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Prenatal life is the most sensitive stage of human development to environmental pollutants. Early exposure to
persistent organic pollutants (POPs) may increase the risk of adverse health effects during childhood. The mech-
anisms of transference of POPs during pregnancy are still not well understood. The present study is aimed to
investigate the transfer of POPs between mother and fetus. The concentrations of 14 organochlorine pesticides,
7 polychlorinated biphenyls (PCBs) and 14 polybromodiphenyl ether (PBDEs) congeners have been measured
in 308 maternal serum samples, their respective umbilical cords and 50 placental tissues from a mother-infant
cohort representative of Spanish general population. In general, the adjusted lipid-basis concentrations were
higher in maternal serum than in cord serum and placenta. The concentrations of most pollutants between ma-
ternal serum and cord serum and between maternal serum and placenta were significantly correlated. These dis-
tributions were consistent with a predominant maternal source that transfers the pollutants into the placenta
and the fetus. However, this distribution did not correspond to passive diffusion of these compounds between
these tissues according to lipid content. The compounds more readily metabolized were higher in newborns,
which suggest that differences in metabolic capabilities may be responsible of the observed variations in POP dis-
tributions between mother and newborns. Prenatal exposure to 4,4’-DDT and some PBDEs such as BDE 99 and
BDE 209 is much higher than it could be anticipated from the composition of maternal serum. POP exposure as-
sessment studies of newborns may overlook the effects of some of these pollutants if they only consider maternal

determinations.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Human exposure to persistent organic pollutants (POPs) begins in
the uterine life period by transplacental transfer (Rogan et al., 1986).
Placenta may prevent transfer of some pollutants but there is evidence
that POPs, even those of high molecular weight can reach the fetuses
(Vizcaino et al., 2011). Transfer of contaminants during pregnancy
may have implications for fetus health. Fetuses are more vulnerable
than adults to chemical exposure as their immune system and detoxifi-
cation mechanisms are not fully developed. In-utero exposure may

Abbreviations: BDE, bromodiphenyl ether; BMI, body mass index; HCB, hexachloro-
benzene; HCH, hexachlorocyclohexane; GC-ECD, gas chromatography coupled to electron
capture detection; GC-MS, gas chromatography coupled to mass spectrometry; INMA,
Spanish Children's Health and Environment; IQR, interquartile range; LOD, limit of detec-
tion; ng/g, nanogram per gram; ng/mL, nanogram per mililiter; NICI, negative ionization
chemical ionization; OC, organochlorine compound; OCP, organochlorine pesticide;
PBDE, polybromodiphenyl ether; PCB, Polychlorobiphenyl; POP, persistent organic
pollutant; P, percentile; SD, standard deviation.
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lead to severe repercussions for newborns and may predispose to late
adult deleterious effects (Boekelheide et al., 2012). Thus, in utero
exposure to POPs, including polybromodiphenyl ethers (PBDEs),
polychlorobiphenyls (PCBs) and organochlorine pesticides (OCPs), has
shown to increase the risk of adverse development outcomes in chil-
dren (Gascon et al., 2012; Herbstman et al., 2010; Lopez-Espinosa
et al,, 2011; Park et al,, 2008a; Ribas-Fito et al., 2007; Valvi et al,,
2012). These results have increased notably the interest of the scientific
community on exposure to these compounds during gestation.
Consequently, the number of studies reporting prenatal concentra-
tions of POPs has increased in the recent years. Examination of this pre-
vious work evidences difficulties for comparison since there is a lack of
standardization regarding subject selection, timing of sampling and re-
ported levels (Jakobsson et al., 2012). Placenta, maternal and cord
serum are the most common matrices to assess prenatal exposure to
POPs, notwithstanding the processes of transfer of these pollutants
from mother to fetus during pregnancy are still not clear (Barr et al.,
2005). Previous studies stated that the distribution in body compart-
ments of chemicals with log Ko, > 4 is driven solely by lipid fraction
in tissues and blood (Haddad et al., 2000). Accordingly, partition ratios
between matrices of POPs should be close to 1 when adjusted for lipid
content. However, there is small experimental evidence from human
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studies to evaluate this statement. Some exposure assessment studies
have shown good correlations between mother, placenta and cord
serum (Bergonzi et al., 2009) but studies describing the distributions
and partition ratios of POPs between placenta, cord and maternal
serum in humans are very scarce and limited to a reduced number of
subjects (Needham et al,, 2011).

The present study is aimed to give insight into the transfer of
POPs through placenta in a population exposed to baseline levels
by examination of maternal and fetal distribution of POPs in mother-
child pairs and quantification of the partition ratios between placenta,
maternal and cord serum samples. Hexachlorobenzene (HCB),
3-hexachlorocyclohexane (3-HCH), 4,4’-DDT and their principal me-
tabolite 4,4’-DDE, PCBs (PCB 118, 138, 153 and 180) and PBDEs (BDE
28,47,99, 153, 154 and 209) have been studied. A mother-infant cohort
from Asturias (Spain) that is representative of Spanish general popula-
tion has been selected as test case. Except BDE 209 all these compounds
are listed in the Stockholm Convention on POPs as priority chemicals.
BDE 209 has been restricted in Europe but as its production and use is
still ongoing in most of the world (EBFRIP, 2009) continued environ-
mental exposure to this compound is expected over next years.

2. Material and methods
2.1. Study population

The cohort of study was established in Asturias by the Preventive
Department of the University of Oviedo, as part of the INMA — Infancia
y Medio Ambiente (Environment and Childhood) Project. This project
encompasses seven Spanish areas and analyzes the influence of prenatal
environmental exposures on growth, development, and health of
infants from early fetal life until childhood (Guxens et al., 2012). 494
pregnant women were recruited between May 2004 and June 2007.
Deliveries took place between October 2004 and February 2008 at the
reference hospital San Agustin, in Avilés (Asturias, Spain). 326 cord
blood samples were successfully collected from assistance to 485 child-
births within the cohort population. 308 mother-umbilical cord blood
paired samples were finally available as consequence of this project. Pla-
cental tissues were collected in a subset of 50 women. We present data
of POP concentration for the 308 paired samples available and 50 pla-
centa samples. The characteristics of the mothers from this group of
308 paired samples did not show significant differences from the
whole recruited group (data not shown). The study protocol was ap-
proved by the Ethics Committee of the reference hospital, and informed
consent was obtained for every participant.

2.2. Data and sample collection

Maternal blood samples were collected during the first trimester of
gestation (median = 12 weeks; range = 10-13 week). Whole cord
blood samples were collected using venipuncture of cord vessels before
the placenta was delivered. Maternal and cord serum were collected
after centrifugation for 10 min, separated into aliquotes of 1 ml and
stored at — 80 °C until analyses. The whole placenta was collected im-
mediately after delivery. Half of the placenta, including maternal and
fetal sides and central and peripheral parts, was placed in a glass con-
tainer of a mixer (Biichi Mixer B-400 Biichi Laboratories AG, Flawil,
Switzerland) for its homogenization. Once homogenized, aliquots of
25 g were stored and frozen at — 80 °C. Pregnant women completed
two detailed in-person questionnaires (weeks 10-13 and 28-32) on
anthropometric and sociodemographic characteristics and lifestyle
variables.

2.3. Laboratory analyses

The laboratory analytical methods and quality control procedures
for the analysis of POPs have been described elsewhere (Grimalt et al.,

2010; Vizcaino et al., 2009). Concentrations of 7 PCB congeners
(PCB28, PCB52, PCB101, PCB118, PCB153, PCB138 and PCB180),
a-HCH, B-HCH, y-HCH, 8-HCH, HCB, PeCB, 2,4’-DDT, 4,4’-DDT, 2,4'-
DDE, 4,4’-DDE, 2,4’-DDD, 4,4’-DDD and 14 PBDE congeners (BDE17,
BDE28, BDE47, BDE66, BDE71, BDE85, BDE99, BDE 100, BDE153,
BDE154 BDE138 BDE 183 and BDE 190 and BDE 209) were analyzed
in placental, maternal and cord serum samples.

Briefly, 1 mL of serum or 1 g of placental tissue were spiked with the
surrogate standards tetrabromobenzene (TBB) and decachlorobiphenyl
(PCB 209) and vortex stirred for 30 s at 2000 rpm. n-Hexane (3 mL)
was added, followed by concentrated sulfuric acid (2 mL). After reac-
tion, the mixture was stirred for 30 s and the supernatant n-hexane
phase was separated by centrifugation. The remaining sulfuric acid solu-
tion was re-extracted twice with 2 mL of n-hexane (each by 30 s stir-
ring and centrifugation). The combined n-hexane extracts (7 mL)
were additionally cleaned with sulfuric acid (2 mL, stirring 30 s).
Then, the n-hexane phase was separated by centrifugation and reduced
to a small volume under a gentle nitrogen stream. The extract was
transferred to gas chromatography (GC) vials using four 25 pL rinses
of isooctane. PCB 142, BDE 118 (20 uL) and ['3C]-BDE 209 (10 pL)
were added as internal standards before injection. Organochlorine com-
pounds (OCs) were determined by GC with electron capture detection
(GC-ECD). BDE congeners were analyzed by GC coupled to mass spec-
trometry in chemical ionization mode and negative ion recording.

Total cholesterol and triglycerides were determined in maternal and
cord serum samples using colorimetric enzymatic methods in the
General Biochemistry Laboratory of Hospital San Agustin. The samples

Table 1
Characteristics of the study population, INMA-Asturias cohort 2004-2008
(N = 30).

n (%)
Age: Mean (SD) 31.5(4.3)
<29 years 98 (31.9)
30-34 years 129 (42.0)
>35 80 (26.1)
Pre-pregnancy BMI': Median (IQR)? 22.7(5.1)
Underweight (<18.5 kg/m?) 11(3.6)
Normal weight (18.5-25 kg/m?) 209 (68.1)
Overweight (25-30 kg/m?) 66 (21.5)
Obese (>30 kg/m?) 21(6.8)
Gestational weight gain®: Mean (SD) kg 14.1 (5.2)
Inadequate 109 (35.6)
Recommended 82 (26.8)
Excessive 115 (37.6)
Country of birth
Spain 299 (97.4)
Others 8(2.6)
Parity
Primiparous 195 (63.5)
Multiparous 112 (36.5)
Education
Up to Primary 52 (16.9)
Secondary 131 (42.7)
University 124 (404)
Socio-economic status
IV + V (Lowest) 166 (54.3)
il 72 (23.5)
I + II (Highest) 68 (22.2)
Working status
Employed 227 (76.2)
Unemployed 71(23.8)

! BMI = Body mass index.

2 IQR = interquartile range.

3 Gestational weight gain according to the Institute of Medicine (IOM) guide-
lines.

T Numbers do not always sum total number of participants because of missing
data.
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were processed using a Roche Diagnostics COBAS C711. Total serum
lipid concentrations were calculated as described by Phillips et al.
(1989) using the following formula:

TL = (2.27 +TC) + TG + 62.3 mg-dL™".

Placental lipids were determined gravimetrically. 1 g of placental
tissue was homogenized in 5 mL of chloroform:methanol:hydrochloric
acid (20:10:0.1) (v/v/v). After repeating the process, 10 mLof 0.1 N HCl
were added and centrifuged at 3000 rpm for10 min. The organic phase
was then collected; the non-organic phase was re-extracted and added
to the first extraction product. Total lipid content was determined after
drying the organic extracts under a nitrogen stream to constant weight.
Dried lipids were weighted in a Mettler AG135 Balance, with +-0.01 mg
accuracy. Total lipid concentrations were expressed in grams of lipid per
gram of placenta (Lopez-Espinosa et al., 2007).

Validation of analytical results (including POPs and total lipid con-
centrations) was made by analysis of reference material obtained from
the Arctic Monitoring and Assessment Program (AMAP). We participate
regularly in the AMAP Ring Test Proficiency Program for POPs in human
serum (Centre de Toxicologie Institut National de Santé Publique du
Québec, Québec, Canada) and the laboratory results usually are within
20% of the consensus values, including lipid concentrations.

2.4. Data analysis
POP levels were expressed in ng/mL. They were also adjusted to total

serum lipid concentrations (ng/g lipid). Values of half detection limit
were assigned when measurable analyte concentrations were not

Table 2

Concentrations of organohalogen compounds in cord serum (N = 308), placenta (N = 49) and maternal serum (N = 308), pairs, INMA-Asturias cohort 2004-2008.

found. Spearman correlation and scatter plots were used to examine
associations between POP levels in placenta, maternal and cord serum.
Placental transfer was evaluated by calculation of the concentrations ra-
tios between paired samples for each compound on ng/mL and ng/g
lipid:

where C is the umbilical cord concentration, Cy, is the maternal con-
centration and G, is the placental concentration. Correlations and con-
centration ratios were calculated excluding non detected values. Values
exceeding three times the standard deviation of the mean were consid-
ered outliers and consequently excluded from the ratio calculations. The
ratios of each compound were only calculated if there were at least 10
paired samples above the detection limit (Needham et al., 2011). Regres-
sion analyses with forcing regression to 0 were also calculated. No major
differences were found between these options (data not shown). There-
fore, only median concentration ratios are reported.

3. Results

Mean maternal age and standard deviation at delivery was 31.5 (4.3)
(Table 1).97.4% of the mothers were originally born in Spain, 63.5% were
primiparous and around 54% belonged to the lowest socioeconomic sta-
tus. More than 42% had finished secondary education and about 76%
were employed during pregnancy. 21.5% of the mothers were over-
weight and 6.8% were obese according to WHO body mass index (BMI)
standards. On average, gestational weight gain was 14.1 + 5.2 kg
(Table 1).

% (>LOD)! Median (IQR)? range % (>LOD)! Median (IQR)? range % (>LOD)" Median (IQR)? range
Cord serum Placenta Maternal Serum
ng/mL ng/g placenta ng/mL
[ng/g lipid] [ng/g lipid] [ng/g lipid]
4,4'-DDT 90 0.08 (0.09) nd-1.58 92 0.07 (0.06) 0.01-1.1 80 0.10 (0.09) nd-1.28
[33.3 (40.6)] [nd-649] [7.1(7.8)] [0.75-76.94] [18.8 (17.8)] [nd-219]
4,4'-DDE 100 0.46 (0.6) 0.003-5.9 100 0.46 (0.48) 0.08-75 100 1.34 (1.34) 0.23-20.6
[175 (233)] [1.1-2022] [46.3 (52.4)] [5.4-535] [243 (294)] [35-3945]
HCB 98 0.13 (0.13) nd-1.1 100 0.29 (0.36) 0.04-1.1 100 0.33(0.33) 0.06-2.3
[49.5 (52.6)] [nd-434] [29.4 (324)] [2.8-209.3] [69.5 (63.1)] [12.1-433]
B-HCH 90 0.05 (0.07) 0.01-0.68 98 0.18 (0.17) nd-1.32 98 0.13 (0.15) nd-1.8
[16.9 (26.3)] [nd-236] [189 (21.2)] [nd-1369] [25.4 (27.8)] [nd-326]
PCB 28 10 <0.007% nd-0.05 27 <0.007% nd-04 68 0.02 (0.04) nd-0.51
[nd-1.99] [nd-75.9] [3.5 (0.65)] [nd-95]
PCB 118 37 <0.01% nd-0.29 59 0.03 (0.03) nd-0.07 89 0.06 (0.06) nd-0.22
[nd-99] [3.1(2:6)] [nd-11.1] [10.2 (10.2)] [nd-42.4]
PCB 138 92 0.08 (0.056) nd-0.61 92 0.11 (0.09) nd-1.2 100 0.20 (0.12) 0.05-1.6
[32.2 (25.3)] [nd-239] [109 (8.1)] [nd-192.2] [38.5(26.8)] [9.05-307]
PCB 153 98 0.11 (0.078) nd-0.87 100 0.15 (0.09) 0.03-047 100 0.34(0.19) 0.08-2.4
[47.1 (35.3)] [nd-323] [16.3 (11.0)] [2.2-49.8] [65.7 (40.3)] [12.9-447]
PCB 180 97 0.07 (0.046) n-1.1 100 0.12 (0.09) 0.01-0.36 99 0.25 (0.16) nd-3.0
[27.8 (25.7)] [nd-399] [103 (9.2)] [0.73-35.1] [47.9 (31.8)] [nd-568]
BDE 28 20 <0.0007% nd-0.03 45 <0.0007% nd-0.04 25 <0.0007% nd-0.02
[nd-14] [nd-4.2] [nd-3.68]
BDE 47 36 <0.002¢ nd-0.28 17 <0.002¢ nd-0.008 22 <0.0028 nd-0.13
[nd-116] [nd-0.64] [nd-24.8]
BDE 99 32 <0.0028 nd-0.22 4 <0.002¢ nd-0.005 60 0.008 (0.02) nd-0.16
[nd-90.6] [nd-0.55] [1.55 (3.55)] [nd-30.6]
BDE 153 43 <0.0018 nd-0.16 62 0.004 (0.009) nd-0.05 94 0.013 (0.013) nd-0.45
[nd-65.7] [0.37 (1.01)] [nd-4.37] [2.60 (2.60)] [nd-84.3]
BDE 154 14 <0.0028 nd-0.09 6 <0.002% nd-0.006 85 0.012 (0.02) nd-0.11
[nd-39] [nd-0.83] [24 (4.0)] [nd-27.3]
BDE 209 15 <0.005% nd-0.16 54 0.010 (0.009) nd-0.11 31 <0.005% nd-0.16
[nd-61.0] [0.99 (1.1)] [nd-17.3] [nd-38.9]

! LOD: limit of detection.
2 IQR: interquartile range.
§ Values correspond to 1/2 LOD.
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Table 3
Spearman coefficients between POPs in maternal, cord serum and placental tissue in the
Asturias INMA cohort (Spain), 2004-2008.

Maternal serum

Cord serum Placenta
N = 308 N = 50
HCB 0.9%* 0.9%*
B-HCH 0.7%* 0.8%*
4,4’-DDT 0.4%* 03
4,4’-DDE 0.9%* 0.9%*
PCB118 0.1 0.11
PCB138 0.6%* 0.5%*
PCB153 0.7%* 0.7*%*
PCB180 0.7 0.7°+%
BDE 28 0.2 -
BDE 47 0.5%* -
BDE 99 0.05 -
BDE 153 0.2** —0.04
BDE 154 0.4%* -
BDE 209 0.2 —04

- Low number of observations above limit of detection.
** p<0.001.

The mean lipid content in placenta was 1.2% (range 0.43-1.7%) and
total lipids in cord and maternal serum were 2.6 g/L (1.7-16 g/L) and
53 g/L (3.3-11 g/L), respectively.

PCB congeners 52 and 101, PBDE congeners 17, 66, 71, 85, 100, 138,
183 and 190 and PeCB, y-HCH, 6-HCH, a-HCH, 2,4’-DDT, 2,4’-DDE, 4,4'-
DDD and 2,4’-DDD were usually below limit of detection. The concen-
trations of POPs quantifiable in more than 50% of the samples in at
least one of the studied matrices are shown in Table 2. 4,4’-DDE was
the pesticide found in highest abundance and was found above limit
of quantification in 100% of all samples analyzed. HCB was also above
limit of quantification in 100% of the maternal serum and placenta sam-
ples and in 98% of the cord serum samples.

On lipid basis, the concentrations of organochlorine pesticides
(OCPs) were higher in mothers than in newborns and placental samples
(Table 2). 4,4’-DDT was the only exception to this trend and was higher
in newborns. PCBs were found above limit of detection in all maternal
samples. The maternal concentrations of these compounds (median =
164 ng/g lipid and range between 47 and 1353 ng/g lipid) were much

Table 4
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higher than in newborns (median = 118 ng/g lipid and range between
24 and 967 ng/g lipid) and placenta (median = 40 ng/g lipid and range
between10-230 ng/g lipid). In all matrices, the PCB distributions were
dominated by PCB 153, followed in abundance by PCB 180 and PCB
138 in newborns and mothers. In placenta, PCB 153 was followed by
PCB 138 and PCB 28. The median concentrations of total PBDEs were
higher in maternal serum (11 ng/g lipid) than in newborns (5.4 ng/g
lipid) and placenta (2.3 ng/g lipid) (Table 2).

Different PBDE congener profiles were found in each of these three
types of matrices. BDE 153 and 154 were the most abundant congeners
in maternal serum. In placenta the dominant congener was BDE 209.
The median values of all congeners in cord blood serum were below de-
tection limit but BDE47 was the compound found at higher concentra-
tions in some samples (Table 2).

Spearman correlations between paired samples ranged from weakly
negative to strongly positive (Spearman rho = —0.04 to 0.9; Table 3).
HCB and B-HCH showed significant correlations between maternal
and cord serum and placenta (p < 0.001). 4,4’-DDE also showed signif-
icant correlations between these matrices. The concentrations of
4,4’-DDT in maternal and cord serum were significantly correlated but
those between maternal serum and placenta were not (Table 4). The
more chlorinated PCB congeners, PCBs 138, 153 and 180, were again
showing significant correlations between maternal serum, cord serum
and placenta. The concentrations of the less chlorinated congeners did
not exhibit significant correlations. No correlation was observed for
the concentrations of PBDEs between maternal serum and placenta.
However, statistically significant correlations were observed for BDEs
47,153 and 154 between maternal and cord serum (Table 3). No sub-
stantial correlation differences were observed when considering the
concentrations on wet weight or lipid weight basis (data not shown).

Median C, / C;,, varied between 0.28 and 0.91 when the concentra-
tions were considered in ng/mL and between 0.57 and 1.8 when calcu-
lating the concentrations in ng/g lipid (Table 4). The PCB congeners
showed different ratios following a trend that was consistent with the
number of chlorine substituents. PCB 118 (5 chlorine substituents)
had the highest ratio, 0.45, PCB138 and PCB153 (6 chlorine substitu-
ents) had ratios of 0.39 and 0.37, respectively, and CB180 (7 chlorine
atoms) had a median ratio of 0.28. 4,4’-DDT showed the highest ratio,
0.91, of all studied compounds. Among PBDEs, BDE 209 showed the
highest ratio, 0.8, followed by BDE 99, 0.66, and BDE 47, 0.58.

Median concentrations ratios of organohalogen compounds in cord serum, placenta and maternal serum pairs, INMA-Asturias cohort 2004-2008.

Placenta-maternal serum concentration
ratios (Cp/Crny

Umbilical cord-maternal serum
concentration ratios (Cyc/Cry)

ng/mL ng/g lipid ng/mL ng/g lipid
Molecular weight®  Molar volume®  Num halogen substituents Log K, Num of pairs® Median (IQR) Num of pairs® Median (IQR)

3-HCH 291 244 6 3.7° 247 0.34(0.23) 0.70 (048) 48 1.20 (0.64) 0.61 (0.50)
HCB 285 221 6 5.4° 291 0.37(0.15) 0.75(0.30) 48 0.88 (0.40) 047 (0.22)
44'-DDE 319 305 4 5.9° 304 0.34 (0.47) 0.68(0.32) 49 0.36 (0.15) 0.17 (0.12)
44-DDT 355 334 5 6.1° 243 0.91(0.90) 1.80(1.70) 36 0.65(0.75) 0.34 (0.46)
PCB118 326 289 5 6.6 101 045 (042) 0.98(0.73) 23 049 (0.36) 0.27 (0.24)
PCB138 361 310 6 6.7° 278 0.39 (0.20) 0.81 (0.42) 44 0.60 (0.36)  0.30 (0.19)
PCB153 361 310 6 6.6" 302 0.37(0.18) 0.75(0.38) 50 0.52(0.22) 0.28 (0.16)
PCB180 395 331 7 7.2° 296 0.28 (0.16) 0.57 (0.35) 49 049 (0.23) 0.25(0.13)
BDE28 407 266 3 5.9¢ 11 0.57 (0.62) 1.26 (097) -

BDE47 486 289 4 6.8 40 0.58 (0.62) 0.90 (1.04) -

BDE99 565 312 5 7.3¢ 56 0.66 (1.15) 1.20(1.60) -

BDE 153 644 335 6 7.8 118 0.31(033) 0.58 (0.68) 28 0.62 (1.30) 0.31 (0.68)
BDE154 644 335 6 7.9 39 0.46 (0.68) 0.74 (1.00) -

BDE209 959 429 10 11.1¢ 10 0.80(1.36) 1.60(240) 10 040 (1.15) 023 (0.33)

2 Mackay et al. (2006).

b Carrizo et al. (2006).

¢ Braekevelt et al. (2003).

4 ATSDR (2004).

€ Number of paired samples above limit of quantification.

Insufficient number of observations. C,.: Umbilical cord concentration; Cp,: maternal concentration and C,: placental concentration.
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Median C, / Cy, varied between 0.36 and 1.2 in ng/mL and between
0.17 and 0.61 in ng/g lipid. 3-HCH presented the highest accumulation
in placenta (Cp/Cy of 1.2 in ng/mL and 0.61 in ng/g lipid) and
4,4'-DDE the lowest (C,, / C, 0f 0.36 in ng/mL and 0.17 in ng/g lipid).

Another way to represent the distribution of these pollutants among
the three matrices may be obtained by calculation of the relative per-
cent distribution of the concentrations between maternal and cord sam-
ples (Fig. 1) or maternal, placental and cord samples (Fig. 2). These
relative distributions must be calculated for each individual and the
resulting proportions averaged. Obviously, only the individuals having
concentration above quantification limits for all matrices considered
were included in the compound averages. The distributions can also
be calculated using either concentrations in ng L~ ' or ng/g lipid. As ob-
served for the ratios in the second case, the proportions of pollutants in
cord serum or placenta increased (Figs. 1 and 2) because maternal
serum has higher lipid content than cord serum and placenta, 5.3, 2.6
and 1.2 g L™}, respectively.

4. Discussion

4.1. Correspondences in the composition of POPs in maternal, cord serum
and placenta

The maternal and newborn concentrations of the examined pollut-
ants and their relative distributions differed slightly but the observed
concentrations were highly correlated for most compounds. Thus, HCB,
[3-HCH, 4,4'-DDT, 4,4’-DDE, PCB 138, PCB 153, PCB 180, BDE 47, BDE
153 and BDE 154 showed significant Spearman coefficients (p < 0.001;
Table 3). These results are in agreement with previous observations in
which strong maternal-fetal correlations for the concentrations of these
pollutants were found (Bergonzi et al., 2011; Eik Anda et al., 2007;
Fukata et al., 2005; Mazdai et al., 2003; Meironyté Guvenius et al.,
2003; Waliszewski et al., 2000a) and others involving significant correla-
tions with lower Spearman coefficients (Covaci et al., 2002; Jarrell et al.,
2005; Kawashiro et al., 2008; Koopman-Esseboom et al., 1994; Park
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Fig. 1. Average percentage distribution of persistent organic pollutants (POPs) between maternal and fetal serum expressed as ng/mL (a) and lipid adjusted concentrations (b). Interval
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etal., 2008b). Studies in Slovakia (Park et al., 2008b), Catalonia (Sala et al.,
2001) or Belgium (Covaci et al., 2002) found similar maternal-newborn
rates of PCBs, about 20-30% of maternal concentrations in cord serum
on ng/mL as in the present study. In Sweden (Meironyté Guvenius
et al., 2003), Poland (Jaraczewska et al., 2006), Faroe Islands (Needham
et al,, 2011) and Canada (Muckle et al., 2001) lipid adjusted concentra-
tions of cord serum ranged from 50 to 90% of maternal concentrations
which is again in agreement with the present results.

Conversely, these correlations were not found in other studies
(Antignac et al., 2009; Gémara et al., 2007; Kanja et al., 1992; Nair
et al., 1996; Sala et al., 2001; Soechitram et al., 2004) and in some
cases, e.g. Japan (Fukata et al., 2005) or Netherlands (Soechitram et al.,
2004), lipid adjusted concentrations of PCBs were almost equal or
slightly higher in cord than in maternal serum.

The correlations observed in the present study were found between
maternal serum collected at 12 weeks of pregnancy and cord serum

collected at delivery. In general, no changes in maternal POP concentra-
tions have been observed during gestation (Glynn et al., 2011; Jarrell
et al., 2005; Longnecker et al., 1999; Meijer et al., 2008) although some
studies show discrepant results (Bloom et al., 2007, 2009; Hansen
et al, 2010).

4.2. Mother-to-fetus POPs transfer

The correlations observed in the present study involve a direct corre-
spondence between higher maternal and newborn concentrations
which is consistent with the transfer of pollutants from mother to
fetus. Accordingly, all compounds exhibiting significant correlation coef-
ficients between these two matrices have C,./C, ratios < 1 when calcu-
lated from ng/mL units or, with the only exception of 4,4’-DDT, when
calculated from ng/g lipid units (Table 4). Representation of the aver-
aged relative proportion distributions of these pollutants in the maternal
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newborn serum pairs also show higher proportion of all correlated pol-
lutants in the former than in the latter when calculated over the ng/mL
data as well as over ng/g lipid, with the only exception of 4,4’-DDT in this
last case (Fig. 1).

Similarly, a high number of significant Spearman coefficients were
observed between maternal and placental concentrations, e.g. HCB,
3-HCH, 4,4'-DDE, PCB 138, PCB 153 and PCB 180 (p < 0.001). Again,
these coefficients document a significant association between higher
concentrations of pollutants in maternal serum and placenta which is
again consistent with a transfer from the former to the second. Accord-
ingly, the C,/Cy, ratios of the compounds exhibiting significant correla-
tions between these two matrices are < 1 when calculated over ng/mL
(with the only exception of 3-HCH) or over ng/g lipid (Table 4) and
the averaged distributions of these compounds between maternal and
newborn serum and placenta show higher relative proportions of
these correlated pollutants in maternal serum than in placenta in all
cases except 3-HCH when calculated over ng/mL. However, in these
maternal-placental correlations 4,4’-DDT and none of the PBDEs show
significant coefficients which constitutes a distinct feature from the re-
sults of the maternal-fetal concentrations.

Passive diffusion might control the transport of POPs across mem-
branes (Myllynen et al., 2005) if the concentrations of these compounds
tend to distribute uniformly among lipid-rich tissues (Russell et al.,
1999; Waliszewski et al., 2001). In the present study, the concentration
ratios between cord serum and maternal serum or placenta and mater-
nal serum are not close to 1 when lipid adjusted (Table 4) which indi-
cates that other processes also influence the distribution of these
compounds among the different tissues.

Pollutant properties such as molecular weight, lipid solubility and
protein binding (Myllynen et al., 2009) could also determine the trans-
fer of pollutants from mother to fetus to a great extent (Needham et al.,
2011). However, statistical analysis did not show any correlation be-
tween these concentration ratios and chemical properties of these pol-
lutants such as molecular weight, molar volume, number of halogen
substituents or log octanol water partition coefficient (K,,,) (data not
shown).

These results suggest that other processes besides transfer related to
physical-chemical equilibrium are significant for the distribution of
these pollutants between mother, placenta and fetus.

4.3. Selective accumulation in cord blood serum or placenta

3-HCH was the only compound which displayed higher concentra-
tions in placenta than in cord serum (Fig. 2) suggesting that this mem-
brane may act as a partial barrier for this contaminant. The PCB
distributions in maternal, cord blood serum and placenta were quite
similar. However, there was some indication that the degree of chlori-
nation might prevent the passage through placenta to larger molecular
size PCBs. Some previous studies reported decreases of the relative
concentrations of the high chlorinated PCBs in cord serum (Koopman-
Esseboom et al., 1994; Soechitram et al., 2004). Similarly, in some previ-
ous studies PCB distributions dominated by the less chlorinated conge-
ners were reported in placenta (Fernandez et al., 2012; Gémara et al.,
2012; Maetal., 2012; Needham et al., 2011), though this is not observed
in the present study.

In this study, the significant correlations observed between PCBs in
maternal serum and placenta and cord serum showed the highest Spear-
man coefficients among the congeners of higher chlorination (Table 3).
These strong correlations require a uniform distribution of PCBs be-
tween the three types of matrices as observed in Table 2.

Conversely, the concentrations of the PCB congeners of lower degree
of chlorination did not exhibit significant correlations between the
three types of samples. These congeners are less hydrophobic and
more difficult to accumulate in human tissues. The observed distribu-
tions show concentrations above limit of quantification for all congeners
in maternal serum and below limit of detection for PCB 118 in cord

serum and PCB 28 in cord serum and placenta. The significant correla-
tions of the concentrations of the higher chlorinated PCBs in all three
matrices and their higher abundance in the maternal serum are consis-
tent with the above mentioned distribution involving a maternal source
that transfers these pollutants to the placenta and the fetal cord blood.
However, this transfer is not a passive process related to diffusion into
the lipid materials present in these tissues. Normalization to lipid
content does not reflect similar values between these three sample ma-
trices. Some active mechanisms such as the transport of enzymes
through the membranes are likely associated to this transplacental
transfer. These mechanisms may explain that compounds such as BDE
209 accumulate in cord blood.

However, some compounds exhibit specific trends. The C,/Cy, ratios
of 4,4’-DDT are higher than those of the other OCs. The higher 4,4’-DDT
concentrations in newborns may result from a more rapid transforma-
tion to more stable metabolites such as 4,4’-DDE in mothers than
fetus. The latter do not have efficient elimination mechanisms of toxi-
cants (Alcorn and McNamara, 2003), once pollutants cross the placenta
they do not have the same capacity for metabolizing these compounds
than their mothers. High concentrations of 4,4’-DDT in cord blood
serum in relation to other OCs have also been observed in other studies
(Al-Saleh et al.,, 2012; Muckle et al., 2001; Pathak et al., 2009;
Waliszewski et al., 2000b).

Decreasing trends between maternal and fetal PBDE concentration
ratios at higher degree of bromination have been reported in some stud-
ies (Frederiksen et al., 2009; Jakobsson et al., 2012; Meironyté Guvenius
et al,, 2003) in which it was concluded that the higher brominated con-
geners of these mixtures had more difficulties to cross the placenta.
However, none of these studies analyzed BDE 209 or had sufficiently
low detection limits to detect this compound in cord blood serum. In
the present study, we have observed higher concentration of BDE 209
in newborns than in their mothers which is in accordance to other stud-
ies (Antignac et al., 2009; Gémara et al., 2007) which reported an en-
richment of BDE209 in cord serum. The presence of BDE209 in cord
serum and placenta indicates its bioavailability and transport across pla-
centa despite its size. In principle, small molecules penetrate mem-
branes more easily than large ones (Arnot et al., 2010). However, once
large molecules penetrate placenta and reach the fetus it might be
more difficult to eliminate them due to the lower biotransformation ca-
pabilities of early life metabolism (Alcorn and McNamara, 2003). BDE
209 was not very frequent in newborns, but whenever it was found it
was the dominant PBDE congener.

Similarly, higher C,./Cy, ratios have been found for BDE 99 than for
BDE 47. These results can be explained by differences in metabolic
transformation between congeners. BDE 99 is usually metabolized to a
greater extent than BDE 47 in adults (Stapleton et al., 2009). Previous
studies have found high concentrations of BDE 99 in cord blood
(Antignac et al., 2009; Gémara et al., 2007; Kim et al., 2012; Mazdai
et al,, 2003). Similarly, the high prevalence of BDE 154 in mothers com-
pared to newborns indicates the difference of metabolic capacities of
mothers and fetus. Higher presence of BDE 154 reflects biotransforma-
tion of more brominated congeners such as BDE 183 (Roberts et al.,
2011).

5. Conclusions

The distributions of most OCs between maternal serum and cord
serum and maternal serum and placenta are significantly correlated.
In general, the highest relative concentrations are found in maternal
serum and the lowest in cord serum. These distributions are consistent
with a predominant maternal source that transfers the pollutants to the
placenta and the fetus. However, these distributions do not correspond
to pollutant passive diffusion among the three types of tissues according
to their lipid content. Conversely, they require an active transplacental
transfer of the compounds possibly in association to the transport of en-
zymes through the membranes.
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The compounds that can be metabolically transformed, namely 4,4'-
DDT and several PBDEs, have been observed to accumulate selectively in
cord blood. Once these are able to reach the fetus they are better pre-
served than in the maternal tissues. This difference evidences a low ca-
pacity of fetal metabolism for the degradation of organic pollutants
which may lead to the accumulation of pollutants that usually are
found in minor concentrations in mothers. POP exposure assessment
studies of newborns may overlook the effects of some of these pollut-
ants if they only consider maternal determinations.
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