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In all mammals, white adipose tissue (WAT) and brown adipose tissue (BAT) are found together in several fat
depots, forming a multi-depot organ. Adrenergic stimulation induces an increase in BAT usually referred to as
“browning”. This phenomenon is important because of its potential use in curbing obesity and related disor-
ders; thus, understanding its cellular mechanisms in humans may be useful for the development of new ther-
apeutic strategies. Data in rodents have supported the direct transformation of white into brown adipocytes.
Biopsies of pure white omental fat were collected from 12 patients affected by the catecholamine-secreting
tumor pheochromocytoma (pheo-patients) and compared with biopsies from controls. Half of the omental
fat samples from pheo-patients contained uncoupling protein 1 (UCP1)-immunoreactive-(ir) multilocular
cells that were often arranged in a BAT-like pattern endowed with noradrenergic fibers and dense capillary
network. Many UCP1-ir adipocytes showed the characteristic morphology of paucilocular cells, which we
have been described as cytological marker of transdifferentiation. Electron microscopy showed increased mi-
tochondrial density in multi- and paucilocular cells and disclosed the presence of perivascular brown adipo-
cyte precursors. Brown fat genes, such as UCP1, PR domain containing 16 (PRDM16) and β3-adrenoreceptor,
were highly expressed in the omentum of pheo-patients and in those cases without visible morphologic
re-arrangement. Of note, the brown determinant PRDM16 was detected by immunohistochemistry only in
nuclei of multi- and paucilocular adipocytes. Quantitative electron microscopy and immunohistochemistry
for Ki67 suggest an unlikely contribution of proliferative events to the phenomenon. The data support the
idea that, in adult humans, white adipocytes of pure white fat that are subjected to adrenergic stimulation
are able to undergo a process of direct transformation into brown adipocytes. This article is part of a Special
Issue entitled Brown and White Fat: From Signaling to Disease.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In smallmammals and to someextent also in humans,white adipose
tissue (WAT) and brown adipose tissue (BAT) are found together in
several fat depots located in subcutaneous and visceral areas. These
can be regarded as one multi-depot organ with distinct morphology
and specific functions, and all of the depots exhibit extremely plastic
properties [1].

The two main types of cell forming the adipose organ are white
and brown adipocytes, which fulfill the opposing functions of storing
lipids for survival and consuming lipids to produce heat, respectively.
and White Fat: From Signaling
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Thermogenesis in BAT is mediated by a brown fat-specific mitochon-
drial protein, uncoupling protein 1 (UCP1), which plays an important
role in the control of energy homeostasis. Indeed, the loss of UCP1
causes cold-intolerance [2] and obesity at thermoneutrality in mice
[3]. The transgenic expression of UCP1 in WAT has been shown to
combat obesity [4], whereas BAT removal or inactivation has been
shown to cause obesity and related disorders [5,6]. Cold- and diet-
induced thermogenesis are dependent on the ß-adrenergically medi-
ated activation of lipolysis and the subsequent degradation of fatty
acids via UCP1 that dissipates large amounts of chemical energy [7].

Recent studies using non-invasive imaging technologies, such
as 18fluorolabeled 2-deoxy-glucose positron emission tomography
(18FDG-PET), have clearly demonstrated that adult humans have sig-
nificant amounts of active BAT in the area at the base of the neck and
cold exposure has revealed that this tissue can be activated [8–12]. In a
case series of adult humans, a histological study demonstrated the
presence of true brown adipocytes in the same anatomical area and
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identified brown fat precursors [13]. Furthermore, the glucose uptake
capacity in BAT correlates inversely with adiposity, indicating that
variation in the amount and/or thermogenic activity of BAT may con-
tribute to the propensity for weight gain in humans [14].

The mechanisms by which WAT acquires BAT-like properties
are generally referred as “browning” and have been proven to be of
great importance in protecting against diet-induced obesity and
metabolic diseases [15,16]. Browning occurs especially in the subcuta-
neous depots of mice that over-express PR domain containing 16
(PRDM16) [17] which is the key transcriptional regulator of the cellu-
lar lineage that gives rise to the classic brown adipose depots in mice
[18].

In addition, UCP1-immunoreactive (ir), brown fat-like cells can
emerge in predominantly “white” depots upon prolonged cold expo-
sure or β3-adrenoreceptor (ADRB3) activation [19–22]. These brown-
like fat cells, which are not derived from aMyf5+ lineage, are designat-
ed as brown-in-white (brite) cells [23], beige cells [24,25] or simply
brown adipocytes, mainly because they have anatomy and physiology
corresponding to that of other brown adipocytes found in specific
areas of the adipose organ considered as the “classic” brown depot
[26,27].

The propensity to accumulate brown adipocytes differs in individual
WAT depots of rodents and seems to be dependent on different inner-
vations of the depot [27] or different cell subtype compositions [28]. A
large accumulation of brown adipocytes in the adipose organ during
cold exposure can be found most readily in the subcutaneous inguinal
adipose tissue but is rarely observed in epididymal/perigonadal adipose
tissue [17,27,29]. We have recently described UCP1-ir paucilocular as a
cell marker of the intermediate steps in the process of white-to-brown
adipocyte transdifferentiation in mice subjected to adrenergic stimula-
tion [22].

Based on classic [30] and more recent studies [31], the presence of
active BAT in patients affected by pheochromocytoma (pheo-patients),
which is a neuroendocrine tumor that intermittently secretes excessive
amounts of catecholamines, is known to be enhanced. It has also been
documented by FDG-PET that patients with this type of tumor showed
higher levels of active BAT in several locations of the body; this situation
reverted to normal after tumor resection [32,33].

Because browning the human adipose organ may be a strategy to
combat obesity and related disorders [34], it is important to investi-
gate whether human white adipocytes can be converted into brown
adipocytes and to determine the cell processes involved. Visceral fat
deposits, especially mesenteric and omental fat, are generally consid-
ered “pure”white fat depots with little propensity to acquire a brown
phenotype, even in rodents [27,29]. Thus, we selected these pure
white depots in patients suffering from pheochromocytomas to inves-
tigate whether white-to-brown transdifferentiation can occur in this
unique model of adrenergic hyper-stimulated human fat. In half of
the samples analyzed, we observed all steps of the striking morpho-
logical changes in a typical transformation of WAT into BAT, including
the presence of paucilocular adipocytes, an insignificant increase of
adipocyte precursors and the re-organization of vascular and nerve
supplies. These data, as well as data from gene expression analysis,
strongly suggest that the transdifferentiation of white-to-brown adi-
pocytes is the major phenomenon driving this transformation of
omental fat in pheo-patients.

2. Material and methods

2.1. Subjects

Omental adipose tissue was removed from 20 control subjects
undergoing surgery at the General Hospital Azienda Ospedaliero
Universitaria (AOU; Ancona, Italy) for cholecystectomy. The subjects
comprised 10 males and 10 females, aged from 32 to 65 years (aver-
age 46) with body mass index (BMI) from 18 to 29. The patients
affected by adrenal pheochromocytoma included in this study totaled
12: 6males and 6 females, ranging in age from 29 to 70 years (average
49) and in BMI, from 19 to 30.5. All of them underwent surgery for
total resection of the tumor, and samples of omental fat were collected
in comparable areas. The clinical details of the subjects are summa-
rized in Table 1.

At the time of the surgery, all subjects had fasted for 15–18 h and
had stopped all pharmacological treatment the day before. Informed
consent was obtained from the subjects before the surgical procedure.
The study protocol was approved by the Ethical Committee (Permission
n. 209148) of the University of Ancona (Politecnica delle Marche).
2.2. Light microscopy (LM)

Immediately after removal, tissue pieces representing omental ad-
ipose tissue were fixed overnight by immersion at 4 °C in 4% parafor-
maldehyde in 0.1 M phosphate buffer (pH 7.4). The samples were
then dehydrated, cleared, and embedded in paraffin. Sections from 3
different levels (100 μm apart) were hematoxylin and eosin-stained
to assess their morphology, immunohistochemistry and morphome-
try. All observationswere performedwith a Nikon Eclipse 80i lightmi-
croscope (Nikon, Tokyo, Japan) equipped with a CCD camera.
2.3. Immunohistochemistry (IHC)

UCP1, tyrosine hydroxylase (TH) and Ki67 (a cellular marker for
proliferation) immunostaining were performed as follows. For each
3-μm-thick section level, dewaxed sections were incubated with
anti-UCP1 (1:500; ab10983, Abcam, Cambridge UK), anti-TH (1:300;
AB1542 Chemicon Millipore, Milan, Italy) or anti-Ki67 (1:3000;
NCL-Ki67p, Novocastra Lab, Newcastle, UK), according to the avidin–
biotin complex (ABC) method, briefly 1) endogenous peroxidase
blocking with 3% hydrogen peroxide in methanol; 2) normal serum
(1:75) for 20 min to reduce nonspecific background; 3) incubation
with primary antibodies against UCP1, TH or Ki67 overnight at 4 °C; 4)
secondary antibodies specific for each species in which the primary
antibody was raised: IgG biotin conjugated (1:200; Vector Labs,
Burlingame, CA, USA); 5) ABC kit (Vector Labs); and 6) enzymatic re-
action to reveal peroxidase with Sigma Fast 3,3′-diaminobenzidine
(Sigma-Aldrich, St. Louis, MO, USA) as the substrate. Finally, sections
were counterstained with hematoxylin and mounted in Eukitt (Fluka,
Deisenhofen, Germany).

IHC for PRDM16 (1:150; ab3789, Abcam, Cambridge UK) was per-
formed with the same technique described above, and an antigen re-
trieval step using sodium citrate buffer (10 mM sodium citrate, 0.05%
Tween 20, pH 6.0) was added before blocking with normal serum.
2.4. Morphometry

The 3-μm-thick sections stained were measured by live count
command in Lucia Imaging for image analysis (version 4.82, Nikon In-
struments, Florence, Italy).

The area of the TH-ir nerve fibers was measured in the 4 subjects
showing at least 10–15% UCP1-ir adipocytes, based on images ran-
domly captured with a Nikon DXM 1200 camera at ×100. Ten areas
in the adipose lobules containing mixed brown/white adipocytes
(pheo-patients) and 10 areas of pure white adipocytes (controls)
were analyzed. The results are given as the total TH-ir area. The vas-
cular area was measured in semi-thin sections from the same cases
using images captured at 40× objective. The results are given as the
total vascular area/mm2.

Quantitative data on the density of precursor cells (preadipocytes)
were produced as the number of cells per 100 capillaries.



Table 1
Clinical data of subjects included in the study.

Patient ID Age/gender BMI (kg/m2) Pathology/reason for surgery position/size diameter UCP1-ir adipocytes

CTRL-1 65/M 29 Gallstones/cholecystectomy Neg
CTRL-2 34/M 24 Gallstones/cholecystectomy Neg
CTRL-3 45/M 28 Gallstones/cholecystectomy Neg
CTRL-4 53/F 18 Gallstones/cholecystectomy Neg
CTRL-5 52/F 25 Gallstones/cholecystectomy Neg
CTRL-6 55/M 25 Gallstones/cholecystectomy Neg
CTRL-7 36/M 26 Gallstones/cholecystectomy Neg
CTRL-8 59/M 29 Gallstones/cholecystectomy Neg
CTRL-9 58/M 26 Gallstones/cholecystectomy Neg
CTRL-10 41/M 21 Gallstones/cholecystectomy Neg
CTRL-11 40/M 22 Gallstones/cholecystectomy Neg
CTRL-12 38/F 29 Gallstones/cholecystectomy Neg
CTRL-13 64/F 24 Gallstones/cholecystectomy Neg
CTRL-14 32/F 23 Gallstones/cholecystectomy Neg
CTRL-15 51/F 25 Gallstones/cholecystectomy Neg
CTRL-16 45/F 28 Gallstones/cholecystectomy Neg
CTRL-17 60/F 28 Gallstones/cholecystectomy Neg
CTRL-18 47/M 21 Gallstones/cholecystectomy Neg
CTRL-19 52/F 26 Gallstones/cholecystectomy Neg
CTRL-20 50/F 27 Gallstones/cholecystectomy Neg
Pheo-1 33/F 21.5 Pheochromocytoma/resection Sx/5 cm ++++
Pheo-2 64/F 25 Pheochromocytoma/resection Sx/4 cm +++
Pheo-3 70/M 30.5 Pheochromocytoma/resection Dx/5.5 cm +
Pheo-4 38/F 26.7 Pheochromocytoma/resection Dx/3 cm Neg
Pheo-5 50/M 23.7 Pheochromocytoma/resection Dx/3.5×4×2 cm Neg
Pheo-6 58/M 23 Pheochromocytoma/resection Dx/6.5×6×3 cm Neg
Pheo-7 38/F 26 Pheochromocytoma/resection Sx/4 cm +
Pheo-8 29/F 19.5 Pheochromocytoma/resection Dx/3×2 cm ++
Pheo-9 45/F 19 Pheochromocytoma/resection Dx/4 cm ++
Pheo-10 64/M 28 Pheochromocytoma/resection Sx/5 cm Neg
Pheo-11 50/M 25 Pheochromocytoma/resection Sx/3 cm Neg
Pheo-12 52/M 27 Pheochromocytoma/resection Dx/3×2 cm Neg

952 A. Frontini et al. / Biochimica et Biophysica Acta 1831 (2013) 950–959
2.5. Transmission electron microscopy (TEM)

Immediately after removal, small fragments of the tissues were
fixed in 2% glutaraldehyde-2% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) for at least 4 h, postfixed in 1% osmium tetroxide, and
embedded in an Epon–Araldite mixture. Semi-thin sections (2 μm)
were stained with toluidine blue. Thin sections were obtained with
an MT-X ultratome (RMC, Tucson, AZ, USA), stained with lead citrate,
and examined with a CM10 transmission electron microscope
(Philips, Eindhoven, The Netherlands).

2.6. Real time PCR (qPCR) analysis

qPCR experiments were performed on omental fat samples from 4
controls and 4 pheo-patients. Fragments of tissue were harvested
from the same samples used for morphological evaluation, washed
in Dulbecco's PBS, snap frozen and immediately stored at −80 °C.
The total RNA was extracted using the TRIZOL reagent (Invitrogen,
Monza, Italy), purified, digested with a ribonuclease-free deoxyribo-
nuclease and concentrated using RNeasy Micro kit (Qiagen, MI,
Italy), according to the respective manufacturers' instructions.

For the determination of mRNA levels, 1 μg of RNA was reverse-
transcribedwith aHigh-Capacity cDNARTKitwith RNase Inhibitor (Ap-
plied BioSystems, Foster City, CA) in a total volume of 20 μl. qPCR gene
expressionwas performed in triplicate using TaqMan Gene Expression As-
says (Applied BioSystems, CA, USA) as listed: UCP1: Hs00222453_m1;
PRDM16: Hs00223161_m1; Dio2: Hs00255341_m1, TATA-box binding
protein: Hs00427621_m1; PGC1α: Hs01016719_m1; Adrenoceptor
beta 3 (ADRB3): Hs00609046_m1 and TaqMan Master Mix (Applied
BioSystems, CA, USA).

Reactions were carried out in an ABI 7300 system (Applied
Biosystems) using 50 ng of RNA for a final reaction volume of 20 μl
and performing the following thermal cycle protocol: initial incubation
at 95 °C — 10 min, followed by 40 cycles of 95 °C — 15 s and 60 °C
— 20 s.

For each reaction, the reverse transcriptase was omitted in the
amplification mixture during the RT-PCR to rule out genomic contam-
ination and used as a negative control.

The relative mRNA expression was determined by the standard
curve method using TATA box-Binding Protein (TBP) levels as endog-
enous controls. Differences in the starting total RNA and different ef-
ficiencies of cDNA synthesis among samples were normalized using
TBP expression, and the results were reported in arbitrary units.

2.7. Statistical analysis

The results are given as themeans±SE if not otherwise stated. The
differences among group means were analyzed by Mann–Whitney U
test and considered significant when P≤0.05.

3. Results

3.1. Remodeling of human WAT under adrenergic stimulation

To establish if the omental fat depot of pheo-patients undergoes a
process of browning, as hypothesized by FDG-PET studies [32,33], we
performed a careful examination at the morphological level and a
comparisonwith tissues obtained from the same depot in control sub-
jects (Fig. 1A). The first striking evidence was reported by light mi-
croscopy and then emphasized by immunohistochemistry after the
visualization of UCP1 was performed. In half (6 subjects) of the pa-
tients examined, we foundUCP1-irmultilocular cells and in particular,
we identified BAT islands among WAT in four of them (Fig. 1B). In
these four cases, the vast majority of UCP1-ir cells showed the classic
morphology of brown adipocytes: small cells with small numerous cy-
toplasmic uniform vacuoles (Fig. 1B). A considerable proportion



Fig. 1. UCP1-IHC on omental fat of controls and pheo-patients. A. Omental fat samples obtained from controls were all formed by unilocular UCP1-negative white adipocytes. Inset:
representative of smaller adipocytes forming omentum of pheo-patients without presence of UCP1-ir multilocular adipocytes. B. Omental fat from pheo-patients showed BAT
islands interspersed in WAT. The majority of the UCP1-ir cells disclosed the classical morphology of brown adipocytes. C. Often UCP1-ir paucilocular adipocytes were found in
the middle and at the periphery of BAT island. The morphology of paucilocular cells is variable: early stage (some indicated by black asterisks) and late stage (some indicated
by red asterisks) of transdifferentiation. D. Some paucilocular cells were found interspersed among white adipocytes. The inset is an enlargement of the black squared area.
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(ranging from 20% to 30%) of UCP1-ir cells displayed a predominant
large fat vacuole with numerous small fat droplets at the periphery
of the cytoplasm (“paucilocular adipocytes”, Fig. 1C asterisks), and
these variants were located within the brown-fat islands, most prom-
inently at the periphery but also interspersed among the unilocular
white adipocytes (inset in Fig. 1D). In the other two cases, UCP1-ir ad-
ipocyteswere rare and interspersed amongwhite adipocytes andwith
the above-described morphology of paucilocular cells.

The other half of the samples (6 subjects) obtained from pheo-
patients did not show drastic changes in the morphology of the
depot but did demonstrate a reduction of adipocyte area, which was
visually evident (inset in Fig. 1A) compared with the unilocular
white adipocytes that formed the omental fat of controls (32.2% re-
duction was calculated by morphometry).

Ultrastructural examination of the BAT islands performed by TEM
(Fig. 2B) confirmed the classical appearance of brown adipocytes
with the characteristic large round-shaped mitochondria, endowed
with numerous laminar cristae (inset in Fig. 2B); in the white adi-
pocytes of the control tissues, the mitochondria were small and elon-
gated, with randomly oriented cristae (Fig. 2A arrows). Notably,
ultrastructural examination highlighted increasedmitochondrial den-
sity in paucilocular cells (Fig. 2C). In somemultilocular adipocytes, the
mitochondrial morphology was intermediate between that found in
unilocular and in multilocular adipocytes; i.e., the mitochondria
exhibited an intermediate white–brown morphology (Fig. 2C, W/B).

In mice, the browning phenomenon is accompanied by a tissue
re-arrangement, mainly due to the increase in noradrenergic fibers
and capillary density. To examine whether this tissue re-organization
also occurs in the brown-fat areas found in these samples, we examined
tissue sections for the presence and density of the adrenergic nerve
marker tyrosine hydroxylase (TH). We analyzed white-fat areas and
brown-fat islands in 4 subjects with abundant brown adipocytes and
compared these samples with 4 controls. There were practically no vis-
ible adrenergic nerve fibers TH-ir in the control tissues (Fig. 3A). How-
ever, in the brown islands present in the omental fat of pheo-patients,
the density of TH-ir fibers was significantly higher (Fig. B), both at the
perivascular position (Fig. 3C) and in the tissue parenchyma (Fig. 3D).

A quantitative analysis of the capillary density showed a signifi-
cant increase in the omental fat of pheo-patients (Fig. 3E).

To note, two of the pheo-patients in which a large transformation
of the tissue was observed have low BMI (see details in Table 1). Since
the presence of BAT in adult humans has been related to lower BMI in
several studies [9–13] we considered also this parameter in the over-
all evaluation. However, some pheo-patients with comparable low
BMI did not show the presence of UCP1-ir adipocytes. Thus we were
unable to find any correlation with clinical parameters within this
small cohort of patients.
3.2. PRDM16 is expressed in the development and transformation of
paucilocular and multilocular adipocytes of the omentum in
pheo-patients

To further characterize the newly appearing brown adipocytes, IHC
against PRDM16 was performed. PRDM16-IHC in the omental fat of
pheo-patients clearly stained in the nuclei of many multilocular cells
(Fig. 4A, B black arrows). However, some multilocular cells were
slightly positive (Fig. 4B black arrowhead) or even negative, whereas
all paucilocular cells were strongly positive in their nuclei. Small
multilocular cells with features consistent with poorly differentiated
adipocytes (late preadipocytes) were also immunostained (Fig. 4D).

Unilocularwhite adipocytes and all other cell types (used as internal
negative controls) were found to be negative in pheo-patients (Fig. 4A)
and in controls.



Fig. 2. TEM appearance of brown adipocytes found in omental fat of pheo-patients.
A. White adipocytes present in control omentum are endowed with small mitochon-
dria (arrows). B. Multilocular adipocytes present in BAT-like tissue of omentum of
pheo-patients. The inset is an enlargement of the black squared area showing the char-
acteristic morphology of large rounded shaped “brown” mitochondria with numerous
and packed cristae, as described in BAT. C. Enlargement of a paucilocular cell periphery
showing increased mitochondrial density. Of note, brown-like (same indicated by B) as
well as white-like mitochondria (some indicated by W) are present in the same cell. A
white/brown mitochondrion is also visible (W/B). The transition between the white
part and the brown part is indicated by arrow. L: lipid droplet.
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3.3. Evaluation of the presence of precursor cells in the omental fat of
controls vs pheo-patients

Electron microscopy provides an easy and specific recognition of
adipocyte precursors both in WAT and BAT and also during the devel-
opment of these tissues [13,35,36]. Thus, we used our substantial ex-
perience in this field to evaluate the preadipocyte density in the
pericapillary position by quantitative electron microscopy in order to
evaluate potential differences in the number of precursor cells be-
tween patients and controls and found that there was no significant
increase in the omental fat of pheo-patients (Fig. 5). We considered
all poorly differentiated cells (i.e. with high nucleus:cytoplasm ratio
and with small and not completely developed organelles) surrounded
by a distinct basalmembrane located in the capillarywall in a pericytic
position as preadipocytes (Fig. 5 lower panel).
In support of these data, which suggest a lack of important pro-
liferative phenomena, the immunohistochemistry performed for
Ki67 showed a negligible number of immunostained nuclei in omen-
tal fat obtained from pheo-patients and controls (Supplementary
Fig. S1).

3.4. Gene expression analysis showed the up-regulation of brown fat
genes even in the absence of detectable morphological evidence of
browning

Themorphological transformation of the tissue toward a brown-like
phenotype was accompanied by a robust increase in the expression
of some brown fat-selective genes, such as UCP1, PRDM16, and ADRB3
(Fig. 6).

All of the “brown” genes examined showed a general up-regulation
trend in the omentum of pheo-patients vs controls, as follows: UCP1
(14.7-fold), PRDM16 (4.5-fold) and ADRB3 (26.5-fold). Each was sig-
nificantly higher than controls, whereas the other two genes analyzed,
PCG1α (3.68-fold) and DIO2 (3.27-fold), were expressed at higher but
not significant levels. It is worth noting that the brown fat gene ex-
pression was found to be up-regulated, albeit to a lesser extent, even
in those tissue samples where the morphology had not drastically
changed compared to controls.

4. Discussion

In the last 5 years, BAT has become one of the most investigated
targets of researchers working in the field of metabolism who hope
to find a mechanism to recruit and activate this tissue in conditions
of impaired energy homeostasis. Because weight gain is always
caused by chronic energy imbalance, nonsurgical therapies for obesi-
ty must reduce the energy intake and/or increase the energy expendi-
ture. BAT activity appears to be higher in lean than in obese subjects
[37] and correlates with resting metabolic rate [38–40]; this research
suggests that BAT may be an as-yet-unrecognized regulator of adult
human metabolism and energy expenditure.

However, most of the information available regarding the mor-
phology and biology of this tissue has been obtained in rodents. In
the adult mice of two different strains (Sv129 and C57B6J), the indi-
vidual depots forming the whole adipose organ have a “white–
brown” mixed composition [27]. The depots that include more
brown adipocytes were the mediastinic depots, while more white ad-
ipocytes were localized in the mesenteric depots. Under thermo-
neutral conditions, the presence of brown adipocytes is 5 times
higher in the obesity-resistant Sv129 strain. However, in both strains,
specific subcutaneous and visceral depots are densely packed with
brown adipocytes, including the interscapular area of the anterior
subcutaneous depot, the periaortic area of the mediastinic depot and
the inter-renal area of the abdomino-pelvic depot. Brown adipocytes
located in interscapular and perirenal areas seem to have the same
embryonic origin, sharing the expression of the Myf5 gene with myo-
blasts derived from paraxial mesoderm [18]. Of note, mediastinic
brown adipocytes were not studied in the original paper by Seale
et al. [18] Thus, we cannot distinguish brown adipocytes in the
interscapular area from those in the inter-renal area on the basis of
Myf5 lineage in addition to their morphology and physiology. As a re-
sult, we tend to consider all UCP1-ir multilocular cells in the adipose
organs as true brown adipocytes.

After adrenergic stimuli (cold exposure or β3-agonist), the num-
ber of brown adipocytes in the adipose organ increased in both
strains. Importantly, this increase in brown adipocytes was shown
to coincide quantitatively with a reduction in white adipocytes.

This phenomenon is usually referred to as “browning” and has been
observed in a large number of knockout (KO) or transgenic strains that
show resistance to diet-induced obesity and an improved glucose me-
tabolism [4,15,41–47]. On the other hand, the disappearance of BAT

image of Fig.�2


Fig. 3. Morphometric evaluation of adrenergic innervation and capillary density in omental fat. A. Sympathetic TH-ir nerve in control tissue. Fibers are indicated by arrows.
B. Sympathetic TH-ir nerves in transformed tissue of pheo-patients. The density of the fibers is visually higher compared with controls. C. Sympathetic nerve density in the
parenchymal perivascular area of the tissue. D. Sympathetic nerve density in parenchymal area nearby individual adipocytes. E. Capillary density in the white–brown mixed
tissue of omental fat found in pheo-patients.
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was accompanied with severe obesity in mice with food intake and
physical exercise comparable to those of controls [6]. Thus, the brow-
ning of the adipose organ can be useful in combating obesity and related
disorders.

The origin of newly appearing brown adipocytes is debated and
seems to differ according to depots. Data fromour laboratory and others
suggest that most of the newly formed brown adipocytes derive from
a direct transformation of white adipocytes (transdifferentiation)
[21,22,28,48,49].

In humans, only a small amount of metabolically active brown
adipocytes is detectable by PET, mainly in young subjects and after
cold exposure [11,12]. The areas of the human adipose organ that
are PET-positive and correspond histologically to UCP1-ir brown
adipocytes are located in close proximity to the subclavian and carot-
id arteries [10,13]. Histology has shown that, in these areas, UCP1-ir
brown adipocytes are mixed with white adipocytes, recalling the
mixed distribution found in mice. After hyper-adrenergic stim-
ulation (pheochromocytoma), PET analysis studies have shown
an intense browning of the adipose organ with a distribution of
metabolically active brown adipocytes comparable to that found in
mice, i.e., surrounding the aorta and all of its main branches (mainly
subclavian, carotids, intercostals and perirenal arteries) [32,33]. This
location most likely allows a quick distribution of the heat produced
by the activated BAT to the rest of the body. These sites correspond
to the subcutaneous and visceral fat depots found in mice that are
enriched with brown adipocytes [1]. The only exception is the inter-
scapular area, which is not present in adult humans [8]. Perhaps small
mammals, with their lesser body volumes and thus high thermo-
dispersion, require additional brown sites. Of note, thermo-dispersion
also requires larger vessels to allow for heat distribution; in fact, the
interscapular BAT occurs in proximity to a large vein (of Sulzer) that is
not present in humans.

Recently, a paper showed PET-positive areas in the omentum of a
pheo-patient for the first time [50], opening the possibility that even
pure white adipocytes, located in canonical WAT sites and never hav-
ing been mixed with brown adipocytes, have the potential for trans-
formation into brown adipocytes. The possibility of increasing the
number of brown adipocytes in the adipose organ of humans, thus

image of Fig.�3


Fig. 4. PRDM16 is present in the nuclei and cytoplasm of some multilocular adipocytes and in all paucilocular cells. A–B. PRDM16-ir nuclei of multilocular adipocytes (black arrows)
and paucilocular adipocytes (red arrows). Some nuclei of multilocular cells are faintly stained (arrowhead) or completely negative. C. High magnification of paucilocular cell (in
early stage of transition) clearly positive in the nucleus and cytoplasm. D. High magnification of a poorly differentiated adipocyte (late stage preadipocytes) positive for PRDM16.
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converting true WAT into BAT-like, is an attractive prospect for the
treatment of obesity and related disorders.

The data obtained showed that, in half of the cases, a browning of
the tissue was evoked under these conditions with the appearance of
UCP1-ir brown adipocytes. Interestingly, all other patients showed a re-
duction in the size of their unilocular adipocytes anyway; this is sugges-
tive of an early step in remodeling. Gene expression analysis supports
this interpretation, as the “brown” genes were up-regulated even in
the tissues without histological signs of browning. PGC1α was not sig-
nificantly increased in the pheo-omental tissues or in other murine
models of WAT browning [42,51]. A post-transcriptional regulation
has been proposed in mice [51] and could also be required in this
model. The ADRB3 increase was in line with the IHC data of a previous
study in which we found intense immunoreactivity in multilocular ad-
ipocytes located in the peri-adrenal fat in two cases of pheochromocy-
toma [52]. The different remodeling of the omentum in single patients
of the case series described here could be related to several factors,
such as age of patients and the size and activity of the adrenal tumor.
The scarce number of cases does not allow for any specific correlation.

The cellular process underlying the browning of the omentum in
pheo-patients seems to be similar to the process occurring in mice
after adrenergic stimuli. In fact, the cells we consider as morphologic
markers of transdifferentiation (paucilocular UCP1-ir brown adipo-
cytes)were present in all cases. Of note, several steps inmorphogenesis
are necessary to complete the process of the transformation of unilocu-
lar adipocytes into multilocular adipocytes; the step through which
intermediate cells assume the expression of the marker protein UCP1
must be included [22]. Sometimes, UCP1 is expressed early in this
process, and we were able to identify this early step (see Fig. 1C),
which is strongly indicative for a direct transformation. Electronmicros-
copy showed not only the typical features of paucilocular cells but even
“transforming” mitochondria with morphology at an intermediate
stage between that of white and brown. Of note, similar mitochondria
were found in human brown adipocytes during primary cultures.
These brown adipocytes,maintained in standard adipogenic conditions,
showed a progressive loss of brown phenotype in their mitochondria;
by the intermediate steps of culturing, they already had white-like
and brown-like mitochondria at the same time in their cytoplasm [53].

The quantitative data on preadipocyte density showed only a ten-
dency to increase; thus, the contribution of developmental and prolif-
erative events in line with the absence of a significant number of
Ki67-immunostained nuclei in the omentum of pheo-patients is un-
likely to be important. However, we cannot completely exclude the
contribution of specific sub-population of cells, present in the stromal
vascular fraction and participating in the remodeling of the tissue.

Nonetheless, the adrenergic environment in the pheo-omentum
seems to be sufficient to designate a brown phenotype for pre-
adipocytes, as revealed by electron microscopy and supported by

image of Fig.�4


Fig. 5. Presence and density of precursor cells in the omental fat of control vs pheo-
patients. Morphometric evaluation showed a not significant difference in the number
of precursors cells found in omental fat of controls vs pheo-patients. Preadipocytes
(pa) were visualized as small cells with high nucleus:cytoplasm ratio and with poorly
differentiated organelles. They are always surrounded by a distinct basal membrane lo-
cated in the capillary (cap) wall in a pericytic position.

Fig. 6. Brown gene expression in omental fat. Relative mRNA expressions of UCP1,
PRDM16 and ADRB3 were significantly up-regulated in the omentum of pheo-patients.
⁎p≤0.01; ⁎⁎p≤0.01; ⁎⁎⁎p≤0.001.
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immunodetection of the poorly differentiated multilocular cells (late
preadipocytes) of PRDM16. The nuclei of the transforming adipo-
cytes (paucilocular adipocytes) and of multilocular adipocytes with
classic morphology were intensely stained for PRDM16; however,
some of the multilocular adipocytes were only faintly stained or neg-
ative. Overall, these data suggest that PRDM16 is in fact an important
brown-determining factor that plays a role during brown develop-
ment and white-to-brown transdifferentiation. After the brown
phenotype has been acquired, PRDM16 seems to lose its importance.
In support of this idea is the fact that transgenic mice hyper-
expressing PRDM16 (aP2-PRDM16 mice) induce the browning of
WAT while having no effect on BAT [17].

The recent description of the molecular markers characteristic of
UCP1-ir multilocular adipocytes, which were found in different ana-
tomical fat depots that have usually been considered prevalently
white and in these cases are described as brite/beige fat cells, raises
the possible existence of different subtypes of brown adipocytes in
mice and humans [23,25,54].

Further studies are required to identify the function of the brite/
beige genetic markers in order to verify any physiological properties
at the single cell level that may eventually differ from those of the
brown adipocytes found in “classical” anatomical locations (iBAT in
mice and cervical in humans, i.e., anatomical areas where brown adi-
pocytes are resistant to age-induced BAT-to-WAT transformation).
At the moment, the widespread distribution of brown adipocytes in
the adipose organ does not support, in our opinion, a different de-
nomination for these UCP1-ir multilocular adipocytes. The recent dis-
covery of unilocular adipocytes with a Myf5 lineage [55], together
with the data presented here in humans and elsewhere in rats and
mice [21,22,50], support the possibility of the direct transformation
of white adipocytes into brown. Themolecularmechanism underlying
this transdifferentiation has been linked to ADRB3 [6,22,50,56,57], and
therapeutic strategies should bypass these receptors in order to avoid
problems linked with adrenergic side effects on the cardiovascular
and respiratory systems. These alternative pathways have been rapid-
ly expanding in the recent literature [58] and, interestingly, include
newmodulators of PPARγ [59], physical exercise [60], especially in as-
sociation with an enriched environment [61] or even the use of skele-
tal [62] or atrial [63] myokines or growth factors, such as BMP8b [64]
or FGF21 [52,65]. Interestingly, from the preliminary results obtained
in a few new samples, we have found FGF21 to be up-regulated in the
omental fat of pheo-patients in comparison to the undetectable levels
found in controls.

Taken together, the data presented in this study suggest that in
adult humans, pure white omental fat subjected to adrenergic stimu-
lation shows a distinct WAT-BAT plasticity. Under these conditions,
white adipocytes seem to be able to undergo a process of direct trans-
formation into brown adipocytes, and the whole tissue is exposed to a
general rearrangement toward BAT. This could be of clinical impor-
tance in opening new avenues for the future treatment of obesity
and T2 diabetes.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbalip.2013.02.005.
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