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Abstract

Chronic adrenergic activation leads to the emergence of beige adipocytes in some depots of white adipose tissue in mice.
Despite their morphological similarities to brown adipocytes and their expression of uncoupling protein 1 (UCP1), a
thermogenic protein exclusively expressed in brown adipocytes, the beige adipocytes have a gene expression pattern
distinct from that of brown adipocytes. However, it is unclear whether the thermogenic function of beige adipocytes is
different from that of classical brown adipocytes existing in brown adipose tissue. To examine the thermogenic ability of
UCP1 expressed in beige and brown adipocytes, the adipocytes were isolated from the fat depots of C57BL/6J mice housed
at 24°C (control group) or 10°C (cold-acclimated group) for 3 weeks. Morphological and gene expression analyses revealed
that the adipocytes isolated from brown adipose tissue of both the control and cold-acclimated groups consisted mainly of
brown adipocytes. These brown adipocytes contained large amounts of UCP1 and increased their oxygen consumption
when stimulated with norepinephirine. Adipocytes isolated from the perigonadal white adipose tissues of both groups and
the inguinal white adipose tissue of the control group were white adipocytes that showed no increase in oxygen
consumption after norepinephrine stimulation. Adipocytes isolated from the inguinal white adipose tissue of the cold-
acclimated group were a mixture of white and beige adipocytes, which expressed UCP1 and increased their oxygen
consumption in response to norepinephrine. The UCP1 content and thermogenic ability of beige adipocytes estimated on
the basis of their abundance in the cell mixture were similar to those of brown adipocytes. These results revealed that the
inducible beige adipocytes have potent thermogenic ability comparable to classical brown adipocytes.
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Introduction human adults [5-7]. When mammals are exposed to a cold
o ) ) ) environment, UCP1 thermogenesis is activated via the sympa-
There are two types of fat tissue in mammals, white adipose thetic nerve-NE pathway. Prolonged activation of this pathway

tissue (WAT) ar.ld brown adipose tissue (BA'T) [173]" White induces BAT hyperplasia associated with the elevated UCPI level
adipocytes, a major component of WAT, contain large unilocular [1,4.,8].

triglyceride droplets within the cell. Brown adipocytes, found in
BAT, contain a large number of small triglyceride droplets
(multilocular) and numerous cristae-rich mitochondria. In addition
to these morphological differences, their physiological roles are
distinct, particularly in terms of energy metabolism. Norepineph-

Although WAT and BAT are quite different in morphology and
function, the boundary between these tissues is obscure [9].
Chronic adrenergic stimulation, such as cold acclimation or
chronic treatment with a $3-adrenergic receptor agonist, induces
. > . - UCP1-expressing brown-like adipocytes in specific depots of WAT
rine (NE) releaseld from sympathetic nerve t.ermmals induces (WAT browning) [10-13]. In addition to UCP1 expression, these
lipolysis in both tissues through the B-adrenergic receptor. Fatty brown-like adipocytes have morphological features in common
acids liberated from WAT are released into the blood and used in . : : .

. . . . with brown adipocytes, such as multilocular lipid droplets and
various tissues such as heart and muscle. In contrast, fatty acids high mitocondrial content. However, they are considered a
liberated within BAT are oxidized within the tissue itself as a diﬁ"crent type of adipoc ytc. desionate (i “beige/brite adipocyte”

- . . - > 5 1S - 5
major: energy source for thermo.gen.ems, BAT thefmogeneS}s 1 because they are derived from a distinct origin and have different
principally dependent on the activation of uncoupling protemn ! gene expression profiles than the classical brown adipocytes
(UCPI), a mltOChOI.ldrlal prot.eln sp.e(nf}c to_brown aleOCthS' [14,15]. For example, Seal et al. revealed that brown adipocytes
UCP1 un(.‘,OLllplCS mitochondorial oxidative phpsphorylatlon and are derived from Myf>+ myoblast precursor cells, while beige and
thereby dissipates the energy from fatty acids as heat. BAT white adipocytes arise from cells of the non-Myf5 lineage [16]. Wu

h is is 1 for th i f - . I . . . .
thermogenesis 1s Important for the maintenance o body temper et al. identified several genes highly expressed in beige adipocytes
ature, particularly in rodents and human newborns [4] as well as -
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but not in brown adipocytes, such as Thx1, Eval, and CD137
[17]. Sharp et al. also reported beige adipocyte-selective genes
including Citedl [18]. In addition, human adult BAT has been
suggested to resemble beige adipocytes in certain aspects of its
gene expression profile [18,19].

Because a large number of knockout or transgenic mouse
models characterized by an emergence of beige adipocytes in
WAT are resistant to diet-induced or genetic obesity [20-25], it
has been assumed that the induction of WAT browning has a
significant impact on whole-body energy expenditure. Consistent
with these in vwo studies, some  vitro studies have demonstrated
that beige adipocytes differentiated from mouse or human
preadipocytes are thermogenically active in response to adrenergic
stimulation [26-28]. In addition, we reported previously that
induction of UCP1 expression in WAT enhances the anorexigenic
effect of leptin, an adipokine that reduces food intake and increases
energy expenditure [29]. These results suggest that WAT
browning is important for resistance to obesity. On the other
hand, Nedergaard et al. insisted on a minor role for beige
adipocytes in whole-body energy expenditure [30] because the
UCP! expression level in browning WAT is very low compared
with that in BAT. This controversy over the significance of beige
adipocytes in whole-body energy expenditure arose because, at
present, there is no comparative study of the functional differences
between inducible beige adipocytes and classical brown adipo-
cytes. Thus, in this study, to evaluate the thermogenic ability of
isolated beige adipocytes from the WAT of cold-acclimated mice,
we analyzed their UCP1 content and oxygen consumption in
comparison with those in brown and white adipocytes.

Materials and Methods

Animals and Tissue Sampling

Experimental procedures and animal care were performed in
accordance with the Guidelines of Animal Care and Use from
Hokkaido University and were approved by the University
Committee for the Care and Use of Laboratory Animals. Male
10-week-old C57BL/6] mice were housed in plastic cages placed
in an air-conditioned room at 24°C or a cold room at 10°C for 3
weeks. The mice were killed by cervical dislocation, and
interscapular BAT, inguinal WAT (I-WAT), and perigonadal
WAT (G-WAT) were quickly removed and transferred into liquid
nitrogen for western blot analysis or 10% phosphate-buffered
formalin for histological examination, or used immediately for the
isolation of adipocytes.

Isolation of Adipocytes

Isolated adipocytes were prepared as reported previously [31]
with slight modifications. In brief, tissue fragments were incubated
in Krebs-Ringer-HEPES buffer (KRBH) containing 1% fatty acid-
free bovine serum albumin (BSA; Sigma Chemical, St. Louis,
MO), 2.5 mM glucose and 1 mg/ml collagenase (Wako Pure
Chemical Industries, Osaka, Japan) at 37°C for 1 h with shaking
at 90 cycles/min. The suspension was filtered through a 200-um
nylon filter and centrifuged at room temperature at 50 g for 2 min.
The floating cells were washed 3 times with KRBH buffer to
eliminate collagenase, brought to a suitable dilution in KRBH
buffer containing 4% BSA and 2.7 mM glucose, and kept at room
temperature for 1 h before use. The adipocytes were used for the
measurement of oxygen consumption and the extraction of total
RNA and protein.
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Oxygen Consumption Measurement

The oxygen consumption of the isolated adipocytes was
measured polarographically using a Clark-style oxygen electrode
in a water-jacketed Perspex chamber at 37°C. The isolated
adipocytes were incubated in the chamber in 1 ml KRBH buffer
containing 4% BSA and 2.7 mM glucose. Oxygen concentration
in the chamber was monitored continuously for 5 min before and
10 min after the addition of 1 uM NE. NE concentration
necessary to obtain the maximal effect in brown adipocytes was
determined as described previously [32]. Oxygen consumption
rates were calculated using computer software (782 System;
Strathkelvin Instruments, Glasgow, Scotland). The basal oxygen
consumption rate was calculated as the mean of the oxygen
consumption rates measured for 5 min before NE stimulation.
The NE-induced oxygen consumption rate was calculated by
subtracting the basal oxygen consumption rate from the mean of
oxygen consumption measured for 10 min after NE stimulation.

mMRNA Analysis

Total RNA was extracted from the isolated adipocytes using the
RNAiso reagent (Takara Bio, Shiga, Japan) according to the
manufacturer’s protocol. Total RNA (1 pg) was reverse tran-
scribed using a 15-mer oligo(dT) adaptor primer and M-MLV
reverse transcriptase (Life Technologies Inc., Carlsbad, CA). Real-
time PCR was performed on a fluorescence thermal cycler
(LightCycler system; Roche Diagnostics, Mannheim, Germany)
using QuantiTect SYBR Green PCR kits (Qiagen Inc., Carlsbad,
CA). Absolute expression levels were determined using a standard
curve method, with respective cDNA fragments as standards. The
levels are reported relative to B-actin expression. The primers used
in this study are listed in Table S1.

Protein Analysis

Tissue specimens were homogenized in Tris-EDTA buffer
(10 mM Tris and 1 mM EDTA, pH 7.4). The isolated adipocytes
were washed 3 times with PBS to eliminate BSA, suspended in
Tris-EDTA buffer, and frozen at —80°C. Frozen cells were
thawed on ice and vortexed briefly. After repeated freeze—thaw
steps to complete cell breakage, the sample was centrifuged at
800 g for 10 min at 4°C, and the fat-free supernatant was then
collected. The resultant pellet was resuspended in Tris-EDTA
buffer, incubated on ice for 10 min, and centrifuged at 800 g for
10 min. The fat-free supernatant was collected and added to the
first portion, and this mixture was centrifuged at 15,000 g for
20 min at 4°C. The final pellet was washed 2 times, suspended in
Tris-EDTA buffer, and used for protein concentration measure-
ment and western blot analysis. For western blot analysis, proteins
were separated by SDS-PAGE and transferred to a polyvinylidine
fluoride membrane (Immobilon; Millipore, Tokyo, Japan). After
blocking the membrane with 5% skim milk (Morinaga Milk
Industry Co., Tokyo, Japan), it was incubated with a primary anti-
rat UCP1 antibody, a kind gift from Dr. Teruo Kawada, or with
bovine cytochrome oxidase complex 4 (COX4; Molecular Probes,
Eugene, OR) for 1 h. The bound antibody was visualized using
horseradish peroxidase-linked goat anti-rabbit immunoglobulin
(Zymed Laboratories, San Francisco, CA) for the detection of
UCP1 or horseradish peroxidase-linked goat anti-mouse immu-
noglobulin (Jackson Immunoresearch Laboratories, West Grove,
PA) for the detection of COX4 and an enhanced chemilumines-
cence system (Millipore).
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Histology

Tissue specimens were fixed in 10% formalin, embedded in
paraffin, cut into 4-wm-thick sections, and stained with hematox-
ylin and eosin. Some sections were incubated in 0.3% hydrogen
peroxide in methanol to inhibit endogenous peroxidase activity
and then with 10% normal goat serum, rabbit antiserum against
rat UCPI, goat anti-rabbit IgG (Nichirei, Tokyo, Japan), and
finally with the avidin-biotin—peroxidase complex (Nichirei)
according to the conventional avidin—biotin complex method.

Data Analysis

Values are expressed as means * SE. Statistical analysis was
performed using Student’s t-test and ANOVA followed by the
Tukey—Kramer post hoc test. Regression analysis and analysis of
covariance were also perfomed. All these statistical analyses were
performed using StatView statistical software.

Results

Effect of Cold Acclimation on Fat Tissues

As shown in Figure 1A, BAT of C57BL/6 mice housed at 24°C
was mainly composed of brown adipocytes with multilocular lipid
droplets. I-WAT and G-WAT were composed of unilocular cells
filled with a single large lipid droplet, typical of white adipocytes.
To induce beige adipocytes in WAT, mice were cold-acclimated at
10°C for 3 weeks. Cold acclimation produced an apparent change
in appearance in I-WAT, without notable changes in BAT or G-
WAT. In I-WAT of cold-acclimated mice, brown-like adipocytes
with multilocular lipid droplets were found surrounded by white
adipocytes. Immunostaining showed UCP1 expression in the
brown-like adipocytes from I-WAT as well as in the classical
brown adipocytes from BAT, while no staining was observed in
the unilocular adipocytes from I-WAT or G-WAT.

UCP! induction in I-WAT was also confirmed by western
blotting (Figure 1B). In the control mice, UCP] was expressed
abundantly in BAT but undetectable in I-WAT and G-WAT.
Cold acclimation slightly increased UCP1 expression in BAT, but
the change was statistically insignificant. In contrast, cold
acclimation induced UCP1 expression remarkably in I-WAT,
although the protein level was as low as 5-8% of that in BAT of
the control mice. Consistent with previous reports showing site-
specific induction of UCPI [33], no UCPI expression was
observed in G-WAT of either the control or cold-acclimated
groups. These results confirmed the induction of beige adipocytes
in I-WAT after cold acclimation at 10°C for 3 weeks.

Characteristics of the Isolated Adipocytes from the Three

Fat Depots

Adipocytes were isolated from BAT, I-WAT, and G-WAT of
the control and cold-acclimated mice by collagenase digestion.
First, we studied the morphology of the isolated adipocytes
(Figure 2A). The adipocytes isolated from BAT (BA) and G-WAT
(G-WA) were mainly composed of brown and white adipocytes,
respectively, either in the control or cold-acclimated group.
Although the adipocytes isolated from I-WAT (I-WA) were
composed of white adipocytes in the control group, multilocular
adipocytes were found along with the white adipocytes in the cold-
acclimated group, indicating that they are the mixture of white
and beige adipocytes. The relative abundance of beige adipocytes
in the mixture varied 7 to 27%, and its average was 16.5%2.1%.
These beige adipocytes tended to be larger in size than the classical
brown adipocytes isolated from BAT.

To assess the characteristics of the adipocytes isolated from each
depot, we analyzed the expression of several marker genes
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(Figure 2B). The mature adipocyte marker aP2 was expressed at
the same level in the adipocytes isolated from all depots of both the
control and cold-acclimated mice, confirming the proper isolation
of adipocytes. The expression of PGC-la, a transcriptional co-
factor involved in UCPI expression and mitochondriagenesis, was
high in BA but low in I- and G-WA and did not change after cold
acclimation. Brown adipocyte-enriched PRDM16 [34] and Eval
were expressed at a high level in BA, a relatively low level in I-WA,
and an almost undetectable level in G-WA. Cold acclimation
significantly increased the expression of both genes in BA and I-
WA, but not in G-WA. Beige adipocyte-enriched Thx1 was
expressed only in I-WA and was increased 2.4-fold by cold
acclimation. Consistent with a previous report [35,36], fgf21 was
highly expressed in BA compared with I- and G-WA, and cold
acclimation increased its expression in all the three depots.

Total protein content was higher in BA than in I- and G-WA of
the control group (Figure 3A). Cold acclimation had no effect on
the protein content in BA or G-WA, but it increased the protein
content in I-WA by 1.8-fold. UCP1 and COX4 were detected by
western blotting (Figure 3B), and these protein contents were
compared in Figure 3C. The COX4 content was not different
between the control and cold-acclimated groups in all depots
(Figure 3C). The UCPI content was increased by cold acclimation
2.8- and 20.6-fold in BA and I-WA, respectively. The UCPI
content in I-WA of the cold-acclimated group was as low as 21.9%
and 8.1% of that in BA of the control and cold-acclimated groups,
respectively. However, as the relative abundance of beige
adipocytes in I-WA of the cold-acclimated group was around
17%, their estimated UCP1 content was almost the same as that in
BA of the control group, based on the assumption that UCP1 was
expressed only in beige adipocytes in I-WA.

Oxygen Consumption in Adipocytes Isolated from the
Three Fat Depots

The basal oxygen consumption rate of BA from the control
mice was 5.2+0.8 nmol Oy/min/ 10 cells. It increased markedly
to 33.5%+7.8 nmol Oy/min/10° cells at 3 min after the addition of
NE and decreased gradually thereafter (Figure 4A). The rate
remained unchanged after the addition of PBS (data not shown).
BA from the cold-acclimated mice showed a slightly higher
response to NE, but the difference was statistically insignificant at
any point in time. No difference was observed in the basal oxygen
consumption rate between the control and cold-acclimated groups.
The NE-induced oxygen consumption rate was slightly, but
insignificantly, ~ higher in  the cold-acclimated group
(28.3+2.8 nmol Oy/min/10° cells) than in the control group
(22.3%2.1 nmol Oy/min/10° cells) (Figure 4B).

The oxygen consumption rate of I-WA from the control group
was low at approximately 1.3%0.3 nmol O,/min/10° cells and
did not change after NE stimulation. The basal oxygen
consumption rate of I-WA from the cold-acclimated group
(2.7%0.6 nmol O,/min/10° cells) was slightly higher than that
from the control group, but the difference was not statistically
significant (P=10.06). In I-WA of the cold-acclimated group, NE
stimulation rapidly increased the oxygen consumption rate to
10.0£2.2 nmol Oy/min/10° cells in 3 min, and this rate was
sustained at that level thereafter (Figure 4A). The NE-induced
oxygen consumption rate in the cold-acclimated group was
6.1+1.5 nmol Oy/min/10° cells, which was approximately
27.5% of that in BA from the control group (Figure 4B). Estimated
NE-induced oxygen consumption rate of beige adipocytes was
36.0=7.3 nmol Oy/min/10° cells, being 1.6-fold higher than that
in BA, but not statistically significant. G-WA showed a very low
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Figure 1. Effect of cold acclimation on cell morphology and uncoupling protein 1 expression in adipose tissues. Mice were housed in a
cold environment (10°C; cold-acclimated mice) or a control environment (24°C; control mice) for 3 weeks. (A) Sections of interscapular brown adipose
tissue (BAT), inguinal white adipose tissue (WAT) (I-WAT), and perigonadal WAT (G-WAT) were stained with hematoxylin and eosin (HE) or
immunostained using antibody against uncoupling protein 1 (UCP1). (B) UCP1 protein expression was analyzed by western blotting. To detect UCP1,
2.5 ug (BAT) or 20 ug (I-WAT and G-WAT) of protein was used. Values are means * SE for 4 mice. *p<<0.05, versus the control group.

doi:10.1371/journal.pone.0084229.g001

basal oxygen consumption rate (0.8=0.1 nmol Oy/min/10° cells
in both groups), and no response to NE stimulation was observed.

Relationship of the Oxygen Consumption Rate and

Protein Content

To assess the possibility that the high content of COX4, an
index of mitochondrial content, in BA 1s related to their high basal
oxygen consumption rates, the relationship between the basal
oxygen consumption rate and COX4 content was assessed. As
shown in Figure 5A, the basal oxygen consumption rate showed a
positive correlation with the COX4 content in BA (R =0.60,
$<<0.01), and the gradient of the regression line was 4.54. In I-WA,
the correlation was low and insignificant (R =0.38, p=0.13), and
the gradient of regression line was 4.82.

It has been well accepted that NE-induced oxygen consumption
is completely dependent on UCP1 [37,38]. Therefore, we assessed
the correlation between the NE-induced oxygen consumption rate
and UCPI1 content (Figure 5B). As expected, the NE-induced
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oxygen consumption rate was positively correlated to the UCPI
content in BA (R=0.66, P<0.01) and I-WA (R=0.88, P<0.01)
(Table S2). The gradient of the regression line was 5.9-fold greater
in I-WA (27.1) than in BA (4.57), and ANCOVA revealed that the
difference was statistically significant (Figure 5C). The thermo-
genic ability of UCP1 calculated simply by dividing the NE-
induced oxygen consumption rate by the UCPl content was
34.7£7.9 nmol Oy/min/UCPI in I-WA of the cold-acclimated
group, which was comparable to BA of the control group
(27.3%26.5 nmol Oy/min/UCP1), but higher than BA of the
cold-acclimated ~ group  (10.8%£0.7 nmol  Oy/min/UCP1)
(Figure 5D). NE-induced oxygen consumption rate per COX4
was not different among the three groups (Figure 5E).

Discussion

It is well established that beige adipocytes are induced in WAT
after chronic B-adrenergic activation [10-13]. Despite recent
advances in the molecular understanding of their origins or
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Figure 2. Characteristics of adipocytes isolated from different fat depots of the control and cold-acclimated mice. Adipocytes were
isolated from interscapular brown adipose tissue (BA), inguinal (I-WA) and perigonadal white adipose tissue (G-WA) of the control and cold-
acclimated mice. (A) Typical photomicrographs of adipocytes isolated form each depot of the control or cold-acclimated mice. Arrows indicate
multilocular beige adipocytes. (B) Expression of several genes in the isolated adipocytes was measured by quantitative real-time PCR. Expression
levels normalized to B-actin expression are shown. White and black columns indicate the control and cold-acclimated groups, respectively. Values are
means * SE for 9 mice. Different letters indicate significant differences between the groups (p<<0.05).

doi:10.1371/journal.pone.0084229.g002

progenitor cells [39,40], of the differentiation mechanisms for browning [36,40-42], it has been unclear whether the function of
brown and beige adipcoytes [26,34], and of inducers of WAT the beige adipocytes is different from, or basically the same as, that
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Figure 3. Effect of cold acclimation on the protein content in isolated adipocytes. Protein was extracted from isolated adipocytes from
interscapular brown adipose tissue (BA), inguinal (I-WA) and perigonadal white adipose tissue (G-WA) of the control and cold-acclimated mice. (A)
Protein content was measured and expressed as the amount of protein from 10° cells. (B) Uncoupling protein 1 (UCP1) and cytochrome oxidase
complex 4 (COX4) were detected by western blotting. A typical detection pattern is shown. Protein from BA (1 pg) and WA (10 pg) was loaded on the
SDS-PAGE gel. (C) COX4 and UCP1 content per 10° cells were calculated from the protein content (A) and the band density obtained by western
blotting (B). White and black columns indicate the control and cold-acclimated groups, respectively. Gray column shows UCP1 content in beige
adipocytes estimated on the basis of their abundance in I-WA of the cold-acclimated group. Values are means =+ SE for 9 mice. *p<<0.05, versus the
same depot of the control mice.

doi:10.1371/journal.pone.0084229.9g003

of classical brown adipocytes. We have demonstrated that the Thx1, indicating that beige adipocytes had a different gene

beige adipocytes isolated from I-WAT of the cold-acclimated mice expression profile from classical brown adipocytes.
express comparable amount of UCPI to classical brown adipo- The basal oxygen consumption rate without NE stimulation was
cytes, and have potent thermogenic ability. higher in BA than in I-WA, being proportional to the COX4
To obtain three types of adipocytes (brown, beige, and white), content in almost the same manner. This suggests that the basal
adipocytes were isolated from BAT, I-WAT, and G-WAT of the oxygen consumption rate is largely dependent on the number of
control and cold-acclimated mice. In both the control and cold- mitochondria. When cells were stimulated with NE, oxygen
acclimated groups, BA consisted primarily of brown adipocytes consumption was greatly increased in both BA and I-WA from the
that have multilocular oil droplets within the cell, have high UCP1 cold-acclimated group expressing UCP1, but not in I-WA from
and mitochondria (COX4) content, and express brown adipocyte- the control group or in G-WA expressing no UCP1. These results,
enriched genes such as PGC-la, PRDMI16, and Eval. G-WA being consistent with the reports that brown adipocytes isolated
from either the control or cold-acclimated group were white from UCP1-KO mice show no response to NE in oxygen
adipocytes with unilocular oil droplets. I-WA were white consumption [37,38], confirm that the NE-induced increment in
adipocytes in the control group, but a mixture of beige and white oxygen consumption is fully dependent on UCPI. In our study,
adipocytes in the cold-acclimated group, and the relative beige adipocytes expressed comparable amount of UCPI to
abundance of beige adipocytes in the mixture was around 17% control classical BA and showed similar, rather higher NE-induced
on average. Although it was difficult to distinguish the beige oxygen consumption. These results indicate that beige adipocytes
adipocytes from the classical brown adipocytes by their cell have comparable thermogenic ability to classical brown adipo-

morphology, they expressed the beige adipocyte-enriched gene cytes.
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columns indicate the control and cold-acclimated groups, respectively. Gray column shows NE-induced oxygen consumption rate of beige
adipocytes estimated on the basis of their abundance in I-WA of the cold-acclimated group. Values are means *+ SE for 9 mice. *p<<0.05, versus the
control group of the same tissue.

doi:10.1371/journal.pone.0084229.g004

Interestingly, although the NE-induced oxygen consumption likely that UCP1 activity is restricted through some mechanism, or
rate was positively correlated with the UCPl content, the mechanisms, in BA of the cold-acclimated group to avoid
regression lines for BA and I-WA were significantly different, cytotoxicity. Alternatively, it would be also possible that the

showing a 5.9-fold higher gradient in I-WA than in BA. Estimation thermogenic capacity of UCPI is limited by the mitochondrial
of NE-induced oxygen consumption per UCP1 revealed that oxidative capacity. On the basis of the characterization of aP2-
thermogenic ability of UCP1 was decreased by cold acclimation in UCP!I mice, Baumruk et al. reproted that full uncoupling activity
BA. Although the reason for such decrease is unclear, there are of ectopic UCP1 in WAT was achieved by approximately 15-fold
several possibilities. One is that there may be some limitation to lesser UCP1 expression than that in BAT; the ratio of the UCPI

the maximal thermogenic ability of UCPI. It has been reported molecule to the mitochondrial respiratory chain being approxi-
that UCP1 overexpression, in excess of the capacity of the mately 1, whereas the ratio in BAT was between 5 to 11 [47,48].
mitochodrial respiratory machinery, is toxic to cells. For example, Lin and Klingenberg also suggested that the protonophoric
while transgenic mice that over-express UCP1 from the adipocyte- activity of UCP1 exceeds the proton-pumping activity of the
specific aP2 promoter (aP2-UCPI mice) are resistant to high fat respiratory chain in the native mitochondrial membrane several-
diet-induced obesity because of the ectopic expression of UCP-1 in fold [49]. Collectively, excessive amounts of UCPI above the
WAT, the excessive expression of UCPI from the transgene also capacity of respiratory chain may fail to induce full uncoupling
induced BAT atrophy [43]. Muscle-specific UCP1 expression in activity of each UCP1 molecule. Consistent with this idea, in our
mice resulted in mitochondrial myopathy, with structurally present study, cold acclimation increased UCPI content in BA
abnormal mitochondria found only in the transgenic line of mice 2.7-fold, whereas COX4 level did not change, indicating that
with higher expression levels of UCP1 [44—46]. Thus, it seems UCP1 content per mitochondrion was considerably increased in
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Figure 5. Relationship between the oxygen consumption rate and protein content. The correlations between the basal oxygen
consumption rate and cytochrome oxidase complex 4 (COX4) content (A) and between the norepinephrine (NE)-induced oxygen consumption rate
and uncoupling protein 1 (UCP1) content (B) in adipocytes isolated from interscapular brown adipose tissue (BA) of the control group (O), of the
cold-acclimated group (@), or inguinal white adipose tissue (I-WA: A) are shown. Statistical data are shown in Table S2. (C) The gradient of regression
lines in (B). The difference between BA and I-WA was compared by ANCOVA. *P<<0.05, versus BA. (D) The ability of UCP1 to enhance oxygen
consumption by NE stimulation was calculated by dividing the NE-induced oxygen consumption rate by the UCP1 content. (E) NE-induced oxygen

consumption per COX4 was calculated. Values are means * SE for 18 samples. *p<<0.05, versus BA.

doi:10.1371/journal.pone.0084229.9g005

the cold-acclimated group. This is also suppoted by our result that
NE-induced oxygen consmption per mitochondrion (COX4) and
per cell did not change with cold-acclimation. Another explana-
tion is that the sensitivity to NE was changed by cold acclimation.
It has been reported that continuous adrenergic stimulation
resulted in the reduction of the sensitivity to NE in brown
adipocytes [1,50,51]. Consistant with this, we also confirmed in
preliminary experiments that NE-induced fatty acid release was
lower in BA of the cold-acclimated group than the control group
(data not shown).

Our present results indicate that UCP1 in beige adipocytes has
high thermogenic ability similar to that in classical brown
adipocytes. However, considering that the UCP1 expression level
in WAT induced by cold acclimation is as low as 10% of that in
BAT, it would be possible that the contribution of beige adipocytes
to the whole-body energy expenditure is low, as suggested by
Nedergaard et al [30]. However, accumulating evidence suggests a
potential role for beige adipocytes within WAT in whole-body

PLOS ONE | www.plosone.org

energy expenditure and protection against obesity. For example,
as mentioned above, the aP2-UCP1 transgenic mice are resistant
to diet-induced obesity, in spite of BAT atrophy [43]. Besides, the
emergence of beige adipocytes in WATT has been reported to be
assoclated with a lean phenotype in several lines of transgenic mice
[20-25]. Moreover, beige adipocytes within WA'T were charac-
teristic of a mouse strain resistant to obesity, such as the A/J strain
[52,53]. It is thus possible that beige adipocytes have other roles to
control adiposity besides energy expenditure, for example, through
the secretion of some adipokines. Further investigation i vivo is
required to estimate the contribution of beige adipocytes to whole-
body energy expenditure.

In summary, our study demonstrates that UCP1 in beige
adipocytes induced within WA'T have potent thermogenic ability
similar to that in classical brown adipocytes. This is the first report
that provides comparative analysis of the function of beige and
classical brown adipocytes.
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