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Brown adipose tissue (BAT) plays key roles in thermogenesis and energy homeostasis in rodents. Met-
abolic imaging using positron emission tomography (PET)-computer tomography has identified sig-
nificant depots of BAT in the supraclavicular fossa of adult humans. Whether supraclavicular fat con-
tains precursor brown adipocytes is unknown. The aim of the present study was to determine the
adipogenic potential of precursor cells in human supraclavicular fat. We obtained fat biopsies from the
supraclavicular fossa of six individuals, as guided by PET-computer tomography, with paired sc fat
biopsies as negative controls. Each piece of fat tissue was divided and processed for histology, gene
analysis, and primary culture. Cells were examined for morphological changes in culture and harvested
for RNA and protein upon full differentiation for analysis of UCP1 level. Histological/molecular analysis
of supraclavicular fat revealed higher abundance of BAT in PET-positive than PET-negative individuals.
Inall subjects, fibroblast-likecells isolatedfromsupraclavicular fatdifferentiated invitroanduniformly
into adipocytes containing multilobulated lipid droplets, expressing high level of UCP1. The total du-
ration required from inoculation to emergence of fibroblast-like cells was 32–34 and 40–42 d for PET-
positive- and PET-negative-derived samples, respectively, whereas the time required to achieve full differ-
entiation was 7 d, regardless of PET status. Precursor cells from sc fat failed to proliferate or express UCP1.
In summary, preadipocytes isolated from supraclavicular fat are capable of differentiating into brown
adipocytes in vitro, regardless of PET status. This study provides the first evidence of inducible brown
adipogenesis in the supraclavicular region in adult humans. (Endocrinology 152: 3597–3602, 2011)

Brown adipose tissue (BAT) plays key roles in thermo-
genesis and energy homeostasis in rodents. It ex-

presses a unique protein, uncoupling protein 1 (UCP1),
which dissipates energy as heat (1).

Positron emission tomography (PET)-computer tomog-
raphy (CT) has recently identified significant depots of BAT
in adult humans (2), leading to a resurgence of interest in
human BAT research (3). Initial investigations based on con-
ventional singlePET-CTstudies reporteda lowprevalenceof
BAT in adult humans of 5–10% (4–6). Subsequent studies
revealed conventional PET-CT to be insensitive and poorly
reproducible for BAT detection (7, 8). Histological/molecu-
lar examination of supraclavicular fat has indicated a very
high if not universal presence of BAT in adult humans (9).

However, there is considerable variation in BAT abundance
(7), with abundance up to 20 times lower in PET-negative
(PET�ve) fat (9). What determines BAT abundance in hu-
man adults is unknown. It is possible that the status in adult-
hood is predetermined by residual remnants from infancy.
Alternatively, it is possible that there is a dynamic regulation
of precursor cell growth, differentiation, and apoptosis by
factors yet to be identified. There is strong evidence from
rodents for the existence of inducible brown adipogenesis.
Whether thesameis true inhumans isunknownbutclinically
relevant because inducible brown adipogenesis could be ex-
ploited as a novel approach for the therapy of obesity.

BAT is present in supraclavicular but not in sc fat in
adult humans (9). To test the hypothesis that supraclavic-
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ular fat harbors precursor brown adipocytes, we have un-
dertaken in vitro studies to determine whether brown adi-
pocytes can be induced in culture from stroma-vascular
cells obtained from biopsy tissue.

Materials and Methods

Subjects and fat biopsies
Primary culture was established from fat biopsies obtained in-

traoperatively from the supraclavicular fossae of individuals un-
dergoinghead/necksurgery formalignancy.Allpatientsunderwent
preoperative PET-CT. Primary culture established from paired bi-
opsies of white adipose tissue obtained from anterior neck sc com-
partment of the same individuals served as negative controls (9).

PET-CT was performed at 20–22 C after a 6-h fast. Details of
PET-CT scanning procedures and biopsy are described previ-
ously (9). Each piece of fat was divided into three pieces: the first
two for histology/mRNA extraction and the third for primary
culture. The presence of brown adipocytes was defined by iden-
tification of multilobulated lipid droplet and expression of UCP1
gene transcripts and/or protein. UCP1 expression was compared
between biopsies and cultured cells.

RNA collection
RNA was extracted from whole adipose tissue/cultured adi-

pocytes using Trizol and purified with ethanol precipitation on
RNeasy minispin columns (QIAGEN, Doncaster, Australia).
The average yield was 5–7 �g per 100 mg whole tissue and 8–10
�g for each 25-cm2 flask of confluent primary adipocytes. RNA
concentration/quality was assessed by a NanoDrop spectropho-
tometer (NanoDrop Technology, Wilmington, DE).

Quantitative RT-PCR
For quantification of target gene mRNA levels, 2 �g of RNA

was reverse transcribed with a high-capacity cDNA kit (Applied
Biosystems, Foster City, CA) in a total volume of 20 �l, as pre-
viously described (9). Standard TaqMan cycling conditions were
used with TaqMan gene expression assays using the Applied
Biosystems 7900HT (Applied Biosystems). All reactions were
performed in triplicate. �-Actin was used as an internal standard.
The relative expression of target mRNA was computed from the
target cycle threshold values and the �-actin cycle threshold
value using standard curve method (sequence detection systems
chemistry guide; Applied Biosystems).

Immunohistochemistry
Adipose tissue biopsies were fixed in 10% formalin and molded

in paraffin. Sections for immunohistochemistry were processed as
previouslydescribed (9)and incubatedwithprimaryantibody [rab-
bit polyclonal to UCP1 (1:500); ab10983; Abcam, Cambridge,
UK]. This was followed by 3 � 10-min washes in PBS and incuba-
tion with secondary antibody. Sections were sealed and imaged
using Eclipse E800 microscope (Leica, Heerbrugg, Switzerland).

Western blot
Protein was extracted from homogenized whole tissue or pri-

mary adipocytes by incubation in lysis buffer (1 M Tris, pH 7.6;
5 M sodium chloride; 0.5 M EDTA; 1% Triton X-100; protease

inhibitors) for 30 min at 4 C. Protein concentrations were de-
termined using the Bradford protein assay kit (Bio-Rad Labora-
tories, Hercules, CA) and 60 �g protein fractions were separated
by 10% SDS-PAGE, blotted to a polyvinyl difluoride membrane
(Immobilon P, Millipore), and detected by rabbit polyclonal an-
tihuman-UCP1 (ab10983; Abcam).

Cell isolation and primary adipocyte culture
The method established in mice was modified for human BAT

cultures, based on the identification that a mitotic compartment,
termed the stromal vascular fraction (SVF), exists in adipose
tissue (10, 11). Approximately 100 mg of adipose tissue was
obtained from the supraclavicular fossa for the preparation of
primary culture of brown adipocytes, as previously described
(12). The cells were cultured in 25-cm2 flask (Corning, Corning,
NY) at a concentration of 0.6 � 106 cells/flask in 5 ml of medium.
Although noradrenaline is the major regulator of brown adipo-
genesis in rodents, many other hormones and growth factors
play key roles in BAT recruitment, proliferation, and differen-
tiation, including thyroid hormone, peroxisomal proliferator-
activated receptor-� agonist, GH, and IGF-I, which induce
brown adipogenesis in vivo and in vitro (1, 12–16). Based on
known stimulants of brown adipogenesis in animals, a differen-
tiating culture medium consisting of a �-agonist, a peroxisomal
proliferator-activated receptor-� agonist, IGF-I and various adi-
pogenic factors was used.

The proliferation culture medium was DMEM with 10%
(vol/vol) newborn calf serum (Invitrogen, Carlsbad, CA), 10 mM

HEPES, 0.85 �M insulin, 1 nM triiodothyronine, 100 �M iso-
prenaline, 50 U/ml penicillin, and 50 �g/ml streptomycin. The cells
were grown at 37 C in an atmosphere of 5% CO2 in air with 80%
humidity. The cells were washed in PBS and medium changed on d
1 and then every second day until they reached confluence. Cells
were then maintained in differentiation culture medium supple-
mented with 10 �g/ml transferrin (Sigma, St. Louis, MO), 1 �M

dexamethasone (Sigma),500 �M isobutyl-methylxanthine (Sigma),
33 �M biotin (Sigma), 17 �M pantothenate (Sigma), 1 nM human
GH, 1 nM IGF-I, and 1 �M rosiglitazone (Invitrogen). The cells were
harvested for RNA isolation and Western blot when fully differen-
tiated, as indicated by the presence of multilobulated lipid droplets.

The St. Vincent’s Hospital Human Research Ethics Commit-
tee approved the study and subjects provided informed written
consent.

Results

PET status and supraclavicular adipose tissue
biopsy

Six patients were recruited and in whom PET-CT was
positive in two and negative in four patients (Table 1).

TABLE 1. Patient characteristics

PET�ve PET�ve

n 2 4
Age (yr) 35–41 52–64
Gender 2F 1F:3 M

BMI (kg/m2) 20–22 22–30
Diagnosis Papillary thyroid cancer Squamous cell carcinoma

BMI, Body mass index.
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Among PET positive (PET�ve) individuals, UCP1 ex-
pression was more than 4 orders of magnitude higher in
supraclavicularcomparedwithsc fat.Histologyshoweduni-
form presence of adipocytes with multilobulated lipid drop-
lets, typical of brown adipocytes. These cells stained strongly
for UCP1, confirming the presence of BAT (Fig. 1A).

Among PET�ve individuals, UCP1 expression was 7.7
times greater (95% confidence interval 4.2–12.6; P �

0.01) in supraclavicular compared with sc fat. Histology
in one patient revealed a predominance of adipocytes with
unilobulated lipid droplets, with an occasional scattering
of UCP1-positive cells displaying multilobulated lipid
droplets (Fig. 1C), characteristic of brown adipocytes.
More irregular scattering of UCP1-positve cells of differ-

ent intensity was observed in the re-
maining three patients (Fig. 1, D–F).

Culture of adipose precursor cells
Primary cultures were established

from biopsies obtained from the supra-
clavicular fossae in all six patients (Fig.
2, A–F).

Proliferation of preadipocytes
After 2 d in culture, adherent cells iso-

lated from the SVF were spherical and
present singlyor inpairs, characteristicof
undifferentiated preadipocytes (Fig. 2A).
The cells were examined daily. During
the first 30 d of culture, no morpholog-
ical differences of preadipocytes were
observed. Inoculation density (0.5–
1.5 � 106 cells/flask) and isoprenaline
concentrations (50–200 �M) did not
affect the confluence/morphology of
preadipocytes.

Fibroblast-like cells emerged among
undifferentiatedcells inclustersafter30d
in culture (Fig. 2C), characterized by an
elongated fusiform morphology with a
single nucleus and abundant cytoplasm.
Their cell membrane displayed a coat of
coarsely granular material with no cyto-
plasmic lipid droplets. Once these cells
appeared, remaining cells transformed
intofibroblast-likecellswithin1–2d,and
flasks reached more than 80% conflu-
ence within a week (Fig. 2D).

Differentiation of confluent
preadipocytes

On exposure to differentiation me-
dium, cells rapidly became polygonal

and accumulated lipid within cytoplasm. Small lipid drop-
lets were visible in a ring around the central nucleus by d
2. As fat accumulation continued, the lipid content of each
cell remained dispersed in small fat droplets. By d 7, fully
differentiated cells denoted by the accumulation of mul-
tilobulated lipid droplets were observed (Fig. 2, E and F).

Differences between cells in relation to PET status
We compared the proliferation/differentiation pace of

cells derived from PET�ve and PET�ve fat. The time
taken for fibroblast-like cells to emerge was 32–34 and
40–42 d, and the duration to reach confluence was 5 and
7 d, for PET�ve and PET�ve derived fat biopsies, respec-

FIG. 1. Immunohistochemical features of supraclavicular and sc adipose tissue biopsies.
Immunohistochemistry of PET�ve fat (n � 2) revealed uniform presence of adipocytes with
multilobulated lipid droplets, strongly reactive for UCP1 (A: UCP1 immunohistochemistry,
�20). Subcutaneous fat showed only adipocytes with unilobulated lipid droplets with no
UCP1 staining (B: UCP1 immunohistochemistry, �20). In contrast, PET�ve fat in one patient
consisted primarily of adipocytes with unilobulated lipid droplets, devoid of UCP1 staining.
There were scattered adipocytes with multilobulated lipid droplets, which showed UCP1
staining (C: UCP1 immunohistochemistry, �20). PET�ve fat from the other three patients
showed more irregular scattering of UCP1-positive adipocytes of varying intensity (D–F: UCP1
immunohistochemistry, �20).
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tively. The duration required for fibroblast-like cells to
fully differentiate was 7 d, regardless of PET status.

There were no discernable morphological differences
between undifferentiated, fibroblast-like, or final fully dif-
ferentiated cells from PET�ve and PET�ve fat biopsies.

Subcutaneous fat-negative control
Subcutaneous fat biopsies displayed adipocytes with

unilobulated lipid droplets with absent UCP1 staining
(Fig. 1B). Cells isolated from sc fat displayed similar mor-
phological features as those isolated from supraclavicular
fat (Fig. 2B). Cultures were undertaken in all subjects in
parallel with those isolated from corresponding supracla-
vicular fat. Prolonged incubation for up to 7 wk in pro-
liferative medium failed to induce confluence or the de-
velopment of fibroblast-like cells (data not shown). The
evaluation of the cultures was terminated beyond 7 wk.

UCP1 expression
Gene and protein expression of

UCP1 was quantified in primary cul-
ture established from supraclavicular
and sc fat (Fig. 3, A and B). UCP1
mRNA and protein were detected in
fully differentiated cells from supracla-
vicular but not from those cultured
from sc fat. The abundance of UCP1
was similar between PET�ve and
PET�ve fat.

Discussion

This study demonstrates the successful
culture of adipose precursor cells from
BAT in adult humans. Under defined
conditions, preadipocytes isolated from
supraclavicular adipose tissue differenti-
ate into brown adipocytes, sharing sim-
ilar morphological/molecular charac-
teristics as mature brown adipocytes.
Primary culture of precursors estab-
lished from PET�ve fat biopsies re-
quired a longer incubation period to
reach confluence. However, the final
phenotype of brown adipocytes was
identical for precursor cells obtained
from PET�ve and PET�ve fat.

In rodents, an incubation time of
7–10 d is required to establish primary
brown adipocyte in culture (10). By
contrast, an incubation period beyond
50 d was required for precursor cells
to fully differentiate into brown adi-

pocytes in humans. The reason for the big difference in
duration is unknown. It could be due to the differences in
biogenic potential between species or the relative paucity
in precursor cell abundance in humans. It is also probable
that the optimal conditions for human cells have not yet
been defined, given that the conditions used were adopted
from the rodent literature. The apparently long incubation
required for proliferation and differentiation may explain
the paucity of primary brown adipocyte cultures as an
experimental model for study. The only successful estab-
lishment of primary culture of human brown adipocytes
was derived from neonatal perinephric fat (17). Charac-
terization was based on morphological identification of
differentiated adipocytes cells harboring multilobulated
lipid droplets. The authors did not quantify UCP1 expres-
sion for confirmation of brown adipocyte identity. Others

FIG. 2. Cytological features of primary adipocytes from supraclavicular and sc fat. Precursor
cells isolated from the stroma-vascular fraction of supraclavicular (A: d 2, �20x) and sc fat
(Panel B: d 2, �20) were single and spherical with no discernable morphological differences.
Only precursor cells from supraclavicular fat showed progressive proliferation to fibroblast-like
cells (C: d 30–32, �20), which reached confluence after a further 5–7 d (D: �20). These cells
were devoid of any lipid droplets. Cells began lipid droplet accumulation from d 2 after
incubation in differentiation medium. Fully differentiated brown adipocytes displayed
multilobulated lipid droplets by d 7 (E: �10 and F: �40) expressing high levels of UCP1 (Fig. 3).
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have established cultures from adenovirus-mediated ex-
pression of master regulators of adipogenesis (e.g. perox-
isomal proliferator-activated receptor-� coactivator-1�),
with stem cells or immortalized cell lines. However, the
appropriateness of these models for regulatory studies is
uncertain (13, 18). At present, studies investigating the
factors regulating human BAT activity in vivo are limited
by high radiation exposure of PET-CT. The successful
development of primary brown adipocytes in culture pro-
vides a promising model for in vitro studies of the humor-
al/endocrine regulation of human BAT.

The present findings provide clues on the developmental
origin of human brown adipocytes. The primary cultures of
brown adipocytes were derived from undifferentiated pre-
cursor cells of the stroma and not from preexisting mature
BAT in situ. The cultures were successfully established from
not only BAT abundant PET�ve fat but also PET�ve fat in
whichmaturebrownadipocytepopulation is scant.SVFcells
from sc fat failed to differentiate into mature brown adi-
pocytes under identical culture conditions, suggesting that
the developmental origins of supraclavicular and sc fat are
different. A unique population of precursor cells with full
brown adipogenic potential have been identified in animals
and in human skeletal muscle. These mesenchymal progen-
itor cells express adipomyogenic markers such as BMP7 and
PRDM16 (19, 20) and CD34 (21), respectively. The limited
availability of human supraclavicular adipose tissue in the
current study unfortunately precluded more detailed gene
profiling of cultured cells to evaluate their developmental
origin.

There are several issues to consider, given our experi-
mental design. Primary culture was established from bi-
opsies obtained from patients with malignancies in whom
indications for PET-CT imaging offered the opportunity
to correlate metabolic function to histology and required
surgery allow access to the supraclavicular fossa. This re-

sulted in inevitable heterogeneity in pa-
tient characteristics, such as age, gen-
der, and body mass index. However,
the success in establishing primary cul-
ture from all six patients provides strong
evidence that BAT arises from precursor
cells. The presence of BAT in the adult is
unlikely to represent preexisting rem-
nants from infancy. It is unlikely that un-
derlying malignancy is a factor because
we did not observe an association be-
tween active malignancy and the pres-
enceBATinourprevious investigation in
more than3000patientswithahistoryof
malignant disease (7).

Our findings have important clinical
implications. The inducibility in vitro

to mature brown adipocytes suggests the potential for ac-
tivation of indolent precursor cells in vivo. For example,
the conversion from negative to positive PET status such
as by cold simulation is likely mediated by changes in the
neuroendocrine milieu of the supraclavicular microenvi-
ronment (22). Although it is likely thermogenic stimula-
tion represents activation of preexisting brown adi-
pocytes, it is equally likely that the microenvironment may
also regulate the proliferation and differentiation of pre-
committed preadipocytes. Cold acclimatization stimu-
lates the recruitment, proliferation, and differentiation of
BAT in rodents (23), implying chronic cold exposure
could be a physiologic switch to turn on BAT in humans,
as supported by the observation of abundant BAT in out-
door workers exposed to cold (24). The factors that drive
human BAT development and activity is poorly under-
stood; however, the availability of primary adipocytes in
culture presents a model for investigating key regulatory
factors involved.

In summary, the morphological and molecular findings
presented in the current study indicate that precursor cells
isolated from supraclavicular adipose tissue proliferate
and differentiate into mature brown adipocytes. This
study provides the first evidence for inducible brown ad-
ipogenesis in adult humans. The establishment of primary
cultures of BAT offers potential for use as a model to
identify factors regulating their proliferation, differentia-
tion and function, which may provide information that
could lead to pharmacological activation of BAT for ther-
apeutic purposes.
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