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INTRODUCTION

The incidence of obesity is increasing at a tremendous rate. Cur-
rently, over 50% of the world’s population is classified as over-
weight [1]. Obesity is caused by an imbalance between energy 
intake and energy expenditure. Adipose tissue is an important 
organ involved in maintaining metabolic function throughout 

the body. Obesity is characterized by an increased risk of co-
morbidities, such as type 2 diabetes and cardiovascular disease 
[2,3].

Thus, there is a growing demand for drugs both to counter 
obesity and to enhance body image. However, anti-obesity 
drugs generally cause whole-body weight loss, rather than tar-
geting specific areas. Of note, systemic weight loss might not 
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align well with the aesthetic requirements to maintain adequate 
adipose tissue on desired areas, such as the breast and hips.

Surgical resection and liposuction are used to reduce local fat; 
however, these procedures create new wounds in the patient 
and carry the risk of hematomas, seromas, and infections [4]. 
Local injections of amino acids and steroids, known as meso-
therapy, are also effective; however, they cause side effects, such 
as iatrogenic Cushing disease in the case of steroids [5]. There-
fore, it would be desirable to develop a method that would be 
both safe and effective for reducing local fat.

Both rodents and humans have two types of adipose tissue. 
The first is white adipose tissue (WAT), which makes up nearly 
all adipose tissue, is found in the body’s subcutaneous fat and 
visceral fat. WAT is characterized by large, monolocular lipid 
droplets that occupy most of the intracellular space, and it acts 
as a triglyceride reservoir to steadily release energy during a fast 
or physical activity [6]. The second type is known as brown adi-
pose tissue (BAT), which forms small multilocular lipid drop-
lets, unlike WAT. BAT is present in each scapula, the upper jaw, 
and the kidney, and contains abundant mitochondria. BAT em-
ploys mitochondrial membrane uncoupling protein 1 (UCP-1) 
to metabolize glucose or free fatty acids to fuel triglyceride ca-
tabolism [7,8]. BAT cell activity is thought to be induced by 
cold stimulation [9], norepinephrine [10], and sympathetic 
stimulation [11]. Adult humans contain activated BAT, the ac-
tivity of which is thought to decrease with age, obesity, or pro-
gression of diabetes. BAT shows potential for treating obesity 
[12]. Several previous studies in laboratory animals showed that 
BAT could dissipate heat, thereby reducing both obesity and in-
sulin sensitivity [13,14]. Maintaining BAT in an active state to 
constantly burn excess food energy may be a new approach for 
treating obesity and obesity-related disorders.

Several studies on BAT and BAT preadipocyte transplantation 
have been performed since the 1960s. Reportedly, BAT trans-
plantation helps to reduce body weight and improve glucose 
metabolism and insulin resistance [15-17]. Of note, subcutane-
ous, intraperitoneal, and epidermal WAT have been used as ide-
al transplantation sites. However, to the best of our knowledge, 
no reports have described local fat loss limited to the transplan-
tation site.

In this study, we examined whether local fat loss could be 
achieved via the transplantation of cultured BAT preadipocytes.

METHODS

The study protocol was reviewed and approved by the Institu-
tional Animal Care and Use Committee of Keio University 
School of Medicine (IACUC No. 13072-(2)). All experiments 

were performed in accordance with our Institutional Guidelines 
on Animal Experimentation.

Culture of WAT and BAT cells
Five C57BL/6J mice (6 weeks old) were used to obtain WAT 
and BAT cells. All the mice were obtained from Sankyo Labo 
Service Corporation, Inc. (Tokyo, Japan). After sacrificing the 
mice by cervical dislocation, the skin was dissected with scis-
sors. WAT samples were aseptically dissected from the inguinal 
lesion, and BATs samples were obtained from connective tissue 
between the scapulae. The BAT was easily identified by its char-
acteristic brown color (Fig. 1). Each tissue was fixed with 10% 
formalin. After mincing the dissected tissues with a surgical 
knife, they were incubated in 0.2% collagenase (Godo Shusei, 
Tokyo, Japan) for 30 minutes at 37°C with pipetting every 5 
minutes. After digestion with collagenase, the cells were collect-
ed by centrifugation at 200 × g for 5 minutes. The cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM; 
Wako Pure Chemical Industries, Osaka, Japan) containing 10% 
fetal bovine serum (Thermo Fisher Scientific, Waltham, MA, 
USA) and 1% penicillin/streptomycin (Thermo Fisher Scien-
tific). The medium was changed twice a week. To avoid differ-
entiation into mature adipocytes, newborn calf serum (NBCS) 
and insulin were not used. Subculturing was performed with 
0.25% trypsin/EDTA (Sigma-Aldrich, St. Louis, MO, USA). 
Cells from passages 3 to 5 were used for analysis.

The cultured preadipocytes were evaluated based on their 
ability to differentiate into mature adipocytes by changing the 
medium into DMEM containing 10% NBCS (Thermo Fisher 
Scientific), 1% penicillin/streptomycin, and 0.5 μg/mL insulin 
(Wako Pure Chemical Industries). The characteristics of the 
BAT were evaluated by mitochondrial staining with Rh123 

Fig. 1. Processing brown adipose tissue (BAT) around the scapula. A 
midline incision in the back reveals adipose tissue at the base of the 
arm. This was collected as axillary BAT. 
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(Dojindo, Kumamoto, Japan) and immunostaining using a 
polyclonal anti-UCP-1 antibody (Santa Cruz Biotechnology, 
Dallas, TX, USA). The cells were placed on glass slides, fixed 
with acetone for 5 minutes at room temperature (15°C–25°C), 
and dried completely before staining. The samples were incu-
bated with primary antibody diluted to 1:100 with phosphate-
buffered saline (PBS) for 60 minutes at room temperature. After 
washing 3 times with PBS, biotin-conjugated goat anti-mouse 
IgG (Vector Laboratories, Burlingame, CA, USA) was used as 
the secondary antibody, which was incubated with the cells for 
30 minutes at room temperature. After washing 3 times with 
PBS, Streptavidin Alexa Fluor 488 Conjugate (Life Technolo-
gies, Carlsbad, CA, USA) in PBS (1:100) was added to the 
samples and incubated for another 30 minutes. Counterstaining 
of the nucleolus was performed with 1:500 Hoechst 33342 (Life 
Technologies) for 15 minutes.

Transplantation of cultured preadipocytes
Eight-week-old male C57BL/db/db mice were used as recipi-
ents of the cultured cells because they showed increased levels 
of fat tissue following overeating (Fig. 2). Five mice each were 
used for transplantation of WAT-derived and BAT-derived pre-
adipocytes. Cells from passages 3–5 were collected by trypsin-
ization. After centrifugation, the cells were stained with 0.25% 
DiI (Life Technologies) for 5 minutes on ice and washed with 
PBS. Cells (1 × 107) suspended in 0.5 mL of PBS were trans-
planted using a 27-gauge insulin syringe into one side of the in-
guinal fat pad of the db/db mice. As a control, the opposite side 
of the fat pad was injected with the same volume of PBS without 
cells. Six weeks after the transplantation, the mice were sacri-
ficed by cervical dislocation, and the skin was dissected using 
scissors. Transplanted cells were collected and examined by flu-
orescence analysis of DiI. After dissection, the weight of the dis-
sected fat pad was immediately determined using a microbal-

ance. The fat pad is defined as the adipose tissue surrounded by 
a membrane located inside the thigh muscle, and it was carefully 
excised without including the subcutaneous fat or muscle. Just 
after cervical dislocation, thoracotomy was performed to collect 
peripheral blood from the heart. Blood glucose, free fatty acid, 
triglyceride, and total cholesterol levels in the peripheral blood 
were examined.

Statistical analysis
The statistical significance of differences between treatment 
groups was determined using Statistica software version 9.0 
(StatSoft, Inc., Tulsa, OK, USA). Differences were considered 
significant at P < 0.05. Single end-point measures were com-
pared using the paired-sample t-test.

RESULTS

An evaluation of histological sections revealed that the brown 
tissue collected between the scapulae and the white tissue from 
the inguinal lesion almost entirely consisted of adipose tissue. 
Additionally, WAT and BAT did not show a mixed pattern. The 
size of the intracellular fat droplets was 2- to 3-fold larger in 
WAT than in BAT, as reported previously (Fig. 3). Cryosections 
of each tissue indicated that the cytoplasm of the BAT was rich 

Fig. 2. Difference between C57BL/6J and C57BL/KsJ-db/db mice. 
C57BL/KsJ-db/db mice have a larger body and are obese.

Fig. 3. Histological sections. (A) White adipose tissue: large, monol-
obular lipid droplets (H&E). (B) Brown adipose tissue: small multiloc-
ular lipid droplets (H&E). 
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in mitochondria (Fig. 4). Cells were successfully cultured in 
growth medium. Approximately 90% of the cultured cells from 
BAT exhibited high cytoplasmic UCP-1 expression after cul-
ture, whereas very low UCP-1 expression was observed in cells 
obtained from WAT (Fig. 5). Therefore, cultured BAT cells 
were rich in mitochondria. We confirmed that the WAT and 
BAT preadipocytes labeled with DiI were successfully engrafted 
onto the fat pad in the inguinal region of db/db mice (Fig. 6).

Transplantation of WAT cells into the inguinal fat pads of db/
db mice significantly increased the weight of the fat pads by 5% 

to 10%, when compared to the weight of the fat pad on the oth-
er side (P = 0.001). The weight of the BAT-implanted fat pads 
was significantly reduced by 5% to 30%, when compared to the 
weight of the control (P = 0.043) (Fig. 7).

Although blood sugar glucose, triglyceride, and total cholester-
ol levels in the peripheral blood showed no significant differenc-
es between the WAT-transplanted group and BAT-transplanted 
group, free fatty acid levels showed a tendency to be lower in the 
BAT-transplanted group (Fig. 8). However, no statistically sig-
nificant difference was observed (P = 0.11).

Fig. 5. Fluorescence immunostaining of mitochondria and UCP-1 in preadipocytes. Abundant mitochondria were observed in BAT preadipocytes 
as well as in BAT. Specific expression of UCP-1 was observed in the cytoplasm of BAT preadipocytes. UCP-1, uncoupling protein 1; BAT, brown 
adipose tissue; WAT, white adipose tissue.

Fig. 4. Fluorescence immunostaining of mitochondria in white adipose tissue (A) and brown adipose tissue (B). Abundant mitochondria stained 
with Rh123 were observed in the cytoplasm of brown adipose tissue preadipocytes. 
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DISCUSSION

BAT is a potential therapeutic target for ameliorating obesity 
and its associated comorbidities because of its inherent thermo-
genic potential and ability to improve glucose metabolism. BAT 
activation, either by pharmacological treatment or by cold expo-
sure, acutely increases metabolic function and reduces adiposity 
[16-18]. Furthermore, in a transplant model, BAT activation re-
portedly improved glucose metabolism and metabolic health 
[19]. Although previous studies assessed systemic weight loss, 
measuring the whole-body weight of the implanted animal does 
not provide information related to local fat loss. In addition, the 
weight of an animal might vary slightly throughout the day. Ad-
ditionally, although fat is systemically reduced, changes in the 
appearance and morphology of obese animal models have not 
been analyzed. In this study, we investigated whether local trans-
plantation of BAT-derived cultured preadipocytes causes local 

fat loss in the peri-transplant tissue. As the inguinal fat pad is 
present along the margin of the iliac bone and isolated from sur-
rounding fat tissues by loose areolar fascial tissue, we targeted 
this area to enable precise and localized weight loss comparisons.

BAT energy expenditure depends on the presence of abun-
dant mitochondria in the cytoplasm and UCP-1 on the mito-
chondrial surface. It has been reported that stimulating the ac-
tivity of UCP-1 in brown adipocytes increases energy expendi-
ture. Brown adipocytes treated with the beta-3 adrenergic ago-
nist CL 316,243 showed a significantly increased resting meta-
bolic rate [20]. A previous study showed that the energy expen-
diture of brown adipocytes is regulated directly or via beta-3 ad-
renergic receptor agonists [21]. UCP-1 expression positively 
correlates with metabolic inefficiency and increases with cold 
acclimation and supercharging, and BAT transplantation reduc-
es both diet-induced and genetic obesity [22]. Nerve growth 
factor, synthesized and released by brown adipocytes, regulates 

Fig. 6. Brown adipose tissue preadipocytes transplanted into an inguinal fat pad. The transplanted cells were labeled with DiI, and engraftment 
in the tissue was observed. (A) White adipose tissue-preadipocytes. (B) Brown adipose tissue-preadipocytes. 

Fig. 7. Changes in the weight of fat pads following transplantation. (A) Comparison between WAT preadipocytes and control (PBS). (B) Com-
parison between BAT preadipocytes and control (PBS). All BAT-transplanted groups showed decreased fat weight. WAT, white adipose tissue; 
BAT, brown adipose tissue; PBS, phosphate-buffered saline.

A B
20 μm 20 μm 

2.5

2.0

1.5

1.0

0.5

0

2.5

2.0

1.5

1.0

0.5

0

W
ei

gh
t 

of
 f

at
 p

ad
 (g

)

W
ei

gh
t 

of
 f

at
 p

ad
 (g

)

Control Control

WAT preadipocytes BAT preadipocytes

Transplantation Transplantation

(n=5) (n=5)

A B



Vol. 48 / No. 4 / July 2021

445

obesity [23]. The expression of UCP-1 in adipocytes is regulat-
ed by the fat-specific promoter of aP2-Ucp1, which, in transgen-
ic mice, attenuates obesity induced by genetic or dietary factors 
[24]. These results indicate that increasing UCP-1 expression in 
mitochondria might be one of the most successful strategies to 
recalibrate energy consumption.

In previous studies, BAT transplantation improved glucose 
levels and increased insulin sensitivity while reducing inflamma-
tion [19]. These results were accompanied by increased levels 
of certain hormones, such as adiponectin and norepinephrine, 
resulting in higher metabolic rates, oxygen consumption, and 
energy expenditure [25]. Additionally, BAT preadipocytes pro-
liferate in response to pro-angiogenic factors responsible for the 
expansion of the capillary network. BAT-derived adipocytes be-
gin expressing UCP-1 in response to the activation of adenylate 
cyclase [26]. Adipocytes express neuroendocrine and secretory 
factors, including the proprotein convertase PCSK1, which is 
strongly associated with obesity [27]. Activated beige/bright 
adipocytes affect systemic glucose homeostasis, potentially via a 
neuroendocrine mechanism.

This study demonstrated an abundant mitochondrial popula-
tion and robust UCP-1 expression in cultured brown preadipo-
cytes. These results indicate that even cells cultured from BAT 
may consume energy, possibly through an endocrine mecha-
nism, following transplantation of cultured brown preadipo-
cytes.

We also found that the transplantation of brown preadipocytes 
reduced the weight of the transplanted inguinal fat pads. Previ-

ous studies of BAT and BAT-derived cell transplantation target-
ed subcutaneous fat, visceral fat, areas under the kidney capsule, 
and intraperitoneal regions as transplant sites, and improved 
glucose homeostasis and insulin sensitivity, resulting in systemic 
fat loss. However, the fat pad in the groin is anatomically isolated 
by fascia. There are also reports that transplantation onto the 
groin fat pad shows a higher graft retention rate than subcutane-
ous or intramuscular transplantation in mice [28]. Thus, it is 
possible that the BAT-derived preadipocytes transplanted into 
the fat pad of the groin localized to the fat pad and caused a local 
decrease in fat by an endocrine mechanism via adipokines.

Peripheral blood data also showed that blood glucose, triglyc-
eride, total cholesterol, and free fatty acid levels did not change 
significantly after brown preadipocyte transplantation. Unlike 
previous studies on BAT and BAT preadipocyte transplanta-
tion, our results suggest that local glucose metabolism occurs 
following the transplantation of brown preadipocytes.

This study has a few limitations. First, only for the fat pad in 
the groin area was weighed, and effects on other murine adipose 
tissues were not monitored. Second, the long-term course after 
cell transplantation is unknown. However, it has been reported 
that the UCP-1 expression of transplanted BAT can be main-
tained only for about 2 months after transplantation [29]. 
Therefore, long-term studies will be needed to analyze the rela-
tionship between increased energy consumption from heat pro-
duction and compensatory mechanisms, such as increased ap-
petite, that may overcome the benefits of transplantation. Third, 
the safety of BAT and BAT-derived cell transplantation was not 

Fig. 8. Changes in peripheral blood parameters following transplantation. (A) Blood sugar. (B) Triglycerides. (C) Free fatty acids. (D) Total choles-
terol. Decreased levels of free fatty acids were observed in the BAT preadipocyte transplantation group. Other parameters did not show a statis-
tically significant difference. WAT, white adipose tissue; BAT, brown adipose tissue.
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evaluated. To date, no obvious adverse events have been report-
ed in mouse transplant models, but it would be necessary to 
consider potential complications, such as abnormal hyperther-
mia, necrosis, tachycardia, and palpitations due to hyperther-
mia, when considering future human applications. To overcome 
these limitations, in future studies, we plan to perform cell trans-
plantation in other tissues and observe long-term changes in the 
weight of adipose tissue.

In conclusion, preadipocytes cultured from BAT contained 
abundant mitochondria and expressed UCP-1. BAT-derived 
preadipocytes cultured in vitro were assumed to mimic in vivo 
metabolism. Based on these results, transplantation of cultured 
brown preadipocytes may be suitable as a local fat reduction 
strategy to treat obesity and attain patients’ aesthetic goals.
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