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Abstract: Obesity, a dysregulation of adipose tissue, is a major health risk factor associated with
many diseases. Brown adipose tissue (BAT)-mediated thermogenesis can potentially regulate energy
expenditure, making it an attractive therapeutic target to combat obesity. Here, we characterize the
effects of cold exposure, thermoneutrality, and high-fat diet (HFD) feeding on mouse supraclavicular
BAT (scBAT) morphology and BAT-associated gene expression compared to other adipose depots,
including the interscapular BAT (iBAT). scBAT was as sensitive to cold induced thermogenesis as
iBAT and showed reduced thermogenic effect under thermoneutrality. While both scBAT and iBAT
are sensitive to cold, the expression of genes involved in nutrient processing is different. The scBAT
also showed less depot weight gain and more single-lipid adipocytes, while the expression of BAT
thermogenic genes, such as Ucp1, remained similar or increased more under our HFD feeding regime
at ambient and thermoneutral temperatures than iBAT. Together, these findings show that, in addition
to its anatomical resemblance to human scBAT, mouse scBAT possesses thermogenic features distinct
from those of other adipose depots. Lastly, this study also characterizes a previously unknown mouse
deep neck BAT (dnBAT) depot that exhibits similar thermogenic characteristics as scBAT under cold
exposure and thermoneutrality.

Keywords: adipose tissue; supraclavicular brown adipose tissue; thermogenesis; thermoneutrality;
high-fat diet

1. Introduction

Obesity prevalence has increased in pandemic dimensions over the past 50 years [1].
It represents a major health challenge as it substantially increases the risk of cardiovascular
disease, type 2 diabetes, hypertension, and several forms of cancers, thereby contributing
to a decline in both quality of life and life expectancy [2,3]. It is estimated that over 10% of
the world population is obese and projected that 1 in 2 adults will become obese in United
States by 2030 [4]. Thus, reducing the prevalence of obesity is critical for human health.

Obesity occurs when energy intake exceeds energy expenditure, and adipose tissue
plays a major role in regulating energy balance and metabolism [5]. There are two major
types of adipose tissues in mammals: white adipose tissue (WAT) and brown adipose tissue
(BAT). WAT cells are classically spherical and composed of single lipid droplets and few
mitochondria, while BAT cells are composed of multiple small lipid droplets and a large
number of mitochondria [6]. In rodents, WAT depots reside in the subcutaneous region
underneath the skin and the visceral region around the vital organs, while the largest BAT
depot is located in the interscapular region (iBAT) [7]. Some smaller BAT depots can also
be found near the blood vessels in the cervical, axillary, and paravertebral regions as well
as in proximity to the thoracic and abdominal viscera [8,9].
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Functionally, WAT stores chemical energy in the form of fat and can secrete hormone
peptides, such as adiponectin, to regulate whole-body metabolism. In contrast, BAT dissi-
pates stored chemical energy in the form of heat through non-shivering thermogenesis, a
process mediated by the uncoupling protein-1 (Ucp1) in the mitochondria [8,10–12]. With
this unique function, BAT can maintain body temperature in a cold environment and poten-
tially regulate energy expenditure. BAT can also secrete unique batokines and lipokines to
regulate whole-body metabolism, for example, Fgf21 and 12, 13-diHOME [13,14]. Because
early studies found that BAT depots were more abundant in rodents and infants, BAT was
thought to have very limited thermogenic and metabolic roles in adult humans [15,16].
This view has recently been challenged by several independent reports of the existence
of BAT in adult humans, thereby renewing interest in utilizing BAT to regulate energy
expenditure and counteract obesity in adult humans [17–19]. Surprisingly, unlike mouse
BAT depots, which are mainly found in the interscapular and subscapular regions, the
majority of human BAT depots are found in the supraclavicular region [20–22]. These
depots were therefore named supraclavicular BAT (scBAT) depots.

We and others identified several novel BAT depots in mouse embryos and adult
mice that were not reported in earlier studies [23–25]. These depots, which were found
in the supraclavicular region of the mouse neck, bear anatomical resemblance to the
supraclavicular BAT observed in adult humans. We therefore refer to these BAT depots as
mouse scBAT. Our previous studies further showed that the mouse scBAT depots possess
high thermogenic potential and share a molecular signature with human scBAT [23]. Our
studies provide a mouse model for studying scBAT to help us better understand the
molecular regulation and the developmental lineage of human scBAT.

Environmental factors, such as temperature and diets, can greatly impact adipose
tissue function and whole-body metabolism [26–29]. This is specifically true for BAT
because BAT-mediated non-shivering thermogenesis is not active at thermoneutral tem-
perature but can be rapidly activated by cold stimulation [30–33]. High-fat diet (HFD)
is another factor that can impact the prevalence and the function of BAT in mice and
humans [34–36]. As a first step toward understanding how environmental temperature
and diet can impact mouse scBAT function, we compared scBAT activity to other adipose
depots, including iBAT, inguinal WAT (iWAT), and epididymal WAT (eWAT), under cold
exposure, thermoneutrality, and HFD feeding by evaluating gene expression and morpho-
logical characteristics. In addition to scBAT, humans also possess highly thermogenic BAT
in the deep neck on the lateral side of the trachea and esophagus and surrounding major
blood vessels, named the deep neck BAT (dnBAT) [37]. We have searched the mouse neck
and identified BAT depots embedded in the similar anatomical location within the deep
neck of the mice. We named this depot the mouse dnBAT.

2. Materials and Methods
2.1. Animal

All mice experiments conducted in the paper were approved by the Baylor College of
Medicine (BCM) Institutional Animal Care and Use Committee (IACUC). All experiments
were conducted in accordance with BCM guidelines and regulations. C57BL/6 mice were
purchased from the BCM Center for Comparative Medicine production colonies. Mice were
housed in the mouse vivarium at ambient temperature (22 ◦C) on a 12-h light/dark cycle
and were fed ad libitum with regular diet (PicoLab Select Rodent 50 IF/6F, 5V5R, 14.9%
energy from fat, LabDiet). Some mice were fed an HFD in which 42% of energy is from fat
(TD.88137, western diet, high in saturated fatty acids and sucrose, ENVIGO) starting at age
5 weeks for 10 or 16 weeks. Some mice were housed at thermoneutral temperature right
after weaning for 8 weeks and were fed either regular diet (RD) or 7 weeks of HFD. All
experiments were conducted using male mice.
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2.2. Adipose Tissue Dissection

iBAT, iWAT, and eWAT were isolated using previously published procedures [9].
scBAT was isolated according to our previously published method [23]. After removing
the scBAT, the sternocleidomastoid muscle was removed to expose the most inner part
of the neck, where the carotid artery and internal jugular vein lie lateral to the thyroid.
Then, dnBAT was carefully peeled off from the surrounding artery and vein with a pair
of fine forceps. After removal of all non-adipose tissues from iBAT, scBAT, dnBAT, iWAT,
and eWAT, and WAT surrounding BAT depots, these adipose depots were processed for
histological analyses or frozen in liquid nitrogen and stored in a −80 ◦C freezer for total
RNA or protein extractions. BAT and WAT depot weights were recorded using a laboratory
analytical scale. Adipose tissues were imaged by placing the tissue on an absorber pad on
a Nikon SMZ1500 dissecting microscope and were photographed using the DS-Fi1 camera
connected to the dissecting microscope.

2.3. Core Body Temperature Measurement

The body temperature was measured using an animal rectal probe connected to a
TH-8 thermometer (Physitemp, Clifton, NJ, USA). Mice were housed at 4 ◦C for 6 h, and
body temperature was measured every hour.

2.4. Histology

For histology, mouse adipose tissue samples were fixed in 4% paraformaldehyde for
48 h at 4 ◦C, washed with PBS, embedded in Paraffin, and sectioned. Hematoxylin and
Eosin (H&E) staining was conducted using previously described procedures, and images
were acquired using a Nikon microscope [23,38].

2.5. Real-Time Quantitative PCR (RT-qPCR)

Frozen adipose tissue was powdered in liquid nitrogen, mixed with 0.5–0.6 mL of
PureZOL reagent (Bio-Rad, Hercules, CA, USA), and incubated for 5 min at room tempera-
ture. During the incubation, the powdered tissue was homogenized with a handheld pellet
pestle grinder (Kimble) and syringe, and vortexed frequently. This was followed by adding
0.25 mL of chloroform (Thermo Fisher Scientific, Waltham, MA, USA) to the homogenized
tissue and incubated for another 5 min at room temperature and vortexed frequently. The
homogenized tissue was then centrifuged at 4 ◦C at 14,000 rpm for 20 min. To isolate
total RNA, 200 µL of supernatant was transferred to a 1.5 mL microcentrifuge tube, and
equal amounts of 70% ethanol were added into the same tube and mixed thoroughly. Then,
400 µL lysate was transferred to the spin column, which was centrifuged at 14,000 rpm for
2 min, and the flow through was discarded. The tissue lysate was further purified using an
Aurum Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad) according to the manufacturer’s
instructions. After that, 500 ng−1 µg of total RNA was reverse transcribed into cDNA using
dNTPs, Oligo(dT), and the SuperScript III Reverse Transcriptase (Thermo Fisher Scientific).
RT-qPCR reactions were performed using the Powerup SYBR Green master mix (Thermo
Fisher Scientific) in a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Relative
mRNA expression level of each gene was normalized to the housekeeping gene β-actin.
Primer sequences are listed in the Table S1.

2.6. Western Blot

Adipose tissues were frozen in liquid nitrogen, powdered with a pestle and mortar,
and sonicated with a handheld pellet pestle grinder in standard RIPA buffer with protease
inhibitors (1:200 dilution, Aprotinin, Pepstatin, Phenylmethylsulfonyl fluoride and pro-
tease inhibitor cocktail, Sigma-Aldrich, St. Louis, MO, USA) and phosphatase inhibitors
(PhosSTOP, Roche Molecular Systems, Indianapolis, IN, USA). After sonication, protein
lysates were incubated on ice for 10 min and centrifuged at 14,000 rpm at 4 ◦C for 15 min,
and the supernatants were collected and stored in a −80 ◦C freezer. The protein concentra-
tion was determined with a Pierce BCA Protein Assay kit (Thermo Fisher Scientific). We
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separated 5–30 µg of protein lysate by SDS–PAGE and transferred onto a PVDF membrane
using the eBlot L1 transfer system (GenScript, Piscataway, NJ, USA). The membrane was
blocked with 5% milk/TBST buffer (or 3% BSA/TBST for p-HSL) overnight at 4 ◦C or 1 h at
room temperature and incubated with primary antibodies overnight at 4 ◦C or 2 h at room
temperature. The membrane was then incubated with the secondary antibody, anti-rabbit
HRP (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) at 1:10,000 dilution
(or 1:3000 for β-actin) in 2.5% milk/TBST buffer (or TBST only for p-HSL), and developed
using a Pierce ECL Plus Substrate Kit (Thermo Fisher Scientific). The primary antibodies
used in this study included: rabbit anti-β-actin (1:2000 dilution in 5% milk/TBST, Cell Sig-
naling 4967S), rabbit anti-p-HSL (1:1000 dilution in 3%BSA/TBST, Cell Signaling P-Ser563,
4139; P-Ser565, 4137T), rabbit anti-HSL (1:1000 dilution in 3%BSA/TBST, Cell Signaling
4107T), and rabbit anti-UCP1 (1:15,000 dilution in 3%BSA/TBST, Abcam ab10983). β-actin
was used as a loading control.

2.7. Lipid Droplet Size Measurement

H&E-stained adipose tissue sections from RD- and HFD-treated mice and mice housed
at ambient and thermoneutral temperatures were imaged at 400× magnification with a
DS-Fi1 camera connected to a Nikon Eclipse 80i stereomicroscope. Three slides were
randomly selected from each adipose tissue sample (scBAT, iBAT, iWAT, and eWAT) for
lipid droplet size measurement using the area measurement tool from the ImageJ Software
(version 1.53i). Each image was scaled to 0.09 µm/pixel, and the lipid droplets were
marked manually using freehand selection from the ImageJ toolbar and quantified using
the measure tool in the Analyze menu. All lipid droplets on the imaged slides were counted
except the lipid droplets on the edges of the image that were partially cut off. To compare
lipid droplet size, we grouped lipid droplets with similar sizes into three groups, small,
medium, and large sizes, and calculated the percentage of small, medium, and large lipid
droplets in RD-, HFD-treated mice and in mice housed at ambient and thermoneutral
temperatures. More than 15,000 lipid droplets from scBAT and iBAT, more than 1000 lipid
droplets from iWAT, and more than 400 lipid droplets from eWAT were measured from
3 independently collected samples.

2.8. Statistical Analysis

Statistical analysis was performed using unpaired two-tailed Student’s t-test for two
group comparisons and One-way ANOVA for multiple group comparisons. We considered
p values < 0.05 statistically significant. Statistical analyses were performed using GraphPad
Prism 8 software. All data are presented as mean ± SEM.

3. Results
3.1. Histological and Molecular Analyses of Acute Cold Exposure Induced Changes in scBAT and
Other Adipose Depots

To test the effect of cold exposure on scBAT and other adipose depots, the 8-week-old
male C57BL/6 mice that had been housed at the ambient temperature (22 ◦C) and fed RD
were subjected to cold exposure (4 ◦C) for 6 h. During cold exposure, mice were housed
singly with food, water, and nestlet. The body temperature of these mice was measured
every hour. The body temperature of these mice dropped 1–2 degrees below their normal
body temperature shortly after cold exposure and recovered by the end of the experimental
period (Figure 1a). These changes in body temperature suggested that these mice initially
suffered from mild hypothermia, but thermogenesis was induced thereafter to maintain
core body temperature. To determine whether scBAT was involved in this process, we
isolated scBAT and other adipose depots, including iBAT, iWAT, and eWAT, from mice
housed at ambient temperature and mice treated with cold exposure, and performed
H&E staining and gene expression analyses. We first examined the overall morphology of
adipocytes in H&E-stained adipose depot sections. Consistent with previously observed
data, we found that H&E-stained scBAT and iBAT from mice housed at ambient temper-
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ature possessed brown adipocytes with multiple small lipid droplets, while iWAT and
eWAT possessed white adipocytes with a single large lipid droplet (Figure 1b). In contrast,
H&E stained-scBAT and iBAT from cold-exposed mice showed higher levels of red blood
cell staining, much smaller brown adipocytes, and fewer lipid droplets, indicating that
cold exposure induced a high volume of blood flow into these two adipose tissues and the
loss of lipid droplets in the brown adipocytes (Figure 1b). Importantly, compared to iBAT,
this cold-induced morphological change was more severe in scBAT as shown by even more
intense red blood cell staining, smaller adipocyte size, and nearly complete loss of lipids
(Figure 1b). A similar reduction in the adipocyte size was also seen in the H&E-stained
iWAT and to a lesser extent in the eWAT (Figure 1b). Since glucose and lipids are the main
fuels for BAT-mediated thermogenesis, the loss of lipid droplets in brown adipocytes and
the increase of blood flow from cold-exposed mice indicates that scBAT and iBAT were
actively utilizing the stored nutrients and recruiting more from the bloodstream to fuel
thermogenesis [39]. To further confirm this, we next performed gene expression analysis
to determine the expression of a set of genes involved in thermogenesis, including genes
involved in brown adipocyte differentiation, thermogenesis, and nutrient utilization.
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Figure 1. The effect of cold exposure on the adipocyte morphology and gene expression in scBAT, iBAT, iWAT, and eWAT.
(a) The body temperatures of male C57BL/6 mice undergoing cold exposure (4 ◦C). n = 4. h: hour. (b) Representative images
of the H&E stained sections of scBAT, iBAT, iWAT, and eWAT isolated from mice housed for 6 h at ambient temperature
(22 ◦C) or exposed to cold (4 ◦C). n = 3. Scale bar = 50 µm. (c–f) RT-qPCR analysis of adipocyte differentiation marker
genes, thermogenic genes, glucose uptake genes and lipid processing genes in scBAT, iBAT, iWAT, and eWAT depots from
mice housed at ambient temperature and under acute cold exposure (4 ◦C for 6 h). (c) Adipocyte differentiation markers,
Pparg, Prdm16, Fabp4, and Adipoq. (d) Thermogenic genes, Ucp1, Pgc-1α, and Dio2. (e) Glucose transporters, Glut4 and Glut1.
(f) Lipid uptake and processing genes, Lpl and Hsl. The expression of these genes is normalized to the housekeeping gene
β-actin. Data are presented as mean ± SEM. n = 4–8 for each group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001,
ns = nonsignificant.
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We first conducted RT-qPCR to examine the expression of genes involved in brown
adipocyte differentiation, including Peroxisome Proliferator-Activated Receptor gamma
(Pparg), Pparα, PR domain containing 16 (Prdm16), fatty acid binding protein 4 (Fabp4),
and adiponectin (Adipoq) [40–45]. Consistent with previously reported data [44,46–48]
showing expression of Pparg, Prdm16, and Pparα is higher in BAT than in WAT, these genes
were also expressed higher in BAT than in WAT from the mice housed in ambient and
cold temperatures (Figure 1c). When comparing scBAT to iBAT, we found that Pparg,
Prdm16 and Pparα were expressed at similar levels in mice housed at ambient and cold
temperatures, while Fabp4, and Adipoq were expressed at slightly lower levels in scBAT
from mice housed in cold temperature (Figure 1c). Together, these data suggest that the
effect of acute cold exposure on brown adipocyte differentiation is minimal. Additionally,
we observed an increase in the expression of Pparα in iWAT from cold-exposed mice,
which is consistent with previous studies [49,50]. We next examined the expression of
genes involved in BAT-mediated thermogenesis, including Ucp1, peroxisome proliferator-
activated receptor-gamma coactivator- 1alpha (Pgc-1α), and the type 2 iodothyronine
deiodinase (Dio2) [51–54]. Our analysis showed that the expression of Ucp1, Pgc-1α, and
Dio2 were significantly increased in BAT depots with higher expression of these three genes
in scBAT than in iBAT in cold-exposed mice (Figure 1d). However, while the expression
level of these three genes increased, UCP1 protein levels did not change after 6 h of cold
exposure (Figure S1a). Additionally, we observed an increase of these three genes in iWAT
but not in eWAT in cold-exposed mice.

To further examine the effect of cold exposure on scBAT, we next analyzed the ex-
pression of genes known to mediate glucose uptake in adipose tissues, including glucose
transporter type 1 (Glut1) and 4 (Glut4) [55,56]. In agreement with previous analyses, we
found that Glut4 was more abundantly expressed in BAT than in WAT [57]. However, the
cold exposure did not induce a notable change in Glut4 expression in any of the adipose
depots examined as previously reported (Figure 1e). Interestingly, the expression of Glut1
was consistently higher in iBAT than in scBAT in cold-exposed mice compared to mice
housed at ambient temperature (Figure 1e).

Lastly, we examined lipid processing in scBAT by analyzing the expression of lipopro-
tein lipase (Lpl), a protein that recruits the circulating fatty acid to BAT, and hormone-
sensitive lipase (Hsl), a rate-limiting enzyme of lipolysis [58,59]. Cold exposure induced
an increase in Lpl expression in both scBAT and iBAT with the induction in its expression
being higher in scBAT than in iBAT (Figure 1f). Contrary to Lpl expression, Hsl expression
was slightly reduced after cold exposure in scBAT and further reduced in iBAT. Meanwhile,
Hsl expression was slightly increased in WAT (Figure 1f). This reduction in HSL in BAT
was also seen at the protein level; specifically, phospho-HSL (p-HSL) [60] was similarly
slightly reduced in scBAT and further reduced in iBAT after cold exposure (Figure S1b).

3.2. The Effect of HFD on the Adipocyte Morphology and Gene Expression in scBAT and Other
Adipose Depots

To test the effect of high-fat diet (HFD) on scBAT activity, 5-week-old male C57BL/6
mice that were housed at ambient temperature were fed with RD or HFD (42% of energy
from fat) for 10 weeks or 16 weeks (Figure 2a). The adipose tissues were collected from
these mice and processed for H&E staining and gene expression analysis. Compared to
adipose tissue in H&E-stained sections from RD-fed mice, adipose tissue from 16-week
HFD-fed mice showed an increase in adipocyte size with the appearance of more large
lipid droplets in both BAT and WAT (Figure 2b and Figure S2). In addition, multilocular
brown adipocytes had undergone morphological changes with the appearance of single
lipid droplets, resembling WAT (Figure 2b). Importantly, the degree of HFD-induced
morphological change was more prominent in scBAT than in iBAT. To further determine
the effect of HFD on BAT depots, we compared the adipose tissue mass between scBAT and
iBAT after 10 weeks of HFD treatment. Our analysis showed that HFD feeding induced an
overall body weight gain and increase in BAT mass compared to RD-fed mice. Interestingly,
BAT mass increased more in iBAT than in scBAT, and the ratio of adipose tissue/body
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weight was much higher in iBAT than in scBAT (Figure 2c). These results collectively
suggest that HFD affects scBAT and iBAT differently, with HFD inducing more prominent
changes in adipocyte morphology in scBAT while increasing depot mass in iBAT.
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Figure 2. The effect of HFD on the adipocyte morphology and gene expression in scBAT, iBAT, iWAT, and eWAT.
(a) Schematic diagram of the HFD study design. P0: postnatal day 0, wks: weeks. Mice were subjected to 10 to 16 weeks of
RD or HFD. (b) Representative images of H&E-stained sections of scBAT, iBAT, iWAT, and eWAT from mice treated with RD
or HFD for 16 weeks. n = 3–4. Scale bar = 50 µm. (c) Body weight (BW), adipose tissue mass, and ratio of adipose tissue to
body weight of mice described in (b) (RD, n = 4 and HFD, n = 4). (d–h) RT-qPCR analysis of adipocyte differentiation marker
genes, thermogenic genes, glucose uptake genes, and lipid processing genes in scBAT, iBAT, iWAT, and eWAT depots from
mice fed 10 weeks with RD or 10 weeks with HFD. (d) Adipocyte differentiation markers, Pparg, C/ebpβ, Prdm16, Pparα,
Fabp4, and Adipoq. (e) Thermogenic genes, Ucp1, Pgc-1α, and Dio2. (f) Glucose transporters, Glut4 and Glut1. (g) Lipid
uptake and processing genes, Lpl and Hsl. (h) Lipogenesis genes, Fas and Acc1. Data are presented as mean ± SEM. The
expression of these genes is normalized to the housekeeping gene β-actin. n = 5–6 for each group. * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001, ns = nonsignificant.

In addition to morphological analysis, we also performed gene expression analysis to
determine the expression of a panel of genes involved in brown adipocyte differentiation,
including Pparg, CCAAT/enhancer binding protein beta (C/ebpβ), Prdm16, Pparα, Fabp4,
and Adipoq, in scBAT, iBAT, iWAT, and eWAT isolated from mice after 10 weeks of RD
and HFD feeding. Our analysis showed that the expression of these genes was relatively
similar in both BAT and WAT from RD and HFD-fed mice with one exception, Pparα,
which was expressed at a slightly lower level in scBAT in HFD-fed mice (Figure 2d).
Interestingly, while there was no significant difference in the expression of these brown
adipocyte-differentiation-specific genes, the expression of genes involved in thermogenesis,
including Ucp1 and Dio2, significantly increased in scBAT and to a lesser extent in iBAT
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from HFD-fed mice compared to RD-fed mice (Figure 2e). The increase in Ucp1 expression
in iBAT in HFD-fed mice has been reported by many groups [61]. Our analysis showed
that, as with iBAT, Ucp1 expression also increased in scBAT after HFD-feeding in mice.
However, the expression of Pgc-1α in scBAT and iBAT between the HFD and RD mice
remained similar under our current HFD regime.

While Glut4 was expressed at similar levels in scBAT and iBAT from RD or HFD-fed
mice, its expression was notably reduced in WAT in HFD-fed mice compared to RD-fed mice
(Figure 2f). Unlike Glut4, Glut1 expression was slightly reduced in scBAT but not in iBAT
or WAT depots (Figure 2f). Since adipocytes are the main cell type that process and store
lipids, we next analyzed the expression of genes involved in lipid uptake, Lpl, and lipolysis,
Hsl. The expression of Lpl was reduced in scBAT, iBAT, and iWAT depots from HFD-fed
mice, suggesting that 10 weeks of HFD-feeding may suppress its expression in these depots.
The expression of Hsl was only slightly reduced in iWAT, and no detectable changes in
scBAT, iBAT and eWAT were observed between HFD and RD-fed mice (Figure 2g). Finally,
we examined the expression of two essential genes in de novo lipogenesis, fatty acid
synthase (Fas) and Acetyl-CoA carboxylase 1 (Acc1), which convert dietary carbohydrate
into fat [62,63]. In agreement with earlier studies [57,64], both Fas and Acc1 were highly
expressed in scBAT and iBAT compared to WAT. However, while it was reported that HFD
can suppress de novo lipogenesis in BAT [65], our analysis showed a slight increase of
Acc1 in iBAT and no significant changes in the expression of Fas and Acc1 in other adipose
tissues under our HFD regime (Figure 2h). We reasoned that this discrepancy may result
from the difference between the percentage of fat content and duration of HFD feeding
used in our study and others.

In summary, while there were minor changes in the expression of genes involved
in nutrient uptake and processing, the genes that were affected the most by the HFD
feeding are those involved in BAT-mediated thermogenesis. Specifically, both Ucp1 and
Dio2 expression were increased in scBAT and iBAT from HFD-fed mice compared to RD-fed
mice, suggesting that HFD induces the expression of thermogenesis-associated genes in
BAT [66–68].

3.3. Histological and Gene Expression Analysis of Thermoneutrality Induced Changes in scBAT
and Other Adipose Depots

The ambient temperature for housing laboratory mice in the vivarium is ~22 ◦C, which
is below their thermoneutral temperature (28–30 ◦C) [26]. At this ambient temperature,
mice are mildly cold-stressed, and, consequently, BAT-mediated thermogenesis is acti-
vated [27,69]. To probe whether housing mice at thermoneutrality affects scBAT activity,
we housed 3-week-old male mice at thermoneutral temperature or at ambient temperature
fed ad libitum RD for 8 weeks (Figure 3a). We then processed the 4 adipose depots from
these mice for H&E staining and gene expression analyses. Compared to mice housed at
ambient temperature, lipid droplets in both brown and white adipocytes were much larger
in mice housed at thermoneutral temperature (Figure 3b and Figure S3). Additionally, we
found that some brown adipocytes in mice housed at thermoneutral temperature possess a
unilocular lipid droplet that resembles those of the white adipocytes, a sign of whitening
of the brown adipocytes (Figure 3b). This observation is in line with previous findings
that brown adipocytes showed signs of whitening when housed at thermoneutrality [70].
Interestingly, our analysis showed that more brown adipocytes appeared unilocular in
scBAT than iBAT, suggesting that scBAT undergoes a more advanced brown adipocyte
whitening than iBAT.
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Figure 3. The effect of thermoneutrality on the adipocyte morphology and gene expression in scBAT, iBAT, iWAT, and eWAT.
(a) Schematic diagram of the thermoneutral housing study design. Mice were housed at the thermoneutral temperature for
8 weeks. (b) Representative images of H&E-stained sections of scBAT, iBAT, iWAT, and eWAT from mice housed under
ambient and thermoneutral temperatures. n = 3. Scale bar = 50 µm. (c–g) RT-qPCR analysis of adipocyte differentiation
marker genes, thermogenic genes, glucose uptake genes, and lipid-processing genes in scBAT, iBAT, iWAT, and eWAT
depots from mice housed under ambient and thermoneutral temperatures. (c) Adipocyte differentiation markers, Pparg,
C/ebpβ, Ebf2, Prdm16, Pparα, Fabp4, and Adipoq. (d) Thermogenic genes, Ucp1, Pgc-1α, and Dio2. (e) Glucose transporters,
Gult4 and Glut1. (f) Lipid uptake and processing genes, Lpl and Hsl. (g) Lipogenesis genes, Fas and Acc1. The expression of
these genes is normalized to the housekeeping gene β-actin. Data are presented as mean ± SEM. n = 4–6. for each group.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = nonsignificant.

To further determine the cause underlying this morphological change, we compared
the expression of genes, including, Pparg, C/ebpβ, early B cell factor-2 (Ebf2), Prdm16,
Pparα, Fabp4, and Adipoq, involved in brown adipocyte differentiation in adipose depots
isolated from mice housed at ambient temperature to the mice housed at thermoneutral
temperature. The expression of Pparg and Pparα was slightly increased in scBAT compared
to other depots from mice housed at thermoneutral temperature relative to those housed at
ambient temperature. However, the expression of C/ebpβ was slightly reduced in scBAT
but increased in iWAT from mice housed at thermoneutral temperature relative to those
housed at ambient temperature (Figure 3c). Additionally, the expression of Prdm16, Ebf2,
Fabp4, and Adipoq were not significantly different in BAT and WAT from mice housed at
thermoneutral compared to ambient temperature (Figure 3c). Together, these analyses
suggest that housing mice at thermoneutral temperature for 8 weeks has no significant
effect on the expression of genes involved in adipocyte differentiation.
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We next compared the expression of genes involved in BAT-mediated thermogenesis
in adipose depots isolated from mice housed at ambient temperature to the mice housed
at thermoneutral temperature. Compared to mice housed at ambient temperature, mice
housed at thermoneutral temperature showed significantly decreased Ucp1 and Pgc-1α
expression in scBAT but not in iBAT, indicating that thermogenesis was greatly suppressed
in scBAT at thermoneutral temperature (Figure 3d). While the expression of Ucp1 and
Pgc-1α was not significantly changed, the expression of Dio2 was decreased in the iBAT,
suggesting that, to a lesser extent, thermogenesis was also suppressed in iBAT (Figure 3d).
These data were consistent with our morphological analyses, indicating a more severe
whitening of scBAT compared to iBAT under thermoneutrality.

Lastly, we compared the expression of genes involved in nutrient uptake and pro-
cessing in adipocytes. The expression of these genes, including Glut4, Glut1, Lpl, and
Hsl, was not significantly different between mice housed at ambient and thermoneutral
temperatures (Figure 3e,f). Although it was not statistically significant, we also found
that the expression of Fas and Acc1 was reduced in scBAT at thermoneutrality and that
this reduction was less notable in iBAT (Figure 3g). This observation is consistent with
previous studies which indicate that de novo lipogenesis was suppressed in iBAT from
mice housed at thermoneutrality [71]. Together, these results showed that housing mice
under thermoneutral conditions for 8 weeks has a minimal effect on the expression of
genes involved in adipocyte differentiation and nutrient processing. However, under this
housing condition, the expression of genes involved in thermogenesis was significantly
reduced, and the degree of reduction is greater in scBAT than in iBAT.

3.4. Histological and Molecular Analyses of HFD Induced Changes in scBAT and Other Adipose
Depots under Thermoneutrality

Both we and others found that mice housed at thermoneutrality can reduce BAT-
mediated thermogenesis [72]. We next tested whether this reduction is further enhanced by
HFD feeding under thermoneutrality. To test this, we first housed 3-week- old male mice at
thermoneutral temperature and fed them with RD for one week while they adapted to the
housing temperature change. After 1 week, we randomly divided these mice into 2 groups:
1 group fed RD and the other group fed HFD for an additional 7 weeks (Figure 4a). At the
end of 8 weeks, we isolated scBAT, iBAT, iWAT, and eWAT from these mice and performed
H&E staining and gene expression analyses.

As shown in Figure 3b, under the thermoneutral housing condition, BAT undergoes a
morphological change in which some adipocytes become large and lose their multilocular
lipid droplet character. Brown adipocytes in HFD-fed mice housed at thermoneutrality
were further enlarged and had more unilocular lipid droplets compared to RD-fed mice
(Figure 4b). Similarly, white adipocyte size was also further enlarged in mice fed HFD
than RD at thermoneutrality (Figure 4b). In addition to morphology, adipose tissue mass
between scBAT and iBAT was also compared to distinguish the effects of HFD on scBAT
and iBAT. We first confirmed that 7 weeks of HFD results in greater body weight-gain
compared to RD-fed mice (Figure 4c). The mass and ratio of adipose tissue/body weight
were also higher in iBAT than in scBAT (Figure 4c). Even though the HFD regime that we
implemented at thermoneutrality (7 weeks of HFD) was shorter than the one implemented
at ambient temperature (10 weeks of HFD) (Figure 2c), we observed a similar trend in
which HFD did not induce as large an increase in scBAT depot mass as it did in iBAT,
thereby further supporting the notion that HFD has different effects on scBAT and iBAT.
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Figure 4. The effect of HFD on the adipocyte morphology and gene expression in scBAT, iBAT, iWAT, and eWAT under
thermoneutrality. (a) Schematic diagram of the thermoneutral housing study design under HFD. 3-week-old mice were
housed at 28 ◦C for 8 weeks. Mice were fed with RD for 1week for adaptation and then fed with HFD for an additional
7 weeks. (b) Representative images of H&E-stained sections of scBAT, iBAT, iWAT, and eWAT from mice fed RD or HFD
under thermoneutral temperatures. n = 5. Scale bar = 50 µm. (c) Body weight, adipose tissue mass, and ratio of adipose
tissue to body weight of mice described in B (RD, n = 5 and HFD, n = 5). (d–h) RT-qPCR analysis of adipocyte differentiation
marker genes, thermogenic genes, glucose uptake genes, and lipid processing genes, and lipogenesis genes in scBAT, iBAT,
iWAT, and eWAT depots from mice housed under ambient and thermoneutral temperatures. (d) Adipocyte differentiation
markers, Pparg, C/ebpβ, Prdm16, Pparα, Fabp4, and Adipoq. (e) Thermogenic genes, Ucp1, Pgc-1α, and Dio2. (f) Glucose
transporters, Glut4 and Glut1. (g) Lipid uptake and processing genes, Lpl and Hsl. (h) Lipogenesis genes, Fas, Acc1. The
expression of these genes is normalized to the housekeeping gene β-actin. Data are presented as mean ± SEM. n = 5 for
each group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = nonsignificant.

Besides morphological analysis, we also compared the expression of genes involved in
brown adipocyte differentiation, including Pparg, C/ebpβ, Prdm16, Pparα, Fabp4, and Adipoq.
Our analysis showed that the expression of these genes in scBAT and iBAT was relatively
similar between HFD and RD-fed mice at thermoneutrality, suggesting that 7 weeks
of HFD feeding at thermoneutrality did not further alter the expression level of these
genes (Figure 4d). Next, we examined the expression of genes involved in BAT-mediated
thermogenesis. While we did not observe a further increase in Ucp1 expression in scBAT,
we did find that Ucp1 expression in iBAT from mice fed HFD slightly increased compared
to mice fed RD. This increase is in agreement with previous studies on iBAT [61,73,74].
However, unlike Ucp1, there is no significant difference in the expression of Pgc-1α, and
Dio2 in mice fed HFD compared to those fed RD (Figure 4e).

Next, we examined the expression of genes involved in nutrition uptake and pro-
cessing. Both Glut4 and Glut1 were expressed at similar levels in mice fed HFD or RD



Cells 2021, 10, 1370 12 of 19

at thermoneutrality, suggesting that glucose uptake mediated by these two genes was
not affected by HFD at thermoneutrality in the short term (Figure 4f). A similar trend
was observed for the expression of Lpl, Hsl, Fas, and Acc1 under the same HFD regime
(Figure 4g,h). Overall, our molecular analyses suggest that the thermogenic potential of
scBAT was not significantly changed in mice fed HFD for 7 weeks at thermoneutrality as
shown by the unchanged expression of Ucp1, Pgc-1α, and Dio2 in these mice compared to
RD-fed mice under thermoneutrality.

3.5. Histological and Molecular Analysis of dnBAT Exposed to Different Environmental
Temperatures

In addition to the BAT in the supraclavicular region, BAT depots located in the most
inner parts of the neck in adult humans, collectively named the deep neck BAT, have been
described [75,76]. As with the scBAT, these depots also possess high thermogenic potential.
To determine whether mice possess BAT depots in the similar anatomical location, we
removed the sternocleidomastoid muscle and found a very thin layer of brownish adipose
tissue situated next to the thyroid, surrounding the carotid arteries. This thin layer of
adipose tissue is located symmetrically on both sides of the neck and extends from the
ventral neck toward the lateral neck. Since this brownish adipose depot is located in the
similar anatomical location as human deep neck BAT, we named this depot the mouse
deep neck brown adipose tissue (dnBAT) depot (Figure 5a). Compared to scBAT and
iBAT, dnBAT is much smaller (Figure S4). To determine whether the mouse dnBAT is
thermogenic, we isolated dnBAT from both sides of the neck from mice housed at ambient,
thermoneutral, and cold temperatures for histological and gene expression analyses. H&E
staining showed that the dnBAT depots, like scBAT and iBAT, histologically resemble the
classic BAT and are composed of adipocytes with multiple small lipid droplets (Figure 5b).
Lipid droplets in dnBAT were larger in mice housed at thermoneutrality and became much
smaller in mice exposed to cold (Figure 5b). The reduction in the size of the lipid droplets
is one of the indicators that brown adipocytes are dissipating lipids in the form of heat.
Our histological analyses indicated that dnBAT is another previously uncharacterized BAT
depot with high thermogenic potential in mice.

To further understand dnBAT’s thermogenic potential, we again examined a set of
genes involved in brown adipocyte differentiation, thermogenesis, and nutrient processing
in dnBAT from mice housed at ambient, thermoneutral, and cold temperatures. Our
analysis indicated that the genes involved in brown adipocyte differentiation, including
Pparg, Prdm16, Pparα, Adipoq, and Fabp4, were expressed at similar levels in dnBAT between
mice housed at ambient and thermoneutral temperatures. Interestingly, we also found
that the expression of Prdm16 was slightly increased and the expression of Pparα was
reduced in dnBAT from cold-exposed mice (Figure 5c). In contrast to their expression
in dnBAT, the expression of these two genes was not significantly different in scBAT or
iBAT from the cold-exposed mice. Collectively, this analysis suggests that brown adipocyte
differentiation markers are differentially expressed in anatomically different BAT depots in
cold-exposed mice. Next, we examined the expression of genes involved in BAT-mediated
thermogenesis in dnBAT. The expression of Ucp1, Pgc-1α, and Dio2 in dnBAT was similar for
mice housed at both ambient and thermoneutral temperatures (Figure 5d). Consistent with
the expression in scBAT and iBAT, Ucp1, Pgc-1α, and Dio2 were significantly upregulated
in dnBAT from acute cold-exposed mice, indicating that dnBAT also possesses a high
thermogenic potential (Figure 5d).

Lastly, to probe how nutrients may be utilized in dnBAT, we examined the expression
of Glut1, Glut4, Lpl, and Hsl in dnBAT from mice housed at ambient, thermoneutral, and
cold temperatures. Glut4 and Glut1 expression in dnBAT was similar for these three differ-
ent housing temperatures (Figure 5e). As in scBAT, the expression of Lpl was increased but
Hsl was reduced in dnBAT from cold-exposed mice (Figure 5f). Together, our histological
and gene expression analyses showed that dnBAT is a thermogenic BAT depot like its
counterpart in adult humans. With its important role in the regulation of thermogenesis in
humans, more studies on the mouse dnBAT are warranted.



Cells 2021, 10, 1370 13 of 19

Cells 2021, 10, x FOR PEER REVIEW 12 of 19 
 

 

observed for the expression of Lpl, Hsl, Fas, and Acc1 under the same HFD regime (Figure 

4g,h). Overall, our molecular analyses suggest that the thermogenic potential of scBAT 

was not significantly changed in mice fed HFD for 7 weeks at thermoneutrality as shown 

by the unchanged expression of Ucp1, Pgc-1α, and Dio2 in these mice compared to RD-fed 

mice under thermoneutrality. 

3.5. Histological and Molecular Analysis of dnBAT Exposed to Different Environmental 

Temperatures 

In addition to the BAT in the supraclavicular region, BAT depots located in the most 

inner parts of the neck in adult humans, collectively named the deep neck BAT, have been 

described [75,76]. As with the scBAT, these depots also possess high thermogenic poten-

tial. To determine whether mice possess BAT depots in the similar anatomical location, 

we removed the sternocleidomastoid muscle and found a very thin layer of brownish ad-

ipose tissue situated next to the thyroid, surrounding the carotid arteries. This thin layer 

of adipose tissue is located symmetrically on both sides of the neck and extends from the 

ventral neck toward the lateral neck. Since this brownish adipose depot is located in the 

similar anatomical location as human deep neck BAT, we named this depot the mouse 

deep neck brown adipose tissue (dnBAT) depot (Figure 5a). Compared to scBAT and 

iBAT, dnBAT is much smaller (Figure S4). To determine whether the mouse dnBAT is 

thermogenic, we isolated dnBAT from both sides of the neck from mice housed at ambi-

ent, thermoneutral, and cold temperatures for histological and gene expression analyses. 

H&E staining showed that the dnBAT depots, like scBAT and iBAT, histologically resem-

ble the classic BAT and are composed of adipocytes with multiple small lipid droplets 

(Figure 5b). Lipid droplets in dnBAT were larger in mice housed at thermoneutrality and 

became much smaller in mice exposed to cold (Figure 5b). The reduction in the size of the 

lipid droplets is one of the indicators that brown adipocytes are dissipating lipids in the 

form of heat. Our histological analyses indicated that dnBAT is another previously un-

characterized BAT depot with high thermogenic potential in mice. 

 

Figure 5. The effect of thermoneutrality and cold exposure on the adipocyte morphology and gene expression of dnBAT 

in C57BL/6 mice. (a) Representative image of the anatomical location of dnBAT in 2-month-old mice. tr: trachea, t: thyroid, 

Figure 5. The effect of thermoneutrality and cold exposure on the adipocyte morphology and gene expression of dnBAT in
C57BL/6 mice. (a) Representative image of the anatomical location of dnBAT in 2-month-old mice. tr: trachea, t: thyroid,
m: sternocleidomastoid muscle, jv: external jugular vein. dnBAT is outlined by the black dotted line. (b) Representative
images of H&E-stained sections of dnBAT from mice housed at ambient, thermoneutral, and cold temperatures. n = 3.
Scale bar = 50 µm. (c–f). RT-qPCR analysis of adipocyte differentiation marker genes, thermogenic genes, glucose uptake
genes, and lipid-processing genes in scBAT, iBAT, iWAT, and eWAT depots from mice housed at ambient and thermoneutral
temperatures and under acute cold exposure. (c) Adipocyte differentiation markers, Pparg, Prdm16, Fabp4, and Adipoq.
(d) Thermogenic genes, Ucp1, Pgc-1α, and Dio2. (e) Glucose transporters, Glut4 and Glut1. (f) Lipid uptake and processing
genes, Lpl and Hsl. The expression of these genes is normalized to the housekeeping gene β-actin. Data are presented as
mean ± SEM. n = 4–5 for each group. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = nonsignificant.

4. Discussion

We recently identified mouse scBAT that is anatomically analogous to human sc-
BAT [21]. Here, we report the first in a series of genetic and molecular studies designed
to understand the function of scBAT by probing how environmental factors affect scBAT
activity.

Studies using iBAT have revealed that BAT function can be greatly influenced by
environmental factors [77–80]. Among these factors, the most influential one is the en-
vironmental temperature, with BAT-mediated thermogenesis being activated by cold
temperature and inactivated at thermoneutrality. By conducting H&E staining and gene ex-
pression analysis, we found that, although both scBAT and iBAT can mediate non-shivering
thermogenesis, differences existed between scBAT and iBAT. Most notably, we found that
6 h of cold exposure can induce morphological changes, including increased blood flow
and depletion of adipocyte stored lipids, and induce higher expression of thermogenic
genes in scBAT than in iBAT. Together, these data suggest that scBAT is at least as sensitive
as iBAT or perhaps even more sensitive to cold exposure than iBAT. Interestingly, while we
observed that the Ucp1 transcript was more highly expressed in scBAT, the UCP1 protein
was expressed at similar levels in scBAT and iBAT after 6 h of cold exposure. Several
factors may contribute to this discrepancy between Ucp1 transcript and protein levels.
First, 6 h of cold exposure may be sufficient to induce an increase in Ucp1 transcripts, but
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more time is needed to synthesize UCP1 protein. Another possibility is that the UCP1
protein abundance is subject to post-translational modification that is independent of its
transcriptional regulation. Lastly, it could be that our western blotting is not sensitive
enough to detect small changes at the protein level. It has been reported that the change in
the expression of Ucp1 transcript does not directly correlate to the change in its protein level
during cold acclimation from thermoneutral temperature to cold [81]. While we observed
similar UCP1 protein expression trends in scBAT and iBAT under our acute cold exposure,
more molecular studies are needed in the future to determine if there are differences in the
thermogenic potentials of Ucp1-mediated thermogenesis between scBAT and iBAT.

Additionally, while BAT depots rely on both fatty acids and glucose to fuel thermoge-
nesis, we found that scBAT and iBAT may have different nutrient preferences under our
cold exposure regimen. As indicated by our expression analyses, Hsl expression is reduced
in scBAT and iBAT after 6 h of cold exposure. Lpl expression is induced more highly in
scBAT, while Glut1 expression is increased more in iBAT. These differences in changes in
expression of genes involved in nutrient processing led us to speculate that mouse scBAT,
and perhaps dnBAT as well, may rely more on circulating than intracellular fatty acids
through the action of Lpl, while iBAT may rely more on Glut1-mediated glucose uptake
to fuel thermogenesis under our cold exposure regimen. Whether these differences in Lpl
and Glut1 expression occur because of intrinsic regulation, such as distinct developmental
origins, or are due to the anatomical locations or depot size differences between scBAT
and iBAT needs to be addressed in future studies with genetic tracing studies, and more
lipogenic and lipid uptake marker analyses and functional assays. Recent studies showed
that fatty acids released from lipid droplets within BAT may not be essential substrates
for BAT mediated thermogenesis during cold exposure because mice with deletion in
genes involved in lipolysis, ATGL and CGI-58, and genes involved in triglyceride synthesis,
DGAT1 and DGAT2, in BAT are cold tolerant [82–84]. While these studies analyzed mainly
iBAT, it would be of great interest to analyze scBAT in these mice.

To further understand how environmental temperature impacts scBAT activity, we also
housed mice at thermoneutral temperature. As expected, both scBAT and iBAT undergo
morphological changes to resemble WAT. Furthermore, the expression of thermogenic
genes, including Ucp1, Pgc-1α, and Dio2, was reduced in scBAT and to a lesser extent in iBAT
in mice housed at thermoneutral temperature compared to mice housed at the ambient
temperature. Together, these data indicate a persistent decline of BAT thermogenic activity
at thermoneutrality. Interestingly, in all the samples we examined, we consistently observed
that the expression of thermogenic genes is reduced more in scBAT than in iBAT, indicating
that scBAT is likely more sensitive to thermoneutrality-induced changes in thermogenic
activity than iBAT. Currently, our knowledge on how thermoneutrality impacts BAT
function is still very limited. As humans are born and live in a thermoneutral environment,
it is critical to investigate the molecular mechanisms underlying these changes, and mouse
scBAT is a suitable animal model for these purposes.

HFD feeding can induce adipose tissue dysregulation, including adipose tissue mor-
phological remodeling in which both adipocyte size and depot mass are increased. In this
regard, our analysis found there is a morphological difference between scBAT and iBAT in
response to HFD feeding. Specifically, we found that under either ambient or thermoneutral
temperature, HFD induced a more visible increase in adipocyte size (through increased of
lipid droplet size) in scBAT without a significant increase in depot mass, whereas adipocyte
size and mass were both increased in iBAT. In WAT, the adipose mass expansion can
be induced through increases in lipid storage (hypertrophy) and in the number of new
adipocytes (hyperplasia) [85]. Currently, it is not clear whether HFD-induced iBAT mass
expansion is due to the addition of new brown adipocytes. Nevertheless, the differences
in HFD-induced increase in mass expansion between scBAT and iBAT may indicate that
the molecular mechanisms that regulate depot mass expansion are different for these two
depots, which is worthy of further investigation considering that scBAT also exists in
humans. Under our HFD regimes, the most notable change at the gene expression level is



Cells 2021, 10, 1370 15 of 19

the increase of Ucp1 expression in scBAT and iBAT. Expression showed a greater increase
in scBAT than iBAT at ambient temperature. This observation is very intriguing and con-
tradictory, as obesity can impair BAT-mediated thermogenesis in mice [86,87]. However,
obesity induced by HFD feeding is also known to induce Ucp1 expression in iBAT, and our
finding confirms a similar increase in scBAT in mice housed at ambient temperature. While
the underlying mechanism of this HFD-related increase in Ucp1 expression has not been
established, it has been speculated that fatty acids, specifically polyunsaturated fatty acids,
may act directly or indirectly to activate Ucp1 expression [88,89].

Interest in applying BAT-mediated thermogenesis to regulate energy expenditure
and combat obesity was reignited after the rediscovery of thermogenic BAT in adult
humans over a decade ago. While many sophisticated studies have been conducted for
human scBAT, a tissue model for conducting genetic and molecular studies is needed to
uncover more mechanistic insights regarding human scBAT function. Currently, iBAT is
the most studied BAT in mice. However, this depot is anatomically different from the
human scBAT. As we have shown in here, iBAT and scBAT responses to environmental
stimuli are not identical, indicating there are some intrinsic differences between these
two depots. These differences need to be taken into consideration when interpreting
functional aspects of human scBAT using iBAT as a tissue model. Although we only
applied simple histological and expression assays to probe the difference between scBAT
and other adipose depots, the results obtained from this study can serve as a starting point
for future comprehensive studies to understand the molecular function of scBAT in mice
and humans under physiological conditions and during metabolic dysregulation.

While scBAT is the largest and the most studied BAT depot in humans, there are
some smaller BAT depots that have not been extensively characterized in humans. In the
most inner neck, a thin layer of BAT, the dnBAT, was first identified in humans, and here
we describe an anatomically similar thermogenic dnBAT in mice. The neck, which is a
small and narrow anatomical region, seems to be enriched in BAT. Interestingly, both in
humans and mice, these neck BAT depots reside proximal to the major veins and arteries.
In addition to further characterizing the molecular regulation of neck BAT, whether this
unique anatomical feature of neck BAT depots has a significant physiological role in
humans and mice needs to be studied.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10061370/s1, Table S1: Primer sequences for RT-qPCR, Figure S1: Protein levels of UCP1,
HSL, and p-HSL in adipose tissues from mice housed at ambient temperature or after 6 h of cold
exposure, Figure S2: Size distributions for lipid droplets in scBAT, iBAT, iWAT, and eWAT from mice
fed RD or 16 weeks of HFD, Figure S3: Size distributions for lipid droplets in scBAT, iBAT, iWAT, and
eWAT from mice housed at ambient or thermoneutral temperature for 8 weeks, Figure S4: Adipose
tissue images.

Author Contributions: Conceptualization, M.-H.C., Y.S., H.Z.; methodology, M.-H.C.,Y.S., H.Z.,
S.J., Y.-T.S., Y.R., G.H.; formal analysis, M.-H.C., Y.S., H.Z., S.J.; writing—original draft preparation,
M.-H.C.,Y.S., H.Z.; writing—review and editing, M.-H.C.,Y.S., H.Z., S.J., Y.-T.S., Y.R., G.H.; visualiza-
tion, M.-H.C., Y.S., H.Z.; supervision, M.-H.C.; funding acquisition, M.-H.C. All authors have read
and agreed to the published version of the manuscript.

Funding: The study was funded by the USDA/ARS CRIS 3092-51000-059 and 3092-51000-064,
American Heart Association 16GRNT30720003, and NIH NIDDK RO1DK116899 to M.-H.C.

Institutional Review Board Statement: All animal experiments conducted in this paper were ap-
proved by the Baylor College of Medicine (BCM) Institutional Animal Care and Use Committee
(IACUC) (protocol code AN5579).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors want to thank Eric J. Jaehnig, Alli Martina Antar, and Qiang Tong
for proofreading the manuscript and providing their useful advice.

https://www.mdpi.com/article/10.3390/cells10061370/s1
https://www.mdpi.com/article/10.3390/cells10061370/s1


Cells 2021, 10, 1370 16 of 19

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Engin, A. The Definition and Prevalence of Obesity and Metabolic Syndrome. Adv. Exp. Med. Biol. 2017, 960, 1–17. [CrossRef]
2. Bray, G.A.; Kim, K.K.; Wilding, J.P.H.; World Obesity, F. Obesity: A chronic relapsing progressive disease process. A position

statement of the World Obesity Federation. Obes. Rev. 2017, 18, 715–723. [CrossRef] [PubMed]
3. Bluher, M. Obesity: Global epidemiology and pathogenesis. Nat. Rev. Endocrinol. 2019, 15, 288–298. [CrossRef]
4. Ward, Z.J.; Bleich, S.N.; Cradock, A.L.; Barrett, J.L.; Giles, C.M.; Flax, C.; Long, M.W.; Gortmaker, S.L. Projected U.S. State-Level

Prevalence of Adult Obesity and Severe Obesity. N. Engl. J. Med. 2019, 381, 2440–2450. [CrossRef]
5. Heymsfield, S.B.; Wadden, T.A. Mechanisms, Pathophysiology, and Management of Obesity. N. Engl. J. Med. 2017, 376, 254–266.

[CrossRef]
6. Peirce, V.; Carobbio, S.; Vidal-Puig, A. The different shades of fat. Nature 2014, 510, 76–83. [CrossRef] [PubMed]
7. Kwok, K.H.; Lam, K.S.; Xu, A. Heterogeneity of white adipose tissue: Molecular basis and clinical implications. Exp. Mol. Med.

2016, 48, e215. [CrossRef] [PubMed]
8. Frontini, A.; Cinti, S. Distribution and development of brown adipocytes in the murine and human adipose organ. Cell Metab.

2010, 11, 253–256. [CrossRef] [PubMed]
9. de Jong, J.M.; Larsson, O.; Cannon, B.; Nedergaard, J. A stringent validation of mouse adipose tissue identity markers. Am. J.

Physiol. Endocrinol. Metab. 2015, 308, E1085–E1105. [CrossRef] [PubMed]
10. Saely, C.H.; Geiger, K.; Drexel, H. Brown versus white adipose tissue: A mini-review. Gerontology 2012, 58, 15–23. [CrossRef]

[PubMed]
11. Giralt, M.; Villarroya, F. White, brown, beige/brite: Different adipose cells for different functions? Endocrinology 2013, 154,

2992–3000. [CrossRef] [PubMed]
12. Cedikova, M.; Kripnerova, M.; Dvorakova, J.; Pitule, P.; Grundmanova, M.; Babuska, V.; Mullerova, D.; Kuncova, J. Mitochondria

in White, Brown, and Beige Adipocytes. Stem Cells Int. 2016, 2016, 6067349. [CrossRef] [PubMed]
13. Villarroya, J.; Cereijo, R.; Gavalda-Navarro, A.; Peyrou, M.; Giralt, M.; Villarroya, F. New insights into the secretory functions of

brown adipose tissue. J. Endocrinol. 2019, 243, R19–R27. [CrossRef] [PubMed]
14. Gavalda-Navarro, A.; Villarroya, J.; Cereijo, R.; Giralt, M.; Villarroya, F. The endocrine role of brown adipose tissue: An update

on actors and actions. Rev. Endocr. Metab. Disord. 2021. [CrossRef] [PubMed]
15. Gesta, S.; Tseng, Y.H.; Kahn, C.R. Developmental origin of fat: Tracking obesity to its source. Cell 2007, 131, 242–256. [CrossRef]

[PubMed]
16. Berry, D.C.; Stenesen, D.; Zeve, D.; Graff, J.M. The developmental origins of adipose tissue. Development 2013, 140, 3939–3949.

[CrossRef] [PubMed]
17. Cypess, A.M.; Lehman, S.; Williams, G.; Tal, I.; Rodman, D.; Goldfine, A.B.; Kuo, F.C.; Palmer, E.L.; Tseng, Y.H.; Doria, A.; et al.

Identification and importance of brown adipose tissue in adult humans. N. Engl. J. Med. 2009, 360, 1509–1517. [CrossRef]
18. van Marken Lichtenbelt, W.D.; Vanhommerig, J.W.; Smulders, N.M.; Drossaerts, J.M.; Kemerink, G.J.; Bouvy, N.D.; Schrauwen, P.;

Teule, G.J. Cold-activated brown adipose tissue in healthy men. N. Engl. J. Med. 2009, 360, 1500–1508. [CrossRef]
19. Virtanen, K.A.; Lidell, M.E.; Orava, J.; Heglind, M.; Westergren, R.; Niemi, T.; Taittonen, M.; Laine, J.; Savisto, N.J.; Enerback, S.;

et al. Functional brown adipose tissue in healthy adults. N. Engl. J. Med. 2009, 360, 1518–1525. [CrossRef]
20. Sacks, H.; Symonds, M.E. Anatomical locations of human brown adipose tissue: Functional relevance and implications in obesity

and type 2 diabetes. Diabetes 2013, 62, 1783–1790. [CrossRef]
21. Lee, P.; Swarbrick, M.M.; Ho, K.K. Brown adipose tissue in adult humans: A metabolic renaissance. Endocr. Rev. 2013, 34, 413–438.

[CrossRef]
22. Leitner, B.P.; Huang, S.; Brychta, R.J.; Duckworth, C.J.; Baskin, A.S.; McGehee, S.; Tal, I.; Dieckmann, W.; Gupta, G.; Kolodny, G.M.;

et al. Mapping of human brown adipose tissue in lean and obese young men. Proc. Natl. Acad. Sci. USA 2017, 114, 8649–8654.
[CrossRef] [PubMed]

23. Mo, Q.; Salley, J.; Roshan, T.; Baer, L.A.; May, F.J.; Jaehnig, E.J.; Lehnig, A.C.; Guo, X.; Tong, Q.; Nuotio-Antar, A.M.; et al.
Identification and characterization of a supraclavicular brown adipose tissue in mice. JCI Insight 2017, 2. [CrossRef] [PubMed]

24. Zhang, F.; Hao, G.; Shao, M.; Nham, K.; An, Y.; Wang, Q.; Zhu, Y.; Kusminski, C.M.; Hassan, G.; Gupta, R.K.; et al. An Adipose
Tissue Atlas: An Image-Guided Identification of Human-like BAT and Beige Depots in Rodents. Cell Metab. 2018, 27, 252–262.e3.
[CrossRef] [PubMed]

25. Nosavanh, L.; Yu, D.H.; Jaehnig, E.J.; Tong, Q.; Shen, L.; Chen, M.H. Cell-autonomous activation of Hedgehog signaling inhibits
brown adipose tissue development. Proc. Natl. Acad. Sci. USA 2015, 112, 5069–5074. [CrossRef] [PubMed]

26. Ganeshan, K.; Chawla, A. Warming the mouse to model human diseases. Nat. Rev. Endocrinol. 2017, 13, 458–465. [CrossRef]
[PubMed]

27. Raun, S.H.; Henriquez-Olguin, C.; Karavaeva, I.; Ali, M.; Moller, L.L.V.; Kot, W.; Castro-Mejia, J.L.; Nielsen, D.S.; Gerhart-Hines, Z.;
Richter, E.A.; et al. Housing temperature influences exercise training adaptations in mice. Nat. Commun. 2020, 11, 1560. [CrossRef]
[PubMed]

28. Damal Villivalam, S.; You, D.; Kim, J.; Lim, H.W.; Xiao, H.; Zushin, P.H.; Oguri, Y.; Amin, P.; Kang, S. TET1 is a beige adipocyte-
selective epigenetic suppressor of thermogenesis. Nat. Commun. 2020, 11, 4313. [CrossRef]

http://doi.org/10.1007/978-3-319-48382-5_1
http://doi.org/10.1111/obr.12551
http://www.ncbi.nlm.nih.gov/pubmed/28489290
http://doi.org/10.1038/s41574-019-0176-8
http://doi.org/10.1056/NEJMsa1909301
http://doi.org/10.1056/NEJMra1514009
http://doi.org/10.1038/nature13477
http://www.ncbi.nlm.nih.gov/pubmed/24899307
http://doi.org/10.1038/emm.2016.5
http://www.ncbi.nlm.nih.gov/pubmed/26964831
http://doi.org/10.1016/j.cmet.2010.03.004
http://www.ncbi.nlm.nih.gov/pubmed/20374956
http://doi.org/10.1152/ajpendo.00023.2015
http://www.ncbi.nlm.nih.gov/pubmed/25898951
http://doi.org/10.1159/000321319
http://www.ncbi.nlm.nih.gov/pubmed/21135534
http://doi.org/10.1210/en.2013-1403
http://www.ncbi.nlm.nih.gov/pubmed/23782940
http://doi.org/10.1155/2016/6067349
http://www.ncbi.nlm.nih.gov/pubmed/27073398
http://doi.org/10.1530/JOE-19-0295
http://www.ncbi.nlm.nih.gov/pubmed/31419785
http://doi.org/10.1007/s11154-021-09640-6
http://www.ncbi.nlm.nih.gov/pubmed/33712997
http://doi.org/10.1016/j.cell.2007.10.004
http://www.ncbi.nlm.nih.gov/pubmed/17956727
http://doi.org/10.1242/dev.080549
http://www.ncbi.nlm.nih.gov/pubmed/24046315
http://doi.org/10.1056/NEJMoa0810780
http://doi.org/10.1056/NEJMoa0808718
http://doi.org/10.1056/NEJMoa0808949
http://doi.org/10.2337/db12-1430
http://doi.org/10.1210/er.2012-1081
http://doi.org/10.1073/pnas.1705287114
http://www.ncbi.nlm.nih.gov/pubmed/28739898
http://doi.org/10.1172/jci.insight.93166
http://www.ncbi.nlm.nih.gov/pubmed/28570265
http://doi.org/10.1016/j.cmet.2017.12.004
http://www.ncbi.nlm.nih.gov/pubmed/29320705
http://doi.org/10.1073/pnas.1420978112
http://www.ncbi.nlm.nih.gov/pubmed/25848030
http://doi.org/10.1038/nrendo.2017.48
http://www.ncbi.nlm.nih.gov/pubmed/28497813
http://doi.org/10.1038/s41467-020-15311-y
http://www.ncbi.nlm.nih.gov/pubmed/32214091
http://doi.org/10.1038/s41467-020-18054-y


Cells 2021, 10, 1370 17 of 19

29. Lasker, S.; Rahman, M.M.; Parvez, F.; Zamila, M.; Miah, P.; Nahar, K.; Kabir, F.; Sharmin, S.B.; Subhan, N.; Ahsan, G.U.; et al.
High-fat diet-induced metabolic syndrome and oxidative stress in obese rats are ameliorated by yogurt supplementation. Sci.
Rep. 2019, 9, 20026. [CrossRef]

30. van der Lans, A.A.; Hoeks, J.; Brans, B.; Vijgen, G.H.; Visser, M.G.; Vosselman, M.J.; Hansen, J.; Jorgensen, J.A.; Wu, J.;
Mottaghy, F.M.; et al. Cold acclimation recruits human brown fat and increases nonshivering thermogenesis. J. Clin. Investig.
2013, 123, 3395–3403. [CrossRef]

31. Ouellet, V.; Labbe, S.M.; Blondin, D.P.; Phoenix, S.; Guerin, B.; Haman, F.; Turcotte, E.E.; Richard, D.; Carpentier, A.C. Brown
adipose tissue oxidative metabolism contributes to energy expenditure during acute cold exposure in humans. J. Clin. Investig.
2012, 122, 545–552. [CrossRef]

32. Blondin, D.P.; Nielsen, S.; Kuipers, E.N.; Severinsen, M.C.; Jensen, V.H.; Miard, S.; Jespersen, N.Z.; Kooijman, S.; Boon, M.R.;
Fortin, M.; et al. Human Brown Adipocyte Thermogenesis Is Driven by beta2-AR Stimulation. Cell Metab. 2020, 32, 287–300.e7.
[CrossRef]

33. Blondin, D.P.; Labbe, S.M.; Tingelstad, H.C.; Noll, C.; Kunach, M.; Phoenix, S.; Guerin, B.; Turcotte, E.E.; Carpentier, A.C.;
Richard, D.; et al. Increased brown adipose tissue oxidative capacity in cold-acclimated humans. J. Clin. Endocrinol. Metab. 2014,
99, E438–E446. [CrossRef] [PubMed]

34. Oh, C.M.; Namkung, J.; Go, Y.; Shong, K.E.; Kim, K.; Kim, H.; Park, B.Y.; Lee, H.W.; Jeon, Y.H.; Song, J.; et al. Regulation of
systemic energy homeostasis by serotonin in adipose tissues. Nat. Commun. 2015, 6, 6794. [CrossRef] [PubMed]

35. Kurita, K.; Ishikawa, K.; Takeda, K.; Fujimoto, M.; Ono, H.; Kumagai, J.; Inoue, H.; Yokoh, H.; Yokote, K. CXCL12-CXCR4
pathway activates brown adipocytes and induces insulin resistance in CXCR4-deficient mice under high-fat diet. Sci. Rep. 2019, 9,
6165. [CrossRef]

36. Vosselman, M.J.; Brans, B.; van der Lans, A.A.; Wierts, R.; van Baak, M.A.; Mottaghy, F.M.; Schrauwen, P.; van Marken
Lichtenbelt, W.D. Brown adipose tissue activity after a high-calorie meal in humans. Am. J. Clin. Nutr. 2013, 98, 57–64. [CrossRef]

37. Cypess, A.M.; Doyle, A.N.; Sass, C.A.; Huang, T.L.; Mowschenson, P.M.; Rosen, H.N.; Tseng, Y.H.; Palmer, E.L., 3rd; Kolodny, G.M.
Quantification of human and rodent brown adipose tissue function using 99mTc-methoxyisobutylisonitrile SPECT/CT and
18F-FDG PET/CT. J. Nucl. Med. 2013, 54, 1896–1901. [CrossRef] [PubMed]

38. Berry, R.; Church, C.D.; Gericke, M.T.; Jeffery, E.; Colman, L.; Rodeheffer, M.S. Imaging of adipose tissue. Methods Enzymol. 2014,
537, 47–73. [CrossRef]

39. Thoonen, R.; Hindle, A.G.; Scherrer-Crosbie, M. Brown adipose tissue: The heat is on the heart. Am. J. Physiol. Heart Circ. Physiol.
2016, 310, H1592–H1605. [CrossRef]

40. Chawla, A.; Schwarz, E.J.; Dimaculangan, D.D.; Lazar, M.A. Peroxisome proliferator-activated receptor (PPAR) gamma: Adipose-
predominant expression and induction early in adipocyte differentiation. Endocrinology 1994, 135, 798–800. [CrossRef]

41. Rosen, E.D.; Sarraf, P.; Troy, A.E.; Bradwin, G.; Moore, K.; Milstone, D.S.; Spiegelman, B.M.; Mortensen, R.M. PPAR gamma is
required for the differentiation of adipose tissue in vivo and in vitro. Mol. Cell 1999, 4, 611–617. [CrossRef]

42. Brun, R.P.; Tontonoz, P.; Forman, B.M.; Ellis, R.; Chen, J.; Evans, R.M.; Spiegelman, B.M. Differential activation of adipogenesis by
multiple PPAR isoforms. Genes Dev. 1996, 10, 974–984. [CrossRef]

43. Goto, T.; Lee, J.Y.; Teraminami, A.; Kim, Y.I.; Hirai, S.; Uemura, T.; Inoue, H.; Takahashi, N.; Kawada, T. Activation of peroxisome
proliferator-activated receptor-alpha stimulates both differentiation and fatty acid oxidation in adipocytes. J. Lipid Res. 2011, 52,
873–884. [CrossRef] [PubMed]

44. Seale, P.; Kajimura, S.; Yang, W.; Chin, S.; Rohas, L.M.; Uldry, M.; Tavernier, G.; Langin, D.; Spiegelman, B.M. Transcriptional
control of brown fat determination by PRDM16. Cell Metab. 2007, 6, 38–54. [CrossRef] [PubMed]

45. Garin-Shkolnik, T.; Rudich, A.; Hotamisligil, G.S.; Rubinstein, M. FABP4 attenuates PPARgamma and adipogenesis and is
inversely correlated with PPARgamma in adipose tissues. Diabetes 2014, 63, 900–911. [CrossRef] [PubMed]

46. Petrovic, N.; Walden, T.B.; Shabalina, I.G.; Timmons, J.A.; Cannon, B.; Nedergaard, J. Chronic peroxisome proliferator-activated
receptor gamma (PPARgamma) activation of epididymally derived white adipocyte cultures reveals a population of thermo-
genically competent, UCP1-containing adipocytes molecularly distinct from classic brown adipocytes. J. Biol. Chem. 2010, 285,
7153–7164. [CrossRef]

47. Lee, J.E.; Ge, K. Transcriptional and epigenetic regulation of PPARgamma expression during adipogenesis. Cell Biosci. 2014, 4, 29.
[CrossRef]

48. Shen, Y.; Su, Y.; Silva, F.J.; Weller, A.H.; Sostre-Colon, J.; Titchenell, P.M.; Steger, D.J.; Seale, P.; Soccio, R.E. Shared PPARal-
pha/gamma Target Genes Regulate Brown Adipocyte Thermogenic Function. Cell Rep. 2020, 30, 3079–3091.e5. [CrossRef]
[PubMed]

49. Defour, M.; Dijk, W.; Ruppert, P.; Nascimento, E.B.M.; Schrauwen, P.; Kersten, S. The Peroxisome Proliferator-Activated Receptor
alpha is dispensable for cold-induced adipose tissue browning in mice. Mol. Metab. 2018, 10, 39–54. [CrossRef]

50. Rosell, M.; Kaforou, M.; Frontini, A.; Okolo, A.; Chan, Y.W.; Nikolopoulou, E.; Millership, S.; Fenech, M.E.; MacIntyre, D.;
Turner, J.O.; et al. Brown and white adipose tissues: Intrinsic differences in gene expression and response to cold exposure in
mice. Am. J. Physiol. Endocrinol. Metab. 2014, 306, E945–E964. [CrossRef]

51. Rousset, S.; Alves-Guerra, M.C.; Mozo, J.; Miroux, B.; Cassard-Doulcier, A.M.; Bouillaud, F.; Ricquier, D. The biology of
mitochondrial uncoupling proteins. Diabetes 2004, 53 (Suppl. S1), S130–S135. [CrossRef]

http://doi.org/10.1038/s41598-019-56538-0
http://doi.org/10.1172/JCI68993
http://doi.org/10.1172/JCI60433
http://doi.org/10.1016/j.cmet.2020.07.005
http://doi.org/10.1210/jc.2013-3901
http://www.ncbi.nlm.nih.gov/pubmed/24423363
http://doi.org/10.1038/ncomms7794
http://www.ncbi.nlm.nih.gov/pubmed/25864946
http://doi.org/10.1038/s41598-019-42127-8
http://doi.org/10.3945/ajcn.113.059022
http://doi.org/10.2967/jnumed.113.121012
http://www.ncbi.nlm.nih.gov/pubmed/24071505
http://doi.org/10.1016/B978-0-12-411619-1.00004-5
http://doi.org/10.1152/ajpheart.00698.2015
http://doi.org/10.1210/endo.135.2.8033830
http://doi.org/10.1016/S1097-2765(00)80211-7
http://doi.org/10.1101/gad.10.8.974
http://doi.org/10.1194/jlr.M011320
http://www.ncbi.nlm.nih.gov/pubmed/21324916
http://doi.org/10.1016/j.cmet.2007.06.001
http://www.ncbi.nlm.nih.gov/pubmed/17618855
http://doi.org/10.2337/db13-0436
http://www.ncbi.nlm.nih.gov/pubmed/24319114
http://doi.org/10.1074/jbc.M109.053942
http://doi.org/10.1186/2045-3701-4-29
http://doi.org/10.1016/j.celrep.2020.02.032
http://www.ncbi.nlm.nih.gov/pubmed/32130908
http://doi.org/10.1016/j.molmet.2018.01.023
http://doi.org/10.1152/ajpendo.00473.2013
http://doi.org/10.2337/diabetes.53.2007.S130


Cells 2021, 10, 1370 18 of 19

52. Chouchani, E.T.; Kazak, L.; Spiegelman, B.M. New Advances in Adaptive Thermogenesis: UCP1 and Beyond. Cell Metab. 2019,
29, 27–37. [CrossRef] [PubMed]

53. Liang, H.; Ward, W.F. PGC-1alpha: A key regulator of energy metabolism. Adv. Physiol. Educ. 2006, 30, 145–151. [CrossRef]
[PubMed]

54. de Jesus, L.A.; Carvalho, S.D.; Ribeiro, M.O.; Schneider, M.; Kim, S.W.; Harney, J.W.; Larsen, P.R.; Bianco, A.C. The type 2
iodothyronine deiodinase is essential for adaptive thermogenesis in brown adipose tissue. J. Clin. Investig. 2001, 108, 1379–1385.
[CrossRef]

55. Moseti, D.; Regassa, A.; Kim, W.K. Molecular Regulation of Adipogenesis and Potential Anti-Adipogenic Bioactive Molecules.
Int. J. Mol. Sci. 2016, 17, 124. [CrossRef]

56. Chadt, A.; Al-Hasani, H. Glucose transporters in adipose tissue, liver, and skeletal muscle in metabolic health and disease. Pflug.
Arch. 2020, 472, 1273–1298. [CrossRef]

57. Ferrari, A.; Longo, R.; Fiorino, E.; Silva, R.; Mitro, N.; Cermenati, G.; Gilardi, F.; Desvergne, B.; Andolfo, A.; Magagnotti, C.;
et al. HDAC3 is a molecular brake of the metabolic switch supporting white adipose tissue browning. Nat. Commun. 2017, 8, 93.
[CrossRef] [PubMed]

58. Goldberg, I.J. Lipoprotein lipase and lipolysis: Central roles in lipoprotein metabolism and atherogenesis. J. Lipid Res. 1996, 37,
693–707. [CrossRef]

59. Reynisdottir, S.; Angelin, B.; Langin, D.; Lithell, H.; Eriksson, M.; Holm, C.; Arner, P. Adipose tissue lipoprotein lipase and
hormone-sensitive lipase. Contrasting findings in familial combined hyperlipidemia and insulin resistance syndrome. Arterioscler.
Thromb. Vasc. Biol. 1997, 17, 2287–2292. [CrossRef] [PubMed]

60. Kim, S.J.; Tang, T.; Abbott, M.; Viscarra, J.A.; Wang, Y.; Sul, H.S. AMPK Phosphorylates Desnutrin/ATGL and Hormone-Sensitive
Lipase To Regulate Lipolysis and Fatty Acid Oxidation within Adipose Tissue. Mol. Cell Biol. 2016, 36, 1961–1976. [CrossRef]

61. Fromme, T.; Klingenspor, M. Uncoupling protein 1 expression and high-fat diets. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011,
300, R1–R8. [CrossRef]

62. Hillgartner, F.B.; Salati, L.M.; Goodridge, A.G. Physiological and molecular mechanisms involved in nutritional regulation of
fatty acid synthesis. Physiol. Rev. 1995, 75, 47–76. [CrossRef]

63. Semenkovich, C.F. Regulation of fatty acid synthase (FAS). Prog. Lipid Res. 1997, 36, 43–53. [CrossRef]
64. Lee, Y.H.; Kim, S.N.; Kwon, H.J.; Granneman, J.G. Metabolic heterogeneity of activated beige/brite adipocytes in inguinal adipose

tissue. Sci. Rep. 2017, 7, 39794. [CrossRef] [PubMed]
65. Duarte, J.A.; Carvalho, F.; Pearson, M.; Horton, J.D.; Browning, J.D.; Jones, J.G.; Burgess, S.C. A high-fat diet suppresses de novo

lipogenesis and desaturation but not elongation and triglyceride synthesis in mice. J. Lipid Res. 2014, 55, 2541–2553. [CrossRef]
[PubMed]

66. Alcala, M.; Calderon-Dominguez, M.; Bustos, E.; Ramos, P.; Casals, N.; Serra, D.; Viana, M.; Herrero, L. Increased inflammation,
oxidative stress and mitochondrial respiration in brown adipose tissue from obese mice. Sci. Rep. 2017, 7, 16082. [CrossRef]
[PubMed]

67. Liang, X.; Yang, Q.; Zhang, L.; Maricelli, J.W.; Rodgers, B.D.; Zhu, M.J.; Du, M. Maternal high-fat diet during lactation impairs
thermogenic function of brown adipose tissue in offspring mice. Sci. Rep. 2016, 6, 34345. [CrossRef]

68. Li, J.; Zhao, W.G.; Shen, Z.F.; Yuan, T.; Liu, S.N.; Liu, Q.; Fu, Y.; Sun, W. Comparative proteome analysis of brown adipose tissue
in obese C57BL/6J mice using iTRAQ-coupled 2D LC-MS/MS. PLoS ONE 2015, 10, e0119350. [CrossRef] [PubMed]

69. Karp, C.L. Unstressing intemperate models: How cold stress undermines mouse modeling. J. Exp. Med. 2012, 209, 1069–1074.
[CrossRef]

70. Cui, X.; Nguyen, N.L.; Zarebidaki, E.; Cao, Q.; Li, F.; Zha, L.; Bartness, T.; Shi, H.; Xue, B. Thermoneutrality decreases thermogenic
program and promotes adiposity in high-fat diet-fed mice. Physiol. Rep. 2016, 4. [CrossRef] [PubMed]

71. Guilherme, A.; Yenilmez, B.; Bedard, A.H.; Henriques, F.; Liu, D.; Lee, A.; Goldstein, L.; Kelly, M.; Nicoloro, S.M.; Chen, M.; et al.
Control of Adipocyte Thermogenesis and Lipogenesis through beta3-Adrenergic and Thyroid Hormone Signal Integration. Cell
Rep. 2020, 31, 107598. [CrossRef]

72. Lee, J.; Choi, J.; Aja, S.; Scafidi, S.; Wolfgang, M.J. Loss of Adipose Fatty Acid Oxidation Does Not Potentiate Obesity at
Thermoneutrality. Cell Rep. 2016, 14, 1308–1316. [CrossRef]

73. Feldmann, H.M.; Golozoubova, V.; Cannon, B.; Nedergaard, J. UCP1 ablation induces obesity and abolishes diet-induced
thermogenesis in mice exempt from thermal stress by living at thermoneutrality. Cell Metab. 2009, 9, 203–209. [CrossRef]
[PubMed]

74. Garcia-Ruiz, E.; Reynes, B.; Diaz-Rua, R.; Ceresi, E.; Oliver, P.; Palou, A. The intake of high-fat diets induces the acquisition of
brown adipocyte gene expression features in white adipose tissue. Int. J. Obes. 2015, 39, 1619–1629. [CrossRef] [PubMed]

75. Cypess, A.M.; White, A.P.; Vernochet, C.; Schulz, T.J.; Xue, R.; Sass, C.A.; Huang, T.L.; Roberts-Toler, C.; Weiner, L.S.; Sze, C.; et al.
Anatomical localization, gene expression profiling and functional characterization of adult human neck brown fat. Nat. Med.
2013, 19, 635–639. [CrossRef] [PubMed]

76. Shinoda, K.; Luijten, I.H.; Hasegawa, Y.; Hong, H.; Sonne, S.B.; Kim, M.; Xue, R.; Chondronikola, M.; Cypess, A.M.; Tseng, Y.H.;
et al. Genetic and functional characterization of clonally derived adult human brown adipocytes. Nat. Med. 2015, 21, 389–394.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.cmet.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/30503034
http://doi.org/10.1152/advan.00052.2006
http://www.ncbi.nlm.nih.gov/pubmed/17108241
http://doi.org/10.1172/JCI200113803
http://doi.org/10.3390/ijms17010124
http://doi.org/10.1007/s00424-020-02417-x
http://doi.org/10.1038/s41467-017-00182-7
http://www.ncbi.nlm.nih.gov/pubmed/28733645
http://doi.org/10.1016/S0022-2275(20)37569-6
http://doi.org/10.1161/01.ATV.17.10.2287
http://www.ncbi.nlm.nih.gov/pubmed/9351402
http://doi.org/10.1128/MCB.00244-16
http://doi.org/10.1152/ajpregu.00411.2010
http://doi.org/10.1152/physrev.1995.75.1.47
http://doi.org/10.1016/S0163-7827(97)00003-9
http://doi.org/10.1038/srep39794
http://www.ncbi.nlm.nih.gov/pubmed/28045125
http://doi.org/10.1194/jlr.M052308
http://www.ncbi.nlm.nih.gov/pubmed/25271296
http://doi.org/10.1038/s41598-017-16463-6
http://www.ncbi.nlm.nih.gov/pubmed/29167565
http://doi.org/10.1038/srep34345
http://doi.org/10.1371/journal.pone.0119350
http://www.ncbi.nlm.nih.gov/pubmed/25747866
http://doi.org/10.1084/jem.20120988
http://doi.org/10.14814/phy2.12799
http://www.ncbi.nlm.nih.gov/pubmed/27230905
http://doi.org/10.1016/j.celrep.2020.107598
http://doi.org/10.1016/j.celrep.2016.01.029
http://doi.org/10.1016/j.cmet.2008.12.014
http://www.ncbi.nlm.nih.gov/pubmed/19187776
http://doi.org/10.1038/ijo.2015.112
http://www.ncbi.nlm.nih.gov/pubmed/26063331
http://doi.org/10.1038/nm.3112
http://www.ncbi.nlm.nih.gov/pubmed/23603815
http://doi.org/10.1038/nm.3819
http://www.ncbi.nlm.nih.gov/pubmed/25774848


Cells 2021, 10, 1370 19 of 19

77. Xu, X.; Liu, C.; Xu, Z.; Tzan, K.; Zhong, M.; Wang, A.; Lippmann, M.; Chen, L.C.; Rajagopalan, S.; Sun, Q. Long-term exposure to
ambient fine particulate pollution induces insulin resistance and mitochondrial alteration in adipose tissue. Toxicol. Sci. 2011, 124,
88–98. [CrossRef]

78. Saito, M.; Okamatsu-Ogura, Y.; Matsushita, M.; Watanabe, K.; Yoneshiro, T.; Nio-Kobayashi, J.; Iwanaga, T.; Miyagawa, M.;
Kameya, T.; Nakada, K.; et al. High incidence of metabolically active brown adipose tissue in healthy adult humans: Effects of
cold exposure and adiposity. Diabetes 2009, 58, 1526–1531. [CrossRef]

79. Labbe, S.M.; Caron, A.; Bakan, I.; Laplante, M.; Carpentier, A.C.; Lecomte, R.; Richard, D. In vivo measurement of energy
substrate contribution to cold-induced brown adipose tissue thermogenesis. FASEB J. 2015, 29, 2046–2058. [CrossRef]

80. Zhang, G.; Sun, Q.; Liu, C. Influencing Factors of Thermogenic Adipose Tissue Activity. Front. Physiol. 2016, 7, 29. [CrossRef]
81. Nedergaard, J.; Cannon, B. UCP1 mRNA does not produce heat. Biochim. Biophys. Acta 2013, 1831, 943–949. [CrossRef]
82. Schreiber, R.; Diwoky, C.; Schoiswohl, G.; Feiler, U.; Wongsiriroj, N.; Abdellatif, M.; Kolb, D.; Hoeks, J.; Kershaw, E.E.; Sedej, S.;

et al. Cold-Induced Thermogenesis Depends on ATGL-Mediated Lipolysis in Cardiac Muscle, but Not Brown Adipose Tissue.
Cell Metab. 2017, 26, 753–763.e7. [CrossRef]

83. Shin, H.; Ma, Y.; Chanturiya, T.; Cao, Q.; Wang, Y.; Kadegowda, A.K.G.; Jackson, R.; Rumore, D.; Xue, B.; Shi, H.; et al. Lipolysis
in Brown Adipocytes Is Not Essential for Cold-Induced Thermogenesis in Mice. Cell Metab. 2017, 26, 764–777.e5. [CrossRef]

84. Chitraju, C.; Fischer, A.W.; Farese, R.V., Jr.; Walther, T.C. Lipid Droplets in Brown Adipose Tissue Are Dispensable for Cold-
Induced Thermogenesis. Cell Rep. 2020, 33, 108348. [CrossRef] [PubMed]

85. Muir, L.A.; Neeley, C.K.; Meyer, K.A.; Baker, N.A.; Brosius, A.M.; Washabaugh, A.R.; Varban, O.A.; Finks, J.F.; Zamarron, B.F.;
Flesher, C.G.; et al. Adipose tissue fibrosis, hypertrophy, and hyperplasia: Correlations with diabetes in human obesity. Obesity
2016, 24, 597–605. [CrossRef] [PubMed]

86. Ashwell, M.; Holt, S.; Jennings, G.; Stirling, D.M.; Trayhurn, P.; York, D.A. Measurement by radioimmunoassay of the mitochon-
drial uncoupling protein from brown adipose tissue of obese (ob/ob) mice and Zucker (fa/fa) rats at different ages. FEBS Lett.
1985, 179, 233–237. [CrossRef]

87. Knehans, A.W.; Romsos, D.R. Reduced norepinephrine turnover in brown adipose tissue of ob/ob mice. Am. J. Physiol. 1982, 242,
E253–E261. [CrossRef] [PubMed]

88. Sadurskis, A.; Dicker, A.; Cannon, B.; Nedergaard, J. Polyunsaturated fatty acids recruit brown adipose tissue: Increased UCP
content and NST capacity. Am. J. Physiol. 1995, 269, E351–E360. [CrossRef] [PubMed]

89. Worsch, S.; Heikenwalder, M.; Hauner, H.; Bader, B.L. Dietary n-3 long-chain polyunsaturated fatty acids upregulate energy
dissipating metabolic pathways conveying anti-obesogenic effects in mice. Nutr. Metab. 2018, 15, 65. [CrossRef]

http://doi.org/10.1093/toxsci/kfr211
http://doi.org/10.2337/db09-0530
http://doi.org/10.1096/fj.14-266247
http://doi.org/10.3389/fphys.2016.00029
http://doi.org/10.1016/j.bbalip.2013.01.009
http://doi.org/10.1016/j.cmet.2017.09.004
http://doi.org/10.1016/j.cmet.2017.09.002
http://doi.org/10.1016/j.celrep.2020.108348
http://www.ncbi.nlm.nih.gov/pubmed/33147469
http://doi.org/10.1002/oby.21377
http://www.ncbi.nlm.nih.gov/pubmed/26916240
http://doi.org/10.1016/0014-5793(85)80525-1
http://doi.org/10.1152/ajpendo.1982.242.4.E253
http://www.ncbi.nlm.nih.gov/pubmed/6278959
http://doi.org/10.1152/ajpendo.1995.269.2.E351
http://www.ncbi.nlm.nih.gov/pubmed/7653552
http://doi.org/10.1186/s12986-018-0291-x

	Introduction 
	Materials and Methods 
	Animal 
	Adipose Tissue Dissection 
	Core Body Temperature Measurement 
	Histology 
	Real-Time Quantitative PCR (RT-qPCR) 
	Western Blot 
	Lipid Droplet Size Measurement 
	Statistical Analysis 

	Results 
	Histological and Molecular Analyses of Acute Cold Exposure Induced Changes in scBAT and Other Adipose Depots 
	The Effect of HFD on the Adipocyte Morphology and Gene Expression in scBAT and Other Adipose Depots 
	Histological and Gene Expression Analysis of Thermoneutrality Induced Changes in scBAT and Other Adipose Depots 
	Histological and Molecular Analyses of HFD Induced Changes in scBAT and Other Adipose Depots under Thermoneutrality 
	Histological and Molecular Analysis of dnBAT Exposed to Different Environmental Temperatures 

	Discussion 
	References

