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Although studies have reported that polybrominated diphenyl ethers (PBDEs) can transfer from mothers
to fetuses, the underlying transplacental transport and barrier mechanisms are still unclear. Therefore,
we conducted a series of comprehensive experiments in humans, Sprague-Dawley rats, and a BeWo cell
monolayer model, as well as a molecular docking study. PBDEs in mothers can transfer to fetuses with a
ratio of approximately 0.46, suggesting that the placenta could not efficiently acts as a barrier to PBDE
transplacental transport. Similar results were observed in pregnant rats, although varying times were
required for different congeners to reach a steady-state in fetuses. The transport ratios at pregnancy day
14 in rats were generally higher than those at pregnancy day 18, which demonstrated that the barrier
capacity of immature placentas was lower than that of mature placentas. None concentration-dependent
transplacental transport was observed in BeWo cells with efflux ratios of 1.73e2.32, which suggested
passive diffusion mechanisms govern the influx of PBDEs through placenta. The accumulated ratios of
PBDEs and the inhibitor assay indicated that the effluent channel of P-glycoprotein was partially
inhibited by PBDEs. Using molecular docking studies, three pocket sites were identified for different
congeners in P-glycoprotein, which demonstrated that the inhibition of P-glycoprotein efflux pump
through the pocket sites.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Polybrominated diphenyl ethers (PBDEs) are a group of persis-
tent organic pollutants (POPs) that have been widely used as flame
retardants in fire safety (Zota et al., 2018). PBDEs are not bound to
polymers by chemical bonds and can be easily released into the
environment during the life cycle of their products (Frederiksen
et al., 2010a, 2010b; Yu et al., 2012a). As a result, the ubiquitous
occurrence of PBDEs has been observed in all kinds of environ-
mental matrices (An et al., 2011; Boon et al., 2002; Han et al., 2016;
Mazdai et al., 2003; Schecter et al., 2006; Tang et al., 2014; Vizcaino
et al., 2011, 2014a; Xiong et al., 2016; Yu et al., 2012b, 2019).
lacental transport and barrier of polybrominated diphenyl ethers: A
r docking study, Environmental Pollution, https://doi.org/10.1016/
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Although PBDEs are beneficial to humans and have saved countless
lives, researchers have demonstrated that such chemicals have
many negative effects on human health, including neuro-
toxicological and reproductive effects (Albert et al., 2018; Eriksson
et al., 2006; Zhang et al., 2018b). Furthermore, the high lip-
ophilicity and low degradability of PBDEs in the environment, as
well as their difficult biotransformation, leads to their accumula-
tion in organisms. Consequently, PBDEs have been listed as
priority-controlled pollutants by the Stockholm Convention aimed
to protect human health and the ecological environment.

In addition to their accumulation in environmental matrices, the
large and widespread usage and high lipophilicity of PBDEs lead to
their accumulation in human bodies. For instance, their occur-
rences in breast milk, blood, and hair were observed in multiple
studies (Mazdai et al., 2003; Tang et al., 2014; Vizcaino et al., 2011,
2014a; Gascon et al., 2012; Zhang et al., 2014). PBDEs have been
detected in umbilical cord blood and fetal tissue, suggesting that
they can pass through the placenta to the fetus (Vizcaino et al.,
2011; 2014a). Placenta is an important organ for the exchange of
gases and nutrients as well as waste products between a mother
and her fetus (Baker et al., 1981; Jeong et al., 2018). Placenta is
regarded as a barrier that protects fetuses against toxicants circu-
lating in maternal blood. However, the occurrence of PBDEs in fe-
tuses indicates that the placental barrier is finite (Jiang et al., 2019;
Zheng et al., 2017). Fetuses are more vulnerable and have lower
immune and metabolic capabilities to toxicants than adults
(Vizcaino et al., 2014b). Thus, prenatal life is the most sensitive
developmental stage for humans.

Many studies have shown that POPs can pass through the
placenta from mother to fetus, and this is influenced by multiple
factors, including the physico-chemical properties of the chemicals,
protein-binding affinity with the chemicals, and placental perme-
ability (Jeong et al., 2018; Morello-Frosch et al., 2016; Vizcaino et al.,
2014b; Wu et al., 2010; Zhang et al., 2018a). Both the active and
passive transport of xenobiotics between maternal and fetal blood
may influence the absorption and distribution of molecules in fe-
tuses (Aylward et al., 2014). For example, membrane transporters
include a large number of efflux and influx pumps, which can pump
xenobiotics back to the mother or into fetuses. Pacyniak et al.
showed that the uptake of PBDEs in the liver was associated with
the specific binding of organic anion transporting polypeptides
(influx transporters) (Pacyniak et al., 2010, 2011). In addition, a
study of understanding PBDE absorption in the intestine found that
the efflux transporters of P-glycoprotein (P-gp), breast cancer
resistance protein (BCRP), and multidrug resistance-associated
protein (MRP) may participate in the transepithelial transport of
PBDEs in Caco-2 cells (Yu et al., 2017).

Despite the importance of early life exposure to environmental
toxicants, the transplacental transport and barrier mechanisms of
most environmental chemicals are still not fully understood. Thus,
there is an urgent need to conduct a systematic investigation aimed
to explore the transplacental transport characteristics and unveil
the underlying mechanisms of PBDE transport. The present study
hypothesized that the underlying mechanisms of transplacental
transport and barrier of PBDEs can be revealed using a compre-
hensive human, Sprague-Dawley (SD) rats, BeWo cell and molec-
ular docking study. To achieve this, paired samples of maternal
serum, umbilical cord serum, and placentas collected from a local
hospital in Shanghai, China, were analyzed. The influence of
placental maturity (according to the echo intensity of the placental
basal plate, parenchyma and chorionic plate, the placental images
were divided into 0‒III grades. In the present study, the duration of
pregnancy was used to reflect the effects of placental maturity) on
transplacental transport was observed in the animal experiments
but was difficult to observe in human samples. Thus, animal
2

experiments were also conducted using pregnant SD rats to further
probe the transplacental transport characteristics of PBDEs. To
further understand the underlying transplacental transport
mechanisms, the roles of membrane transporters (including P-gp,
BCRP, and MRP) expressed on placentas were investigated using
BeWo cells, a choriocarcinoma cell line from human trophoblasts,
and act an effective tool to investigate the factors associated with
the rate-limiting barrier for maternal-fetal exchange. The confluent
BeWo cell monolayers include the maternal-facing plasma mem-
brane and the basal membrane, which make contact with maternal
blood and fetal circulation, respectively. The transplacental trans-
port of PBDEs can be determined according to the transported
PBDEs from apical (AP) to basolateral (BL) chambers in Transwell
inserts. In addition, possible binding sites between the membrane
transporters and PBDE congeners were analyzed using a theoretical
molecular docking software. To our knowledge, this is the first
report providing comprehensive insights into the underlying
transplacental transport and barrier mechanisms of organic
contaminants.

2. Materials and methods

2.1. Materials and reagents

Pregnant SD rats were purchased from JOINN Laboratories
(Suzhou, China) (license number: SCXK (Su) 2013e0003). The
BeWo placental choriocarcinoma cell line was purchased from
Shanghai Aolu Biological Technology Co., Ltd. (Shanghai, China) and
used for transplacental transport experiments. The cells were
cultured in RPMI1640 supplemented with 10% heat-inactivated
fetal bovine serum and 1% penicillin/streptomycin at 37 �C in a
5% CO2 atmosphere, and then were sub-cultured using 0.25% eth-
ylenediaminetetraacetic acid-trypsin when they reached 70%e90%
confluence. To obtain sufficient amounts of PBDEs for animal
dosing, corn oil containing 3e7 brominated congeners were pre-
pared as described in the Supporting Information (SI) in detail. In
the present study, the aimed PBDE congeners including BDE17, 28,
71, 47, 66, 100, 99, 85, 154, 153, 138, 183, 190, and 209. Those con-
geners with interferences were not discussed as indicated in the
section of quality assurance and quality control in the Supporting
Information. Other materials and reagents are also given in the SI.

2.2. Paired samples of maternal serum, umbilical cord serum, and
placentas

Paired samples of maternal serum, umbilical cord serum, and
placentas were collected in Shanghai, China between 2013 and
2014, the detailed description of these samples was reported in our
previous studies (Zhang et al., 2017; 2018a). In this study, 32 paired
samples collected in 2013 were randomly selected and used for this
investigation. As described in our previous studies, volunteers were
randomly enrolled at the local hospital. The Ethics Committee of
Dongguan University of Technology approved this study, and
informed consent was collected from all volunteers. Detailed in-
formation is listed in Table S1. The sample treatment protocols are
similar to a previous study and are given in the SI (Hovander et al.,
2000). The instrumental analysis can also be found in the SI.

2.3. Dosing and treatment of SD rats

Generally, pregnant rats were housed in cages (one per cage)
with access towater and food ad libitum, under a 12/12 h light/dark
cycle. On gestation at a given day (date sperm-plug positive¼GD0),
pregnant rats were randomly divided into four groups, which
included three experimental groups with three rats per group and
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one control group. Because the pregnant period of rats is approxi-
mately 21 days, in the present study, GD14 and GD18 were used to
investigate immature and mature placenta influence. In addition,
14 and 18 days of pregnancy in the SD rats are similar to that at the
second and third trimester of pregnancy in humans, respectively. To
study the factors influencing the transplacental transport of PBDEs,
three groups of animal experiments were performed, including one
group with a single dose of corn oil containing different PBDE
concentrations (low, medium, and high) (Table S2) at GD14; one
group with a single dose of corn oil containing a given PBDE con-
centrationwith different sampling times (6,12, 24, 72, and 120 h) at
GD14; and one group with a single dose of corn oil at different
pregnancy stages (GD14 and GD18. Each rat was administrated
4 mL of corn oil containing PBDEs by gavage. The control group
received 4 mL of corn oil without PBDEs by gavage and was used as
the reference. It should be noted that since the pregnant rats were
commercially purchased, they were judged by hand touching
rather than observing the occurrence of vaginal embolism and/or
spermatozoa in the vagina of female rats to judge whether they
were pregnant. Therefore, although the purchased pregnant rats
were sent to our laboratory at GD7 (as the supplier said), there
might be an error of about 2 days during pregnancy. In the present
study, we took the purchased rats plus 7 days as GD14. In order to
prevent the error of 2 days, themice had been born, and only add 11
days, i.e., GD18 as the mature placenta after the pregnant rats were
sent to the laboratory. Actually, in our pre-experiment, pregnant
rats were born on the 11th day, that is, the GD18 after the pregnant
rats were sent to our laboratory from the supplier.

After dosed, maternal blood was collected and then centrifuged
at 3500 rpm for 15 min. The serum obtained (approximately 3 mL)
was transferred to a brown glass vial and stored for further analysis.
The fetuses (including blood and other tissues) and placentas were
carefully removed, rinsed with saline water, and stored at�20 �C in
the absence of light. The Ethics Committee of Dongguan University
of Technology approved all animal experiments, which were per-
formed in accordance with the guidelines of the Care and Use of
Laboratory Animals.

2.4. Transplacental transport experiments using a BeWo cell
monolayer model

Before this experiment, a cell viability assay was performed,
which is given in the SI. Then, BeWo cells were seeded at
1 � 105 cells/cm2 on Transwell inserts (0.4 mm, 1.12 cm2, polyester).
The AP and BL chambers contained 0.5 and 1.5 mL of medium
(pH¼ 7.4), respectively, which were changed daily from day 2 post-
seeding until monolayer formation. The barrier-forming capacity of
the BeWo cell layer was examined using a light microscope.
Monolayer formation was visualized and the transepithelial elec-
trical resistance (TEER) was measured daily using an EVOM2 Cell
Potentiometer. Generally, a TEER value of 35 U/cm2 is considered to
be a tightly formed monolayer in BeWo cells. Before and after the
experiment, the TEER values were detected. To explore the trans-
port characteristics of PBDEs in BeWo cell monolayers, experiments
were performed as described in our previous study, which tested
transepithelial transport using a Caco-2 cell monolayer (Yu et al.,
2017). The detailed experiment and sample treatment informa-
tion, and all other quality assurance and quality control, calcula-
tions and statistical analysis are given in the SI.

2.5. Homology modeling and molecular docking

Molecular docking studies were carried out to probe the mo-
lecular interactions between the transporter protein (P-pg) and
different PBDE congeners. The chemical structures of the PBDE
3

congeners were prepared using the structure sketch drawing tool.
Ligand flexibility was then generated by ligand conformations
before docking. The 3D conformations of PBDE congeners were
processed using AutoDock Vina, allowing the rotation of the ligand
to provide the final and reacted forms. Finally, 3D structures and
stereoisomers of the ligands with the ‘reacted’ electrophile were
built by OpenBabe. The structural template for P-gp modeling was
selected by submitting the amino acid sequence of P-gp (NCBI
Q99527) to the Swiss-Model web server (https://swissmodel.
expasy.org/interactive) to generate 20 three-dimensional (3D)
protein structures using homology modeling with 4LSG as the
template. The constructed protein models were evaluated with
Ramachandran plots and the best models with 95% of the residues
in favorable regions were selected. The Autodock Vina programwas
used to perform molecular docking, and the grid box was set to
cover the complete protein to detect any possible binding pocket(s)
by blind docking. For each congener, the generated docking poses
were inspected and those with the lowest free energy were chosen
as the final conformations with which to construct the tertiary
structures of P-gp in complex with PBDE congeners.

3. Results and discussion

3.1. Concentrations of PBDEs in paired maternal serum, umbilical
cord serum, and placentas samples

A total of 32 paired samples of maternal serum, umbilical cord
serum, and placentas were measured (Table S3). Among the
quantified 12 PBDE congeners with no interferences, only three
congeners including BDE28, 47, and 153 were observed in all the
three types of matrices with detection frequencies higher than 50%.
The lipid-adjusted concentrations of S12PBDEs (sum of 12 PBDE
congeners) in placenta, and maternal and umbilical cord serum
samples were obtained as 0.09e3.92, 0e13.7, and 0.04e17.4 ng/g lw
(lipid weight), respectively. Among the 12 PBDE congeners, the
concentration of BDE153 was found to be the highest in placenta
and maternal serum, while BDE47 concentrations were highest in
umbilical cord serum (Fig. 1A). The highest lipid-adjusted concen-
tration was observed in umbilical cord serum (17.4 ng/g lw), fol-
lowed bymaternal serum (13.7 ng/g lw), while placentas (3.92 ng/g
lw) had the lowest PBDE concentrations (Table S3). The median
concentrations followed a similar sequence of umbilical cord serum
(4.45 ng/g lw), maternal serum (3.57 ng/g lw), and placental sam-
ples (0.88 ng/g lw). Using paired samples of maternal serum, um-
bilical cord serum, and placentas, we found that PBDEs can be
transported from mother to fetus with the highest lipid-adjusted
concentration in umbilical cord serum followed by maternal
serum and placentas. Similar results have also been observed in
previous studies (SI), although the available data were very limited.

The correlations among concentrations of toxicants in umbilical
cord serum, maternal serum, and placentas can be used to evaluate
the potential barrier functions of the placenta. The higher coeffi-
cient suggested higher the relative amount of contaminants
transported to fetuses through placentas (Li et al., 2013; Zhao et al.,
2013). There was a non-linear correlation with Spearman’s corre-
lation coefficient of 0.37 (p < 0.04) between the PBDE concentra-
tions in placentas and maternal serum (Fig. 1B). Positive linear
relationships between umbilical cord and maternal sera for the
total concentrations of PBDEs were found, with a linear slope of
0.46 and R2 of 0.33 (p¼ 0.01) (Fig.1B). Similar results were reported
in previous study, in which positive correlations of total PBDE
concentrations were observed between umbilical cord and
maternal sera (Kim et al., 2012). These results revealed simulta-
neous increases of PBDE concentration in umbilical cord and
maternal blood. For individual congeners, statistically significant

https://swissmodel.expasy.org/interactive
https://swissmodel.expasy.org/interactive


Fig. 1. Composition profiles (A) of PBDEs in maternal serum, umbilical cord serum, and placenta samples and the relationships (B) of PBDEs maternal sera vs. placenta or umbilical
cord sera.
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linear relationships were observed between umbilical cord and
maternal sera for BDE28, 47, and 153with p-values of 0.01, 0.03, and
<0.001, respectively. The present results were not consistent with a
study by Jakobsson et al., who found that therewere no correlations
among the individual PBDE congeners (Jakobsson et al., 2012).
Moreover, the detection of PBDEs in umbilical cord serum suggests
the net influx of PBDEs into placentas and failure of protecting
fetuses.

Several studies have assessed paired maternal and umbilical
cord sera in Europe, Asia, and North America. The transplacental
transport of individual PBDE congeners in those reports are listed in
Table S4. A large range of the concentration ratios between the
fetus (umbilical cord serum) and maternal blood samples (F/M:
0.31e2.88) for different congeners were observed. A decrease in
transplacental transport was observed with increasing degrees of
bromination (Frederiksen et al., 2010a; Meijer et al., 2008),
although our data did not show the same trend because of the low
detection frequencies of most PBDE congeners and the limited data
available for statistical analysis. In fact, there were no clear expla-
nations for the variability in the literature. Thus, the data gaps and
inconsistencies in the literature hamper the evaluation and com-
parison of findings from other studies, and additional studies based
on human tissues or animal experiments are warranted.
3.2. Characterization of transplacental transport of PBDEs in SD rats

An experiment of five consecutive days following a single me-
dium concentration dose of PBDEs at GD14 was conducted. The
results showed that the F/M and P/M (concentration ratios between
placenta and maternal serum samples) values varied from 0.01 to
0.59 and from 0.12 to 0.71 for different congeners, respectively
(Table S5). In general, F/M and P/M ratios increased with increases
in the sampling time (Fig. 2A). A steady-state was reached after
approximately 24e72 h exposure with the ratios of F/M around
0.4e0.5 with the exception of BDE28 which reached the steady-
state quickly because of lower molecular sizes and LogKOW for the
transepithelial transport. For the tetra- and penta-BDEs, a steady-
state was reached at 24 h, while the steady-states for hexa- and
hepta-brominated congeners were reached at 72 h.

We found in animal tests that the F/M ratios of PBDEs decreased
with increases in the degree of bromination during sampling time
leading up to when the steady-state was reached (Table S5). Simi-
larly, some studies have found that low brominated congeners with
4

lower molecular sizes and LogKOW had higher F/M ratios in humans
than those of highly brominated congeners with higher molecular
sizes and LogKOW (Frederiksen et al., 2010a; Meijer et al., 2008;
Zhao et al., 2013). However, we found an interesting phenomenon
that a congener-specific shift in PBDE compositions (from low-to
high-brominated congeners) occurred between maternal and um-
bilical cord serum. Thus, there were no remarkable differences
among the F/M ratios for all PBDE congeners when the steady-state
was reached (72 and 120 h); however, as shown in Fig. 2B, differ-
ences were observed before the steady-state was reached (<24 h).
The increase in the linear slopes from 6 to 24 h (�0.19, �0.13,
and �0.16) to 72e120 h (0.04 and �0.03) clearly indicated this
observation. Similar results were also observed for the P/M ratios
(Fig. 2C). The results demonstrated that low brominated congeners
with lower molecular sizes and LogKOW more easily crossed the
placenta than highly brominated congeners, which have higher
molecular sizes and LogKOW. Conversely, once the highly bromi-
nated congeners transported into the fetuses, they were difficult to
be eliminated from fetuses to maternal blood, or bymetabolization,
due to protein binding on either side of the placenta and the
immature metabolic capacities of the fetuses (Chen et al., 2014).
The phenomenon also indicated that the placenta did not act as an
effective barrier to PBDE transplacental transport, and in particular,
the degree of congener bromination did not influence the compo-
sition distribution to the fetuses once a steady-state was reached.

The F/M values ranged from 0.07 to 0.79 and the P/M values
varied from 0.30 to 0.72 for different PBDE congeners (Table S6),
while similar F/M and P/M values were observed for the three levels
of exposure for the same congener. With the increase in the
number of bromines in PBDE congeners, the F/M and P/M values
decreased. To better understand the results, the data were further
analyzed. In addition, to avoid the influence of molecular weight on
the results, the pmol amounts of PBDEs were considered. The re-
sults are shown in Table S7. With the exception of BDE28, signifi-
cant linear correlations were observed between the PBDEs
transported to fetal rats and placentas from maternal serum, with
linear slopes of 0.04e0.21 and 0.06e0.60, and R2 of 0.84e0.99 and
0.68e0.89, respectively. The average data for tri-to hepta-BDEs are
shown in Fig. 3A and B, and had linear slopes of 0.15 and 0.38, with
R2 of 0.94 and 0.83 for the transport to fetal rats and placentas,
respectively. It should be pointed out that a very large deviation
seemed to be observed in Fig. 3A and B, which is due to the different
concentrations of the congeners (Table S7).



Fig. 2. Influences of sampling time and LogKOW on PBDE transport in female SD rats.
The data in A for P/M are the average ratios of 4e7 brominated congeners.
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According to the present study, significant linear correlations
were observed among the PBDE congeners transported to fetal rats
or placentas frommaternal blood with the exception of BDE28. The
linear correlations indicated that a passive diffusion mechanism
governed the transplacental transport of PBDEs. However, we do
not believe that passive diffusionwas the sole mechanism since the
partition ratios between matrices of highly lipophilic organic
chemicals should be close to 1 after adjustment by lipid contents if
transport is driven solely by the lipid content in the tissues
(Vizcaino et al., 2014a). As indicated by Vizcaino et al., active
transplacental transport of lipophilic organic chemicals is poten-
tially associated with their transport through membranes (Vizcaino
et al., 2014a). For example, it was suggested that the human plasma
protein, transthyretin, could bind PBDEs and facilitate placental
transport (Chen et al., 2014). Our study suggested that passive
diffusion mechanisms govern the transplacental transport of
PBDEs, while other mechanisms are also likely to be involved.

To more clearly understand the transplacental transport of
PBDEs, the influence of the duration of pregnancy (reflecting the
effects of placental maturity) was further studied and the results
are shown in Fig. 3C and Table S8. In the present study, 14 and 18
days of pregnancy were studied. The F/M ratios of PBDE exposures
on pregnancy day 14 were from 0.14 to 0.54 for different congeners,
and they varied between 0.11 and 0.42 for those on pregnancy day
18. However, for P/M, the ratios of PBDE exposure at pregnancy day
14 ranged from 0.46 to 0.73, while those on pregnancy day 18
ranged from 0.28 to 0.48. The F/M ratios of PBDE exposures on
pregnancy day 14 were generally comparable with those on day 18
for the lower brominated congeners, while the ratios were higher
for the higher brominated congeners. Similar transports were
observed for the P/M ratios. These results suggested that the
transplacental transport of the low brominated congeners are
similar. In other words, the placental barrier to the low brominated
congeners is limited, whether in mature placenta or immature
placenta. However, for high brominated congeners, the trans-
placental transport through mature placenta is hindered compared
with that of immature placenta, which effectively protects the
fetus. Therefore, the present study demonstrated that the barrier
capacity of mature placentas was higher than that of immature
placentas, although neither were effective barriers to PBDE trans-
placental transport. In addition, as is well known, the pregnancy of
SD rats lasts for approximately 21 days. Thus, 14 and 18 days of
pregnancy in the SD rats are similar to that at the second and third
trimester of pregnancy in humans, respectively. Therefore, this
result also shows that early exposure to high or low brominated
congeners is more likely to be transported to the fetus, and thus
affects the fetus. This indicates that early exposure to pollutants is
harmful to fetal health.

3.3. Transplacental transport of PBDEs using BeWo cell monolayer
model

A BeWo cell monolayer model was used to further investigate
the transplacental transport mechanism of PBDEs. The transport of
PBDEs at different concentrations (molecular weight-based) are
shown in Fig. 4A and detailed data are presented in Tables S9. The
concentration of PBDEs detected in the basolateral side of the
Transwell (transported) and in cells (accumulated) increased from
0.43 to 3.58 pmol and from 0.24 to 1.64 pmol within 12 h exposure
to PBDEs ranging from 2.5 to 20 ng/mL, respectively. This revealed
that both the transported and accumulated PBDEs were linearly
correlated with the exposure concentrations. The linear relation-
ships indicated that (1) they exhibited an unsaturated function
because they did not reach a steady-state; (2) there was a
concentration-dependent mechanism of PBDE transport and



Fig. 3. Influences of concentrations and placental maturity on PBDE transport in female SD rats (A and B are the concentration influence; C is placental maturity influence). The
error bars of x-axis are the deviations of BDE28, 66, 85, 99,100, 138, 153, 154, and 183 concentrations; the error bars of y-axis are the deviations of transported PBDEs of the
congeners.
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accumulation. Thus, these results indicated that the transportation
of PBDEs occurred by passive diffusion. However, it may be that
passive diffusion dominated and was supplemented by a small
fraction of active transport, leading to the transporter effect
(Kimura et al., 2014). Thus, confirmation of whether transporters
were involved in the transport of PBDEs was necessary.

Regarding the influence of time, the transported and accumu-
lated PBDEs increased with increases in the sampling time,
although large variations were observed among different conge-
ners (Table S10). The average ratios of transported PBDEs in BeWo
cells increased from 2.5% to 11.3% when the sampling time
increased from 1 to 24 h. However, the average ratios of accumu-
lated PBDEs in cells increased from 7.1% to 25.6% during 1e12 h
exposures, whereas no increases were observed from 12e24 h
exposure. Further analyses revealed that therewas a linear increase
in transported PBDEs over the whole sampling time (R2 ¼ 0.98)
(Fig. 4B), while there was an approximately linear tendency for
PBDEs to accumulate intracellularly within the first 12 h, which
then remained steady at 12e24 h. This phenomenon implied that
transporters in BeWo cells were involved in the transplacental
transport of PBDEs.

To obtain further evidence, the application of the apparent
permeability coefficient (Papp) and efflux ratio (ER) were used to
further explain the transplacental transport mechanism. The
6

bidirectional transport of PBDEs from AP to BL and BL to AP were
assessed at a PBDE concentration of 10 ng/mL for 12 h. As shown in
Table S11, the Papp(AP-BL) had an average of 20.3 � 10�7 cm/s, which
was significantly higher than the Papp(BL-AP) with a mean of
10.0 � 10�7 cm/s. These data revealed that AP-BL transport was the
main process. We also found that the ERs from 1.73 to 2.32 were
higher than a unit. The ER value is an indicator of whether a
transporter participates in transport. When the ER value is greater
than 1.5, it is generally considered that transport is directional and
that transporters might assist in the PBDE transport process. In the
present study, all the ER values of the PBDE congeners were above
1.5, indicating that protein efflux transporters may be involved in
transportation.

Moreover, we also found that low brominated congeners tended
to have higher permeation values than highly brominated conge-
ners, which was similar with the phenomenon in animal experi-
ments. However, a parabolic curve was observed between the
accumulated intracellular PBDEs and LogKOW, where the most
highly accumulated PBDEs were those with a LogKOW of approxi-
mately 7.4 (Fig. 4C). Moreover, this finding was consistent with the
finding that PBDE congeners with LogKOW values of approximately
7 had the greatest biomagnification potential in the food chain (Yu
et al., 2012b). One explanation for this phenomenon is that low
brominated congeners readily cross the phospholipid bilayer into



Fig. 4. Transported and accumulated PBDEs in BeWo cells. Influence factors included
PBDE concentrations (A), sampling time (B), and LogKOW (C).
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cells and flow out of the cells into the basolateral chamber by
passive diffusion. However, highly brominated congeners have
difficulties crossing or penetrating the cell membrane, which may
require the assistance of carrier proteins. Thus, there was a ten-
dency for the accumulation to increase and then subsequently
decrease, which was with the highest tendency for the congeners
with a LogKOWof approximately 7.4. Thus, these results indicate the
transport dynamic equilibrium of various brominated congeners in
cells or organisms.
3.4. Transporters involved in the transplacental transport of PBDEs

To further explore whether efflux transporters are involved in
the transport of PBDEs, the role of three efflux pumps (P-gp, MRPs,
and BCRP) were assessed. The transported and accumulated ratios
of different PBDE congeners ranged from 2.2% to 17.6% and from
23.6% to 45.1% before and after the addition of the P-gp inhibitor,
verapamil (100 mM), respectively (Fig. 5A and B). Compared with
the control group, significant decreases in the transported PBDEs
and increases in intracellular accumulations were observed. How-
ever, no significant changes were observed for either the trans-
ported or accumulated ratios of PBDEs when 20 mM of MK571 (an
inhibitor of MRPs) or 20 mM of KO143 (an inhibitor of BCRP) were
added. Thus, the results suggest that the P-gp efflux pump partic-
ipate in the efflux of PBDEs from placenta, while MRPs and BCRP
might participate in the transport but with very lower efficiency.
The accumulation of PBDE congeners were found in BeWo cells in
control group, and the phenomenon was even found at lower
exposure dose, which indicated that the function of P-gp was
partially inhibited by PBDEs.

P-gp, MRPs, and BCRP are expressed in the trophoblast of the
human placenta and have been widely used to study the trans-
placental transport processes of xenobiotics (V€ah€akangas et al.,
2009). P-gp is distributed in the villi of the brush-like border facing
the mother, and is an ATP-dependent pump that extrudes exoge-
nous substances from the trophoblast tissue in the fetal-to-
maternal direction; thus, decreasing the fetal absorption of such
substances (V€ah€akangas et al., 2009). Verapamil is a specific in-
hibitor of P-gp and is also a P-gp substrate that might interact with
the pump to attenuate efflux functions. As a result, the intracellular
accumulation of PBDEs significantly increased by the addition of
the inhibitor. This was potentially due to verapamil limiting the
ability of P-gp to efflux PBDEs, indicating that such transport in the
BeWo monolayer required the active transport mechanism of P-gp.
However, BCRP and MRPs were involved in the transplacental
transport of some chemicals (such as positively and negatively
charged polystyrene nanoparticles, and 4-nitrophenol and acet-
aminophen) which have different structural and physicochemical
properties, as reported previously (Kloet et al., 2015; Mitra et al.,
2010; Seelig et al., 1998). Similar results were not observed in the
present study, indicating that BCRP and MRPs were not involved in
the transport of PBDEs, or they might participate in the transport
but with very lower efficiency, or their expression in BeWo cells
was too low to cause significant changes.
3.5. Molecular docking of P-gp with PBDEs

To further explore the inhibition of PBDE congeners on P-gp
pump, the interactions between PBDEs and P-gp were evaluated.
No such information was available in the published literature, and
therefore, molecular docking studies between PBDE congeners and
human P-gp were performed. The results are shown in Fig. 6. Three
pocket sites that PBDEs bind to were identified within P-gp. The
first pocket site was surrounded by Phe 163 (p-p stacked



Fig. 5. Transport and accumulation ratios of PBDEs with the addition of inhibitors. *p < 0.05; **p < 0.01.
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interaction), Asp 164, Val 168, Glu 902, Phe 904, Arg 905, Val 1168
(p-alkyl interaction), Asp 1171, Lys 1172, and Thr1174 as shown in
Fig. 6A and Fig. S1A, with the strongest binding to BDE17, BDE28,
BDE47, BDE66, and BDE71. The second pocket site was surrounded
by Gln 678, Lys 681, Thr684, Val 695, Arg 699, Ile 700, Ala 1006, Ile
1009, Met 1010 (hydrophobic interaction), and Lys 1014 (Fig. 6B and
Fig. S1B), with the strongest binding to BDE85, BDE100, BDE138,
BDE153, and BDE154. The third pocket site was surrounded by Ser
180, Lys181, Glu 184, Val 185, Glu 353, Ala 354, Asn 357, Ala 823, Gln
824, Lys 826, and Gly 827 (Fig. 6C and Fig. S1C), and BDE99, BDE183,
and BDE190 were caved in this pocket. In addition, the complex of
P-gp with BDE99 and BDE190 contained one hydrogen bond, which
formed a bridging oxygen of the two congeners with a side chain of
Lys181. Conversely, we did not observe hydrogen bonds or any
strong interactions in the induced fit docking of other PBDE
8

congeners.
The computational docking results suggested that the binding

sites of PBDE congeners within P-gp depended, in part, on stereo-
isomerism. Low brominated congeners such as BDE17 and BDE28
had the lowest space-resistance, and thus, could access the inner-
most binding pockets. However, for highly brominated congeners,
including BDE183 and BDE190, hindrance from the bromine atoms
caused them to enter the surface pockets. Not only the number of
bromines but also the position of the bromine substitution in PBDEs
could influence the binding affinity. For example, BDE99 and
BDE100 belong to pentabromodiphenyl ethers, but the strongest
binding sites of the two congers are different. Although the active
sites for P-gp have not been fully revealed in the literature, the four
main functional domains were identified, including those at resi-
dues 49e350, 386e622, 693e980, and 1015e1253 (Aller et al.,



Fig. 6. Binding modes of BDE47, BDE153, and BDE99 with P-gp. The binding poses and interactions of BDE congers with P-gp were performed using Autodock Vina v0.10.1.2. (A:
interaction between BDE47 with P-gp; B: interaction between BDE153 with P-gp; C: interaction between BDE99 with P-gp. Glu, glutamic acid; Lys, lysine; Asn, asparagine; Ser,
serine; Ala, alanine; Val, valine; Phe, phenylalanine; Arg, arginine; Val, valine; Thr, threonine; Ile, isoleucine; Gln, glutarnine, and Met, methionine).
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2009; Chufan et al., 2013). In addition, P-gp had multiple transport-
active binding sites, for which the activities differed (Chufan et al.,
2013). In the present study, although various binding sites for PBDE
congeners within P-gp were found, these sites were located at the
main functional domains of P-gp and could transfer PBDE conge-
ners across the cell membrane. Therefore, it was not unexpected
that despite the binding sites of PBDE congeners being different in
P-gp, the corresponding docking scores were similar as shown in
Table S12. Additionally, the interactions and docking scores among
congeners generally agreed with the results of P-gp efflux assays in
BeWo cells.

4. Conclusions

The underlying transplacental transport and barrier mecha-
nisms were investigated in the present study on the basis of the a
comprehensive study via PBDEs in paired human placenta,
maternal and umbilical cord blood samples, pregnant SD rats,
BeWo cells, and molecular docking. The results showed that PBDEs
could transfer from mother to fetus. Similar results were observed
from SD rats. The barrier capacity of mature placenta is higher than
immature placenta, although both of them does not act as effective
barrier to transplacental transport of PBDEs. Moreover, there were
varied time to reach a steady-state for different brominated con-
geners. Low brominated congeners can more easily pass across the
placenta than high brominated congeners; while once the high
brominated congeners transported into fetuses, they are difficult
eliminated from fetuses to maternal blood or by metabolization.
Passive diffusion mechanism governs the transplacental transport
of PBDEs, although the efflux transporter of P-gp participates the
transport. Three different pocket sites in the efflux transporter for
the transplacental transport of PBDEs were found and the binding
sites of PBDE congeners with P-gp partial depends on the stereo-
isomerism according to the theoretical molecular docking study.
The results firstly provides the underlying mechanism of PBDE
transplacental transport and can offer more insights into trans-
placental transports of more persistent organic pollutant.
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