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Abstract

Exposure to bisphenols (BPA and BPS) during pregnancy can significantly affect fetal 

development and increase risk of adverse health consequences, however the underlying 

mechanisms are not fully elucidated. In human placenta, the efflux transporter P-glycoprotein (P-

gp), encoded by the ABCB1 gene, extrudes its substrates from the trophoblasts back into the 

maternal circulation. Alterations in levels of placental P-gp could therefore significantly affect 

fetal exposure to xenobiotics that are P-gp substrates. The ABCB1 promoter contains many single 

nucleotide polymorphisms (SNPs). In the genome, SNPs are not arrayed as independent variants 

but as combinations forming defined haplotypes. Recently, we determined the haplotype 

sequences encompassing the ABCB1 promoter SNPs and found that promoter haplotypes 

differentially affect ABCB1 promoter activity. Here we investigate the effect of BPA and BPS on 

ABCB1 promoter activity by testing the hypothesis that BPA and BPS exposure affect ABCB1 
promoter activity in a haplotype-dependent manner. Our data indicate that acute exposure to 50nM 

BPA induced a significant haplotype-dependent increase in ABCB1 promoter activity (P<0.05). 

However, acute exposure to 0.5nM BPS induced a significant decrease (P<0.05) in promoter 

activity that was haplotype-dependent. Chronic exposure to BPA and BPS individually (5nM and 

0.3nM, respectively) or as a mixture (5nM BPA:1.5nM BPS) induced significant haplotype-

dependent increases (P<0.01) in ABCB1 promoter activity. Our data indicate that BPA and BPS 

significantly alter ABCB1 promoter activity in a haplotype- and exposure type- dependent 
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manners. Such alteration could significantly impact placental P-gp levels and alter fetal exposure 

to many therapeutic and environmental xenobiotics.
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Introduction

Bisphenol A (BPA, 4,4’-Isopropylidenediphenol) is produced in mass quantities for use in 

polycarbonate plastics and many daily-use consumer products including water bottles, 

canned food inner-linings, thermal receipt paper, and many more (Biedermann et al., 2010; 

Chen et al., 2016; Liao and Kannan, 2013). BPA is a xenoestrogen that is thought to mimic 

natural estrogens’ action through binding to estrogen receptors and regulating expression of 

target genes (Bonefeld-Jørgensen et al., 2007; Richter et al., 2007). Evidence for the 

estrogenic effects of BPA was first identified in 1936 and subsequently health risks 

associated with chronic low-dose exposure have been reported (Dodds and Lawson, 1936; 

Krishnan et al., 1993; Rochester, 2013). BPA exposure-associated health effects have led to 

the emergence of many other bisphenol derivatives as BPA replacements that are now 

appearing at measurable quantities in many of the same goods (Liao et al., 2012; Liao and 

Kannan, 2013). One of the common substitutes is bisphenol S (BPS, 4,4’-sulfonyldiphenol), 

with measurable amounts observed in surface waters, sewage effluent (Xuan et al., 2014; 

Yamazaki et al., 2015) and indoor dust at concentrations as high as 25% of that of BPA 

(0.34μg/g; 1.33μg/g) (Liao and Kannan, 2013). Chronic exposure to both of these chemicals 

has led to detectable, quantifiable amounts of BPA and BPS in human tissues and fluids, 

raising concerns for potential health hazards resulting from exposure to these chemicals 

individually or as a mixture (Ikezuki et al., 2002).

During pregnancy, bisphenol exposure was reported to significantly affect fetal development 

and increase the risk of adverse health consequences. Associations between BPA exposure 

and reproductive dysfunction (Naderi et al., 2014; Sharpe and Skakkebaek, 1993), obesity 

(Rubin and Soto, 2010; Vafeiadi et al., 2016; Valvi et al., 2013), developmental behavioral 

problems (Braun et al., 2011; Kundakovic et al., 2013; Miodovnik et al., 2011; 

Wolstenholme et al., 2012, 2011b, 2011a) and cancer (Boyerinas et al., 2012; Doherty et al., 

2010; Prins et al., 2008; Sengupta et al., 2013) have been reported. Animal studies have also 

shown that BPA can diffuse across the placenta to the fetal circulation and into fetal tissues 

(Takahashi and Oishi, 2000). In humans, BPA has been detected at early gestation in 

maternal serum at ng/ml levels and in significantly higher concentrations (up to 5-fold and 

greater) in amniotic fluid, suggesting accumulation during fetal development (Ikezuki et al., 

2002; Schönfelder et al., 2002).

During pregnancy, the human placenta serves as an interface for regulating xenobiotic 

distribution between the fetal and the maternal circulation. In the placenta, large, 

multinuclear syncytiotrophoblasts form a physiological barrier on the apical membrane, 

where they contact maternal blood (Joshi et al., 2016). This brush-border membrane is the 

Speidel et al. Page 2

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2019 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



site of nutrient and waste exchange, and is also where regulation of drug and chemical 

transport between maternal and fetal circulations occurs through a group of transporter 

proteins (St-Pierre et al., 2000; Walker et al., 2017). One of the major placental transporters 

is P-glycoprotein (P-gp), which is encoded by the gene ABCB1. P-gp, is expressed 

throughout gestation, but its expression varies in each trimester (Mathias et al., 2005). P-gp 

interacts with a wide variety of structurally diverse compounds (Ceckova-Novotna et al., 

2006) and extrudes its substrates out from the trophoblasts back into the maternal 

circulation, thereby limiting their entry into the fetal circulation (Nakamura et al., 1997). 

The loss or pharmacological inhibition of P-gp has been demonstrated to dramatically 

influence fetal exposure to xenobiotics that are P-gp substrates (Smit et al., 1999). 

Alterations in the level and/or activity of placental P-gp can therefore significantly impact 

fetal exposure to many xenobiotics during pregnancy.

Steroid hormones such as progesterone, although not transported by P-gp, were found to 

influence P-gp transport activity depending on concentration where both low inhibitory and 

stimulatory effects were observed (Orlowski et al., 1996; Shapiro et al., 1999). Due to their 

structural similarity to natural steroid hormones, it is conceivable that environmental 

estrogens such as BPA and BPS may also alter P-gp transport activity, which would 

consequently affect fetal exposure to many xenobiotics that are P-gp substrates. Consistent 

with this notion, using BeWo cells as a placental model, Jin and Audus (2005) reported that 

acute exposure to BPA stimulated P-gp transport activity.

We (Hemauer et al., 2010) and others (Hitzl et al., 2004; Tanabe et al., 2001) have 

previously demonstrated wide interindividual variability in placental P-gp expression and 

activity. Such variability was largely attributed to single nucleotide polymorphisms (SNPs) 

of the ABCB1 gene which could affect P-gp expression and function (Hitzl et al., 2004, 

2001; Hoffmeyer et al., 2000; Kim et al., 2001; Mölsä et al., 2005; Salama et al., 2006; 

Tanabe et al., 2001). There are many SNPs in the ABCB1 promoter that could affect P-gp 

expression by affecting ABCB1 transcription. While a few studies evaluated the effect of 

some of these SNPs on ABCB1 expression, discrepant results were reported where the same 

SNPs were associated with increased and decreased expression and also with no effect (Ito 

et al., 2001; Lourenço et al., 2008; Sai et al., 2010, 2006; Takane et al., 2004; Tanabe et al., 

2001). The lack of reproducibility between studies is not surprising because SNPs do not 

occur individually in the genome, but rather form defined combinations or haplotypes due to 

varying degrees of linkage disequilibrium between them. In recent studies from our 

laboratory, we found that the phenotypic effect of a SNP is not always consistent but varies 

depending on its presence in given haplotypes (Speidel et al., 2018; Xu et al., 2016, 2014). 

Recently, we determined the haplotype sequences of the ABCB1 promoter and found that 

the haplotypes differentially regulate ABCB1 promoter activity (Speidel et al., 2018). Here 

we investigate the interaction between BPA/BPS exposures with the different ABCB1 
haplotypes. Our working hypothesis is that BPA and BPS exposure affects ABCB1 promoter 

activity in a haplotype-dependent manner.

Speidel et al. Page 3

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2019 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and Methods

Chemicals

4,4’-Isopropylidenediphenol (Bisphenol A; 97% purity) was purchased from Acros Organics 

(Geel, Belgium). 4,4’-sulfonyldiphenol (Bisphenol S; 99% purity) was purchased from 

SigmaAldrich (St. Louis, MO). All other chemicals and supplies were purchased from 

Fisher Scientific unless otherwise stated.

Bisphenol A and bisphenol S were dissolved in 50% ethanol (PHARMCO-AAPER, 

Toronto) and 50% Minimal Essential Medium with Earle’s Salts and L-Glutamine (Gibco, 

Grand Island, NY) supplemented with 10% fetal bovine serum (FBS, Atlanta Biologicals, 

Flowery Branch, GA). Serial dilutions were then performed which allowed for a 10μM BPA 

or BPS working solution in a final ethanol concentration of 0.01%.

ABCB1 promoter haplotype luciferase reporter generation

Previously, we generated luciferase reporters representing different ABCB1 promoter 

haplotypes using the NanoLuc™ Luciferase vector system (Promega, Madison, WI) to 

determine the effects of the different haplotypes on promoter activity (Speidel et al., 2018). 

Based on our results, for the current study we selected 4 haplotypes (Table 1), namely the 

ancestral haplotype 1, representing the reference promoter activity (100%), haplotypes 4 and 

29 representing high basal promoter activity (3.9- and 3.5-fold higher activity than haplotype 

1, respectively) and haplotype 30 representing low basal promoter activity (6% activity 

compared to haplotype 1). For the acute exposure experiments, vectors containing the 

different haplotypes were generated using the NanoLuc Luciferase pNL1.1 vector (Promega, 

Madison, Wisconsin, USA). For the evaluation of chronic exposures to BPA and BPS, 

luciferase reporters for the designated haplotypes were generated using the NanoLuc™ 

pNL1.2 vector (Promega, Madison, WI). This vector (no PEST domain) was used for the 

chronic experiments because the response would be measured after several days rather than 

a few hours. In brief, reporter constructs representing the different haplotypes were 

generated by inserting the appropriate promoter sequences into the vector after double 

digestion with KpnI-HF and NheI-HF (New England Biolabs, Ipswich, MA). Subsequently, 

E. coli DH5α (New England Biolabs, Ipswitch, MA) were transformed with the generated 

reporters and plated on 100 μg/ml ampicillin LB agar plates. Individual colonies were 

selected and grown in LB media containing 100 μg/ml ampicillin for 18–24 hours at 37ºC. 

Plasmids were isolated using the endotoxin free ZR Plasmid Miniprep™ - Classic kit (Zymo 

Research Corp, Irvine, CA) and quantified at 260nm using a DS-11 spectrophotometer 

(DeNovix Inc., Wilmington, DE). The isolated plasmids were sequenced to verify the proper 

promoter haplotype was present in the reporter plasmid and to ensure no additional 

mutations were introduced during the preparation. Isolated plasmids were stored at 20ºC to 

maintain plasmid integrity until transfection.

Cell Culture

The human trophoblastic 3A placental cell line (CRL-1584) was purchased from American 

Type Culture Collection (ATCC, Manassas, VA) and used as the host cell for all bisphenol 

exposures and haplotype construct transfections. The 3A cells were chosen as the 
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experimental cell type because they represent the human placenta and are well characterized. 

They have normal trophoblast traits (e.g. they synthesize human chorionic gonadotropin and 

alkaline phosphatase) and, in culture, they are heterogeneous in nature, containing both 

cytotrophoblasts (small precursor cells) and syncytiotrophoblasts (large, mature, 

multinucleated cells) (You et al., 2002). Cells were maintained in 75cm2 flasks with 

Minimal Essential Medium (MEM) with Earle’s Salts and L-Glutamine (Gibco Cat. 11095–

080, Grand Island, NY) supplemented with 10% FBS in 5% CO2 at 37°C. Cells were 

passaged at 85% confluency (2–3 days) and sub-cultured at a 3:1 ratio. A solution of 0.25% 

(w/v) Trypsin – 0.53mM EDTA was used to detach the cells for subculture or transfer to 6-

well plates for transfection.

MTT assay for cytotoxicity and cell viability determination

The tetrazolium MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 

(Acros Organics, Belgium) was dissolved in phosphate buffered saline (PBS, Sigma-

Aldrich, St. Louis, MO) at a concentration of 5mg/mL. The MTT solution was then filter-

sterilized using a 0.22micron syringe filter (Merck Millipore, Billerica, MA) and placed in a 

light-protected bottle. To each well of a 96-well plate containing human 3A placenta cells, 

20μL of the MTT solution was added and the cells were incubated at 37°C for 3.5 hours. 

The media was removed and 150μL MTT solvent [4mM hydrochloric acid (Sigma-Aldrich, 

St. Louis, MO), 0.1% NP-40 substitute (US Biological, Salem, MA) in isopropanol (EMD 

Millipore, Billerica, MA)] was added. The plate was then covered with aluminum foil and 

incubated on a shaker at room temperature for 15 minutes. Absorbance at 590nm was 

measured in triplicate using a Tecan GenIOS Pro plate reader (Tecan, Durham, NC)

Acute Bisphenol Exposures and Transfection

Untreated placental 3A cells were trypsin digested and transferred into 6-well plates at low 

confluency (≤40%). After allowing the cells to adhere to the plate (14–18 hours), cells were 

transfected using a mixture of 600ng haplotype promoter plasmid DNA, 66ng firefly 

luciferase control plasmid pGL4.53 PGK (Promega, Madison, WI) and 2μL Lipofectamine 

3000 transfection reagent (Invitrogen, Carlsbad, CA). After transfection, cells were allowed 

to recover for 36–48h and were then exposed to BPA, BPS or a mixture of both bisphenols 

dissolved in 3 × 10−5 % ethanol. For the initial acute exposures, the experiment was carried 

out for 90 minutes with samples taken at t=0, 15, 30, 45, 60 and 90 minutes. At each time 

point, cells were lysed with 500μL Passive Lysis Buffer (PLB, Promega, Madison WI) and 

the effects of acute exposure were measured using the NanoGlo Dual-Luciferase® Assay 

(Promega, Madison, WI). The maximal signal was observed for both bisphenols at 15 

minutes. Therefore, for all subsequent acute exposures, samples were collected after 15 

minutes.

Chronic Bisphenol Exposures and Transfection

Human 3A placental cells were split into six T-10 flasks at low confluency ≤20% and 

chronically exposed to BPA or BPS individually or as a mixture of both bisphenols. 

Complete MEM with BPA and/or BPS added was replaced every day for 12 days (~4 

passages).
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After 12 days of bisphenol exposure, cells were trypsin digested, and transferred to 6-well 

plates. Bisphenols were then added to their respective wells, and after allowing 12–16 hours 

for cells to adhere, transfections were performed in the 6-well plates between passages 9–10 

with cells at low confluency (≤ 40%). For each transfection, cells were treated with a 

mixture of 600ng haplotype plasmid DNA, 66ng PGL4.53K vector and 2μL Lipofectamine 

3000 transfection reagent. Six hours after transfection, the media was replaced and 

bisphenols were added. Treatment continued with another media change/exposure occurring 

24 hours after transfection. Cells were harvested 36–48 hours after transfection using 500μL 

PLB and effect of chronic exposure was measured using the NanoGlo Dual-Luciferase 

Assay.

NanoGlo Dual-Luciferase Assay to determine the effect of bisphenols on the activity of 
different ABCB1 promoter haplotypes

The Nano-Glo Dual-Luciferase Reporter Assay was performed according to the 

manufacturer’s instructions. Briefly, 3A cells were harvested using 500μL PLB and the 

lysates were then used immediately or stored at −80°C for later analysis. Luciferase activity 

was measured according to the manufacturer’s recommendations, and luminescence was 

measured in triplicate using a Tecan GenIOS Pro plate reader (Tecan, Durham, NC). 

Luminescence was measured as relative light units after normalization against the co-

transfected Firefly luciferase. Each experiment was repeated at least three times.

Statistical Analysis

The Shapiro-Wilk normality test was used to determine the distribution of the data for all 

subsequent statistical analyses. One-Way ANOVA was used for the MTT assay to compare 

the effects of chronic BPA and/or BPS exposure on cell-viability. Posthoc analysis using the 

multiple comparison Holm-Šídák method was used to compare the exposure groups to 

nontreated and ethanol controls. The nonparametric Kruskal-Wallis One-Way ANOVA was 

used to compare luminescence values corresponding to the different haplotypes to determine 

their effect on ABCB1 promoter activity. Posthoc analysis using the rank-based Dunn’s 

Method was used to compare the luminescence values for the individual haplotypes against 

the ancestral haplotype. One-Way ANOVA was then used to compare luminescence values 

within each haplotype. Posthoc analysis using Dunnett’s method was used to compare the 

luminescence values for the individual treatments against the EtOH control. One-Way 

ANOVA was used to compare the effects of chronic BPA and BPS exposure on ABCB1 
promoter activity. Posthoc analysis using the Holm-Šídák method was used to compare the 

exposed groups with their respective haplotype ethanol control. P-values <0.05 were 

considered significant.

Results

Effect of acute exposure to BPA and BPS on ABCB1 promoter activity

The concentration of BPA and BPS used in our investigation was determined from an initial 

dose-response study conducted with BPA and BPS concentrations ranging from 0.5nM to 

500nM. The maximal signal was observed for both bisphenols at 15 minutes. Cells 

transfected with the Nanoluciferase reporter plasmid containing the ancestral ABCB1 
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haplotype 1 were exposed for 15 minutes to BPA or BPS and the effect of exposures on 

ABCB1 promoter activity was determined. There was no effect on cell viability within this 

concentration range as determined by the MTT assay (Levitz and Diamond, 1985; 

Mosmann, 1983) (data not shown). There was a significant increase (p<0.001) in 

luminescence (indicative of increased ABCB1 promoter activity) when cells were exposed 

to 50nM BPA. In contrast, no statistically significant change in promoter activity was 

observed with any of the BPS concentrations tested. Based on these initial results, the 

concentration of 50nM for BPA and the lowest concentration tested of BPS (0.5nM) were 

used in the subsequent acute exposure experiments.

To test for potential haplotype-exposure interaction on ABCB1 promoter activity, we 

exposed the four different ABCB1 promoter haplotypes to 50nM BPA alone or to 0.5nM 

BPS alone. Apart from the significant increase observed with haplotype 1 (46.7% increase, 

P<0.05; Figure 1A), exposure to 50nM BPA alone had no significant effect on ABCB1 
promoter activity with the other haplotypes tested. In contrast, exposure to 0.5nM BPS alone 

induced a significant reduction in promoter activity that was haplotype dependent. As shown 

in Figure 1B, while exposure of haplotype 1 to BPS had no significant effect on promoter 

activity, haplotypes 4, 29 and 30 all displayed significant decreases in ABCB1 promoter 

activity (22.4%, P<0.05; 35.3%, P<0.001 and 30.8%, P<0.001, respectively).

Because human exposure to these xenoestrogens occurs more commonly as a mixture, we 

also evaluated the effect of combined acute exposure to both BPA and BPS on ABCB1 
promoter activity. Our data indicate that co-exposure to a mixture of BPA and BPS at the 

concentrations of 50 and 0.5nM, respectively, had no effect on promoter activity regardless 

of the haplotype evaluated (Figure 1C).

Chronic BPA and PBS Exposure and ABCB1 Promoter Activity

Since pregnant women could be chronically exposed to BPA and BPS individually or as a 

mixture, we also tested the effect of chronic exposure to BPA alone (5nM; Figure 2A), BPS 

alone (0.3nM; Figure 2B), and both together as a mixture (5nM BPA:1.5nM BPS; Figure 

2C). The ratio for the mixture was chosen based on a recent report indicating that BPS 

concentrations levels observed in humans were between 12% and 38% that of BPA in human 

urine (Thayer et al., 2016). Our data indicate a haplotype dependent response to these 

exposures on promoter activity. While chronic exposure to BPA alone induced a highly 

significant increase in promoter activity of haplotypes 1 (52.8%; P<0.001), 4 (23.3%; 

P<0.01) and 29 (62.7%; P<0.001), it had no statistically significant effect on the promoter 

activity of haplotype 30 (Figure 2A). Similarly, this haplotype-exposure interaction was 

observed with BPS. While chronic exposure to 0.3nM BPS significantly induced the 

promoter activity of haplotypes 1, 29 and 30 by 37.6%, 37% and 46.3%, respectively 

(p<0.01), it did not affect the activity of haplotype 4 (Figure 2B). Exposure to a mixture of 

BPA and BPS, however, induced a highly significant increase in ABCB1 promoter activity 

for all haplotypes tested where haplotypes 1, 4, 29 and 30 activities were increased by 

41.6.8% (P<0.001), 52.8% (P<0.001), 60.7% (P<0.001) and 42.4% (P<0.01), respectively 

(Figure 2C).
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Discussion

P-gp, encoded by the polymorphic ABCB1 gene, is one of the major efflux transporters 

highly expressed in the apical membrane of the placental syncytiotrophoblast. P-gp interacts 

with a wide variety of structurally diverse compounds and, in the placenta, it exports its 

substrates out from the trophoblasts back into the maternal circulation, thus limiting their 

entry into the fetal circulation (Nakamura et al., 1997). Alteration in expression and/or 

activity of placental P-gp can therefore have serious health consequences since it could 

significantly impact maternal and fetal exposure to medications and environmental toxins 

that are P-gp substrates. Alteration of Pgp transport activity was reported to be influenced by 

steroid hormones (Orlowski et al., 1996; Shapiro et al., 1999). Because of their structural 

similarity to natural steroid hormones, it is conceivable that environmental estrogens such as 

BPA and BPS may also alter P-gp transport activity. Recently, we reported that single 

nucleotide polymorphisms of the ABCB1 promoter, segregated in specific combinations 

forming defined haplotypes that differentially affect ABCB1 promoter activity (Speidel et 

al., 2018). In the current investigation, we evaluated the interaction between ABCB1 
promoter haplotypes and acute and chronic exposure to BPA and BPS.

Data reported on serum levels of BPA in humans varied considerably between different 

studies, probably because the materials used for the analysis could have potentially 

contained trace amounts of BPA, increasing contamination possibility (Calafat et al., 2013; 

Twaddle et al., 2010; Ye et al., 2013). In non-pregnant subjects, the observed serum BPA 

levels varied from 0.13nM to 10.95nM (Vandenberg et al., 2012, 2010). In maternal and fetal 

cord blood, the concentrations were much higher, ranging from 2.0 to 39.6nM (Vandenberg 

et al., 2012, 2010). In term human placenta, concentrations were found to be even higher, 

with concentrations ranging from 4.4nM to 459.5nM (Schönfelder et al., 2002; Vandenberg 

et al., 2012, 2010). A recent study evaluating both BPA and BPS concentrations in urine of 

cashiers found that BPS levels were between 12% and 38% of urine concentrations of BPA 

(Thayer et al., 2016). Because of the structural and chemical property similarities of the two 

molecules, the ratio of BPS to BPA in the serum should be similar to the ratio in urine levels. 

In studies investigating serum BPS, concentrations were found much lower than BPA at 

concentrations between 0.04nM and 0.45nM (Thayer et al., 2016). In our studies, we used a 

BPA concentration of 50nM for acute exposure and 5nM for chronic exposure (10% of the 

chronic dose). For BPS, 0.5nM was used for acute exposure and the 0.3nM concentration for 

chronic BPS exposures. For mixed BPA/BPS exposures, we used the ratio of 5nM:1.5nM 

(BPA:BPS) in keeping with the ratio observed in exposed humans reported by Thayer et al., 

2016

The effect of acute exposures on ABCB1 promoter activity was measured using the 

Nanoluciferase-PEST (NlucP) plasmid. This plasmid produces a luciferase protein with an 

attached c-terminal peptide sequence of Proline-Glutamic Acid-Serine-Threonine (PEST) 

which has been demonstrated to enhance proteasomal degradation (Li et al., 1998). The half-

life of the NlucP protein varies between cell lines (~25–30 min), but this short half-life and 

strong signal result in the protein as a good candidate for acute exposure studies (Hall et al., 

2012). The effect of BPA/BPS exposure on the activity of different ABCB1 promoter 

haplotypes has not yet been evaluated. However, several other xenoestrogens have been 
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evaluated for their effect on ABCB1 mRNA expression and the resulting P-gp expression. 

Both the synthetic estrogen ethynyl estradiol and the phytoestrogen genistein were reported 

to alter the expression of ABCB1 mRNA as well as the P-gp protein expression (Arias et al., 

2014).

In our study, when placental 3A cells were acutely exposed to BPA alone we observed a 

significant increase in ABCB1 promoter activity with haplotype 1 only. However, when 

placental 3A cells were acutely exposed to BPS alone, there were significant decreases in 

promoter activity of 3 of the 4 ABCB1 haplotypes tested (haplotype 4, 29, and 30). These 

data indicate that structurally similar xenoestrogens do not exert the same effects on ABCB1 
promoter activity. These data also indicate that the same concentrations of a bisphenol can 

induce a different response on ABCB1 promoter activity depending on the haplotype, 

strongly suggesting a possible haplotype-exposure interaction.

When cells were exposed to a mixture of the two tested bisphenols at the same 

concentrations evaluated individually, no significant difference in ABCB1 promoter activity 

was observed depending on the haplotype. Although exposure to BPS alone had a significant 

effect on promoter activity, the difference in response could be due to the presence of BPA in 

the mixture. At a concentration 5 times higher than that of BPS, it is possible that BPA could 

be saturating potential target sites thus masking the effect of BPS. BPA has been shown to be 

a substrate for P-gp in the intestine in vitro (Yoshikawa et al., 2002) and to stimulate the 

drug efflux mechanism in human BeWo choriocarcinoma cell lines, indicating the possibility 

of regulation through P-gp (Jin and Audus, 2005).

For chronic BPA and BPS exposures, in contrast to acute BPA exposure, our data indicate 

that chronic exposure to 5nM BPA, a concentration 10 times lower than the acute 

concentration tested, induced a significant increase (p<0.05) in ABCB1 promoter activity for 

3 of the 4 haplotypes evaluated (haplotypes 1, 4 and 29). Chronic exposure to BPS also 

induced a significant increase in promoter activity that was also haplotype-dependent. An 

increase in activity was observed with haplotypes 1, 29 and 30 but not haplotype 4. The 

same significant increase in promoter activity (p<0.01) was observed with chronic exposure 

to the BPA and BPS mixture for all haplotypes evaluated. These data with chronic exposure 

contrasts those observed with acute exposure to the same compounds, suggesting that 

promoter activity in response to bisphenols is not only haplotype-dependent, but is also 

exposure-type dependent (acute vs. chronic).

Our data suggest there may be a difference in the mechanisms by which acute and chronic 

exposures alter the promoter activity of ABCB1 haplotypes. For example, it is possible that 

chronic exposure to BPA or BPS, alone or in mixture, differentially alter transcription factor 

(TF) binding profile of ABCB1 promoter. We have recently identified several TF binding 

sites in the ABCB1 promoter that differed depending on the haplotype (Speidel et al., 2018), 

and chronic exposure could induce the translation of select alternate/additional TFs that 

could alter ABCB1 expression depending on the haplotype. Other potential mechanisms 

include potential epigenetic modifications, such as histone modification or alteration of 

methylation patterns on the ABCB1 promoter. Within the ABCB1 promoter, there are 
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several CpG islands (Li et al., 2015; Takai and Jones, 2003), which are often targets for 

DNA methylation which results in decreased activity of the promoter.

Alternatively, the effect observed with acute exposures could be due to different 

mechanisms. For example, acute exposures could exert their observed effects by initiating 

nongenomic signaling events that activate modifying enzymes (kinase, acetylase, 

methyltransferase) that would in turn inactivate certain TFs that normally bind to ABCB1 
promoter to induce (or repress) expression or activate alternative transcription factors that 

could activate (or repress) expression in a haplotype-dependent manner. This non-genomic 

signaling has been demonstrated with BPA and BPS exposures in pituitary cells when 

evaluating c-JunN-terminal kinases as well as extracellular signal-regulated kinases (Viñas 

and Watson, 2013a, 2013b).

In summary, we showed the ability of both BPA and BPS to alter the activity of ABCB1 
promoter in human placental 3A cells. Such alteration could significantly impact placental 

P-gp levels. We also demonstrated that the effects of BPA and BPS on ABCB1 promoter 

activity depend on the ABCB1 promoter haplotype. The results of our study have important 

health implications for pregnant women and their fetuses. The significant decrease in 

ABCB1 promoter activity resulting from acute BPS exposure observed with three of four 

haplotypes tested could indicate reduced placental P-gp levels with these haplotypes in 

mothers exposed to this compound. Such decreases could increase fetal exposure to 

environmental and pharmaceutical xenobiotics that are P-gp substrates. In contrast, ABCB1 
increased expression observed with acute exposure to BPA and chronic exposure to BPA and 

BPS may lead to placental P-gp overexpression with certain haplotypes, ultimately altering 

the distribution of endogenous or exogenous P-gp substrates in the maternal and fetal 

circulation. The importance of P-gp in the placenta warrants further studies to affirm our 

results in vivo, and to understand the mechanisms by which exposure to bisphenols alter 

ABCB1 expression in different haplotypes.
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Highlights

• BPA and BPS alter ABCB1 promoter activity in a haplotype-dependent 

manner.

• Acute BPA exposure elicits haplotype-dependent increases in ABCB1 
promoter activity

• Acute BPS exposure elicits haplotype-dependent decreases in ABCB1 
promoter activity

• Chronic exposure to BPA/BPS elicits haplotype-dependent increases in 

ABCB1 activity

• Alteration of ABCB1 promoter activity could significantly affect P-gp levels.
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Figure 1. Haplotype specific response to acute BPA and BPS exposures.
Luficerase reporters containing ABCB1 promoter haplotypes were acutely exposed to (A) 

50nM BPA, (B) 0.5nM BPS, or (C) a mixture of 50nM BPA and 0.5nM BPS. Data are 

reported as mean ± SEM. *P<0.05, **P<0.01, ***P<0.001.

Speidel et al. Page 17

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2019 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Haplotype specific response to chronic BPA and BPS exposures.
Luficerase reporters containing ABCB1 promoter haplotypes were chronically exposed to 

(A) 5nM BPA, (B) 0.3nM BPS, or (C) a mixture of 5:1.5nM BPA:BPS. Data are reported as 

mean ± SEM. *P<0.05, **P<0.01, ***P<0.001.

Speidel et al. Page 18

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2019 November 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Speidel et al. Page 19

Table 1.

Select ABCB1 promoter haplotypes evaluated in this study

Haplotype
†

ABCB1 Promoter Haplotype
‡ Promoter

Activity (a.u.)

1 −1572aA/−1517aT/−1459aG/−1157aG/−1017aT/−684aA/−274aG/−41aA/−240G/−129T/−43A/133C 1.00 ± 0.08

4 −1572aA/−1517aT/−1459aG/−1157aG/−1017aT/−684aA/−274aG/−41aA/−240A/−129T/−43A/133C 3.90 ± 1.81

29 −1572aA/−1517aT/−1459aA/−1157aG/−1017aT/−684aA/−274aG/−41aA/−240G/−129C /−43A/133C 3.47 ± 1.43

30 −1572aA/−1517aT/−1459aG/−1157aA/−1017aC/−684aA/−274aG/−41aA/−240G/−129T/−43A/133C 0.06 ± 0.02

†
Haplotype 1 (ancestral haplotype) is used as a reference for promoter activity comparisons. Haplotypes 4 and 29 have significantly higher basal 

promoter activity and haplotype 30 has a significantly lower basal promoter activity compared to haplotype 1 (Speidel et al., 2018).

‡
Small ‘a’ nomenclature represents nucleotide before the nontranscribed exon 1. The (−) without the ‘a’ are within or after exon 1 before the 

transcription start site. Bold denotes variant(s) present in the haplotype (see Speidel et al., 2018 for additional details). Variants in the different 
haplotypes are G-240A (rs35265821); G-1459aA (rs12720464); T129C(rs3213619); G-1157aA (rs28381797) and T-1017aC (rs28746504).
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