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INTRODUCTION

Brominated flame retardants (BFRs) are used in furniture, 
electronic products, and other materials to decrease flamma-
bility of these products.1) Since BFRs are produced worldwide, 
they are found in quantifiable levels in wildlife as well as in 
humans. Recently, environmental issues relating to BFRs have 
gained immense interest. Moreover, one of the BFRs, hexa-
bromocyclododecane (HBCD) is toxic to liver and other tis-
sues and impairs lipid- and glucose-metabolic homeostasis.2) 
Presently, production and use of HBCD is severely restricted 
under Stockholm Convention, and therefore, various alterna-
tives are being considered. Tetrabromobisphenol-A (TBBP-A), 
a common flame retardant, is produced in large volume and is 
used worldwide.3,4) In vivo studies have revealed that TBBP-A 
is less toxic compared to other BFRs, and is found in air, soil, 
and water, and aquatic organisms.4,5) TBBP-A is also found 
in human milk and serum;6) however, due to its low toxicity, 
TBBP-A has received less attention worldwide. Recently, sev-
eral studies reported that TBBP-A shows endocrine disruptor 
activity,7) immunotoxicity,8) neurotoxicity,9) and hepatotoxici-
ty10) in animals. Moreover, TBBP-A shares structural similar-
ities with thyroid hormones, which play a major role in lipid 
metabolism, and has been observed to exert thyromimetic 
effects on lipid metabolism in rat hepatoma FaO cells.11) Since 
previous studies have reported that HBCD could induce obesi-
ty related lipid metabolism disorders, we assume that TBBP-A 
may also have the ability to disrupt lipid metabolism.

To test whether BFRs contribute to initiation and progres-
sion of obesity and related metabolic dysfunction in adipo-
cytes, we used mouse adipocyte cell line (ST-13) and stud-

ied the effects of TBBP-A administration on lipid metabolism. 
Since TBBP-A is not restricted by Restriction of the Use of 
Certain Hazardous Substances in Electrical and Electron-
ic Equipment (RoHS) and is used worldwide, we investigated 
whether exposure to TBBP-A affects the expressions of genes 
related to lipid metabolism in differentiated and undifferentiat-
ed adipocytes.

MATERIALS AND METHODS

Cell Culture   ST-13 cells, the preadipocyte cell line 
derived from newborn mouse skin, were kindly provided by 
Dr. Fumio Fukai (Department of Pathophysiology, Science 
University of Tokyo). ST-13 cells (8.0 x 105 cells) were plat-
ed in 35 mm dish in DMEM/F-12 (Life Technologies Co., 
CA, USA) supplemented with 10% newborn calf serum (Life  
Technologies Co.). After 1 day incubation at 37˚C in an atmos-
phere containing 5% CO2, differentiation was induced by 
addition of MIX-medium supplemented with isobutylmeth-
ylxanthine (0.5 mM; Sigma-Aldrich Co., MO, USA), insulin  
(10 μg/mL; Sigma-Aldrich Co.), dexamethasone (0.25 μM; 
Nacalai tesque, Kyoto, Japan), and 10% fetal bovine serum 
(FBS; Life Technologies Co.). After 48 h, the MIX-medium 
was replaced with DMEM/F-12 containing 10% FBS. This 
medium was changed every two day. Simultaneously, the un-
differentiated cells were cultured. After 4 days, the cells were 
treated with 0, 0.5, or 1.0 μM/mL TBBP-A (Tokyo Chemical 
Industry Co., Tokyo, Japan) for 48 h. The living cells were 
counted after staining with trypan blue (Life Technologies Co.)  
by the counting chamber (Erma Inc., Tokyo, Japan).

Oil Red O Staining   ST-13 cells were fixed with 15% for-
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maldehyde in PBS for 20 min, followed by sequential rinsing 
with PBS, distilled water, and 60% isopropanol. Thereafter, 
cells were stained with oil red-O (0.18% in 60% isopropanol; 
Sigma-Aldrich) at 37˚C for 10 min and then rinsed with 60% 
isopropanol followed by distilled water. Quantification of 
stained lipids was performed by eluting the stain off the dish 
by incubation with 100% isopropanol for 10 min, followed by 
measuring the absorbance of the elutes (at 510 nm).

Preparation of RNA   RNA was prepared from ST-13 cells 
using ISOGEN (Nippon Gene Co., Tokyo, Japan). The integri-
ty of RNA was confirmed by its electrophoresis on a denatur-
ing agarose gel containing formaldehyde.

RT-PCR   Aliquots of total RNA (4 μg) isolated from ST-13 
cells were subjected to reverse transcriptase polymerase chain 
reaction (RT-PCR) to analyze the gene expressions using a set 
of primers specific for each factor, and visualized using Lumi-
vision imager (AISIN SEIKI Co., Tokyo, Japan). The follow-
ing primers were used for amplification: forward (tccgcaac-
catgtccaagct) and reverse (atcacatgcacagctggatg) for mouse 
acetoacetyl-CoA synthetase (AACS), forward (cgaagatggcg-
gctctcaaa) and reverse (gatgcttcaagttgaaatct) for mouse succi-
nyl-CoA: 3-oxoacid CoA-transferase (SCOT), forward (ccatg-
gaggaggtggtgata) and reverse (cgtctcgggatctctgctaa) for mouse 
fatty acid synthase (FAS), forward (atcagtacccgtatttgaga) and 
reverse (agggactccagccgttcata) for mouse perilipin-1, forward 
(gaaactctgggagattctcc) and reverse (gatcacatgcagtagctgca) for 
mouse peroxisome proliferator-activated receptor-γ (PPAR-γ), 
forward (acagctgtctgtcctacaga) and reverse (gttcattacg-
gaacatctcg) for mouse uncoupling protein-1 (UCP-1), forward 
(gaccatggcttggacttcagc) and reverse (cttgccttgttcaaaacgga) for 
mouse UCP-3, forward (cagaggagttctttcagacc) and reverse 
(taacacggccttgaagcttg) for mouse cell death-inducing DNA 
fragmentation factor-alpha-like effector A (CIDEA), forward 
(agcagatctctgaagacttg) and reverse (tcgcatatgaatggcttcac) for 
mouse PR domain containing 16 (PRDM16), forward (tgaga-
tctagagttgggacc) and reverse (atagagagctccatctggct) for mouse 
fibroblast growth factor-21 (FGF-21), and forward (atatcaca-
gccgagttcctg) and reverse (tagcagttgtactgccaacg) for mouse 
lysine-specific demethylase-1 (LSD-1).

Measurement of Total Ketone Bodies   The total ketone 
bodies in culture medium were determined using ketone body 
assay kit (Ketone Test Sanwa, Sanwa Kagaku Co., Tokyo, 
Japan).12)

Statistical Analysis   All data are presented as means ± SD 
and were analyzed using unpaired Student’s t-tests. The differ-
ences were considered to be statistically significant for p val-
ues < 0.05.

RESULTS

Effects of TBBP-A on Lipid Accumulation in Differen-
tiated Adipocytes   To investigate the effects of TBBP-A on 
lipid metabolism in white adipocytes, we examined the cel-
lular lipid accumulation in mature adipocyte cell culture (ST-
13 cells) treated with TBBP-A. Treatment with TBBP-A was 
not affected cell viability (control: 2,423.3 ± 213.1 x 103 cells,  
0.5 μM TBBP-A: 2,623.3 ± 285.9 x 103 cells, 1.0 μM TBBP-
A: 2,306.6 ± 148.1 x 103 cells). Figure 1A and B illustrates the 
oil red-O stained cells after 48 h TBBP-A treatment. TBBP-
A did not significantly affect lipid accumulation levels. More-
over, mRNA levels of ketone body-utilizing enzyme (AACS 
and SCOT) were not significantly different in TBBP-A treat-

ed cells (Fig. 1C).
Next, we examined the effect of TBBP-A on preadipocytes. 

Treatment with TBBP-A was not affected nonstimulated cell 
viability (control: 2,536.6 ± 100.9 x 103 cells, 0.5 μM TBBP-
A: 2,893.3 ± 311.0 x 103 cells, 1.0 μM TBBP-A: 2,776.6 ± 
384.7 x 103 cells). After treating with TBBP-A for 48 h, oil 
red-O staining was not detected in all groups (data not shown). 
Figure 2 illustrates the effects of TBBP-A treatment on gene 
expression of ketone body-utilizing enzymes in nonstimulated 
ST-13 cells. The expression level of AACS mRNA was upreg-
ulated by 48 h TBBP-A treatment (Fig. 2A). Previous stud-
ies have reported that AACS is overexpressed in lipogenic 
tissues, such as liver and white adipose tissue, and plays a piv-
otal role in lipogenesis in adipocyte cell lines.13,14) Moreover, 
it has been reported that in subcutaneous white adipose tissue, 
AACS was upregulated in rats with high-fat diet-induced obe-
sity.15) In contrast, mRNA levels of SCOT, the ketone body-
utilizing enzyme responsible for energy production in mito-
chondria, were not affected by TBBP-A. Moreover, expression 
levels of FAS and perilipin-1 mRNAs were increased upon 
treatment with TBBP-A, whereas PPAR-γ mRNA expression 
did not reveal any significant difference. Perilipin-1 regulates 
the lipid storage in adipose tissues,16) while PPAR-γ is required 
for adipogenesis.17) Collectively, TBBP-A affected the gene 
expressions of lipid metabolism-related factors in preadipo-
cytes, and these effects of TBBP-A might be independent of 
classical adipogenesis via PPAR-γ mediated pathway.

TBBP-A Increased the Expression of “Beige Adipocyte-
Genes” in Undifferentiated Adipo-Cells   Two types of adi-
pose tissues, white adipose tissue (WAT) and brown adipose 
tissue (BAT), play distinct roles in energy metabolism.18) 
WAT is involved in energy storage, whereas BAT is involved 
in thermogenesis. Our observations (Figs. 1 and 2) revealed 
the possibility that TBBP-A could induce the lipid synthesis 
from ketone bodies. But lipid accumulation was not observed 
in undifferentiated cells after TBBP-A treatment. Therefore, 
we further examined whether lipid consumption in preadipo-
cytes was affected by TBBP-A. Figure 3 illustrates the effects 
of TBBP-A treatment on gene expressions of BAT specific fac-
tors in ST-13 preadipocytes. UCP-1 and UCP-3 expressed in 
brown adipocytes are related to conversion of stored lipids into 
body heat.19) Moreover, UCP-2 is expressed widely and recent 
studies suggest that UCP-3 may be regulated in a manner sim-
ilar to UCP-1.20) Hence, we examined the effects of TBBP-A 
on UCP-1 and UCP-3 mRNA expression levels. The expres-
sion of UCP-1 and UCP-3 mRNA was increased by TBBP-
A treatment for 48 h, as shown in Fig. 3A. Moreover, TBBP-
A significantly increased the expression levels of PRDM16, 
LSD-1, and CIDEA genes in a dose-response manner. LSD-
1 regulates brown adipocyte metabolism during coexpression 
of PRDM16,21) whereas CIDEA inhibits the uncoupling pro-
cess in BAT.22) Thus, these factors may act as the molecular 
markers of induced “browning” of white adipocytes. Due to 
the increased expression of BAT specific genes, TBBP-A may 
act as a “browning inducer” in undifferentiated adipocytes. In 
contrast, the mRNA levels of FGF-21, which is a secreted dur-
ing ketone body production in liver and BAT, were not affect-
ed by TBBP-A treatment.

Next, we examined the effects of TBBP-A on the produc-
tion of ketone bodies in adipose cell line. The concentration of 
total ketone bodies was slightly higher in the culture medium 
of undifferentiated ST-13 cells treated with TBBP-A at con-
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centrations above 1.0 μM compared to that of untreated con-
trols (Fig. 3B). Since ketone bodies are derived from fatty acid 
oxidation, our results suggest that TBBP-A increased lipid 
metabolism and promotes the production of ketone bodies via 
stimulation of BAT specific genes in preadipocytes.

DISCUSSION

Obesity induces an unusual metabolic state involving 
lipid oxidation and ketone body production.23) Previously, we 
reported that gene encoding AACS, which is a ketone body-
utilizing enzyme, is overexpressed in mature adipocytes pre-
sent in the subcutaneous WAT, and is upregulated in high-fat 
diet-induced obese rats.15) These results indicate that ketone 
body utilization for synthesizing lipidic substances is affect-
ed by the nutritional states. The present study revealed that 
expression of AACS and FAS mRNA was increased in ST-13 
preadipocytes in response to TBBP-A treatment. TBBP-A pos-
sibly induced ketone body utilization for cellular lipid synthe-

sis in undifferentiated preadipocytes, but not in differentiated 
mature adipocytes. In contrast, since the gene expression level 
of SCOT, the key enzyme for generating energy from ketone 
bodies24) was not altered by TBBP-A, we infer that AACS, and 
not SCOT, orchestrates the TBBP-A-induced metabolic disor-
der related to ketone body utilization in adipocytes.

Moreover, we demonstrated that mRNA of BAT specific 
factors, such as UCPs, PRDM16, LSD-1, and CIDEA, were 
increased upon TBBP-A treatment. PRDM16 is a transcrip-
tional coregulator overexpressed in BAT and induces expres-
sion of mitochondrial and thermogenic genes in brown adipo-
cytes,25) whereas LSD-1 regulates “browning” of adipocytes.21) 
UCPs convert stored lipids into heat and their activity is inhib-
ited by CIDEA in BAT.22) Surprisingly, our data showed that 
TBBP-A treatment increased the expression of these factors in 
ST-13 preadipocytes (Fig. 3). However, PPAR-γ mRNA lev-
el was not altered by TBBP-A (Fig. 2). Since PRDM16 stimu-
lates adipogenesis in a PPARγ-dependent manner,17) our results 
indicated that the effects of TBBP-A could not be mediated by 

Fig. 1.   Effects of TBBP-A on Lipid Accumulation and Ketone Body Metabolism in Differentiated Adipocytes
ST-13 cells were differentiated using MIX-medium and treated with BFRs for 48 h. A: Oil red-O staining was performed to differentiate lipid droplets in cells treated with 

TBBP-A or PBS (control). B: Quantification of the stained lipid droplets was performed using the eluted Oil red O stain and measuring absorbance at 510 nm. Each bar represents 
the mean ± SD (n = 4). C: RT-PCR analysis for AACS and SCOT in cells treated with TBBP-A or PBS. The expression level of β-actin was used for standardizing amount of gene 
expression levels. Each bar represents the mean ± SD (n = 4). *p < 0.05 compared with PBS treated cells.
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normal transcriptional pathway.
We observed that TBBP-A increased the concentration 

of total ketone bodies in culture medium, whereas TBBP-A 
induced the gene expression of AACS, that is using ketone 
body for lipid synthesis (Fig. 2). In addition, the lipid accu-
mulation was not detected in undifferentiated cell treated with 
TBBP-A. Therefore, our results suggest that TBBP-A stim-
ulates the consumption of both lipid and ketone bodies. It is 
also possible that new fatty acids formed by the abnormal lipid 
synthesis are metabolized to ketone bodies by β-oxidation in 
preadipocytes that have undergone browning. Based on these 
results, we suggest that TBBP-A not only induces the syn-
thesis of lipids from ketone bodies but also the breakdown of 
lipids to produce new ketone bodies. Moreover, ketone bodies 
may induce the expression of brown adipocyte related genes. 
Particularly, Wang et al. reported that β-hydroxybutyrate 
(BHB), one of the ketone bodies, is required for cell differen-

tiation in brown adipocytes in vivo.26) Moreover, they demon-
strated that PRDM16-expressing adipose cells secrete ketone 
body metabolites; thus, it is possible that ketone bodies and 
brown adipocyte related factors regulate each other in pread-
ipocytes though a positive feedback loop. This feedback may 
also explain the effects mediated by PPARγ-independent man-
ner as observed in our study in response to TBBP-A treatment.

Collectively, outcomes of the present study reveal that 
TBBP-A, a widely used BFR, may disrupt lipid metabolism 
in undifferentiated adipocytes. Moreover, TBBP-A affects both 
utilization and production of ketone bodies by inducing AACS 
expression in preadipocytes and BAT specific factors, respec-
tively. Therefore, these findings support the hypothesis that 
exposure to TBBP-A may anomalously alter the metabolism 
balance (e.g., between overtaking of high fat-diet and over-
making of ketone body) in obese condition.

Fig. 2.   Effects of TBBP-A on Lipid and Ketone Body Metabolism in Undifferentiated Adipocytes
RT-PCR analysis for AACS and other enzymes in undifferentiated ST-13 cells treated with TBBP-A or PBS. β-actin was used for standardizing amount of gene expression lev-

els. Each bar represents the mean ± SD (n = 4). *p < 0.05 compared with PBS treated cells.
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Fig. 3.   Effects of TBBP-A on Gene Expressions of BAT Specific Factors in Undifferentiated Adipocytes
A: RT-PCR analysis for BAT specific factors in undifferentiated ST-13 cells treated with TBBP-A or PBS (0 μM). β-actin was used for standardizing amount of gene expression 

levels. B: The concentration of total ketone bodies (μM) in culture medium of cells treated with TBBP-A for 48 h. Each bar represents the mean ± SD (n = 4). *p < 0.05 compared 
with 0 μM TBBP-A.
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