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During pregnancy, the supply of thyroid hormone (TH) to the fetus is critically important for fetal
growth, neural development, metabolism, and maintenance of pregnancy. Additionally, in cases
where maternal and placental TH regulation is significantly altered, there is an increased risk of
several adverse pregnancy outcomes. It is unclear what may be disrupting placental TH regulation;
however, studies suggest that environmental contaminants, such as polybrominated diphenyl
ethers (PBDEs), could be playing a role. In this study, Wistar rats were gestationally exposed to a
mixture of PBDEs for 10 days. THs and PBDEs were quantified in paired maternal serum, dissected
placenta, and fetuses, and mRNA expression of transporters in the placenta was assessed. Sig-
nificantly higher concentrations of PBDEs were observed in the fetal portion of the placenta
compared with the maternal side, suggesting that PBDEs are actively transported across the in-
terface. PBDEs were also quantified in 10 recently collected human maternal and fetal placental
tissues; trends paralleled observations in the rat model. We also observed an effect of PBDEs on T3
levels in dam serum, as well as suggestive changes in the T3 levels of the placenta and fetus that
varied by fetal sex. mRNA expression in the placenta also significantly varied by fetal sex and dose.
These observations suggest the placenta is a significant modifier of fetal exposures, and that PBDEs
are impacting TH regulation in a sex-specific manner during this critical window of development.
(Endocrinology 160: 2748–2758, 2019)

The placenta is an ephemeral organ composed of both
maternally and fetally derived tissue that facilitates

the exchange of nutrients, gases, hormones, and waste
between the mother and developing fetus. In order for
these molecules to reach the fetus, they must cross the
syncytiotrophoblast, a semipermeable membrane that
separates maternal from fetal blood and expresses nu-
merous uptake and efflux transporters. Additionally, it
protects the fetus from pathogens, xenobiotics, and
excess hormones. However, numerous studies have
detected polybrominated diphenyl ethers (PBDEs), pol-
ychlorinated biphenyls, and DDT in cord serum, sug-
gesting that this barrier is permeable to xenobiotics (1–7).
It is also widely accepted that the placenta is a sink for

persistent organic pollutants (POPs), with concentrations
in the placenta sometimes exceeding maternal serum
concentrations (1–3, 7–9). It is unclear how these com-
pounds are transported frommaternal to fetal circulation;
however, it is generally assumed that passive transport is
the predominant mechanism (10–13). A limitation of each
of these studies is that POP accumulation was measured
in full-thickness placenta tissues rather than specific tis-
sue layers; therefore, it is unclear whether these contami-
nants are homogeneously distributed within the placenta.
By understanding the disposition of these contaminants
in specific tissues, we can better understand the tox-
icokinetics of POPs in the fetal placental unit and their
potential effects.
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PBDEs have been shown to cause thyroid hormone
(TH) dysfunction through various mechanisms, such as
displacement of T4 from serum transporters, disruption
of the hypothalamic–pituitary–thyroid axis, inhibition
of deiodinases, and binding to hepatic influx trans-
porter OATP1A4, an organic anion-transporting protein
(OATP) that is responsible for clearing T4 metabolites
from serum (14). When circulating levels of TH in ma-
ternal serum are disrupted, there is an increased risk for
adverse pregnancy outcomes, such as intrauterine growth
restriction (IUGR) (15–17). Kilby et al. (15) observed
reduced fetal serum levels of free T3 and T4 in fetuses
affected by IUGR compared with normal pregnancies
without any differences in TSH levels. They also mea-
sured increased expression of TRa and TRb in placentas
from IUGR pregnancies compared with normal preg-
nancies. Loubière et al. (16) observed increased expres-
sion of placental TH transporter MCT8 expression in
IUGR pregnancies compared with normal pregnancies.
Chan et al. (17) also measured an upregulation of MCT8
in IUGR placenta compared with normal pregnancy,
which they hypothesized was a compensatory mecha-
nism to increase T3 uptake. Although these studies have
investigated compensatory mechanisms for low T3 and
T4, it was not clear what was initially driving the low TH
levels. One hypothesis could be that environmental
contaminants, such as PBDEs, are responsible for the TH
disruption observed during pregnancy. To our knowl-
edge, only two other studies have measured THs in
placental tissue and assessed associations with PBDEs
(18, 19). Previously, we first reported on the concen-
trations of THs in 102 human placental tissues and found
that several of the brominated flame retardants were
significantly higher in placentas associated with male
infants, compared with placentas associated with female
infants. We also observed an inverse relationship be-
tween placental PBDEs and T3 among males but a
positive relationship between PBDEs and T3 among fe-
males. Furthermore, deiodinase type III activity was
significantly higher in placentas associated with male
infants relative to females, and TH sulfotransferase ac-
tivity was significantly higher in females relative to males,
however the mechanisms responsible for these differences
are unclear (18).

These observations raise several questions about the
impacts of PBDEs on placental thyroid function as well as
fetal sex differences. To date, no study has measured
PBDEs and THs in paired maternal serum, placental
tissue, and fetal tissue. To investigate this knowledge gap
mechanistically, we conducted an experiment using the
Wistar rat as a model because (i) the development of the
thyroid gland occurs in the same phases and order as
humans, (ii) timing of fetal reliance onmaternal supply of

THs is similar to that of humans, (iii) pregnancy alters
maternal thyroid status similarly in both rats and
humans, (iv) Wistar rats have the same TH synthesis
pathways and enzymes, and (v) they express the same
TH transporters in the placenta (20–23). Furthermore,
Wistar rats are an advantageous model because of their
short gestational period, and they have a hemochorial
placental barrier allowing the fetal and maternal pla-
cental tissues to be easily isolated. Therefore, the goal of
this study was to evaluate (i) tissue-specific differences in
PBDE accumulation in the placenta, (ii) sex-specific
differences in PBDE accumulation, (iii) sex and tissue-
specific changes in TH transporter gene expression, and
(iv) effects of PBDE exposure on TH levels in maternal
serum, placental tissues, and the fetus. Based on our
observations in the rodent study, and for further con-
firmation, we also collected and analyzed 10 anonymous
human placentas to determine whether the PBDE par-
titioning between maternal and fetal layers of the pla-
centa was similar in both humans and rats.

Methods

Animal husbandry
Animal care, maintenance, and experimental protocols met

the standards of the Animal Welfare Act and the US De-
partment of Health andHuman ServicesGuide for the Care and
use of Laboratory Animals and were approved by the North
Carolina State University Institutional Animal Care and Use
Committee. A supervising veterinarian approved and moni-
tored all procedures throughout the duration of the project.

Adult Wistar rats (n5 20 females and 10 males) were paired
and monitored for the presence of a sperm plug for 48 hours.
Dams were paired with males in late diestrus (as deter-
mined by vaginal cytology) to ensure that they reached the
proestrus/estrus (peak sexual receptivity) stage while with a
male. The males were then removed and the dams housed in-
dividually. All paired females except one were successfully
impregnated. Pups were generated via in-house breeding and
dosed from gestational day (GD) 6 to 15 (gestational age es-
timated from when dams were sperm plug positive). This ex-
posure windowwas selected because it is similar to our previous
research on other flame retardants, and because, at GD 15, the
fetus and placenta are roughly equivalent in weight, with robust
architecture on both the fetal and maternal sides (24, 25).
Evaluation of the fetuses at necropsy revealed that the distri-
bution of gestational ages ranged from GD 12 to 15. Pregnant
Wistar rats were orally dosed with either a mixture of PBDEs
or a vehicle control for 10 days during gestation (n 5 10 dams
per exposure). The mixture of PBDEs included BDE-28, -47,
-99, -100, -153, and -209 dissolved in ethanol with 10% pure
corn oil ranging in concentration from 5.3 to 30.4 mg/kg/d,
resulting in a total dose of 105.3 mg/kg/d (26). The actual doses
used in the animal study are higher than those to which humans
are typically exposed; however, the intended doses selected here
were designed to result in serum and placental concentrations
that are ;10- to 100-fold higher than what is measured in
human serum and placenta (1, 9), to account for the 100-fold
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safety factor included in most risk assessments. Dams were
orally exposed by adding 20 mL of the dosing solution onto a ¼
of a soy-free food treat pellet (chocolate-flavored AIN-76A
rodent diet test tabs; TestDiet, Richmond, IN) once daily
(within an hour beginning at 9:00 AM). Dams were euthanized
4 hours after the final dose, and the dam sera, placentas, and
fetuses were extracted and weighed. Each placenta was dis-
sected to separate fetal from maternal tissue and immediately
frozen. The maternal side consists of the decidua and metrial
gland, which play a role in anchoring the developing embryo to
the uterine wall and housing the spiral arteries that provide
nutrients to the placenta and fetus. The fetal side consists of the
junctional zone (containing the trophospongium, and some-
times called the basal zone) and labyrinth zone, which contains
the syncytiotrophoblast layer that separates maternal and fetal
circulation and provides an interface for exchange (22, 24, 27).
One whole placenta and one dissected placenta and their paired
fetus per dam from each sex were used for this study. Fetal mass
was measured immediately following necropsy. Fetal age was
assigned using Witschi, Theiler, and Carnegie staging. The
target fetal age of GD 15 in the rat is equivalent to GD 13.5 in
the mouse. Placentas, two from the control group (both males)
and two from the treated group (one of each sex), were sent to
the histopathology core at the North Carolina State College of
Veterinary Medicine to look for any evidence of gross pa-
thology (none was found) and provide an independent as-
sessment of gestational age. Placentas were paraffin embedded,
cut into 5-mm sections, slide mounted, and labeled with he-
matoxylin and eosin. Endpoints examined included presence
and concentration of glycogen cells, levels of necrosis in the
decidual and metrial gland layers, development of the basal
zone, and degree of vascular invasion by trophoblasts in the
myometrium.

Sample extraction
To extract brominated flame retardants from serum, we

used a method previously developed by Butt et al. (28). Briefly,
500 mL of serum was thawed, transferred to a glass test tube,
and spiked with internal standards FBDE-69 and 13C-BDE-209.
Serum proteins were denatured using formic acid and water,
followed by 20 minutes of sonication. Analytes were purified
using a Waters Oasis HLB followed by a 1-g Waters Sep-Pak
silica column (Waters Corporation, Milford, MA), which was
conditioned and eluted with hexane. The analytes were then
blown down to ;100 mL under a gentle stream of N2 and
spiked with the recovery standard, 13C-CDE-141, and analyzed
using gas chromatography/electron-capture negative-ionization
mass spectrometry.

To extract brominated flame retardants from the placenta
and fetus, the tissues were homogenized using a mortar and
pestle in 5 g of sodium sulfate and spiked with an internal
standard, FBDE-69. Tissues were then sonicated with CH2Cl2
and centrifuged to separate the solvent from the solid tissue.
After concentrating the extract to ;1 mL using nitrogen
evaporation, 50 mL was aliquoted for gravimetric lipid
analysis and another 50 mL was aliquoted for a bicinchoninic
acid assay to quantify protein content. The remaining extract
was purified through a column packed with Florisil (Sigma-
Aldrich, St. Louis, MO) and eluted with 30:70 hexane/
CH2Cl2. The elution solvent was then concentrated to 0.5 mL
using nitrogen evaporation and spiked with a recovery
standard 13C-CDE-141. Extracts were analyzed using gas

chromatography/electron-capture negative-ionization mass
spectrometry (9). Owing to solubility issues in the dosing
vehicle, BDE-209 was not detected in any samples and was
not included in any analyses.

TH analyses
To extract THs from dam serum, we used a method pre-

viously developed by Wang and Stapleton (29). Briefly, 0.5 mL
of serumwas added to a glass centrifuge tube containing 120mL
of an antioxidant solution consisting of ascorbic acid, citric
acid, and dithiothreitol. Serum was deprotonated by adding
1 mL of acetone and vortexing for 30 seconds, and then left on
the bench for 30 minutes. Internal standards 13C12-T4 and
13C6-T3 were spiked into each sample and centrifuged for
5 minutes at 3500 rpm. The supernatant was transferred to an
amber vial and serum was extracted twice more using 1 mL of
1:1 acetone/H2O, combining the supernatants each time. Extracts
were purified using SampliQ Optimized Polymer Technology
cartridges (Thomas Scientific, Swedesboro, NJ), reconstituted in
400 mL of 1:1 H2O/MeOH and filtered using a 0.2-mm GE
Healthcare polytetrafluoroethylene UniPrep vial (GE Healthcare
Life Sciences, Marlborough, MA). A recovery standard of
13C6-T4 was added to the samples and analyzed using liquid
chromatography–tandem mass spectrometry electron spray ion-
ization. TH levels in placental and fetal tissue were quantified
using methods previously developed by Leonetti et al. (18).
Briefly,;0.2 g of tissue was transferred to a Safe-Lock centrifuge
tube (Thermo Fisher Scientific, Waltham, MA) containing 0.5-
mm glass beads and homogenized using a BBX24 Bullet
Blender (Next Advance, Troy, NY). The tissue was then
digested using pronase digestion solution consisting of pro-
tease, L-glutathione, n-phenylthiourea, and Tris(hydrox-
ymethyl)aminomethane in a hot water bath for 16 hours at
37°C. The mixture was spiked with internal standards 13C12-
T4 and 13C6-T3. The reaction was stopped with cold acetone,
followed by the addition of an antioxidant solution consisting
of citric acid, ascorbic acid, and dithiothreitol. Liquid–liquid
extraction using acetone, cyclopentane, and ethyl acetate
followed by centrifugation was used to isolate TH from
lipids and interfering matrices. The purified extract was
reconstituted in 3 mL of 0.01 M HCl with 10% MeOH.
Extracts were purified using SampliQ Optimized Polymer
Technology cartridges, reconstituted in 400 mL of 1:1
H2O/MeOH, and filtered using a 0.2-mm GE Healthcare
polytetrafluoroethylene UniPrep vial. A recovery standard of
13C6-T4 was added to the samples and analyzed using liquid
chromatography–tandem mass spectrometry electron spray
ionization.

Transporter expression wasmeasured on dissected placentas
from both treatment groups [vehicle and PBDEs; n 5 7 per sex
per group for controls and 8 per sex per group for treated (one
per sex per litter)]. Transporters included Abcc1, Abcc4,
Slc16a2, and Slco1b2 because they are the predominant
transporters expressed in the placenta, they are unidirectional
(efflux or uptake), they are localized in either apical or basal
membranes, they transport substrates similar in structure to
PBDEs, and they have also been shown to be expressed in
human placenta. RNA extraction was performed with the
Qiagen RNeasy miniprep kit according to the manufacturer’s
protocol (catalog no. 74134; Qiagen, Valencia, CA), RNA
quality and quantity were estimated using a Thermo Fisher
Scientific NanoDrop 1000, and all samples were normalized
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to a concentration of 200 ng/mL prior to cDNA synthesis.
Incubation for reverse transcription reactions was 60minutes at
37°C, 5 minutes at 95°C, and the cDNA was stored at 220°C
until use. An ABI StepOnePlus real-time PCR system (Thermo
Fisher Scientific) and TaqMan probes were used for quanti-
tative real-time PCR. Triplicate reactions were run as well as
negative controls for each TaqMan assay. A housekeeping gene
(18S rRNA) was used to normalize CT values for differences in
starting concentrations of cDNA. Relative changes in expres-
sion were determined using the Livak DDCT method.

Human study
Ten anonymous human placenta samples from pregnant

women who underwent cesarean sections for noncomplicated
reasons (e.g., previous cesarean section) were obtained from the
Duke University Medical Center. Immediately following the
cesarean section, the tissue was subsampled in a systematic
fashion to minimize heterogeneity among samples. Using a
scalpel, three full-thickness placenta tissues ;7.6 cm in length
and width were incised 5 cm from the insertion of the umbilical
cord and 5 cm from the perimeter of the placenta. Two of the
placental tissue subsamples were then transferred to a glass dish
where the top 1 cm of the fetal portion and the bottom 1 cm of
the maternal portion were incised using a clean scalpel. The
maternal and fetal portions were then transferred to their own
clean amber vial and freeze-dried for 72 hours. The tissue was
extracted, purified, and quantified using the same methods as
described above for the rodent study. All protocols were ap-
proved by the Duke University Institutional Review Board prior
to study initiation.

Quality control/quality assurance
For both PBDE and TH analyses, laboratory processing

blanks were included in all tissue and serum analyses. The
method detection limits for each analyte were calculated from
three times the SD of the laboratory blank values and ranged
from 0.016 to 0.39 ng. Recovery of the PBDE internal standard
(F-BDE-69) was .80% for all congeners. Extraction efficiency
and accuracy of our PBDEmeasurements were evaluated using a
Standard Reference Material (SRM 1947, Lake Michigan fish
tissue) purchased from the National Institute of Standards and
Technology (Gaithersburg,MD). The accuracy of certified values
ranged from 101% to 120% for PBDE congeners evaluated. TH
recovery was calculated using recovery standard 13C6-T4, and
recovery was .70% for all THs.

Data analysis
Statistical analyses were performed using SAS 9.4 and

GraphPad Prism version 8 (GraphPad Software, La Jolla, CA).
Concentrations of PBDEs in rat serum and tissue were normally
distributed, and therefore we used a one-way ANOVA for rat
serum and a repeated measures ANOVA for placental tissue
and fetus, followed by post hoc comparisons using a Fisher
protected least significant differences test. PBDE concentrations
in human placenta were not normally distributed, and therefore
we used nonparametric statistics (Wilcoxon signed-rank test) to
compare PBDE concentrations in maternal and fetal placental
tissue. TH analyses were performed using a mixed model
analysis with a random effect for dam, dose, tissue type, sex,
and GD as multiplicative interactions. The litter was the sta-
tistical unit for all analyses, and data were stratified by sex,

tissue type, and GD. Differences in expression of transporters in
the placenta were evaluated using aMann–WhitneyU analysis.
The variable used in the Mann–Whitney U analysis was dose
(compared controls to PBDE-treated dams), and CIs for these
differences were based off of the medians. A P value of ,0.05
was considered statistically significant.

Results

PBDE exposure reduced fetal mass early on
in gestation

Results from our multiple linear regression analysis
(26) suggest that exposure to PBDEs resulted in a sig-
nificantly increased fetal mass at GD 14 (P, 0.001) and
significantly reduced fetal mass at GD 12 (P , 0.001).
Dosed fetuses from GD 13 and 15 did not have signif-
icantly different masses relative to controls (P5 0.52 and
P 5 0.19, respectively).

PBDE concentrations in tissues
PBDEs were detected in all tissues from exposed

animals. Concentrations of PBDEs measured in ma-
ternal serum, placenta, and fetal tissues are presented in
Fig. 1. Results from a repeated measures ANOVA
revealed that the PBDE concentrations measured in the
fetal portion of the placenta were significantly greater
(about twofold) than concentrations measured in the
maternal portion, despite no differences in the lipid
content of the placental layers (P , 0.001). The relative
contribution of each PBDE accumulating in the tissues
was similar to the relative contribution in the dosing
mixture. PBDE concentrations in the fetus were ;10-
fold lower than that in the fetal placenta and ;3-fold
lower than in the maternal portion of the placenta. This

Figure 1. Concentration of PBDEs in dam serum, maternal
placenta, fetal placenta, and fetus. Numbers above brackets
represent fold difference in concentration between maternal and
fetal placenta. n 5 number of litters (not pups); error bars represent
SEM of litters. *P , 0.05 between maternal and fetal placental
concentrations.
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trend was similar for each PBDE congener. There was a
statistically significant difference in the relative com-
position of the PBDEs in maternal and fetal placental
tissues for BDE-28, -47, and -99. Specifically, there
was a greater proportion of BDE-28 and -47 in maternal
compared with fetal placental tissues; however, the
proportion of BDE-99 was higher in fetal than in ma-
ternal placental tissues. The percentage composition of
PBDEs in the fetus differed significantly from the fetal
placenta for BDE-28, -47, and -100 (P , 0.001) and
differed from the maternal portion for BDE-47, -100,
and -99 (P , 0.001) (26).

PBDE partitioning in human placenta
Anonymous human placental tissues (n 5 10) were

analyzed to determine whether placental PBDE parti-
tioning behavior (between maternal and fetal layers)
would be consistent with the observations from the rat
study. Tissues were dissected to roughly isolate maternal
and fetal layers and separately analyzed for PBDEs.
Several PBDE congeners were below the method de-
tection limit in three of the placentas. For the remaining
PBDE congeners, the measured concentrations in the
fetal and maternal layers were compared and the ratio of
the two concentrations was calculated (Fig. 2). PBDE
concentrations were higher in the fetal layers relative to
the maternal layers, about twofold to fivefold higher,
despite no differences in lipid content between the two
tissue layers. All measured PBDEs appeared to prefer-
entially accumulate on the fetal side of the placenta. The
concentration ratios ranged from 1.2 to 5.5 for humans
and 1.9 to 3.2 for rats, and were significantly different
than 1 (P # 0.03).

TH measurements
Evaluation at necropsy revealed a distribution of

gestational ages in the collected fetuses ranging from
GD 12 to 15. Therefore, the effects of dose, tissue type,
sex, and gestational age on TH levels in dam serum, the
dissected placenta, and fetus were evaluated using a
mixed model analysis. Circulating T3 levels in the
dosed dams were significantly increased relative to
controls at GD 14/15 (P 5 0.012) but not at GD 12/13
(P 5 0.986) (Fig. 3). Analysis of THs in the placental
tissues revealed significant differences in T3 and T4
based on tissue location (e.g., fetal vs maternal). We
observed a significant decrease in T3 levels in the fetal
placental tissue relative to the maternal placental tis-
sue for all control and exposed groups (P , 0.001);
however, we did not have the statistical power to
evaluate TH concentrations in the placenta from con-
trol female fetuses on GD 14/15 where we only had n5

1 dam. We also observed a significant decrease in T4
levels in the fetal placental tissue relative to the ma-
ternal placental tissue in control females on GD12/13.
T3 levels in the maternal and fetal placenta also sig-
nificantly differed from one another based on the GD
of the fetus. Specifically, we observed a significant
increase in T3 levels in control as well as dosed ma-
ternal placentas from males from GD14/15 relative to
GD12/13 (control: P 5 0.021, ;1.6-fold greater at
GD14/15; dosed: P 5 0.029, ;2.2-fold greater at
GD14/15). We also observed a significant GD effect in
dosed maternal placenta from females between GD12/13
and GD14/15 (P , 0.001), with T3 levels ;3.1-fold
greater at GD14/15 (Fig. 4). We did not observe any
significant dose, tissue type, or GD effect on rT3 levels in
the placenta. Overall, there was a suggestive decrease in

Figure 2. Ratio of PBDEs in fetal vs maternal placentas measured in
both rat (control experiment) and human placentas. The dashed line
indicates the 1:1 line. n 5 number of placentas analyzed; error bars
represent SEM of individual placentas.

Figure 3. T3 concentration in dam serum, stratified by GD and
dose group. n 5 number of dams; error bars represent SEM of
dam. *P , 0.05 in T3 concentrations in dam serum between
control and dosed animals at GD 14_15.
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the T3 levels in exposed placental tissues. In the fetal
tissues, we observed a suggestive increase in T3 in female
fetuses on GD 12/13 (P 5 0.07). Overall, there was an
increase in T3 in female exposed fetuses and a decrease in
male exposed fetuses, but these differences were not
statistically significant (Fig. 5). All TH concentrations in

each compartment are summarized in an online re-
pository (26).

Transporter expression in placenta
mRNA expression was evaluated for several trans-

porters separately in maternal and fetal placental tissues.

Figure 4. T3 concentration in maternal and fetal placenta, stratified by GD, sex, and dose group. n 5 number of litters (not pups); error bars
represent SEM of litter. *P , 0.05 between maternal and fetal placental tissue type; #P , 0.05 between GD.

Figure 5. T3 concentration in the fetus, stratified by GD, sex, and dose group. n 5 number of litters (not pups); error bars represent SEM of litter. #P ,
0.05 indicates a significant sex difference.
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Weobserved a significant upregulation of efflux transporter
ABCC4 (P # 0.02) and nearly significant upregulation of
uptake transporterMCT8 (P5 0.13) in the fetal portion of
the placenta from exposed males only. Efflux transporters
ABCC1 and ABCC5 were significantly upregulated in the
maternal portion from exposed females only (P # 0.01)
(Fig. 6). Expression of placenta transporters OATP1B2,
OATP4A1, and OATP1A2 were also evaluated; however,
no significant effects of dose or sex were observed.
Transporter expression was also assessed for baseline sex
differences (control female vs control male). Although we
did not observe any significant differences, there was a
suggestive difference in expression of MCT8 (P 5 0.13).

Discussion

This study sought to understand the localization of
PBDEs in the fetal placenta and their effects on circu-
lating THs in paired dam serum, dissected placenta, and
fetuses in the rat model. Our data demonstrated that
PBDEs are (i) concentrating in the fetal portion of the
placenta at significantly higher levels than in the maternal
portion, (ii) disrupting placenta transporters in a sex-
specific manner, and (iii) potentially disrupting TH

homeostasis in dam serum and placental and fetal tissues,
although the variation in gestational age obfuscates the
trends. Our data also demonstrated the importance of
considering tissue, sex, and gestational age when eval-
uating effects of exposure.

PBDE exposure generally resulted in decreased
fetal mass

Our data suggest that PBDE exposure resulted in
decreased fetal mass in male and female fetuses on GD
12; however, we lacked the statistical power to determine
whether the reduction in fetal mass was significant.
Zhao et al. (30) exposed 10 Sprague-Dawley rats to
1000 mg/kg/d of decabromodiphenyl ether prior to
conception and through gestation. They also observed a
significant reduction in body weight of newborn pups
and hypothesized that the reduction in fetal mass may be
attributed to TH disruption.

Environmental contaminants are concentrating in
the fetal portion of the placenta

Our data showed that PBDE congeners concentrate in
the fetal portion of the placenta, despite no differences in
lipid content. As lipophilic compounds, we would expect

Figure 6. Transporter gene expression in the (a) maternal and (b) fetal portion of the placenta (n 5 7/8). n 5 number of litters (not pups); error
bars represent SEM of litter. *P , 0.05 between dose groups.
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the PBDE concentrations to be in equilibrium between
the fetal and maternal layers of the placenta if passive
diffusion was responsible for the movement of these
chemicals. Because they are not in equilibrium, this
suggests that these compounds are actively transported
across the placental barrier between the mother and
fetus. Although some studies suggest that PBDEs are
passively transported across the placental barrier, others
provide data that suggest otherwise (1, 2, 11–13). To our
knowledge, no one has evaluated active transport at the
maternal/fetal interface of the placental barrier. Un-
fortunately, all prior studies used whole or homogenate
placental samples for analysis of contaminants, rather
than analyzing specific tissue layers. We hypothesize that
transporters expressed in the syncytiotrophoblast are
actively transporting PBDEs across the placental mem-
brane and against a concentration gradient. There is
already evidence that PBDEs are substrates for OATPs,
which belong to the SLC superfamily, in hepato-
cytes (31). BDE-47, -99, and -153 were able to inhibit
the cellular uptake of estradiol 17b-glucuronide by
OATP1B3 and OATP1B1 as well as estrone 3-sulfate by
OATP2B1 at environmentally relevant concentrations
[BDE-47 Michaelis constant (Km) of 0.31 mM]. This
suggests that PBDEs are capable of binding OATP
transporters strongly enough to displace endogenous
substrates. We hypothesize that PBDEs may also be
capable of competing with TH for MCT8 transport
across the placenta and may be a potential mechanism of
TH disruption in the placenta, although this needs to be
evaluated mechanistically in future studies.

Another novel finding was the difference in the relative
composition of congeners in maternal serum, placental
tissues, and fetal tissues relative to the composition of
each congener in the dosing mixture (26). Accounting for
the relative amounts in the dosing mixtures explains
some of the variability in the accumulation of the tissues;
however, the data clearly show that there is a positive
association between the octanol-water partition co-
efficient (Kow) of the congener and the percentage of the
dose in each compartment. Additionally, we observed
higher concentrations of BDE-99 in the fetal portion of
the placenta relative to the maternal portion and higher
concentrations of BDE-28 and -47 in the maternal
portion of the placenta relative to the fetal portion (26).
Meanwhile, the percentage composition of BDE-153 was
relatively equal in each of the compartments quantified.
Our data indicate that the placenta, particularly the fetal
portion, is a sink for all BDE congeners tested in our
mixture.

Importantly, we found that PBDEs concentrate on the
fetal side of the placenta in a similar manner in both
humans and rats. Therefore, this effect is not specific to

rats, and suggests that the rat may be a good model for
exploring the mechanism and effects of this phenomena.
Although it is possible that metabolism could be influ-
encing the relative accumulation in the maternal and fetal
side of the placenta, we think this is unlikely, as this trend
was observed for all PBDE congeners measured, re-
gardless of whether that congener is known to be me-
tabolized (e.g., BDE-99) or is relatively recalcitrant to
metabolism (e.g., BDE-153) (32). In contrast, we hy-
pothesize that transporters are moving PBDEs actively
from one side of the placenta to the other. If true, this
would imply that endogenous substrates, such as nutri-
ents and hormones, may have to compete for transport
across the placenta barrier, which could have profound
implications for the developing fetus. PBDE exposure
during prenatal periods have been associated with nu-
merous adverse health outcomes, such as neuro-
developmental delays, behavioral complications, and
endocrine disruption. Studies by Herbstman et al. (33)
and Eskenazi et al. (34) presented strong evidence that
prenatal and early-life exposure to PBDEs can impair
neurodevelopment. Several studies have observed asso-
ciations between cord blood as well as lactational PBDE
concentrations with behavioral problems, such as ag-
gression, impulsivity, hyperactivity, attention deficit, and
increased anxiety (35–37). PBDEs have also been asso-
ciated with adverse pregnancy outcomes, such as reduced
birthweight, yet the mechanisms driving adverse health
outcomes remain poorly understood (38).

PBDE exposure upregulates placental transporters
in a sex-specific manner

We quantified mRNA expression of several uptake
and efflux transporters in the apical and basal mem-
branes of the fetal andmaternal portion of the placenta to
provide more insight into the effect of PBDE exposure on
placenta function. We observed significant upregulation
of efflux transporter ABCC4 and nearly significant
upregulation of uptake transporter MCT8 in the fetal
portion of the placenta from males only. MCT8 is a
specific TH transporter that is responsible for trans-
porting THs to the developing fetus. Our results showed
decreased, although not significant, T3 levels in male
fetuses, but increased T3 levels in female fetuses, relative
to controls. We hypothesize that this upregulation of
MCT8may be a compensatory response to lowered T3 in
the male fetus. In a study that evaluated protein and
mRNA expression of TH-specific transporter MCT8,
Chan et al. (17) observed an upregulation of MCT8 in
human placenta from fetuses that were diagnosed with
IUGR compared with normal placenta. They hypothe-
sized that the upregulation of MCT8 was a compensa-
tory mechanism to increase T3 delivery to the fetus.
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Previous literature has also shown that PBDEs upregulate
efflux transporters in hepatocytes by activating CAR and
RXR, leading to rapid elimination of T4 and T3 from
hepatocytes (39). We also observed a significant upre-
gulation of ABCC1 and ABCC5 in the maternal portion
from females only. These transporters are responsible for
the efflux of folates, biliary substances, and cell signaling
molecules such as cAMP and cGMP (23). To our
knowledge, this is the first study to identify sex-specific
differences in placental transporter activity and, given
their important roles in fetal development, highlights a
need to understand these basal sex differences and how
they are affected by environmental exposures.

PBDE exposure, sex, tissue type, and GD influence
TH levels

Numerous studies have shown that PBDEs disrupt
TH regulation; however, to our knowledge, no study
has quantified THs in paired serum, placenta, and
fetus. We observed significantly increased levels of
serum T3 in dosed animals on GD14/15 but not on GD
12/13. Although this positive association is discordant
with several other studies evaluating the effect of
PBDEs on TH in pregnant Wistar rats, we hypothesize
that the difference in trends could be attributed to
differences in the doses used, with our study using a
significantly lower dose (37, 40). Furthermore, these
studies collected serum at the end of gestation, whereas
we collected dam serum at mid-gestation. Results from
Andrade et al. (41) showed that the time point in which
serum was collected influenced whether there was a
positive or negative association between PBDE expo-
sure and T4 levels. To our knowledge, our data are the
first to demonstrate dose, tissue, sex, and GD effects
on T3 in the placenta. This finding is critically im-
portant for future studies to take into consideration.
Our data demonstrate that it is necessary that the exact
GD is identified using a fetal index when quantifying
TH levels, given that a significant effect can be ob-
fuscated or hidden not because of a dose effect, but
because of the sex of the fetus, its GD, or the specific
tissue layer sampled from the placenta. Although this
study alone cannot give an explanation as to why we
see differences in TH levels across gestational ages, we
hypothesize that the differences observed could be
related to differences in TH transport to the fetus,
differences in TH metabolism, and the maturation of
the TH hormone system in the fetus as it develops;
however, future studies are necessary to understand
these trends in greater detail. We also found that
T3 concentrations in the fetus increased with PBDE
exposure in the female fetuses but decreased in the
male fetuses. These differences were not statistically

significant, as we were underpowered due to the dif-
ferences in GD among the replicate dams. However, it
is interesting to note that Leonetti et al. (18) observed a
similar sex difference in PBDEs and THs quantified in
whole human placenta. They found a statistically signif-
icant positive association between BDE-99 and T3 in fe-
males and a negative association between BDE-99 and T3
in males. These observations warrant more research to
elucidate the complicated dynamics between PBDE ex-
posure, TH regulation, and development during gestation.

Study limitations
Although this study has many novel findings and

significant implications for future studies, it is important
to consider its limitations. Our sample size is limited for
some of the dose groups due to the range in GD of the
animals used in this study. Therefore, some of our an-
alyses are underpowered, making it difficult to determine
whether these trends are statistically significant. Addi-
tionally, we could not explore sex differences in PBDE
accumulation in the human placenta samples due to
confidentiality of the samples. Lastly, there are currently
no studies that have identified the localization of pla-
cental transporters in the maternal portion of the pla-
centa. Therefore, it is not possible to conclude in which
direction substrates are moving and how a change in
expression affects their transport.

Implications
This research is significant because it demonstrates

that PBDEs are concentrating in the fetal portion of the
placenta, which is the source of multiple hormones
needed to maintain pregnancy, enzymes for nutrient
metabolism and detoxification, and transporters for
nutrient and hormone exchange. Therefore, further re-
search is needed to determine whether the accumulation
of contaminants on the fetal side is disrupting important
biological functions related to fetal development and
health. Furthermore, more research should be conducted
to determine whether other contaminants (e.g., poly-
chlorinated biphenyls, DDT) behave similar to PBDEs.
This study is significant because it explores potential sex-
specific accumulation and transport of PBDEs in the
placenta and provides strong evidence that the rat is a
relevant model to study the transfer of POPs in placenta.
Our data challenge currently accepted mechanisms of
POP transport in the placenta and demonstrate that it is
critical that the sex, exact GD, and tissue type are
characterized when quantifying TH levels.
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