP1 (Fig. 1, B–F).
Based on morphology and lipid accumulation (Fig. 1A), the

differentiation of the white adipocytes in the chronic presence
of rosiglitazone was, as expected, markedly improved, resulting
in a significantly increased expression of the late adipogenic
marker aP2 (Fig. 1, B and C) and triacylglycerol mass (158 � 19
pmol/�g of protein in control cultures versus 253 � 27 in ros-
iglitazone-treated cultures, n � 3, p � 0.01). PPAR� mRNA
levels were unchanged (Fig. 1, B and D), but because activators
of PPAR� down-regulate PPAR� gene expression (21), PPAR�
is not a suitable adipocyte differentiation marker in rosiglita-
zone-treated cultures. Importantly, PPAR� mRNA was ex-
pressed not only in mature white adipocytes but already in
white preadipocytes (Fig. 1, B and D) (22). This indicates that

the fibroblast-like undifferentiated precursor cells are already
determined for their adipocyte destiny.
In untreated white adipocyte cultures, the brown versus

white fat-specific genes PGC-1� and UCP1 were barely or not
expressed (Fig. 1, B, E, and F). Unexpectedly, acute NE stimu-
lation of the white adipocyte cultures induced expression of
PGC-1� to nearly 50% of the NE-induced levels in brown adi-
pocytes (Fig. 1E, filled circles). Importantly, however, the NE-
induced levels of UCP1 in the white adipocyte cultures
remained very low (Fig. 1F, filled circles).

In the presence of rosiglitazone, the PGC-1�mRNA levels of
the white adipocyte cultures were augmented (Fig. 1E, empty
squares). Acute NE stimulation of these rosiglitazone-treated
cultures caused a significant further increment of PGC-1�
expression (Fig. 1E, filled squares), which, unexpectedly, was
even higher than in NE-treated brown adipocytes and reached
its maximal level on day 5.
Even more notably, treatment with rosiglitazone resulted in

the white adipocytes acquiring the basic property of brown adi-
pocytes: the ability to express UCP1 (Fig. 1, B and F). White
adipocyte cultures continuously treated with rosiglitazone ex-
pressed UCP1 even in the absence of NE stimulation (Fig. 1F,
empty squares). Acute NE treatment further increased UCP1
expression (Fig. 1F, filled squares), to levels that were now even
higher than those in NE-treated brown adipocytes. Thus, rosi-
glitazone-treated white adipocyte cultures became not only
fully differentiated but also exhibited brown adipocyte-like
characteristics: they expressed PGC-1� andUCP1 at levels that
were indistinguishable from those in NE-treated brown adipo-
cyte cultures.
Rosiglitazone Does Not Favor Growth of Brown over White

Adipocytes—One explanation for the ability of rosiglitazone to
turn white adipocyte cultures into cultures resembling brown
adipocytes could be that a small number of true brown adipo-
cyte precursors could exist in the precursor preparations (8, 9).
As rosiglitazone promotes differentiation of brown adipocytes
(21), what is seen during rosiglitazone treatment of cell cultures
(or in animals during thiazolidinedione treatment) could there-
fore be promotion of the proliferation of these brown precursor
cells. This would mean that no cell in itself would change its
inherent characteristics, but the rosiglitazone treatment would
favor the growth of the brown over the white. This hypothesis
could be tested by utilization of co-cultures of white and brown
adipocytes and by following their destiny after rosiglitazone-
induced differentiation. However, this presupposes that the
original provenance of the cells from BAT versus WAT is dis-
tinguishable, even after treatment. Serendipitously, the avail-
ability of UCP1-knock-out (UCP1-KO) mice enables such
‘labeling‘ of the anatomic origin of brown and white adipocytes
in mixed cultures. Even in the UCP1-KO mice, the UCP1 pro-
moter is fully functional. After norepinephrine and/or rosigli-
tazone stimulation, three different transcripts result, which can
be identified in Northern blots: two transcripts of lengths dif-
ferent from the length of the UCP1-wild-type transcript (one
shorter and one longer) (23) and a third one, very weakly
expressed, present only in rosiglitazone-treated cells, of similar
length to that of the UCP1-wild-type transcript (Fig. 2 and sup-
plemental Fig. 3). Thus, these different UCP1 transcripts can be

“Brite” Adipocytes in White Adipocyte Cultures

MARCH 5, 2010 • VOLUME 285 • NUMBER 10 JOURNAL OF BIOLOGICAL CHEMISTRY 7155

http://www.jbc.org/cgi/content/full/M109.053942/DC1
http://www.jbc.org/cgi/content/full/M109.053942/DC1


FIGURE 1. Expression levels of marker genes during rosiglitazone-stimulated differentiation of white adipocytes. Primary cultures of white adipocytes
were grown for the indicated number of days in the absence (control) or presence of 1 �M rosiglitazone. Where indicated, 1 �M norepinephrine (NE) had been
added 2 h before harvest. A, white (pre)adipocyte cultures were examined with phase-contrast microscopy after 4 or 7 days in culture. B, representative
Northern blot. Total RNA (10 �g) was used per lane, and the blot was hybridized with the aP2, PPAR�, PGC-1�, UCP1, and 18 S rRNA probes. aP2 (C), PPAR� (D),
PGC-1� (E), and UCP1 (F) mRNA levels are shown during spontaneous and rosiglitazone-stimulated differentiation of white (pre)adipocyte cultures. The aP2,
PPAR�, PGC-1�, and UCP1 mRNA levels were normalized to the 18 S rRNA levels in each sample. The points represent means � S.E. of four (days 5, 6, and 7) or
one (day 4) independent experiments, each performed in duplicate. Stippled lines represent corresponding expression levels in parallel cultures of non-
rosiglitazone-treated brown adipocytes (as published previously (21)). The brown adipocyte control levels of aP2 and PPAR� and NE-induced levels of PGC-1�
and UCP1 at day 7 were set in each experiment to 100% (indicated by arrow), and the white adipocyte aP2, PPAR�, PGC-1�, and UCP1 mRNA levels on different
days were expressed relative to this value in each individual experiment. Rosiglitazone treatment significantly increased the aP2 (p � 0.001), the PGC-1� (p �
0.01), and the UCP1 (p � 0.01) mRNA levels (two-way analysis of variance with replicates; rosiglitazone treatment versus time in culture).
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employed as markers of adipocyte origin. Consequently, white
and brown adipocyte co-cultures can be utilized to investigate
whether treatment promotes proliferation of a particular cell
subtype and whether brown and white adipocytes influence
each other during differentiation.
We grew primary cultures of white adipocytes originating

from UCP1-wild-type mice and brown adipocytes originating
from UCP1-KO mice for 7 days separately and in co-culture
(Fig. 2) (and vice versa, supplemental Fig. 3), in different ratios
as indicated, in the absence or presence of chronic rosiglitazone
and/or NE 2 h before harvest. As seen, in control co-cultures,
UCP1 transcripts were visible only after NE stimulation. In the
presence of NE, both the UCP1-KO transcripts, originating
from the brownprecursors, and theUCP1-WT transcript, orig-
inating from the white precursors, were identified at levels pro-
portional to the number of plated brown and white adipocytes,
respectively (Fig. 2, left panel). Thus, the precursor cells from
BAT andWAT in co-culture demonstrate similar growth rates.
If rosiglitazone in white adipocyte cultures promoted growth

of true, sporadic brown adipocytes, the number of brown adi-
pocytes in co-culture should be significantly higher than that
expected based on the initial proportions of mixed brown and
white preadipocytes; consequently, the UCP1 transcript tagged
from the brown fat cells would be expressed at levels that were
also significantly higher than the levels expected based on the
initial proportions of mixed brown and white preadipocytes.
However, the results obtained in the rosiglitazone-treated cul-
tures were not in agreement with this suggestion. Similarly to
the control cultures, both UCP1-KO and UCP1-WT tran-
scripts were identified in the rosiglitazone-treated cultures at
levels proportional to the number of plated brown and white
adipocytes (Fig. 2, right panel); in co-cultures in which one-
quarter, one-half, or three-quarters of the starting cells were of
BATorigin, the levels ofUCP1-KO transcripts originating from
brown adipocytes were not higher than one-quarter, one-half,
or three-quarters of theUCP1-KO transcript levels found in the

brown adipocyte-cultures grown separately, and vice versa.
Thus, each cell type remained faithful to its original destiny,
despite the presence of the other adipocyte type, and rosiglita-
zone did not differentially affect the growth of the white or
brown adipocytes. Consequently, the browning effect of rosigli-
tazone on the white adipocyte cultures cannot be explained by
the overgrowth of a few pre-existing brown adipocytes in these
cultures. It should be noted that co-cultures in which the white
adipocytes came from UCP1-KO animals yielded correspond-
ing results (supplemental Fig. 3).
No Release of a Browning Agent—As seen above, precursor

cells isolated from BAT depots spontaneously differentiate in
culture into cells that morphologically and biochemically had a
high degree of similarity to brown adipocytes matured in vivo,
but precursor cells originating from the epididymal WAT
depot attained brown adipocyte characteristics only after rosi-
glitazone treatment. It could therefore be suggested that
brown adipocyte cultures inherently possess and/or produce a
unique PPAR� ligand, necessary and sufficient to predetermine
precursor cells originating fromBAT to a brown adipocyte des-
tiny, whereas white adipocyte cultures lack this. Particularly,
NE stimulation may induce the brown adipocytes to produce
and release such a substance (e.g. a natural PPAR� agonist with
enhanced activating properties, i.e. similar to the artificial ago-
nist rosiglitazone used here). The results in Fig. 2 and supple-
mental Fig. 3 can also be analyzed to elucidate this possibility.
As seen, the white adipocytes grown in co-culture with brown
adipocytes under control conditions (in the absence of rosigli-
tazone) (Fig. 2 and supplemental Fig. 3, left panels) did not
attain brown adipocyte-like characteristics. Thus, brown adi-
pocytes, by their mere presence, could not alone accomplish an
effect similar to the browning effect of rosiglitazone, and, even
after the addition of NE, no such effect could be detected. Thus,
the existence of an autocrine/paracrine brown adipocyte-spe-
cific PPAR� ligand (or similar) could not be the explanation for

FIGURE 2. Rosiglitazone does not favor growth of brown over white adipocytes. Primary cultures of white adipocytes originating from UCP1-wild-type
mice (C57Bl/6) and brown adipocytes originating from UCP1-KO mice (on C57Bl/6 background) were grown for 7 days separately or in co-culture in the
indicated ratios, in the absence (left panel) or presence of 1 �M rosiglitazone (right panel). Where indicated, 1 �M norepinephrine (NE) had been added 2 h before
harvest. Note that, in these rosiglitazone-treated white adipocytes cultures (originating from C57Bl/6 mice), the UCP1 transcripts were detected only after NE
stimulation. Representative Northern blots are shown (three additional experiments gave principally the same results). Total RNA (10 �g) was used per lane,
and the blot was hybridized with the UCP1 and 18 S rRNA probes. Arrows indicate wild-type (WT) and knockout (KO) UCP1 transcripts. Since rosiglitazone in
UCP1-KO cells induces a transcript that co-migrates with the predominant UCP1-WT transcript, the genetic identity of the cells was verified by reverse
transcription-PCR (supplemental Fig. 4). An example of a corresponding experiment where the origins of the cells (from wild-type or UCP1-KO mice) were
reversed can be seen in supplemental Fig. 3.
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commitment of precursor cells originating from either WAT or
genuine BAT to a brown adipocyte lineage. Thus, brown (pre)adi-
pocytes donot self-promote abrownadipocyte lineagebyproduc-
tion/secretion of an agent such as a specific PPAR� ligand.
Rosiglitazone-treated White Adipocyte Cultures Exhibit Dis-

tinct Brown Adipocyte-specificMarkers—UCP1 is the only pro-
tein expressed exclusively in brown adipocytes (24). However,

besidesUCP1, brown adipocytes are
defined at the molecular level by
expression of a set of genes that are
barely or not expressed in white adi-
pocytes. An important question is
whether rosiglitazone in white adi-
pocyte cultures induces manifesta-
tion of the entire brown fat-gene
expression program or specifically
induces only expression of the UCP1
gene (and some thermogenesis-
related genes, such as PGC-1�
(Fig. 1E)), whereas other brown
fat-specific genes remain unaffected.
To explore this question, we mea-
sured the expression of brown (as
opposed to white) adipocyte-spe-
cific genes in primary cultures of
white and brown adipocytes contin-
uously treated or not with rosiglita-
zone. We analyzed cells on day 5,
when the NE-induced mRNA levels
of UCP1 and PGC-1� in rosiglita-
zone-treated white adipocyte cul-
tures were highest (Fig. 1, E and F).
EstablishedBrownAdipocyte-spe-

cific Genes—Gene expression analy-
sis showed that white adipocyte cul-
tures continuously stimulated with
rosiglitazone expressed numerous
established brown fat-specific genes
(Fig. 3). PPAR�, associated with the
induction of lipid-catabolizing sys-
tems (25) and mitochondriogenesis
(26), was lower in untreated white
adipocytes than in untreated brown
adipocytes. After rosiglitazone treat-
ment, the expression levels were
increased in both types of cultures,
the white adipocyte level now being
practically equal to the brown adi-
pocyte level (Fig. 3A). Concerning
the mitochondrial carnitine palmi-
toyl transferases, the liver isoform is
normally expressed inWATand the
muscle isoform (CPT-1M) in BAT
(27), as confirmed here in the un-
treated cells. However, after rosigli-
tazone treatment, a high induction
of CPT-1M was observed in both
types of adipocytes (Fig. 3B). Elovl3

(Cig30) is expressed in intact animals only in BAT and only
after cold exposure (28), but it is remarkably induced even in
the white adipocyte cultures by rosiglitazone (Fig. 3C). The
exception to this pattern was the expression of Cidea. Cidea
(in mice) is highly expressed in BAT but not inWAT (29, 30).
Although Cidea gene expression is induced �100 times in
white adipocyte cultures continuously treated with rosiglita-

FIGURE 3. Expression levels of established brown adipocyte marker genes in control and rosiglitazone-
stimulated cultures of white and brown adipocytes. Primary cultures of white and brown adipocytes were
grown for 5 days in the absence (control) or presence of 1 �M rosiglitazone. Gene expression was analyzed by
quantitative reverse transcription-PCR. PPAR� (A), CPT-1M (B), Elovl3 (C), Cidea (D) , PGC-1� (E), and UCP1 (F)
levels in control and rosiglitazone-stimulated white and brown adipocytes on day 5 of culture. Hatched bars
(PGC-1� and UCP1) represent values in the cells treated with 1 �M NE for 2 h. The expression levels of the genes
studied were normalized to the TBP levels in each sample. The values represent means � S.E. of five indepen-
dent experiments, each performed in duplicate. Expression levels in the rosiglitazone-treated brown adipocyte
cultures were set in each experiment to the mean of its normalized values, and the levels in other brown and
white adipocytes were expressed relative to this value in each individual experiment. The significance of
rosiglitazone treatment was determined with a paired t test performed on the logarithmized expression levels
of control and rosiglitazone-stimulated white and brown adipocyte cultures. ***, p � 0.001.
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zone, it was still significantly lower than in corresponding
brown adipocyte cultures (Fig. 3D). PGC-1� and UCP1
behaved as in Fig. 1 (E and F).
Novel Brown Adipocyte-specific Genes—In our detailed tran-

scriptome analysis of primary brown versuswhite preadipocyte
maturation, we found that brown preadipocytes demonstrate
an early transient myogenic transcriptional signature (2) and
also maintain expression of classic muscle-specific microRNAs
(3). To examine whether the rosiglitazone-treated white adipo-
cytes had also attained these ‘novel‘ but highly origin-specific

markers, we measured expression
of myogenin, a transcription factor
crucial for myogenesis (31), as well
as expression of the classic muscle-
specific microRNA miR-206 (32).
Consistent with previous studies,
both myogenin mRNA and miR-206
were expressed in brown (pre)adipo-
cytes and were essentially undetect-
able in the white adipocytes. How-
ever, neither myogenin nor miR-206
were induced by rosiglitazone in
white adipocyte cultures (Fig. 4, A
and B). Thus, the attainment of
brown adipocyte characteristicswas
not associated with a reprogam-
ming of the adipocytes to fully con-
vert into true brown adipocytes.
The transcriptome analysis (2) and

a global transcription factor screen
(33)have identifiedothernoveldiffer-
ences in the transcription factor pro-
file between brown and white adi-
pocytes. Therefore, we examined
the expression of the brown (versus
white) adipocyte-specific transcrip-
tion factors Zic1, Lhx8, Meox2, and
PRDM16 (Fig. 4, C–F), which were
identified in those studies. These
transcription factors were not at
all or only barely expressed in un-
treated white adipocyte cultures.
Importantly, none of these brown
adipocyte-specific genes was in-
duced in white adipocyte cultures
upon rosiglitazone treatment (but
were somewhat down-regulated in
brown adipocytes, in accordance
with these factors being implicated
in early differentiation). There is
particular interest in PRDM16, the
expression of which has not earlier
been compared in primary cultures
of brown versus white adipocytes.
PRDM16 has been identified as the
key molecular switch determining
the development of brown adipo-
cytes from a progenitor that ex-

presses myoblast markers (4). We found that PRDM16 was
present in verymodest amounts in white adipocytes, and a very
modest induction resulted from rosiglitazone treatment. Thus,
whereas PRDM16 seems to be the factor that channels classic
brown adipocytes into the brown adipocyte versus the myocyte
pathway and is thus essential for the cells to acquire the ability
to express UCP1, it is apparently not PRDM16 gene expression
that confers white adipocytes with the ability to express UCP1.
Thus, investigation of the transcription factor profile clearly
indicates that the rosiglitazone-induced adipocytes with brown

FIGURE 4. Expression levels of novel brown adipocyte marker genes in control and rosiglitazone-stimu-
lated cultures of white and brown adipocytes. Primary cultures of white and brown adipocytes were grown
as above (Fig. 3). Gene expression was analyzed by quantitative reverse transcription-PCR. Myogenin (A),
miR-206 (B), Zic1 (C), Lhx8 (D), Meox2 (E), and PRDM16 (F) levels in control and rosiglitazone-stimulated white
and brown adipocytes on day 5 of culture are shown. The expression levels of the genes studied were normal-
ized to the TBP levels in each sample. The values represent means � S.E. of four independent experiments, each
performed in duplicate. Expression levels in the rosiglitazone-treated brown adipocyte cultures were set in
each experiment to the mean of its normalized values, and the levels in other brown and white adipocytes were
expressed relative to this value in each individual experiment. Statistical analysis is as in Fig. 3. *, p � 0.05; **, p �
0.01; ***, p � 0.001.
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adipocyte characteristics are developmentally qualitatively dis-
tinct from classic brown adipocytes and thus should not be
referred to as classic brown adipocytes.
White Adipocyte-specific Genes—In our transcriptome analy-

sis of brown versus white adipocyte gene expression (2), we also
identified a series of genes that were practically white adipocyte-
specific. In the rosiglitazone-treated cells, themRNA levels of sev-
eral of these genes were significantly reduced: the structural pro-
teins Igfbp3 (insulin-like growth factor-binding protein 3) and
DPT (dermatopontin) and the transcription factor Tcf21 (Fig. 5,
A–C). Thus, in the presence of rosiglitazone, white adipocyte cul-
tures apparently became not only more ‘brown‘ but also less
‘white.‘ Further,we examined the expressionof thedevelopmental
geneHoxc9 (Fig. 5D), earlier reported to be expressed in subcuta-
neous and epididymal white adipocytes but not in brown adipo-
cytes (2, 34). ExpressionofHoxc9was indeedwhite (versusbrown)
adipocyte-specific and, importantly, was not reduced by rosiglita-
zone treatment. Given that Hoxc9 expression was persistent dur-
ing differentiation of white adipocyte cultures, Hoxc9 fulfills the
criteria for being a white adipocyte cell autonomous trait. There-
fore, although phenotypically different, rosiglitazone-treated
white adipocyte cultures still demonstrate their white fat origin.

Thus, rosiglitazone indeed induced
UCP1 and other established brown
fat-specific genes but was not capable
of driving the full brown adipocyte-
differentiation program in white adi-
pocyte cultures: rosiglitazone-treated
white adipocyte cultures did not
demonstrate either a myogenic or
novel brown fat specific transcrip-
tion factor signature. Importantly,
white adipocyte cultures that attained
the ability to express UCP1 also per-
sisted in expressing thewhite adipo-
cyte-marker Hoxc9. Thus, at the
molecular level, these cells were
qualitatively markedly different
from genuine brown adipocytes.
A Subset of Cells Acquires a

Brown Fat-specific Phenotype in
Rosiglitazone-treated White Adipo-
cyte Cultures—Rosiglitazone-treated
white adipocyte cultures acquired
many brown fat-specific character-
istics that cannot be explained by
rosiglitazone-promoted overgrowth
of a few classic brown fat precursor
cells (Fig. 2 and supplemental Fig.
3). This implies either that another
population of cells, endowed with
established brown fat-specific char-
acteristics (cf. Fig. 3), is present in
white adipocyte cultures or that,
alternatively, rosiglitazone trans-
forms all cells in the white culture
into a qualitatively different cell
type that expresses more brown

fat-specific and less white fat-specific genes. To determine
whether rosiglitazone reveals a novel subpopulation of
brown adipocyte-like cells within the white adipocyte cul-
tures or generally ‘transdifferentiates‘ the white adipocyte
cultures, we examined characteristics required for brown
adipocyte-specific function at the cellular level in white adi-
pocyte cultures grown in the presence of rosiglitazone or
under control conditions.
Mitochondrial biogenesis is an essential part of BAT recruit-

ment (35). Importantly, newly synthesizedUCP1 protein is rap-
idly degraded unless it can be incorporated into mitochondria
(36). Rosiglitazone inducesmitochondrial biogenesis andmito-
chondrial remodeling not only in brown adipocytes (21) but
also in vivo in white fat of ob/obmice (17) and in subcutaneous
fat of humans (37) and also in fully differentiated 3T3-L1 adi-
pocytes (38).
To quantify the mitochondrial content of the cells, we visu-

alized the general mitochondrial marker, the voltage-depen-
dent anion carrier (VDAC) (also known as porin). We compared
mitochondrial staining in untreated cultures and in cultures
continuously treated with rosiglitazone (Fig. 6, A and B, red
color). In untreated white adipocyte cultures, there was only a

FIGURE 5. Expression levels of white-adipocyte marker genes in control and rosiglitazone-stimulated
cultures of white and brown adipocytes. Primary cultures of white and brown adipocytes were grown as
above (Figs. 3 and 4). Gene expression was analyzed by quantitative reverse transcription-PCR. Igfbp3 (A), DPT
(B), Tcf21 (C), and Hoxc9 (D) levels are shown in control and rosiglitazone-stimulated white and brown adipo-
cytes on day 5 of culture. The expression levels of the genes studied were normalized to the TBP levels in each
sample. The values represent means � S.E. of four independent experiments, each performed in duplicate.
Expression levels in the untreated white adipocyte cultures were set in each experiment to the mean of its
normalized values, and the levels in other white and brown adipocytes were expressed relative to this value in
each individual experiment. Statistical analysis is as in Fig. 3. *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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very faint staining with anti-VDAC antibody (a version of Fig. 6
(A and B) with an altered background for better contrast is
found in supplemental Fig. 5). As expected, cultures treated
with rosiglitazone demonstrated cells with intense staining,

indicating a dramatic enhance-
ment of mitochondrial biogenesis
in these cells (Fig. 6, A and B (red
color) and C and D). Enhanced
mitochondriogenesis in rosiglita-
zone-treated white adipocyte cul-
tures was already implied above by
the markedly increased mRNA
levels of both the mitochondrial
enzyme CPT-1 M (Fig. 3B) and
the mitochondriogenesis-promot-
ing gene PGC-1� (Figs. 1E and 3E),
but the present micrographs dem-
onstrate that the transcripts also
result in functional structures. Impor-
tantly, strong mitochondrial staining
was observed in a majority of cells in
the rosiglitazone-treated cultures.
We further examined the cellular

distribution of UCP1 in control and
rosiglitazone-treated cultures. In
untreated cultures, UCP1-immuno-
reactive cells were not detected (Fig.
6, A and B), which is fully in agree-
ment with the absence of UCP1
mRNA (Figs. 1F and 3F) and UCP1
protein (Fig. 6,C andD) in these cul-
tures. However, also in agreement
with mRNA and protein data (Figs.
1F, 3F, 6C, and 6D), UCP1-positive
cells were induced in the rosiglita-
zone-treated cultures (Fig. 6, A and
B, green color). Importantly, only a
subset of cells (�10%) in these cul-
tures were UCP1-positive. It was
noteworthy that mitochondrial
amount was not a limiting factor for
cells to express UCP1, i.e. numerous
mitochondria-rich cells were nega-
tive for UCP1 (Fig. 6, A and B, over-
lay). Thus, rosiglitazone did not
transform all cells within white adi-
pocyte cultures into more brown
and less white cells but, rather,
enabled some precursor cells, which
had the potential to develop brown
fat-like characteristics, to establish a
brown adipocyte-like phenotype.
Rosiglitazone-treated White Adi-

pocyte Cultures Are Competent in
Demonstrating Norepinephrine-
induced Thermogenesis—Thermo-
genesis (heat production) takes
place in themitochondria. Thermo-

genic responses in brown fat mitochondria (39) and brown fat
cells (40, 41) are fully UCP1-dependent. Physiologically, UCP1
is the only protein capable of mediating adaptive nonshivering
thermogenesis in the cold (42), and it is also the basis for any

FIGURE 6. Only a subset of cells in rosiglitazone-treated white adipocyte cultures is UCP1-positive and
demonstrates NE-induced UCP1-dependent thermogenesis. Primary cultures of white and brown adipo-
cytes were grown for 7 (A–D) or 6 (E and F) days in the absence or presence of 1 �M rosiglitazone. A and B, cells
were analyzed by immunofluorescence cell staining using antibodies against VDAC (red) and UCP1 (green).
Nuclei were counterstained with Hoechst 33258 (blue). Cells were examined with a fluorescence microscope,
and representative images are presented (lower (A) and higher (B) magnification). (A version of A and B, with an
altered background, is found in supplemental Fig. 5.) C and D, protein levels of VDAC and UCP1 in control and
rosiglitazone-treated white adipocyte cultures. C, representative Western blots. Total cell lysates (30 �g of
protein/lane) were examined using antibodies against VDAC and UCP1. D, VDAC and UCP1 protein levels in
control and rosiglitazone-treated white adipocyte cultures. The values represent means � S.E. of four indepen-
dent experiments, each performed in duplicate. The rosiglitazone-induced level was in each experiment set to
100%, and the levels in untreated cells were expressed relative to this value in each individual experiment. The
significance of rosiglitazone treatment was determined with paired t test. **, p � 0.01; ***, p � 0.001. E, repre-
sentative traces showing the effect of NE on oxygen consumption of control (thin line) and rosiglitazone-
treated (thick line) white adipocyte cultures. At the arrow, 1 �M NE was added. F, NE-induced component of
respiration (calculated as the difference between the rates of oxygen consumption before and after addition of
NE) in control and rosiglitazone-treated white adipocyte cultures. The polarographic output was time-differ-
entiated, sampled, and recalculated per milligram of total cellular protein. The values are means � S.E. of four
independent experiments. The significance of rosiglitazone treatment was determined with paired t test. **,
p � 0.01.
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adaptive adrenergic nonshivering thermogenesis, irrespec-
tively of whether it is cold acclimation-recruited (43) or repre-
sents adaptation to certain diets (‘diet-induced thermogenesis‘)
(44).
The brown adipocyte-like cells emerging in the rosiglita-

zone-treated white adipocyte cultures appeared well endowed
with the cellular effectors of thermogenesis: numerous mito-
chondria and the presence of UCP1 protein (Fig. 6,A–D). How-
ever, themost crucial test of whether these cells represent func-
tional brown adipocytes must be their ability to display
NE-induced thermogenesis. The thermogenic capacity of BAT
is reflected in the ability of isolated brown adipocytes to
respond to an addition of NE with a large increase in oxygen
consumption (thermogenesis) (24). Similarly, upon stimulation
with NE, brown fat cells differentiated in culture are also capa-
ble of demonstrating UCP1-dependent thermogenesis (21). To
examine the thermogenic capacity of brown adipocyte-like
cells emerging in white adipocyte cultures, we measured oxy-
gen consumption of control and rosiglitazone-treated cells
under basal conditions (before NE addition) and after stimula-
tion with NE, as exemplified in Fig. 6E. There was a qualitative
difference between the control cells and the rosiglitazone-
treated cells. As expected, control cells (that do not contain
UCP1 protein (Fig. 6, C and D)) did not increase oxygen con-
sumption upon stimulation with NE (Fig. 6E, thin line). In con-
trast, NE addition led to a rapid andmarked increase in oxygen
consumption in rosiglitazone-treated cells (Fig. 6E, thick line)
(compiled in Fig. 6F).

To summarize, upon continuous rosiglitazone treatment,
brown adipocyte-like cells differentiating within white adipo-
cyte cultures are capable of demonstrating NE-induced UCP1-
dependent thermogenesis despite major differences at the
molecular level.

DISCUSSION

In the present investigation, we have shown that although
precursors from BAT andWAT are predetermined to develop
into distinct cell types, it is possible to convert a subset of pre-
cursors found within WAT into cells that display the full func-
tional characteristics of classic brown adipocytes. However,
importantly, these cells are molecularly and developmentally
distinct from the classic brown adipocytes (the adipomyocytes).
These observations thus allow us to identify three types of adi-
pocytes and give new insight into the issue of transdifferentia-
tion. The results may also be relevant to human obesity, as
human cells may respond similarly (20).
Effect of PPAR�Agonists—PPAR� agonist treatment of intact

animals increases UCP1 expression in different WAT depots,
particularly in the inguinal depot (12–17). However, in such in
vivo experiments, it is not possible to distinguish between direct
and indirect effects of the PPAR� agonist, particularly as, e.g.
�3-adrenoreceptor agonist treatment also promotes the occur-
rence of these ectopic brown adipocytes (4, 8–11), and the
effects could therefore be indirect. In contrast, the results pre-
sented here are fromdirect treatment of precursor cells isolated
from a white adipose tissue depot considered to be the most
pure white depot: the epididymal depot. Thus, the PPAR� ago-
nist effect is directly on the cells, and, notably, the PPAR� ago-

nist promoted precursors in these white cultures to display not
only UCP1 expression (as principally shown in (20) for human
white adipocytes) but also fundamental features of brown adi-
pocyte functionality, qualitatively practically identical to those
of brown adipocytes treated similarly. Thus, whereas the occur-
rence of brown adipocyte-like cells in WAT depots has earlier
been considered to be a rare event, we demonstrate here that a
substantial number of the precursors (�10%) even of this most
white depot have this ability, enabling a molecular character-
ization of the induced cells.
Sympathetically induced emergence of brown adipocytes

within WAT depots is under genetic control (9, 45). Notably,
the high levels of UCP1 mRNA observed in rosiglitazone-
treated white adipocyte cultures of NMRI mice could not be
attained in similar cultures of C57Bl6 mice (compare Figs. 1 (B
and F) and 3Fwith Fig. 2 and supplemental Fig. 3). Accordingly,
�1% of cells within rosiglitazone-treated white adipocyte cul-
tures originating from C57Bl6 mice were UCP1-positive (not
shown). Thus, it seems that the number of brown adipocyte
precursors in WAT depots that can respond to PPAR� activa-
tion is also genetically determined.
Nature of the Induced Brown Adipocyte-like Cells—From the

present studies, it is clear that the induced cells are not brown
adipocytes of the classic type: their expression pattern of vari-
ous genes (the absence ofmyogenic factors and of specific tran-
scription factors) clearly distinguishes them from the classic
brown adipocytes, a conclusion already implied from genetic
studies by Kozak and colleagues in 1998 (9) but demonstrated
here for the first time. This also means that the brown adipo-
cyte-like cells do not emanate from a few precursors of classic
brown adipocytes resident in the precursor population. Indeed,
our co-culture experiments very clearly demonstrate that the
PPAR� agonist does not promote growth of such putative clas-
sic brown adipocyte precursors over that of genuine white adi-
pocytes. These co-cultures also demonstrate that brown adipo-
cytes do not secrete a browning factor to neighboring cells, not
even when adrenergically stimulated. It would be natural to
suggest (7) that the browning effect would be mediated via an
increase in PRDM16, but as PRDM16 is seen today rather as the
agent responsible for inhibiting themuscle pathway in themus-
cle/brown adipocyte common precursors, it is consistent that
PRDM16does not seem tomediate the PPAR� agonist effect on
the precursors from the WAT.
Thus, the results presented here, together with earlier stud-

ies, imply that (at least) three types of adipocytes should be
distinguished (Fig. 7) as follows. 1) The classic brown adipo-
cytes (the adipomyocytes) are characterized by the transient
myogenic and persistent myomir expression signatures. These
cells are exclusively found in the classic BAT depots, and they
all originate from the dermomyotome. They express Zic1,
Lhx8, Meox2, and PRDM16, and the ability to display brown
adipocyte characteristics is dependent upon expression of
PRDM16. 2) The “brite” (brown-in-white) adipocytes are the
adipocytes (precursors) that, given appropriate external stimu-
lus, such as a PPAR� agonist as used here, will differentiate into
cells that possess the functional machinery for thermogenesis
but never express the myogenic markers or the novel brown
fat-specific markers (e.g. Zic1, Lhx8, Meox2, and PRDM16).
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The origin of these cells is unknown; it is clearly not the dermo-
myotome. The brite adipocytes could also be of the same line-
age as those observed in intermyofibrillar fat depots (46, 47). 3)
The true white adipocytes, emerging in vivo independently
from the brown adipocytes (48) and molecularly identifiable
through expression of Hoxc9 and Tcf21 are adipocytes that,
given an external stimulus, e.g. in the form of a PPAR� agonist,
display enhancedmitochondriogenesis but do not seem ever to
be able to express UCP1 (unless genetically manipulated, e.g. by
introduction of PGC-1� (49), PRDM16 (33), or Foxc2 (50) or by
functional inactivation of pRb (51) or deletion of the corepres-
sor RIP140 (52)). It would thus seem that a new nomenclature
(‘the brite adipocytes‘) is necessary to facilitate the discussion
concerning these morphologically similar but developmentally
different cell types.
Transdifferentiation or Not?—The observations reported

here are related to the issue of possible “transdifferentiation” of
white into brown adipocytes (53). However, it is clear that in
our studies only a subset of cells withinWAT can attain brown
characteristics. This is principally in agreement with what has
been reported concerning WAT depots where the brown adi-
pocytes (brite adipocytes) occur in islets surrounded by white
adipocytes (8–10). It should therefore be pointed out that nei-
ther in vivo nor in culture do we seem to observe true transdif-
ferentiation of genuine white adipocytes. Rather, it would seem
that the precursors in the tissue represent amixture of cells, the
true nature of each of which is only revealed when induced by
an external agent. Secondly, it is also clear that the present

experiments do not demonstrate transdifferentiation in the
strict sense: that a cell that has first demonstrated white adipo-
cyte characteristics is converted to show brown characteristics.
The cells progress directly from the undifferentiated state into
the brown adipocyte-like appearance without having been
through a phase of being true white adipocytes.
Brite Adipocytes in Humans—An important reason for the

interest in the presence of brown adipocyte-like cells in WAT
has been based on intentions to treat human obesity by trans-
formation of white adipocytes into brown adipocytes. These
ideas were, however, formulated at a time when it was believed
that adult humans did not possess active BAT. The realizations,
elucidated from positron emission tomography (PET) scans of
cancer patients, that adult humans possess active BAT (54),
particularly in the subclavicular and cervical adipose tissues,
and that even these depots contain UCP1 (55–59), havemade it
more natural to promote growth of these tissues, and thus of
classic brown adipocytes, to combat obesity, especially because
these depots also contain precursor cells, even in adults (59).
These depots most likely consist of classic brown adipocytes,
because they have high levels of PRDM16 (58). There are no
indications frompublishedPET scan studies that human classic
WAT ever becomes metabolically significantly active.
The rationale for the evolutionary development of BAT is

adaptive thermogenesis. However, the rationale behind the
development of a second type of UCP1-expressing cells is still
not physiologically evident. The brite adipocytes are indeed
capable of demonstrating NE-mediated thermogenesis in vitro,
but it is not evident whether they participate in adaptive ther-
mogenesis in vivo. It is noteworthy that a high capacity to
induce brite adipocytes in areas of traditional white fat in some
mice strains does not impact on their ability to gain weight in
response to a high fat diet but does correlate with their loss of
weight in response to treatment with a �3-adrenergic agonist
(9). Thus, a possible involvement of brite adipocytes in regula-
tion of body weight may be implied. Recent data (60) also indi-
cate that brite adipocytes may be involved in the regulation of
insulin sensitivity in humans.
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J., and Nuutila, P. (2009) N. Engl. J. Med. 361, 415–421

“Brite” Adipocytes in White Adipocyte Cultures

7164 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 10 • MARCH 5, 2010


