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Abstract

BACKGROUND

Decabromodiphenyl ether (BDE-209) is the most commonly used brominated
flame retardant. Recently, BDE-209 has been suspected of being an environmental
risk factor for metabolic diseases such as obesity, insulin resistance (IR), type 2
diabetes mellitus, and hypertension.

AIM

To investigate the effects of BDE-209 on IR and glucose and lipid metabolism in
C57BL/ 6 mice.

METHODS

Adult male C57BL/6 mice were randomly divided into high, medium-high,
medium, medium-low, and low dose BDE-209 groups, and a control group (1 = 6
per group), which received 1000, 800, 600, 450, 300, and 0 mg/kg BDE-209,
respectively. After BDE-209 exposure for 60 d, the mice were fasted overnight,
and then sacrificed to obtain tissues. An automatic biochemical analyzer was used
to detect serum triglyceride (TG), total cholesterol (TC), low-density lipoprotein
cholesterol (LDL-C), and high density lipoprotein cholesterol (HDL-C); enzyme-
linked immunosorbent assay kits were used to detect fasting serum insulin
(FINS), leptin (LEP), and adiponectin (Adp) levels; a blood glucose meter was
used to detect fasting blood glucose (FBG). Morphological changes of the liver
were observed by hematoxylin and eosin staining. Real-time quantitative
polymerase chain reaction and Western blot were used to determine the
messenger ribonucleic acid (mRNA) and protein levels, respectively, of LEP, Adp,
and peroxisome proliferators activated receptor-y (PPARY) in mouse liver and
adipose tissues.
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RESULTS

There was a statistically significant difference in the weight of mice in each group
after 45 and 60 d of exposure (P < 0.05). After 60 d of exposure, the weight of liver
and adipose tissues in the exposure groups were greater than that of the control
group (P < 0.05). The liver tissue structure was disordered and the liver tissues
were accompanied by local inflammatory cell infiltration in the high, medium-
high, and medium dose BDE-209 groups. The levels of FINS, insulin sensitivity
index, Adp, and HDL-C were decreased in the BDE-209 group compared with the
control group, as were the mRNA and protein levels of Adp in liver and adipose
tissues (P < 0.05). Serum level of FBG and LEP were higher in the BDE-209 group
than in controls. TC, TG, and LDL-C levels as well as the mRNA and protein
expression of LEP and PPARYy in liver and adipose tissues were higher than those
in the control group (P < 0.05). Homeostatic assessment model of IR was higher in
the medium and medium-low dose BDE-209 groups (P < 0.05).

CONCLUSION
BDE-209 increases the body weight, fat and liver tissue weight, TC, TG, and LDL-
C, reduces HDL-C, and causes IR in mice, which may be related to activating the
PPARYy receptor.

Key Words: Decabromodiphenyl ether; Adipokine; Glucose and lipid metabolism; Protein
expression; mRNA expression; Insulin resistance

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Decabromodiphenyl ether (BDE-209) may be an environmental risk factor
leading to obesity. There are limited literature reports on the correlation between BDE-
209 and obesity. This type of research began with animal experiments, and the results
showed that BDE-209 affects animal body weight, but the direction of the effect is not
consistent. This study found that BDE-209 increased the body weight and body fat and
liver tissue weight in mice, which may be related to the activation of peroxisome
proliferators activated receptor-y receptor and the abnormal differentiation of
adipocytes. In obese patients, proinflammatory cytokines and interleukin-6 can cause
insulin resistance through a variety of mechanisms.

Citation: Alimu A, Abudureman H, Wang YZ, Li MY, Wang JS, Liu ZL. Decabromodiphenyl
ether causes insulin resistance and glucose and lipid metabolism disorders in mice. World J
Diabetes 2021; 12(8): 1267-1281

URL: https://www.wjgnet.com/1948-9358/full/v12/i8/1267 .htm

DOI: https://dx.doi.org/10.4239/wjd.v12.i8.1267

INTRODUCTION

Glucose and lipid metabolism disorders are hallmark metabolic changes in obese
people. Studies have shown that children with different degrees of obesity have
different degrees of glucose and lipid metabolism disorders. In these cases, as the
degree of obesity increases, glucose and lipid metabolism disorders become more
aggravated[1]. Insulin resistance (IR) refers to a decrease in the body's sensitivity to
insulin, a decrease in the ability of insulin to lower blood sugar, and an obstacle to the
use of glucose by tissues[2]. Obesity and IR are the central link of metabolic syndrome.
As the body's sensitivity to insulin is reduced, the ability of insulin to lower blood
sugar is reduced, and tissues have impaired glucose utilization[3]. Type 2 diabetes
mellitus (T2DM) usually results from IR and secretion imbalance. Studies have found
that adipocytokines play an important role in the occurrence and development of
T2DM by participating in glucose and lipid metabolism[4].

Adipocytokines are the biologically active substances produced by fat cells. Leptin
(LEP) is an adipokine that can reduce appetite, increase energy expenditure, increase
sympathetic nerve activity, promote glucose utilization, and improve insulin
sensitivity under normal physiological conditions[3]. The role of LEP as a biomarker of
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metabolic syndrome has been studied in different populations[5]. Elevated LEP levels
are associated with metabolic syndrome because LEP is associated with obesity, IR,
myocardial infarction, and congestive heart failure[6]. Like LEP, adiponectin (Adp) is a
fat-derived plasma protein with a wide ranging effects. Adp has many functions,
including anti-atherosclerosis, insulin sensitization, enhanced lipid oxidation, and
vasodilation[7]. Peroxisome proliferators activated receptor-y (PPARYy) is the main
regulator of adipocyte differentiation. PPARy regulates fat formation, controls lipid
metabolism, and can reduce Adp expression in fat cells in obesity[8,9].

Decabromodiphenyl ether (BDE-209) is the most commonly used brominated flame
retardant. Recently, BDE-209 has been suspected of being an environmental risk factor
for metabolic diseases such as obesity, IR, T2DM, and hypertension[10,11]. Data
suggest that it may play a key role in the occurrence, development, and treatment of
these diseases. The underlying mechanism may be that BDE-209 inappropriately
regulates the number and volume of adipocytes at the molecular level, leading to
adipogenesis and lipid metabolism disorders. These changes further alter the function
of metabolic disease related factors, leading to disease occurrence[12]. Therefore, this
study used an animal model to explore the effects of BDE-209 on IR and glucose and
lipid metabolism disorders in C57BL/6 mice, and to preliminarily explore the
underlying mechanism.

MATERIALS AND METHODS

Ethical statements

Thirty-six healthy specified pathogen free C57BL/6 male mice (weight: 20 + 2 g) were
purchased from the Experimental Animal Center of Xinjiang Medical University
[Experimental animal use license number: SYXX (new) 2020-0001]. Our animal
research protocol was evaluated and approved by the Ethics Review Committee of the
First Affiliated Hospital of Xinjiang Medical University (No. 20170214-107).

Study design

Thirty-six healthy male C57BL/6 mice were bred adaptively for 1 wk, during which
they had free access to food and water, at 23 + 2°C, a relative humidity of 55% % 5%,
and an illumination time of 12 h/d. The mice were then randomly divided according
to their weights into a control group (corn oil) and five BDE-209 dose groups: low,
medium-low, medium, medium-high, and high, which were given 300, 450, 600, 800,
and 1000 mg/kg BW daily. The mice were dosed at 0.1 mL/10 g for 2 wk with one day
off for 60 d.

Reagents

The following reagents were used in this study: BDE-209 (98% purity; Yuanye
Chemical Co., Ltd., Shanghai, China); blood glucose test paper (Bayer, Leverkusen,
Germany); mouse fasting insulin (FINS), LEP, and Adp enzyme-linked
immunosorbent assay (ELISA) kits (Jianglai Biotechnology Company, Shanghai,
China); RevertAid First Strand complementary deoxyribonucleic acid Synthesis Kit
(Thermo Fisher Scientific, Waltham, MA, United States); QuantiNova SYBR Green
polymerase chain (PCR) reaction Kit (Qijie Enterprise Management Co., Ltd.,
Shanghai, China); LEP, Adp, PPARY, and B-actin primers (Shenggong Technology
Company, Shanghai, China); sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) gel preparation kit, high efficiency radioimmunoprecipitation
assay (RIPA) lysis solution, and protein quantification kit (Solarbio, Beijing, China);
and rabbit anti-LEP, anti-Adp, and anti-PPARy polyclonal antibodies (Ab-cam,
Cambridge, United Kingdom).

Equipment

The following equipment was used in this study: AB135-S standard analytical balance
(Mettler-Toledo, Ltd., Columbus, OH, United States), ACCU-CHEK blood glucose
meter (Roche, Basel, Switzerland), automatic biochemical analyzer (Rebenrily),
microplate reader (Bio-RAD Laboratories, Hercules, CA, United States), real-time
quantitative PCR (RT-qPCR) instrument (Thermo Fisher Scientific), Gel Doc XR gel
imager (Bio-RAD Laboratories), Nano Drop 1000 nucleic acid quantifier (Thermo
Fisher Scientific), vortex mixer (Qilin Bell Company, Jiangsu, China), and a tissue slicer
(Thermo Fisher Scientific).
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Table 1 Primer sequences for real-time quantitative polymerase chain reactions

Gene Primer sequences (5'—3') Length/bp

PPARy F-CTCCAAGAATACCAAAGTGCGA 104
R-GCCTGATGCTTTATCCCCACA

Adiponectin F-ATCTGGAGGTGGGAGACCAA 144
R-GGGCATTGGGTAGTTGCAGT

B-actin F-AGAGGGAAATCGTGCGTGACATCAAAGAG 196
R-GATGCCACAGGATTCCATACCCAAGAAGG

Leptin F: AGAGTGACAGGAAGTGCTGAGAGG 106

R: TCTGACACCAGCCACCACGAG

Mouse serum and tissue preparation

The mouse eyeballs were taken off to collect blood in an EP tube. A cotton swab was
used to gently wipe the blood on the wall of the EP tube (to avoid clotting of the closed
blood and fall into the blood when rubbing). The EP tube was left at room temperature
for 30 min and then centrifuged at 4 °C at 3000 rpm for 15 min to separate the serum,
which was subsequently stored at -80 °C until further analysis. The animals were
dissected quickly in a sterile environment, and the mesangium was slowly peeled off
with tissue scissors and tweezers. The mouse liver and adipose tissue were completely
separated. Cryopreservation tubes were numbered, and the tissues were put into
corresponding cryopreservation tubes, and stored at -80 °C until further analysis.

Pathological analysis of liver tissue

A small piece of liver was fixed overnight in 4% formalin solution. After being taken
out the next day, it was subjected to gradient dehydration and paraffin embedding to
make a 3 um pathological section. After the section was stained, the liver tissue
changes were observed under an optical microscope.

Detecting biochemical indicators in serum

ELISA kits were used according to the manufacturer’s instructions to detect murine
insulin, LEP, and Adp contents. An automatic biochemical analyzer was used to detect
serum levels of TC, TG, low-density lipoprotein cholesterol (LDL-C), and high density
lipoprotein cholesterol (HDL-C). Finally, we calculated the homeostatic assessment
model of insulin resistance (HOMA-IR) and the insulin sensitivity index (ISI) as
follows[13]:

HOMA-IR = Fasting blood glucose (FBG) x FINS/22.5; ISI = In[1/ (FBG % FINS)].

Fluorescent RT-qPCR

The mRNA levels of Adp and PPARy were measured by RT-qPCR. Briefly, the tissue
was ground in liquid nitrogen, and then 20-50 mg of tissue was added to 1 mL of
TRIzol for RNA extraction. Reverse transcription was performed immediately after
RNA isolation using the following conditions: 42 °C for 60 min, 72 °C for 5 min, and
then the reaction was terminated. PCR parameters were as follows: 94 °C for 30 s, 94
°C for 5 s, and 60 °C for 20 s for 40 cycles. Primer 5 program was used to design primer
sequences, all primers were synthesized by Shanghai Bioengineering Co., Ltd.
(Shanghai, China) (Table 1). B-actin was used as the reference gene, and the 242D
method was used to analyze the relative expression level of PCR-amplified products.

Western blot analysis

RIPA lysis buffer containing protease inhibitors was added to 20-50 mg of mouse
tissue, which was then ground in an ice bath until fully lysed. After homogenization,
the mixture was centrifuged at 12000 rpm for 15 min at 4 °C. The supernatant was then
isolated and quantified with the BCA protein quantification kit. Proteins were
denatured at 100 °C for 10 min prior to performing SDS-PAGE. The proteins were then
transferred to a membrane, which was blocked in skimmed milk, incubated with
primary antibodies, washed, and incubated with secondary antibodies. The membrane
was then treated with chemiluminescence reagents and exposed to film to reveal
immunoreactive bands. Intensity values of target proteins were then normalized to the
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Table 2 Comparisons of fasting blood glucose, homeostatic assessment model of insulin resistance, insulin sensitivity index, and

insulin of mice in each group

Group FINS (mlIU/L) ISI HOMA-IR FBG

High dose 20.91 + 0,96 0.78 +0.13*< 8.38 + 0.44° 8.85 + 0.35""
Medium-high dose 21.71 + 0.56™> 0.94 + 0.11" 8.28 +0.37° 8.58 + .32
Medium dose 23.87 + 0.46™ 1.05 +0.32°¢ 8.15 +0.43" 7.81 +0.49°
Medium-low dose 24.89 +0.27°° 1.08 +0.11°° 7.76 +0.53 7.02 +0.44
Low dose 26.02 + 0.84° 1.41+0.21 7.56 +0.61 6.53 +0.39
Control 27.37 +0.28 1.57 + 0.08 7.57 +0.65 6.52 +0.68

F value 61.06 2.968 2.719 28 574

P value 0.001 0.027 0.038 0.001

P < 0.05 compared with the control group.

PP < 0.05 compared with the medium dose group.

P < 0.05 compared with the low dose group. FINS: Fasting insulin; ISI: Insulin sensitivity index; HOMA-IR: Homeostatic assessment model of insulin
resistance; FBG: Fasting blood glucose.

intensity value of the internal reference to analyze target protein expression.

Statistical analysis

Statistic Package for Social Science 21.0 software (International Business Machine
Corp., Armonk, NY, United States) was used for statistical analyses. Quantitative data
following a normal distribution are expressed as the mean * SD. Data that had a
homogeneity of variance were compared by analysis of variance between multiple
groups, followed by pairwise comparisons. According to the least significant
difference test, P < 0.05 was considered statistically significant. Bar and line graphs
were generated using GraphPad Prism 8.0 (GraphPad Software, Inc., San Diego, CA,
United States).

RESULTS

BDE-209 treatment alters mouse body and tissue weights

During the exposure period, the growth and development of mice in all groups were
normal, and their weights increased. There were no significant differences in the body
weight of mice in any group on days 15 or 30 (P > 0.05). However, the weights of mice
in the BDE-209 high and medium-high groups were significantly increased on days 45
and 60 compared with those of the other groups (P < 0.05). Except for the low dose
group, the liver weights of mice in the exposure groups were significantly greater than
that of the control group (P < 0.05). The fat weights of mice in the high and medium-
high groups were greater than those in the control and low dose groups (P < 0.05). The
liver and fat weights of mice in the high and medium-high BDE-209 groups were
greater than those in the medium dose group (P < 0.05) (Figures 1 and 2).

Effect of BDE-209 on mouse liver tissue

Macroscopic observation showed that the liver of the control group was bright red in
color with a smooth surface, while the liver of the treated groups was gray-red in color
with a smooth surface. Observation under the microscope showed that the liver
structure of the control group was clear, the liver sinusoids and hepatocyte cords were
regular, the size of liver cells was normal, and there was no interstitial proliferation or
inflammatory cell infiltration; the liver tissue structure of the treated groups was
disordered, and the liver sinusoids and hepatocytes were irregular. And the liver
tissues of the high, medium-high, and medium dose groups were accompanied by
local inflammatory cell infiltration (Figure 3).

Effects of BDE-209 on serum glucose metabolism indices and adipocytokine levels
We detected serum levels of factors related to glucose metabolism and adipocytokines.
Serum levels of FINS, ISI, and Adp in the BDE-209 exposure groups were lower than
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Figure 1 Changes in body weight of mice in each group. 2P < 0.05. H: High dose group; MH: Medium-high dose group; M: Medium dose group; ML:
Medium-low dose group; L: Low dose group; C: Control group.

Figure 3 Effect of decabromodiphenyl ether on mouse liver tissue morphology (Hematoxylin and eosin, x 400). A: High dose group; B:
Medium-high dose group; C: Medium dose group; D: Medium-low dose group; E: Low dose group; and F: Control group. The red circles refer to the inflammatory
cells.

those of the control group (P < 0.05). FBG and LEP levels were higher in the BDE-209
exposure groups than in controls (P < 0.05). HOMA-IR was also higher in the medium
and medium-low dose BDE-209 groups compared with the control group (P < 0.05);
however, there was no statistical difference in HOMA-IR between the medium-high
and high dose BDE-209groups (P > 0.05). Levels of FINS, ISI, and Adp were lower in
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Figure 2 Changes in liver and fat weights of mice in each group. A: Changes in liver weight of mice in each group; B: Changes in fat weight of mice in
each group. 2P < 0.05 compared with the control group; °P < 0.05 compared with the medium dose group; and °P < 0.05 compared with the low dose group. H: High
dose group; MH: Medium-high dose group; M: Medium dose group; ML: Medium-low dose group; L: Low dose group; C: Control group.
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all other BDE-209 groups compared with the lowest dose group (P < 0.05); conversely,
FBG and LEP levels were higher in all other BDE-209 groups compared with the low
dose group (P < 0.05) (Table 2, Figure 4)

Effect of BDE-209 on blood lipid levels

Levels of blood lipids, TC, TG, and LDL were higher in all BDE-209 groups compared
with the control group (P < 0.05), and the high dose BDE-209 group had higher levels
than the medium and medium-low dose groups (P < 0.05). The serum HDL-C contents

of BDE-209 treated groups were lower than that of the control group (P < 0.05)
(Table 3).

Effect of BDE-209 on LEP, PPARYy, and Adp mRNA expression in liver tissue

Adp mRNA levels were higher in the BDE-209 groups than in the control group (P <
0.05), and Adp mRNA expression in the high and medium-high dose groups were
lower than that of the low dose group (P < 0.05). LEP mRNA expression was increased
in the high and medium-high dose groups compared with the medium, medium-low,
low dose groups and the control group (P < 0.05). There was no significant difference
in LEP mRNA expression in the medium, medium-low, and low dose groups
compared with the control group (P > 0.05). LEP mRNA expression was higher in the
high, medium-high, and medium dose groups than in the control group (P < 0.05);
LEP mRNA expression was not significantly different between the medium-low and
low dose groups and the control group (P > 0.05) (Table 4).

Effect of BDE-209 on LEP, PPARy, and Adp mRNA expression in adipose tissue

Adp mRNA levels were not significantly different in the high, medium-high, and
medium dose groups compared with the control group (P > 0.05); Adp mRNA levels
were increased in the medium-low and low dose groups compared with the control
group (P > 0.05). Adp mRNA levels were decreased in the high, medium-high, and
medium dose groups compared with the low dose group (P < 0.05). LEP mRNA levels
were higher in the high and medium-high dose groups than in the low dose and
control groups (P < 0.05). LEP mRNA expression was not significantly different in the
medium, medium-low, and low dose groups compared with the control group (P >
0.05). The high, medium-high, and medium dose groups showed higher PPARy
mRNA expression than the low dose and control groups (P < 0.05) (Table 5).

Effect of BDE-209 on protein expression in liver tissues

The gray values of Adp protein in the high and medium-high groups were lower than
those in the medium and low dose groups and the control group (P < 0.05). The gray
values of Adp protein in the medium and medium-low groups were lower than those
in the low dose and control groups (P < 0.05). The gray values of LEP protein were
higher in the high and medium-high dose groups than in the medium and low dose
groups and the control group (P < 0.05). The gray values of LEP protein in the medium
and medium-low dose groups were higher than those of the low dose and control
groups (P < 0.05). The gray values of PPARy protein were higher in the high and
medium-high groups than in the medium and low dose groups and the control group
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Table 3 Comparisons of blood lipid indexes in mice of each group (mmoL/L)

Group TC TG LDL-C HDL-C

High dose 5.29 +1.20™"¢ 1.46 +0.36™"° 244 +0.21°0¢ 1.33 £ 0.12°>¢
Medium-high dose 4.64 £0.49° 1.12£0.11° 2.14 £0.29° 151 +£0.12%
Medium dose 3.67 +0.49" 0.97 £0.14" 1.95 +0.49™° 1.53 £0.17%
Medium-low dose 3.48 £0.64° 092 £0.18" 1.78 +0.34° 1.72 £ 0.10°
Low dose 3.36+1.11° 0.91 £ 0.06" 1.70 £ 0.15° 1.73 £0.10°
Control 295+1.35 0.75 £ 0.07 127 £0.15 1.95 +0.10
Fvalue 5.38 1032 133 17.44

P value 0.002 0.001 0.001 0.001

TC: Total cholesterol; TG: Tri-glyceride; LDL-C: Low-density lipoprotein cholesterol; HDL-C: High density lipoprotein cholesterol.

2P < 0.05 compared with the control group.

PP < 0.05 compared with the medium dose group.
P < 0.05 compared with the low dose group.

Table 4 Comparison of relative expression levels of adiponectin, leptin, and peroxisome proliferators activated receptor-y genes in liver

tissue of mice in each group (X £ S, 2:22%)

Group n Adp LEP PPARy
High dose 6 1.85 +0.25"° 3.27 +0.80"" 2.96 +0.98"
Medium-high dose 6 2.25+0.37%° 2,61 +0.627" 2.93 +0.95"
Medium dose 6 2.63 +0.41° 1.58 £0.48 2.56 +1.18"
Medium-low dose 6 3.24 +£0.99" 1.47 £0.59 1.68 £0.71
Low dose 6 3.38 £ 0.89° 1.09 £ 0.57 1.71+£0.24
Control 6 1.00 + 0.00 1.00 = 0.00 1.00 = 0.00
F value 13.38 15.16 5.61

P value 0.001 0.001 0.001

P < 0.05 compared with the control group.

PP < 0.05 compared with the medium dose group.
P < 0.05 compared with the low dose group. Adp: Adiponectin; LEP: leptin; PPARy: Peroxisome proliferators activated receptor-y.

JBaishideng®

(P < 0.05). The gray values of PPARy protein in the low and medium-low dose groups
were higher than that in the control group (P < 0.05) (Figures 5-7).

Effect of BDE-209 on protein expression in adipose tissue

The gray values of Adp protein were lower in the high and medium-high groups
compared with the medium and low dose groups and the control group (P < 0.05); the
gray values of Adp protein in the medium and medium-low dose groups were lower
than those in the low dose and control groups (P < 0.05). The gray values of LEP
protein were higher in the high and medium-high dose groups than in the medium
and low dose groups and the control group (P < 0.05). The gray values of LEP protein
in the medium and medium-low dose groups were higher than those in the low dose
and control groups (P < 0.05). The gray values of PPARy protein in the high and
medium-high dose groups were higher than those in the middle and low dose groups
and the control group (P < 0.05). The gray values of PPARy protein were higher in the
low and medium-low dose groups compared with the control group (P < 0.05)
(Figures 8-10).
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Table 5 Comparison of relative expression levels of adiponectin, leptin, and proliferators activated receptor-y genes in adipose tissue

of mice in each group (X S, 2:22%)

Group n Adp LEP PPARy
High dose 6 0.97 £0.16"¢ 312 +1.86™"¢ 1.39 +0.31°¢
Medium-high dose 6 1.27 £0.34° 2.35+1.08"° 1.35+0.21%°
Medium dose 6 1.24 £0.32° 1.59+1.19 1.17 £0.34"°
Medium-low dose 6 1.52 + 0.54° 1.35+0.76 0.90 + 0.20
Low dose 6 1.61 £ 0.43° 1.32+0.46 0.72£0.10
Control 6 1.00 + 0.00 1.00 + 0.00 1.00 + 0.20
Fvalue 3.36 3.35 7.85

P value 0.016 0.016 0.001

4P < 0.05 compared with the control group.
PP < 0.05 compared with the medium dose group.
P < 0.05 compared with the low dose group. Adp: Adiponectin; LEP: Leptin; PPARy: Peroxisome proliferators activated receptor-y.
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Figure 4 Comparisons of serum leptin and adiponectin levels of mice in each group. A: Comparisons of serum leptin levels of mice in each group; B:
Comparisons of serum adiponectin levels of mice in each group. 2P < 0.05 compared with the control group; °P < 0.05 compared with the medium dose group; and °P
< 0.05 compared with the low dose group. H: High dose group; MH: Medium-high dose group; M: Medium dose group; ML: Medium-low dose group; L: Low dose
group; C: Control group.

DISCUSSION

The results of this study showed that obesity indicators, including body weight and
abdominal fat weight, were significantly higher in mice exposed to BDE-209 than in
control mice. Mice exposed to high doses of BDE-209 for a long period of time had the
highest concentrations of BDE-209 in fat and fat-soluble tissues. At the molecular level,
BDE-209 swelled fat cells, which eventually led to increased volume of fat tissue. The
liver is the main place for metabolism in heterologous organisms, and polybrominated
diphenyl ether has been proven to be biotransformed into long-lasting biologically-
active metabolites in animals. BDE-209 is decomposed into longer-lasting low
molecular weight polybrominated diphenyl ethers (PBDEs) through photolysis and
microbial decomposition. These processes have a great impact on bioaccumulation and
toxicity[14].

This study shows that BDE-209 disrupts liver tissue structure, with irregular liver
sinusoids and liver cells, accompanied by local inflammatory cell infiltration. The liver
is the main site for the metabolism of heterologous organisms, and PBDEs have been
proven to be biotransformed into long-lasting biologically active metabolites in
animals[15]. Studies have found that exposure to persistent organic pollutants can
damage the function of mitochondria and reduce their oxidative phosphorylation,
leading to endocrine disorders, increasing inflammatory factors interleukin-6 and 8,
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Figure 5 Comparison of adiponectin protein expression in liver tissue of mice in each group. A: Quantification of the data presented in B; B:
Immunoblots of each group. 2P < 0.05 compared with the control group; °P < 0.05 compared with the medium dose group; and °P < 0.05 compared with the low dose
group. H: High dose group; MH: Medium-high dose group; M: Medium dose group; ML: Medium-low dose group; L: Low dose group; C: Control group.
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Figure 6 Comparison of leptin protein expression in liver tissue of mice in each group. A: Quantification of the data presented in B; B: Inmunoblots
of each group. 2P < 0.05 compared with the control group; °P < 0.05 compared with the medium dose group; and °P < 0.05 compared with the low dose group. H:
High dose group; MH: Medium-high dose group; M: Medium dose group; ML: Medium-low dose group; L: Low dose group; C: Control group.

and resulting in chronic low-grade inflammation and IR. The liver is not only an
important organ for fat synthesis, but also the main site for fatty acid beta oxidation.
Increasing the level of lipid metabolism in the liver and improving the efficiency of
lipid metabolism are of great significance for maintaining the normal lipid metabolism
function of the liver and the body. Free fatty acids can act as ligands for the Toll-like
receptor 4 complex[16] and stimulate macrophages, leading to the infiltration of
inflammatory cells in the liver tissue of the high-dose group.

Serum levels of TG, TC, and LDL were higher in mice exposed to BDE-209 than in
the control group, and HDL levels were lower than those in the untreated group,
indicating that BDE-209 disrupted lipid metabolism, increased TG, TC, and LDL-C
contents, and reduced HDL-C. LDL-C and HDL-C are important lipid components in
the body. LDL-C promotes the transport and deposition of cholesterol from the liver to
the periphery, while HDL-C promotes the transport of cholesterol from the periphery
to the liver and makes clear cholesterol in the liver[17]. Because BDE-209 disturbs liver
tissue structure during these metabolic processes, LDL-C and HDL-C cannot function
normally, causing the serum LDL-C content to increase and HDL-C to decrease. Under
the action of lipoprotein lipase, PPAR-y adjusts the glucose content, altering the final
synthesis of TG by regulating 3-phosphate glycerol[18]. Therefore, PPAR-y plays an
important role in the final synthesis of TG.

Several epidemiological investigations have shown that long-term exposure to low
concentrations of persistent organic pollutants increases the risk of glucose metabolism
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Figure 7 Comparison of peroxisome proliferators activated receptor-y protein expression in liver tissue of mice in each group. A:
Quantification of the data presented in B; B: Immunoblots of each group. 2P < 0.05 compared with the control group; °P < 0.05 compared with the medium dose
group; and °P < 0.05 compared with the low dose group. H: High dose group; MH: Medium-high dose group; M: Medium dose group; ML: Medium-low dose group; L:
Low dose group; C: Control group.
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Figure 8 Comparison of adiponectin protein expression in adipose tissue of mice in each group. A: Quantification of the data presented in B; B:
Immunoblots of each group. 2P < 0.05 compared with the control group; °P < 0.05 compared with the medium dose group; and °P < 0.05 compared with the low dose
group. H: High dose group; MH: Medium-high dose group; M: Medium dose group; ML: Medium-low dose group; L: Low dose group; C: Control group.
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and IR[19]. The cause of IR is not limited to impaired insulin signaling, but also
involves genetic and environmental factors. After 60 d of BDE-209 treatment, the FBG
of mice in the low dose group was higher than that of the control group; meanwhile,
FINS and the ISI were lower than those in the control group, indicating that BDE-209
may give the mice glucose tolerance but impair insulin sensitivity, which further leads
to IR and T2DM. This may be related to the biochemical characteristics of the
persistent organic pollutant BDE-209, which may change the function of endocrine
organs and destroy insulinsecretion, thereby triggering diabetes or leading to IR.

A previous animal model showed that exposure to persistent organic pollutants
(including BDE-209) can impair mitochondrial function and increase adipocytokine
levels, which may mediate inflammation and IR[20]. More recent studies have found
that mitochondrial damage is closely related to IR. Mitochondrial damage leads to
increased production of reactive oxygen species (ROS), causing mitochondrial fatty
acid metabolism disorders. Furthermore, increased ROS and accumulated lipids
activate part of the inflammatory pathway, thereby inhibiting the transmission of
insulin signals[21]. PPARY is a key regulator of lipid absorption and synthesis. PPARy
mRNA expression was significantly increased in the liver of BDE-209 exposed mice,
and this aggravated the increased PPARy expression induced by BDE-209. The
upregulation of PPARy caused by BDE-209 exposure in vivo and in vitro is related to
lipid accumulation and glucose metabolism dysfunction. Increased PPARy expression
can lead to glucose and lipid metabolism disorders to a certain extent, indicating that
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Figure 9 Comparison of leptin protein expression in adipose tissue of mice in each group. A: Quantification of the data presented in B; B:
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Figure 10 Comparison of peroxisome proliferator activated receptor-y protein expression in adipose tissue of mice in each group. A:
Quantification of the data presented in B; B: Immunoblots of each group; 2P < 0.05 compared with the control group; °P < 0.05 compared with the medium dose
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PPARy may be a key molecule for glucose and lipid metabolism disorder that is
involved in BDE-209 induced T2DM.

BDE-209 also increased LEP and PPARYy levels in serum and the mRNA and protein
levels in adipose tissue but reduced Adp content in serum and its mRNA and protein
expression in adipose tissue. BDE-209 activates the mouse Adp promoter to stimulate
Adp mRNA and protein expression in adipocytes; it also stimulates fatty acid
oxidation by reducing the globular domain of Adp[22], resulting in abnormal differen-
tiation of mouse adipocytes. Decreased levels of secreted Adp by cells ultimately leads
to body fat or weight gain. PPARY is a key regulator of adipogenesis that transcrip-
tionally promotes adipocyte differentiation, increases the number of adipocytes, and
increases the expression of related genes in adipose tissue[23]. After PPARYy is
activated by the ligand BDE-209, it binds to the retinol X receptor to form a
heterodimer, and then interacts with PPARy on the specific DNA. The combination of
response element leads to a decrease in Adp levels. Adp is an effective insulin
sensitizer in the body. The decrease in Adp content leads to decreased insulin
sensitivity. A previous study showed that increased serum LEP level were associated
with an increase in metabolic syndrome components, and Adp levels decreased with
increased expression of metabolic syndrome components[24].

Through animal experiments and laboratory tests, this study explored the effects of
BDE-209 on mouse body weight and organ weight, glucose and lipid metabolism
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disorders, and adipocytokines. Our data initially explained the relationship between
BDE-209 and obesity, IR, and high TG. Ultimately, we will also be able to uncover the
influence of these factors on other metabolic diseases, such as esteremia, hypercholes-
terolemia, and high and low density lipoproteinemia.

CONCLUSION

Our study shows that BDE-209 increases mouse body weight, body fat, liver tissue
weight, triglyceridemia, TC, and LDL-C. BDE-209 also reduces HDL-C and causes IR
in mice, which may be related to activating the PPARYy receptor.

ARTICLE HIGHLIGHTS

Research background

Decabromodiphenyl ether (BDE-209) is the most commonly used brominated flame
retardant. Recently, BDE-209 has been suspected of being an environmental risk factor
for metabolic diseases such as obesity, insulin resistance (IR), type 2 diabetes mellitus,
and hypertension. Data suggest that it may play a key role in the occurrence,
development, and treatment of these diseases. The underlying mechanism may be that
BDE-209 inappropriately regulates the number and volume of adipocytes at the
molecular level, leading to adipogenesis and lipid metabolism disorders. These
changes further alter the function of metabolic disease-related factors, leading to
disease occurrence.

Research motivation
The research of BDE-209 on the body's adipocyte factor and insulin sensitivity is still
not fully developed.

Research objectives
To investigate the effects of BDE-209 on IR and glucose and lipid metabolism in
C57BL/ 6 mice.

Research methods

Adult male C57BL/6 mice were randomly divided into high, medium-high, medium,
medium-low, and low dose BDE-209 groups, as well as a control group. After BDE-209
exposure for 60 d, the mice were fasted overnight, and then sacrificed to obtain tissues
and serum to detect serum triglyceride (TG), total cholesterol (TC), low-density
lipoprotein cholesterol (LDL-C), and high density lipoprotein cholesterol (HDL-C)
contents, and fasting insulin (FINS), leptin (LEP), and adiponectin (Adp) levels.
Morphological changes of the liver were observed by hematoxylin and eosin staining.
Real-time quantitative polymerase chain reaction and Western blot were used to
determine the mRNA and protein levels of LEP, Adp, and peroxisome proliferators
activated receptor-y (PPARY) in mouse liver and adipose tissues.

Research results

There was a statistically significant difference in the weight of mice in each group after
45 and 60 d of exposure. After 60 d of exposure, the weight of liver and adipose tissues
in the exposure groups were greater than that in the control group. The liver tissue
structure was disordered, and the liver tissues of the high, medium-high, and medium
dose groups were accompanied by local inflammatory cell infiltration. Serum levels of
FINS, insulin sensitivity index, Adp, and HDL-C were decreased in the BDE-209
groups compared with the control group, as were the mRNA and protein levels of
Adp in liver and adipose tissues. Serum level of fasting blood glucose and LEP were
higher in the BDE-209 group than in controls. TC, TG, and LDL-C levels and the
mRNA and protein expression of LEP and PPARYy in liver and adipose tissue were
higher than those in the control group. Homeostatic assessment model of FINS
resistance was higher in the BDE-209 medium and medium-low dose groups.

Research conclusions
BDE-209 increases mouse body weight, body fat, liver tissue weight, TC, TG, and LDL-
C. BDE-209 also reduces HDL-C and cause IR in mice, which may be related to
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activating the PPARYy receptor.

Research perspectives

Further studies on mouse serum biochemical indicators, FINS content, and adipocyt-
okines are needed to better explore the relationship between BDE-209 and insulin
sensitivity and adipocytokines.
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