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Abstract

Background.—Human fetal exposures to polybrominated diphenyl ethers (PBDEs) and their 

metabolites (OH-PBDEs) are unique from adults, and in combination with a different metabolic 

profile, may make fetal development more sensitive to adverse health outcomes from these 

exposures. However, we lack data to characterize human fetal PBDE exposures and the metabolic 

factors that can influence these exposures.

Objective.—We examined differences between 2nd trimester maternal and fetal exposures to 

PBDEs and OH-PBDEs. We also characterized fetal cytochrome P450 (CYP) mRNA expression 

and its associations with PBDE exposures.

Methods.—We collected paired samples of maternal serum and fetal liver (n=86) with a subset 

having matched placenta (n=50). We measured PBDEs, OH-PBDEs, and mRNA expression of 

CYP genes (e.g. CYP1A1, −2E1, −2J2, −2C9) in all samples. As a sensitivity analysis, we 

measured PBDEs and OH-PBDEs in umbilical cord serum from a subset (n=22).
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Results.—BDE-47 was detected in ≥ 96% of all tissues. Unadjusted ∑PBDEs concentrations 

were highest in fetal liver (geometric mean (GM) = 0.72 ng/g); whereas lipid-adjusted 

concentrations were highest in cord serum (111.12 ng/g lipid). In both cases, fetal concentrations 

were approximately two times higher than maternal serum levels (GM = 0.33 ng/g or 48.75 ng/g 

lipid). ΣOH-PBDEs were highest in maternal and cord sera and 20–200 times lower than PBDE 

concentrations. In regression models, maternal BDE-47 explained more of the model variance of 

liver than of placenta BDE-47 concentrations (adjusted R2 = 0.79 vs 0.48, respectively). In 

adjusted logistic regression models, ∑PBDEs were positively associated with expression of 

CYP2E1 and −2J2 (placenta), and −1A1 (liver) (p < 0.05).

Conclusion.—Our findings suggest that under normal conditions of mid gestation, the human 

fetus is directly exposed to concentrations of PBDEs that may be higher than previously estimated 

based on maternal serum and that these exposures are associated with the expression of mRNAs 

coding for CYP enzymes. These results will help frame and interpret findings from studies that use 

maternal or cord blood as proxy measures of fetal exposures, and will inform the molecular 

pathways by which PBDEs affect human health.

Keywords

Brominated flame retardants; fetal metabolism; prenatal exposures; OH-PBDEs; endocrine 
disrupters; cytochrome P-450 enzymes; placenta transport; organohalogen chemicals

Introduction

Polybrominated diphenyl ethers (PBDEs) are persistent organic pollutants that have been 

widely used as flame retardants in consumer products since the 1970s. Although use of 

PBDEs is being phased out, their ongoing presence in durable consumer products, in food, 

and in indoor dust suggest that humans will continue to be exposed to PBDEs and these 

exposures will continue to bioaccumulate (Frederiksen et al. 2009; Zota et al. 2013). 

Consequently, people worldwide will remain exposed to these chemicals for decades (Mitro 

et al. 2015).

Biomonitoring studies show that greater than 90% of pregnant women are exposed to at least 

one of the PBDE congeners (Woodruff et al. 2011). Developmental PBDE exposure is 

associated with cognitive deficits in children (e.g., (Lam et al. 2017)). These studies report 

that developmental exposure to PBDEs is associated with mental and physical development 

(Herbstman et al. 2010), Full-Scale Intelligence Quotient, reading skills and externalizing 

behaviors (Vuong et al. 2017c; Zhang et al. 2017), executive function (Vuong et al. 2017b) 

and other neurobehaviors (Lam et al. 2017). Some of these reports focus on prenatal 

exposure by measuring PBDEs in maternal and/or cord blood, while others focus on post-

natal exposures by measuring PBDE exposures in children’s blood (e.g., (Vuong et al. 

2017a)).

While these studies provide sufficient evidence to support an association of PBDE exposure 

and cognitive deficits in children, there are important uncertainties. Specifically, it is not 

clear that PBDE congeners and/or the metabolites that prenatally mediate neurobehavioral 

effects actually cross the placenta to reach the fetus. Although maternal exposure to PBDEs 
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may affect maternal or placental physiology such that adverse effects are observed in the 

offspring, it is important to determine whether PBDEs and/or their metabolites could also 

exert adverse effects by acting directly on the fetus. However, we have limited information 

about fetal exposures to PBDEs that occur over the course of pregnancy or to target organs 

of concern. One study demonstrates that PBDEs can be measured in human fetal liver 

(Schecter et al. 2007b). However, these fetuses were stillborn; thus, their pathology may 

have contributed to placental passage of PBDEs. Moreover, PBDEs were not measured in 

maternal serum, thereby making it difficult to determine the relationship between maternal 

and fetal exposures.

There are also existing data gaps on fetal metabolism of PBDEs, which is critical to 

evaluating developmental PBDE toxicity since PBDE metabolites may be more biologically 

active than parent PBDEs within some domains (e.g., (Stapleton et al. 2011)). Cytochrome 

(CYP) p450 enzymes metabolize both xenobiotic and endogenous substances and may be 

critical to PBDE-mediated toxicity. In vitro, CYPs such as CYP2B6, metabolize PBDEs to 

form hydroxylated metabolites (OH-PBDEs) (Erratico et al. 2012). Additionally, PBDEs 

may alter CYP expression in adult human liver cells (Stapleton et al. 2009). However, much 

of the data on CYPs is based on studies of adult human cells and rodent studies, and CYP 

levels and activity will not be the same during human fetal development due to the age-

dependent expression of CYPs in the fetal liver and unique contributions of placental CYP 

expression (Hakkola et al. 1998). There is evidence in rats that perinatal exposures to 

BDE-47 or −99 can increase expression of CYP enzymes in the fetal and postnatal liver 

(Blanco et al. 2012; Suvorov and Takser 2010), but we do not have similar data in humans.

Therefore, the goal of this study was to evaluate maternal/fetal transfer of PBDEs and their 

metabolites during the second trimester of pregnancy, a period of rapid biologic 

development that can result in increased sensitivity to environmental stressors. To 

accomplish this, we measured several PBDEs and their metabolites in normal fetal liver, 

placenta, and maternal and cord sera. In addition, we measured the expression of several 

mRNAs coding for CYP enzymes to identify those that may be related to PBDE exposure 

and metabolism. We focus on mRNAs coding for CYP enzymes, rather than CYP enzyme 

activity, because environmental chemicals can induce the transcriptional activity of genes 

coding for these enzymes; therefore, mRNA levels are more directly related to induction by 

environmental factors.

Materials and Methods

Study Population.

In 2011–2012 and 2014, we recruited and consented English-and Spanish-speaking patients 

between 15 and 24 weeks of pregnancy seeking medical care from the University of 

California, San Francisco (UCSF) Women’s Options Center at San Francisco General 

Hospital in San Francisco, California. The Women’s Options Center is an outpatient clinic 

providing pregnancy terminations and serving an ethnically diverse and predominantly lower 

income population from the San Francisco Bay Area and other parts of California. Eligible 

study participants were identified by reviewing the patient’s medical record only after they 

had 1) consulted with a trained counselor for an elective second trimester termination 
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procedure and 2) consented to the procedure as documentation of intent to proceed with the 

elective pregnancy termination. The 2011–2012 cohort (Cohort 1) consists of 36 smoking 

and non-smoking women and the 2014 cohort (Cohort 2) consists of 50 former or non-

smoking women. For both cohorts, we excluded participants if they were seeking a 

termination because of fetal anomalies. All study protocols were approved by the UCSF 

Committee on Human Research.

Sample Collection and Preparation.

Maternal blood and fetal liver samples were collected in both study populations. Placenta 

was collected in Cohort 2 (n=50), and as a sensitivity analysis, cord blood was collected in a 

subset of Cohort 1 (n=22). Maternal blood was collected from each participant prior to 

medical procedures in red top Vacutainer tubes. The time between blood collection and prior 

food or fluid consumption ranged from 0.5–23 hours (mean = 13 hours; n=65). Women’s 

Options Center medical staff collected umbilical cord blood with assistance from our study 

team. Umbilical cord blood was drained directly into red top collection tubes during the 

procedure to avoid contact with medical devices and the environment. However, minimal 

contamination from maternal blood on the umbilical cord could not be precluded. After 

collection, both the maternal and umbilical cord blood samples were centrifuged at 3000 

RPM for 10 min at 4 °C. Serum was aliquoted using glass pipettes into sterilized amber 

vials, which were pre-screened for environmental contamination, and stored at −80°C until 

analysis. At the end of the dilation and evacuation procedure, research assistants collected 

samples of placenta and fetal liver for chemical and RNA expression analyses using 

dissecting forceps. The samples collected for chemical analyses were washed in ice-cold 

phosphate-buffer solution (PBS) and then stored in pre-screened amber jars at −80°C. In 

Cohort 1, tissues collected for RNA expression analyses were washed in cold PBS, soaked 

and incubated in RNAlater solution in RNAlater Tissue Protector Tubes (2–8°C, overnight), 

and stored at −80°C. Tissues for RNA analyses in Cohort 2 were washed in cold PBS, flash 

frozen, and stored at −80°C.

Environmental Chemical Analysis.

We analyzed 19 PBDE congeners and eight OH-PBDEs at the Department of Toxic 

Substances Control (DTSC) (Berkeley, CA, USA) within its clean laboratory facility, where 

human specimens are exclusively processed. In this study, we focus our analysis on the 

congeners detected in >50% in maternal serum (BDE-28, −47, −99, −100, −153) and the 

four most commonly detected OH-PBDEs (5-OHBDE-47, 6-OHBDE-47, 5-OHBDE-99, 4-

OHBDE-49) in maternal serum, fetal liver, and placenta. We also present preliminary data 

on a smaller subset of cord blood samples.

Liquid-liquid extraction and phase separation were used to separate the phenolic compounds 

from neutral compounds and are described in detail elsewhere (Zota et al. 2011). Initial 

sample preparation steps differed depending on the matrix. Briefly, placenta was lyophilized 

and homogenized with sterile scalpels and a 10 minute sonication was added during the 

protein denaturalization and liquid-liquid extraction step to maximize extraction efficiency. 

Fetal liver, once homogenized with a scalpel, behaved similarly to serum and was extracted 
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in the same manner. After liquid-liquid extraction, placenta and liver extracts were measured 

for lipid content. Re-suspension and phase separation of phenolic compounds followed.

PBDEs and OH-PBDEs were analyzed in separate sample aliquots. Samples for OH-PBDEs 

analysis were concentrated to 50 µL to improve sensitivity. PBDE quantitation was 

accomplished by isotope dilution. Each set of isomers (i.e., tri-, tetra-, penta-, etc.) had a 

labeled surrogate. A complete analyte list with labeled surrogates is available in the 

Supplemental Materials, Table S1. OH-PBDE aliquots were spiked with labeled 6-OH-

BDE47 prior to derivatization as a marker to facilitate reaction yield estimation and recovery 

correction. PBDEs were measured using gas chromatography/high resolution double-

focusing sector mass spectrometry (GC-HRMS, DFS, ThermoFisher, Bremen, Germany). 

OH-PBDEs were methylated with diazomethane and quantitated using GC-NCI/MS (Varian 

1200 GC/MS operated in negative chemical ionization, Walnut Creek, CA, USA) for Cohort 

1, and GC-HRMS for Cohort 2. To quantify PBDEs, we used a DB-5MS column (30 m x 

0.25 mm I.D. x 0.25 µm film thickness, J & W Scientific, Folsom, CA) for Cohort 1, and a 

similar but shorter column for Cohort 2.

The instrument detection threshold (IDT) was defined by the peak height/area. The method 

detection limit (MDL) was calculated as three times the standard deviation (SD) of the blank 

concentrations (MDLs by cohort and matrix are provided in Supplemental Materials, Table 

S2). Precision and accuracy of PBDEs from reference material (SRM 1589a, National 

Institute of Standards and Technology) and in-house control samples were within reasonable 

analytical error ranges. Quality control data for Cohort 1 serum are described elsewhere 

(Zota et al. 2013). Quality control data for all other biological specimens are presented in 

Supplemental Materials (Table S3). Chemical concentrations in both cohorts were corrected 

by surrogate recoveries.

Lipid Analysis.

Lipid analysis for maternal and cord serum was completed at Boston Children’s Hospital. 

Levels were estimated from measurements of total cholesterol and triglycerides (Phillips et 

al., 1989). Lipid content of placenta and liver samples was determined gravimetrically. After 

liquid-liquid extraction of the tissue sample, extracts were allowed to dry in pre-weighted 

aluminum dishes. After solvent evaporation the lipid content was determined by the 

difference. The distribution of lipid measurements by specimen type is presented in 

Supplemental Materials (Figure S1).

Cytochrome P450 mRNA expression.

We quantified expression of eight mRNAs coding for specific CYP enzymes: CYP1A1, 

−1A2, −2E1, −2C9, −2J2, −2C19, −3A4, and −2B6. These CYPs were selected a priori since 

they may be involved in PBDE metabolism and/or response (Dunnick et al. 2012; Erratico et 

al. 2011; Erratico et al. 2012). Frozen fetal liver (30–50mg) or placenta (200–400mg) tissue 

was homogenized in RLT Buffer (Qiagen) and RNA was isolated using the RNeasy Plus 

Mini Kit (Qiagen) following the manufacturer’s instructions. We quantified RNA 

concentrations by a NanoDrop spectrometer (Thermo Scientific). All RNA samples used in 

this study had an absorbance (260/280nm) ratio of 1.9–2.1. RNA was converted to cDNA 
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(iScript cDNA Synthesis Kit, Bio-Rad Laboratories). Relative abundance of specific mRNAs 

was determined by qRT-PCR using gene-specific Taqman Gene Expression Assays 

(Supplemental Materials, Table S3) with Taqman Universal Master Mix II, no UNG (Life 

Technologies). For each reaction, 10ng cDNA was used. For each individual Taqman probe, 

all liver or placental samples were run in parallel to eliminate potential batch (i.e. plate) 

effects. Cycle thresholds (CT) were determined for each probe in triplicate. Technical 

replicates were averaged and the geometric mean (GM) of housekeeping genes (GAPDH 

and ACTB) for each sample was subtracted to calculate the ΔCT (Livak and Schmittgen 

2001). All eight CYPs were examined in all liver samples (n = 84), and a subset of placenta 

samples (n = 4). CYPs with greater than 50% detection frequency (limit of detection (LOD) 

<40 CT) in the four placenta samples (CYP1A1, −2C9, −2E1, −2J2) were evaluated in all 

placenta samples (n = 47) (Supplemental Material, Table S4). Three fetal liver samples were 

removed from the analysis due to the relatively low expression of housekeeping gene 

expression (CT > mean + 2 SD). Since fetal liver and placenta samples were assayed at 

different times, CT values are not directly comparable between the two matrices.

Statistical Methods.

We imputed undetected values for each PBDE and OH-PBDE congener based on a log-

normal distribution whose parameters were calculated through maximum likelihood 

estimation assuming that the undetected values fell between zero and (Zota et al. 2011). We 

calculated the GM and geometric standard deviation for all chemicals with greater than 50% 

detection frequency in each tissue. To compare PBDE concentrations in maternal and cord 

sera to those in liver and placenta, we converted serum concentrations into ng/g units 

assuming a density of 1.03 g/mL (Trudnowski and Rico 1974). These statistics were 

expressed as ng/g concentrations for OH-PBDEs and as ng/g and lipid-adjusted 

concentrations for PBDEs, since PBDEs can distribute to the lipid fraction of a tissue. 

Descriptive statistics for PBDEs and OH-PBDEs in maternal and cord sera are presented in 

ng/ml units in supplemental material (Table S5). Chemical analytes were log-transformed 

prior to regression analysis to account for their non-normal distributions. To compare levels 

between tissues, we calculated chemical ratios by dividing the chemical levels in one tissue 

by the levels in a second tissue (i.e., cord serum/fetal liver, cord serum/maternal serum, fetal 

liver/maternal serum, and placenta/fetal liver). We used Spearman correlations to test the 

correlation between chemical concentrations in different tissues. Only participants with 

detected chemical levels in both tissues were included in the ratio calculations and 

correlations.

To examine variation in potential metabolism of PBDEs across participants and matrix, we 

calculated the percent of metabolites in each tissue as a proportion of their potential 

precursor using the following equation: (∑OH-PBDEs / (∑OH-PBDEs + ∑PBDEs)), where 

∑PBDEs is equal to the sum of BDE-28, −47, −99, −100, and −153. We also compared the 

composition of ∑OH-PBDEs by matrix since concentrations of some metabolites may be 

influenced by dietary sources while concentrations of other metabolites may reflect 

biotransformation of PBDEs (Wiseman et al. 2011).
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We used multivariate regression models to identify determinants of liver and placenta 

concentrations of BDE-47, the most abundant PBDE congener. In order to choose a 

parsimonious model, we generated all possible subsets of a model including serum BDE-47, 

serum lipids, parity (0, ≥1), race/ethnicity (Black, White, Latina, other), maternal age, 

systolic and diastolic blood pressure, cohort, body mass index, smoking status (recent, 

former, never), fetal sex, and gestational age. We used Mallows’ Cp statistic and R2 to 

evaluate the models, choosing the model that maximized both statistics while minimizing the 

number of covariates. Outcomes were modeled as wet weight and lipid-adjusted 

concentrations. In a subset of models, serum lipids was added into the final model since this 

approach may reduce measurement error (O’Brien et al. 2016).

We used logistic regression models to examine associations between PBDE exposures and 

categorical CYP expression and to estimate odds ratios (ORs) and 95% confidence intervals 

(CIs). Before using the CYP values in regression models, we multiplied the ΔCT values by 

negative 1 (calculating −ΔCT) so that smaller numbers represented lower ΔCT values. We 

also created a categorical CYP expression variable by dividing the −ΔCT values at the 

median or the MDL if the detection frequency was <50%. Cohort-specific medians were 

used due to slight differences between the −ΔCT values measured in each cohort. Exposure 

was modeled as BDE-47 or a summary measure of PBDEs (∑PBDEs) for each tissue. 

Associations were similar between the two exposures so we only present the results for 

∑PBDEs. The following covariates were included a priori in our adjusted regression models 

based on biological or analytical considerations: lipids, gestational age, fetal sex, smoking, 

and cohort (fetal liver models only). As a sensitivity analysis, we ran all of our final logistic 

regression models restricting the analysis to never smokers (n=37 for placenta models and 

n=56 for liver models). All analyses were conducted using SAS version 9.3 (SAS Institute 

Inc., Cary, NC). A p-value < 0.05 was considered significant and p < 0.10 marginally 

significant on two-sided tests.

Results

The study population consisted predominately of young, low-income, U.S.-born, nonwhite 

women in their second trimester of pregnancy. Approximately one third of the population 

identified as Latina and another 25% identified as Black. Eighty-five percent used public 

insurance. The two study populations were demographically similar except for smoking 

status (fewer recent or former smokers in Cohort 2) and insurance type (more people using 

private insurance in Cohort 1) (Table 1). A previously published comparison of maternal 

serum levels of PBDEs and OH-PBDEs found no significant differences in BDE-47, 

BDE-99, or OHPBDEs between the two cohorts and significantly lower levels of BDE-100 

and BDE-153 in Cohort 2 (2014) compared to Cohort 1 (2011–2012) (Parry et al. 2017).

PBDE congeners were widely detected in all four matrices and BDE-47 was consistently the 

most abundant congener (Table 2). Liver ΣPBDEs concentrations (GM = 0.72 ng/g) were 

approximately two times higher than maternal serum concentrations in wet weight (GM 

=0.33 ng/g), while cord serum concentrations (GM = 111.12 ng/g lipid) were approximately 

two times higher than maternal serum concentrations (48.75 ng/g lipid) in lipid-adjusted 

weight. Chemical ratios between matrices varied by lipid adjustment (Figure 1). For 
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example, the median wet weight fetal liver:maternal serum ratio for BDE-47 and −153 was 

2.0 whereas the lipid-adjusted median ratio was 0.5. We also examined associations between 

chemical and lipid concentrations by tissue. Tissue-specific PBDE and lipid concentrations 

were associated only in liver (Supplemental Materials, Table S6).

OH-PBDE concentrations were infrequently detected and median ΣOHPBDEs were 20–200 

times lower than median ΣPBDEs concentrations. ΣOH-PBDEs concentrations were highest 

in maternal and cord sera (GM = 0.015–0.016 ng/g) and lowest in the placenta (GM = 

0.0038 ng/g) (Table 2). The percent of ΣOH-PBDEs as a proportion of BDE-47 was higher 

in maternal and cord sera (median: 5–10%) than in placenta or liver (median: 1–5%) and 

varied considerably across participants. The composition of ΣOH-PBDEs also varied by 

matrix; 6-OH-BDE47 was the dominant metabolite in maternal serum and placenta while 5-

OH-BDE47 and 5-OH-BDE99 were the dominant metabolites in cord seri, and liver, 

respectively (Figure 2).

Maternal serum concentrations of each PBDE congener were correlated with concentrations 

of the same congener in other matrices. Correlations across matrices for BDE-47 ranged 

from 0.54 to 0.78, while correlations across matrices were slightly higher for BDE-153 and 

lower for the OH-PBDEs (Figure 3). In multivariate regression models, maternal BDE-47 

concentrations explained more of the model variance for liver than for placenta BDE-47 

concentrations (adjusted R2 = 0.79 vs 0.48, respectively; Table 3). Associations between 

maternal and fetal BDE-47 concentrations did not change meaningfully when exposure 

and/or outcome were lipid-adjusted (Table 3).

Virtually all fetal liver samples (>98%) had detectable expression of most CYPs except for 

CYP2B6 and −1A2 (Supplemental Materials, Table S3). CYP2C9, −2E1 and −2J2 were 

detected in >80% of placentas while CYP1A1 was only detected in 30% of placentas. PBDE 

levels were associated with altered expression of some CYPs in fetal liver and placenta. 

Placental ΣPBDEs were positively associated with placental CYP2J2 expression (OR (95% 

CI) = 4.15 (1.26, 13.64)) and CYP2E1 (OR (95% CI) = 5.02 (1.51, 16.72)) (Figure 4 and 

Table 4). For the liver CYPs, there was a positive association between liver ΣPBDEs and 

CYP1A1 (OR (95% CI) = 2.36 (0.98, 5.68)), and a suggestive but non-significant inverse 

association with CYP2J2 (OR (95% CI) = 0.69 (0.33, 1.45). Associations with liver CYP 

expression were slightly more pronounced when exposure was modeled as maternal serum 

ΣPBDEs (e.g. CYP1A1 OR (95% CI) = 2.56 (1.06, 6.17)). In contrast, placental CYPs were 

more strongly associated with placental ΣPBDEs than maternal serum ΣPBDEs. 

Associations were similar when chemical concentrations were lipid-adjusted (Table 4). 

When we restricted our model to never smokers, the relationship between PBDEs and CYPs 

were generally similar although the magnitude of the association changed for some CYP 

isoforms (Supplemental Materials, Table S7). Notably, the association between placental 

ΣPBDEs and placental CYP2J2 expression was lower in magnitude (OR (95% CI) = 2.89 

(0.91, 9.12) and the association between liver ΣPBDEs and liver CYP1A1 expression was 

greater in magnitude (OR (95% CI) = 4.55 (1.21, 17.1)) than associations that included 

former and current smokers.
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Discussion

This work shows that, under normal conditions of mid gestation, the human fetus is widely 

exposed to PBDEs and their hydroxylated metabolites, that fetal exposures are higher than 

maternal exposures, and that these exposures are associated with the expression of mRNAs 

coding for CYP enzymes. These findings collectively indicate the human fetus experiences 

higher exposures than have been previously estimated based on maternal levels and may be 

relevant for estimating health risks that are not currently captured by epidemiologic or risk 

assessment studies.

We report higher maternal serum PBDE concentrations in the current study population 

compared to three other contemporary populations of pregnant women from various US 

cities (Chen et al. 2013; Leonetti et al. 2016a; Morello-Frosch et al. 2016). However, our 

findings are more similar to those measured in US pregnant women from the 2003–2004 

NHANES survey, which coincides with peak use of the PentaBDE commercial formulation 

in the US (Abbasi et al. 2015; Woodruff et al. 2011).

In the current study, PBDE concentrations in fetal liver and cord serum are higher than that 

in maternal serum, suggesting there may be fetal accumulation of PBDEs during 

development as previously surmised on the basis of placental PBDE concentrations 

(Leonetti et al. 2016b). In our case, PBDE concentrations were about two-fold higher in the 

fetal liver than in maternal serum when using wet weight as the denominator. However, 

when normalizing with respect to lipid levels, fetal liver concentrations were approximately 

50% of that of maternal serum. This means that lipid concentrations in fetal liver tissue are 

much higher than that of maternal serum, as would be expected. Moreover, it seems likely 

that much of the PBDEs measured in fetal liver are contained within the highly vascular 

compartment of the liver, while hepatic lipids are more likely to be intracellular. Thus, while 

our data may not fully support the conclusion that PBDEs bioaccumulate in the fetal liver, 

they clearly demonstrate that the normal human fetus is directly exposed to concentrations 

of PBDEs that may be higher than previously estimated on the basis of maternal serum.

However, it is important to recognize that the “concentration” of chemicals in liver tissue 

cannot be directly compared to that of serum because the denominator (volume, wet weight 

versus unit protein or unit lipid) is not the same in both compartments. While approaches for 

lipid standardization in epidemiologic studies of lipophilic environmental chemicals have 

been widely discussed (O’Brien et al. 2016; Schisterman et al. 2005), there has been little 

agreement on best practices for lipid standardization in exposure studies, such as ours, that 

include multiple tissue types. Though researchers commonly assume that serum 

concentrations of lipophilic chemicals such as PBDEs are dependent on serum lipid 

concentrations (Schisterman et al. 2005), we found no association between levels of PBDEs 

and lipids in maternal serum or placenta, suggesting that the assumption of equilibrium 

between total PBDE burden and lipid levels may not be appropriate in many circumstances 

and further methodological work is needed.

Our models estimating BDE-47 levels in fetal liver and placenta suggest that maternal serum 

levels are a reasonable proxy for concentrations in these tissues although maternal levels 
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were more highly correlated with liver than placenta concentrations. There are few studies to 

which we can compare our findings. Two prior studies reported PBDE concentrations in 

fetal livers from mid-gestation; however those studies did not collect matched samples of 

maternal serum from participants (Doucet et al. 2009; Schecter et al. 2007a). Several other 

studies evaluated maternal serum-placental pairs, but they were for placentas collected at 

term, rather than mid-gestation (Frederiksen et al. 2010; Leonetti et al. 2016a). The maternal 

serum/placenta correlations in those studies ranged from 0.36 to 0.74, which brackets our 

correlation of 0.61, indicating that there may be some exposure misclassification in 

epidemiologic studies that use maternal serum as a proxy for placental PBDE exposures.

An additional feature of the current study is that we observed significant associations 

between PBDE exposure and the expression of mRNAs coding for specific CYPs in the 

placenta or fetal liver. For example, in the placenta, ΣPBDEs were associated with CYP2E1 

mRNA, while in the fetal liver, ΣPBDEs were associated with CYP1A1 mRNA. These 

associations persisted even when smokers were excluded. In general, CYP1A1 and −2E1 are 

well-characterized xenobiotic metabolizing enzymes, and are also actively involved in 

diverse endogenous roles in fatty acid, steroid, and other metabolic pathways (Rendic 2002). 

These findings demonstrate that the mRNA expression of specific P450 enzymes is 

correlated with specific chemical exposures in the human fetus. Although we did not 

measure enzyme activity, there are many studies showing the association of CYP mRNA and 

enzyme activity (Giera et al. 2011; Lai et al. 2004; Sharlin et al. 2010; Tutelyan et al. 2012), 

and we are unaware of studies showing a mismatch between CYP mRNA and enzyme 

activity. Recent evidence demonstrates that CYP1A1 mRNA expression is tightly correlated 

with the expression of thyroid hormone-regulated genes in the human term placenta, 

indicating that inducible metabolic enzymes in placenta may bioactivate chemicals such as 

PBDEs that can, in turn, directly interact with the TH receptor (Wadzinski et al. 2014). 

Therefore, our results suggest the importance of the metabolic capacity of the fetal 

compartment in metabolizing environmental chemicals. Future studies examining these 

relationships in vitro or in vivo in relevant cell populations will assist in understanding the 

functional importance of these associations. Furthermore, measures of CYP activity such as 

EROD and PROD in future studies would confirm the relationship between PBDE 

exposures, mRNA levels, and enzyme activity.

We did not observe significant associations between PBDE exposures and CYP2B6 in the 

fetal liver. In the adult liver, CYP2B6 is postulated to be the predominant CYP enzyme 

involved in the formation of OH-PBDEs from oxidative metabolism of PentaBDE congeners 

such as BDE-47 and −99 (Erratico et al. 2012; Erratico et al. 2013). In this study, CYP2B6 

was only detected in 60% of liver samples and OH-PBDEs in the liver were substantially 

lower than those in maternal or cord sera. These observations support previous findings that 

CYP2B6 is expressed at low levels in the human fetal liver (Croom et al. 2009) and suggest 

that metabolism of PBDEs in the fetal liver is probably limited compared to adults.

However, the developing fetus may still encounter different exposures to OH-PBDEs than 

the pregnant woman since levels and composition of OH-PBDEs can vary by tissue. In our 

study, ΣOH-PBDEs concentrations in maternal and cord sera were similar and higher than 

those in fetal liver and placenta. Moreover, 6-OHBDE-47 was more abundant in maternal 
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serum while 5-OHBDE-47 was more abundant in cord serum. Prior studies have generally 

reported higher levels of most OH-PBDEs in cord relative to maternal serum (Chen et al. 

2013; Morello-Frosch et al. 2016; Qiu et al. 2009; Wan et al. 2010). Consistent with our 

study, the one study that reported measurable levels of 5-OHBDE-47 and 6-OHBDE-47 in 

paired maternal and cord sera found higher cord:maternal ratios for 5-OH-BDE47 than for 

6-OH-BDE47 (Chen et al. 2013). Maternal-fetal partitioning of OH-PBDEs is poorly 

understood and the observed differences in the profiles of individual OH-PBDEs across 

specimens may reflect differences in physico-chemical properties and/or external sources of 

exposure (e.g., dietary sources).

Several elements of the current study require consideration. First, this was a cross-sectional 

study design and the sample size was modest. Moreover, none of the participants provided 

data from all four of the compartments measured (maternal and cord sera, fetal liver and 

placenta). However, it is still the only study to date of PBDE exposures during a normal 

human mid-gestation that includes paired samples of maternal and fetal specimens. The 

CYP enzymes under investigation are not specific to PBDEs, and expression may be induced 

by other exposures. Our study did not adjust for medications or other environmental 

chemicals that may induce CYP expression, because PBDE exposure is unlikely to be 

causally associated with these exposures and they are therefore unlikely to be confounders. 

Instead, other varied sources of CYP induction uncorrelated with PBDEs may be 

introducing noise into the CYP expression data, which would bias associations towards the 

null. Our models estimating the association between maternal concentrations and liver and 

placenta concentrations may not be generalizable to other populations that have significantly 

different demographic characteristics. The associations between PBDE exposures and CYP 

mRNA expression were often imprecise with large confidence intervals and warrant 

replication in larger epidemiologic studies.

Conclusion

In conclusion, our data on chemical levels from four tissues in the maternal-fetal unit shows 

that exposure to PBDEs and OH-PBDEs is widespread in both the mother and fetus during 

mid-gestation and that these exposures are associated with specific CYP enzyme 

transcriptional levels in the placenta and fetal liver. Furthermore, our results show that 

maternal serum PBDE levels are a better proxy for PBDE levels in the fetal liver than in the 

placenta. While we should be cautious interpreting these results given the small sample size 

and the potential residual confounding from other environmental exposures that could 

impact CYP expression, these results make an important contribution to the field given the 

novelty of the dataset, particularly the paired maternal-fetal human samples from a sensitive 

window of development. These findings advance our understanding of human fetal 

exposures to PBDEs during pregnancy and consequently improve our understanding of 

population risks to PBDEs as well as other structurally similar environmental chemicals. 

They may also inform the accuracy and power of epidemiologic investigations by providing 

novel data to estimate fetal exposure when only maternal specimens are available.
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Highlights

• PBDE concentrations in some fetal matrices were higher than those in 

maternal serum.

• Maternal serum levels were more highly correlated with levels in fetal liver 

than placenta.

• PBDEs were associated with CYP mRNA expression in both the liver and the 

placenta.
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Figure 1. 
Boxplots of the ratios of PBDE levels between matrices, with and without lipid adjustment. 

Only values above the method detection limit (MDL) in both matrices were included in the 

ratios. The red dotted line indicates a ratio equal to 1.
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Figure 2. 
A) Percent of metabolic products in each participant by tissue matrix, calculated using the 

following equation: (∑OH-PBDEtissue / (∑OH-PBDEtissue+ ∑PBDEtissue )). The grey dotted 

line indicates the median percent of metabolic products by tissue. B) Percent composition of 

∑OH-PBDEs by matrix.
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Figure 3. 
Correlations between individual PBDE and OH-PBDE analytes (wet weight; ng/ml) in 

maternal serum, fetal liver, placenta, and cord serum. Correlations were calculated using 

only values above the method detection limit in both matrices. Asterisks indicate p < 0.05.
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Figure 4. 
Associations (ORs and 95% CIs) between CYP 450 mRNA expression in placenta (n=45) 

and fetal liver (n=81) and ∑PBDEs adjusted for gestational age, fetal sex, lipid content, 

smoking status, and cohort (fetal liver models only).
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Table 1.

Demographic characteristics of the study population

Characteristic Both populations Cohort 1 (n=35) Cohort 2 (n=50) Cohort 1 vs. 2

Age (years) 0.85

 18–22 41 (48.2%) 18 (51.4%) 23 (46.0%)

 23–30 30 (35.3%) 12 (34.3%) 18 (36.0%)

 31–42 14 (16.5%) 5 (14.3%) 9 (18.0%)

Ethnicity
a 0.27

 Latina 27 (32.1%) 7 (20.6%) 20 (40.0%)

 Black 22 (26.2%) 10 (29.4%) 12 (24.0%)

 White 23 (27.4%) 12 (35.3%) 11 (22.0%)

 Other 12 (14.3%) 5 (14.7%) 7 (14.0%)

Country of Origin
b 0.13

 US 71 (89.9%) 33 (97.1%) 38 (84.4%)

 Other 8 (10.1%) 1 (2.9%) 7 (15.6%)

Education 0.49

 < HS 12 (14.1%) 7 (20.0%) 5 (10.0%)

 HS graduate 30 (35.3%) 13 (37.1%) 17 (34.0%)

 Some college 35 (41.2%) 13 (37.1%) 22 (44.0%)

 College grad + 8 (9.4%) 2 (5.7%) 6 (12.0%)

BMI
c 0.92

 < 25 37 (44.1%) 15 (44.1%) 22 (44.0%)

 25 – 29.9 24 (28.6%) 9 (26.5%) 15 (30.0%)

 ≥ 30 23 (27.4%) 10 (29.4%) 13 (26.0%)

Smoking 0.0011

 Recent 20 (23.5%) 15 (42.9%) 5 (10.0%)

 Former 6 (7.1%) 1 (2.9%) 5 (10.0%)

 Never 59 (69.4%) 19 (54.3%) 40 (80.0%)

Parity 0.53

 0 32 (37.7%) 11 (31.4%) 21 (42.0%)

 1 31 (36.5%) 15 (42.9%) 16 (32.0%)

 >1 22 (25.9%) 9 (25.7%) 13 (26.0%)

Gestational age 0.36

 < 19 weeks 25 (29.4 %) 13 (37.1%) 12 (24.0%)

 19 – 21 weeks 22 (25.9%) 7 (20.0%) 15 (30.0%)

 > 21 weeks 38 (44.7%) 15 (42.9%) 23 (46.0%)

Fetal Sex

 Female 32 (37.7%) 7 (20.0%) 25 (50.0%) 0.005

 Male 53 (62.4%) 28 (80.0%) 25 (50.0%)

Insurance3 0.0042

 Medi-Cal 68 (85.0%) 27 (79.4%) 41 (89.1%)
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Characteristic Both populations Cohort 1 (n=35) Cohort 2 (n=50) Cohort 1 vs. 2

 Private/HMO 6 (7.5%) 6 (17.7%) 0 (0%)

 Self-Pay 6 (7.5%) 1 (2.9%) 5 (10.9%)

a
Missing:1

b
Missing:6

c
Missing:5

P-values are from chi-square and Fisher’s exact tests
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Table 4.

Association (OR (95%CI) between CYP mRNA expression and PBDE concentrations

Outcome: Placenta CYPs

Placenta

Serum ∑PBDEs (n=45) Placenta ∑PBDEs (n=45)

wet weight lipid adjusted wet weight lipid adjusted

CYP1A1

Non-detect ref ref ref ref

Detect 0.59 (0.20, 1.75) 0.58 (0.19, 1.74) 1.26 (0.44, 3.55) 1.26 (0.45, 3.55)

CYP2E1

Low ref ref ref ref

High 2.47 (0.85, 7.21)^ 2.44 (0.83, 7.13) 5.02 (1.51, 16.72)* 4.90 (1.48, 16.20)*

CYP2C9

Low ref ref ref ref

High 0.91 (0.34, 2.44) 0.91 (0.34, 2.45) 1.60 (0.59, 4.32) 1.58 (0.59, 4.26)

CYP2J2

Low ref ref ref ref

High 2.93 (0.86, 9.93)^ 2.91 (0.86, 9.87)^ 4.15 (1.26, 13.64)* 4.00 (1.23, 13.05)*

Outcome: Liver CYPs

Liver

Serum ∑PBDEs (n=81) Liver ∑PBDEs (n=81)

wet weight lipid adjusted wet weight lipid adjusted

CYP1A1

Low ref ref ref ref

High 2.56 (1.06, 6.17)* 2.60 (1.07, 6.29)* 2.36 (0.98, 5.68)^ 2.29 (0.96, 5.46)^

CYP2E1

Low ref ref ref ref

High 1.68 (0.81, 3.50) 1.65 (0.79, 3.41) 1.71 (0.80, 3.67) 1.72 (0.80, 3.69)

CYP2C9

Low ref ref ref ref

High 0.60 (0.28, 1.26) 0.60 (0.28, 1.27) 0.70 (0.34, 1.44) 0.69 (0.33, 1.41)

CYP2J2

Low ref ref ref ref

High 0.62 (0.29, 1.31) 0.61 (0.29, 1.29) 0.69 (0.33, 1.45) 0.69 (0.33, 1.44)

CYP2C19

Low ref ref ref ref

High 0.75 (0.36, 1.57) 0.75 (0.36, 1.57) 0.91 (0.45, 1.83) 0.92 (0.45, 1.84)

CYP3A4

Low ref ref ref ref

High 1.58 (0.76, 3.29) 1.58 (0.76, 3.28) 1.36 (0.67, 2.78) 1.34 (0.66, 2.74)

CYP2B6

Environ Int. Author manuscript; available in PMC 2019 June 12.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zota et al. Page 26

Outcome: Placenta CYPs

Placenta

Serum ∑PBDEs (n=45) Placenta ∑PBDEs (n=45)

wet weight lipid adjusted wet weight lipid adjusted

Non-detect ref ref ref ref

Detect 1.12 (0.53, 2.36) 1.14 (0.54, 2.40) 1.23 (0.59, 2.58) 1.23 (0.59, 2.57)

All models adjusted for gestational age, fetal sex, lipids, smoking status, and cohort (liver CYP models only)

*
p< 0.05

^
p <0.10
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