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Abstract

Polybrominated diphenyl ethers (PBDES) are persistent organic chemicals used as flame retardants
in textiles, plastics, and consumer products. Although PBDE accumulation in humans has been
noted since the 1970s, few studies have investigated PBDEs within the gestational compartment,
and none to date has identified levels in amniotic fluid. The present study reports congener-
specific brominated diphenyl ether (BDE) concentrations in second-trimester clinical amniotic
fluid samples collected in 2009 from fifteen women in southeast Michigan, USA. Twenty-one
BDE congeners were measured by GC/MS/NCI. The average total PBDE concentration was 3795
pg/ml amniotic fluid (range: 337 — 21842 pg/ml). BDE-47 and BDE-99 were identified in all
samples. Based on median concentrations, the dominant congeners were BDE-208, 209, 203, 206,
207, and 47 representing 23, 16, 12, 10, 9 and 6%, respectively, of the total detected PBDEs.
PBDE concentrations were identified in all amniotic fluid samples from southeast Michigan,
supporting a need for further investigations of fetal exposure pathways and potential impacts on
perinatal health.
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Introduction

Polybrominated diphenyl ethers (PBDES) are a class of widely used brominated flame
retardants that have been incorporated into many consumer electronics, textiles and furniture
(Birnbaum and Staskal, 2004). These compounds typically are not chemically bound within
the products and thus may migrate into the environment. Because of their environmental
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persistence and toxicity, PBDEs have been identified as a priority human health concern
(U.S. Environmental Protection Agency, 2006).

Commercial formulations of PBDES contain mixtures of the individual brominated diphenyl
ether (BDE) congeners: the penta-BDE formulation has BDE congeners with 3 to 6 bromine
atoms; the octa-BDE formulation has 6 to 9 bromine atoms; and the deca-BDE formulation
is composed primarily of the fully brominated deca-congener with variable levels of nona-
BDE congeners. The penta-BDE and octa-BDE formulations were voluntarily withdrawn
from the United States marketplace in 2004. In 2009, the 4™ meeting of the Convention of
Parties of the Stockholm Convention on Persistent Organic Pollutants listed tetra-, penta-,
hexa- and hepta-BDESs as persistent organic compounds, and banned their use in over 160
member countries (Stockholm Convention on Persistent Organic Polutants, 2010). In the
United States, the use of deca-BDE is scheduled to be phased out by 2013. Despite recent
restrictions, PBDEs remain a human health concern due to continued production in some
regions, import/export of goods containing PBDEs, disposal of PBDE-containing materials,
remaining stock of PBDE-containing materials, and PBDE's environmental persistence
(Birnbaum and Staskal, 2004).

Currently, human reproductive and developmental health risks associated with PBDE
exposure have not been thoroughly addressed and many uncertainties remain. Animal
studies show that PBDEs exhibit neurodevelopmental (Branchi et al., 2003; Viberg et al.,
2006), hepatic (Zhou et al., 2001; Zhou et al., 2002), immunological (Fowles et al., 1994;
Thuvander and Darnerud, 1999) and thyroid toxicity (Zhou et al., 2002). Rabbits orally
exposed to PBDEs show decreased gestation length (Breslin et al., 1989). PBDEs are
lipophilic and accumulate in human tissues, with many reports of PBDE concentrations in
various human matrices (Frederiksen et al., 2009). Although human biomonitoring has
primarily focused on breast milk and serum (Schecter et al., 2003; Schecter et al., 2006;
Schecter et al., 2010), several studies address the partitioning among gestational
compartments through paired sampling of maternal blood, fetal blood and placenta (Bi et al.,
2006; Gomara et al., 2007; Herbstman et al., 2007; Main et al., 2007; Mazdai et al., 2003).
Recently, we identified PBDE accumulation in human extraplacental gestational membranes
(Miller et al., 2009). Although amniotic fluid plays an important role in gestation and
provides a possible route ofexposure for the fetus, the potential for PBDEs to accumulate in
human amniotic fluid has not been addressed to date. The aim of the present study was to
characterize PBDE profiles, including congener-specific and total PBDE concentrations, in
amniotic fluid samples from women in southeast Michigan, USA.

1. Materials and Methods

1.1. Sample collection

In February and March 2009, clinical amniotic fluid samples were collected at the
University of Michigan Women’s Hospital in Ann Arbor, Michigan, USA. De-identified
samples containing amniotic fluid from 15 women undergoing clinically-indicated
amniocentesis for fetal chromosomal screening during their second trimester were analyzed.
An average volume of 15 ml of sterile amniotic fluid per sample was received in the
cytogenetics laboratory and centrifuged at 280 g for 10 min to remove the cellular
component. The supernatant was transferred into tubes without patient identification and
stored at —80 °C for no longer than 90 days. The resulting supernatant was used for all
analyses. The amniotic fluid samples were collected in an anonymous manner without
personal identification or demographic information, and without interaction between the
investigators and human subjects. The use of these de-identified clinical samples, which
would have been otherwise discarded, was in compliance with the University of Michigan
Institutional Review Board.
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1.2. Lipid analysis

Amniotic fluid supernatants were evaluated for lipid content. A 1-ml aliquot of each
amniotic fluid sample was denatured with 1 ml HCI (35-38%) followed by 6 ml isopropyl
alcohol, and then extracted using 5 ml of a mixture of methyl tert-butyl ether and hexane
(1:1). Sample fractions were separated by centrifugation and the organic fraction collected.
Extractions were repeated three times and organic fractions were combined in a previously
weighed beaker. The organic fraction was volatilized under a nitrogen stream until dry, and
baked at 100°C for 12 h to remove all moisture. Beakers were reweighed and lipid weight
per ml amniotic fluid was calculated.

1.3. PBDE analysis

Amniotic fluid supernatants were evaluated for 21 BDE congeners using methods previously
described (Batterman et al., 2009). For each amniotic fluid sample, 7 ml of amniotic fluid
was denatured with 2 ml concentrated HCI (35-38%), followed by 12 ml isopropy! alcohol.
Samples were extracted using a mixture of 10 ml methy! tert-butyl ether and hexane (1:1).
Sample fractions were separated by centrifugation and the organic fraction collected. The
extraction process was repeated three times and organic fractions were combined and
volatilized under a flowing nitrogen stream until nearly dry. Samples were diluted in 5 ml of
hexane and cleaned with 3 ml of sulfuric acid. The organic fraction was removed and
neutralized using dissolved sodium carbonate.

Instrumental analyses used GC/MS (Agilent 6890, Palo Alto, CA, USA), negative chemical
ionization mode, a DB-5 column (30 m, 0.25 mm i.d., 0.25 pm film thickness, J&W Sci,
Folsom, CA, USA) and a 2 pl splitless injection. The carrier gas was helium (0.7 ml/min,
inlet pressure 5.43 psi, average velocity 37 cm/s), and methane was the reagent gas. The
injector was set at 280°C. The oven temperature was started at 80°C, held for 2 min, ramped
at 10°C/min to 300°C, and held for 40 min. Calibration standards included BDEs 17, 28, 75,
49, 71, 47, 66, 100, 99, 85, 154, 153, 138, 166, 183, 190, 203, 208, 207, 206 and 209
(Cambridge Isotope Laboratories, Inc., Andover, MA, USA). Standards were run for a wide
range of concentrations (100 to 5000 ng/ml). The MS was operated in selected ion
monitoring mode, and quality matching routines included at least two ions. Structural
verification used additional ions, and confirmed by requiring proper ratios of ions for each
analyte. Complete details of the instrumental analysis have been published previously
(Batterman et al., 2009).

1.4. Quality assurance

In parallel with the analyses, field, lab and method blanks were processed and shown to be
clear of contamination. A standard reference material (SRM), linearity and drift checks were
analyzed with each sample batch. Repeat analysis of a standard mixture injected every fifth
sample varied by less than 10%, and linearity plots produced r? values greater than 0.999.
Surrogate spike recoveries ranged from 82-106%. An inter-laboratory comparison of PBDE
analyses in different media confirmed the performance quality of our analyses.

1.5. Data analysis

The lower limits of detection (LOD) for the 21 congeners ranged from 0.01-0.65 pg/ml
amniotic fluid and are detailed in Table 1. Measurements falling below the LOD were
assigned a value of one-half the LOD. The addition of one-half the LOD did not exceed
0.5% the total PBDE (2 PBDE) concentration for any of the samples. Descriptive statistics,
including the mean, the standard deviation, geometric mean, median, 25t — 75! quartiles,
and the percentage of observations above the LOD, were calculated for each congener. For
each sample, > PBDE concentrations were calculated as the sum of the 21 congeners. The
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grand mean and grand median were calculated as the average and median, respectively, of
the sample 3 PBDEs. Concentrations were expressed as volumetric and lipid-based
fractions. To construct the homologue profile, congener-specific concentrations for each
sample were divided by the sample 3} PBDE, multiplied by 100, then summed across
samples within each homologue group and normalized to provide the percent homologue
contribution to ) PBDE. Sample statistics utilized the mean, median and sum of these
concentrations. The relationship of lipid content to BDE levels was evaluated using the
Spearman rank order correlation. Similarly, the Spearman rank order correlation was used to
assess associations among individual BDE congeners,

2. Results and Discussion

2.1. Lipid content

The lipid content of the amniotic fluid samples ranged from 0.74 to 1.25% and averaged
0.94 + 0.03%, substantially lower than the average lipid content of 22.5 + 1.2% reported
previously for second trimester amniotic fluid (Das et al., 1975). The lower lipid content in
the present study likely results from our use of amniotic fluid supernatants from which lipid-
rich cellular debris was removed by centrifugation prior to lipid and PBDE measurements.
However, because amniotic fluid sample centrifugation was part of the clinical laboratory
procedure performed prior to our acquisition of the samples, we were unable to compare
lipid values in centrifuged versus noncentrifuged samples.

2.2. PBDE concentrations

A wide range of BDE congeners were identified, and all 21 target congeners were measured
above LOD:s in at least three of the fifteen samples (20%) (Table 1). Because lipid content is
extremely low in our samples, BDE concentrations are presented as pg/ml amniotic fluid.
Because of the low lipid content and low variability in lipid content among the samples,
adjustment for lipid weight has a nominal (<0.31%) impact on BDE concentrations.
Moreover, lipid concentration was not significantly associated with Y PBDE concentration
(p=0.86) nor with any of the individual BDE congeners (p=0.15-0.99). The  PBDE
concentration in amniotic fluid averaged 3795 + 1529 pg/ml (median of } PBDE = 1253 pg/
ml; n=15; Table 1), which is equivalent to a mean concentration of 404 + 163 ng/g lipid
(median = 133 ng/g). Because PBDEs are lipophilic and the lipid-rich cellular debris was
stripped by centrifugation from the amniotic fluid used in this study, the total PBDE loading
of amniotic fluid prior to centrifugation was likely higher than the values reported here.

Consistent with previous reports (discussed recently by She et al. (2007)), the distribution of
> PBDE concentrations is right-skewed (to high concentrations), with sample } PBDE levels
ranging from 337 to 21842 pg/ml. Significantly, the highest amniotic fluid 3 PBDE level
(equivalent to 2324 ng/g lipid) is comparable to the highest PBDE level reported in U.S.
breast milk samples (1900 ng/g lipid), although it is below that reported in adipose tissue
(9600 ng/g lipid) (Johnson-Restrepo et al., 2005). Tri- to octa-BDE congeners accounted for
829% of the Y PBDEs in the sample with the highest } PBDE concentration, well above the
63% average for all samples.

BDE-47 and BDE-99 were found in all samples tested, consistent with most previous studies
of breast milk and serum (Frederiksen et al., 2009). However, BDE-100, BDE-209, and
BDE-17 were identified in 93%, 80% and 80% of amniotic fluid samples, respectively.
Based on median concentrations, the dominant congeners in amniotic fluid were, in
descending order, BDE-208, 209, 203, 206, 207, and 47 representing 23, 16, 12, 10, 9 and
6%, respectively, of the 2 PBDESs. Grouped by PBDE homologues based on bromine
number, the PBDE profile of amniotic fluid shows that the higher brominated nona and deca
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congeners significantly contributed to the  PBDESs (26.1% and 13.7%, respectively; Fig. 1).
Differences in relative congener concentrations depend, in part, on which congeners are
included in the total PBDE concentrations. As noted in recent reports (Frederiksen et al.,
2009; Gomara et al., 2011), few studies of human fluids and tissues have included the higher
brominated BDE-209 congener in their analysis, making comparisons of congener profiles
problematic. Consistent with the high levels observed in our amniotic fluid samples, recent
reports found that BDE-209 was the predominant congener in human breast milk samples
from women in Spain (Gomara et al., 2011) and China (Sudaryanto et al., 2008), and a
significant contributor to total PBDESs in Taiwanese breast milk samples (Chao et al., 2007).
Moreover, BDE-209 was detected in all analyzed breast milk samples of women from
Norway (Polder et al., 2008b), Russia (Polder et al., 2008a), and the US/Canadian Pacific
Northwest (She et al., 2007), though a study of Texan breast milk detected BDE-209 in only
6 of 23 samples (Schecter et al., 2003). A study of human blood found that BDE-209
contributed approximately 15% of total PBDEs in children (Fangstrom et al., 2005a).
However, none of these studies included analysis for BDE-203, 206, and 208, yet these
congeners had similar concentrations as BDE-209 in our amniotic fluid samples. Of
particular relevance to the present study, BDE-209 concentrations were higher in umbilical
cord blood and placenta than in maternal blood of Spanish subjects (Gomara 2007),
suggesting that higher brominated congeners may preferentially distribute to the gestational
compartment. However, congener differences between umbilical cord and maternal blood
was not observed in a study of US Midwestern women (Mazdai et al., 2003). In addition,
exposure to PBDEs and commercial formulations have varied geographically and
historically (Frederiksen et al., 2009). Thus, the variation in congener profiles among the
studies could be related to differences in sampling procedures, specific congeners analyzed,
differences in PBDE exposure, small sample sizes, differences in tissue distribution, and
other factors.

Because BDE-209 has a short half-life (estimated at 15 days; Fangstrom et al. (2005b)), the
BDE-209 concentrations observed in our Michigan samples of amniotic fluid suggest that
exposure to this congener is common and frequent. Although the lower brominated
congeners (with 3-8 bromine atoms) are no longer produced in the United States, the
homologue profile shows that they still constitute the bulk (60%) of the 3 PBDE loading.
Mobilization of body burdens, exposure from the import of goods containing PBDEs,
disposal of PBDE-containing materials, the wide stock of PBDE-containing materials still in
use, and environmental persistence may explain the legacy of those congeners detected in
nascent amniotic fluid. Future studies that include matched maternal blood samples
collected at the time of amniotic fluid sampling may provide further insight into BDE
congener patterns in amniotic fluid.

Because midgestation amniotic fluid sample collection is invasive, we used samples
collected during the second trimester for diagnostic purposes related to the donor’s medical
condition, and we had no access to individual donor information. However, many factors
can affect an individual’s PBDE body burden, including maternal age, gestational age, and
differences in PBDE exposure before and during pregnancy. Moreover, concentrations of
PBDEs in amniotic fluid may be affected by the total volume of amniotic fluid, which
increases in volume from approximately 200 ml at 16 weeks gestation to a peak of 1000 ml
at 28 weeks gestation (Brace, 1997). These factors were not controlled in this study, and
they represent limitations in our study design.

2.3. Correlations among BDE Congeners

Spearman rank order correlations for the PBDE measurements from human amniotic fluid
are detailed in Table 2. Deca- and nona-BDE congeners were highly correlated, which is
unsurprising since nona-BDEs are often found as contaminants of the commercial deca-BDE
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mixture. Interestingly, BDE-71 was also strongly correlated with the deca- and nona-
congeners. Although previously unreported, this correlation raises the question of whether
the higher order congeners can break down into lower order congeners, as shown by
Stapleton et al. (2006) in fish which can debrominate deca-BDEs into nona-congeners.

Strong correlations were seen between congeners within specific homologue groups. Hexa-
BDEs 138, 153 and 154 were all found to have significant correlations with each other. In
addition, tetra-BDE congeners 49, 71 and 75 also showed significant correlations. The latter
findings are expected because these BDE homologues are often found together in the
commercial mixtures of PBDE used prior to 2004.

3. Conclusions

This study is the first to report congener-specific concentrations of PBDEs in human
amniotic fluid. Although the sample size was modest, and personal and demographic
information from donors was unavailable, PBDE concentrations in amniotic fluid were
significant. Fetal intake of amniotic fluid into the gastrointestinal and respiratory tracks
along with dermal exposure provide routes of transport into the fetus for toxicants that enter
the amniotic fluid. Consequently, PBDEs in amniotic fluid are likely highly correlated with
the exposure of the fetus, and thus our results suggest a potential fetal exposure pathway not
considered previously: the amniotic fluid-to-fetus route. Our results also suggest the need for
further investigation examining the partitioning and uptake of PBDEs between amniotic
fluid, the fetus, and other gestational tissues.

Highlights

e 21 BDE congeners were measured in amniotic fluid samples from fifteen
women.

e The average total PBDE concentration was 3795 pg/ml amniotic fluid.
e The average total PBDE concentration ranged from 337 to 21842 pg/ml.
e BDE-47 and BDE-99 were identified in each sample of human amniotic fluid.

« BDE-208, 209, 203, 206, 207, and 47 were the most abundant BDESs in amniotic
fluid.
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Fig. 1.

PBDE homologue profile in human amniotic fluid. The relative contributions of PBDE
homologues (based on bromine number) to ZPBDE are shown; the percent contribution is
specified above the segment representing each homologue group.
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