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a b s t r a c t

Diet is considered as the most important human exposure pathway for polybrominated diphenyl ethers
(PBDEs). Metabolism and accumulation patterns of PBDEs in different growth periods of chickens are
helpful for evaluating human dietary exposure, but such information is scarce. In this study, female
chickens were fed with food spiked with BDE-209 at 85 mg kg�1, and the intake, accumulation, and
excretion of BDE-209 and its main metabolites in various tissues were examined. Concentrations of BDE-
209 in chicken tissues increased over time in a tissue-specific manner; they were the greatest in liver and
generally the lowest in breast meat during the entire exposure period. The kinetic patterns were
dependent on both growth-dilution effects and accumulated concentrations of BDE-209. Tissue con-
centrations of

P
8PBDE (sum of BDE-28, 47, 99, 100, 153, 154, 183, and 209) followed the sequence of

liver > blood > skin > intestine > stomach > leg meat > breast meat. Different tissue partition coefficients
and perfusion rates for blood may have resulted in different PBDE concentrations in tissues. The ab-
sorption efficiency of BDE-209 in chicken tissues followed the sequence of liver (0.15 ± 0.032%) > skin
(0.14 ± 0.038%) > intestine (0.071 ± 0.021%) > breast meat (0.062 ± 0.020%) > leg meat
(0.059 ± 0.016%) > stomach (0.021 ± 0.0095%), likely due in part to facilitated absorption of BDE-209 by
transport proteins (P-glycoproteins). On average, 9.3 ± 1.7% of BDE-209 was excreted in feces. Estimated
human average dietary intake via the consumption of chicken tissues of

P
8PBDE for adults and children

was 319 and 1380 ng day�1 for liver, 211 and 632 ng day�1 for leg meat, and 104 and 311 ng day�1 for
breast meat from the contaminated group. Liver clearly poses the highest exposure risk for human
consumption, particularly if chickens are fed with contaminated feed.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Polybrominated diphenyl ethers (PBDEs) are widely used as
flame retardants (Alonso et al., 2012; Pirard and De Pauw, 2007).
Penta-, octa-, and deca-BDE commercial mixtures have been
gradually banned from manufacture and use by the European
e by Maria Cristina Fossi.
Union (EU) since 2004 (EU, 2004, 2008), because PBDEs could result
in thyroid toxicity, developmental neurotoxicity, and endocrine
disruption on animals and humans (Bell�es et al., 2010; Kim et al.,
2013; Reverte et al., 2014). Despite these bans and restrictions on
them, PBDEs can still be easily released to the environment as they
are physically bonded in products (Chen et al., 2007; de Wit, 2002;
Domingo, 2012). They biomagnify through the food web (Losada
et al., 2009; Mizukawa et al., 2009), resulting in higher PBDE con-
centrations in humans through consumption of food (Ohta et al.,
2002).

Therefore, reducing the concentrations of PBDE in food is
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significant for the protection of human health, which in turn relies
on informed knowledge about the bioaccumulation and meta-
bolism of PBDEs in animals.

Previous studies have focused on the concentrations of PBDEs in
chicken tissues (Zhao et al., 2016), as well as those of PBDEs, hex-
abromocyclododecanes, polychlorinated dibenzo-p-dioxins, tetra-
bromobisphenol, polychlorinated biphenyls, and polychlorinated
dibenzofurans in chicken eggs (Piskorska-Pliszczynska et al., 2016;
Squadrone et al., 2015; Zeng et al., 2016). The pharmacokinetics of
low-brominated PBDEs in chicken (Gallus gallus domesticus), a
major food item worldwide, were also carefully investigated
(McKernan et al., 2010). However data about bioaccumulation ki-
netics of highly brominated BDE congeners in chicken have
remained scarce (Covaci et al., 2011). Pirard and De Pauw (2007)
found that concentrations of

P
PBDE (sum of BDE-47, 99, 100,

153, 154, and 183) were higher in adipose than in liver and eggs of
laying hens. Voorspoels et al. (2006) indicated that the concen-
trations of

P
PBDE (sum of BDE-28, 47, 99, 100, 153, 154, and 183) in

the tissues of common buzzards (26e130 ng g�1 lipid weight) were
an order of magnitude lower than those of sparrow hawks
(360e1900 ng g�1 lipid weight); BDE-209 was found in liver and
serum only. Understanding the pharmacokinetics of awide range of
PBDEs in chicken tissues is significant for quantifying the mecha-
nisms of PBDE bioaccumulation in chicken, a major source of pro-
teins for the general population. This information is critical for
gauging the magnitude of human health risk through consumption
of chickens, because diet is considered as the most important hu-
man exposure pathway for PBDEs (Kang et al., 2010; Ni et al., 2012)
and BDE-209 is the prominent congener in most animal-derived
food products (EFSA, 2011).

Dietary habits also vary by country; e.g., viscera organs such as
liver and intestines are widely consumed in some countries such as
Korea, France, and China (Hoffmeister et al., 2007; Xing et al., 2010),
but are relatively uncommon in Japan and North America. Because
chicken offal is often used to feed other livestock, this practice
would eventually cause exposure risk to humans. Therefore, dis-
tribution patterns of PBDEs in chicken tissues at different growth
stages are of great significance for assessing human health effects.
Distribution patterns of PBDEs in chicken visceral organs, and
particularly in liver, would provide insights into metabolism,
migration, and accumulation of PBDEs in chickens. A previous
study on rats suggested that lipophilic tissues such as skin, adipose,
and gastrointestinal tract were the major reservoirs of PBDEs (Orn
and Klasson-Wehler, 1998). Currently, no data are available on the
accumulation and transformation patterns of PBDEs in poultry of
different growth stages.

To address the above-mentioned knowledge gap, we carried out
a series of studies on the bioaccumulation kinetics of BDE-209 in
chicken domesticated in a farmland. The objectives of the present
study were to (1) obtain concentrations of BDE-209 in chicken
tissues of different growth stages; (2) compare the distributions of
BDE-209 and its main metabolites accumulated in different tissues
of chicken; and (3) estimate the dietary intakes of PBDEs for chil-
dren and adults via the consumption of chicken muscle and liver
and related potential health risk.

2. Materials and methods

2.1. Materials

Eight target PBDE standard solutions, including BDE-28, 47, 99,
100,153,154,183, and 209), sum of which is designated as

P
8PBDE,

three internal standards, i.e., BDE-69, 3-fluoro-2,20,4,40,5,6-
hexabromodiphenyl ether (F-BDE-139), and 40,6-difluoro-
2,20,3,30,4,5,50,60-octabromodiphenyl ether (F-BDE-201), and three
surrogate standards, including BDE-51, 115, and 40-fluoro-
2,20,3,30,4,5,50,6,60-nonabromodiphenyl ether (F-BDE-208), were all
purchased from AccuStandard (New Haven, CT, USA). Sulfuric acid
was obtained from Damao (Tianjin, China). Dichloromethane and
n-hexane of HPLC grade were obtained from Oceanpak (Gothen-
burg, Sweden), and acetone of analytical reagent grade was ob-
tained from GongDong Hing Wah (Guangdong, China). Bio-Beads
SX-3 was obtained from AnPel (Shanghai, China). Acetone was
redistilled in an all-glass system before use, and the Bio-Beads were
soaked in dichloromethane until use.

Sunflower oil (Hebei, China) was spiked with BDE-209 and
mixed with 8.5 kg of commercially available feed under constant
agitation (150 rpm at 20 �C) to prepare contaminated feed with
final nominal concentrations of 85 mg kg�1 for BDE-209, with
impurities of 0.04 and 4.4 mg kg�1 for BDE-47 and 99, respectively.
The concentration of BDE-209 prepared in contaminated feed was
similar to that in soil (mean: 58.7 mg kg�1; range: 17e146mg kg�1)
near a manufacturing plant (Li et al., 2015). The control feed was
treated in an analogous manner with no BDE-209 added.

2.2. Accumulation of BDE-209 in chicken

Two groups of 30-day old female chickens, each with 15 in-
dividuals, were raised indoors under controlled conditions in in-
dividual hencoops in a chicken farm at Luogang (Guangzhou,
China), equally separated as contaminated and control groups and
fed with contaminated and non-contaminated feeds, respectively.
After a 10-day period of adaptation, each individual chicken was
reared with 90 g of feed per day. At each 10-day exposure time,
three chickens from contaminated and control groups, respectively,
were slaughtered. During the entire exposure period of 50 days, the
mass of the chickens was weighed and chicken feces were
collected.

2.3. Sample preparation and extraction

For each batch of slaughtered chickens, blood was collected in
polytetrafluoroethylene tubes and agitated at 3500 rpm at 20 �C.
Serum was collected and stored at �80 �C. Tissue samples (liver,
intestine, stomach, skin, leg meat, and breast meat) and feces
samples were excised and wrapped by aluminum-foil, vacuumed,
and stored at �80 �C until processing. At that time, each freeze-
dried tissue sample was ground into fine homogeneous powders
using a grinding miller, wrapped by aluminum-foil, vacuumed, and
stored at �80 �C until extraction. The contaminated and control
groups were processed separately to prevent cross contamination.

Each sample of 5 g for the control group or 0.5 g for the
contaminated group chicken was spiked with surrogate standards
and sonicated three times with a mixture of hexane: dichloro-
methane: acetone (2:2:1 in volume). Twenty percent of the com-
bined extract was used to determine lipid content. Sulfuric acid was
added to the remaining extract to remove organics. The superna-
tant of the sulfuric acid extract was concentrated to 2 g, then
fractionated with 30 mL of dichloromethane: hexane (1:1 in vol-
ume) through a gel permeation chromatographic column con-
taining 6 g of Bio-Beads SX-3. The fraction eluted at 15e30 mL was
reduced to 100 mL under a gentle nitrogen stream. Finally, internal
standards were spiked before instrumental analysis.

2.4. Instrumental analysis

Extracts were analyzed with an Agilent 7890A gas chromato-
graph coupled to a 5975C mass spectrometer in the negative
chemical ionization mode. A DB-5HT capillary column
(15 m � 0.25 mm i.d; 0.1 mm film thickness) was used to separate



Table 1
Average concentrations (ng g�1 wet weight) of PBDEs in 90-day old chickens of the
contaminated group.

Liver Blood Skin Intestine Stomach Leg meat Breast meat

BDE-28 < RLa < RL < RL < RL < RL < RL < RL
BDE-47 2.1 6.6 1.2 0.81 0.87 0.49 0.66
BDE-99 91 160 97 67 104 69 51
BDE-100 < RL < RL 0.21 0.49 0.2 0.09 < RL
BDE-153 68 102 58 55 75 45 49
BDE-154 < RL < RL < RL < RL < RL < RL < RL
BDE-183 0.22 < RL 0.55 < RL < RL 0.2 0.33
BDE-209 3890 3530 1940 1550 1320 810 355
P

8PBDE 4050 3800 2100 1670 1500 924 456

a Below the reporting limit (0.025 ng g�1).
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the target analytes. The column temperature was programmed
from 80 �C (held for 1.0 min) to 200 �C at 30 �C min�1 (held for
4.0 min), increased to 260 �C at 10 �C min�1 (held for 1.0 min), and
finally elevated to 310 �C at 15 �C min�1 (held for 5.0 min). One
microliter of each extract was injected automatically in the split-
less/spilt mode with a split time of 1.0 min. Ultrahigh purity helium
served as carrier gas at a flow rate of 1.5 mL min�1. The ion source
and interface temperatures were set at 200 �C and 250 �C,
respectively. Quantitative analysis was conducted in selected ion
monitoring mode. The reporting limits for tetra-to octa-BDEs and
BDE-209 were 0.025 ng g�1 and 0.25 ng g�1, respectively, for 20 g
wet sample weight.

2.5. Quality control and quality assurance

For each batch of 20 samples, one procedural blank, one matrix
duplicate, two spiked blanks, and two matrix spiked samples were
analyzed. The recoveries of BDE-51, BDE-115, and F-BDE-208 were
88 ± 15%, 86 ± 12%, and 85 ± 13% in field samples, and 93 ± 10%,
96 ± 7%, and 89 ± 6% in blank samples, respectively. The concen-
trations of BDE congeners in all tissue samples were all normalized
to wet sample weights. Only BDE-28 and BDE-47 were detected in
the procedural blank samples, with average concentrations of 0.026
and 0.030 ng g�1. These values were fairly low compared to those in
the chicken tissues. Concentrations of BDE-28 and BDE-47 in the
procedural blank samples in the same batch, which exceeded the
reporting limits, were corrected for their measured concentrations
in the chicken tissue samples. All concentrations greater than the
reporting limits were reported without correction for surrogate
standard recoveries.

2.6. Data analysis

Data comparison in chicken tissues was performed with t-test
(Excel 2007; Microsoft, Washington, USA). Statistical significance
was defined at p < 0.05. The growth rate for chicken stomach or
liver was estimated by fitting the mass data of each tissue to a
logarithmic model (Neely, 1980):

ln m ¼ a þ b � t (1)

Wherem is the tissue mass (g; wet weight); a is a constant; b is the
growth rate (day�1); and t is the time (day).

Daily consumption rates of chicken meat and liver products
were 10 and 5 g day�1 wet weight for children (Labunska et al.,
2014) and 16 and 5.5 g day�1 wet weight for adults (Labunska
et al., 2014; Xing et al., 2010). The average standard 3-year-old
boy and male adult body weights of 14.65 kg (Ministry of Health of
China, 2012) and 70 kg (Ferrante et al., 2016) were used for the
calculation. The estimated daily intake (EDI; ng kg�1 bw day�1) was
calculated:

EDI ¼ C � CR / BW (2)

Where C is the concentration of
P

8PBDE or an individual congener
in chickenmeat or liver (ng g�1 wet weight); CR is the consumption
rate of chicken meat or liver (g day�1); and BW is the body weight
(kg).

3. Results and discussion

3.1. Distribution of BDE-209 and its main metabolites in chicken
tissues

The concentrations of BDE-209 in all tissues were the highest
among the target BDE congeners (Table 1 and Table S1; “S” in-
dicates tables in the Supplementary data afterwards), accounting
for up to 78e96% and 68e98% of the total amounts in the
contaminated and control groups, respectively. The average con-
centrations of

P
8PBDE (sum of BDE-209 and its main metabolites

BDE-28, 47, 99, 100, 153, 154, and 183) in different tissues of 90-day
old chickens in the contaminated group ranged from 456 ng g�1 in
breast meat to 4050 ng g�1 in liver (Table 1). The average concen-
trations of

P
8PBDE in contaminated chicken tissues followed the

sequence of liver > blood > skin > intestine > stomach > leg
meat > breast meat (Fig. 1). Liver contained the highest

P
8PBDE

concentrations during the entire exposure period, whereas breast
meat in general contained lower

P
8PBDE concentrations than

other issues (Fig. 2). The concentrations of
P

8PBDE in skin and
intestine were not significantly different (p > 0.05) and no signifi-
cant difference (p > 0.05) of

P
8PBDE concentrations between

stomach and leg meat was observed.
The inter-tissue distribution of organic pollutants is generally

related to the tissue partition coefficients and perfusion rates of
organic pollutants in blood (Barron et al., 1990). For instance, blood
flow rates for viscera organs in aquatic animals, such as stomach,
liver, and intestine, are several mL min�1 per g of tissue, but are
substantially slower for adipose tissue, i.e., fat (Barron et al., 1990).
Once absorbed, PBDEs are readily distributed to blood-rich tissues,
i.e., the liver and intestinal wall (Morck et al., 2003). Higher con-
centrations of organochlorine pesticides and polycyclic aromatic
hydrocarbons were also reported in pork and chicken livers than in
other tissues upon dietary exposure (Covaci et al., 2004; Naf et al.,
1992). Hence, PBDEs in food enter the liver via the first-pass effect
for detoxification (Yang et al., 2010), resulting in the highest
average concentration of

P
8PBDE in liver among all tissues. A

previous study also inferred that different PBDE concentrations in
various chicken tissues were largely attributed to tissue-specificity,
which is variable with tissue types, depending on tissue stability
and storage capacity (Donohue et al., 1997).

For 90-day old chickens in the control group, the average con-
centrations of

P
8PBDE in different tissues followed the sequence of

stomach (23 ng g�1) > liver (18 ng g�1), skin (15 ng g�1), intestine
(12 ng g�1), legmeat (10 ng g�1), blood (7.1 ng g�1), and breastmeat
(2.0 ng g�1) (Table S1). As with the contaminated group, the vari-
ability of

P
8PBDE concentrations with tissue types in the control

group was also related to tissue-specificity.

3.2. Bioaccumulation kinetics of BDE-209

Bioaccumulation kinetics of BDE-209 showed generally
increasing trends in different tissues for the contaminated group
(Fig. 2). Gastrointestinal absorption is related to ingestion and
excretion of feces (Richter andMcLachlan, 1998). The concentration
of BDE-209 in intestine continuously increased during the entire



Fig. 1. Occurrence of
P

8PBDE in intestine, skin, leg meat, stomach, breast meat, liver,
and blood of chickens in the contaminated group.

J.-X. Wang et al. / Environmental Pollution 231 (2017) 795e801798
exposure period (Fig. 2a), and is largely attributed to absorption of
PBDEs in the intestine from chyme (Foster et al., 2011). For the 50-
day exposure period, the concentrations of BDE-209 in stomach,
breast meat, and blood reached maxima after the first 30 days of
exposure, and decreased over the following 20 days (Fig. 2bed).
Different from stomach, breast meat, and blood, the concentrations
of BDE-209 in skin, leg meat, and liver gradually increased and
decreased alternately in the first 40 days and increased in the last
10 days (Fig. 2eeg). The kinetic patterns (Fig. 2) may have resulted
from two competing factors, i.e., the bioaccumulation of BDE-209 in
the organs and the growth of the organs themselves (Yang et al.,
2010). The continuous growth of the organs offset to some degree
the accumulated concentrations of BDE-209, such as stomach and
liver (Fig. 2b and g), which was regressed as lnm ¼ 3.1 þ 0.024 t for
stomach and lnm¼ 4.1 þ0.020 t for liver. Breast meat is the largest
organ by mass, as a consequence of modern feeding strategies to
enlarge chicken muscles rapidly for market (Yang et al., 2010).
Hence, breast meat contained the lowest concentrations of BDE-
209 among all the organs during the entire exposure of 50 days.

High activity levels of microflora are favorable for detoxification
Fig. 2. Bioaccumulation kinetics of BDE-209 in various tissues and feces of chickens in the co
meat; (g) liver; and (h) feces.
by transforming PBDEs in liver (Morck et al., 2003). The zig-zag
pattern of BDE-209 accumulation kinetics in liver (Fig. 2g) was
perhaps reflective of the inconsistent offset between rates of
metabolism, growth dilution, and bioaccumulation, but more
investigation is needed given the lack of current knowledge about
metabolism rates. The concentration of BDE-209 in feces reached a
maximum after the first 20 days of exposure and decreased in the
later 30 days (Fig. 2h). This was probably due to the initial accu-
mulation of abundant BDE-209 in chicken body, resulting in net
excretion of BDE-209 in the feed before they could be absorbed.
After a while, the chemicals had a chance to distribute themselves,
and the chicken body started excreting the parent compounds that
were absorbed. In both cases, concentrations of BDE-209 decreased
in the feces. Our results were consistent with the study of Pirard
and De Pauw (2005), who observed that the concentrations of
polychlorinated dibenzo-p-dioxin and dibenzofuran in chicken
feces reached a maximum after the first 5 weeks of exposure and
decreased in the subsequent weeks.
3.3. Metabolism and mass balance of BDE-209 in chicken

The 90-day old chickens of the contaminated group were
selected to evaluate the mass balance of BDE-209 in the chicken
body. The absorption efficiency of BDE-209 in various tissues and
feces was calculated by multiplying the concentration of BDE-209
in a specific tissue and the corresponding weights of these sam-
ples and dividing by the amount of BDE-209 in the feed. Only
9.3 ± 1.7% of BDE-209 on average was excreted out of the chicken
based on this mass balance calculation. The absorption efficiencies
of BDE-209 in chicken tissues followed the sequence of liver
(0.15 ± 0.032%) > skin (0.14 ± 0.038%) > intestine
(0.071 ± 0.021%) > breast meat (0.062 ± 0.020%) > leg meat
(0.059 ± 0.016%) > stomach (0.021 ± 0.0095%) (Fig. 3). This pattern
is probably due to facilitated absorption of BDE-209 by transport
proteins (P-glycoproteins) (Charman, 2000; Tsuji and Tamai, 1996),
at least in part. The absorption efficiencies of BDE-209 in the pre-
sent study were much lower than those in rats dosed by gavage
(26%) (Sandholm et al., 2003), but comparable to those in rainbow
trout (0.02e0.13%) (Kierkegaard et al., 1999), and zebrafish (0.62%)
(Nyholm et al., 2009), although different feeding modes may have
played certain role in the outcome.

The results for the contaminated group showed that a small
ntaminated group: (a) intestine; (b) stomach; (c) breast meat; (d) blood; (e) skin; (f) leg



Fig. 3. Schematic showing mass balance of BDE-209 in the 90-day old chickens of the
contaminated group.
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portion of BDE-209 was reductively debrominated to BDE-47
(0.49e6.6 ng g�1), BDE-99 (51e160 ng g�1), BDE-100 (ND
(<reporting limit)�0.49 ng g�1), and BDE-183 (ND�0.55 ng g�1) in
chickens. BDE-47 and BDE-99 were perhaps derived from BDE-209
in contaminated feed and subsequent debromination. Similarly,
European starlings (Van den Steen et al., 2007) and earthworms
(Zhang et al., 2014) were also found to degrade BDE-209 to lower
brominated congeners, such as BDE-47, 99, 153, 206, and 208.
Several studies showed that BDE-209 can be accumulated and
metabolized in fish, rats, and seals (Kierkegaard et al., 1999; Morck
et al., 2003; Thomas et al., 2005). In fish, BDE-209 can be debro-
minated to lower brominated congeners such as penta-to nona-
BDEs, which may be more toxic than BDE-209 (Stapleton et al.,
2004, 2006). A small portion of BDE-209 can also be metabolized
to hydroxymethoxy-substituted or hydroxyl-substituted diphenyl
ethers in rats (Morck et al., 2003). Because none of the
hydroxymethoxy-substituted or hydroxyl-substituted diphenyl
ethers were targeted in the present study, these compounds were
not included in subsequent risk assessment.
3.4. Human consumption risk assessment

Chicken meat is a major source of proteins for the general
population and liver is also consumed in some countries such as
Korea, France, and China (Hoffmeister et al., 2007; Xing et al., 2010).
Consumption of intestine, stomach, skin, and blood, on the other
hand, is relatively uncommon in the rest of the world. We thus
selected chicken meat and liver for assessed daily intake exposure.
The intakes of

P
8PBDE by children and adults via consumption of

leg meat, breast meat, and liver of 90-day old chickens in the
contaminated group were estimated (Table 2). Estimated average
daily intake of

P
8PBDE for adults from chicken consumption
Table 2
The estimated daily intake (EDI; ng kg�1 bw day�1) for children and adults via the consu

EDI BDE-28 BDE-47 BDE-99 BDE-100

Children
leg meat NA a 0.33 47 0.06
breast meat NA 0.45 35 NA
liver NA 0.72 31 NA

Adult
leg meat NA 0.11 16 0.02
breast meat NA 0.15 12 NA
liver NA 0.17 7.2 NA

a Not available, because their corresponding concentrations were lower than the repo
decreased in the sequence of liver (319 ng day�1) > legmeat (211 ng
day�1) > breast meat (104 ng day�1). The same trend was also
observed for children, i.e., liver (1380 ng day�1) > leg meat (632 ng
day�1) > breast meat (311 ng day�1). Consumption of these food-
stuffs contributes to daily

P
8PBDE intakes more substantially for

children than for adults. Breast meat poses lower exposure risk for
humans than does liver and leg meat.

Labunska et al. (2014) found that the intake of PBDEs for chil-
dren and adults was greater via consumption of duck meat than via
consumption of duck liver. Chan et al. (2013) also indicated that
chicken meat contributed more to the intake of PBDEs for adults
than chicken offal (e.g., liver and intestines). These previous find-
ings suggest that the difference in accumulation of PBDEs may be
species-dependent, which is also corroborated by the present
study. Estimated average daily

P
8PBDE intakes for adults (319 ng

day�1) and children (1380 ng day�1) via consumption of chicken
liver contributed the most to the total intakes (adults: 634 ng
day�1; children: 2320 ng day�1) in the present study, highlighting
the importance of chicken liver for human dietary exposure to
PBDEs. This is particularly significant for the general population in
countries such as Korea, France, and China, where liver is widely
consumed (Hoffmeister et al., 2007; Xing et al., 2010).

The levels of exposure to individual PBDE congeners (BDE-28,
47, 99, 100, 153, 154, 183, and 209) in both the contaminated and
control groups for adults and children (Tables 2 and S2) are below
the reference dose values promulgated by the United States Envi-
ronmental Protection Agency (100,100,100,100, 200, 200, 200, and
7000 ng kg�1 bw day�1, respectively) (United States Environmental
Protection Agency, 2014). The estimated mean level of exposure to
BDE-99, the most toxic BDE congener with reproductive and neu-
rodevelopmental impairment, is 0.03e0.15 ng kg�1 bw�1 day�1 for
children and 0.01e0.05 ng kg�1 bw�1 day�1 for adults in the control
group, below the no adverse effect level (0.23e0.30 ng kg�1 bw�1

day�1) for impaired spermatogenesis proposed by Netherlands
researchers (Bakker et al., 2008). However, the same exposure level
for the contaminated group, 31e47 ng kg�1 bw�1 day�1 for children
and 7.2e16 ng kg�1 bw�1 day�1 for adults, well exceeds the no
adverse effect level. This underscores the potential adverse effects
on human health arising from exposure to PBDEs via consumption
of chicken if fed with contaminated feed in farms.

4. Conclusions

The present study showed that BDE-209 was the most abundant
congener in all chicken tissues among the target analytes, and liver
contained the highest PBDE concentrations during the entire
exposure period. Tissue concentrations of

P
8PBDE followed the

order: liver > blood > skin > intestine > stomach > leg
meat > breast meat. The occurrence and relative abundances of
BDE-28, 47, 99, 100,153,154, 183, and 209 in chicken tissues may be
dictated by the tissue partition coefficients and perfusion rates of
mption of chicken meat and liver in the contaminated group.

BDE-153 BDE-154 BDE-183 BDE-209
P

8PBDE

31 NA 0.14 553 632
33 NA 0.23 242 311
23 NA 0.08 1330 1380

10 NA 0.05 185 211
11 NA 0.08 81 104
5.3 NA 0.02 306 319

rting limits (0.025 ng g�1).
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PBDEs in the blood. Only a small portion of BDE-209 was reduc-
tively debrominated to BDE-47, 99, 100, and 183. The absorption
efficiency of BDE-209 in chicken tissues was in the order of
liver > skin > intestine > breast meat > leg meat > stomach. In the
contaminated group, estimated average daily intake of

P
8PBDE via

consumption of chicken for adults and children followed the
sequence of liver > leg meat > breast meat. The

P
8PBDE intakes via

consumption of chicken liver, leg meat, and breast meat were
greater for children than for adults. Liver poses higher exposure risk
for humans than does leg meat and breast meat. The estimated
intakes of BDE-28, 47, 99, 100, 153, 154, 183, and 209 for adults and
children are below the reference dose values established by the
United States Environmental Protection Agency, but the mean
estimated intake of BDE-99, most toxic congener among all, for the
contaminated group well exceed the no adverse effect level.
Therefore, the potential human health via consumption of chicken
fed by PBDEs-contaminated feeds should not be overlooked.

Acknowledgments

The present study was financially supported by the National
Natural Science Foundation of China (No. 41390240), Department
of Science and Technology of Guangdong Province (No.
2015B020237006), the Natural Sciences and Engineering Research
Council of Canada, and the Canada Research Chairs Program. This is
contribution No. IS-2424 from GIGCAS.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.envpol.2017.08.084.

References

Alonso, M.B., Eljarrat, E., Gorga, M., Secchi, E.R., Bassoi, M., Barbosa, L., Bertozzi, C.P.,
Marigo, J., Cremer, M., Domit, C., Azevedo, A.F., Dorneles, P.R., Torres, J.P.M.,
Lailson-Brito, J., Malm, O., Barcel�o, D., 2012. Natural and anthropogenically-
produced brominated compounds in endemic dolphins from Western South
Atlantic: another risk to a vulnerable species. Environ. Pollut. 170, 152e160.

Bakker, M.I., Winter-Sorkina, R.d., Mul, A.d., Boon, P.E., Donkersgoed, G.v.,
Klaveren, J.D.v., Baumann, B.A., Hijman, W.C., Leeuwen, S.P.J.v., Boer, J.d.,
Zeilmaker, M.J., 2008. Dietary intake and risk evaluation of polybrominated
diphenyl ethers in The Netherlands. Mol. Nutr. Food Res. 52, 204e216.

Barron, M.G., Stehly, G.R., Hayton, W.L., 1990. Pharmacokinetic modeling in aquatic
animals I. models and concepts. Aquat. Toxicol. 18, 61e86.

Bell�es, M., Alonso, V., Linares, V., Albina, M.L., Sirvent, J.J., Domingo, J.L.,
S�anchez, D.J., 2010. Behavioral effects and oxidative status in brain regions of
adult rats exposed to BDE-99. Toxicol. Lett. 194, 1e7.

Chan, J.K.Y., Man, Y.B., Wu, S.C., Wong, M.H., 2013. Dietary intake of PBDEs of res-
idents at two major electronic waste recycling sites in China. Sci. Total Environ.
463, 1138e1146.

Charman, W.N., 2000. Lipids, lipophilic drugs, and oral drug deliverydsome
emerging concepts. J. Pharm. Sci. 89, 967e978.

Chen, S.-J., Luo, X.-J., Lin, Z., Luo, Y., Li, K.-C., Peng, X.-Z., Mai, B.-X., Ran, Y., Zeng, E.Y.,
2007. Time trends of polybrominated diphenyl ethers in sediment cores from
the pearl river estuary, South China. Environ. Sci. Technol. 41, 5595e5600.

Covaci, A., Gheorghe, A., Schepens, P., 2004. Distribution of organochlorine pesti-
cides, polychlorinated biphenyls and a-HCH enantiomers in pork tissues. Che-
mosphere 56, 757e766.

Covaci, A., Harrad, S., Abdallah, M.A.E., Ali, N., Law, R.J., Herzke, D., de Wit, C.A., 2011.
Novel brominated flame retardants: a review of their analysis, environmental
fate and behaviour. Environ. Int. 37, 532e556.

de Wit, C.A., 2002. An overview of brominated flame retardants in the environment.
Chemosphere 46, 583e624.

Domingo, J.L., 2012. Polybrominated diphenyl ethers in food and human dietary
exposure: a review of the recent scientific literature. Food Chem. Toxicol. 50,
238e249.

Donohue, D., Schenck, F., Hairston, H., Podhorniak, L., 1997. Modeling drug residue
uptake by eggs: evidence of a consistent daily pattern of contaminant transfer
into developing preovulatory yolks. J. Food Prot. 60, 1251e1255.

EFSA, 2011. Scientific opinion on polybrominated diphenyl ether(PBDEs) in food.
EFSA panel on contaminants in the food chain(CONTAM). Eur. Food Saf. Auth. 9,
2156.

EU, 2004. In: EU (Ed.), 24th Amendment to the Marketing and Use Directive 76/769/
EEC,Chemicals e Market Restrictions. Directive 76/769/EEC.
EU, 2008. Regulation of Hazardous Substances (RoHS) Directive (2002/95/EC)

Amendment.
Ferrante, M.C., Fusco, G., Naccari, C., Meli, R., Clausi, M.T., 2016. Are biometric pa-

rameters helpful to assess the health risk oconsuming organochlorine com-
pounds contaminated silver european eel (Anguilla anguilla)? J. Food Sci. 81,
T1024eT1030.

Foster, K.L., Mallory, M.L., Hill, L., Blais, J.M., 2011. PCB and organochlorine pesticides
in northern fulmars (Fulmarus glacialis) from a high arctic colony: chemical
exposure, fate, and transfer to predators. Environ. Toxicol. Chem. 30,
2055e2064.

Hoffmeister, B., Glaeser, S., Flik, H., Pornschlegel, S., Suttorp, N., Bergmann, F., 2007.
Cerebral toxocariasis after consumption of raw duck liver. Am. J. Trop. Med. Hyg.
76, 600e602.

Kang, C.S., Lee, J.-H., Kim, S.-K., Lee, K.-T., Lee, J.S., Park, P.S., Yun, S.H., Kannan, K.,
Yoo, Y.W., Ha, J.Y., Lee, S.W., 2010. Polybrominated diphenyl ethers and syn-
thetic musks in umbilical cord serum, maternal serum, and breast milk from
Seoul, South Korea. Chemosphere 80, 116e122.

Kierkegaard, A., Balk, L., Tj€arnlund, U., de Wit, C.A., Jansson, B., 1999. Dietary uptake
and biological effects of decabromodiphenyl ether in rainbow trout (Onco-
rhynchus mykiss). Environ. Sci. Technol. 33, 1612e1617.

Kim, S., Park, J., Kim, H.-J., Lee, J.J., Choi, G., Choi, S., Kim, S., Kim, S.Y., Moon, H.-B.,
Kim, S., Choi, K., 2013. Association between several persistent organic pollutants
and thyroid hormone levels in serum among the pregnant women of Korea.
Environ. Int. 59, 442e448.

Labunska, I., Harrad, S., Wang, M., Santillo, D., Johnston, P., 2014. Human dietary
exposure to PBDEs around e-waste recycling sites in Eastern China. Environ. Sci.
Technol. 48, 5555e5564.

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. 22, 1133e1143.

Losada, S., Roach, A., Roosens, L., Santos, F.J., Galceran, M.T., Vetter, W., Neels, H.,
Covaci, A., 2009. Biomagnification of anthropogenic and naturally-produced
organobrominated compounds in a marine food web from Sydney Harbour,
Australia. Environ. Int. 35, 1142e1149.

McKernan, M.A., Rattner, B.A., Hatfield, J.S., Hale, R.C., Ann Ottinger, M., 2010. Ab-
sorption and biotransformation of polybrominated diphenyl ethers DE-71 and
DE-79 in chicken (Gallus gallus), mallard (Anas platyrhynchos), american kestrel
(Falco sparverius) and black-crowned night-heron (Nycticorax nycticorax) eggs.
Chemosphere 79, 100e109.

Ministry of Health of China, 2012. Chinese health statistics. accessed June 2017.
http://www.moh.gov.cn/zwgkzt/ptjty/201206/55044/files/
3ca7756121334b7a870a25ac79988f23.pdf.

Mizukawa, K., Takada, H., Takeuchi, I., Ikemoto, T., Omori, K., Tsuchiya, K., 2009.
Bioconcentration and biomagnification of polybrominated diphenyl ethers
(PBDEs) through lower-trophic-level coastal marine food web. Mar. Pollut. Bull.
58, 1217e1224.

Morck, A., Hakk, H., Orn, U., Klasson Wehler, E., 2003. Decabromodiphenyl ether in
the rat: absorption, distribution, metabolism, and excretion. Drug Metabolism
Dispos. 31, 900e907.

Naf, C., Broman, D., Brunstrom, B., 1992. Distribution and metabolism of polycyclic
aromatic hydrocarbons (PAHs) injected into eggs of chicken (Gallus domesticus)
and common eider duck (Somateria mollissima). Environ. Toxicol. Chem. 11,
1653e1660.

Neely, W., 1980. Chemicals in the Environment. Marcel Dekker, New York, NY, USA.
Ni, H.-G., Ding, C., Lu, S.-Y., Yin, X.-L., Samuel, S.O., 2012. Food as a main route of

adult exposure to PBDEs in Shenzhen, China. Sci. Total Environ. 437, 10e14.
Nyholm, J.R., Norman, A., Norrgren, L., Haglund, P., Andersson, P.L., 2009. Uptake

and biotransformation of structurally diverse brominated flame retardants in
zebrafish (Danio rerio) after dietary exposure. Environ. Toxicol. Chem. 28,
1035e1042.

Ohta, S., Ishizuka, D., Nishimura, H., Nakao, T., Aozasa, O., Shimidzu, Y., Ochiai, F.,
Kida, T., Nishi, M., Miyata, H., 2002. Comparison of polybrominated diphenyl
ethers in fish, vegetables, and meats and levels in human milk of nursing
women in Japan. Chemosphere 46, 689e696.

Orn, U., Klasson-Wehler, E., 1998. Metabolism of 2,2 ',4,4 '-tetrabromodiphenyl
ether in rat and mouse. Xenobiotica 28, 199e211.

Pirard, C., De Pauw, E., 2005. Uptake of polychlorodibenzo-p-dioxins, poly-
chlorodibenzofurans and coplanar polychlorobiphenyls in chickens. Environ.
Int. 31, 585e591.

Pirard, C., De Pauw, E., 2007. Absorption, disposition and excretion of poly-
brominated diphenyl ethers (PBDEs) in chicken. Chemosphere 66, 320e325.

Piskorska-Pliszczynska, J., Strucinski, P., Mikolajczyk, S., Maszewski, S., Rachubik, J.,
Pajurek, M., 2016. Pentachlorophenol from an old henhouse as a dioxin source
in eggs and related human exposure. Environ. Pollut. 208, 404e412.

Reverte, I., Domingo, J.L., Colomina, M.T., 2014. Neurodevelopmental effects of
decabromodiphenyl ether (BDE-209) in APOE transgenic mice. Neurotoxicology
Teratol. 46, 10e17.

Richter, W., McLachlan, M.S., 1998. Uptake and transfer of PCDD/Fs by cattle fed
naturally contaminated feedstuffs and feed contaminated as a result of sewage
sludge application. 1. lactating cows. J. Agric. Food Chem. 46, 1166e1172.

Sandholm, A., Emanuelsson, B., Wehler, E., 2003. Bioavailability and half-life of
decabromodiphenyl ether (BDE-209) in rat. Xenobiotica 33, 1149e1158.

Squadrone, S., Brizio, P., Nespoli, R., Stella, C., Abete, M.C., 2015. Human dietary
exposure and levels of polychlorinated dibenzo-p-dioxins (PCDDs),

http://dx.doi.org/10.1016/j.envpol.2017.08.084
http://dx.doi.org/10.1016/j.envpol.2017.08.084
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref1
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref1
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref1
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref1
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref1
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref1
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref1
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref2
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref2
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref2
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref2
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref2
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref3
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref3
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref3
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref4
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref4
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref4
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref4
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref4
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref4
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref5
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref5
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref5
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref5
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref6
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref6
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref6
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref6
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref7
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref7
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref7
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref7
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref8
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref8
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref8
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref8
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref9
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref9
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref9
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref9
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref10
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref10
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref10
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref11
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref11
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref11
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref11
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref12
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref12
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref12
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref12
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref13
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref13
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref13
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref14
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref14
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref14
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref15
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref15
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref16
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref16
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref16
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref16
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref16
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref17
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref17
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref17
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref17
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref17
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref18
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref18
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref18
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref18
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref19
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref19
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref19
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref19
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref19
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref20
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref20
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref20
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref20
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref20
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref21
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref21
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref21
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref21
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref21
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref22
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref22
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref22
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref22
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref23
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref23
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref23
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref23
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref24
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref24
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref24
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref24
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref24
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref25
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref25
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref25
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref25
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref25
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref25
http://www.moh.gov.cn/zwgkzt/ptjty/201206/55044/files/3ca7756121334b7a870a25ac79988f23.pdf
http://www.moh.gov.cn/zwgkzt/ptjty/201206/55044/files/3ca7756121334b7a870a25ac79988f23.pdf
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref27
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref27
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref27
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref27
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref27
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref28
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref28
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref28
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref28
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref29
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref29
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref29
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref29
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref29
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref30
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref31
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref31
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref31
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref32
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref32
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref32
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref32
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref32
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref33
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref33
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref33
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref33
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref33
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref34
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref34
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref34
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref35
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref35
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref35
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref35
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref36
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref36
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref36
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref37
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref37
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref37
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref37
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref38
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref38
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref38
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref38
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref39
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref39
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref39
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref39
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref40
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref40
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref40
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref41
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref41


J.-X. Wang et al. / Environmental Pollution 231 (2017) 795e801 801
polychlorinated dibenzofurans (PCDFs), dioxin-like polychlorinated biphenyls
(DL-PCBs) and non-dioxin-like polychlorinated biphenyls (NDL-PCBs) in free-
range eggs close to a secondary aluminum smelter, Northern Italy. Environ.
Pollut. 206, 429e436.

Stapleton, H.M., Alaee, M., Letcher, R.J., Baker, J.E., 2004. Debromination of the flame
retardant decabromodiphenyl ether by juvenile carp (Cyprinus carpio) following
dietary exposure. Environ. Sci. Technol. 38, 112e119.

Stapleton, H.M., Brazil, B., Holbrook, R.D., Mitchelmore, C.L., Benedict, R.,
Konstantinov, A., Potter, D., 2006. In vivo and in vitro debromination of deca-
bromodiphenyl ether (BDE 209) by juvenile rainbow trout and common carp.
Environ. Sci. Technol. 40, 4653e4658.

Thomas, G.O., Moss, S.E.W., Asplund, L., Hall, A.J., 2005. Absorption of deca-
bromodiphenyl ether and other organohalogen chemicals by grey seals (Hal-
ichoerus grypus). Environ. Pollut. 133, 581e586.

Tsuji, A., Tamai, I., 1996. Carrier-mediated intestinal transport of drugs. Pharm. Res.
13, 963e977.

United States Environmental Protection Agency, 2014. Technical fact sheet-
polybrominated diphenyl ethers(PBDEs) and polybrominated biphenyls(PBBs).
accessed June 2017. http://www.epa.gov/sites/production/files/2014-03/
documents/ffrrofactsheet_contaminant_perchlorate_january2014_final_0.pdf.

Van den Steen, E., Covaci, A., Jaspers, V.L.B., Dauwe, T., Voorspoels, S., Eens, M.,
Pinxten, R., 2007. Accumulation, tissue-specific distribution and debromination
of decabromodiphenyl ether (BDE 209) in european starlings (Sturnus vulgaris).
Environ. Pollut. 148, 648e653.

Voorspoels, S., Covaci, A., Lepom, L., Jaspers, V.L.B., Schepens, S., 2006. Levels and
distribution of polybrominated diphenyl ethers in various tissues of birds of
prey. Environ. Pollut. 144, 218e227.

Xing, G.H., Wu, S.C., Wong, M.H., 2010. Dietary exposure to PCBs based on food
consumption survey and food basket analysis at Taizhou, China e the world's
major site for recycling transformers. Chemosphere 81, 1239e1244.

Yang, Y., Zhou, D., Li, X., Yang, Y., Wang, W., Shen, G., Wang, R., Wang, B., Tao, S.,
2010. Intake, excretion and accumulation of benzo[a]pyrene in chickens from a
chicken farm in Bejing. Asian J. Ecotoxicol. 5, 162e168. In chinese.

Zeng, Y.-H., Luo, X.-J., Tang, B., Mai, B.-X., 2016. Habitat- and species-dependent
accumulation of organohalogen pollutants in home-produced eggs from an
electronic waste recycling site in South China: levels, profiles, and human di-
etary exposure. Environ. Pollut. 216, 64e70.

Zhang, W., Chen, L., Liu, K., Chen, L., Lin, K., Chen, Y., Yan, Z., 2014. Bioaccumulation
of decabromodiphenyl ether (BDE209) in earthworms in the presence of lead
(Pb). Chemosphere 106, 57e64.

Zhao, Y., Li, Y., Qin, X., Lou, Q., Qin, Z., 2016. Accumulation of polybrominated
diphenyl ethers in the brain compared with the levels in other tissues among
different vertebrates from an e-waste recycling site. Environ. Pollut. 218,
1334e1341.

http://refhub.elsevier.com/S0269-7491(17)33557-1/sref41
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref41
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref41
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref41
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref41
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref42
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref42
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref42
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref42
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref43
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref43
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref43
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref43
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref43
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref44
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref44
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref44
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref44
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref45
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref45
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref45
http://www.epa.gov/sites/production/files/2014-03/documents/ffrrofactsheet_contaminant_perchlorate_january2014_final_0.pdf
http://www.epa.gov/sites/production/files/2014-03/documents/ffrrofactsheet_contaminant_perchlorate_january2014_final_0.pdf
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref47
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref47
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref47
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref47
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref47
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref48
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref48
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref48
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref48
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref49
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref49
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref49
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref49
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref49
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref50
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref50
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref50
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref50
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref51
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref51
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref51
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref51
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref51
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref52
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref52
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref52
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref52
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref53
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref53
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref53
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref53
http://refhub.elsevier.com/S0269-7491(17)33557-1/sref53

	Intake, distribution, and metabolism of decabromodiphenyl ether and its main metabolites in chickens and implications for h ...
	1. Introduction
	2. Materials and methods
	2.1. Materials
	2.2. Accumulation of BDE-209 in chicken
	2.3. Sample preparation and extraction
	2.4. Instrumental analysis
	2.5. Quality control and quality assurance
	2.6. Data analysis

	3. Results and discussion
	3.1. Distribution of BDE-209 and its main metabolites in chicken tissues
	3.2. Bioaccumulation kinetics of BDE-209
	3.3. Metabolism and mass balance of BDE-209 in chicken
	3.4. Human consumption risk assessment

	4. Conclusions
	Acknowledgments
	Appendix A. Supplementary data
	References


