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Abstract 

Thyroid hormones (TH) are essential for fetal growth, neural development, tissue 

differentiation, metabolism and overall maintenance during pregnancy (Haddow 1999). 

When circulating levels of TH in maternal serum are disrupted, there is an increased risk 

for adverse pregnancy outcomes, such as intrauterine growth restriction (IUGR) (Kilby et 

al. 1998; Loubière et al. 2010; S. Y. Chan et al. 2006). Previous studies have observed 

significant differences in TH levels and regulation with IUGR, suggesting TH disruption 

may be a causative factor for IUGR. Although it is not clear what may be driving TH 

dysregulation, it is possible that exposure to contaminants including persistent organic 

pollutants (POPs) may be involved. 

Polybrominated diphenyl ethers (PBDEs) are a class of brominated flame 

retardants (FR) that were introduced in the 1970s, and which have been heavily used to 

meet flammability requirements in furniture, electronics, and building materials. Although 

Penta- and OctaBDEs were voluntarily phased out in 2005, they are highly persistent, 

bioaccumulate and are susceptible to global transport, resulting in ubiquitous human 

exposure (Tay et al. 2017). The third and last PBDE mixture, DecaBDE, was phased out 

in 2013, and is also persistent and ubiquitous in the environment. These POPs are of 

toxicological concern because of their neurotoxicity and ability to disrupt the endocrine 

system (Linares, Bellés, and Domingo 2015). There are several epidemiological studies 

that have found significant associations between prenatal PBDE exposure and lower 

birth weight; however, the mechanisms are largely unexplored (Lopez-Espinosa et al. 

2015; Harley et al. 2011). To better understand potential mechanisms of 
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PBDE-mediated thyroid hormone dysfunction, in vivo animal models, in vitro cell culture 

systems and archived human placental tissue were used. 

In Aim 1, pregnant Wistar rats were orally dosed with a mixture of PBDEs for 10 

days. Dams were sacked and maternal serum, placenta and fetal tissue was collected 

and quantified for PBDEs. The placenta samples were dissected to isolate fetal and 

maternal placental tissue to understand tissue-specific accumulation. Furthermore, we 

investigated tissue-specific mRNA expression of several transporters in each portion of 

the placenta. We found PBDE concentrations in the fetal portion of the placenta to be 

approximately two times greater than concentrations quantified in the maternal portion of 

the placenta, despite no differences in lipid or protein content. We observed a significant 

upregulation of ATP-binding cassette transporter proteins ABCC1 and ABCC5 in the 

maternal portion of the placenta in dosed female fetuses relative to controls. We 

observed significant upregulation of ABCC4 and nearly significant upregulation of the 

thyroid hormone solute carrier transporter MCT8 in the fetal portion of the placentas in 

dosed male fetuses relative to controls. This is the first study to investigate tissue-

specific accumulation of pollutants in the placenta and the first study to observe sex-

specific differences in placental transporter gene expression. This aim also investigated 

the tissue-specific accumulation of POPs in crudely isolated maternal and fetal placental 

tissue to evaluate whether the tissue-specific accumulation of POPs in the rat model 

were also reflected in human tissue. We observed a significantly greater accumulation of 

PBDEs and pesticides in the fetal portion of the placenta relative to the maternal portion, 

and at ratios similar to those observed in the rat model. These results suggest the rat 
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may be a relevant model for future investigations related to placental transfer and 

accumulation of POPs. 

In Aim 2, dam serum, maternal and fetal placental tissue and fetal tissue from the 

animal study in Aim 1 were used to investigate the effect of PBDEs on birth weight and 

TH levels in each matrix. Additionally, this aim sought to understand how placental 

tissue-type and gestational age influence TH levels in the Wistar rat model. We 

observed a significant increase in T3 levels in maternal serum from dosed dams 

harvested on gestational day (GD) 14/15, but not GD 12/13. Although we did not detect 

a significant effect of dose on TH levels in the placenta, we did observe significantly 

higher concentrations of T3 and T4 in the maternal portion of the placenta, relative the 

fetal portion. Furthermore, control and dosed maternal placental tissue from GD 14/15 

had significantly higher levels of T3 relative to control and dosed maternal placental 

tissue from GD 12/13. Our data suggested an increase in T3 levels in fetal tissue from 

dosed females and a decrease in T3 levels in fetal tissue from dosed males, however, 

these differences were not statistically significant. 

In Aim 3, BeWo b30 cells, a model for placental barrier function, were cultured on 

Transwell inserts to assess the placental transport of two commonly detected flame 

retardants, BDE-47 & -99. Cells were incubated with and without inhibitors of efflux 

transporters to understand the transporters’ role in the placental transfer of BDEs. We 

observed a significant decrease in the transport of BDE-99 across the placental barrier 

in the apical to basal direction when efflux transporters were inhibited. We saw a 

weakened and non-significant effect on BDE transport in the basal to apical direction 

when efflux transporters were inhibited. We hypothesize that BDEs are not primarily 
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transported across the placental barrier via ATP-binding cassette transporters. Instead, 

the inhibition of efflux transporters may indirectly affect the function and activity of solute-

like carrier transport proteins that share binding substrates. Future research is needed to 

understand the role of solute-like carrier transport proteins in the placental transfer of 

xenobiotics. 

In Aim 4, we evaluated temporal changes in placental POP accumulation and 

associations with birthweight and health of the infant at delivery. Placental tissues (n=99) 

previously collected and archived at the Duke University Medical Center from 2009-2015 

were analyzed for 22 POPs using gas chromatography mass spectrometry. The mean 

age of mothers was 30.6 years, 8% of newborns were characterized as low birthweight 

(<2500 g), and 25.3% of deliveries suffered from an adverse event, such as 

preeclampsia, fetal growth restriction, placenta previa, and premature rupture of 

membranes.  Of the 22 POPs targeted in the analysis, only p,p’-DDE, BDE-47 and BDE-

100 were detected in more than 50% of the samples, with median concentrations of 

0.110, 0.310, and 0.033 ng/g wet weight, respectively. Temporal analyses indicated that 

concentrations of BDE-47 significantly decreased over these years. Placental tissue 

from female infants had significantly higher levels of BDE-100 than males.  And among 

female infants, higher levels of placental POP accumulation were associated with 

adverse deliveries, suggesting gestational exposure to POPs may play a role in adverse 

pregnancy outcomes. Placental POP concentrations were not associated with 

birthweight. Our data indicate placental PBDE concentrations are generally decreasing 

over time; furthermore, these data suggest that there may be a sex-specific association 

between gestational exposure to POPs and adverse pregnancy outcomes. 



 

 

viii 

This was the first study to (i) quantify tissue-specific accumulation of PBDEs in 

the placenta; (ii) quantify tissue-specific thyroid hormone levels in the placenta; (iii) 

quantify thyroid hormone levels in matched maternal serum, placenta, and fetus; (iv) 

detect sex-specific differences in placental transporter gene expression; (v) observe an 

increase in BDE-47 and -99 transport when MRP transport proteins were inhibited; and 

(vi) quantify TBB and TBPH concentrations in human placental tissue. Future research is 

needed to understand the mechanisms driving tissue-specific POP accumulation and 

sex-specific differences in adverse pregnancy outcomes. 
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1. Introduction  

1.1 The Incredible Placenta: Structure and Function 

The placenta is an ephemeral organ that is the primary interface between the 

mother and fetus. The placenta begins development after implantation of the embryo 

into the uterine wall. The blastocyst begins to differentiate into two cell types, an outer 

syncytiotrophoblast layer and an inner cytotrophoblast layer, which go on to develop the 

chorionic plate. The syncytiotrophoblast is a continuous, multinucleated uninterrupted 

layer that covers the villous trees and chorionic and basal plates. It separates the villous 

interior from maternal blood, resulting in a surface area of 12 – 14m2 (Ellery et al. 2009). 

It is believed that the lack of separate units may enhance the defense against pathogens 

and maternal immune cells. The syncytiotrophoblast facilitates the transport of waste 

and nutrients, hormone synthesis, metabolic regulation, and protects the fetus from 

xenobiotics and pathogens. The apical membrane of the syncytiotrophoblast is in direct 

contact with maternal blood and is composed of microvilli that project into the intervillous 

space, which significantly enhance the surface area. Although the microvilli are present 

throughout pregnancy, the projections shorten with gestational age (Teasdale and Jean-

Jacques 1986). The apical membrane does not express Class I or II major 

histocompatibility complexes, therefore, it is immunologically inert to maternal immune 

cells circulating through the intervillous space (Moffett and Loke 2006). The 

cytotrophoblast cell contains a single nucleus and will differentiate into either an 

extravillous or villous cytotrophoblast. Extravillous cytotrophoblasts are essential for the 

invasion, implantation and anchoring of the fetal-placental unit to the uterine wall. They 

do so by secretion of proteolytic enzymes that result in restructuring of the endometrium, 
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allowing greater perfusion of blood from uterine arteries to enter the intervillous space 

(Benirschke, Burton, and Baergen 2012). Villous cytotrophoblasts fuse to grow and 

repair the syncytiotrophoblast. While the placenta is primarily derived from fetal tissue, it 

is also composed of maternal tissue. The basal plate of the placenta, also known as the 

decidua, is derived from remodeled uterine tissue. Maternal blood from spiral arteries 

pools in the intervillous space of the basal plate and circulates out of the lumen via 

uterine veins (Y. Wang and Zhao 2010). 

During gestation, the placenta functions as the (i) respiratory system (ii) excretory 

system (iii) digestive system (iv) immune system, and (iv) endocrine system. It is 

responsible for the delivery of oxygen and removal of carbon dioxide. It also functions 

like a kidney when it removes fetal waste such as bicarbonate, hydrogen ions, lactic 

acid, urea and creatinine. It transports essential nutrients across the placental 

membrane by active and passive transport for proper fetal growth and development. The 

placenta also actively protects the fetus from the maternal immune system as well as 

pathogens and xenobiotics. It expresses numerous and diverse populations of enzymes, 

such as antioxidant enzymes, nitric oxide synthase, 11- hydroxysteroid dehydrogenase 

2, and xenobiotic-metabolizing enzymes (Qanungo and Mukherjea 2000). Another 

essential role of the placenta is the synthesis of hormones in order to maintain the 

pregnancy. The primary hormones synthesized by the placenta include human chorionic 

gonadotropin (hCG), human placental lactogen (HPL), estrogens and progesterone (Y. 

Wang and Zhao 2010; Benirschke, Burton, and Baergen 2012). 
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1.2 Placental Transport of Endogenous & Xenobiotic Substrates 

In order for the developing fetus to receive essential nutrients, gases and 

hormones from maternal circulation, they must cross a series of membranes and cell 

types that compose the placental barrier. The first barrier substrates must cross is the 

apical membrane of syncytiotrophoblast, which highly expresses many uptake and efflux 

transporters (Vähäkangas and Myllynen 2009). Once a compound moves across the 

apical membrane, it can be transported across the basal membrane of the 

syncytiotrophoblast via efflux transporters and into cytotrophoblasts via uptake 

transporters localized to the apical membrane. The basal membrane of cytotrophoblasts 

expresses similar efflux transporters in the basal membrane of the syncytiotrophoblast, 

but to a lesser degree (Chappuy et al. 2012). After a compound moves through both the 

apical and basal membranes of the syncytiotrophoblast and cytotrophoblasts, it must 

cross the endothelial cell membrane of the chorionic villi before it can reach fetal 

circulation. Endothelial cell membranes also highly express numerous transporters, 

many of which are bidirectional (Vähäkangas and Myllynen 2009). The ATP-binding 

cassette (ABC) superfamily and the solute like carrier superfamily are the predominant 

transporters expressed in the placenta. 

1.2.1 ABC superfamily 

ABC proteins are a superfamily of integral membrane transporters that require 

ATP to move substrates across a membrane and/or against a concentration gradient. 

ABC transporters are composed of two nucleotide-binding domains and two hydrophobic 

transmembrane domains. When a substrate binds with a solute-binding protein, the 

complex binds to the cassette, inducing a conformational change, allowing the substrate 
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to enter the ABC transporter. The nucleotide-binding domains then hydrolyze ATP, 

inducing another conformational change to allow the substrate to pass through the 

transporter and into the cell. ADP and phosphate are released and the transporter 

returns to its resting state (Rees, Johnson, and Lewinson 2009). ABC transporters are 

subcategorized as efflux and influx transporters. In the placenta as well as other organs, 

influx transporters are responsible for the uptake of substrates into the cell, such as 

nutrients and cholesterol. ABC efflux transporters are more abundant than influx 

transporters in the placenta. Efflux transporters are responsible for pumping drugs, 

toxins, xenobiotics and enzymes such as proteases and lipases, out of the cell (Walker 

et al. 2017). 

 Breast cancer resistant protein (BCRP) is an efflux transporter localized to the 

apical membrane of the syncytiotrophoblast and is more highly expressed in the  

placenta than in any other organ (Allikmets et al. 1998). BCRP is dissimilar to other ABC 

transporters because it only has one transmembrane region and one ATP-binding 

domain (Brangi et al. 1999).  It is primarily responsible for the efflux of xenobiotics and 

drugs but has been shown to transport endogenous substrates such as estrone-3-

sulfate, 17-estradiol, dehydroepiandrosterone and methotrexate and has the greatest 

substrate diversity of the ABC efflux transporters (Mao 2008). The relationship between 

gestational age is unclear at this time but data seems to indicate BCRP expression 

peaks halfway through gestation (Walker et al. 2017; Mao 2008). 

P-glycoprotein (P-gp), commonly referred to as the ABC placental transporter 

due to its high levels of expression in the placenta, is an efflux transporter localized to 

the apical membrane of the syncytiotrophoblast. Similar to BCRP, it has wide substrate 
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specificity and shares many substrates with BCRP, but preferentially transports 

uncharged hydrophobic molecules ranging in size from 220 Da to 2000 Da (Sarkadi et 

al. 2006). Expression of P-gp has been shown to decrease with gestational age but is 

present throughout the pregnancy (Walker et al. 2017; Gil et al. 2005). 

Multidrug resistant proteins (MRPs) consist of nine efflux transporters localized to 

the apical and basal membranes of the syncytiotrophoblasts, however, only MRP 1, 2, 3 

& 5 are expressed in the placenta (Vähäkangas and Myllynen 2009). MRPs have greater 

substrate specificity relative to BCRP and P-gp. MRP1 is localized to the basal 

membrane of the syncytiotrophoblast and transports organic anions, glutathione 

conjugates, nucleotides and anticancer drugs. MRP2 transports the same substrates as 

MRP1 but is localized to the apical membrane of the syncytiotrophoblast.  MRP3 is 

localized to the apical membrane of the syncytiotrophoblast and has only been found to 

transport anticancer drugs. MRP5 is localized to the basal membrane of the 

syncytiotrophoblast and transports cell signaling molecules cAMP and cGMP. MRPs 

play an essential role in transporting fetal biliary substances from the fetus to maternal 

circulation and folates from maternal circulation to the fetus (Evseenko, Paxton, and 

Keelan 2005). There is currently discordance in the literature regarding the relationship 

between MRP expression and gestational age (Walker et al. 2017). 

1.2.2 Solute Carrier (SLC) superfamily 

The most commonly expressed uptake transporters in the placenta are the SLC 

transport proteins, which are composed of 55 families and 300 members. Although SLC 

proteins are ATP-independent, they can move a substrate against a concentration or 

electrochemical gradient via secondary active transport. This occurs when a carrier 
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protein is bound to a cosubstrate, such as an ion, and move in the same or opposite 

direction (symport and antiport, respectively) (Klaassen and Aleksunes 2010). SLC 

transport protein structures are categorized as rocker switch, gated-pore, and elevator. 

The rocker switch structure involves the LacY protein, which is an outward-bound 

conformation. The substrate enters the v-shape conformation and induces an occluded 

state, which then undergoes an inward-bound conformation, allowing the substrate to 

pass through the membrane. The gated pore involves the LeuT protein, which is an 

outward-open bound conformation. Upon a substrate entering the transport protein, the 

binding site is enclosed by a salt-bridge, creating a “gate” that prevents the substrate 

from dissociating from the binding domain. The transport then undergoes a conformation 

change, allowing the substrate to pass through the membrane. The elevator structure 

involves the GltPh protein in an outward-open bound conformation. When a substrate 

enters the binding pocket, it must be cotransported with an ion. The transporter domain 

within the protein moves vertically, shuffling the substrate and ions across the 

membrane (Colas, Ung, and Schlessinger 2016).  

SLC transporters are further categorized by the substrates they transport. 

Organic anion transporting polypeptides (OATPs), organic cation transporters (OCTs) 

and organic anion transporters (OATs) are the most commonly expressed SLC 

transporter subfamilies in the placenta. OATPs are integral membrane proteins that are 

localized in the basal and apical membranes of the syncytiotrophoblast and are 

responsible for the uptake of a tremendous diversity of substrates, such as conjugated 

steroids, bilirubin, and thyroid hormones (Vähäkangas and Myllynen 2009; Klaassen and 

Aleksunes 2010). Similar to OATPs, OCTs are integral membrane proteins localized in 
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the basal and apical membranes of the syncytiotrophoblast. OCTs are responsible for 

the uptake of substrates that are positively charged at physiological pH, have relatively 

low molecular weight and the direction of transport is driven by the electrochemical 

gradient of the cation (Klaassen and Aleksunes 2010). Dissimilar to OCTs, OATs 

function is sodium-dependent. Substrates of OATs move across a membrane against 

their concentration via cotransport of sodium and dicarboxylate as they move down a 

concentration gradient (N. A. Wolff et al. 1992).  

 

1.3 Models Used to Study Placenta Physiology 

Placental dysfunction has been shown to be associated with predisposition to 

disease later in life and a number of adverse pregnancy outcomes, such as 

preeclampsia, fetal growth restriction, preterm birth, and stillbirth (Barker 2007; 

Stillerman et al. 2008; Ilekis et al. 2016; Redline 2004; Chaddha et al. 2004; Fisher 

2004; MacIntyre et al. 2012). However, the placenta exhibits significant interspecies 

variation, thus, using a model to study its physiology and the transport of endogenous 

and xenobiotics between the mother and fetus poses numerous challenges and 

limitations. Placental model systems can be categorized as: (1) ex vivo placental 

perfusions, (2) in vivo animal models, and (3) in vitro cell lines; each have their 

advantages and disadvantages, which will be discussed in detail. 

1.3.1 Ex vivo placental perfusion 

Ex vivo placental perfusions of human origin involve the perfusion of a single 

cotyledon in a nonrecirculating, open system or a recirculating, closed system to study 

the transfer of compounds between the mother and fetus. Fetal and maternal 
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circulations are paired using a pump system that controls flow rate, gas mixture and 

pressure. Most perfusions take place over 2-6 hours but can be perfused up to 48 hours 

(Myllynen and Vähäkangas 2012). The perfusion system is the most representative 

model of the placenta and allows for the evaluation of sex-specific differences in 

placental transport; something that cannot be assessed with in vitro models (Myllynen 

and Vähäkangas 2012). Another advantage of this system is that it can be used to asses 

placental metabolism (Mathiesen et al. 2014). However, there are a number of 

limitations that need to be considered. A lack of standardized methods hampers the 

ability to compare results from one study to another. Additionally, interstudy variability in 

parameters used to assess the viability of the system and thresholds of perfusate loss 

can complicate the interpretation of results. An interlaboratory comparison study found 

significant differences in the transfer rate of benzo(a)pyrene, which was attributed to 

differing perfusion parameters (Mathiesen et al. 2009). Intrastudy variation due to 

interindividual differences in placenta morphology and physiology allows perfusion 

studies to take into account individual differences, but diminishes the ability to detect 

small differences in placental transport activity (Mathiesen et al. 2014). Therefore, a 

large sample size is needed to make meaningful conclusions. While placentas from c-

section deliveries are less likely to be contaminated with non-placental cell types and 

bacteria, there appears to be no difference in the placental transfer of compounds 

frequently used as reference standards in perfusion studies between placentas collected 

by c-section and vaginal birth (Mose et al. 2012). The inclusion of placentas collected 

from a vaginal birth in addition to placentas collected by c-section would allow for a 

greater number of tissues to fall within the consent criteria and help address the sample 
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size limitation.  A significant limitation of the placental perfusion model is the inability to 

extrapolate results from term placentas to first and second trimester placentas. It is well 

known that the placenta undergoes significant morphological changes during gestation, 

particularly the thickness of the placental barrier and the expression of transporters 

(Myllynen and Vähäkangas 2012; Benirschke, Burton, and Baergen 2012; Walker et al. 

2017). Therefore, perfusion of term placentas may inaccurately estimate the placental 

transport of compounds in the first and second trimester. Furthermore, studies have 

shown an effect of hypoxia during transfer of the tissue to the lab on metabolic activity in 

the placenta, calling into question the representativeness of ex vivo tissue relative to in 

vivo tissue (Dunn et al. 2009). A major limitation of placental perfusions is the limited 

supply of tissue samples and the inability to perform replicate experiments. Additionally, 

recruiting participants, obtaining consent and ensuring privacy of identifiable information 

are additional hurdles that need to be taken into consideration when performing 

placental perfusion studies. 

1.3.2 In vivo animal models 

Rats, rabbits, sheep and the guinea pig are some of the most commonly used 

animal models to study placental physiology and morphology in vivo. Rats are a relevant 

animal model for studying placental transport because, similar to humans, they have a 

hemochorial placental type, their blood vessels are chorioallantoic, and the placenta is 

composed of maternal and fetal tissue separated by a hemochorial placental barrier. 

(Knipp, Audus, and Soares 1999; Furukawa, Kuroda, and Sugiyama 2014; Winterhager 

and Gellhaus 2017; Myllynen and Vähäkangas 2012; Prouillac and Lecoeur 2010). 

Furthermore, they also share similar expression and localization of transporters relative 
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to humans (Staud et al. 2006; Walker et al. 2017). Lastly, they are easy to house, breed, 

and have a short gestational period (Grigsby 2016). Each of these factors contributes to 

the rat’s high relevance when studying placental transport of endogenous and xenobiotic 

compounds. Limitations of the rat model include reduced vascularization of decidua 

relative to humans, more layers of cells separating maternal and fetal circulation and the 

smaller anatomical size of the placenta limits the ability to perform imaging (Grigsby 

2016; Furukawa, Kuroda, and Sugiyama 2014). The structure of the rabbit placenta is 

bidiscoid, which is more dissimilar to humans than rats, however, it is hemodichorial (2 

layers separating maternal and fetal circulation), which is similar to humans (Furukawa, 

Kuroda, and Sugiyama 2014). Rabbits are easy to breed, house and have a short 

gestational period. The sheep has a cotyledonary placental type with 6 interhemal 

layers, thus, its structure is strikingly different. In addition to morphological differences in 

placental structure, sheep have highly superficial implantation and weakly invade the 

uterine wall (Grigsby 2016). Furthermore, the hormonal regulation of sheep pregnancy is 

significantly different than humans, particularly related to the progression of labor. 

Therefore, the sheep is not a relevant model for endpoints related to the timing of 

parturition, such as preterm birth (Mitchell and Taggart 2009). However, because sheep 

have a longer gestation period relative to other animal models, the sheep shares similar 

fetal vasculature and maturity at birth, rendering it as an excellent model for studying 

impacts on morphological endpoints (Walker et al. 2017). The guinea pig is the most 

commonly used model for studying nutrient transport and mechanisms driving 

intrauterine growth restriction (Jansson and Powell 2007). The guinea pig has a 

discoidal, hemomonochorial placental type, a longer gestation period than rats and mice, 
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can be used to assess the development of toxemia, is easy to breed and house, and the 

pregnancy is regulated by similar hormonal control relative to humans (Grigsby 2016; 

Seidl et al. 1979). A significant difference between the guinea pig and humans is that 

cytotrophoblasts do not exist in the second half of gestation (Walker et al. 2017). 

1.3.3 In vitro cell culture models 

Given the significant interspecies variation of placenta morphology and 

physiology, human-derived tissue is most representative of structure and function, 

however, there are obvious ethical implications and limitations. Therefore, a diversity of 

human-derived cell lines has been established, which are categorized as primary and 

choriocarcinoma cell lines, to asses placental function and pathophysiology. Primary 

cells isolated and purified from freshly delivered placenta allow for the investigation of 

sex specific differences, they do not require stably-transfected transporters, they 

represent normal trophoblast cells (relative to cancer cell lines) and experiments can be 

performed in replicates (KLIMAN et al. 1986). However, there are a number of limitations 

that need to be taken into consideration. Studies have shown transporter expression 

begins to decline significantly after 120 hours from delivery (Evseenko, Paxton, and 

Keelan 2005). Primary cells are non-proliferative in culture, therefore, they only survive 

in culture for up to 7 days and they cannot be used in transport studies because they are 

incapable of creating a monolayer (Abou-Kheir et al. 2017). Hemmings et al has 

published a protocol using primary cells to create tight-junction gaps by seeding primary 

cells on top of one another over several days (Hemmings et al. 2002). However, a 

monolayer is no longer achieved, and thus the model is less representative of the true 

placental barrier. Additionally, the cell population isolated from term placenta are often 
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contaminated with a number of non-trophoblast cells, such as epithelial and 

mesenchymal cells (KLIMAN et al. 1986). Another limitation to be considered when 

using primary cells is the recruitment and consent of participants, which limits 

accessibility to a large number of tissues necessary to isolate and culture primary cells 

for replicate experiments. HTR-8/SVneo is a cell line derived from first trimester 

extravillous cytotrophoblasts and is more primary-like than the choriocarcinoma cell 

lines, however, it is transfected with simian virus 40 large T antigen (SV40). This cell line 

is most commonly used for studies evaluating trophoblast invasion and proliferation 

(Yang et al. 2016). The major limitation with this cell line is that trophoblasts begin to 

transition to epithelial cells with increasing passage. Thus, the cell line is heterogenous 

in cell population and is not truly reflective of a trophoblast cell line (Abou-Kheir et al. 

2017). 

BeWo, JAr, and Jeg-3 are immortalized cell lines derived from human 

choriocarcinoma cells and are the most commonly used in vitro models to study 

placental physiology (Walker et al. 2017; Abou-Kheir et al. 2017). BeWo cells were 

created after choriocarcinoma cells were collected from a cerebral metastasis in a male 

fetus during an autopsy, then transplanted inside the cheek of a hamster and co-cultured 

with decidual cells (Hertz 1959). The BeWo cell line contains only trophoblast cells, of 

which approximately 96% are cytotrophoblast-like and 4% are syncytiotrophoblast-like, 

unless treated with forskolin to induce syncytialization (Wice et al. 1990). The 

morphology and physiology of BeWo cells is highly similar to primary trophoblasts, 

therefore, it is the most commonly used choriocarcinoma cell line and is an appropriate 

model for studying placental biology (Abou-Kheir et al. 2017; Serrano et al. 2007). The 
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BeWo cell line is commonly used is transport studies due to its ability to create a 

polarized monolayer with tight-junction gaps. An additional advantage of the BeWo cell 

line is the hormonal secretion of hCG, hPL, progesterone and estradiol, allowing for the 

investigation of hormone production and regulation in the placenta. Furthermore, a study 

by Serrano et al demonstrated BeWo cells express all the same transporters as human 

trophoblasts isolated from term placenta (Serrano et al. 2007). The one exception was 

the bile salt export pump (BSEP), although, the expression of BSEP in human 

trophoblasts is extremely low relative to the expression of other efflux transporters in the 

placenta. However, there are a number of limitations that need to be considered. BeWo 

cells have significantly higher rates of proliferation and invasiveness but less trophoblast 

differentiation (unless induced) relative to primary cells isolated from human placenta 

(Kitano et al. 2004). Furthermore, the expression of OATP1A2 and BCRP were an order 

of magnitude higher than primary cells and the expression of OATP2B1 and MRP3 were 

an order of magnitude lower (Serrano et al. 2007). Thus, these differences need to be 

taken into consideration when extrapolating results from BeWo cells to primary cells. A 

second commonly used choriocarcinoma cell used to study placental biology is Jeg-3. 

Jeg-3 cells were derived from serial cloning of BeWo cells transplanted in the cheek of a 

hamster (KOHLER and BRIDSON 1971). These mononucleated, highly proliferative 

cells are capable of synthesizing progesterone, hCG and hPL. Similar to the BeWo cell 

line, transporter expression is nearly identical to primary trophoblast cells, with the 

exception of ABCB1 and ABCG2 (Serrano et al. 2007). An additional advantage of the 

Jeg-3 cell line is the presence of xenobiotic metabolizing enzymes (Wójtowicz et al. 

2011). The JAr cell line was directly established from a trophoblastic tumor of human 
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placenta (Azizkhan et al. 1979).  JAr cells have relatively high synthesis of placental 

hormones, such as hCG, relative to other choriocarcinoma cell lines. Therefore, the JAr 

cell line is primarily used for studies evaluating steroid and hormone production 

(Myllynen and Vähäkangas 2012). A study by Rothbauer et al compared five key 

physiological parameters between BeWo, JAr, and Jeg-3 cell lines. All three cell lines 

were capable of creating a polarized monolayer of tight-junction gaps, however, JAr cells 

had significantly more leakage of a fluorescent compound used as a positive control to 

assess membrane integrity. The BeWo cell line had the greatest amount of glucose 

transport, suggesting high expression and activity of transporters localized to apical and 

basal membranes. Of the choriocarcinoma cell lines, BeWo appears to be the best cell 

line to study syncytialization and transport. Meanwhile, Jar and Jeg-3 cells are best 

suited for studies investigating the production of hCG and other steroids as well as the 

function of xenobiotic metabolizing enzymes (Rothbauer et al. 2017). A comparison of 

xenobiotic transport between the BeWo b30 cell line and ex vivo perfusions has been 

conducted. These studies observed a strong correlation in placental transfer efficiencies 

for caffeine, antipyrine, benzoic acid, glyphosate, mycotoxins and non-dioxin-like PCBs 

(Poulsen et al. 2009; Correia Carreira et al. 2011; Nielsen et al. 2011). These studies 

suggest that in vitro models (1) are reflective of placental biology in human tissue, (2) 

reduce the need for animal models, and (3) address the issue of the limited availability of 

quality term placental tissue. 
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1.4 Thyroid Hormone Regulation During Pregnancy 

The primary thyroid hormones in circulation are thyroxine (T4) and 

triiodothyronine (T3). Thyroid hormone synthesis begins in the thyroid gland. The gland 

is composed of follicles, which create a lumen that contains colloid material. A sodium 

iodide symporter, localized to the membrane of the follicle, exchanges sodium cations in 

order to uptake iodine through a process known as secondary transport. Iodide is then 

oxidized to iodine where it is then transported within the lumen and incorporated by 

tyrosine residues of thyroglobulin, which are oxidatively coupled to produce T4 and T3. 

In order for T4 and T3 to enter circulation and reach the fetus, the T4/T3-thyroglobulin 

complex is endocytosed and cleaved by lysosomes. T4 and T3 then enter circulation 

and are quickly bound to thyroxine-binding globulin, a serum transporter responsible for 

guiding thyroid hormones to their target tissues. Approximately 99.7% of total thyroid 

hormones are bound, however, they must be unbound to enter cells in target tissues. 

Upon entering target tissues expressing deiodinase enzyme (DIO) 1 & 2,  free T4 is 

deiodinated to T3, the bioactive thyroid hormone capable of inducing transcription of 

thyroid-hormone regulated genes (Yen 2001). After T3 binds with the thyroid receptor at 

the thyroid response element, the complex undergoes a conformational change to 

induce a transcriptional response. Transcriptional activation of genes by thyroid 

hormones result in phenotypic changes such as placentation, trophoblast proliferation, 

trophoblast differentiation, extravillous trophoblast invasiveness and decidual 

angiogenesis.  

Thyroid hormone levels in the mother are regulated via the hypothalamic-pituitary 

thyroid axis and maintained by a negative feedback loop in the hypothalamus and 
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pituitary. While thyroid hormone levels due increase slightly in pregnant women during 

the first two trimesters, there is no significant difference in maternal thyroid hormone 

synthesis and regulation in pregnant and non-pregnant women (Shiao Y. Chan, 

Vasilopoulou, and Kilby 2009). Thyroid stimulating hormone (TSH) synthesis occurs in 

the pituitary and is initiated by the secretion of thyroid-releasing hormone (TRH) in the 

hypothalamus. After TSH binds to g-protein coupled receptors in the thyroid gland, 

cAMP is released, and a cascade of events occurs: thyroglobulin production is induced, 

stimulation of peroxidase results in the oxidation of iodide to iodine, the sodium-iodide 

symporter uptakes the iodide in exchange for sodium cations, and iodine is bound to 

thyroglobulin. TSH also stimulates the endocytosis of T4/T3-thyroglobulin complex, 

allowing bound T4/T3 into maternal circulation (Yen 2001). As free T4/T3 concentrations 

increase in maternal circulation, T4 downregulates TRH-producing neurons in the 

hypothalamus, resulting in a decrease in TRH, TSH, and ultimately T4/T3. T4 can also 

directly inhibit TSH synthesis in the pituitary, which also decreases T4/T3 production in 

the thyroid gland. T4/T3 levels in target tissues are also regulated by non-genomic 

mechanisms via DIO I-III metabolism. These enzymes can metabolize T4 to T3 

(bioactivation), and T3 to rT3 and T2 (deactivation) via removal of an iodine (Yen 2001). 

The fetus solely relies on a maternal supply of thyroid hormones during the first 

18 weeks of gestation. Beginning in the middle of the second trimester and continuing 

through term, there is both a maternal and fetal contribution to fetal thyroid hormones. 

The placenta plays a critical role in supplying the fetus with maternally derived thyroid 

hormones as well as protecting the fetus from excess hormones. The placenta regulates 

the levels and composition of thyroid hormones delivered to the fetus via thyroid 
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hormone transporters and sulfotransferases and DIO enzymes. Thyroid hormone 

transporters are localized to both the apical and basal membranes of the 

syncytiotrophoblast and cytotrophoblast. The predominant thyroid hormone transporters 

in the placenta are MCT-8, MCT-10, LAT1&2, OATP1A2, OATP4A1 and OATP1C1 

(Shiao Y. Chan, Vasilopoulou, and Kilby 2009; Appiah Adu-Gyamfi, Wang, and Ding 

n.d.). T4 and T3 must be unbound in order to be substrates for transport across the 

placental barrier. While they appear to play a minor role in thyroid hormone regulation 

during pregnancy, sulfotransferases are responsible for the metabolism and deactivation 

of thyroid hormones (Kester et al. 2002). Expression of DIO enzymes is another 

mechanism by which the placenta regulates thyroid hormone levels during gestation. 

DIO III is highly expressed in the syncytiotrophoblast while DIO II is highly expressed in 

the cytotrophoblast; both are thought to play a critical role in protecting the fetus from 

excess thyroid hormone via deiodination of T4 to rT3 and T3 to T2 (Shiao Y. Chan, 

Vasilopoulou, and Kilby 2009). The increase in iodine from the deiodination T4 and T3 

can also be used by the fetus to synthesize its own thyroid hormones later in gestation 

(Kilby et al. 2005). 

Thyroid hormones are essential for fetal growth, neural development, tissue 

differentiation, metabolism, and overall maintenance of the pregnancy (Haddow 1999). 

When circulating levels of thyroid hormones in maternal serum are disrupted, there is an 

increased risk for adverse pregnancy outcomes, such as intrauterine growth restriction 

(IUGR) (Kilby et al. 1998; Loubière et al. 2010; S. Y. Chan et al. 2006). Previous studies 

have observed significant differences in thyroid hormone levels and regulation with 

IUGR, suggesting thyroid hormone disruption may be a causative factor for IUGR. 
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Although it is unclear what my driving thyroid hormone dysregulation, it’s possible that 

exposure to POPs may be involved. 

1.5 Gestational Exposure to POPs 

The Developmental Origins of Health and Disease (DOHaD) is a hypothesis that 

early life exposures to stressors can contribute to disease later in childhood and 

adulthood. The hypothesis was founded after a study demonstrated a strong association 

between reduced fetal growth and impaired glucose tolerance at age 64 (Hales et al. 

1991). Poor maternal diet, infection and hormone dysregulation are just some of the 

stressors that can adversely impact fetal programming in utero, particularly when these 

stressors occur when the fetus is developmentally “plastic” (Barker 2007). Preterm birth, 

intrauterine growth restriction, low birthweight and other adverse pregnancy outcomes 

increase the likelihood of a newborn suffering from a number of life-long complications 

and diseases such as cerebral palsy, type 2 diabetes, obesity, hypertension, vision and 

hearing loss, as well as intellectual disabilities (Behrman, Butler, and Outcomes 2007; 

Jeyabalan 2013; VandenBosche and Kirchner 1998). Since the Hales et al study in 

1991, there has been increased attention on the impact of gestational exposure to 

chemicals on fetal development, disease in adulthood and the overall global disease 

burden (Ferguson, O’Neill, and Meeker 2013; Stillerman et al. 2008). There are several 

different factors that appear to contribute to the etiology of adverse pregnancy outcomes 

and gestational exposure to environmental pollutants is postulated to play a significant 

role (Savitz et al. 2014; Eslami et al. 2016; Ledda et al. 2015; J. Wu et al. 2009).  

The placenta, which plays a critical role in fetal programming and development, 

has been shown to be a sink of many environmental pollutants (Jansson and Powell 



 

19 

 

2007; Jeong et al. 2018; Leonetti, Butt, Hoffman, Miranda, et al. 2016; Ruis et al. 2019). 

Persistent organic pollutants (POPs) are environmental pollutants that are globally 

transported, resistant to degradation, and adversely affect human health. POPs were 

synthesized for agriculture, disease control, and electronics, and some are inadvertently 

produced via incineration of waste. The production and use of many of POPs, such as 

polychlorinated biphenyls (PCBs), dichlorodiphenyltrichloroethane (DDT) and dioxins 

has been drastically reduced or eliminated under the Stockholm Convention of 2001 due 

to concerns of persistence, bioaccumulation, and toxicity. However, the chemical 

stability of banned compounds allows them to persist in the environment for 

years/decades and we continue to be exposed today via contaminated food, drinking 

water and air (Jones and De Voogt 1999). 

POPs pose a significant health concern to neonatal health (Barr, Bishop, and 

Needham 2007). They are capable of crossing the placental barrier and accumulating in 

breast milk where they can elicit adverse effects during sensitive windows of 

development (Miller et al. 2004; Nickerson 2006; Porpora et al. 2013). In utero exposure 

to POPs has been associated with neurodevelopmental delays, intrauterine growth 

restriction, low birth weight, premature birth and endocrine disruption (Gray et al. 2005; 

Tan et al. 2009). Previous studies seeking to understand the impact of POP exposure on 

birth outcomes have used maternal serum as their biomonitoring matrix, however, the 

results of these studies are often in discordance (Tan et al. 2009; Longnecker et al. 

2001; Kezios et al. 2013; Govarts et al. 2012; K. Wu et al. 2011; M. S. Wolff et al. 2007). 

A possible explanation is maternal serum may not be the best predictor of fetal 

exposure. The placenta can act as a sink for POP accumulation, with concentrations in 
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the placenta sometimes exceeding both maternal serum and cord blood (Jeong et al. 

2018). 

 

1.6 Dissertation Research Aims 

The central hypothesis of this dissertation is that POPs are substrates of 

transporters in the placenta, resulting in the concentration of pollutants in the fetal 

portion of the placenta and disruption of thyroid hormone levels reaching the fetus. 

Specifically, I hypothesize that PBDEs can disrupt TH levels during gestation given their 

structural similarity, with implications including hypothyroidism and potentially IUGR. To 

test these hypotheses, the BeWo b30 cell line, the Wistar rat and term human placental 

tissue were evaluated in experiments to gain a better understanding of the toxicokinetics 

and thyroid disruption following POP accumulation in placental tissues. 

Aim 1: Investigate sex-specific accumulation of PBDEs in fetal and 

maternal placental tissues in a rat model and in humans. (a) Pregnant Wistar rats 

were dosed orally with a vehicle control or mixture of PBDEs from GD 6-15. PBDE 

accumulation in fetal, maternal and whole placental tissue from both sexes were 

quantified. (b) PBDE concentrations in maternal, fetal and whole placental tissue from 

human placentas were analyzed to determine if the same trends in PBDE partitioning 

occurs between species. 

Aim 2: Determine if gestational exposure to PBDEs affects placental THs, 

transporter expression, and fetal weight in a sex-specific manner. (a) Quantitative 

PCR was used to measure the expression of transporters in the placenta from control 

and dosed Wistar rats to determine if they were altered by exposure to PBDEs (b) 
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Maternal, placental and fetal THs were also measured, and associations between THs, 

THTs, PBDEs and fetal weight, were examined (stratified by sex). 

Aim 3: Investigate the mechanism (passive, active, combination) by which 

PBDEs are transported across the placental barrier. (a) A transporter assay using 

the BeWo b30 cell line was used to determine whether transporters could actively 

transport PBDEs across the placental membrane. (b) The assay will also be used to 

evaluate the ability of PBDEs to inhibit transport of endogenous substrates. 

Aim 4: Analysis of pesticide, PCB, and BFR concentrations in archived 

placenta samples. The goals of this aim were to (a) Quantify pesticide, PCB and BFR 

concentrations in placenta samples archived from 2009-2015; (b) Explore sex-specific 

differences in placental accumulation of contaminants; and (c) Evaluate associations 

between contaminant exposure and adverse pregnancy outcomes. 

 This novel and collaborative project has provided greater insight into the 

developmental toxicity of POPs and their potential to elicit adverse pregnancy outcomes. 

The goal of this project was to gain a better understanding of the links between POPs, 

thyroid disruption and adverse pregnancy outcomes.  
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2. Tissue-Specific Accumulation of PBDEs Using the 
Wistar Rat as a Model 

Part of this chapter was published under the title “PBDEs Concentrate in the 

Fetal Portion of the Placenta: Implications for Thyroid Hormone Dysregulation“ in 

Endocrinology in 2019. The authors are Matthew Ruis, Kylie Rock, Sam Hall, Brian 

Horman, Heather Patisaul, and Heather Stapleton. 

2.1 Introduction 

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 semi-permeable membrane that 

separates maternal from fetal blood and expresses numerous uptake and efflux 

transporters. In addition, it protects the fetus from pathogens, xenobiotics and excess 

hormones. However, numerous studies have detected PBDEs, PCBs and DDT in cord 

serum, suggesting this barrier is permeable to xenobiotics (Vizcaino et al. 2014; J. T. 

Kim et al. 2015; Zheng et al. 2017; Meijer et al. 2008; F. Zhao et al. 2017; Jakobsson et 

al. 2012; Jeong et al. 2018). It is also widely accepted that the placenta is a sink for 

environmental contaminants, with concentrations in the placenta sometimes exceeding 

maternal serum concentrations (Vizcaino et al. 2014; J. T. Kim et al. 2015; Leuthner et 

al. 2014; Jeong et al. 2018; Zheng et al. 2017; Leonetti, Butt, Hoffman, Miranda, et al. 

2016)). It is unclear how these compounds are transported from maternal to fetal 

circulation; however, it is generally assumed that passive transport is the predominant 

mechanism (Y. R. Kim et al. 2014; Kang et al. 2010; Mathiesen et al. 2014; Kawashiro et 
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al. 2009). A limitation of each of these studies is that POP accumulation was measured 

in full-thickness placenta tissues, rather than specific tissue layers; therefore, it is 

unclear whether these contaminants are homogenously distributed within the placenta. 

By understanding the disposition of these contaminants in specific tissues, we can better 

understand the toxicokinetics of POPs in the fetal-placental unit, and their potential 

effects. 

The Wistar Rat is an advantageous model for studying placental transfer and 

accumulation of POPs because of their short gestational period and they have a 

hemochorial placental barrier allowing the fetal and maternal placental tissues to be 

easily isolated. The goal of this study was to evaluate: (1) tissue-specific differences in 

PBDE accumulation in the placenta (2) sex-specific differences in PBDE accumulation 

(3) sex and tissue-specific changes in placental transporter gene expression. 

2.2 Materials and Methods  

2.2.1 Animal Husbandry 

Adult Wistar rats (n = 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 determined 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 individually. All paired females except one were successfully 

impregnated.  Pregnant Wistar rats were orally dosed to either a mixture of PBDEs or a 

vehicle control for 10 days during gestation (n=10 dams/exposure).  The mixture of 

PBDEs included BDE-28, -47, -99, -100, -153 & -209 dissolved in ethanol with 10% pure 

corn oil ranging in concentration from 5.3 – 30.4 ug/kg/day (Figure 1).  
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Figure 1. Actual versus intended dosing mixture composition. We intended to 

dose at a concentration of 1500 ug/kg/day, however, the dosing mixture ranged in 

concentrations from 5.3-30.4 ug/kg/day. BTBPE and BDE-209 were below detection 

limits in all samples 

 

Dams were orally exposed by adding 20 uL of the dosing solution onto a 1⁄4 of a 

soy-free food treat pellet (chocolate flavored AIN-76A Rodent Diet Test Tabs, Test Diet, 

Richmond, IN, USA) once daily (within an hour beginning at 9 am). Dams were 

sacrificed 4 hours after the final dose and the dam serum, placentas and fetuses were 

extracted and weighed. Each placenta was dissected to separate fetal from maternal 

tissue and immediately frozen. The maternal side consisted of the decidua, myometrium, 

and mesometrium, which play a role in anchoring the developing embryo to the uterine 
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wall and housing the spiral arteries that provide nutrients to the placenta and fetus.  The 

fetal side consisted of the trophospongium and labyrinth zone, which contains the 

syncytiotrophoblast layer that separates maternal and fetal circulation and provides an 

interface for exchange.  One whole placenta and one dissected placenta and their paired 

fetus per dam from each sex was used for this study. Fetal mass was measured 

immediately following necropsy. Fetal age was assigned using Thelier, Carnegie and 

Witischi criteria as guides.  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 NC State 

College of Veterinary Medicine to look for any evidence of gross pathology (none was 

found) and provide an independent assessment of gestational age. 

2.2.2 Sample Extraction 

To extract BFRs from serum, we used a method previously developed by Butt et 

al (Butt, Miranda, and Stapleton 2016). Briefly, 500 uL 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, which is conditioned and eluted with hexane. The analytes are 

then blown down to ~100 uL 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 (GC/ECNI-MS). 



 

26 

 

To extract BFRs from the placenta and fetus, the tissues were homogenized 

using a mortar and pestle in 5 grams of sodium sulfate and spiked with an internal 

standard, FBDE- 69. Tissues were then sonicated with DCM and centrifuged to separate 

the solvent from the solid tissue. After concentrating the extract to ~1 mL using nitrogen 

evaporation, 50 uL was aliquoted for gravimetric lipid analysis and another 50 uL was 

aliquoted for a bicinchoninic acid assay to quantify protein content. The remaining 

extract was purified through a column packed with Florisil and eluted with 30:70 

Hexane:DCM. 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 GC/ECNI-MS (Leonetti, Butt, Hoffman, Miranda, et al. 2016). Due to solubility 

issues in the dosing vehicle, BDE-209 was not detected in any samples, and was not 

included in any analyses.  

2.2.3 Transporter Gene Expression 

Transporter expression was measured on dissected placentas from both 

treatment groups (vehicle and PBDEs); n = 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 protocol (Qiagen, 

Cat. 74134). RNA quality and quantity were estimated using a Thermo Scientific 

Nanodrop 1000, and all samples were normalized to a concentration of 200 ng/μL prior 
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to cDNA synthesis. Incubation for reverse transcriptase reactions was 60 min at 37 °C, 5 

min at 95 °C, and the cDNA stored at -20 °C until use. An ABI StepOnePlusTM Real-

Time PCR System and Taqman probes were used for quantitative real-time PCR (qRT-

PCR). Triplicate reactions were run as well as negative controls for each Taqman assay. 

A house keeping gene (18s rRNA) was used to normalize CT values for differences in 

starting concentrations of cDNA. Relative changes in expression were determined using 

the Livak ΔΔ CT method.  

2.2.4 Human Study 

Ten anonymous human placenta samples from pregnant women who underwent 

cesarean sections for non-complicated 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 tissue ~ 3 inches in length 

and width were incised 2 inches from the insertion of the umbilical cord and two inches 

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 are 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 approved by the Duke University 

Institutional Review Board prior to study initiation. 
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2.2.5 Quality Assurance/Quality Control 

For PBDE analyses, lab processing blanks were included in all tissue and serum 

analyses. The method detection limits for each analyte was calculated from three times 

the standard deviation of the lab blank values and ranged from 0.016-0.39 ng. Recovery 

of the PBDE internal standard (F-BDE-69) was greater than 80% for all congeners. 

Extraction efficiency and accuracy of our PBDE measurements was evaluated using a 

Standard Reference Material (SRM 1947 – Lake Michigan Fish Tissue) purchased from 

the National Institute of Standards and Technology. The accuracy of certified values 

ranged from 101-120% for PBDE congeners evaluated. 

2.2.6 Data Analysis 

Statistical analyses were performed using SAS 9.4® and GraphPad Prism 

version 8 (La Jolla, CA). Concentrations of PBDEs in rat serum and tissue were normally 

distributed, therefore, we used a repeated measures ANOVA followed by post-hoc 

comparisons using Fisher’s Protected Least Significant Differences test (LSD). PBDE 

concentrations in human placenta were not normally distributed, therefore, we used non-

parametric statistics (Wilcoxon signed- rank test) to compare PBDE concentrations in 

maternal and fetal placental tissue. The litter was the statistical unit for all analyses. 

Differences in expression of transporters in the placenta were evaluated using a Mann 

Whitney U analysis. A p-value of 0.05 was considered statistically significant.  



 

29 

 

2.3 Results 

2.3.1 PBDE exposure reduced fetal mass early on in gestation 

Pups were generated via in house breeding and dosed from GD 6-15 

(gestational age estimated from when dams were sperm plug positive).  Evaluation at 

necropsy revealed the distribution of gestational ages in the collected fetuses ranged 

from GD 12 to 15.  Results from our multiple linear regression analysis suggest that 

exposure to PBDEs resulted in a significantly increased fetal mass at GD 14 (p < 0.001) 

and significantly reduced fetal mass at GD 12 (p < 0.001) (Figure 2). Although not 

significant, dosed fetuses from GD 13 and 15 also had reduced fetal mass relative to 

controls (p = 0.52 and p = 0.19, respectively). 

 

Figure 2. Fetal mass stratified by gestational day and dose group. * Represents 

significant difference (p<0.001) n = number of litters (not pups), error bars represent 

SEM of litter 
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2.3.2 PBDE Concentrations in tissues 

PBDEs were detected in all tissues from exposed animals. Concentrations of 

PBDEs measured in maternal serum, placenta and fetal tissues are presented in 

Figure 3.  

 

Figure 3: Concentration of PBDE’s in dam serum, maternal placenta, fetal 

placenta and fetus. Numbers above brackets represent fold difference in 

concentration between maternal and fetal placenta. * represents significant difference 

(p<0.05) between maternal and fetal placental concentrations. n = number of litters 

(not pups), error bars represent SEM of litters. 
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Results from a repeated measures ANOVA revealed that the PBDE 

concentrations measured in the fetal portion of the placenta were significantly greater 

(~2X) 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 approximately 10 times lower than that 

in the fetal placenta and ~3 times lower than in the maternal portion of the placenta.  

This trend was similar for each PBDE congener. There was a statistically significant 

difference in the relative composition of the PBDEs in maternal and fetal placental 

tissues for BDE-28, -47 and -99 (Figure 4). Specifically, there was a greater proportion of 

BDE-28 and -47 in maternal compared to fetal placental tissues; however, the proportion 

of BDE-99 was higher in fetal than maternal placental tissues. The percent 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). 
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Figure 4. Percent composition of each BDE congener in dam serum, maternal 

and fetal placenta and fetus. 

 

By dividing the concentration of each congener in each tissue/compartment by 

the relative percentage of each congener in the dosing mixture, we can calculate a ratio. 

These ratios help to account for some of the variability in the accumulation due to 

differences in the dosing mixture. These data show that there is a positive association 

between the log Kow of the congener and the percent of dose in each compartment 

(Figure 4). These data differ from the percent composition presented in Figure 5, which 

was calculated by dividing the concentration of all congeners in the single compartment. 
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Figure 5. Ratio of the concentration of each BDE to its relative proportion in 

the dosing mixture 

 

2.3.3 PBDE partitioning in human placenta 

Anonymous human placental tissues (n=10) were also dissected to isolate 

maternal and fetal layers and separately analyzed for PBDEs. Several PBDE congeners 

were <MDL in 1-3 of the placentas.  However, for the PBDE congeners that were 

detected, the concentrations were ~2-5X higher in the fetal portion of the placenta 

compared to the maternal portion, despite no differences in lipid content (Figures 6&7). 
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Figure 6. Concentrations of PBDEs (ng/g ww) of PCBs, DDT, and DDE in fetal 

and maternal placenta tissue. n=1 
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Figure 7. Concentrations of PBDEs in fetal and maternal placenta tissues. n=1 

 

 To compare the species differences in partitioning of PBDEs in the placenta, we 

calculated the ratio of PBDE concentrations in fetal versus maternal tissues in both 

humans and rats (Figure 8). We found that both had similar ratios, ranging from 1.2-5.5 

for humans and 1.9-3.2 for rats, and were significantly different than one.  
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Figure 8: Ratio PBDEs in fetal versus maternal placental measured in both rat 

(control experiment) and human placentas. The dashed line indicates the 1:1 line. n = 

number of placentas analyzed, error bars represent SEM of individual placentas. 

 

2.3.4 Transporter expression in placenta 

Messenger RNA (mRNA) expression was evaluated for several transporters 

separately in maternal and fetal placental tissues. We observed a significant 

upregulation of efflux transporter ABCC4 (p  0.02) & nearly significant upregulation of 

uptake transporter MCT8 (p = 0.13) in the fetal portion of the placenta from exposed 

males only. Efflux transporters ABCC1 & ABCC5 were significantly upregulated in the 
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maternal portion from exposed females only (p  0.01) (Figure 9). 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 = 0.13). 

 

Figure 9: Transporter gene expression in the maternal (a) and fetal (b) portion 

of the placenta (n=7/8). * represents significant difference (p<0.05) between dose 

groups. n = number of litters (not pups), error bars represent SEM of litter. 
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2.4 Discussion 

Our data demonstrated that PBDEs are concentrating in the fetal portion of the 

placenta at significantly higher levels than the maternal portion and disrupting placenta 

transporters in a sex-specific manner.  

2.4.1 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. exposed 10 Sprague 

Dawley rats to 1000 mg/kg/day of DecaBDE prior to conception and through gestation 

(Zhao et al. 2017). They also observed a significant reduction in body weight of newborn 

pups and hypothesized that the reduction in fetal mass may be attributed to thyroid 

hormone disruption. 

2.4.2 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 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. Since they are not in equilibrium, this suggests that these compounds are 

actively transported across the placental barrier between the mother and fetus. While 

some studies suggest PBDEs are passively transported across the placental barrier, 

others provide data that suggests otherwise (J. T. Kim et al. 2015; Kang et al. 2010; 
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Mathiesen et al. 2014; Kawashiro et al. 2009; Vizcaino et al. 2014). To our knowledge, 

no one has evaluated active transport at the maternal-fetal interface of the placental 

barrier. Unfortunately, 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 membrane and against a concentration gradient. There is already 

evidence that PBDEs are substrates for organic anion-transporting polypeptide (OATPs), 

which belong to the SLC superfamily, in hepatocytes (Pacyniak et al. 2010). BDE-47 - 99 

and -153 were able to inhibit the cellular uptake of estradiol-17ß-glucuronide by 

OATP1B3 and OATP1B1 as well as estrone-3-sulfate by OATP2B1 at environmentally 

relevant concentrations (BDE-47 Km = 0.31 uM).  This suggests 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. 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 log Kow of the 

congener and the percent of the dose in each compartment. In a study evaluating PBDE 

concentrations in paired maternal serum, placenta and cord blood from 72 pregnant 

women in China, they found that lower brominated compounds (BDE-28, -47, -99 & -
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100) had higher concentrations in cord blood relative to the placenta and maternal 

serum, while higher brominated compounds (BDE-153, -183 & -209) had higher 

concentrations in the placenta relative to cord serum (Zheng et al. 2017). Meanwhile, in 

another study evaluating PBDEs in paired maternal serum, placenta and cord blood from 

20 women in South Korea, they observed the exact opposite trend, with higher 

concentrations of lower brominated compounds in the placenta and higher 

concentrations of higher brominated compounds in cord serum (J. T. Kim et al. 2015). 

The discordance in trends among these studies could be attributed to differences in their 

extraction efficiencies/analytical methods, and heterogeneity within the placenta (or 

where the placenta tissue was sampled). Our data indicate that the placenta, particularly 

the fetal portion, is a sink for all BDE congeners tested in our mixture.  

2.4.3 POPs concentrate in the fetal portion of human placenta 

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.  If transporters are moving PBDEs actively from one side of the 

placenta to the other, it implies that endogenous substrates, such as nutrients 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 been associated with numerous adverse health outcomes, such as 

neurodevelopmental delays, behavioral complications and endocrine disruption. Studies 

by Herbstman et al and Eskenazi et al presented strong evidence that prenatal and 

early-life exposure to PBDEs can impair neurodevelopment (Herbstman et al. 2010; 
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Eskenazi et al. 2013). Several studies have observed associations between cord blood 

as well as lactational PBDE concentrations with behavioral problems, such as 

aggression, impulsivity, hyperactivity, attention deficit, and increased anxiety (Shy et al. 

2011; Hoffman et al. 2012; Kuriyama et al. 2007). PBDEs have also been associated 

with adverse pregnancy outcomes, such as reduced birthweight, yet the mechanisms 

driving adverse health outcomes remain poorly understood (Harley et al. 2011).  

2.4.4 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 membranes of the fetal and maternal 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 & nearly significant upregulation of 

uptake transporter MCT8 in the fetal portion of the placenta from males only. MCT8 is a 

specific thyroid hormone transporter that is responsible for transporting thyroid 

hormones 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 this upregulation of MCT8 may 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 observed an upregulation of 

MCT8 in human placenta from fetuses that were diagnosed with IUGR compared to 

normal placenta. They hypothesized that the upregulation of MCT8 was a compensatory 

mechanism to increase T3 delivery to the fetus (S. Y. Chan et al. 2006). Previous 

literature has also shown that PBDEs upregulate efflux transporters in hepatocytes by 
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activating CAR and RXR, leading to rapid elimination of T4 and T3 from hepatocytes 

(Szabo et al. 2009). We also observed a significant upregulation of ABCC1 & 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 

(Walker et al. 2017). 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. 

2.4.5 Study Limitations 

We couldn’t 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 placental transporters in the maternal 

portion of the placenta. Therefore, it is not possible to conclude in which direction 

substrates are moving and how a change in expression affects their transport. 
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3. The Placenta: A Mediator of Thyroid Hormone 
Disruption Following Gestational Exposure to PBDEs 

Part of this chapter was published under the title “PBDEs Concentrate in the 

Fetal Portion of the Placenta: Implications for Thyroid Hormone Dysregulation“ in 

Endocrinology in 2019. The authors are Matthew Ruis, Kylie Rock, Sam Hall, Brian 

Horman, Heather Patisaul, and Heather Stapleton. 

3.1 Introduction 

During pregnancy, the supply of TH to the fetus is critically important for fetal 

growth, neural development, metabolism and maintenance of pregnancy. And in cases 

where maternal and placental TH regulation is significantly altered, there is an increased 

risk of several adverse pregnancy outcomes. Kilby et al found that fetal serum levels of 

free T3 and T4 were significantly lower in fetuses affected by IUGR compared to normal 

pregnancies without any differences in TSH levels. They also found increased 

expression of TR α and  in placentas from IUGR pregnancies compared to normal 

pregnancies (Kilby et al. 1998). Loubiere et al found that placental THT MCT8 

expression was increased in IUGR pregnancies compared to normal pregnancies 

(Loubière et al. 2010). Chan et al also found upregulation of MCT8 in IUGR placenta 

compared to normal pregnancy, which they hypothesize is a compensatory mechanism 

to increase T3 uptake (S. Y. Chan et al. 2006). Although these studies have investigated 

compensatory mechanisms for low T3 and T4, it was not clear what was initially driving 

the low TH levels. 

  It is unclear what may be disrupting placental TH regulation; however, studies 

suggest that environmental contaminants, such as PBDEs, could be playing a role. 
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PBDEs have been shown to cause TH dysfunction through various mechanisms, such 

as displacement of T4 from serum transporters, disruption of the hypothalamic-pituitary-

thyroid axis, inhibition of DIO and binding to hepatic influx transporter OATP1A4, an 

OATP that is responsible for clearing T4 metabolites from serum (Kodavanti and Curras-

Collazo 2010). Although the mechanisms of TH dysfunction following PBDE exposure 

are relatively well studied in the liver and brain, few studies have investigated 

mechanisms in the placenta. To our knowledge, only two other studies have measured 

THs in placental tissue and assessed associations with PBDEs (Leonetti, Butt, Hoffman, 

Hammel, et al. 2016; Li et al. 2018a). Previously, we first reported on the concentrations 

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 

to placentas associated with female infants. We also observed an inverse relationship 

between placental PBDEs and T3 among males but a positive relationship between 

PBDEs and T3 among females. Furthermore, DIO type III activity was significantly 

higher in placentas associated with male infants relative to females, and thyroid 

hormone sulfotransferase activity was significantly higher in females relative to males, 

however the mechanisms responsible for these differences are unclear (Leonetti, Butt, 

Hoffman, Hammel, et al. 2016). These observations raise several questions about the 

impacts of PBDEs on placental thyroid function, and fetal sex-differences. To date, no 

study has measured 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 (a) the development of the thyroid gland occurs in the 

same phases and order as humans (b) timing of fetal reliance on maternal supply of 
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thyroid hormones is similar to that of humans (c) pregnancy alters maternal thyroid 

status similarly in both rats and humans (d) Wistar rats have the same TH synthesis 

pathways and enzymes, and (e) they express the same thyroid hormone transporters in 

the placenta (Choksi et al. 2003).  Furthermore, they are an advantageous model 

because of their short gestational period, and they have a hemochorial placental barrier 

allowing the fetal and maternal placental tissues to be easily isolated. The goal of this 

study was to evaluate the effects of PBDE exposure on thyroid hormone levels in 

maternal serum, placental tissues and the fetus and understand how sex, tissue-type 

and GD may influence TH levels. 

3.2 Materials and Methods 

See Chapter, Section 2.2.1 for animal husbandry, dosing, and tissue collection 

3.2.1 Thyroid Hormone Analysis 

To extract THs from dam serum, we used a method previously developed by 

Wang et al (D. Wang and Stapleton 2010). Briefly, 0.5 mL of serum was added to a 

glass centrifuge tube containing 120 uL of an antioxidant solution consisting of ascorbic 

acid, citric acid, and dithiothretiol. 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 

min 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 OPT cartridges, reconstituted in 400 uL 1:1 

H2O:MeOH and filtered using a 0.2 micron GE PTFE Uniprep vial. A recovery standard 
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of 13C6-T4 was added to the samples and analyzed using liquid chromatography 

tandem mass spectrometry electron spray ionization (LC-MS/MS ESI). TH levels in 

placental and fetal tissue were quantified using methods previously developed by 

Leonetti et al (Leonetti, Butt, Hoffman, Hammel, et al. 2016). Briefly, ~0.2 g of tissue was 

transferred to a safe-lock centrifuge tube containing 0.5 mm glass beads and 

homogenized using a BBX24 Bullet-Blender. The tissue was then digested using 

pronase digestion solution consisting of protease, L-glutathione, n-phenylthiourea, and 

tris hydroxymethyl aminomethane in a hot water bath for 16 hours at 37oC. 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 dithiothretiol. 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 OPT cartridges, 

reconstituted in 400 uL 1:1 H2O:MeOH and filtered using a 0.2 micron GE PTFE Uniprep 

vial. A recovery standard of 13C6-T4 is added to the samples and analyzed using LC-

MS/MS ESI. 

3.2.2 Quality Assurance/Quality Control 

For TH analyses, lab processing blanks were included in all tissue and serum 

analyses. TH recovery was calculated using recovery standard 13C6-T4 and recovery 

was greater than 70% for all THs. 
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 3.2.3 Data Analysis 

Statistical analyses were performed using SAS 9.4. 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 statistical unit for all 

analyses and data was stratified by sex, tissue type and GD. A p-value of 0.05 was 

considered statistically significant. 

3.3 Results 

3.3.1 Thyroid Hormone Measurements 

Pups were generated via in house breeding and dosed from GD 6-15 

(gestational age estimated from when dams were sperm plug positive).  Evaluation at 

necropsy revealed a distribution of gestational ages in the collected fetuses ranging from 

GD 12 to 15.  Therefore, the effect of dose, tissue type, sex and gestational age on 

thyroid hormone 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 = 0.012) but not at GD 12/13 (p = 0.986) 

(Figure 10).  
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Figure 10: T3 concentration in dam serum, stratified by gestational day and 

dose group. * represents significant difference (p<0.05) in T3 concentrations in dam 

serum between control and dosed animals at GD 14_15. n = number of dams, error 

bars represent SEM of dam 

 

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 tissue 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 control female fetuses on GD 14/15 

where we only had n=1 dam. We also observed a significant decrease in T4 levels in the 
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fetal placental tissue relative to the maternal placental tissue in control females on 

GD12/13. T3 levels in the maternal and fetal placenta also significantly 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 maternal placentas from males from GD14/15 

relative to GD12/13 (control: p = 0.021, ~1.6x greater at GD14/15; dosed: p = 0.029, 

~2.2x greater at GD14/15). We also observed a significant GD effect in dosed maternal 

placenta from females between GD12/13 & GD14/15 (p < 0.001), with T3 levels ~3.1x 

greater at GD14/15. (Figure 11).  
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Figure 11: T3 concentration in maternal and fetal placenta, stratified by 
gestational day, sex and dose group. * represents significant difference (p<0.05) 

between maternal and fetal placental tissue type. # represents significant 
difference (p<0.05) between gestational day. n = number of litters (not pups), error 

bars represent SEM of litters 

 

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 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=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 
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statistically significant (Figure 12). All TH concentrations in each compartment have 

been summarized in Tables 1-3. 

 

 

Figure 12: T3 concentration in the fetus, stratified by gestational day, sex and 

dose group. n = number of litters (not pups), and error bars represent SEM of litter. 
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Table 1. Average concentration (ng/g) and standard deviation of rT3, T3, and 

T4 in dam serum. Standard deviation represents standard deviation of the average 

thyroid hormone concentration of each dam per dose and gestational day. 

 Avg. Thyroid Hormone Serum Concentration (ng/g) 

GD 12_13 rT3 T3 T4 

Control 0.21  0.18 0.62  0.25 27.59  3.82 

Dosed 0.07  0.08 0.61  0.07 28.16  8.57 

GD 14_15    

Control 0.29  0.13 0.49  0.07 34.74  10.43 

Dosed 0.11  0.06 0.64  0.11 27.98  10.07 
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Table 2. Average concentration (ng/g) and standard deviation of rT3, T3, and T4 in 

fetal and maternal portion of the placenta. Standard deviation represents standard 

deviation of the average thyroid hormone concentration of each dam per dose, tissue 

type, sex and gestational day 

 Avg. Thyroid Hormone Placenta Concentration (ng/g) 

GD 12_13 rT3 T3 T4 

Ctrl Female Maternal 5.88  4.57 1.20  0.49 8.54  3.70 

Ctrl Female Fetal 4.50  2.28 0.28  0.16 4.21  2.20 

Ctrl Male Maternal 3.47  0.95 1.31  0.62 7.27  5.27 

Ctrl Male Fetal 5.83  1.58 0.33  0.38 3.29  1.37 

Dosed Female Maternal 4.92  2.63 0.67  0.20 13.15  9.05 

Dosed Female Fetal 5.50  3.27 0.07  0.05 10.75  11.75 

Dosed Male Maternal 6.37  3.75 0.79  0.29 7.64  0.46 

Dosed Male Fetal 4.26  0.32 0.28  0.33 4.39  3.85 

GD 14_15    

Ctrl Female Maternal 2.53 1.22 7.41 

Ctrl Female Fetal 7.34 0.09 4.42 

Ctrl Male Maternal 4.91  0.09 2.14  0.44 7.28  1.33 

Ctrl Male Fetal 8.08  1.28 0.38  0.23 8.26  5.37 

Dosed Female Maternal 3.51  0.79 2.10  0.32 7.60  2.54 

Dosed Female Fetal 5.40  2.57 0.15  0.11 3.45  2.43 

Dosed Male Maternal 3.89  1.95 1.71  0.52 7.65  1.45 

Dosed Male Fetal 6.00  1.17 0.23  0.23 2.50  0.15 
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Table 3. Average concentration (ng/g) and standard deviation of rT3, T3, and T4 in the 

fetus. Standard deviation represents standard deviation of the average thyroid 

hormone concentration of each dam per dose, sex and gestational day. 

 Avg. Thyroid Hormone Fetus Concentration (ng/g) 

GD 12_13 rT3 T3 T4 

Ctrl Female 2.25  3.06 0.18  0.15 9.07  10.91 

Ctrl Male 1.11  0.75 0.34  0.32 22.22  24.98 

Dosed Female 3.91  2.74 0.97  1.02 21.70  19.81 

Dosed Male 1.63  1.74 0.17  0.11 17.90  10.28 

GD 14_15    

Ctrl Female 1.52  0.85 0.06  0.04 19.02  23.38 

Ctrl Male 2.04  1.18 0.1  0.04 11.70  18.75 

Dosed Female 1.18  0.80 0.06  0.02 0.099  0.87 

Dosed Male 0.70  0.45 0.05  0.01 0.49  0.21 

 

3.4 Discussion 

This study sought to understand the effect of PBDEs on circulating thyroid 

hormones in paired dam serum, dissected placenta and fetuses in the rat model. 

Numerous studies have shown that PBDEs disrupt thyroid hormone regulation, however, 

to our knowledge, no study has quantified THs in paired serum, placenta and fetus. Our 

data demonstrated that PBDEs are potentially disrupting thyroid hormone homeostasis 

in dam serum, placental and fetal tissues, although the variation in GD obfuscates the 
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trends. Our data also demonstrated the importance of considering tissue, sex and GD 

when evaluating effects of exposure.  

3.4.1 PBDE exposure and disrupted maternal serum TH  

During pregnancy, the production of maternal thyroid hormones gradually 

increases until week 17 in humans and day 17 in rats (Choksi et al. 2003). We observed 

significantly increased levels of serum T3 in dosed animals on GD 14/15. Increased T3 

concentrations in maternal serum could be explained by competition between T3 and 

BDEs for binding with TBG, which has been demonstrated in other studies (Ren and 

Guo 2012). Although it is unclear as to why we only see a significant effect at GD14/15, 

it could be related to the changes in fetal TH synthesis and regulation that occurs at 

GD17 (Choksi et al. 2003). The positive association between BDE exposure and 

increases in maternal serum T3 levels is discordant with several other studies evaluating 

the effect of PBDEs on TH in pregnant Wistar Rats, however, we hypothesize the 

difference in trends could be attributed to differences in the doses used, with our study 

using a significantly lower dose (Kuriyama et al. 2007; Czerska et al. 2013) . 

Furthermore, these studies collected serum at the end of gestation, while we collected 

dam serum at mid gestation. Results from Andrade et al showed that the time point in 

which serum was collected influenced whether there was a positive or negative 

association between PBDE exposure and T4 levels (Andrade et al. 2004). More studies 

are needed to understand how rat serum TH levels change throughout pregnancy in 

order to elucidate mechanisms driving TH dysregulation in the maternal compartment. 
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3.4.2 PBDE exposure and TH levels in the placenta 

This study did not observe a significant effect of PBDE exposure on placental TH 

levels even though maternal TH levels were disrupted. This may suggest that the 

placenta has the ability to compensate for maternal TH dysregulation. A study by Sun et 

al demonstrated that the placenta can increase the expression of TH transporters 

OATP1c1 and MCT8 when maternal thyroid hormone levels are low (Sun et al. 2014). 

Although this study did not observe an association between BDE exposure and TH 

dysregulation in the placenta, others have. Leonetti et al quantified PBDEs in human 

placental tissue from 106 pregnancies and evaluated associations with TH levels in the 

placenta. They observed a negative association between BDE-99 and T3 levels in the 

placenta for males, but a positive association for females. The sex-specific differences in 

associations is unclear (Leonetti, Butt, Hoffman, Hammel, et al. 2016). Another study 

quantified PBDEs and other POPs in 58 human placentas and evaluated associations 

with TH levels, however, they did not evaluate sex-differences. They observed a 

negative association between BDE-99, -100, and ΣBDE and T4 levels in placentas from 

male infants (Li et al. 2018b).  

3.4.2 PBDE exposure and TH levels in the fetus 

We 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 under-powered due to the differences in GD among 

the replicate dams. Leonetti et al has also previously observed sex-specific differences 

in TH levels in males and females, however, these differences were in the placenta 

(Leonetti, Butt, Hoffman, Hammel, et al. 2016). Abdelouahab et al evaluated 
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associations between gestational exposure to BDEs and TH levels in cord blood at 

delivery. They observed a negative association between gestational BDE exposure and 

TH in cord blood, however, they did not explore sex-specific differences (Abdelouahab et 

al. 2013). A similar study demonstrated a negative association between BDE-153, -154, 

and -183 and TH in cord blood (Lin et al. 2011).  

3.4.3 Influence of tissue type and GD TH levels 

Our data is the first to demonstrate GD effects on T3 in the placenta. This finding 

is critically important 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 obfuscated or hidden not because of a 

dose effect, but because of the sex of the fetus, it’s GD or the specific tissue layer 

sampled from the placenta. A study by Calvo et al investigated TH levels in maternal and 

fetal placental tissue as well and observed similar tissue-specific differences in TH levels 

(Calvo et al. 1992). 
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4. Mechanisms Driving Placental Transport of PBDEs 

The placenta barrier is responsible for the transfer of endogenous compounds 

between the mother and fetus as well as the protection of the fetus from xenobiotics. 

The detection of xenobiotics in cord blood indicates the barrier is permeable, yet, the 

mechanism by which they traverse the barrier is unclear. In this study, BeWo b30 cells 

were cultured on Transwell inserts in order to assess the potential placental transport of 

two commonly detected flame retardants, BDE-47 & -99. Cells were incubated with and 

without inhibitors of efflux transporters BCRP, P-gp, and MRP1&5 to understand their 

role in the placental transfer of BDEs. Inhibition of BCRP resulted in a 50% reduction in 

BDE-99 (p = 0.03) transport after 3 hours of incubation but not at 12 or 24 hours. There 

was a significant increase in BDE-47 transport after 12 hours of incubation when MRP1 

was inhibited. The results from this study suggest that BCRP and P-gp transporters 

likely do not play a significant role in the maternal transfer of BDE-47 and BDE-99 to the 

fetus, however, MRP1 may play a role in retention of PBDEs in the fetal portion of the 

placenta. Future research is needed to understand the role of solute-like carrier transport 

proteins, the second major class of transporters localized to the placenta, in the 

placental transfer of xenobiotics. 

4.1 Introduction 

The placental barrier facilitates the transport of nutrients, gases and waste 

between the mother and the developing fetus. It separates maternal blood from fetal 

circulation and is responsible for protecting the fetus from pathogens, excess hormones, 

and xenobiotics. The syncytiotrophoblast and cytotrophoblasts are the two predominant 

cell types that compose the placental barrier. The syncytiotrophoblast and 
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cytotrophoblasts express ATP-binding cassette (ABC) transport proteins, organic 

anion/cation transport proteins (OATP/OCTP) as well as solute-like carrier (SLC) 

transport proteins. These uptake and efflux transporters are localized in the apical and 

basal membranes of the placental barrier and have a diversity of substrates and 

specificity.  

 

Figure 13. Schematic of transplacental transport of substrates from maternal 

circulation, across the placental barrier and into fetal circulation 

 

While many substrates of these transport proteins are endogenous, studies using 

liver tissue have shown that flame retardants are substrates of these transport proteins 

as well (Pacyniak 2010). Few studies have previously evaluated the placental transfer of 
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PBDEs and other POPs using placental cell lines (Yin et al. 2019; Yu et al. 2020). A 

more frequently used method to evaluate the placental transfer of PBDEs and other 

POPs between the mother and fetus is by calculating a ratio of POPs in cord blood and 

maternal serum (Rcm). This method assumes that the higher the Rcm, the greater the 

transfer of the POP from the mother to the fetus. The advantage of the Rcm method is 

that serum is relatively accessible, easy to extract and concentrations are reported using 

the same units, thus making the calculations simple. However, this method fails to 

account for how the placenta may mediate fetal exposure. This ratio also assumes there 

is no metabolism of xenobiotics within the placenta and that the fetus is protected from 

POPs by the placenta if the Rcm is less than one. Two studies have previously 

demonstrated that the metabolites of some POPs are found at higher concentrations in 

cord serum than maternal serum, suggesting the placenta is a mediator of fetal exposure 

and the assumptions used in the Rcm method may lead to misinterpretation of POP 

partitioning behavior (Vizcaino et al. 2014; Al-Saleh et al. 2012). 

Given the lipophilic properties of the class of flame retardants known as 

polybrominated diphenyl ethers (PBDEs), it was generally assumed they passively 

crossed the placenta barrier. Previous studies that have investigated the mechanism by 

which flame retardants cross the placental barrier used ex vivo placental perfusions, in 

vivo animal models, in vitro cell lines and transporter-transfected liposomes, yet, the 

results from these studies are discordant (Kawashiro et al. 2009; Frederiksen et al. 

2010; Kang et al. 2010; Vizcaino et al. 2014; J. T. Kim et al. 2015; Zheng et al. 2017; 

Chen et al. 2013; Meijer et al. 2008; Jakobsson et al. 2012; Marchitti et al. 2017). The 
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conflicting results are likely attributed to significant differences in the morphology and 

physiology of the various models used.  

BeWo b30 cells, a choriocarcinoma cell line, have been used to create a 

polarized monolayer suitable for evaluating placental transfer of both endogenous 

substrates as well as xenobiotics (Bode et al. 2006). Transporter expression and 

localization of ABC efflux transporters in BeWo b30 cells are similar to those of primary 

placental cells (Kallol et al. 2018). ABC efflux transporters BCRP, P-gp and MRPs are 

localized to the apical membrane of the syncytiotrophoblast, however, MRP1 expression 

has been shown to be higher in the basal membrane of the syncytiotrophoblast 

(Granitzer et al. 2020; St.-Pierre et al. 2000; Atkinson et al. 2003). They are often 

referred to as “drug resistors,” meaning they decrease the amount of substrate, such as 

drugs, folates, sulfonated steroids, and bilirubin, entering the cell (Walker et al. 2017; 

Mao 2008). 

In this study, cells were incubated with pharmaceutical inhibitors of ABC 

transporters to understand the role of active transport in the transfer of BDE-47 and 

BDE-99 across the placental barrier. A previous study observed higher concentrations of 

PBDEs in the fetal portion of the placenta relative to the maternal portion of the placenta, 

despite no differences in lipid content, suggesting active transport may play a role (Ruis 

et al. 2019). Therefore, we hypothesized that PBDEs are substrates of active transport 

proteins MRPs, P-gp and BCRP localized in the placental barrier. 
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4.2 Materials and Methods 

4.2.1 Chemicals and reagents 

Neat 2,2’,4,4’-tetrabromodiphenyl ether (BDE-47) and 2,2’,4,4’,5-

pentabromodiphenyl ether (BDE-99) were obtained from Sigma-Aldrich (St. Louis, MO, 

USA, purity >97%) and dissolved in DMSO to prepare a stock solution of 10 M and 8 

M, respectively. FBDE-69 was used as an internal standard and 13C-CDE-141 was 

used as a recovery standard for quantitative analyses of BDEs in media. Transporter 

inhibitors MK571, KO143, and Verapamil were purchased from Sigma-Aldrich.  

4.2.2 Culturing BeWo b30 cell line 

The BeWo b30 cell line was purchased from AddexBio (San Diego, CA, USA) 

and all experiments were performed after 4 passages from recovery.  Cells were stored 

in a liquid nitrogen dewar in the vapor phase prior to defrosting. Cells were cultured in 

DMEM/F-12 media, supplemented with 5% penicillin and streptomycin (Thermofisher, 

Waltham, MA, USA) and 10% charcoal-stripped fetal bovine serum (Sigma). Cells were 

incubated at 37oC and 5% CO2 and passaged with trypsin when cells reached 75-85% 

confluence. After the third passage from recovery, cells were transferred to 12-well 

Transwell plates (Corning Costar, No. 3460, Corning, NY) for transport studies or 24-well 

plates (Corning Costar, No. 3524, Corning, NY) for cellular efflux studies. 

4.2.3 Placental transport studies 

BeWo b30 cells were seeded on Transwell inserts at a density of 1.5x105 

cells/mL and cultured for 5 days until the transepithelial electrical resistance (TEER) 

exceeded 452. Fluorescein isothiocyanate dextran (FITC-dextran, 5 M, Sigma) was 
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used as negative control to monitor the integrity of the monolayer in addition to TEER 

measurements. Prior to dosing, incubation buffer (Hanks Balanced Salt Solution, 25 mM 

GlutaMax (Thermofisher), 10% FBS) and phosphate buffered saline (PBS) were warmed 

to 37oC. Media in the apical and basal chambers of the Transwell plates were removed 

and rinsed with PBS. Cells were incubated with 20 M MK571 (MRP inhibitor), 20 M 

KO143 (BCRP inhibitor), or 10 M Verapamil (P-gp inhibitor) dissolved in incubation 

buffer for 45 minutes. Inhibitor solutions were prepared the day of each experiment. For 

both the apical-to-basal and basal-to-apical direction studies, 0.25 M of BDE47 or 

BDE99 was added to the apical or basal well and media from both chambers were 

collected. (Figure 13). This concentration was chosen to ensure the concentration of 

BDEs in the receiving chamber was above the method limit of detection (LOD). These 

concentrations are approximately two orders of magnitude higher than median BDE 47 
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and 99 concentrations observed in US serum levels but close to occupational exposures 

(Varshavsky et al. 2020). 

 

Figure 14. Transwell Plate Experimental Design. Cells were incubated with 

BDE-47 or -99 and MRP inhibitor MK571, BCRP inhibitor KO143, or P-gp inhibitor 

Verapamil. Media was collected after 3-, 12-, 24-hrs and BDE-47 & -99 concentrations 

were quantified in apical and basal media 

 

We intended to collect apical and basal media at 3-, 12-, and 24-hours from both 

directional dosing schemes; however, due to unforeseen circumstances (COVID), we 

were unable to complete each transport scheme. Table 4 presents the number of 

replicate wells for each of the dosing schemes.  The media was stored in baked-out 

amber vials at -20oC until they were extracted. 
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Table 4. Number of replicates for each dosing scheme 

Dosing 
Direction 

3-hrs  
(# replicates) 

12-hrs  
(# replicates) 

24-hrs  
(# replicates) 

Apical-to-Basal 6 0 3 

Basal-to-Apical 6 6 0 

 

4.2.4 Sample extraction 

Vials were allowed to defrost to room temperature and sonicated for 15 minutes 

to ensure complete desorption from the vial’s walls.   A 100 L aliquot of media was 

removed for FITC-dextran analysis. The remaining sample was transferred to a glass 

centrifuge tube containing 5 mL of hexane and spiked with 10 ng of the internal standard 

FBDE-69. The tube was vortexed for 10 seconds, sonicated for 15 minutes, and 

centrifuged at 2400 rpm for 5 minutes. The organic layer was transferred to a new glass 

centrifuge tube and the sample was extracted twice more, combining the extracts each 

time. The extracts were concentrated using a gentle stream of N2 to a final volume of 

500 L. The extract was spiked with 5 ng of recovery standard 13C-CDE-141 and 

analyzed by GC/MS-ECNI.  

4.2.5 Transport calculations and statistics 

The transfer of BDEs across the monolayer was calculated by dividing the mass 

of BDE measured in the dosed chamber by the mass of BDE in the receiving chamber. 

The ratio was then normalized as a percent of control.  A one-way ANOVA followed by a 

Dunnett’s multiple comparison was applied to investigate differences in transport ratios 

between wells incubated with and without inhibitors. 
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4.2.6 Quality control/quality assurance 

Media not treated with BDEs were used as laboratory blanks and processed 

alongside extracted samples to confirm background contamination did not bias results. 

Recovery of FBDE-69 was 98% ± 2.4. An MTT cell proliferation kit (Sigma, Cat# 

11465007001) was used to assess the effect of time and dose on cell viability at each 

timepoint evaluated. Cells were seeded on a 96-well plate at a concentration of 5x104 

cells/well in 100 L culture medium and left overnight. The next day, the medium was 

aspirated and the cells were incubated with FITC-dextran, inhibitors and BDEs in a final 

volume of 100 L for 3 hours at 37oC and 5% CO2. After the incubation period, 10 L of 

the MTT labeling reagent was added to each well and incubated for 4 hours at 37oC and 

5% CO2. At the end of 4 hours, 100 L of solubilization solution was added to each well 

and the plate was incubated for another 2 hours. The formation of purple formazan 

crystals was monitored by measuring the absorbance at 570 nm on a plate reader.   

FITC-dextran was used as a negative control and its presence in the receiving 

well would indicate the integrity of the monolayer was compromised. A 100 L aliquot of 

media from the apical and basal chambers was added to a 96-well plate (Costar 3595) 

and its fluorescence was measured at an excitation of 485 nm, emission of 528 nm and 

cutoff at 630 nm. Cellular efflux of prazosin, a substrate of transport protein BCRP, 

incubated with BCRP-inhibitor KO143 (20 M) was used as a positive control to 

demonstrate the inhibition of BCRP transport protein. Cells treated with KO143 were 

expected to have significantly higher intracellular concentrations of prazosin relative to 

controls. The difference in intracellular concentration of prazosin between the control 

and positive control was evaluated with an unpaired student t-test.  
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4.3 Results 

There was no significant reduction in cell viability among treated wells relative to 

controls, with the exception of BDE-47 when coincubated with inhibitor MK571 after 24 

hours (p = 0.01) (Fig 15). TEER measurements indicated a stable monolayer layer was 

achieved after 5 days of growth on the Transwell insert (Fig 16). The amount of FITC-

dextran in the receiving chamber was less than 1% of the initial dose, indicating the 

monolayer was not compromised during the 3-, 12-, or 24-hour incubation. Intracellular 

concentrations of prazosin were 1.6 times higher in KO143-treated wells relative to 

controls (p = 0.03), indicating inhibition of the BCRP transport protein (Marchitti et al. 

2017) (Fig 17).  
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Figure 15. % Cells Viable Relative to Controls after 3-, 12-, 24-hr incubation 

with BDEs and inhibitors. % Viability normalized to control. n = 

9/treatment/timepoint. The box and whisker plots represent, minimum, first quartile, 

mean, third quartile and maximum. Abbreviations: M=MK571, K=KO143, 

V=Verapamil, Ctrl=Control (no BDE, no inhibitor). 
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Figure 16. TEER Measurements to Assess Monolayer Integrity. Error bars 

represent SEM. n= 336/day. Monolayer achieved at Day 4/5. 
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Figure 17. Intracellular Prazosin Concentrations in Control and KO143-treated 

BeWo Cells. n = 9/group *Statistically significant increase in intracellular 

concentrations of prazosin when cells were treated with KO143 relative to control 

indicates BCRP was inhibited 

 

There was a significant reduction in the apical-to-basal BDE-99 transport after 3-

hours of incubation with BCRP inhibitor KO143.  There was a non-significant reduction in 

BDE-99 transport after 3-hours when P-gp and MRP-1 & -4 were inhibited. The transport 

of BDE-47 was unaffected by the presence of inhibitors (Fig 18). 
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Figure 18. Percent transport of BDE-47 & -99 in the apical-to-basal direction 

after 3-hrs in the absence and presence of inhibitors. % Transport is relative to BDE 

control (absence of transporter inhibitors). Error bars represent SEM. n = 6/treatment. 

Inhibitor Abbreviations: M=MK571, K=KO143, V=Verapamil, C=Control (no 

inhibitor). *Statistically significant (p< 0.05) decrease in BDE-99 transport relative to 

control 

 

When BDE-99 was incubated with inhibitor KO143, transport in the basal-to-

apical direction was reduced to roughly one-third of the uninhibited control after 3 hours; 

however, the difference was not significant, but it was suggestive (p = 0.07). Overall, 

there was no significant effect of inhibitors on BDE-47 & -99 transport in the basal-to-

apical direction after 3-hours (Fig 19). 
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Figure 19. Percent transport of BDE-47 & -99 in the basal-to-apical direction 

after 3-hrs in the absence and presence of inhibitors. % Transport is relative to BDE 

control (absence of transporter inhibitors). Error bars represent SEM. n = 6/treatment. 

Inhibitor Abbreviations: M=MK571, K=KO143, V=Verapamil, C=Control (no 

inhibitor). ns = nonsignificant decrease in BDE 99 transport when incubated with 

KO143 

 

We observed a significant increase in BDE-47 and -99 transport in the presence 

of the MRP inhibitor MK571 when BDEs were added to the basal well and incubated 

with and without inhibitors for 12-hrs (Figure 20). 
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Figure 20. % Transport of BDE-47 & -99 in the basal-to-apical direction after 12-

hrs in the absence and presence of inhibitors. % Transport is relative to BDE control 

(absence of transporter inhibitors). Error bars represent SEM. n = 6/treatment. 

Inhibitor Abbreviations: M=MK571, K=KO143, V=Verapamil, C=Control (no 

inhibitor). *Statistically significant decrease in BDE-99 transport relative to control 

 

Keeping in mind that replicates were not performed on separate days, we did not 

observe any difference in BDE-47 & -99 apical-to-basal transport after 24-hrs in the 

presence and absence of inhibitors (Figure 21).  
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Figure 21. % Transport of BDE-47 & -99 in the apical-to-basal direction after 24-

hrs in the absence and presence of inhibitors. % Transport is relative to BDE control 

(absence of transporter inhibitors). Error bars represent SEM. n = 3/treatment. 

Inhibitor Abbreviations: M=MK571, K=KO143, V=Verapamil, C=Control (no 

inhibitor).  

 

4.4 Discussion 

This study sought to understand the role of transport proteins MRP, BCRP, and 

P-gp in the placental transport of BDE-47 & -99. We (i) observed no cytotoxicity after a 

3-, 12-, and 24-hr incubation with BDEs and inhibitors, with the exception of BDE-47 

incubated with MK571 after 24 hours, (ii) validated the integrity of the BeWo monolayer, 

(iii) validated the inhibition of BCRP by KO143, (iv) observed a significant decrease in 

apical-to-basal BDE-99 transport when BCRP was inhibited, and (v) observed a 
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significant increase in BDE-47 and BDE-99 transport in the basal to apical direction after 

12-hrs when MRPS were inhibited. 

Incubation of BCRP inhibitor KO143 resulted in a significant decrease in BDE-99 

transport in the apical-to-basal direction after 3 hours. Inhibition of P-gp and MRP also 

lead to reduction in BDE-99 transport, however, the difference was not significant. A 

study by Weidner et al. demonstrated that KO143 is also capable of inhibiting P-gp and 

MRP-1 when used at concentrations greater than 1 M (Weidner et al. 2015). The high 

dose of KO143 used in this study (20 M) likely inhibited all three efflux inhibitors and 

inhibition of all three efflux transporters instead of just BCRP could explain why we only 

observed a significant reduction in the KO143 group. BCRP is an efflux transporter 

localized to the apical membrane of the syncytiotrophoblast (Walker et al. 2017; Ni et al. 

2010). If BDE-99 were a substrate of BCRP, inhibition of BCRP would prevent the efflux 

of BDE-99, and thus increase the transport of BDE-99 across the apical membrane. 

However, a significant reduction of BDE-99 transport in the apical-to-basal direction was 

observed when incubated with KO143. This observation is contrary to the expected 

result and the mechanism is unclear at this time. 

However, this trend could be related to BDE-99 transport being indirectly affected 

by the inhibition of efflux transporters. The inhibition of efflux transporters could affect 

the transport of other endogenous substrates shared with SLC transporters, such 

sulfonated steroids, bile acids, and folates, and the SLC transporters may have to 

compensate (Walker et al. 2017). If BDE-99 moves across the placental barrier via SLC 

transporters and compete for binding with an excess of endogenous substrates, this 

could explain the reduction in BDE-99 transport. 
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BDE-47 transport was not affected by the presence of MRP, BCRP and P-gp 

inhibitors after 3 hours. A study using P-gp and BCRP-transfected human vesicles did 

not observe any effect on BDE-47 transport in the absence or presence of inhibitors 

either (Marchitti et al. 2017). These results suggest BDE-47 is not transported via 

MRP-1 & -4, P-gp or BCRP and the inhibition of these efflux transporters does not have 

any indirect effects on other classes of transporters involved in BDE-47 placental 

transport. 

We did not observe a significant effect on BDE-47 & -99 transport in the basal-to-

apical direction after 3 hours, likely explained by the localization and expression of 

transporters in the placental membranes. With the exception of MRP-5, each of the 

transporters evaluated in this study are efflux transporters localized to the apical 

membrane of the BeWo cells, although MRP-1 is also localized in the basal membrane. 

The expression and localization of uptake transporters in the basal membrane would 

have a greater influence on uptake and transport of BDEs, and these transporters were 

not inhibited in this study. We did not evaluate the role of uptake transporters because 

they are not active transporters, and the goal of this study was to evaluate the role of 

active transport in PBDE placental transfer. As expected, we observed little effect of 

inhibitors on BDE transport in the basal-to-apical direction. These data suggest BDEs 

are transported via uptake transporters expressed in the apical membrane that are 

absent in the basal membrane. This would also indicate that efflux transporters in the 

apical membrane play a non-significant role in BDE placental transport. Similar results 

were observed in another study that used BeWo cells cultured on a Transwell insert to 

assess placental transport of BDEs (Yu et al. 2020). Their data demonstrated that 
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transfer of BDEs in the apical-to-basal direction was far greater than the basal-to-apical 

direction. They also hypothesized that ABC transporters play a non-significant role in the 

transport of BDEs across the placental barrier. 

Interestingly, we saw a significant increase in BDE-47 & -99 basal-to-apical 

transport after 12-hrs when MRPs were inhibited. This suggests MRP-1&5 localized to 

the basal membrane of the syncytiotrophoblast may play a role in the transfer of BDE-47 

& -99 between the mother and fetus. Specifically, it would suggest MRP-1&5 was 

preventing the efflux of BDE-47 & -99 away from the fetus and back into maternal 

circulation. Therefore, efflux transporter MRP-1&5 localized to the basal membrane of 

the syncytiotrophoblast may be contributing to increased fetal-tissue (placenta and 

endothelial cells) accumulation of BDEs and potentially other xenobiotics. These findings 

may provide a mechanistic explanation to the trends observed from the in-vivo rat study 

in Chapter 2. We observed significantly higher concentrations of PBDEs in the fetal 

portion of the rat placenta relative to the maternal portion, despite no differences in lipid 

content. These findings suggest PBDEs are moving against a concentration gradient 

and that active transporters may play a role. If PBDEs are substrates of MRP-1&5 

localized to the basal membrane of the syncytiotrophoblast, which was observed in this 

study, MRP-1&5 may be preventing the efflux of PBDEs from the fetal portion of the 

placenta. There is also a possibility that PBDEs could compete for transport with 

endogenous substrates, such as prostaglandins, folic acid, steroid hormones, and 

antioxidant enzymes, which could have significant implications on the growth and 

development of the fetus. Furthermore, results from Chapter 2 demonstrated MRP-5 

transporter expression in the fetal portion of the placenta was significantly upregulated in 
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dosed female rats relative to controls. This may suggest a positive feedback loop where 

PBDEs are upregulating MRP-5 expression, which results in even more retention of 

PBDEs in the fetal portion of the placenta. We also observed a significant upregulation 

of MRP-1 in dosed female animals relative to controls, however, it was in the maternal 

portion of the placenta and the localization and direction of transport in the maternal 

portion of the placenta is currently unknown. But it adds further evidence to our 

hypothesis that MRP transport proteins are involved in the transport of PBDEs. 

The different results based on time of incubation suggests there is a kinetic 

limiting step involved in BDE transport. Future studies with a greater number of 

timepoints at which BDE congeners are collected are needed to better understand this 

phenomenon. 

A similar study that evaluated the placental transfer of BDEs using the BeWo b30 

cell line concluded that BDEs cross the placental barrier by passive diffusion and that 

active transport only contributes a small fraction to the overall transport (Yu et al. 2020). 

This result was based upon the finding that inhibition of active transporters (BCRP, P-gp, 

and MRP 1&5) resulted in a non-significant decrease in BDE transport. However, if 

passive diffusion was the predominant mechanism driving BDE placental transfer, then 

direction of transport should not influence apparent permeability coefficients, which was 

not the case. Instead, their data suggests BDEs permeate the barrier by facilitated 

diffusion via SLC transporters. They observed a linear, unsaturated, concentration 

dependent transfer in the apical-to-basal transfer, yet intracellular BDE concentrations 

reached a steady state within 12-hours. These data imply that transporters do play a role 

and the localization of the transporters influence transfer across the barrier as well as 
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intracellular accumulation. This further supports our hypothesis that BDEs are not 

predominantly transported by BCRP and P-gp, but instead, may play an indirect role by 

affecting the transport of endogenous substrates to SLC transporters. Future studies are 

needed to elucidate the role of SLC transporters and kinetics in BDE transport.  
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5. Placental accumulation of persistent organic 
pollutants and associations with adverse pregnancy 
outcomes 

Perinatal exposure to persistent organic pollutants (POPs) has been suggested 

to play a role in the etiology of adverse pregnancy outcomes. This study evaluated 

temporal changes in the accumulation of POPs in human placenta and examined their 

associations with birth outcomes at delivery. Placental tissues (n=99) previously 

collected and archived at the Duke University Medical Center from 2009-2015 were 

analyzed for 22 POPs using gas chromatography mass spectrometry. The mean age of 

mothers was 30.6 years, 8% of newborns were characterized as low birthweight (<2500 

g) and 25.3% of deliveries suffered from an adverse event, such as preeclampsia, fetal 

growth restriction, placenta previa, and premature rupture of membranes.  Of the 22 

POPs targeted in the analysis, only p,p’-DDE, BDE-47 and BDE-100 were detected in 

more than 50% of the samples, with median concentrations of 0.110, 0.310, and 0.033 

ng/g ww, respectively. Temporal analyses indicated that concentrations of BDE-47 

significantly decreased over time. Placental tissue from female infants had significantly 

higher levels of BDE-100 than males.  And among female infants, higher levels of 

placental POP accumulation were associated with adverse deliveries, suggesting 

gestational exposure to POPs may play a role in adverse pregnancy outcomes. 

Placental POP concentrations were not associated with birthweight. Our data indicate 

placental PBDE concentrations are generally decreasing over time; furthermore, these 

data suggest that there may be a sex-specific association between gestational exposure 

to POPs and adverse pregnancy outcomes. 
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5.1 Introduction 

Persistent organic pollutants (POPs) are environmental pollutants that are 

globally transported, resistant to degradation, and adversely affect human health. POPs 

were synthesized for agriculture, disease control, and electronics, and some continue to 

be inadvertently produced via incineration of waste. The production and use of many of 

POPs, such as PCBs, DDT and dioxins, has been drastically reduced or eliminated 

under the Stockholm Convention of 2001 due to concerns of persistence, 

bioaccumulation, and toxicity. However, the chemical stability of these now banned 

compounds allows them to persistent in the environment for years/decades, and many 

populations continue to be exposed today via contaminated food, drinking water and air 

(Jones and De Voogt 1999). 

Brominated flame retardants are another class of pollutants that have been 

shown to be persistent, capable of long-range transport, bioaccumulate within 

ecosystems, and are associated with adverse health effects, such as endocrine 

disruption and neurodevelopmental delays (Linares, Bellés, and Domingo 2015; 

Leonetti, Butt, Hoffman, Hammel, et al. 2016). PBDEs are a class of brominated flame 

retardants that were heavily used in many consumer products, such as furniture, 

electronics, and carpet padding, to meet flammability standard Technical Bulletin 117. 

Commercial flame retardant mixture Firemaster 550™ (FM550) was increasingly used as 

a replacement for one commercial PBDE mixture (PentaBDE)  following their voluntary 

phase-out starting in 2005 due to concerns of persistence and toxicity (Ma, Venier, and 

Hites 2012). FM550 is composed of two brominated flame retardants, EH-TBB and BEH-

TBPH, and a mixture of isopropylated triaryl phosphate flame retardants (Phillips et al. 
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2017). To our knowledge, no previous studies have evaluated the placental 

accumulation of EH-TBB and BEH-TBPH. 

POPs pose a significant health concern to neonatal health (Barr, Bishop, and 

Needham 2007). They are capable of crossing the placental barrier and accumulating in 

breast milk, thereby resulting in exposures in early life.  And unfortunately, research has 

shown that they can elicit adverse effects during sensitive windows of development 

(Miller et al. 2004; Nickerson 2006; Porpora et al. 2013). For example, in utero exposure 

to chlordanes and PCBs have been associated with reduced Apgar scores,, intrauterine 

growth restriction, low birth weight, and premature birth (Tan et al. 2009). Previous 

studies seeking to understand the impact of POP exposure on birth outcomes have often 

used maternal serum to evaluate fetal exposures; however, whether an association 

between gestational POP exposure and adverse birth outcomes exists is unclear (Tan et 

al. 2009; Longnecker et al. 2001; Kezios et al. 2013; Govarts et al. 2012; K. Wu et al. 

2011; M. S. Wolff et al. 2007). A possible explanation is maternal serum may not be the 

best predictor of fetal exposure. Nearly all studies report serum POP concentrations on a 

lipid-weight basis, however, it has been previously shown that maternal serum lipid 

levels fluctuate during the pregnancy (Pusukuru et al. 2016). Furthermore, few studies 

report as to whether the lipid analysis was performed after fasting, thus leading to 

potential biases and inaccurate lipid-based concentrations. The placenta can act as a 

sink for POPs in the body, with concentrations in the placenta sometimes exceeding 

both maternal serum and cord blood (Jeong et al. 2018). Therefore, the quantification of 

POPs in the placenta may be a stronger predictor of fetal birth outcomes. 
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In the United States, preeclampsia is a pregnancy complication that affects 2-8% 

off all pregnancies and is the leading cause of maternal and fetal/neonatal morbidity and 

mortality (Jeyabalan 2013). Preeclampsia is frequently associated with infant 

comorbidities such as fetal growth restriction and preterm birth (Sibai 2006; Ødegård et 

al. 2000). These adverse pregnancy outcomes increase the infant’s susceptibility to type 

2 diabetes, obesity, hypertension, neurodevelopmental delays and other diseases later 

in life (Jeyabalan 2013; VandenBosche and Kirchner 1998). There are several different 

factors that contribute to the etiology of these adverse pregnancy outcomes, and 

gestational exposure to environmental pollutants is postulated to play a significant role 

(Savitz et al. 2014; Eslami et al. 2016; Ledda et al. 2015; J. Wu et al. 2009).  

The goal of this study was to evaluate associations between placental POP 

accumulation and birth outcomes as well as understand temporal changes in POP and 

BFR accumulation in the placenta. In this study, we quantified 22 targeted POPs 

(focusing primarily on PCBs, PBDEs and DDE/DDT), and the two novel BFRs (EH-TBB 

and BEH-TBPH) in 99 placenta samples collected between 2009-2015 at the Duke 

University Health System in Durham, NC. We hypothesized that an increased 

concentration of POPs or BFRs in placenta tissue would adversely impact birth 

outcomes. To our knowledge, no studies have quantified placental accumulation of EH-

TBB and BEH-TBPH. 

5.2 Materials and Methods 

5.2.1 Cohort Characteristics and Tissue Collection 

Placental tissues were collected during routine births at the Duke University 

Medical Center in Durham, NC between 2009 to 2015 through a placenta biobanking 
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program. Placental tissues were systematically sub-sampled at delivery to isolate a full-

thickness core of 1-2 cm in diameter (0.74 – 5.2 g) and frozen at -80oC in screw-top 

cryovials until analysis. 

Covariate data were abstracted from medical records and included date of tissue 

collection, infant sex, gestational age, birthweight, maternal age, maternal race, tobacco 

use and delivery information. Birthweight for gestational age z-scores were calculated 

using the Intergrowth Standard Calculator (“INTERGROWTH-21ST,” n.d.). Deliveries 

were categorized as either healthy or malpresentation. Pregnancy outcomes in the 

malpresentation category included fetal macrosomia, fetal growth restriction, placental 

previa, maternal indication, nonreassuring fetal heart rate, premature rupture of 

membranes and preeclampsia. Healthy pregnancy outcomes included labor, non-

complication repeat cesarean section, breech and post-due (induced).  

5.2.2 Chemicals 

Internal standards used for POP analyses included 4’-Fluoro-2,3’,4,6-

tetrabromodiphenyl ether (FBDE-69) (Chiron Inc., Trondheim, Norway), 13C-

2,2’,3,3’,4,4’,5,5’,6,6’-decabromodiphenyl ether (13C6-BDE-209) (Cambridge Isotopes 

Laboratory, Andover, MA, USA), 13C-2-ethylhexyl-2,3,4,5-tetrabromobenzoate (13C6-EH-

TBB), 13C-bis(2-ethylhexyl)-3,4,5,6-tetrabromophthalate (13C6-BEH-TEBP), 13C-2,2’,5,5’-

tetrachlorobiphenyl (13C6-PCB-52), 13C-2,2’,4,4’5,5’-hexachlorobiphenyl (13C6-PCB-153) 

(Wellington Laboratories, Ontario, CA). The recovery standard used in this study was 

13C-2,2’,3,4,5,5’-hexachlorinated diphenyl ether (CDE-141) (Cambridge Isotopes 

Laboratory, Andover, MA, USA). All solvents used were HPLC-grade. 
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5.2.3 Tissue Extraction 

The method used to extract and quantify POPs from placenta tissue was adapted 

from a previously developed method (Leonetti, Butt, Hoffman, Miranda, et al. 2016). 

Briefly, tissues were thawed and the mass was recorded to three decimal places. Using 

pre-cleaned, solvent-rinsed forceps and dissecting scissors, the tissue was minced into 

pieces less than 1cm in size, then homogenized in a mortar with ~10 g of sodium sulfate. 

The sample was transferred to a centrifuge tube and spiked with 10 ng of the internal 

standard mixture. Hexane:dichloromethane (1:1 v/v) was added to the homogenized 

tissue and left overnight. The solvent-tissue mixture was centrifuged, and the 

supernatant was collected. The extraction was repeated twice more, and the extracts 

were combined. The combined extracts were concentrated under a gentle stream of 

nitrogen and then purified using SupleClean ENVI-Florisil solid phase extraction 

cartridges (6 mL, 0.5 mg; Supelco, Inc. Bellefonte, PA, USA) and eluted with 

hexane:dichloromethane (1:1 v/v). The elution solvent was blown down under a gentle 

stream of nitrogen, solvent exchanged to hexane, spiked with recovery standard, 13C-

CDE-141 and analyzed using an Exactive GC Hybrid Quadropole-Orbitrap GC-MS/MS 

system operated in both electron ionization (EI_ and negative chemical ionization (NCI) 

mode. 

5.2.4 Quality control/quality assurance 

Laboratory blanks were processed alongside samples to detect background 

contamination and were used to calculate method detection limits (MDLs). MDLs were 

calculated as 3 times the standard deviation of the laboratory blanks and ranged from 

0.0004 ng/g to 0.0493 ng/g. Recoveries for internal standards were 74%, 66%, 84%, 
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139%, 40% and 37% for 13C-PCB-153, 13C-PCB-52, FBDE-69, 13C-EH-TBB 13C-BEH-

TBPH and 13C-BDE-209, respectively. 

5.2.4 Data Analysis 

Statistical analyses were performed using SAS 9.4 (SAS Institute. Cary, NC, 

USA). Statistical analyses were only conducted on analytes with greater than 50% 

detection among samples. Analytes with concentrations below MDL were assigned a 

random number between 0 and ½ MDL. According to a Shapiro-Wilk normality test, 

concentrations of POPs in placental tissue were not normally distributed, therefore, non-

parametric statistical tests were used. We first conducted bivariate analyses between 

POPs in placenta and birth outcomes. A Mann-Whitney U Test was used to detect 

differences in POP placental accumulation between healthy and malpresentation 

deliveries. Spearman correlations were used to evaluate associations between POP 

placental concentrations and birthweight z-scores and year of tissue collection. 

Multivariate regressions were used to examine the associations between placental POP 

concentrations and birthweight and were adjusted for maternal race, tobacco use, and 

maternal age. We considered p<0.05 to be statistically significant. Analyses were 

stratified by the sex of the infant because we hypothesize that the impact of POPs on 

pregnancy and birth outcomes may differ by sex. 

5.3 Results 

5.3.1 Cohort characteristics 

The average age of mothers recruited for this study was 30.6 years and they 

were predominantly white (61.6%). There was a roughly even number of males and 
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female infants (46.5% and 53.5%, respectively) and they were delivered at an average 

age of 38.3 weeks, with only one infant being born preterm (<37 weeks). The average 

infant birthweight was 3289  522 g, 8% of which were diagnosed as low birthweight. 

Infants were most commonly delivered by cesarean section (66.7%) and 14% were born 

from mothers who smoked during pregnancy. The majority of women did not suffer an 

adverse event during gestation, however, 25.3% of pregnancies displayed some form of 

malpresentation. Pre-eclampsia was the most common (11%) adverse pregnancy 

outcome. Cohort characteristics are provided in Table 5. 

Table 5: Cohort Characteristics of 99 Pregnant Women and their Infants 

  N 

Year of Tissue 
Collection 

2009 15 

2010 23 

2011 12 

2012 21 

2013 8 

2014 4 

2015 16 

Maternal Age 

25 21 
26-30 26 
31-35 32 

36 20 

Race 

White 61 

Non-Hispanic Black 21 
Other 9 

Smoking During 
Pregnancy 

Yes 14 

Birth Indication 
Healthy 75 

Malpresentation* 24 

Infant Gender 
Female 53 

Male 46 

* Malpresentation included: fetal macrosomia, fetal growth restriction, placental 
previa, maternal indication, nonreassuring fetal heart rate, premature rupture of 
membranes and preeclampsia. 
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5.3.2 POP placental accumulation 

The median concentrations and detection frequencies for the 22 targeted POPs 

measured in placental tissues are shown in Table 6. Analytes with greater than 50% 

detection included p,p’-DDE, BDE 47 and BDE 100. The most frequently detected POP 

was p,p’-DDE, however, BDE 47 had the highest median as well as the highest 

maximum concentration (0.310 ng/g and 7.34 ng/g, respectively).  

Table 6. Percent Detect and Median Concentration 

Analyte 
Percent Detect 

(%) 
MDL* 

(ng/g ww) 
Median  

(ng/g ww) 
Maximum 
(ng/g ww) 

cis-Chlordane 0 0.008 <MDL --- 

trans-Chlordane 0 0.008 <MDL --- 

p,p’-DDE 93 0.013 0.110 6.32 

PCB 11 2 0.125 <MDL 1.15 

PCB 28 31 0.002 <MDL 0.037 

PCB 47 0 0.004 <MDL --- 

PCB 51 0 0.004 <MDL --- 

PCB 52 2 0.004 <MDL 0.004 

PCB 68 0 0.004 <MDL --- 

PCB 101 6 0.004 <MDL 0.042 

PCB 118 18 0.002 <MDL 0.020 

PCB 138 26 0.004 <MDL 0.065 

PCB 153 25 0.004 <MDL 0.091 

PCB 183 6 0.004 <MDL 0.024 

BDE 28 8 0.008 <MDL 0.108 

BDE 47 69 0.198 0.310 7.34 

BDE 99 14 0.126 <MDL 2.296 

BDE 100 60 0.019 0.033 0.733 

BDE 153 47 0.008 <MDL 0.759 

BDE 209 11 0.008 <MDL 0.263 

EH-TBB 12 0.023 <MDL 1.70 

BEH_TBPH 3 0.008 <MDL 0.996 

POP --- --- 0.682 10.8 

*MDL values were normalized to average mass of placenta extracted (2.485 g) 

We observed a significant and positive association between p,p’-DDE and 

maternal age (rs = 0.298, p = 0.003) and a negative but non-significant association 
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between BDE-47 (rs = -0.05), BDE-100 (rs = -0.09) and maternal age. There was a 

significant difference in BDE-100 placental accumulation based on infant sex, with 

placentas associated with female infants having 2.5 times higher levels of BDE 100 than 

placentas associated with male infants (p<0.01) (Fig 21). Female associated placentas 

had 1.6 times higher levels of BDE-47; however, the difference did not reach statistical 

significance (p=0.07). 

Race/ethnicity and tobacco use were not associated with placental POP 

concentrations (p>0.195, p>0.222, respectively). 

 

 

Figure 22. Sex-specific differences in POP accumulation. Concentration of 

POPs (ng/g ww) in placental tissue stratified by sex. * represents statistically 

significantly (p < 0.05) higher levels of BDE-100 in placentas from females relative to 

males 
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Results from regression models indicated that placental concentrations of BDE-

47 significantly declined between 2009 to 2015 (p<0.02, p<0.01, respectively).  

Interestingly, p,p’-DDE and BDE-100 were also found to decline over this period (p=0.09, 

p=0.32, respectively); however, these trends were not statistically significant. Figure 22 

demonstrates the temporal changes in the placental accumulation of analytes detected 

in greater than 50% of the samples. 

 

Figure 23: Concentration of POPs in placental tissue archived from 2009-2015 

 

5.3.3 POP burden and associations with pregnancy outcomes 

Placental accumulation of POPs did not significantly correlate with birthweight 

(p>0.474) (Table 7). When birth indication was stratified by sex, females categorized as 

malpresentation at delivery had 2.4 times higher levels of BDE-100 and ~2 times higher 
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POP relative to healthy females at birth (p=0.028, p=0.018, respectively). There was no 

significant difference in placental POP concentrations between malpresentation and 

healthy birth indications associated with infant males (Fig 23). 

 

Table 7. Spearman correlation coefficients and p-values for POPs in placental 

tissue and birthweight z-scores (females n=53, males n=46) 

 Female rs Female p-value Male rs Male p-value 

p,p’-DDE -0.071 0.612 0.108 0.474 

BDE-47 -0.038 0.785 0.014 0.926 

BDE-100 -0.077 0.582 0.008 0.958 

POP -0.057 0.683 0.124 0.411 
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Figure 24: Geometric mean concentrations of POPs in placental tissue from 

healthy and malpresentation deliveries, stratified by sex. Error bars represent 

geometric standard deviation. *represents a p value < 0.05 

5.4 Discussion 

Our data demonstrate (i) p,p’-DDE, BDE-47 and BDE-100 were the most 

commonly detected POPs in placental tissue, with concentrations generally decreasing 

over time (ii) females with malpresentation at delivery had higher levels of BDE-100 and 

POP relative to healthy females at delivery, and (iii) there was no correlation between 

placental POP accumulation and birthweight. 
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Analytes with the highest detection frequencies included p,p’-DDE (93.4%), BDE-

47 (68.7%), and BDE-100 (59.6%), which is reflective of detection frequencies in other 

studies that quantified POPs in placental tissues (Jeong et al. 2018; Leonetti, Butt, 

Hoffman, Miranda, et al. 2016; Nanes et al. 2014; Vizcaino et al. 2014). However, 

detection frequencies for PCBs and BDE congeners -99 and -209 were relatively low in 

this study, which is likely attributed to the small mass of tissue available for analysis. 

Other studies extracted ~6-28 g of placental tissue when quantifying POP 

concentrations while the median tissue mass used for extraction in this study was 2.3 g, 

thus lowering our ability to detect analytes at relatively low concentrations. 

Similar to findings from Jeong et al, we observed a positive association between 

placental p,p’-DDE accumulation and maternal age, suggesting life-long exposure to 

POPs and possibly reduced but continued use of DDT for disease control as well as 

persistence of DDE in the food supply (Jeong et al. 2018). Meanwhile, there was a 

negative but not significant correlation between BDEs and maternal age. Possible 

factors contributing to this trend include declining levels in our environment and/or 

excretion of BDEs via lactation and menstruation (Cooper et al. 2016; Eslami et al. 

2016). Leonetti et al also observed a negative but non-significant association between 

maternal age and placental accumulation of BDE-209 and 2,4,6-TBP. 

The median placental concentration of BDE-47 in this study (0.310 ng/g ww) was 

similar to another US cohort that measured BDE-47 in 5 placental tissues collected from 

2007-2008 (0.536 ng/g ww) but somewhat higher than a US study that collected 42 

placentas from 2010-2012 (0.169 ng/g ww) and another US study that collected 102 

placentas from 2010-2011 (0.28 ng/g ww) (Dassanayake et al. 2009; Nanes et al. 2014; 
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Leonetti, Butt, Hoffman, Miranda, et al. 2016). The median placental concentration of 

BDE-100 in this study (0.033 ng/g ww) was similar to both the Dassanayake et al study 

(0.058 ng/g ww) the Nanes et al study (0.042 ng/g ww) and somewhat lower than the 

Leonetti et al study (0.081 ng/g ww). While there were a number of other cohorts from 

the US, Europe and Asia that quantified POPs in placental tissue, concentrations in 

these studies were reported on a lipid-weight basis, therefore, we cannot compare 

median concentrations (Jeong et al. 2018; Vizcaino et al. 2014; Bergonzi et al. 2009; 

Frederiksen et al. 2009; Gómara et al. 2007). We observed sex-specific differences in 

BDE-100 accumulation, with higher levels observed in females. To our knowledge, this 

is the first study to observe higher levels of BDE’s in females; in part because few 

studies have explored sex-specific differences in POP placental accumulation. A similar 

study that also quantified BDEs in human placental tissue observed levels of BDEs up to 

2x greater in males relative to females, which opposes the findings in this study 

(Leonetti, Butt, Hoffman, Miranda, et al. 2016). Currently, there is no clear mechanism to 

explain this sex difference, however, there is evidence that placental morphology and 

physiology as well as transporter expression is influenced by the sex of the fetus, which 

may contribute to different placental transfer efficiencies and metabolism (Rosenfeld 

2015; Ruis et al. 2019).  

The pesticide metabolite p,p’-DDE was the most frequently detected analyte, 

reflective of placental samples from other cohorts in the US, Europe and Asia (Nanes et 

al. 2014; Vizcaino et al. 2014; Jeong et al. 2018). There were only two other studies that 

quantified p,p’-DDE in placental tissue collected in the US and reported concentrations 

on a wet-weight basis (Nanes et al. 2014; Rogan et al. 1986). Nanes et al collected 42 
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placenta samples from 2011-2012 and reported a median concentration of 0.074 ng/g, 

which is approximately 1.5 times lower than the median concentration in this cohort 

(0.110 ng/g). However, the median concentration of p,p’-DDE in our cohort (0.110 ng/g) 

was similar to the median concentration from the Davis, California cohort (0.12 ng/g), 

which has a more similar climate and agricultural presence compared to the Rochester, 

NY and Waukesha, Wisconsin cohorts in the Nanes et al study. Rogan et al collected 

790 placenta samples from 1978-1982 and reported median p,p’-DDE concentrations to 

be more than a full order of magnitude higher than this cohort (6.8 ng/g ww). Therefore, 

the differences in p,p’-DDE placental accumulation may be explained by the time period 

in which tissue samples were collected, climate and geographic historical use of the 

parent pesticide, DDT. 

Interestingly, we observed a significant decrease in BDE-47 levels from 2009 to 

2015 and a similar (although not significant) trend for BDE-100. This negative trend is 

likely explained by the decreasing levels of POPs in the environment (Guo et al. 2016; 

Zota et al. 2013; Toms et al. 2012). Furthermore, revisions to legislation in the state of 

California in the US, TB117-2013 ,as well as the agreement between the US 

Environmental Protection Agency and manufacturers to voluntarily discontinue use of 

PBDEs in 2006, have led to a reduction of PBDEs added to consumer products, and 

consequentially, a reduction in human exposure (Cooper et al. 2016). Similar to another 

US cohort, p,p’-DDE had the greatest year-to-year variability, but we did not observe the 

same overall negative trend. (Nanes et al. 2014). Levels of p,p’-DDE did decline from 

2010-2012, but remained relatively stable from 2013-2015, which could be explained by 

the fewer samples available for analysis during this collection period. Seventy percent of 
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placenta samples were collected prior to 2013, therefore, samples collected after 2013 

may not be fully representative of p,p’-DDE concentrations on a population level. 

Results from the Spearman correlation as well as a linear regression model did 

not show a significant correlation between placental POP accumulation and birthweight. 

Numerous studies have evaluated associations between maternal serum POP 

concentrations and birthweight but also did not observe a significant correlation 

(Longnecker et al. 2005; Rogan et al. 1986; Miranda et al. 2015). However, there is 

discordance in the literature and other studies have observed a negative association 

between POP exposure and birthweight (Patandin et al. 1998; Konishi et al. 2009; Sagiv 

et al. 2007; Hertz-Picciotto et al. 2005). Casas et al. evaluated associations between 

gestational POP exposure and birthweight in 9000 mother-child pairs and observed the 

strongest negative associations when the mother was non-Caucasian and/or had 

smoked during pregnancy (Casas et al. 2015). Our cohort was 60% white and 14% 

percent of mothers smoked. Another significant difference between our study and others 

is the biological matrix used to estimate fetal exposure. Previous studies have shown 

that concentrations of POPs in maternal serum can be 1.5 to 3 times greater than cord 

blood (Aylward et al. 2014). Therefore, quantification of POPs in the placenta may be a 

better predictor of effects on birth outcomes than maternal serum.  

Although we did not observe a significant effect on birthweight, placental POP 

accumulation was significantly higher for females who displayed malpresentation at 

delivery relative to healthy females at delivery. We also were likely underpowered to 

detect associations between POP exposure and birthweight. While we did not have the 

statistical power to stratify by the type of malpresentation, preeclampsia was the most 
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common adverse pregnancy outcome in our cohort. Several studies have observed an 

association between gestational PCB, PBDE, & DDE exposure and increased risk of 

preeclampsia (Eslami et al. 2016; Ledda et al. 2015; Agrawal and Yamamoto 2015). 

Reduced trophoblast invasion into the endometrium, impaired spiral artery restructuring 

and increased reactive oxygen species generation due to perinatal POP exposure are 

mechanisms that have been hypothesized to impact the association between POP 

exposure and preeclampsia (Dubey et al. 2000; Park, Kamau, and Loch-Caruso 2014; 

Eslami et al. 2016). Perinatal POP exposure is also implicated in a number of other 

adverse pregnancy outcomes, such as preterm birth, premature rupture of membranes 

and fetal growth restriction, but more research is needed to understand the mechanisms 

behind these associations (Saxena, Siddiqui, and Murti 1981; Longnecker et al. 2005; K. 

Wu et al. 2010; Ouidir et al. 2020; Vafeiadi et al. 2014; Stillerman et al. 2008; Jin et al. 

2020). Sex-specific differences in adverse pregnancy outcomes has been relatively well 

defined but mechanisms are still very much unknown. Pregnancies with a female fetus 

are more likely to suffer from nonreassuring fetal heart rate and hypertensive diseases of 

pregnancy while males are more likely to be born preterm, fail to progress, and have 

gestational diabetes (Al-Qaraghouli and Fang 2017; Broere-Brown et al. 2020). These 

trends were also reflected in the sex-specific differences in adverse pregnancy 

outcomes we observed. We measured higher levels of POPs in females that suffered 

from nonreassuring heart rate as well as preeclampsia. There was no significant 

difference in placental POP accumulation in males, and we did not observe any 

associations with birthweight or gestational age. 
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To our knowledge, this was the first study to investigate levels of TBB and TBPH 

in human placental tissues. However, detection frequencies of TBB and TBPH were low 

(3% and 12%, respectively) and is likely a reflection of their more rapid metabolism and 

excretion compare to more persistent compounds like PBDEs and DDE (Roberts, 

Macaulay, and Stapleton 2012). 

While this study is novel in may regards, it is necessary to consider its limitations. 

The majority of placental tissues used for the extraction of POPs were < 2g, thus, 

hindering our ability to detect and quantify analytes at low concentrations and increasing 

our limit of detection. In addition, the small number of samples collected in 2013 and 

2014 may not be representative of placental POP accumulation on a population level. 

We were unable to accurately evaluate the effect of placental POP accumulation on 

gestational age because 66% of infants were delivered by cesarean section. Lastly, our 

cohort was predominantly white and the lack of race/ethnic diversity limits our ability to 

extrapolate our results to the US population. However, homogeneity of the study 

population can reduce the impact of confounding variables that were not considered in 

our analyses and adds strength to our findings. Future studies are needed to understand 

the mechanisms driving adverse pregnancy outcomes and associations with gestational 

POP exposure.
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6. Discussion 

This research sought to understand the tissue-specific accumulation of persistent 

organic pollutants, with a specific focus on brominated flame retardants, in the placenta 

and their effect on thyroid hormone regulation as well as investigate associations with 

adverse pregnancy outcomes. This research used a comprehensive approach of in vivo 

animal models, term human placental tissue, and in vitro placental lines to address these 

questions. This was the first study to (i) quantify tissue-specific accumulation of PBDEs 

in the placenta; (ii) quantify tissue-specific thyroid hormone levels in the placenta; (iii) 

quantify thyroid hormone levels in paired maternal serum, placenta, and fetus; (iv) detect 

sex-specific differences in placental transporter gene expression; (v) observe an 

increase in BDE-47 and -99 transport when MRP transport proteins were inhibited; and 

(vi) quantify TBB and TBPH concentrations in human placental tissue. Results from this 

dissertation demonstrated that PBDEs accumulated in the fetal portion of the placenta, 

despite no differences in lipid or protein content. This suggested PBDEs do not passively 

diffuse across the placental barrier and that transporters may play an important role. 

Furthermore, these trends were observed both in a controlled rat in vivo study and in 

human placental tissues collected at delivery, suggesting that the rat is a relevant animal 

model when studying the placental transfer of xenobiotics. This research was also the 

first to observe a sex-specific difference in transporter activity following gestational 

exposure to a mixture of PBDEs. A novel and significant finding from this research was 

the differing levels of TH in the placenta and fetus based on tissue type, sex and 

gestational age. Results from the BeWo transporter experiments (Chapter 4) suggested 

that the placental transfer of BDE-47 & -99 is likely influenced by BCRP and MRP-1, 
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however, more studies are needed to fully understand their role. Lastly, a higher 

exposure in female associated placentas was observed between the sum of PBDEs & 

DDE and poor delivery indication. The research from Chapters 2 & 3 has provided novel 

insights into tissue specific accumulation of PBDEs, which may help us better 

understand their potential to disrupt hormone synthesis and delivery in the maternal-fetal 

placental unit. The disruption of hormone transfer and regulation may explain the 

association between increased levels of POPs in the placenta and adverse pregnancy 

outcomes observed in Chapter 5. This research has identified the need for future studies 

to investigate mechanisms of placental transfer and sex-specific differences in placental 

POP accumulation. 

6.1 Challenges associated with measuring POP accumulation in 

maternal and fetal matrices in human epidemiological studies 

 Many studies have assessed in utero exposure to POPs by quantifying POP 

accumulation in maternal serum, placental tissue and cord blood. These estimations of 

exposure are often used to evaluate associations with adverse pregnancy outcomes, 

fetal development, and neurodevelopmental delays later in life. However, there is 

tremendous variability in sample collection, sample size, analytical techniques and 

reporting of POP accumulation in various biological matrices. These differences in study 

design and how they influence the assessment of gestational exposure of POPs in 

human epidemiological studies will be discussed in detail. 

 The distribution of POPs in placental tissue is a key variable that has yet to be 

accurately assessed but has significant implications for the quantification of POPs in the 

placenta. This research has demonstrated that POPs are not homogenously distributed 
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between the maternal and fetal portions of the placenta. All prior studies have quantified 

POPs in the placenta using full thickness cores that very likely differ in composition of 

maternal and fetal tissue, and thus, differ in POP accumulation. This significantly affects 

the assessment of POP accumulation in the placenta across studies and even within the 

same study. There is currently no technique validated to accurately separate maternal 

and fetal tissue in the placenta nor quantify the contributions of each tissue type within a 

full-thickness core. This highlights the importance of establishing a standardized method 

to systematically collect placental tissue from the same location of the placenta in order 

to minimize interindividual variability as much as possible. Based on known morphology 

of the placenta, we can assume sampling too close to umbilical cord insertion will result 

in an inaccurate estimation of placental accumulation, because the sample will be 

comprised of both placenta and cord blood within the umbilical cord. We can also 

assume that if tissue is collected need the margins of the placenta, the sample will likely 

inaccurately estimate POP accumulation in the placenta because the sample will be 

heavily compromised of maternal serum and endometrial tissue. The contamination of 

multiple tissues can lead to an over- or underestimation of placental POP accumulation 

depending on the concentrations of POPs in the maternal serum or cord blood. This can 

result in an inaccurate calculation of permeability coefficients, and ultimately, an 

inaccurate estimation of the placental transfer of POPs. One way to strengthen the 

repeatability and accuracy of sampling the placenta is to use a diagram of appropriate 

sampling locations (Figure 24). 
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Figure 25. Diagram of appropriate sampling locations of the placenta 

 

This research, as well as others, suggests that the sex of the fetus affects the 

accumulation of POPs, yet few studies explore sex-specific differences in placental POP 

accumulation. Interestingly, this research shows significantly greater accumulation of 

BDE-100 in females while data from a similar US cohort demonstrated higher 

accumulation of BDE-209 and 2,4,6-TBP in males (Leonetti, Butt, Hoffman, Hammel, et 

al. 2016). A study that evaluated POP accumulation within 106 placenta samples 

collected in Korea observed a higher median concentration of all quantified POPs in 
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males, however, only ∑PCB was significantly higher in males relative to females (Jeong 

et al. 2018). Meanwhile, Gomara et al quantified PBDEs in 30 placenta samples from a 

cohort in Spain and observed no sex differences, which could be attributed to the small 

sample size and high variability in exposure among individuals (Gómara et al. 2007). 

However, the majority of studies have not evaluated sex-specific differences in placental 

accumulation of POPs, therefore, associations with adverse pregnancy outcomes, 

placental permeability coefficients, hormone levels, gene expression and several other 

previously evaluated endpoints may be confounded by sex-specific differences (Nanes 

et al. 2014; Vizcaino et al. 2014; Frederiksen et al. 2009; Gómara et al. 2007; Al-Saleh 

et al. 2012; Y. Zhao et al. 2013; J. T. Kim et al. 2015; Dewan et al. 2013). The 

importance of investigating sex-specific differences when assessing maternal and 

obstetric outcomes has been previously demonstrated (Al-Qaraghouli and Fang 2017). 

The authors have shown that placental functions differ by fetal sex. Placentas 

associated with a male fetus are less responsive to magnesium sulfate, a compound that 

relaxes placental vessels and increases nutrient delivery and gas exchange between the 

mother and fetus. Although it is unclear as to why placentas associated with males are 

less responsive, this may explain the greater incidence of perinatal morbidity and 

mortality in males. Placentas associated with males also have significantly reduced 

levels of cathelicidin, an antimicrobial peptide that offers fetus protection from 

pathogens. This increases the immune vulnerability of the fetus and may provide yet 

another explanation as to why males are at an increased risk of infection. Cathelicidin 

levels appear to be suppressed by androgens produced by the male fetus. These 

findings highlight the need for future studies to stratify their data by fetal sex when 
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assessing the accumulation of POPs in maternal and fetal biological compartments and 

associations with adverse pregnancy outcomes. Furthermore, the National Institute of 

Environmental Health Sciences has also recognized the importance of exploring sex-

specific differences and has declared it a research priority (NIEHS 2018).  

6.2 Challenges associated with assessing the placental transfer 
of POPs 

Numerous studies have investigated the placental transfer of POPs using ex vivo 

placental perfusions, in vivo animal models, in vitro cell lines, in silico modeling and 

permeability coefficients between maternal and fetal compartments. Despite the 

numerous techniques and models used to study placental transfer of POPs, there is little 

consensus on the mechanism by which POPs cross the placental barrier, how 

physiochemical properties influence placental transfer, and which, if any, transporters 

play a significant role. Therefore, there are a variety of challenges associated with 

assessing placental transfer of POPs. 

Transplacental transfer efficiencies are often used in human epidemiological 

studies to study the partitioning behavior of POPs between maternal serum, the 

placenta, and cord blood. However, the number of biological compartments, the type of 

biological compartment and the time in which the biological compartment was sampled 

vary from one study to another, and these variables can lead to different conclusions on 

the partitioning behavior of POPs between the mother and fetus. The most common 

method used to calculate permeability coefficients is the division of the cord serum POP 

concentration by the maternal serum POP concentration, which is often abbreviated as 

Rcm. This method assumes that the higher the Rcm, the greater the transfer of the POP 
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from the mother to the fetus. The advantage of the Rcm method is that serum is relatively 

accessible, easy to extract and concentrations are reported using the same units, thus 

making the calculations simple. The more comprehensive but less commonly used 

method to calculate permeability coefficients is to calculate a coefficient between each of 

the three compartments; maternal serum-placenta = Rpm, placenta-cord serum = Rcp, 

and maternal serum-cord serum = Rcm. In addition to calculating the transfer of POPs 

from the mother to the fetus, the use of all three parameters allows the investigator to 

understand the degree to which POPs accumulate in the placenta and which POPs are 

inhibited by the placental barrier. A Rpm greater than one and a Rcp less than one 

indicates the POP is likely to accumulate in the placenta. A Rpm and Rcp less than one 

indicates the placental barrier is effective at preventing the transfer of POPs from 

maternal to fetal circulation. A Rpm and Rcp greater than one indicates the placenta is an 

ineffective barrier of POP transport. Since most studies only calculate a Rcm, partitioning 

of POPs among these compartments is unclear. These models also assume there is no 

metabolism of xenobiotics within the placenta and that the fetus is protected from POPs 

by the placenta if the Rcm is less than one. However, Shen et al demonstrated that 

metabolism of xenobiotics in the placenta complicates the estimation of Rcm and thus, 

complicates the interpretation of placental transfer of xenobiotics. Furthermore, two 

studies that calculated Rcm, Rpm, and Rcp have demonstrated that the metabolites of 

some POPs are found at higher concentrations in cord serum than maternal serum 

(Vizcaino et al. 2014; Al-Saleh et al. 2012). These studies suggest the placenta is a 

mediator of fetal exposure and the assumptions used in Rcm method are false. 
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While numerous human epidemiological studies have tried to understand how 

physiochemical properties influence the partitioning behavior of POPs in the maternal-

fetal unit, its impact on placental transfer is debated. A Spanish cohort of 50 paired 

maternal serum, placenta and cord serum samples found no correlation between 

placental transfer and molecular weight, molar volume, degree of halogenation or Kow 

(Vizcaino et al. 2014). A Korean cohort that quantified POPs in 20 paired maternal-cord 

serum samples also found no association between Kow, molecular weight, and degree of 

halogenation with placental transfer (J. T. Kim et al. 2015). Both studies concluded POP 

partitioning does not correspond to passive diffusion and that transporters likely play a 

significant role. In contrast to these findings, a Japanese cohort of 16 paired maternal 

blood and cord blood samples observed high maternal transfer of low molecular weight 

POPs and significant retention of highly brominated compounds in the placenta 

(Kawashiro et al. 2009). It was postulated that low molecular weight compounds pass 

through the placenta by passive diffusion while the mechanisms of transport for 

compounds with high molecular weight and high degrees of bromination is unclear. 

Meanwhile, a number of studies that measured either paired maternal and cord serum or 

maternal and cord serum and placenta demonstrated an inverse relationship between 

Kow, degree of halogenation, molecular weight and POP placental transfer (Lancz et al. 

2015; Needham et al. 2011; Shin et al. 2016). These studies concluded the placental 

transfer of POPs was more complex than passive diffusion and that a combination of 

active and passive transport drive POP partitioning. A Korean cohort of 106 paired 

maternal serum, placenta and cord serum also demonstrated placental POP transfer 

was mediated by Kow and molecular weight and observed an inverse relationship 
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between halogenation and transport. POPs with high Kow, high molecular weight, and 

high chlorination were most likely to accumulate in the placenta while low molecular 

weight, low Kow was preferentially transported into the placenta from maternal serum and 

eventually accumulated in cord serum (Jeong et al. 2018). No predictions were made on 

the degree to which passive and active transport contribute to the placental transfer of 

POPs. The planarity of the PCBs also seems play a role in their placental transfer, with 

planar compounds more likely to accumulate in cord serum than the placenta or 

maternal serum (Bergonzi et al. 2009). While it is unclear exactly why many of these 

studies observe conflicting trends, nearly all the studies suffer from a small sample size. 

With the exception of Jeong et al study, the number of paired maternal-fetal samples is 

less than 50, thus, extrapolating trends to the population level is hindered. Additional 

variables that further complicate these findings include (1) different biological 

compartments sampled, (2) the type of biological matrix sampled (serum vs whole blood 

vs plasma), (3) timepoint at which the biological matrix was sampled during pregnancy, 

and (4) the diversity of demographics between cohorts. 

While human epidemiological studies have tried to understand the partitioning 

behavior between maternal and fetal compartments, they are limited in their ability to 

understand the mechanisms driving the transfer of POPs across the placental barrier 

and accumulation within the placental barrier due to numerous uncontrolled variables. 

Cell lines are commonly used for mechanistic studies given the significant interindividual 

variability and limitations of epidemiological studies. Even though far more variables are 

controlled relative to epidemiological and animal studies, results still vary from one study 

to another. Significant differences are most likely attributed to variability in study design 
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as well as a lack of quality assurance and quality controls. To date, two studies have 

evaluated the placental transfer of POPs using a choriocarcinoma cell line cultured on a 

Transwell insert. These studies were similar in design to the research presented in 

Chapter 4. All three studies used the BeWo cell line cultured on a Transwell plate and 

used ABC transporter protein inhibitors to investigate their role in the active transport of 

POPs across the monolayer. Yin et al investigated the transplacental transfer of 

organochlorine pesticides while Yu et al investigated the transplacental transfer of 

PBDEs. The differing study designs in these two studies as well as the research 

presented in Chapter 4 highlight the challenges associated with assessing placental 

transport of POPs using in vitro transport assays. 

One of the most important parameters that needs to be validated in a transport 

study is the integrity of the monolayer. The gold standard to evaluate monolayer integrity 

involves measuring the transepithelial resistance (TEER), visually inspecting the 

monolayer under a microscope, using FITC-dextran as a negative control for passive 

transport, and using antipyrine as a positive control for passive transport (Bode et al. 

2006). However, the inclusion of these standards differs from one study versus another 

and the thresholds used to validate monolayer integrity also differs. Yin et al recorded 

TEER values for each well and used a minimum TEER threshold of 80 2. Any well with 

a TEER value that differed 15% was not included in the study. Meanwhile, minimum 

TEER thresholds used in other studies, including the study in Chapter 4, were 35 2 

(Hemmings et al. 2002; Yu et al. 2020). Another quality assurance that differs from one 

study to another is the monitoring of FITC-dextran, a negative control for passive 

transport, in the receiving chamber of the Transwell insert. Yin et al included this 
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negative control in their study but did not report any results. Yu et al did not use FITC-

dextran to assess membrane integrity and passive diffusion. This research did monitor 

for FITC-dextran and found non-significant differences from control. Antipyrine, a 

compound that is commonly used as a positive control for passive transport, was not 

used in either of the three studies. Differing TEER thresholds and a lack of positive and 

negative controls of passive transport can have significant implications on the 

interpretation of POP transfer because the integrity of the monolayer cannot be 

evaluated appropriately. 

Improper experimental design of cell viability assays poses yet another challenge 

when interpreting the placental transport of POPs using in vitro assays. Studies 

presented in Chapter 4 evaluated cell viability at each of the timepoints, included FITC-

dextran, and each of the PBDE congeners as well as transporter inhibitors. Yin et al only 

evaluated the effect of POP dose on cell viability but did not include transporter inhibitors 

or FITC-dextran. Furthermore, cell viability was not evaluated when cells were incubated 

with metabolic inhibitors NaN3 and 2-DOG. This study also lacked sufficient detail 

regarding incubation times of labeling and solubilization reagents used for the MTS 

viability assay (Yin et al. 2019). Low cell viability and metabolic activity would adversely 

impact energy-dependent transporter activity, and thus, lead to improper interpretation of 

placental POP transport. And Yu et al also did not incubate transport inhibitors with cells 

for the cell viability assay, making it difficult to evaluate the health of the cells in these 

co-exposure treatments and thus the interpretation of their results. Another significant 

issue with the cell viability design is that the assay only assessed cytotoxicity at 12 

hours, however, timepoints extended up to 24 hours (Yu et al. 2020). Once again, 
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inaccurate estimations of cytotoxicity can lead to inaccurate interpretations of placental 

transfer of POPs. 

No previous POP placental transport studies have used a positive control to 

demonstrate inhibition of targeted transport proteins (Yin et al. 2019; Yu et al. 2020). 

Inhibition experiments lacked a positive control to demonstrate their inhibitor was 

effective. Furthermore, the concentrations of inhibitors used vary from one study to 

another. Since a positive control was not included, investigators cannot be confident that 

transport proteins were inhibited, and thus, that apparent permeability values of POPs 

were accurately calculated. 

Another challenge associated with assessing placental transfer of POPs is the 

difference in transporter expression between human primary cells, BeWo, Jeg-3, and 

JAr placental cell lines. Table 8 demonstrates the significant differences in transporter 

expression among the various cell lines relative to primary trophoblasts (Serrano et al. 

2007). 

Table 8. Difference in transporter expression relative to human primary 

trophoblast cells (data from Serrano et al. 2007) 

Transporter BeWo Jeg-3 JAr 
 

P-gp    
 

MDR3    

 

MRP1    
 

MRP2    

 

MRP3    
 

MRP4    
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BCRP    

 

OATP1A2    
 

OATP1B1    

 

OATP1B3    
 

 

Previous studies have also demonstrated that the expression of P-gp differs 

depending on the supplier of BeWo cells (Atkinson et al. 2003; Ceckova-Novotna, 

Pavek, and Staud 2006). Therefore, it is important that future studies reference the 

supplier and measure mRNA expression of targeted transporters if they have not been 

previously cited. 

Lastly, dosing as a mixture instead of individual POPs could potentially influence 

the partitioning behavior of POPs across the placental membrane. If POPs are 

competing for binding to the same transporters, those that have greater binding 

coefficients will appear to have greater apparent permeability values. Yu et al 

investigated PBDE docking with transport proteins and found that PBDE congeners with 

fewer bromine atoms resulted in greater binding to the protein. Several previous studies 

have demonstrated an inverse relationship between placental transfer and degree of 

halogenation, which supports the docking studies (Kang et al. 2010; Frederiksen et al. 

2010; Kawashiro et al. 2009). It was previously hypothesized that less halogenated 

compounds crossed the placental barrier by passive diffusion while highly halogenated 

POPs crossed by a combination of passive and active. The results from this molecular 

docking study suggest less halogenated compounds are more likely to cross the 

placental barrier not because of passive diffusion but instead, because they have greater 
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binding affinities to transport proteins due to reduced steric hinderance (Yu et al. 2020). 

Another technique commonly used in previous transport studies that can confound the 

calculation of apparent permeability values is sampling the receiving well at various 

timepoints and replacing with incubation buffer. The equilibrium is disrupted each time 

media is removed from the receiving chamber and replaced with incubation buffer. 

Future studies investigating mechanisms of POP transfer should dose POPs singularly 

to better understand mechanisms of POP transfer but also dose as a mixture to reflect 

real-world exposure. Furthermore, it is critically important that future studies not sample 

from the same receiving well at multiple timepoints. 

6.3 Data gaps and future research directions 

This novel research has generated many new questions and identified several 

key data gaps that need to be addressed in order to gain a better understanding of the 

placental accumulation and transfer of POPs in maternal and fetal matrices. 

Prior to this research, POPs were quantified in whole placenta and the 

distribution of POPs within the tissue was unknown. This research has demonstrated 

that some POPs concentrate in the fetal portion of the placenta relative to the maternal 

portion; however, there are still several unknowns. It is still unclear how POPs distribute 

even within the same tissue-type and how sampling location affects quantification. There 

are currently no standardized protocols for collecting tissue, which can lead to significant 

inter- and intrastudy variability. Future studies need to collect multiple tissue-specific 

samples across the placenta in order to understand the distribution of placental POP 

accumulation. Ideally, these studies would include 4 samples from the same placenta (1 

per quadrant), each 1 inch from the perimeter of the placenta and ½ inch from the 
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insertion of the umbilical cord. Based on the findings from previous studies that used 

whole placentas, approximately 100 placentas (50 male, 50 female) are needed to have 

enough statistical power to make conclusions (Leonetti, Butt, Hoffman, Miranda, et al. 

2016). These studies will also improve repeatability and potentially clarify discrepancies 

in placental POP accumulation. However, in order to accurately assess tissue-specific 

accumulation of POPs in the human placenta, more advanced techniques are needed to 

isolate maternal and fetal tissues. Laser-capture microdissection is a technology that 

enables the isolation of a small number of cells or tissues from a paraffin-embedded 

tissue (S. H. Kim et al. 2013). This technique can be used with frozen tissue sections 

and allows for the separation of a highly heterogenous tissue. Therefore, laser-capture 

has the resolution needed to isolate a highly heterogenous tissue population within the 

placenta and will provide a more accurate quantification of POPs in maternal and fetal 

placental tissue. 

Research from Chapter 4 suggested that efflux transporters MRP1 and BCRP 

are involved in the placental transport of BDE-47 & -99. This study was not designed to 

investigate whether BDEs affect the transport of endogenous substrates that use these 

transporters to move between maternal and fetal circulation, however, previous studies 

have shown BDEs do compete for transport. There is evidence that PBDEs are 

substrates of OATPs, P-gp, and BCRP (Pacyniak et al. 2010; Yu et al. 2020; Marchitti et 

al. 2017). Pacyniak et al demonstrated BDE-47 - 99 and -153 were able to inhibit the 

uptake of estradiol-17-glucuronide by OATP1B3 and OATP1B1 as well as estrone-3-

sulfate by OATP2B1 at environmentally relevant concentrations (BDE-47 Km = 0.31 uM). 

This study demonstrates that PBDEs are capable of inhibiting the uptake of other 
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endogenous substrates of OATP1B3 and OATP1B1 in the placenta, such as thyroid 

hormones, which can have significant adverse effects on the developing fetus. Yu et al 

observed partial inhibition of the P-gp effluent channel by low molecular weight BDEs. 

Marchitti et al demonstrated 6-OH-BDE-47 competed for transport via BCRP and 

resulted in decreased efflux of BCRP substrate prazosin. While these studies have 

demonstrated BDEs are capable of disrupting the transport of endogenous substrates, 

no studies have been performed using a placental model, nor have they assessed their 

ability to disrupt thyroid hormone placental transport. A pilot study using primary 

placental cells cultured on a Transwell insert investigated the impact of PBDEs on 

thyroid hormone transport across the membrane. The study was intended to supplement 

studies performed in Chapter 4, however, we were unable to obtain sufficient 

primary/”fresh” placentas to complete replicate experiments. A 0.1 uM mixture of BDE-

47, -99, and -153 were incubated with T4 for 1-hr and the concentration of T4 in the 

receiving chamber was quantified. A transport ratio was calculated by dividing T4 

concentrations in the receiving well by T4 concentrations in the dosed well. The 

transport ratio of T4 incubated with PBDEs was compared to the transport ratio of T4 

incubated without PBDEs. We observed a 2.5x reduction in T4 transport when incubated 

with PBDEs, suggesting PBDEs may compete with T4 for transport across the placental 

barrier (p = 0.017) (Fig 25).  
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Figure 26. T4 transport across the placental barrier when incubated with and 

without PBDEs (n = 4 per treatment).  

 

In order to explore this finding more mechanistically, future studies involving 

more replicates, thyroid hormones, timepoints, and positive controls (e.g. MCT-8 

inhibitor bromosulfophthalein) are necessary. Since thyroid hormones have been shown 

to be transported by multiple transporters, a cell line transfected with MCT-8 should be 

used for competition assays to confirm findings from primary cell studies. Transfected 

cell line assays have been successfully used to evaluate PBDE transport and substrate 

competition previously, however, only two ABC transporters and two PBDEs were 
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evaluated (Marchitti et al. 2017). Future studies investigating a greater number of 

PBDEs, such as BDE-28, -100, -153 and -209 which are frequently detected in 

biomonitoring studies, and transporters can be used to elucidate active and passive 

mechanisms of transport. 

In addition to competing for transport with endogenous substrates, environmental 

pollutants have also been shown to affect transporter expression. A study by Sieppi et al 

demonstrated that BPA and para-nonylphenol decreased the expression of BCRP 

transporter protein in human term placental explant cultures (Sieppi et al. 2016). A study 

using the BeWo cell line as a model found that BCRP expression was tightly regulated 

by steroid sex hormones estrone, and estriol and thus could be susceptible to EDC 

exposures (Yasuda et al. 2006). To date, no studies have evaluated the impact of POP 

exposure on mRNA expression of transporters expressed in the choriocarcinoma cell 

lines. Identifying transporters affected by POPs will help us better understand how the 

transport of endogenous substrates may be affected. This rather simple experiment can 

provide novel insights into mechanisms driving endocrine disruption, adverse pregnancy 

outcomes, and nutrient deficiency disorders during pregnancy. It is critically important 

that these studies keep in mind the differences in transporter expression between 

choriocarcinomas and primary cells. The most robust experimental design should use 

primary cells and cell lines in parallel.  

Research presented in Chapter 2 identified a key data gap regarding the 

localization of transporters in the maternal portion of the placenta. While the localization 

of transporters in the apical and basal membranes of the fetal portion of the placenta 

have been well characterized, immunohistochemistry (IHC) staining of transporters 
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identified in the maternal portion of the placenta is needed to understand their 

localization. By understand the localization of transporters in the maternal portion of the 

placenta, we can understand the direction of transport as well as which compounds are 

transported. After the localization of transporters is established, this will allow 

investigators to understand the implications of downregulation of several transporters 

after exposure to a mixture of PBDEs. These studies are also needed to understand 

partitioning behavior between maternal serum and the maternal portion of the placenta, 

an area of research that has yet to be explored. 

There is significant room for improvement when assessing the placental transport 

of POPs using in vitro models of the placenta. All previous studies that have evaluated 

the role of ABC transporters in the placental transfer of POPs have used 

pharmacological inhibitors to inhibit active transport. While these inhibitors are relatively 

specific, they have been shown to have off-target effects and can be cytotoxic at high 

doses at timepoints beyond 24-hrs (Weidner et al. 2015). A far more targeted method to 

inhibit ABC transporters can be achieved through the use of siRNA (Ee et al. 2004). 

siRNA is highly specific and has been shown to act as a more potent inhibitor. BeWo 

cells cultured on a Transwell insert also does not truly capture the full placental barrier. 

Instead, placental transport of POPs can be more accurately assessed using a co-

culture of BeWo cells and fetal epithelial cells. The co-culture model more accurately 

captures the full placental barrier (Aengenheister et al. 2018). The BeWo monolayer is 

grown on the top of a Transwell insert and can be treated with forskolin to induce 

syncytialization to further reflect the morphology of the human syncytiotrophoblast. 

Epithelial cells are cultured on the bottom of the Transwell insert, adjacent to the BeWo 
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cells, which more accurately represents the barrier separating fetal circulation from the 

syncytiotrophoblast.  

A limitation, however, is that the co-culture model cannot explore sex-specific 

differences in placental transport; therefore, transport studies need to be repeated using 

primary cells in order to explore sex-specific differences in POP transport as well as the 

impact on transport of endogenous substrates. These studies will provide key insights 

into the mechanisms driving sex-specific differences in placental POP accumulation and 

ultimately, sex-specific differences in adverse pregnancy outcomes. Another way future 

studies can investigate sex-specific differences in placental POP accumulation is to 

quantify POP concentrations in placental tissues collected from fraternal twins. 

Quantification of POPs in placental tissue from fraternal twins of different sex is a 

relatively simple but more insightful method than comparing sex-specific differences in 

placental accumulation because it significantly reduces the number of confounding 

variables and placentas share the same maternal exposure. 

To date, there are only a few studies that have evaluated the role of SLC 

transport proteins on the placental transfer of POPs, yet the SLC transporters such as 

OCTN2, ENT1, and OATP4A1 are the primary uptake proteins expressed in the 

placenta and are responsible for transporting substrates from maternal circulation to the 

fetus (Walker et al. 2017; Klaassen and Aleksunes 2010). OCTN2, localized to the apical 

membrane of syncytiotrophoblast, is responsible for the uptake of carnitine from 

maternal circulation and delivery to the fetus. While verapamil is supposed to be a 

relatively specific inhibitor of P-gp, it has also been shown to inhibit OCTN2. Therefore, it 

is possible that the reduction of BDE transport observed when cells were incubated with 
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verapamil could be caused by OCTN2 inhibition and not P-gp, as hypothesized (Yu et al. 

2020). This explanation is actually more likely because inhibition of an efflux transporter 

should result in greater transport, not less. Furthermore, the significant reduction of BDE 

transport was only observed when BDEs were transported in the apical to basal 

direction, the same direction in which OCTN2 transports its substrates. Therefore, future 

studies should investigate the role OCTN2 in BDE placental transport. OCTN2 is 

expressed in BeWo cells and its expression is increased when BeWo cells are treated 

with forskolin treatment (Huang et al. 2009). Therefore, the role of OCTN2 in the 

placental transport of POPs can be investigated using a similar experimental design 

used in Chapter 4, but using forskolin-treated BeWo cells and OCTN2 selective 

inhibitors (Liepinsh et al. 2014). 

7. Conclusion 

The central hypothesis of this dissertation was that POPs are substrates of 

transporters in the placenta, resulting in the concentration of pollutants in the fetal 

portion of the placenta and disruption of thyroid hormone levels reaching the fetus. We 

also hypothesize that PBDEs could disrupt TH levels during gestation given their 

structural similarity, with implications including hypothyroidism and potentially IUGR. To 

test these hypotheses, we used the BeWo b30 cell line, the Wistar rat and term human 

placental tissue to gain a better understanding of the partitioning between maternal, 

placental, and fetal compartments and thyroid disruption following POP exposure. 

Research from Chapter 2 demonstrated PBDEs and other POPs concentrate in the fetal 

portion of the placenta, relative to the maternal portion. These trends were shared 

between rats and humans, suggesting the rat is a relevant model for studying the 
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placenta transfer of POPs. Another novel finding from Chapter 2 was the sex-specific 

differences in ABC transporter activity within the placenta after exposure to a mixture of 

PBDEs. This difference may play a role in the sex-specific health outcomes observed in 

our population. Results from Chapter 3 demonstrated thyroid hormone dysregulation in 

maternal serum when gestationally exposed to a mixture of PBDEs. Results from 

Chapter 3 call to attention the importance in stratifying TH levels in placenta and the 

fetus by sex, gestational day, and specific tissue type. Chapter 4 sought to understand 

the role of ABC transporters in the placental transfer of BDEs using the BeWo cell line 

as a model. Results implicated BCRP and MRP-1 in the placental transfer of BDEs, 

however, more work is needed to elucidate how kinetics influences their transfer. 

Chapter 5 demonstrated an association between sex-specific adverse pregnancy 

outcomes and placental POP accumulation. Females who had an adverse delivery 

indication had significantly higher placental accumulation of BDE-100 and ∑POP relative 

to females were had a healthy delivery indication. Ultimately, this research has 

highlighted the importance of studying sex and tissue-specific accumulation of POPs, 

the mechanisms driving their placental transfer, and their associations with adverse 

pregnancy outcomes. Future research should focus on the role of SLC transporters, 

associations between POP exposure and adverse pregnancy outcomes as well as how 

sex of the fetus influences placental POP accumulation. 
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Appendix A 

Biorepository individual data and measurements 

Patient 

ID 

Delivery 

Health 

Delivery 

Indication 
Sex 

Gest 

Age 

Delivery 

Date 

Birth 

Weig

ht 

Matern

al Age 

Race 

Ethnicity 

Tobacco 

Use 

Placenta 

Mass 

p,p'-

DDE 
BD-47 

BDE 

100 
Sum 

102746 healthy repeat c/s Male 

37 

wk 6 

day 

2011.5 2710 28 White None 2.413 0.092 0.058 0.004 0.248 

102746 healthy repeat c/s Male 

37 

wk 6 

day 

2011.5 2840 28 White None 1.966 0.092 0.114 0.005 0.264 

101948 healthy breech Male 

39 

wk 0 

day 

2009.25 3915 32 White None 1.147 0.116 0.796 0.001 1.142 

101955 healthy breech Male 

37 

wk 1 

day 

2009.33 3165 37 Other None 2.305 2.078 0.538 0.005 2.924 

102039 healthy repeat c/s Male 

40 

wk 2 

day 

2009.41 3570 22 White Yes 1.702 0.008 0.125 0.101 0.578 

102041 healthy repeat c/s Male 

37 

wk 2 

day 

2009.41 3710 25 Other None 2.544 0.089 0.423 0.032 0.616 

102151 healthy repeat c/s Male 

39 

wk 1 

day 

2009.58 3440 42 White None 1.281 0.083 0.792 0.006 1.121 

102284 healthy repeat c/s Male 

39 

wk 1 

day 

2010.08 1520 33 White None 1.23 0.083 0.093 0.006 0.447 

102303 healthy repeat c/s Male 

39 

wk 5 

day 

2009.99 3280 24 
NH 

Black 
None 1.287 0.011 0.060 0.082 0.416 

102318 healthy repeat c/s Male 

40 

wk 0 

day 

2010.08 3280 32 White None 4.265 0.267 0.582 0.053 1.196 

102512 healthy repeat c/s Male 

39 

wk 0 

day 

2010.41 3610 37 Other None 2.795 0.355 0.291 0.004 0.782 

102550 mal 
pre-

eclampsia 
Male 

37 

wk 2 

day 

2010.5 3600 24 
NH 

Black 
None 3.696 0.128 0.317 0.005 0.538 

100708 mal 
pre-

eclampsia 
Male 

37 

wk 1 

day 

2010.5 3815 38 White None 2.391 0.088 0.046 0.009 1.025 
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101699 mal 
pre-

eclampsia 
Male 

38 

wk 3 

day 

2010.58 3620 21 White None 0.983 0.123 1.125 0.143 1.639 

102585 healthy Labor Male 

39 

wk 5 

day 

2010.58 3730 19 White None 2.874 0.357 0.173 0.017 0.618 

102615 mal 
pre-

eclampsia 
Male 

37 

wk 0 

day 

2010.66 3315 30 
NH 

Black 
None 2.303 0.121 0.229 0.007 0.464 

102636 healthy repeat c/s Male 

37 

wk 3 

day 

2010.74 3320 34 White None 1.81 2.208 1.547 0.171 4.170 

102642 mal 
placenta 

previa 
Male 

37 

wk 4 

day 

2010.74 3525 38 Other None 4.227 0.409 0.044 0.004 0.531 

102650 healthy repeat c/s Mal 

40 

wk 2 

day 

2010.74 3260 27 
NH 

Black 
None 1.233 0.161 1.037 0.094 1.372 

101259 healthy breech Male= 

38 

wk 4 

day 

2010.91 3915 37 White None 1.443 0.134 0.374 0.038 0.712 

102750 mal FGR Male 

38 

wk 0 

day 

2011.74 2201 21 White None 1.942 0.131 0.925 0.148 1.681 

100980 healthy Labor Male 

40 

wk 1 

day 

2011.91 3735 33 White None 1.576 0.087 0.089 0.001 0.382 

102779 mal Malpresent Male 

37 

wk 0 

day 

2011.99 2965 35 
NH 

Black 
None 1.873 0.224 0.475 0.100 0.996 

102815 healthy Labor Male 

37 

wk 2 

day 

2011.99 2790 24 
NH 

Black 
None 0.914 0.007 0.172 0.007 0.366 

102816 healthy Labor Male 

39 

wk 5 

day 

2011.99 3420 21 White Yes 2.23 0.051 0.222 0.001 0.387 

102817 healthy Labor Male 

37 

wk 3 

day 

2011.99 3410 37 White None 1.546 0.208 0.527 0.106 1.816 

102819 healthy repeat c/s Male 

39 

wk 5 

day 

2011.99 3835 29 White None 3.593 0.093 0.145 0.003 0.587 

102821 healthy repeat c/s Male 

39 

wk 2 

day 

2011.99 4110 34 White None 2.181 0.112 0.724 0.107 1.053 

102824 healthy repeat c/s Male 

39 

wk 0 

day 

2012.08 3505 37 Other None 1.531 0.723 0.437 0.051 1.352 
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102827 healthy repeat c/s Male 

39 

wk 0 

day 

2012.41 3760 31 White None 1.895 0.097 0.014 0.012 0.257 

102828 healthy repeat c/s Male 

39 

wk 1 

day 

2012.41 3295 29 
NH 

Black 
None 2.236 0.004 0.005 0.010 0.413 

102829 healthy repeat c/s Male 

39 

wk 5 

day 

2012.41 3425 40 White None 1.528 0.499 0.126 0.005 0.812 

102831 healthy repeat c/s Male 

39 

wk 1 

day 

2012.58 3440 25 
NH 

Black 
None 3.061 0.024 0.028 0.002 0.121 

102834 mal 

Fetal 

Macro-

somia 

Male 

37 

wk 2 

day 

2012.74 4710 28 
NH 

Black 
None 5.203 0.073 0.007 0.026 0.225 

102843 healthy repeat c/s Male 

39 

wk 0 

day 

2012.74 3800 33 White None 3.252 0.056 0.717 0.236 1.690 

102844 mal FGR Male 

38 

wk 4 

day 

2012.83 2780 23 White Yes 3.71 0.117 0.047 0.004 0.223 

102848 healthy Labor Male 

38 

wk 5 

day 

2012.91 3465 34 White None 1.141 0.273 0.143 0.007 0.893 

102454 healthy repeat c/s Male 

39 

wk 1 

day 

2013.17 3870 32 White None 2.613 0.107 0.093 0.002 0.245 

102930 healthy repeat c/s Male 
37w 

3d 
2015.25 2970 28 

NH 

Black 
Yes 1.437 0.065 0.528 0.036 0.682 

102605 mal Malpresent 
Femal

e 

37 

wk 2 

day 

2010.58 2645 35 White None 2.134 0.254 1.558 0.207 2.307 

102605 mal Malpresent 
Femal

e 

37 

wk 2 

day 

2010.58 2425 35 White None 2.308 0.203 1.113 0.135 1.803 

102821 healthy repeat c/s Male 

39 

wk 2 

day 

2011.99 4110 34 White None 2.181 0.112 0.724 0.107 1.053 

101827 healthy 
elec repeat 

(no labor) 

Femal

e 

37 

wk 3 

day 

2009.25 2470 23 
NH 

Black 
None 2.186 0.075 0.310 0.030 0.566 

101950 healthy 
elec repeat 

(no labor) 

Femal

e 

37 

wk 0 

day 

2009.33 2480 30 
NH 

Black 
None 1.711 0.106 0.569 0.050 0.833 

101126 healthy repeat c/s 
Femal

e 

37 

wk 0 

day 

2009.83 3520 35 White Yes 1.095 0.065 0.533 0.071 1.348 

102207 healthy repeat c/s 
Femal

e 

37 

wk 6 

day 

2009.83 3525 28 White None 1.638 0.119 2.125 0.286 3.717 
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102234 healthy 
Transverse 

lie 

Femal

e 

39 

wk 0 

day 

2009.83 2850 32 White None 0.848 0.210 0.189 0.252 0.961 

102235 healthy breech 
Femal

e 

39 

wk 1 

day 

2009.83 3635 32 White None 0.89 0.015 1.177 0.216 1.652 

102302 healthy breech 
Femal

e 

39 

wk 3 

day 

2009.99 3445 22 White None 1.393 0.132 0.090 0.011 0.374 

102304 healthy 
elec repeat 

(no labor) 

Femal

e 

39 

wk 5 

day 

2009.99 4265 28 White None 2.01 0.131 0.348 0.033 0.599 

102317 healthy 
elec repeat 

(no labor) 

Femal

e 

39 

wk 0 

day 

2010.08 3420 37 White None 2.354 0.087 0.330 0.026 0.552 

102368 mal 
pre-

eclampsia 

Femal

e 

39 

wk 4 

day 

2010.41 3450 33 White None 1.836 6.318 0.520 0.073 7.057 

102513 mal 

Fetal 

Macrosomi

a 

Femal

e 

40 

wk 4 

day 

2010.41 4260 32 White None 2.156 0.120 0.616 0.120 0.985 

102548 mal NR FHT 
Femal

e 

39 

wk 6 

day 

2010.5 2480 23 
NH 

Black 
None 2.456 0.078 0.700 0.085 0.954 

102549 mal 
pre-

eclampsia 

Femal

e 

39 

wk 2 

day 

2010.5 3780 29 White None 4.375 0.101 0.127 0.003 0.346 

102614 healthy 
elec repeat 

(no labor) 

Femal

e 

38 

wk 1 

day 

2010.66 3280 30 
NH 

Black 
None 3.457 0.224 0.402 0.047 0.767 

101827 healthy 
elec repeat 

(no labor) 

Femal

e 

37 

wk 3 

day 

2009.25 2470 23 
NH 

Black 
None 2.186 0.075 0.310 0.030 0.566 

102606 mal 
pre-

eclampsia 

Femal

e 

38 

wk 2 

day 

2010.58 2610 35 White Yes 3.797 0.150 0.205 0.018 0.431 

102629 healthy 
elec repeat 

(no labor) 

Femal

e 

39 

wk 2 

day 

2010.66 3565 34 Other None 1.8464 0.229 0.279 0.007 0.716 

102664 mal 
pre-

eclampsia 

Femal

e 

38 

wk 3 

day 

2010.83 2695 20 
NH 

Black 
None 4.214 0.117 0.702 0.058 1.153 

102685 mal 
pre-

eclampsia 

Femal

e 

37 

wk 1 

day 

2010.91 2510 29 
NH 

Black 
None 2.763 0.330 0.640 0.135 1.289 

101692 healthy repeat c/s 
Femal

e 

40 

wk 0 

day 

2011.83 3565 37 
NH 

Black 
None 3.053 0.414 0.239 0.034 0.816 
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102807 healthy repeat c/s 
Femal

e 

39 

wk 1 

day 

2011.91 2865 32 
NH 

Black 
None 2.046 0.294 0.583 0.183 1.779 

102825 healthy induction 
Femal

e 

38 

wk 6 

day 

2012.17 2841 26 White None 4.296 0.158 0.652 0.176 1.411 

102830 healthy repeat c/s 
Femal

e 

39 

wk 2 

day 

2012.5 3340 36 White None 3.136 0.119 0.931 0.130 1.257 

102833 healthy Labor 
Femal

e 

37 

wk 6 

day 

2012.74 3190 33 White None 0.745 0.002 0.112 0.028 0.287 

102835 mal 
maternal 

indication 

Femal

e 

37 

wk 0 

day 

2012.74 3235 24 White None 2.586 0.070 0.287 0.046 0.502 

102836 healthy repeat c/s 
Femal

e 

39 

wk 2 

day 

2012.74 2975 33 White Yes 2.565 0.164 0.003 0.007 0.350 

102837 healthy repeat c/s 
Femal

e 

38 

wk 0 

day 

2012.74 3270 30 White Yes 1.756 0.230 0.075 0.013 0.493 

102839 healthy repeat c/s 
Femal

e 

39 

wk 3 

day 

2012.74 3325 35 White None 2.19 0.061 0.325 0.006 0.511 

102840 healthy Labor 
Femal

e 

39 

wk 2 

day 

2012.74 2885 25 White Yes 1.54 0.027 0.386 0.043 3.271 

102841 healthy repeat c/s 
Femal

e 

39 

wk 0 

day 

2012.74 3150 36 White None 2.133 0.123 0.535 0.184 1.279 

102842 healthy repeat c/s 
Femal

e 

39 

wk 0 

day 

2012.74 3158 37 White None 2.933 0.093 0.068 0.004 0.343 

102845 healthy Labor 
Femal

e 

40 

wk 4 

day 

2012.83 3710 35 White None 3.64 0.090 0.060 0.000 0.234 

102846 mal 
pre-

eclampsia 

Femal

e 

38 

wk 5 

day 

2012.83 2910 27 White None 4.366 0.056 1.110 0.033 4.092 

102847 mal 
pre-

eclampsia 

Femal

e 

37 

wk 3 

day 

2013.08 4850 25 
NH 

Black 
None 4.048 0.109 7.342 0.733 10.773 

102853 healthy repeat c/s 
Femal

e 

38 

wk 6 

day 

2013.08 2980 41 White None 1.585 0.117 0.336 0.014 0.590 

102849 healthy repeat c/s 
Femal

e 

39 

wk 0 

day 

2013.08 3385 38 White None 0.989 0.043 0.081 0.015 0.421 
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102854 healthy breech 
Femal

e 

39 

wk 3 

day 

2013.08 3210 30 White None 3.269 0.134 0.152 0.035 0.584 

102850 mal 

marginal 

placenta 

previa 

Femal

e 

38 

wk 0 

day 

2013.33 3270 36 Other None 2.934 0.104 0.358 0.047 0.859 

102852 healthy post dates 
Femal

e 

41 

wk 2 

day 

2013.41 4235 31 White None 1.506 0.176 0.365 0.045 0.814 

101378 healthy Labor 
Femal

e 

37 

wk 2 

day 

2014.33 3550 27 
NH 

Black 
None 2.052 0.099 0.542 0.072 0.823 

102932 healthy repeat c/s 
Femal

e 

38w 

5d 
2015.33 3350 33 White None 2.22 0.166 0.291 0.120 0.653 

102856 healthy repeat c/s Male 

39 

wk 2 

day 

2013.41 3360 38 White None 2.465 0.077 0.022 0.008 0.206 

102894 healthy Labor Male 

38 

wk 2 

day 

2014.33 2775 21 
NH 

Black 
Yes 2.348 0.151 0.381 0.041 0.697 

102895 healthy Labor 
Femal

e 

40 

wk 1 

day 

2014.66 3445 21 White Yes 2.478 0.106 0.264 0.006 0.441 

102909 mal PPROM Male 

34 

wk 0 

day 

2014.91 2165 38 White None 0.937 0.767 0.209 0.005 1.484 

102911 healthy Labor 
Femal

e 

37 w 

6 d 
2015.41 3250 30 

NH 

Black 
None 2.589 0.095 0.487 0.040 0.702 

102918 mal NR FHT 
Femal

e 

39w1

d 
2015.58 3185 41 

NH 

Black 
None 1.79 0.384 0.022 0.053 0.637 

102919 healthy Labor 
Femal

e 

40 

wk 3 

day 

2015.74 3070 26 Other Yes 3.463 0.072 0.225 0.030 0.435 

102923 healthy Labor Male 
38w3

d 
2015.58 3387 26 Other None 4.471 0.086 0.187 0.037 0.373 

102924 healthy Labor Male 
39w3

d 
2015.5 3365 28 

NH 

Black 
None 2.998 0.140 0.827 0.163 1.525 

102903 healthy repeat c/s 
Femal

e 

37 w 

2 d 
2015.25 2990 29 

NH 

Black 
None 3.235 0.039 0.452 0.003 0.589 

102949 healthy Labor 
Femal

e 

40w3

d 
2015.66 3385 32 White None 4.325 0.062 0.002 0.003 0.253 

102950 healthy Labor 
Femal

e 

38w0

d 
2015.5 3005 35 White Yes 3.497 0.106 1.566 0.148 2.052 

102927 healthy repeat c/s 
Femal

e 

37w0

d 
2015.66 2855 32 White None 3.687 0.095 0.015 0.001 0.203 

102928 healthy Labor Male 
40w3

d 
2015.58 3576 28 White None 4.212 0.060 0.019 0.012 0.174 

102952 healthy Labor Male 
41 w 

0 d 
2015.41 3325 34 

NH 

Black 
None 3.59 0.063 0.154 0.004 0.303 
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102933 healthy Labor 
Femal

e 

37w 

2d 
2015.5 2260 32 

NH 

Black 
None 3.897 0.110 0.297 0.057 0.514 

102931 healthy repeat c/s 
Femal

e 

39w1

d 
2015.5 3525 27 

NH 

Black 
Yes 3.182 0.116 0.273 0.052 0.545 

102937 healthy Labor 
Femal

e 

40w2

d 
2015.41 3475 21 

NH 

Black 
None 4.3988 0.081 0.456 0.076 0.846 
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