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ARTICLE INFO ABSTRACT

While there is some evidence that exposure to decabrominated diphenyl ethers (BDE-209) affects thyroid
function, the results obtained to date have been inconsistent. No studies have been performed on workers in
deca-BDE manufacturing who had a high level of exposure to BDE-209 and relatively little exposure to other
contaminants. In the present study, the relationship between BDE-209 exposure and thyroid hormone in oc-
cupational workers from a deca-BDE manufacturing plant was investigated. The serum and urine levels of
Sel.’um polybrominated diphenyl ethers (PBDEs) and serum thyroid hormones were measured in 72 workers recruited
Un_"e from the deca-BDE manufacturing plant. The associations between their thyroid hormone levels and their ex-
China posure to BDE-209 were examined using multiple linear regression models. Serum concentrations of BDE-209
ranged from 67.4 to 109,000 ng/g lipid weight (Iw), with a median of 3420 ng/g lw, contributing to 93.1% of the
total PBDEs. The concentration of BDE-209 in urine was highly correlated with that in the serum (% = 0.440,
p < 0.001), indicating that urine may be a good non-invasive biomonitoring medium of BDE-209 body burden
in occupational workers. BDE-209 in the serum was significantly and positively correlated with total thyroxine
(tT4, r = 0.270, p = 0.029) and marginally and positively correlated with total triiodothyronine (tT3, r = 0.232,
p = 0.061) in all occupational workers after adjusting for gender, age, BMI, and occupational exposure duration.
A 10-fold increase in the serum BDE-209 concentration was associated with an increase in tT4 (8.63 nmol/L)
[95% confidence interval (CI): 0.930-16.3] and tT3 (0.106 nmol/L) [95% confidence interval (CI): —0.005-
0.219], corresponding to the increase of 7.8% in tT4 level and 5.4% in tT3 level. Associations between urine
BDE-209 levels and thyroid hormones were similar to the results for the serum levels. These findings offer new
evidence for proving the thyroid disrupting effects of BDE-209, impacting the direction of hyperthyroidism.
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1. Introduction (POPs) under the Stockholm Convention in 2009 (http://chm.pops.int/

TheConvention/ThePOPs). However, commercial deca-BDE mixtures,

Brominated flame retardants (BFRs) are a large group of chemicals
that have been commonly used as fire-retardants in a variety of pro-
ducts (electronic devices, foams and padding materials, textiles etc.).
Polybrominated diphenyl ethers (PBDEs) have been used as BFRs since
the 1970s. There are three types of commercial PBDEs: penta-BDE,
octa-BDE and deca-BDE. Commercial penta-BDE and octa-BDE have
been phased out after they were listed as persistent organic pollutants

which are mainly composed of decabrominated diphenyl ethers (BDE-
209), are still produced and consumed in China and many other de-
veloping countries in Asia (Ji et al., 2017; Yu et al., 2016), even though
it has been added to the list of POPs in 2017 (http://chm.pops.int/
TheConvention/ThePOPs).

Deca-BDE is normally used as an additive flame retardant in elec-
tronic products and can therefore leach or volatilize from products and
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enter the surrounding microenvironments. China is the largest producer
and consumer of deca-BDE in the world (Ji et al., 2017). Moreover,
there are a considerable number of electronic waste (e-waste) recycling
regions in southern and southeastern China. Therefore, numerous in-
vestigations throughout various different environmental matrices have
shown that BDE-209 has become the dominant BDE congener in most
areas of China and even accounts for > 75% of the total PBDEs in
human serum in northern China (Huang et al., 2014; Ji et al., 2017; Zhu
et al., 2015).

In the past, bioaccumulation of BDE-209 was assumed to be low due
to its large molecular size, extreme hydrophobicity and low bioavail-
ability. However, recent results from both aquatic and terrestrial food
web studies have demonstrated that BDE-209 bioaccumulates (Chen
et al., 2008; Chen et al., 2007; deBruyn et al., 2009; Law et al., 2006;
Shaw et al., 2009). There is ongoing human exposure to BDE-209 from
dust in indoor environments (Wang et al., 2018; Zhu et al., 2015) and
from diet (Shi et al., 2018), particularly seafood (Ji et al., 2017; Shaw
et al., 2009). Correspondingly, high levels of BDE-209 were also found,
and BDE-209 has become the dominant BDE congener in human sam-
ples such as hair (Qiao et al., 2018; Yuan et al., 2016; Zheng et al.,
2011), breast milk (Shi et al., 2013), blood (Li et al., 2017) and even
feces (English et al., 2017). Thus, a risk assessment of BDE-209 ex-
posure is still important, especially for China. China has the largest
population exposed to high levels of BDE-209 in manufacturing sites
and e-waste recycling sites (Zheng et al., 2017). The concentration of
BDE-209 in humans from these contaminated areas is over 100-fold
higher than that from European or American areas (Bjermo et al., 2017;
Darrow et al., 2017; Xu et al., 2014; Zheng et al., 2017).

The adverse effect of PBDEs on thyroid function is of particular
concern because of their structural similarity to thyroid hormones.
Thyroid hormones are essential for normal development and main-
tenance of normal physiological functions. While previous studies have
reported that BDE-209 could disturb thyroid hormones homeostasis in
laboratory animals, the obtained results are inconsistent. For example,
two studies have reported that BDE-209 exposure in rats can reduce the
blood levels of thyroxine (T4) or triiodothyronine (T3) (Kim et al.,
2009a; Lee et al., 2010), whereas another study found that T3 in the
rats from the BDE-209 treatments increased significantly compared to
the control group (Wang et al., 2011). Human studies that have in-
vestigated the associations between BDE-209 and thyroid hormone le-
vels are limited, and the results are also inconsistent (Byrne et al., 2018;
Huang et al., 2014; Xu et al., 2014; Zheng et al., 2017; Zota et al.,
2011). The participants in these previous studies were drawn either
from non-occupational population or from e-waste recycling related
population and were exposed to a mix of endocrine disruptors at the
same time. For example, the e-waste recycling related populations had a
high exposure to BDE-209 but were also highly exposed to other en-
docrine disruptor pollutants such as polychlorinated biphenyls (PCBs)
and polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs)
(Man et al., 2017; Xu et al., 2014; Zheng et al., 2017). In addition, in
most cases, these endocrine disruptors were highly correlated with each
other, making it difficult to identify the unique effect of BDE-209 when
these independent effects show severe collinearity. This collinearity
may be an important reason for the inconsistent results of human stu-
dies.

Given the inconsistent results of the studies linking BDE-209 and
thyroid hormones, we examined the relationships between BDE-209
exposure and thyroid hormone concentrations measured in occupa-
tional workers, who are drawn from the workforce of a deca-BDE
manufacturing plant and have a high and primary exposure to BDE-
209. In addition, as a non-invasive and easily acquired matrix, urine
may be suitable for monitoring internal BDE-209 exposure in occupa-
tional workers. Thus, the second objective of this study is to measure
BDE-209 in urine samples and test the correlations between serum and
urine concentrations of BDE-209.
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2. Materials and methods
2.1. Sample collection

This study was launched with the authorization of the Ethics
Committee of Capital Medical University and Shandong Center for
Disease Control and Prevention. Sample collection was conducted in a
deca-BDE manufacturing plant located in Shandong province. Most of
the deca-BDE manufacturing facilities in China are located in Shandong
province (Ji et al., 2017), where BDE-209 concentrations in the soil are
markedly high and account for 88-99% of the total PBDEs (Li et al.,
2015). The production line of deca-BDE in this plant was divided into
six workshops, including a bromination workshop, a distillation work-
shop, a washing workshop, a filter pressing workshop, a drying work-
shop, and a packaging workshop; deca-BDE synthesis is carried out in
the first three workshops, and therefore, deca-BDE levels in these
workshops should be relatively limited, whereas the last three work-
shops address the already produced deca-BDE and therefore, in these
workshops, the levels of deca-BDE should be relatively high due to the
emission and volatilization of the deca-BDE product. Except for the
workers who were pregnant or refused to sign the informed consent, all
of the workers who work in these six workshops were included. From a
total of 78 workers work in these six workshops, four workers were on
vacation during the survey period, one female worker just became
pregnant, and for one worker, blood draw was not performed because
of homophobia. Finally, 72 workers were recruited into our study in
2016. To eliminate the influence of the thyroid hormones fluctuations
at different times of the day, blood samples were obtained from these
workers between 8:00-9:30 am on the same day. At the same time,
paired urine samples were collected from these workers. However, only
67 urine samples were acquired because several participants in the
study declined to participate in urine collection.

With the consent from the participants after clearly informing them
of the study objectives, serum samples were collected by medical staff
from the local Centers for Disease Control and Prevention (CDC).
Approximately 10 mL of blood was collected with an anticoagulant-free
tube (Franklin Lakes, NJ, US). Serum was isolated by centrifugation at
3000 rpm for 15 min within 2 h after collection. Approximately 1 mL of
serum was stored at 4 °C and used to measure the circulating thyroid
hormones, thyroid antibodies, total triglyceride (TG), and cholesterol
(CHOL) levels within two days. The remaining serum samples were kept
at —80°C until chemical analysis. 40-45mL of urine was collected
from each donor with a 50 mL polypropylene (PP) tube. A short ques-
tionnaire and general physical examination, concerning the partici-
pants' gender, age, weight, height, occupational history, vocational
prevention and protection, educational level, place and time of re-
sidence, smoking habits, iodized salt eating, etc. were conducted.

2.2. Reagents and chemicals

All the HPLC-grade organic solvents were obtained from Merck
(Darmstadt, Germany). Sulfuric acid (98%), anhydrous MgSO4 and
NaCl were provided by Tianjin Fuchen Chemical Factory (Tianjin,
China). Octadecyl-modified silica (C18) was obtained from Agilent
Technologies (Palo Alto, CA, USA). The standard reference material
(organic contaminants in fortified human serum) SRM 1958 was pur-
chased from the National Institute of Standards and Technology
(Gaithersburg, MD, USA).

Individual PBDE standards, including BDE-28, 47, 77, 99, 100, 128,
153, 154, 183, and 209, were obtained from AccuStandard Inc. (New
Haven, CT, USA). The '®C-labeled internal standard, '3C,;,-BDE-2009,
was obtained from Wellington Laboratories (Guelph, Ontario, Canada).

2.3. Sample preparation and analysis

Serum and urine samples were analyzed for eight PBDEs congeners
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(BDE-28, 47, 99, 100, 153, 154, 183, and 209) using gas chromato-
graphy-mass spectrometry (GC-MS, Agilent 7890B-5977A) in Capital
Medical University. A slightly modified method described in previous
study was used for chemical analysis (Gao et al., 2016). By en-
zymatically measuring the total triglyceride (TG) and cholesterol
(CHOL) levels, the serum lipid content was calculated as described by
Covaci et al. (2006). Detail information of sample preparation and in-
strumental analysis was described in Supplementary.

2.4. Quality assurance/quality control

Method blank samples were run every 10 samples to check for in-
terference or contamination from the solvents and glassware. To
minimize background contamination, the entire glassware was baked in
a muffle furnace at 400 °C for 5h before use. No PBDE congeners were
detected in the method blanks. For recovery testing, matrix spiking tests
using fetal bovine serum and rat urine were conducted. The recoveries
of the analytes were in the 82.7% to 121.3% range with RSDs < 11.5%
(n = 5). We did not correct the reported concentrations based on the
recovery data. During the detection of serum samples, SRM 1958 was
used as a quality control sample, the average values of most target
congeners were in agreement with the corresponding certified values in
SRM 1958 (Supplementary Table S1). The LOD of BDE-209 in serum
was 50 pg/mL, whereas those of BDE-28, 47, 99, 100, 153, 154 and 183
were 2.5, 3, 5.5, 6, 9, 6.5 and 14 pg/mL, respectively. Furthermore, the
LODs of BDE-209 and tri- to hepta-BDEs in urine were relatively low
(20 pg/mL for BDE-209 and 0.5, 0.6,1, 1.2, 2, 1.2 and 3 pg/mL for BDE-
28, 47, 99, 100, 153, 154 and 183, respectively).

2.5. Thyroid hormone analysis

Thyroid hormones and other thyroid markers were analyzed at the
Shandong Academy of Occupational Health and Occupational
Medicine. Following the standard methodologies, thyroid-stimulating
hormone (TSH), total thyroxine (tT4), total triiodothyronine (tT3), free
T4 (fT4), free T3 (fT3), thyroid antibodies (including thyroglobulin
antibody (TG-Ab) and thyroid peroxidase antibody (TPO-Ab)) were
analyzed using Roche's technique for immunoassay detection (Cobas
e601 analyzer, Roche Diagnostics Ltd.) with accessory materials, in-
cluding reagent standards and quality controls. Reference intervals for
all of the thyroid tests that Roche suggests for immunoassay analyzer
(Cobas e 601 analyzer) were used in data analysis. Reference intervals
for healthy adults are as followed: TSH, 0.27-4.2ulU/L; tT4,
66-181 nmol/L; tT3, 1.3-3.1nmol/L; T4, 12-22pmol/L; T3,
3.1-6.8 pmol/L; TG-Ab, 0-115 IU/mL; TPO-Ab, 0-34 IU/mL. Reference
intervals of TSH, tT4, tT3, fT4, and fT3 corresponds to the 2.5% and
97.5% quantile; 115 for TG-Ab and 34 for TPO-Ab is the 95% quantile.
The recoveries of the thyroid hormones and thyroid antibodies in di-
lutions (1:2, 1:4 and 1:8, v/v) from five serum samples ranged from
89.6% to 106.4%, and the recoveries ranged from 91.8% to 110.5% in
the spiked matrices. Standard reference materials for tT4, tT3, fT4, fT3,
TSH, TG-Ab, and TPO-Ab were tested three times prior to measuring the
serum samples. The coefficients of variations were < 7.2%, and the
deviations of standard reference materials were < 10.8%.

2.6. Data analysis

Descriptive statistics were used to represent the characteristics of
the study population, individual PBDEs congeners, thyroid hormones,
and thyroid antibodies. t-test was used to identify the differences in the
characteristics between the genders. For the results below the limit of
detection (LOD), we assigned BDE congener concentrations as the LOD
for the individual congener divided by v2. We generated a sum
(XPBDEs) based on the congeners with detection frequencies > 60%
(BDE-28, 47, 153, 183, 209). We used log;, transformations of BDE
congeners to approximate a normal distribution.
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Most thyroid hormones (tT4, fT4, tT3, and fT3) levels were nor-
mally distributed, whereas the distributions of TSH, TG-Ab and TPO-Ab
were skewed and natural log-transformed values were used for corre-
lation and regression analysis. Additionally, significant differences be-
tween genders were observed in the tT3, fT4, and fT3 levels and a
marginal difference between genders was observed in TG-Ab. Thus,
gender is a very important factor that affects the correlation between
the PBDEs levels and thyroid hormones. In the subsequent analysis, we
adjusted gender in the entire population and further fit separate mul-
tivariable linear regression models for each gender population.

The correlations between the different BDE concentrations and be-
tween the BDE-209 and occupational exposure durations were ex-
amined using Pearson correlation analysis. Associations of the hor-
mones with BDE-209 in both serum and urine were modeled using
linear regression. Pearson's partial correlation coefficients for the as-
sociations of the hormones with exposures were estimated using the
same variables as those used in the multiple linear regression models.
We considered age (yr), body mass index (BMI, kg/mz), gender (male/
female), and occupational exposure duration (yr) to be important
covariates and included them into all multivariate models. In this study,
we consideredp < 0.05 to be statistically significantandp < 0.1 to be
marginally significant. The statistical analyses were performed using
SPSS software version 23 (SPSS Inc., Chicago, IL, USA).

3. Results and discussions
3.1. Characteristics of participants

The sociodemographic characteristics of the participants are shown
in Table 1. The 72 workers consist of 43 males and 29 females. The ages
of the workers varied from 25 to 55 yrs. with the average of 34.9 yrs.
Occupational exposure duration (the years that they worked at the
deca-BDE manufacturing plant) ranges from 1 to 18yrs. (average of
7.04 yrs). Thirty participants (42%) had a work history of working in
other factories or as farmers and the total of working years ranges from
1 to 35years (data not shown). To identify the gender difference, we
found that the females had a higher serum lipid concentration and
smaller smoking frequency than the males. None of the participants
reported a personal or family history with thyroid problems.

3.2. PBDEs levels in serum and urine

3.2.1. PBDEs in serum and congener profile

The concentrations of PBDEs in serum and urine are summarized in
Table 2, and the descriptive statistics of the congener-specific values are
shown in Supplementary Table S2. The concentrations of BDE-209 in
serum ranged from 67.4ng/g lipid weight (Iw) to 109,000 ng/g Iw,
with the median of 3420 ng/glw. Clearly, BDE-209 was the primary
PBDE congener in the serum, that was detected in all serum samples
and contributed 93.1% of the total PBDEs. The maximum concentration
of BDE-209 was observed in a female worker who was a packing
workshop worker for 5 years.

The results obtained in this study imply that in spite of its larger
molecular size and lower water solubility compared to lower bromi-
nated congeners, BDE-209 does accumulate in the human body (Ni
et al., 2013). In recent years, an increasing number of studies carried
out in China have reported that BDE-209 has become the major PBDE
congener in human serum, whereas in other areas outside China, such
as USA (< LOD-9.6 ng/glw), Iran and Sweden (< LOD-78ng/glw),
BDE-209 was still in low abundance compared to other congeners
(Table 3) (Bjermo et al., 2017; Darrow et al., 2017; Eslami et al., 2016;
Wu et al., 2015).

Domestic and global comparisons of PBDE levels in the serum are
shown in Table 3. The serum BDE-209 concentration found in the
present study was several orders of magnitude higher than those ob-
served in the general population, and much higher than those from the
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Table 1
Basic sociodemographic characteristics of workers from the deca-BDE manufacturing plant.
Range (mean + SD) or percentage p°
All (n = 72) Male (n = 43) Female (n = 29)

Age (yr) 25-55 (34.9 + 6.98) 26-55 (35.65 = 7.50) 25-46 (33.79 * 6.08) 0.271
OED (yr)* 1-18 (7.04 + 4.52) 1-18 (7.42 + 4.47) 1-17 (6.46 + 4.62) 0.318
BMI (kg/m?) 17.71-33.06 (23.9 = 3.44) 17.71-30.45 (24.14 * 3.49) 18.83-33.06 (23.61 + 3.41) 0.527
Serum lipid (g/L) 3.32-10.96 (5.06 * 1.24) 3.32-10.96 (5.41 =+ 1.46) 3.64-5.51 (4.54 = 0.51) 0.002+*¢
Smoke 23.6% (17/72) 39.5% (17/43) 0% (0/29) < 0.001+
Anti-dust Mask usage 63.9% (46/72) 58.1% (25/43) 72.4% (21/29) 0.216°
High exposure workshop’ 36.1% (26/72) 53.5% (23/43) 10.3% (3/29) < 0.001*
? OED, occupational exposure duration, there are one female which has missing data for OED.
> The value is from t-test or Fish's exact test between gender.
¢ *p < 0.05, **p < 0.01.
4 The result is from Fisher's exact test between gender.
¢ The result is from Pearson Chi-Square test between gender.
f High exposure workshop includes filter pressing workshop, drying workshop, and packaging workshop.

Table 2

Serum concentrations (ng/g lw) and urine concentrations (ng/mL) of PBDEs in occupational workers.

All (n =72) Gender
Male (n = 43) Female (n = 29) t-test
DF Median® Geo mean DF® Median Geo mean” DF Median Geo mean P°

BDE-209 100 3420 3640 100 7130 6390 100 1700 1580 0.000
BDE-28 81.9 33.8 21.5 78.6 29.5 19.0 86.2 22.6 25.8 0.998
BDE-47 79.2 22.7 14.8 76.2 22.7 14.7 82.8 22.6 15.0 0.238
BDE-100 12.5 n.d. - 16.7 n.d. - 6.90 n.d. - 0.029
BDE-99 20.8 n.d. - 26.2 n.d. - 10.3 n.d. - 0.217
BDE-154 16.7 n.d. - 23.8 n.d. - 3.40 n.d. - 0.321
BDE-153 77.8 48.3 33.0 76.2 49.8 35.7 79.3 28.4 29.3 0.113
BDE-183 90.3 61.2 50.8 95.2 89.0 79.9 82.8 30.4 25.9 0.000
YPBDEs 100 3710 4010 100 7650 6970 100 2060 1770 0.000
Urine BDE-209° 100 1.31 1.31 100 2.64 1.59 100 0.97 1.02 0.199

n.d.: not detected or value lower than LOD; DF: detection frequency; Geo mean: geometric mean; —:Geometric means of BDE-100, 99 and 154 were not calculated
due to low detection frequency; ZPBDEs: sum of PBDEs (BDE-28,47, 153,183, 209).
# Values bellowed the limitation of detection imputed as LOD/V2.
When comparing difference between gender, the values of PBDEs was log10 transformed to getting a normal distribution.
¢ n for male is 41 and n for female is 26.

b

* p < 0.05.
= p < 0.01.
Table 3
Concentrations (ng/g lw) of PBDEs in human serum from various areas.
Region Population Year n Concentration of PBDEs (ng/g lw) Reference
BDE-209 SPBDEs" (include BDE-209)
Mean"/median Range Mean/median Range
China deca-BDE workers 2016 72 9850/3420 67.4-1.09 x 10° 10,200/3710 67.4-1.1 x 10° This study
China E-waste workers 2011 79 509/409 65-1490 690/572 105-1810 (Zheng et al., 2017)
China E-waste workers 2015 9 521/— 123-2140 656/ — 167-2530 (Liang et al., 2016)
China E-waste workers 2011 32 —/256 4-2716 —/753 105-4099 (Zheng et al., 2014)
China Resident in e-waste area 2010 167 184.19/146.1 nd-470.29 —/208.08 16.56-582.35 (Xu et al., 2014)
China Resident in e-waste area 2011 64 6.93/2.39 nd-80.3 22.7/9.77 0.4-370 (Lv et al., 2015)
China General population 2010-11 124 2.25/5.02 < LOQ-157.1 11.02/7.16 2.09-160.3 (Huang et al., 2014)
China General population 2015 10 7.5/— nd-14.6 24.6/— 10.1-48.2 (Liang et al., 2016)
USA General population 2011-12 80 < LOD < LOD 52.2/53.9 6.5-9.7.1 (Darrow et al., 2017)
Korea General population 2009 720 3.11/4.97 nd-84 8.06/6.04 nd-84 (Kim et al., 2012)
Iran General population 2013-15 70 0.01/0.01 - 2.01/1.35 - (Eslami et al., 2016)
Sweden General population 2010-11 170 —/0.95 nd-78 (Bjermo et al., 2017)

@ Mean level in this table is arithmetic mean.
b $PBDEs in our study is the sum of BDE-28, 47, 153, 183 and 209. In Darrow et al., 2017, £PBDEs is the sum of BDE-47, 99 and 100. In other studies listed in this
table ¥PBDEs is the sum of all the tested congeners.
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workers in the e-waste recycling regions. For example, in a study con-
ducted in Southeastern China, the mean level of BDE-209 in the serum
from e-waste disassembly workers was 521 ng/g lw, which is approxi-
mately 20 times lower than the results of our study (mean: 9850 ng/
g lw); additionally, the BDE-209 contribution to total PBDEs was only
75% in serum samples from e-waste workers, which was also much
lower than that found in our study (93.1%) (Liang et al., 2016). In the
general population from North China, the median serum BDE-209 level
was 5.02ng/glw, which is three orders of magnitude lower than our
result (Huang et al., 2014). Due to the short half-life (15 days) of BDE-
209 in human blood (Thuresson et al., 2006), BDE-209 level in human
blood has been regarded as an indicator of recent exposure to deca-BDE
(Sudaryanto et al., 2008). Thus, the high serum BDE-209 level in this
study indicated that the workers are continuously exposed to high le-
vels of BDE-209 during their daily work. Correlation analysis (Supple-
mentary Table S3) showed that there was significant correlation be-
tween the serum BDE-209 level (r=0.352, p = 0.003) and the
occupational exposure duration, also indicating that occupational
contact with deca-BDE resulted in a considerable BDE-209 accumula-
tion in the human body. Vocational prevention and protection strate-
gies should be strengthened to reduce such a high exposure.

Levels of tri- to hepta-BDE were significantly lower than those of
BDE-209, with median levels ranged from < LOD to 61.2ng/glw.
Among the tri- to hepta-BDE congeners, the highest detection frequency
and concentration was obtained for BDE-183 with the median level of
61.2ng/glw. High detection frequencies and concentrations were also
obtained for BDE-28 and BDE-47 and in particular for the BDE-153 that
was the second most predominant congener in the serum. However, low
detection frequencies (< 25%) and low concentrations were obtained
for BDE-99, BDE-100 and BDE-154, and the median levels of all of these
three congeners were lower than the LOD. We inferred that either a
relatively low accumulation potential or a fast metabolic rate may
produce the relatively low levels of these three congeners. McKinney
et al. (2006) reported that rapid metabolism of BDE-99 and BDE-154
was observed in a rat model, and BDE-154 was biotransformed to hy-
droxylated metabolites to a significant extent, which can explain the
low detection frequency of BDE-154 in the serum. On the other hand, a
human liver microsome model demonstrated that human liver micro-
somes metabolized BDE-99 and BDE-47 but not BDE-153; therefore, a
high bioaccumulation rate of BDE-153 in humans was observed, re-
sulting in the relatively high concentration of BDE-153 in serum
(Lupton et al., 2009).

During serum collection, we also collected and tested some work-
shop air samples from this factory, and it was found that BDE-209 was
the predominant congener in the workshop air with a median con-
centration of 45.8 ug/m?>, whereas tri- to hepta-BDEs (median: 6.89 ng/
m?) could still be detected in these air samples albeit at low levels
(Supplementary Table S4), indicating that tri- to hepta-BDEs are gen-
erated simultaneously with the BDE-209, and therefore tri- to hepta-
BDEs were also found in the serum obtained from the workers. The
photolytic debromination and short half-life of BDE-209 is a possible
pathway for the formation of the lower brominated BDEs in the
workshop (Chen et al., 2015). Soderstrom et al. (2004) reported that
deca-BDE is photolytically labile and formed a series of debromination
products including nona- to tetra-BDEs under sunlight. Additionally,
short half-lives of deca-BDE were also observed in Soderstrom's study,
and the half-life of BDE-209 on a silica gel under sunlight was shorter
than 15 min, and ranged between 40 and 200 h on other matrices such
as sediment, soil and sand. Photodegradation of deca-BDE under sun-
light was also observed by Stapleton and Dodder (2008), resulting in
the formation of lower brominated BDEs including octa- and nona-
BDEs. In another study, production of tri- to nona-BDEs was also found
after the irradiation of BDE-209 by sunlight (Grant et al., 2013). In
summary, photolytic debromination of deca-BDE is likely to be a source
of the tri- to hepta-BDEs found in this factory. In addition, commercial
octa-BDE was produced in this factory until it was phased out by

509

Environment International 120 (2018) 505-515

Chinese government in 2014. Octa-BDE can stay in environmental
metrics for a long time (approximately 2-5 years) and have long half-
lives in humans (3 months) after entering the human body via food or
inhaling air (Andrade et al., 2017; Thuresson et al., 2006). Since BDE-
183 (approximately 44%) and BDE-153 (approximately 12%) are the
major components of commercial octa-BDE products, it is not surprising
that the serum levels of BDE-183 (median: 61.2 ng/g1w) and BDE-153
(median: 48.31 ng/glw) obtained in this study were more than ten
times higher than those in the non-occupational population in China
and other countries (Abou-Elwafa Abdallah et al., 2017; Bjermo et al.,
2017; Liang et al., 2016; Marchitti et al., 2017). The correlation analysis
(Table S3) between the PBDE congeners showed that the concentration
of BDE-209 was highly correlated with the concentrations of BDE-153
and BDE-183 but had no significant correlations with the concentra-
tions of BDE-28 and BDE-47. This implied that further investigations
are necessary to identify the source of BDE-28 and BDE-47.

3.2.2. Serum BDE-209 levels between males and females

The serum concentrations of BDE-209 in male workers were much
higher than those in the female workers (p < 0.001), and BDE-100 and
BDE-183 showed the same tendency (p = 0.029 and p < 0.001). This
finding is consistent with other studies on human blood (Thomas et al.,
2006; Thomsen et al., 2002) and adipose tissue (Kunisue et al., 2007)
that showed that women had lower PBDEs burden levels compared to
men. In previous studies, along with placenta transfer (Leonetti et al.,
2016b) and the elimination of PBDEs during lactation in women (Yang
et al., 2016), the difference between the genders in the ability to excrete
lipophilic contaminants was found to be helpful for explaining the
different levels of PBDEs. However, for the workers examined in our
study, differences in the occupational exposure may be the primary
origin of the gender difference in the PBDE levels. More male workers
work in the high exposure workshops, namely, the filter pressing
workshop, the drying workshop, and the packaging workshop
(Table 1), that address the produced deca-BDE, and therefore, the
workers in these workshops were exposed to a higher level of BDE-209
due to the emission and volatilization of the deca-BDE product, re-
sulting in higher serum BDE-209 levels. Thus, we infer that the differ-
ence in the BDE-209 levels in different workshops is the primary factor
explaining the difference in the serum BDE-209 level between the
genders.

3.2.3. PBDEs in urine

Currently, the information regarding PBDEs in urine is rather lim-
ited. Urine is not a commonly used matrix for monitoring internal
PBDEs exposure due to the poor water solubility of PBDEs. However, as
a non-invasive and easily acquired matrix, urine may be suitable for
monitoring internal PBDE exposure in occupational workers who have a
high body burden of PBDEs. The levels of BDE congeners in urine are
listed in Supplementary Table S2, and an examination of these results
showed that BDE-209 can be detected in all the urine samples but a low
detection frequency was obtained for other congeners. In a previous
study, several body fluids (blood, urine and perspiration) were used as
PBDE biomonitoring media to assess the excretion of several congeners
(BDE-28, 47, 99, 100 and 153), and these congeners were found in
blood and perspiration but not in urine (Genuis et al., 2017). Hakk also
reported that < 1% penta-BDE was excreted in urine after a single oral
dose of penta-BDE in rats (Hakk et al., 2002). Dareer reported that only
0.129% of the deca-BDE administered intravenously to rats appeared in
urine (el Dareer et al., 1987). In this study, PBDEs congeners other than
BDE-209 had a low detection frequency (< 30%) in urine (Table S2),
and even their serum levels were much higher than those in the non-
occupational populations. Thus, urine is not an effective biomonitoring
medium for the measurement of the unmetabolized parent compound
when the body burden of PBDEs is low. Although hydroxylated PBDEs
(OH-PBDESs) were not measured in our study, these metabolites, with
better water solubility and can be detected in urine even in the non-
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Fig. 1. Pearson's correlations between log;o-transformed serum and urine
concentrations of BDE-209 (n = 67).

occupational population, may be better biomarkers of the human body
burden of PBDEs in the urine medium (Feng et al., 2016; Hakk and
Letcher, 2003; Riu et al., 2008).

Although measurement of PBDEs in feces has been successfully used
as a non-invasive method to estimate the serum concentrations of
PBDEs in toddlers (Sahlstrom et al., 2015), it is clear that the collection,
conservation and analysis of urine are easier than those of feces, and
therefore, the feasibility of using urine as a non-invasive matrix to es-
timate the serum concentrations of PBDEs was investigated in this oc-
cupational population. Since BDE-209 could be found in all of the
paired serum and urine samples, the correlation between the levels of
BDE-209 in serum and urine was investigated. It was found that BDE-
209 levels in the serum were significantly and positively correlated with
those in urine (% = 0.44, p < 0.001) (Fig. 1). The significant correla-
tion reveals that the concentration of BDE-209 in urine is linearly
proportional to that in the serum of the workers. Therefore, we suggest
that urine can be used as a biomonitoring medium for predicting the
body burden of BDE-209 in an occupational population.

3.3. Thyroid hormones and thyroid antibody levels

Seven participants had positive TG-Ab and four participants had
positive TPO-Ab, but all of these participants had normal circulating
thyroid hormones levels (Table 4). Females tended to have a higher
prevalence of positive TG-Ab than males (17.24% vs 4.65%, p = 0.173)
and the TG-Ab levels of the females were marginally significantly
higher than those of the males (19.0 IU/mL vs 17.6 IU/mL, p = 0.084).
However, we cannot conclude that the thyroid function of the females is
more sensitive to BDE-209 than that of the males, because a positive
antibody of TG was also found to be more prevalent in women than men
in normal adult population (Hollowell et al., 2002; Quinn et al., 2009),
and the 5.56% prevalence of TPO-Ab in this deca-BDE occupational
study is smaller than the rate in normal Chinese adults (12.1%) (Quinn
et al., 2009). No significant relationship was detected between BDE-209
and thyroid antibody concentrations in the full population (Table 5 and
Supplementary S5). However, TPO-Ab was significantly correlated with
BDE-209 in the female population (r = 0.453, p = 0.045). Several stu-
dies have reported that PBDE exposure is associated with increased
thyroid antibodies (Turyk et al., 2008), and which may lead to the
change of thyroid hormones levels (Vuong et al., 2015). However, in
our study, we did not find a higher BDE-209 level in the positive thyroid
antibody workers (geometric mean levels of serum BDE-209 for thyroid
antibody positive workers and negative workers were 1610 and
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Table 4
Serum levels of thyroid hormones and thyroid antibodies in occupational
workers.

Median or mean” t-Test

All (n=72) Male (n=43) Female(n=29) p°
TG-Ab (IU/mL)‘ 17.9 17.6 19.0 0.084
TG-Ab positive’ 7/72 (9.72%)  2/43 (4.65%)  5/29 (17.2%) 0.173°
TPO-Ab (IU/mL)‘ 18.73 18.03 19.15 0.659
TPO-Ab positive“ 4/72 (5.56%) 1/43 (2.33%) 3/29 (10.3%) 0.351°¢
tT4 (nmol/L) 111 110 113 0.480
tT3 (nmol/L) 1.98 2.02 1.90 0.041
fT4 (pmol/L) 17.4 17.9 16.6 0.003
fT3 (pmol/L) 5.37 5.65 4.94 0.000
TSH (uIU/mL) 1.92 1.92 1.95 0.616

2 Median values are for TSH, TG-Ab and TPO-Ab, mean values are for tT4,
T4, tT3, fT3.

> When comparing difference between gender, the values of TG-Ab, TPO-Ab
and TSH was log;o transformed to getting a normal distribution, except tT4,
tT3, fT4, and fT3.

¢ For TG-Ab and TPO-Ab, n of male is 41 and n of female is 23. Participants
with value > 1151U/mL and > 34 IU/mL were considered as TG-Ab and TPO-
Ab positive, respectively. Seven of the participates having positive TG-Ab or
TPO-Ab were not included.

4 vValues are positive no./total (%).

¢ The value was from Chi-Square test.

* p < 0.05.

= p < 0.01.

3820 ng/g lw, respectively, p value of t-test after log-transformation is
0.117). Due to the limitation of the small sample size used in our study,
it is difficult to draw conclusions regarding the effects of BDE-209 ex-
posure on thyroid autoimmune diseases.

The levels of circulating thyroid hormones in the BDE-209 occu-
pational workers are listed in Table 4, and it is observed that the results
were generally within the population reference ranges suggested by
(Quinn et al., 2009). One participant had a fT3 level above the re-
ference range, one had a TSH level above the reference range, and one
had a tT4 level below the reference range. The levels of tT3, fT4 and fT3
in the males were higher than those in the females, but this was not true
for TSH and tT4. Additionally, the levels of BDE-209 in the males were
significantly higher than those in the females. Therefore, gender is a
very important factor that affects the correlations between the PBDEs
levels and thyroid hormones. In the subsequent analysis, we adjusted
the gender in the entire population and further fit separate multi-
variable linear regression models for each gender population.

3.4. Association between thyroid hormones and PBDEs

Our study suggests that thyroid function may be changed in the
direction of hyperthyroidism after BDE-209 exposure. BDE-209 in the
serum was significantly and positively correlated with tT4 (r = 0.270,
p=0.029) and was marginally positively correlated with tT3
(r = 0.232, p = 0.061) in occupational workers (Table 5). Additionally,
we found generally similar correlations in male workers who showed
significantly positive correlations between BDE-209 and tT3, and
marginally positive correlations between BDE-209 and tT4 and fT3.
However, with the exception of free T4 (r = 0.402, p = 0.046), no
significant correlations to BDE-209 were found for female workers.
Similar correlations between these thyroid hormones and BDE-209 in
urine were also found for all workers and for male workers, but not for
the females (Supplementary Table S5). In female workers, BDE-209 in
urine was not significantly correlated with fT4 (r = 0.015, p = 0.949)
but was marginally significantly correlated with TSH (r = —0.390,
p = 0.082).

The results of the multiple linear regressions for the associations
between the circulating thyroid hormone levels and BDE-209
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Table 5
Correlations of thyroid hormones and thyroid antibodies with BDE-209 in serum: Pearson's correlation coefficients.®
All Male Female
Measure Unadjusted Adjusted” Unadjusted Adjusted® Unadjusted Adjusted®
Ln TG-Ab (IU/mL) ¢ r-Value® 0.008 0.054 0.041 —0.067 0.208 0.179
p-Value 0.950 0.683 0.801 0.693 0.341 0.450
Ln TPO-Ab (IU/mL) ¢ r-Value® 0.149 0.144 0.016 —0.033 0.361" 0.453
p-Value 0.245 0.277 0.921 0.848 0.090 0.045
tT4 (nmol/L) r-Value® 0.264 0.270 0.339 0.269” 0.351" 0.293
p-Value 0.026 0.029 0.028 0.098 0.062 0.155
tT3 (nmol/L) r-Value® 0.341 0.2327 0.424 0.380 —0.094 —0.099
p-Value 0.004 0.061 0.005 0.017 0.626 0.639
fT4 (pmol/L) r-Value® 0.332 0.163 0.166 0.070 0.327 0.402
p-Value 0.005 0.191 0.295 0.673 0.083 0.046
fT3 (pmol/L) r-Value® 0.377 0.125 0.344 0.309" —0.258 —0.214
p-Value 0.001 0.317 0.026 0.050 0.167 0.305
Ln TSH (uIU/mL) r-Value® —0.167 -0.123 —0.204 —0.207 -0.107 —0.069
p-Value 0.163 0.327 0.196 0.206 0.580 0.745

Adjusted for genders, age, BMI, and occupational exposure duration.
¢ Adjusted for age, BMI, and occupational exposure duration.

94 The participants that had positive TG-Ab or TPO-Ab were excluded.
p-values < 0.05 are highlighted.

#p <ol

* p < 0.05.

“ p < 0.01.

e

concentrations are shown in Table 6. A 10-fold increase in the serum
BDE-209 concentration was associated with elevated tT4 Ilevel
(8.632nmol/L) [95% confidence interval (CI): 0.930,16.33], corre-
sponding to an increase of 7.8%. Additionally, a 10-fold increase in the
serum BDE-209 concentration was associated with elevated tT3 level
(0.106 nmol/L) [95% confidence interval (CI): —0.005, —0.219], cor-
responding to an increase of approximately 5.4%. A previous study
reported that 10-fold increases in certain lower-brominated BDEs (BDE-
47, — 66, or —85) were associated with a 6.5-9.6% increase of tT3 but
a much smaller increase of tT4 (approximately 0.15%-0.16%) in e-
waste recycling workers (Zheng et al., 2017).

To elucidate the exact mechanisms of the PBDEs affecting thyroid
hormonal status, at least four different levels at which the PBDEs are
known to interact with the thyroid hormone system were explored,

Table 6

The concentrations of BDE-209 was log;, transformed for the correlation analysis.

namely, the thyroid gland level, thyroid hormone transport proteins
level, thyroid hormone activation level, and thyroid hormone meta-
bolism level. For the thyroid gland level, several in vivo experiments
showed that the thyroid gland could be damaged through the thyroid
gland weight increase, slight follicular epithelium degeneration and
swelling, but with different trends of thyroid hormone synthesis func-
tion after BDE-209 exposure (Chan and Chan, 2012; Lee et al., 2010;
Noyes et al., 2011; Tseng et al., 2008). A recent study investigated the
direct effects of PBDEs on the thyroid gland using primary human
thyroid cells after exposure to BDE-71. The results showed that BDE-71
can inhibit thyroid functions by inhibiting Tg-release and reducing TPO
mRNA expression in the absence of cytotoxicity (Kronborg et al., 2017).
For the thyroid hormone transport proteins level, several studies
showed that OH-PBDEs had the potential to disrupt thyroid homeostasis

Multiple linear regression coefficients (95% CI) between BDE-209 and thyroid hormones, and thyroid antibody levels.”

BDE-209s " All workers® Male workers” Female workers®
B 95% CI p-Value! B 95% CI p-Value! B 95% CI p-Value®
Ln TG-Ab (IU/mL)* BDE-209 0.037 (—0.138, 0.212) 0.683 —0.030 (—0.189, 0.127) 0.693 0.173 (—0.297, 0.643) 0.450
uBDE-209 0.037 (0.002, 0.910) 0.586 0.032 (-0.076, 0.140) 0.537 —0.094 (—0.608, 0.421) 0.705
Ln TPO-Ab (IU/mL)“ BDE-209 0.064 (-0.053, 0.180) 0.277 —0.012 (-0.127, 0.104) 0.848 0.290 (0.007, 0.571) 0.045
uBDE-209 0.048 (—0.039, 0.136) 0.280 0.009 (—0.069, 0.090) 0.795 0.306 (0.009, 0.606) 0.044
tT4 (nmol/L) BDE-209 8.632 (0.930, 16.33) 0.029 8.185 (—1.596, 17.97) 0.098" 10.336 (—4.201, 24.88) 0.155
uBDE-209 5.928 (0.387, 11.47) 0.036 5.988 (-0.251, 12.227) 0.059" 5.536 (-10.27, 21.35) 0.474
tT3 (nmol/L) BDE-209 0.106 (—0.005, 0.219) 0.061" 0.164 (—0.032, 0.297) 0.017 —0.051 (—0.269, 0.168) 0.639
uBDE-209 0.071 (—0.014, 0.157) 0.099" 0.088 (—0.009, 0.182) 0.074" 0.007 (—0.226, 0.240) 0.950
fT4 (pmol/L) BDE-209 0.501 (-0.258, 1.257) 0.191 0.210 (—0.788, 1.207) 0.673 1.251 (0.023, 2.480) 0.046
uBDE-209 0.134 (—0.440, 0.709) 0.642 0.207 (—0.477, 0.891) 0.541 0.044 (—1.370, 1.458) 0.949
fT3 (pmol/L) BDE-209 0.104 (—-0.101, 0.304) 0.317 0.208 (—0.005, 0.421) 0.056" —0.210 (—0.622, 0.203) 0.305
BDE-209 0.023 (—0.134, 0.177) 0.774 0.071 (—0.083, 0.226) 0.359 —0.151 (—0.587, 0.288) 0.484
Ln TSH (uIU/mL) BDE-209 -0.115 (-0.345, 0.117) 0.327 —0.152 (—0.392, 0.088) 0.206 —0.083 (—0.596, 0.433) 0.745
uBDE-209 —0.085 (—0.256, 0.088) 0.329 —0.041 (—0.210, 0.127) 0.619 —0.463 (—0.979, 0.051) 0.075"

2 Adjusted for genders, age, BMI, and occupational exposure duration in all the occupational workers, and adjusted for age, BMI, and occupational exposure
duration in male and female workers. The concentration of BDE-209 was log, transformed.

b BDE-209s means BDE-209 in serum (BDE-209) and in urine (uBDE-209).
¢ The participants that had positive TG-Ab or TPO-Ab were excluded.

4 p-values < 0.1 are highlighted.

# p < 0.1.

* p < 0.05.
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by competitive binding with thyroid hormone transport proteins (TBG
and TTR) and the binding affinity appeared to be more efficient with a
high degree of brominated congeners (Meerts et al., 2000; Ren and Guo,
2012). Even though we did not measure the metabolites of BDE-209 in
our study, several previous studies have shown that BDE-209 can
debrominate to PBDEs with fewer bromine atoms and metabolize into
phenolic metabolites (mainly OH-PBDEs) (Chen et al., 2012; Huang
et al., 2010; Noyes et al., 2011; Stapleton et al., 2006), implying that
BDE-209 metabolites may also disturb the thyroid hormone home-
ostasis by competitive binding with thyroid hormone transport pro-
teins. For the thyroid hormone activation level, deiodinases can locally
modify the thyroid hormone bioactivity independent of serum thyroid
hormone concentrations that play an important role in thyroid hormone
homeostasis. Several in vivo animal studies showed that TH-regulating
deiodinases changed after BDE-209 exposure, but the directions of the
change in different tissues or at different times were different, which
may be caused by a compensatory response to the changes in the cir-
culating thyroid hormones (Chen et al., 2012; Li et al., 2014; Noyes
et al.,, 2011; Noyes et al., 2013; Tseng et al., 2008). For the thyroid
hormone metabolism level, uridine diphosphate glucoronosyl-
transferases (UGT) play important roles in TH homeostasis. A previous
in vivo study showed that decreased tT4 levels and increased tT3 were
accompanied by decreased UGT gene transcription after BDE-209 ex-
posure (Chen et al., 2012), which was not consistent with other BDE
congeners, for which the decreased T4 levels were accompanied with
increased UGT gene transcription (Kim et al., 2009b; Richardson et al.,
2008). One study showed that UGT gene transcription was inhibited by
BDE-47 but was up-regulated by BDE-99 exposure, implying that dif-
ferent congeners may have different substrate metabolizing activities
(Yang and Chan, 2015).

In our study, positive correlations were observed between tT4, tT3
and BDE-209 in occupational workers but TSH, fT3, fT4 showed no
correlation with BDE-209, possibly due to the regulation of the pitui-
tary-thyroid axis and the thyroid hormone activation system. Free
thyroid hormones are the main biologically active hormones and must
stay in a narrow concentration range to maintain normal function. BDE-
209 exposure may disturb thyroid homeostasis through thyroid gland
damage, competitive binding with thyroid hormone transport proteins,
and changes in the thyroid hormone metabolism, but at the same time,
the pituitary-thyroid axis and thyroid hormone activation system will
work together to correct the free thyroid hormone concentration to a
certain level through a feedback response to thyroid hormones. Because
biological systems such as the human body include many interactions
and feedback systems, it is difficult to precisely determine the regula-
tion mechanism in this study. Nevertheless, the more dramatic increase
in the concentrations of the total thyroid hormones (tT4 and tT3)
compared to the free thyroid hormones (fT4 and fT3) observed in our
study after BDE-209 exposure indicated that tT4 and tT3 may be sen-
sitive monitoring biomarkers of adverse effects to thyroid function for
BDE-209 exposure.

In our study the increases in mean TT4 and TT3 were below the
clinical thresholds, however, the difference may be important as Miller
et al. (2009) concluded that small shift in the distribution may have a
substantial impact. Additionally, Andersen et al. (2002) pointed out
that the ranges of the concentrations of the individual thyroid hor-
mones are narrow compared to the used laboratory reference ranges,
suggesting that the margins of changes for individual are smaller than
that for population level. As a result, the estimated small increases in
TT4 and TT3 in the whole BDE-209 manufacturing workers reflected
relatively large increases on an individual level, which might exceed
the margins of certain individual levels. Additionally, THs play an im-
portant role in regulating physiological processes, largely through
binding to the nuclear thyroid hormone receptor (TR) a and (3. BDE-209
could directly suppress TR} action and inhibit normal neurodevelop-
ment (Ibhazehiebo et al., 2011), implying that BDE-209 could bind to
TR and alter transcriptional activities even though the thyroid hormone
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concentration remain normal. The adverse effect of BDE-209 exposure
could be more serious among the subpopulations that may be more
sensitive to thyroid hormones disruption such as pregnant women, and
individuals with clinical hyperthyroidism.

Many human studies have been performed to investigate the asso-
ciations between the thyroid hormone levels and PBDE exposure, but
most of these were carried out in pregnant women. It is difficult to
compare the results from pregnant women with the results obtained
from the occupational workers in our study. tT4 was found to be in-
creased by up to 50% in the first trimester of pregnancy due to the
estrogen-induced elevations of serum thyroxine-binding globulin (TBG)
(Alexander et al., 2017). The correlations between thyroid hormones
and PBDEs may be modified further because of the different feedback
regulation capabilities to the thyroid hormone changes between the
pregnant populations and the non-pregnant populations. Only a few
studies used the normal adult population (summarized in Supplemen-
tary Table S6).

Because of its lower bioavailability, measurement of serum BDE-209
was rarely included in previous studies (Brasseur et al., 2014; Kim et al.,
2009b; Lin et al., 2011; Roze et al., 2009; Sjodin et al., 2008; Turyk
et al., 2008). To date, few studies have estimated the association be-
tween thyroid hormones and highly brominated BDEs, and the results
are also inconsistent (Huang et al., 2014; Xu et al., 2014; Zheng et al.,
2017). A study carried out in a general population in Northern China,
reported that BDE-209 was the most abundant PBDE congener in par-
ticipants' blood and was positively correlated with T3 in 124 serum
samples (Huang et al., 2014), which is consistent with our results.
Zheng et al. reported that the circulating TSH levels showed inverse
associations with some highly brominated BDEs (202, 203, and 208) in
e-waste recycling workers (Zheng et al., 2017). However, one study
reported hypothyroid-like effect (e.g., decreased T4/T3 or increased
TSH) in relation to BDE-209 exposure. Xu et al. (2014) found that BDE-
209 was positively associated with TSH and was negatively associated
with fT3 levels in children from e-waste sites in China.

Several studies suggested that many factors may modify the asso-
ciations between PBDEs and the thyroid hormones, which may partly
explain these discrepancies. For example, a recent meta-analysis re-
ported that the relationships between PBDEs and thyroid hormones
followed U-shaped patterns, with low exposure level inversely asso-
ciated with thyroid hormones and higher exposure level associated with
increased levels of thyroid hormones (TSH and tT4) (Zhao et al., 2015).
In our study, the median level of BDE-209 in serum was over 100 ng/
glw, and according to this meta-analysis, correlations between PBDE
exposure and serum tT4 should show a positive correlation, which was
consistent with our results. However, the U-shaped pattern of TSH
change caused by BDE-209 cannot explain the results of our study.
Several studies also suggested that the associations between PBDEs and
thyroid hormones are modified by gender. A study conducted in a re-
mote Alaska Native population showed that gender modified the effect
of BDE-47 and BDE-100 on fT4, with a positive effect in the females and
a negative effect in the males (Byrne et al., 2018). Another study in-
vestigating the associations between placental PBDEs and thyroid
hormones in infants of different gender showed that the concentrations
of PBDEs in the placenta were positively associated with female infants
but were null associated with male infants (Leonetti et al., 2016a). An
in-vivo animal study also showed that the thyroid hormones in female
nestlings could be more significantly influenced by DE-71 exposure
than those in male nestlings (Fernie and Marteinson, 2016). The fluc-
tuation of thyroid hormones in different stages of life cycle could also
be a confounding factor that may modify the associations between
PBDEs and thyroid hormones. tT4 and tT3 can be increased by up to
43% and 38% in the first trimester of pregnancy and fluctuate
throughout pregnancy (Soldin et al., 2004). Thus, the different cap-
abilities of feedback regulation of thyroid hormone changes may occur
in different stages of life, and further modify the correlations between
thyroid hormones and certain exposed chemicals. Additionally, several
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studies reported that other POPs (including PCBs, dioxins, etc.) can also
disturb thyroid hormones (Grant et al., 2013; Schell et al., 2008).
Concurrent exposure to PBDEs and other POPs may have additive or
synergistic effects on thyroid hormone concentrations (Crofton et al.,
2005). Collectively, the literature suggests a complex association be-
tween PBDEs exposure and thyroid hormones, potentially modified by
dosage, sex, time of thyroid hormone measure, and exposure to other
POPs.

Several studies reported opposite associations between thyroid
hormones and lower- and higher-brominated congeners. A study car-
ried out in a general population in Northern China, reported that T3
was positively correlated with BDE-209 and was inversely correlated
with BDE-17, 28, 47, 153, and 183 (Huang et al., 2014). Zota et al.
observed a positive association between TSH and lower brominated
congeners (BDE-47 and BDE-85) and an inverse association with BDE-
207 (Zota et al., 2011). Several in vitro or in vivo studies imply that
thyroid function response varies by PBDE structure. BDE-28 was found
to be a potentiator on TR[3, while BDE-206 was antagonistic on TR}
(Schriks et al., 2007). One study further reported that unlike the lower-
brominated congeners (BDE-47), BDE-209 could suppress TR} action
and inhibit the development of Purkinje cell dendrites (Ibhazehiebo
et al., 2011). Further study is required for further elucidation of the
different actions of PBDE congeners.

In the present study, BDE-209 was the primary PBDEs congener that
provided a possible adverse effect on the thyroid function that was
caused by long-term exposure to BDE-209. However, our study also had
some limitations. First, this study is a cross-sectional study with a small
population that cannot determine the temporal relationship between
the exposure and the outcome. The small sample size reduces the sta-
tistic power and increases the margin of type 2 error of the study.
Second, we did not measure the OH-PBDEs metabolites that may be
more detrimental to the thyroid system than their parent congeners,
because OH-PBDEs more closely resemble T3 and T4, and therefore
have a higher affinity to TBG and TTR (Marchesini et al., 2008; Meerts
et al., 2000). Third, urinary iodine was not measured because all of the
participants are local residents who live in Shouguang city that is lo-
cated in the coastal regions of the Shandong province in China. A
previous study reported that adults from Shandong province have more
than adequate iodine nutrition (Xu et al., 2016). In addition, most of the
participants (65/72) in our study consume iodized-salt during the meals
with their families. Thus, it is plausible that the iodine levels of our
participants are sufficient. Therefore, we did not include iodine as a
covariate. Last, our study showed that BDE-209 exposure can influence
thyroid function in the occupational workers in the direction of hy-
perthyroidism, but none of them could be diagnosed with hyperthyr-
oidism. Accordingly to the response to the questionnaire, only one fe-
male reported that she had thyroid nodules, while the rest of the
participants reported no thyroid disorders (hypothyroidism, hy-
perthyroidism, goiter, thyroid nodules or thyroid cancer). Based on the
thyroid hormone determination, three participants had a single thyroid
hormone abnormality, but none of them could be diagnosed as hy-
perthyroidism. The prevalence of hyperthyroidism ranges from 0.2 to
1.3% in iodine-sufficient areas (Taylor et al., 2018). The selection bias
from the healthy worker effect can underestimate the prevalence of
outcomes in occupational epidemiology. However, in this cross-sec-
tional study, the small population limited our ability to estimate the
prevalence of hyperthyroidism. However, this work still provided new
evidence of the correlation between BDE-209 and thyroid function and
highlighted the importance of considering the elimination of BDE-209
production throughout the world.

4. Conclusion
This work is the first study to investigate the relationship between

the BDE-209 levels and thyroid hormone concentrations that was car-
ried out in occupational workers from a deca-BDE manufacturing plant.
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High levels of BDE-209 that were considerably higher than those in
previous studies were detected in the serum samples obtained from the
workers, indicating that the workers were continuously exposed to high
levels of BDE-209. BDE-209 was associated with greater tT4 and tT3
concentrations in the occupational workers, consistent with a physio-
logical pattern in the direction of hyperthyroidism. In addition, BDE-
209 concentration in urine was highly correlated with that in the
serum, indicating that urine may be a good non-intrusive biomonitoring
medium of BDE-209 body burden in occupational workers. Given that
this population is highly exposed to BDE-209 and has relative little
exposure to other contaminants, these findings provided new evidence
of possible adverse effect on thyroid function caused by long term ex-
posure to BDE-209. This study supports previous research that sug-
gested that higher-brominated flame retardants can also influence
thyroid function. Future studies are also needed to explore the me-
chanisms by which BDE-209 and their metabolites act on the thyroid
system because thyroid hormones are critical to health, in particular for
pregnant women and child development.

Conflict of interest statements
The authors have no conflict of interest to declare.
Acknowledgements

The authors thank all the donors and Shouguang Center for Disease
Control and Prevention for assisting this study. This study was sup-
ported by the National Key R&D Program of China (2017YFC1600500);
the National Natural Science Foundation of China (81703198,
21777107, 21477083, 21537001); Shandong Medical and Health
Science and Technology Development Program (No. 2013WS0159);
Beijing Natural Science Foundation (7122022); Natural Science
Foundation of Capital Medical University (No. 2017ZR05).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2018.08.032.

References

Abou-Elwafa Abdallah, M., Zaky, A.H., Covaci, A., 2017. Levels and profiles of organo-
halogenated contaminants in human blood from Egypt. Chemosphere 176, 266-272.

Alexander, E.K., Pearce, E.N., Brent, G.A., Brown, R.S., et al., 2017. 2017 Guidelines of
the American Thyroid Association for the Diagnosis and Management of Thyroid
Disease During Pregnancy and the Postpartum. Thyroid 27, 315-389.

Andersen, S., Pedersen, K.M., Bruun, N.H., Laurberg, P., 2002. Narrow individual varia-
tions in serum T(4) and T(3) in normal subjects: a clue to the understanding of
subclinical thyroid disease. J. Clin. Endocrinol. Metab. 87, 1068-1072.

Andrade, N.A., McConnell, L.L., Anderson, M.O., Torrents, A., et al., 2017.
Polybrominated diphenyl ethers: Residence time in soils receiving biosolids appli-
cation. Environ. Pollut. 222, 412-422,

Bjermo, H., Aune, M., Cantillana, T., Glynn, A., et al., 2017. Serum levels of brominated
flame retardants (BFRs: PBDE, HBCD) and influence of dietary factors in a popula-
tion-based study on Swedish adults. Chemosphere 167, 485-491.

Brasseur, C., Pirard, C., Scholl, G., De Pauw, E., et al., 2014. Levels of dechloranes and
polybrominated diphenyl ethers (PBDEs) in human serum from France. Environ. Int.
65, 33-40.

Byrne, S.C., Miller, P., Seguinot-Medina, S., Waghiyi, V., et al., 2018. Associations be-
tween serum polybrominated diphenyl ethers and thyroid hormones in a cross sec-
tional study of a remote Alaska Native population. Sci. Rep. 8, 2198.

Chan, W.K., Chan, K.M., 2012. Disruption of the hypothalamic-pituitary-thyroid axis in
zebrafish embryo-larvae following waterborne exposure to BDE-47, TBBPA and BPA.
Aquat. Toxicol. 108, 106-111.

Chen, D., Mai, B., Song, J., Sun, Q., et al., 2007. Polybrominated diphenyl ethers in birds
of prey from Northern China. Environ. Sci. Technol. 41, 1828-1833.

Chen, D., La Guardia, M.J., Harvey, E., Amaral, M., et al., 2008. Polybrominated diphenyl
ethers in peregrine falcon (Falco peregrinus) eggs from the northeastern U.S. Environ.
Sci. Technol. 42, 7594-7600.

Chen, Q., Yu, L., Yang, L., Zhou, B., 2012. Bioconcentration and metabolism of deca-
bromodiphenyl ether (BDE-209) result in thyroid endocrine disruption in zebrafish
larvae. Aquat. Toxicol. 110-111, 141-148.

Chen, D., Hale, R.C., Letcher, R.J., 2015. Photochemical and microbial transformation of


https://doi.org/10.1016/j.envint.2018.08.032
https://doi.org/10.1016/j.envint.2018.08.032
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0005
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0005
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0010
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0010
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0010
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0015
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0015
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0015
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0020
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0020
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0020
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0025
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0025
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0025
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0030
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0030
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0030
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0035
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0035
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0035
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0040
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0040
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0040
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0045
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0045
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0050
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0050
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0050
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0055
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0055
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0055
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0060

T. Chen et al.

emerging flame retardants: cause for concern? Environ. Toxicol. Chem. 34, 687-699.

Covaci, A., Voorspoels, S., Thomsen, C., van Bavel, B., et al., 2006. Evaluation of total
lipids using enzymatic methods for the normalization of persistent organic pollutant
levels in serum. Sci. Total Environ. 366, 361-366.

Crofton, K.M., Craft, E.S., Hedge, J.M., Gennings, C., et al., 2005. Thyroid-hormone-dis-
rupting chemicals: evidence for dose-dependent additivity or synergism. Environ.
Health Perspect. 113, 1549-1554.

Darrow, L.A., Jacobson, M.H., Preston, E.V., Lee, G.E., et al., 2017. Predictors of serum
polybrominated diphenyl ether (PBDE) concentrations among children aged
1-5years. Environ. Sci. Technol. 51, 645-654.

deBruyn, A.M.H., Meloche, L.M., Lowe, C.J., 2009. Patterns of bioaccumulation of
polybrominated diphenyl ether and polychlorinated biphenyl congeners in marine
mussels. Environ. Sci. Technol. 43, 3700-3704.

el Dareer, S.M., Kalin, J.R., Tillery, K.F., Hill, D.L., 1987. Disposition of deca-
bromobiphenyl ether in rats dosed intravenously or by feeding. J. Toxicol. Environ.
Health 22, 405-415.

English, K., Chen, Y., Toms, L.-M., Jagals, P., et al., 2017. Polybrominated diphenyl ether
flame retardant concentrations in faeces from young children in Queensland,
Australia and associations with environmental and behavioural factors. Environ. Res.
158, 669-676.

Eslami, B., Naddafi, K., Rastkari, N., Rashidi, B.H., et al., 2016. Association between
serum concentrations of persistent organic pollutants and gestational diabetes mel-
litus in primiparous women. Environ. Res. 151, 706-712.

Feng, C., Xu, Q., Jin, Y.e., Lin, Y., et al., 2016. Determination of urinary bromophenols
(BrPs) as potential biomarkers for human exposure to polybrominated diphenyl
ethers (PBDEs) using gas chromatography-tandem mass spectrometry (GC-MS/MS).
J. Chromatogr. B 1022, 70-74.

Fernie, K.J., Marteinson, S.C., 2016. Sex-specific changes in thyroid gland function and
circulating thyroid hormones in nestling American kestrels (Falco sparverius) fol-
lowing embryonic exposure to polybrominated diphenyl ethers by maternal transfer.
Environ. Toxicol. Chem. 35, 2084-2091.

Gao, L., Li, J., Wu, Y., Yu, M., et al., 2016. Determination of novel brominated flame
retardants and polybrominated diphenyl ethers in serum using gas chromatography-
mass spectrometry with two simplified sample preparation procedures. Anal. Bioanal.
Chem. 408, 7835-7844.

Genuis, S.K., Birkholz, D., Genuis, S.J., 2017. Human Excretion of Polybrominated
Diphenyl Ether Flame Retardants: Blood, Urine, and Sweat Study. 2017. pp.
3676089.

Grant, K., Goldizen, F.C., Sly, P.D., Brune, M.N., et al., 2013. Health consequences of
exposure to e-waste: a systematic review. Lancet Glob. Health 1, e350-e361.

Hakk, H., Letcher, R.J., 2003. Metabolism in the toxicokinetics and fate of brominated
flame retardants—a review. Environ. Int. 29, 801-828.

Hakk, H., Larsen, G., Klasson-Wehler, E., 2002. Tissue disposition, excretion and meta-
bolism of 2,2’,4,4’,5-pentabromodiphenyl ether (BDE-99) in the male Sprague-
Dawley rat. Xenobiotica 32, 369-382.

Hollowell, J.G., Staehling, N.W., Flanders, W.D., Hannon, W.H., et al., 2002. Serum TSH,
T4, and thyroid antibodies in the United States population (1988 to 1994): National
Health and Nutrition Examination Survey (NHANES III). J. Clin. Endocrinol. Metab.
87, 489-499.

Huang, H., Zhang, S., Christie, P., Wang, S., et al., 2010. Behavior of decabromodiphenyl
ether (BDE-209) in the soil-plant system: uptake, translocation, and metabolism in
plants and dissipation in soil. Environ. Sci. Technol. 44, 663-667.

Huang, F., Wen, S., Li, J., Zhong, Y., et al., 2014. The human body burden of poly-
brominated diphenyl ethers and their relationships with thyroid hormones in the
general population in Northern China. Sci. Total Environ. 466-467, 609-615.

Ibhazehiebo, K., Iwasaki, T., Kimura-Kuroda, J., Miyazaki, W., et al., 2011. Disruption of
thyroid hormone receptor-mediated transcription and thyroid hormone-induced
purkinje cell dendrite arborization by polybrominated diphenyl ethers. Environ.
Health Perspect. 119, 168-175.

Ji, X., Ding, J., Xie, X., Cheng, Y., et al., 2017. Pollution status and human exposure of
decabromodiphenyl ether (BDE-209) in China. ACS Omega 2, 3333-3348.

Kim, T.H., Lee, Y.J., Lee, E., Kim, M.S., et al., 2009a. Effects of gestational exposure to
decabromodiphenyl ether on reproductive parameters, thyroid hormone levels, and
neuronal development in Sprague-Dawley rats offspring. J. Toxicol. Environ. Health
A 72, 1296-1303.

Kim, T.H., Lee, Y.J., Lee, E., Patra, N., et al., 2009b. Exposure assessment of poly-
brominated diphenyl ethers (PBDE) in umbilical cord blood of Korean infants. J.
Toxicol. Environ. Health A 72, 1318-1326.

Kim, J., Kang, J.H., Park, H., Baek, S.Y., et al., 2012. Assessment of polybrominated di-
phenyl ethers (PBDEs) in serum from the Korean general population. Environ. Pollut.
164, 46-52.

Kronborg, T.M., Hansen, J.F., Rasmussen, A.K., Vorkamp, K., et al., 2017. The flame re-
tardant DE-71 (a mixture of polybrominated diphenyl ethers) inhibits human dif-
ferentiated thyroid cell function in vitro. PLoS One 12, e0179858.

Kunisue, T., Takayanagi, N., Isobe, T., Takahashi, S., et al., 2007. Polybrominated di-
phenyl ethers and persistent organochlorines in Japanese human adipose tissues.
Environ. Int. 33, 1048-1056.

Law, R.J., Allchin, C.R., de Boer, J., Covaci, A., et al., 2006. Levels and trends of bro-
minated flame retardants in the European environment. Chemosphere 64, 187-208.

Lee, E., Kim, T.H., Choi, J.S., Nabanata, P., et al., 2010. Evaluation of liver and thyroid
toxicity in Sprague-Dawley rats after exposure to polybrominated diphenyl ether
BDE-209. J. Toxicol. Sci. 35, 535-545.

Leonetti, C., Butt, C.M., Hoffman, K., Hammel, S.C., et al., 2016a. Brominated flame re-
tardants in placental tissues: associations with infant sex and thyroid hormone end-
points. Environ. Health 15, 113.

Leonetti, C., Butt, C.M., Hoffman, K., Miranda, M.L., et al., 2016b. Concentrations of

514

Environment International 120 (2018) 505-515

polybrominated diphenyl ethers (PBDEs) and 2,4,6-tribromophenol in human pla-
cental tissues. Environ. Int. 88, 23-29.

Li, W., Zhu, L., Zha, J., Wang, Z., 2014. Effects of decabromodiphenyl ether (BDE-209) on
mRNA transcription of thyroid hormone pathway and spermatogenesis associated
genes in Chinese rare minnow (Gobiocypris rarus). Environ. Toxicol. 29, 1-9.

Li, Y., Niu, S., Hai, R., Li, M., 2015. Concentrations and distribution of polybrominated
diphenyl ethers (PBDEs) in soils and plants from a deca-BDE manufacturing factory in
China. Environ. Sci. Pollut. Res. Int. 22, 1133-1143.

Li, P., Jin, J., Wang, Y., Hu, J., et al., 2017. Concentrations of organophosphorus, poly-
bromobenzene, and polybrominated diphenyl ether flame retardants in human
serum, and relationships between concentrations and donor ages. Chemosphere 171,
654-660.

Liang, S., Xu, F., Tang, W., Zhang, Z., et al., 2016. Brominated flame retardants in the hair
and serum samples from an e-waste recycling area in southeastern China: the pos-
sibility of using hair for biomonitoring. Environ. Sci. Pollut. Res. Int. 23,
14889-14897.

Lin, S.M., Chen, F.A., Huang, Y.F., Hsing, L.L., et al., 2011. Negative associations between
PBDE levels and thyroid hormones in cord blood. Int. J. Hyg. Environ. Health 214,
115-120.

Lupton, S.J., McGarrigle, B.P., Olson, J.R., Wood, T.D., et al., 2009. Human liver mi-
crosome-mediated metabolism of brominated diphenyl ethers 47, 99, and 153 and
identification of their major metabolites. Chem. Res. Toxicol. 22, 1802-1809.

Lv, Q.X., Wang, W, Li, X.H., Yu, L., et al., 2015. Polychlorinated biphenyls and poly-
brominated biphenyl ethers in adipose tissue and matched serum from an E-waste
recycling area (Wenling, China). Environ. Pollut. 199, 219-226.

Man, Y.B., Chow, K.L., Xing, G.H., Chan, J.K.Y., et al., 2017. A pilot study on health risk
assessment based on body loadings of PCBs of lactating mothers at Taizhou, China,
the world's major site for recycling transformers. Environ. Pollut. 227, 364-371.

Marchesini, G.R., Meimaridou, A., Haasnoot, W., Meulenberg, E., et al., 2008. Biosensor
discovery of thyroxine transport disrupting chemicals. Toxicol. Appl. Pharmacol.
232, 150-160.

Marchitti, S.A., Fenton, S.E., Mendola, P., Kenneke, J.F., et al., 2017. Polybrominated
diphenyl ethers in Human milk and serum from the U.S. EPA MAMA Study: modeled
predictions of infant exposure and considerations for risk assessment. Environ. Health
Perspect. 125, 706-713.

McKinney, M.A., De Guise, S., Martineau, D., Beland, P., et al., 2006. Biotransformation of
polybrominated diphenyl ethers and polychlorinated biphenyls in beluga whale
(Delphinapterus leucas) and rat mammalian model using an in vitro hepatic micro-
somal assay. Aquat. Toxicol. 77, 87-97.

Meerts, L.A., van Zanden, J.J., Luijks, E.A., van Leeuwen-Bol, 1., et al., 2000. Potent
competitive interactions of some brominated flame retardants and related com-
pounds with human transthyretin in vitro. Toxicol. Sci. 56, 95-104.

Miller, M.D., Crofton, K.M., Rice, D.C., Zoeller, R.T., 2009. Thyroid-disrupting chemicals:
interpreting upstream biomarkers of adverse outcomes. Environ. Health Perspect.
117, 1033-1041.

Ni, K., Lu, Y., Wang, T., Kannan, K, et al., 2013. A review of human exposure to poly-
brominated diphenyl ethers (PBDEs) in China. Int. J. Hyg. Environ. Health 216,
607-623.

Noyes, P.D., Hinton, D.E., Stapleton, H.M., 2011. Accumulation and debromination of
decabromodiphenyl ether (BDE-209) in juvenile fathead minnows (Pimephales pro-
melas) induces thyroid disruption and liver alterations. Toxicol. Sci. 122, 265-274.

Noyes, P.D., Lema, S.C., Macaulay, L.J., Douglas, N.K., et al., 2013. Low level exposure to
the flame retardant BDE-209 reduces thyroid hormone levels and disrupts thyroid
signaling in fathead minnows. Environ. Sci. Technol. 47, 10012-10021.

Qiao, L., Zheng, X.-B., Yan, X., Wang, M.-H., et al., 2018. Brominated flame retardant
(BFRs) and Dechlorane Plus (DP) in paired human serum and segmented hair.
Ecotoxicol. Environ. Saf. 147, 803-808.

Quinn, F.A., Tam, M.C., Wong, P.T., Poon, P.K,, et al., 2009. Thyroid autoimmunity and
thyroid hormone reference intervals in apparently healthy Chinese adults. Clin.
Chim. Acta 405, 156-159.

Ren, X.M., Guo, L.H., 2012. Assessment of the binding of hydroxylated polybrominated
diphenyl ethers to thyroid hormone transport proteins using a site-specific fluores-
cence probe. Environ. Sci. Technol. 46, 4633-4640.

Richardson, V.M., Staskal, D.F., Ross, D.G., Diliberto, J.J., et al., 2008. Possible me-
chanisms of thyroid hormone disruption in mice by BDE 47, a major polybrominated
diphenyl ether congener. Toxicol. Appl. Pharmacol. 226, 244-250.

Riu, A., Cravedi, J.-P., Debrauwer, L., Garcia, A., et al., 2008. Disposition and metabolic
profiling of [*C]-Decabromodiphenyl ether in pregnant Wistar rats. Environ. Int. 34,
318-329.

Roze, E., Meijer, L., Bakker, A., Van Braeckel, K.N., et al., 2009. Prenatal exposure to
organohalogens, including brominated flame retardants, influences motor, cognitive,
and behavioral performance at school age. Environ. Health Perspect. 117,
1953-1958.

Sahlstrom, L.M., Sellstrom, U., de Wit, C.A., Lignell, S., et al., 2015. Feasibility study of
feces for noninvasive biomonitoring of brominated flame retardants in toddlers.
Environ. Sci. Technol. 49, 606-615.

Schell, L.M., Gallo, M.V., Denham, M., Ravenscroft, J., et al., 2008. Relationship of
thyroid hormone levels to levels of polychlorinated biphenyls, lead, p,p’- DDE, and
other toxicants in Akwesasne Mohawk youth. Environ. Health Perspect. 116,
806-813.

Schriks, M., Roessig, J.M., Murk, A.J., Furlow, J.D., 2007. Thyroid hormone receptor
isoform selectivity of thyroid hormone disrupting compounds quantified with an in
vitro reporter gene assay. Environ. Toxicol. Pharmacol. 23, 302-307.

Shaw, S.D., Berger, M.L., Brenner, D., Kannan, K., et al., 2009. Bioaccumulation of
polybrominated diphenyl ethers and hexabromocyclododecane in the northwest
Atlantic marine food web. Sci. Total Environ. 407, 3323-3329.


http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0060
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0065
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0065
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0065
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0070
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0070
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0070
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0075
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0075
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0075
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0080
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0080
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0080
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0085
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0085
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0085
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0090
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0090
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0090
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0090
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0095
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0095
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0095
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0100
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0100
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0100
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0100
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0105
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0105
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0105
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0105
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0110
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0110
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0110
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0110
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0115
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0115
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0115
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0120
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0120
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0125
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0125
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0130
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0130
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0130
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0135
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0135
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0135
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0135
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0140
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0140
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0140
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0145
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0145
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0145
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0150
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0150
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0150
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0150
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0155
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0155
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0160
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0160
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0160
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0160
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0165
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0165
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0165
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0170
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0170
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0170
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0175
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0175
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0175
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0180
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0180
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0180
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0185
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0185
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0190
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0190
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0190
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0195
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0195
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0195
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0200
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0200
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0200
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0205
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0205
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0205
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0210
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0210
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0210
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0215
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0215
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0215
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0215
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0220
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0220
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0220
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0220
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0225
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0225
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0225
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0230
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0230
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0230
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0235
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0235
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0235
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0240
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0240
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0240
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0245
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0245
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0245
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0250
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0250
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0250
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0250
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0255
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0255
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0255
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0255
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0260
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0260
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0260
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0265
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0265
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0265
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0270
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0270
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0270
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0275
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0275
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0275
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0280
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0280
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0280
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0285
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0285
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0285
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0290
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0290
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0290
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0295
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0295
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0295
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0300
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0300
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0300
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0305
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0305
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0305
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0310
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0310
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0310
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0310
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0315
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0315
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0315
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0320
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0320
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0320
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0320
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0325
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0325
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0325
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0330
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0330
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0330

T. Chen et al.

Shi, Z., Jiao, Y., Hu, Y., Sun, Z., et al., 2013. Levels of tetrabromobisphenol A, hex-
abromocyclododecanes and polybrominated diphenyl ethers in human milk from the
general population in Beijing, China. Sci. Total Environ. 452-453, 10-18.

Shi, Z., Zhang, L., Li, J., Wu, Y., 2018. Legacy and emerging brominated flame retardants
in China: a review on food and human milk contamination, human dietary exposure
and risk assessment. Chemosphere 198, 522-536.

Sjodin, A., Wong, L.-Y., Jones, R.S., Park, A., et al., 2008. Serum concentrations of
polybrominated diphenyl ethers (PBDEs) and polybrominated biphenyl (PBB) in the
United States population: 2003-2004. Environ. Sci. Technol. 42, 1377-1384.

Soderstrom, G., Sellstrom, U., de Wit, C.A., Tysklind, M., 2004. Photolytic debromination
of decabromodiphenyl ether (BDE 209). Environ. Sci. Technol. 38, 127-132.

Soldin, O.P., Tractenberg, R.E., Hollowell, J.G., Jonklaas, J., et al., 2004. Trimester-
specific changes in maternal thyroid hormone, thyrotropin, and thyroglobulin con-
centrations during gestation: trends and associations across trimesters in iodine suf-
ficiency. Thyroid 14, 1084-1090.

Stapleton, H.M., Dodder, N.G., 2008. Photodegradation of decabromodiphenyl ether in
house dust by natural sunlight. Environ. Toxicol. Chem. 27, 306-312.

Stapleton, H.M., Brazil, B., Holbrook, R.D., Mitchelmore, C.L., et al., 2006. In vivo and in
vitro debromination of decabromodiphenyl ether (BDE 209) by juvenile rainbow
trout and common carp. Environ. Sci. Technol. 40, 4653-4658.

Sudaryanto, A., Kajiwara, N., Tsydenova, O.V., Isobe, T., et al., 2008. Levels and congener
specific profiles of PBDEs in human breast milk from China: implication on exposure
sources and pathways. Chemosphere 73, 1661-1668.

Taylor, P.N., Albrecht, D., Scholz, A., Gutierrez-Buey, G., et al., 2018. Global epide-
miology of hyperthyroidism and hypothyroidism. Nat. Rev. Endocrinol. 14, 301-316.

Thomas, G.O., Wilkinson, M., Hodson, S., Jones, K.C., 2006. Organohalogen chemicals in
human blood from the United Kingdom. Environ. Pollut. 141, 30-41.

Thomsen, C., Lundanes, E., Becher, G., 2002. Brominated flame retardants in archived
serum samples from Norway: a study on temporal trends and the role of age. Environ.
Sci. Technol. 36, 1414-1418.

Thuresson, K., Hoglund, P., Hagmar, L., Sjodin, A., et al., 2006. Apparent half-lives of
hepta- to decabrominated diphenyl ethers in human serum as determined in occu-
pationally exposed workers. Environ. Health Perspect. 114, 176-181.

Tseng, L.H., Li, M.H., Tsai, S.S., Lee, C.W., et al., 2008. Developmental exposure to
decabromodiphenyl ether (PBDE 209): effects on thyroid hormone and hepatic en-
zyme activity in male mouse offspring. Chemosphere 70, 640-647.

Turyk, M.E., Persky, V.W., Imm, P., Knobeloch, L., et al., 2008. Hormone disruption by
PBDE:s in adult male sport fish consumers. Environ. Health Perspect. 116, 1635-1641.

Vuong, A.M., Webster, G.M., Romano, M.E., Braun, J.M., et al., 2015. Maternal poly-
brominated diphenyl ether (PBDE) exposure and thyroid hormones in maternal and
cord sera: The HOME Study, Cincinnati, USA. Environ. Health Perspect. 123,
1079-1085.

Wang, F., Wang, J., Hu, G., Luo, X., et al., 2011. Tissue distribution and associated tox-
icological effects of decabrominated diphenyl ether in subchronically exposed male
rats. ISRN Toxicol. 2011, 989251.

515

Environment International 120 (2018) 505-515

Wang, J., Wang, Y., Shi, Z., Zhou, X,, et al., 2018. Legacy and novel brominated flame
retardants in indoor dust from Beijing, China: occurrence, human exposure assess-
ment and evidence for PBDEs replacement. Sci. Total Environ. 618, 48-59.

Wu, X.M., Bennett, D.H., Moran, R.E., Sjodin, A, et al., 2015. Polybrominated diphenyl
ether serum concentrations in a Californian population of children, their parents, and
older adults: an exposure assessment study. Environ. Health 14, 23.

Xu, X., Liu, J., Zeng, X., Lu, F., et al., 2014. Elevated serum polybrominated diphenyl
ethers and alteration of thyroid hormones in children from Guiyu, China. PLoS One 9,
€113699.

Xu, C., Guo, X., Tang, J., Guo, X., et al., 2016. Iodine nutritional status in the adult
population of Shandong Province (China) prior to salt reduction program. Eur. J.
Nutr. 55, 1933-1941.

Yang, J., Chan, K.M., 2015. Evaluation of the toxic effects of brominated compounds
(BDE-47, 99, 209, TBBPA) and bisphenol A (BPA) using a zebrafish liver cell line,
ZFL. Aquat. Toxicol. 159, 138-147.

Yang, L., Lu, Y., Wang, L., Chang, F., et al., 2016. Levels and profiles of polybrominated
diphenyl ethers in breast milk during different nursing durations. Bull. Environ.
Contam. Toxicol. 97, 510-516.

Yu, G., By, Q., Cao, Z., Du, X., et al., 2016. Brominated flame retardants (BFRs): a review
on environmental contamination in China. Chemosphere 150, 479-490.

Yuan, H., Jin, J., Bai, Y., Li, Q., et al., 2016. Concentrations and distributions of poly-
brominated diphenyl ethers and novel brominated flame retardants in tree bark and
human hair from Yunnan Province, China. Chemosphere 154, 319-325.

Zhao, X., Wang, H., Li, J., Shan, Z., et al., 2015. The correlation between polybrominated
diphenyl ethers (PBDEs) and thyroid hormones in the general population: a meta-
analysis. PLoS One 10, e0126989.

Zheng, J., Luo, X.-J., Yuan, J.-G., Wang, J., et al., 2011. Levels and sources of brominated
flame retardants in human hair from urban, e-waste, and rural areas in South China.
Environ. Pollut. 159, 3706-3713.

Zheng, J., Chen, K.H., Luo, X.J., Yan, X., et al., 2014. Polybrominated Diphenyl Ethers
(PBDEs) in paired human hair and serum from e-waste recycling workers: source
apportionment of hair PBDEs and relationship between hair and serum. Environ. Sci.
Technol. 48, 791-796.

Zheng, J., He, C.T., Chen, S.J., Yan, X., et al., 2017. Disruption of thyroid hormone (TH)
levels and TH-regulated gene expression by polybrominated diphenyl ethers (PBDEs),
polychlorinated biphenyls (PCBs), and hydroxylated PCBs in e-waste recycling
workers. Environ. Int. 102, 138-144.

Zhu, N., Liu, L., Ma, W., Li, W., et al., 2015. Polybrominated diphenyl ethers (PBDEs) in
the indoor dust in China: levels, spatial distribution and human exposure. Ecotoxicol.
Environ. Saf. 111, 1-8.

Zota, A.R., Park, J.S., Wang, Y., Petreas, M., et al., 2011. Polybrominated diphenyl ethers,
hydroxylated polybrominated diphenyl ethers, and measures of thyroid function in
second trimester pregnant women in California. Environ. Sci. Technol. 45,
7896-7905.


http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0335
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0335
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0335
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0340
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0340
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0340
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0345
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0345
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0345
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0350
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0350
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0355
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0355
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0355
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0355
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0360
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0360
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0365
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0365
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0365
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0370
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0370
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0370
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0375
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0375
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0380
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0380
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0385
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0385
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0385
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0390
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0390
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0390
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0395
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0395
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0395
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0400
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0400
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0405
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0405
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0405
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0405
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0410
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0410
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0410
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0415
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0415
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0415
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0420
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0420
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0420
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0425
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0425
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0425
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0430
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0430
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0430
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0435
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0435
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0435
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0440
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0440
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0440
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0445
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0445
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0450
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0450
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0450
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0455
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0455
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0455
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0460
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0460
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0460
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0465
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0465
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0465
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0465
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0470
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0470
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0470
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0470
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0475
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0475
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0475
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0480
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0480
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0480
http://refhub.elsevier.com/S0160-4120(18)30792-X/rf0480

	Disruption of thyroid hormone levels by decabrominated diphenyl ethers (BDE-209) in occupational workers from a deca-BDE manufacturing plant
	Introduction
	Materials and methods
	Sample collection
	Reagents and chemicals
	Sample preparation and analysis
	Quality assurance/quality control
	Thyroid hormone analysis
	Data analysis

	Results and discussions
	Characteristics of participants
	PBDEs levels in serum and urine
	PBDEs in serum and congener profile
	Serum BDE-209 levels between males and females
	PBDEs in urine

	Thyroid hormones and thyroid antibody levels
	Association between thyroid hormones and PBDEs

	Conclusion
	Conflict of interest statements
	Acknowledgements
	Supplementary data
	References




