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A B S T R A C T

Exposure to persistent organic pollutants (POPs) during pregnancy is associated with a disruption in thyroid
hormone balance. The placenta serves as an important environment for fetal development and also regulates
thyroid hormone supply to the fetus. However, epigenetic changes of thyroid regulating genes in placenta have
rarely been studied. This study was conducted to evaluate the association between several POP concentrations in
maternal serum and DNA methylation of thyroid hormone-related genes in the placenta. The placenta samples
were collected from 106 Korean mother at delivery, and the promoter methylation of the placental genes was
measured by a bisulfite pyrosequencing. The deiodinase type 3 (DIO3), monocarboxylate transporter 8 (MCT8), and
transthyretin (TTR) genes were selected as the target genes as they play an important role in the regulation of
fetal thyroid balance. Because people are exposed to multiple chemicals at the same time, a multiple-POP model
using principal component analysis (PCA) was applied to evaluate the association between the multiple POPs
exposure and the epigenetic change in placenta. In addition, a single-POP model which includes one chemical
each in the statistical model for association was conducted.

Based on the single-POP models, serum concentrations of p,p′-dichlorodiphenyldichloroethylene (p,p′-DDE)
and brominated diphenyl ether-47 (BDE-47) were significantly associated with an increase in placental DIO3
methylation, but only among female infants. Among male infants, a positive association between serum p,p′-DDT
and MCT8 methylation level was found. According to the multiple-POP models, serum DDTs were positively
associated with DIO3 methylation in the placenta of female infants, while a positive association with MCT8
methylation was observed in those of the male infants. Our observation showed that in utero exposure to DDTs
may influence the DNA methylation of DIO3 and MCT8 genes in the placenta, in a sexually dimorphic manner.
These alterations in placental epigenetic regulation may in part explain the thyroid hormone disruption observed
among the newborns or infants followed by in utero exposure to POPs.
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1. Introduction

Persistent organic pollutants (POPs) are ubiquitously present in the
environment and in biota because of their persistence and bioaccu-
mulative potential. Many studies have reported that in utero exposure
to POPs is linked to disruption of fetal thyroid hormone levels of several
populations (Abdelouahab et al., 2013; Chevrier et al., 2007; de Cock
et al., 2014; Hisada et al., 2014; Maervoet et al., 2007). In Belgium and
Canada, for example, prenatal exposures to organochlorine pesticides
(OCPs) and polybrominated diphenyl ethers (PBDEs) were inversely
associated with cord serum thyroid hormones such as triiodothyronine
(T3) and thyroxine (T4) (Abdelouahab et al., 2013; Maervoet et al.,
2007). Among newborn infants of Japan and the United States (US),
thyroid stimulating hormone (TSH) levels showed a positive association
with concentrations of polychlorinated biphenyls (PCBs) or their me-
tabolites in maternal serum (Chevrier et al., 2007; Hisada et al., 2014).
However, the underlying mechanisms of such associations among the
mother-child pairs have not yet been thoroughly elucidated.

During pregnancy, the placenta provides unique intrauterine en-
vironment, which mediates maternal-fetal interactions (Jansson and
Powell, 2007). Thyroid hormones play a pivotal role in cell differ-
entiation and normal development. The developing fetus relies on the
maternal supply of thyroid hormones either entirely or partially
throughout the gestation period, as endogenous hormone production
starts in the middle of the second trimester (Chan et al., 2009). For
trans-placental passage of thyroid hormones from mother to fetus, the
regulation of several genes in placenta is very important (Chan et al.,
2009; Forhead and Fowden, 2014). Those genes include iodothyronine
deiodinases, e.g., deiodinase type 3 (DIO3), plasma membrane trans-
porters, e.g., monocarboxylate transporter 8 (MCT8), and binding pro-
teins within trophoblasts, e.g., transthyretin (TTR) (Chan et al., 2009).

Accumulating evidence has demonstrated that maternal exposure to
endocrine-disrupting chemicals such as bisphenol A, phthalates, several
heavy metals, and some pesticides were associated with epigenetic al-
terations in placental tissues and might lead to adverse health outcomes
in later life stages (Hogg et al., 2012; Marsit, 2016; Vaiserman, 2014).
Among the epigenetic regulations, DNA methylation, i.e., the addition
of a methyl group to a cytosine within CpG dinucleotides, is a relatively
more studied mechanism. DNA methylation occurs frequently in a
promoter region of a gene and may influence the regulation of the given
gene expression (Deaton and Bird, 2011). Previous epidemiological
studies reported that concentrations of urinary phthalates and cord
serum PBDEs were associated with DNA methylation of imprinted,
growth-related, or glucocorticoid receptor genes in human placentas
(LaRocca et al., 2014; Zhao et al., 2016a; Zhao et al., 2016b). Genome-
wide analysis has shown that prenatal exposure to mercury can lead to
an aberrant pattern of DNA methylation of the placental genes that is
related to neurobehavioral measures (Maccani et al., 2015). However,
to our knowledge, no studies have been reported on the DNA methy-
lation of thyroid hormone-related genes in the placenta, and their re-
lationship with POP exposure.

In the present study, we aimed to explore possible associations be-
tween prenatal POPs exposure and DNA methylation of the genes in
placenta, which are involved in trans-placental thyroid hormone
supply, i.e., DIO3, MCT8, and TTR. Because many clinical and animal
studies reported either sex-dependent differences in the occurrence of
some diseases such as congenital hypothyroidism (Eugène et al., 2005;
Intapad et al., 2014) or sex-specific associations between the POP ex-
posure and global methylation (Huen et al., 2014; Kobayashi et al.,
2017; Lee et al., 2017), we hypothesized that the infant's sex could
modify those associations. Moreover, since humans are exposed to
multiple POPs simultaneously, we employed a multi-pollutant approach
as we did in our previous study (Kim et al., 2018). This study will help
understand epigenetic regulatory mechanisms related to thyroid hor-
mone supply in the placenta, induced by POP exposure during the fetal
development.

2. Material and methods

2.1. Study population

Study participants were selected from the population who were
enrolled in the Children's Health and Environmental Chemicals in Korea
(CHECK) cohort in 2011, which included 148 women who gave full-
term deliveries in 2011 at five university hospitals in Korea.
Participating women were recruited either during pregnancy at the
second trimester, or when they visit hospital for deliveries. Women who
had thyroid diseases, gestational diabetes, and history of surgery during
pregnancy, and those who were suspected for occupational chemical
exposure and congenital deformity of fetus were excluded from the
study population. A total of 109 women were sampled for both ma-
ternal sera for a POP measurement in the third trimester and placental
tissues for a methylation assay during delivery. Two subjects with ex-
tremely high TSH concentrations (> 10 μIU/mL) in serum and one
additional subject with missing information on thyroid hormones were
excluded. Thus, the final sample size of this study was 106. A ques-
tionnaire survey was conducted to obtain demographic characteristics.
Birth weight, birth length, and gestational age were extracted from
medical records. Institutional Review Boards of Graduate School of
Public Health, Seoul National University, and all participating uni-
versity hospitals approved the study. All the participating women
provided informed written consents. All samples and data were pro-
cessed blindly.

2.2. Measurement of POPs in maternal serum

During delivery, maternal blood was collected using a serum se-
paration tube and stored at −80 °C until analysis. Levels of POPs in-
cluding 19 OCPs (N=106), 19 PBDE congeners (N=105), and 19 PCB
congeners were analyzed (N=106) using high-resolution gas chro-
matography interfaced with a high-resolution mass spectrometer
(HRGC/HRMS; JMS 800D, JEOL, Tokyo, Japan). Maternal serum POP
levels and detailed analytical methods for the study population were
reported previously (Choi et al., 2014; Choi et al., 2017).

All the serum POP concentrations were adjusted by the lipid con-
tents. The following formula was used for calculation of the total lipid:
total lipid (mg/dL)= 2.27*total cholesterol + triglycerides +62.3
(Phillips et al., 1989). Total cholesterol and triglyceride levels were
analyzed by enzymatic methods in a commercial clinical laboratory
(Samkwang Laboratory, Seoul, Korea). The respective LOQs for OCPs,
PBDEs, and PCBs ranged from 0.7 to 1.7 ng/g lipid weight (lw), from
0.2 to 0.8 ng/g lw and from 0.8 to 8.3 ng/g lw.

From the measured data in our previous studies (Choi et al., 2014;
Choi et al., 2017), we selected seven POPs for which at least 75% of the
maternal serums had concentrations greater than their respective LOQ
values. For the selected chemicals, non-detection was substituted with
LOQ divided by square root of two (Hornung and Reed, 1990). The total
concentrations of isomers (∑6DDTs, ∑19OCPs, ∑19PBDEs, and ∑19PCBs)
were calculated and used for statistical analysis as well. For the total
concentrations, non-detected values were substituted with zero.

2.3. DNA methylation analysis

2.3.1. Placental DNA isolation and bisulfite conversion
For sampling placental tissue, several sections of each placenta

(N=106), about 1x1x1 cm cube size, were randomly taken from the
fetal side immediately after delivery and stored at −25 °C until ana-
lysis. For each subject, one section of the collected placenta was used
for DNA isolation. After being washed twice in sterile phosphate-buf-
fered saline, placental samples were purified for genomic DNA using a
QIAamp Fast DNA tissue kit (Qiagen, Hilden, Germany) according to
the manufacturer's instructions. The DNA concentration and purity
ratio were measured using an ND1000 spectrophotometer (Nanodrop,
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DE, USA). Subsequently, 1 μg of the placental DNA was sodium bi-
sulfite-converted using an EZ DNA Methylation-Direct™ kit (Zymo
Research, Irvine, CA, USA), eluted in 20 μL elution buffer, and stored at
−20 °C until PCR amplification.

2.3.2. PCR amplification and pyrosequencing analysis
Methylation levels were measured in the promoter regions of the

selected genes, i.e., DIO3, MCT8 and TTR, using a pyrosequencing
assay. The gene-specific primers were designed by PyroMark assay
design software 2.0 (Qiagen, Valencia, CA, USA) to analyze 2–4 CpGs
within the promoter regions, following a previously described method
(Brown et al., 2016). Details of the selected regions and primers are
shown in Fig. S1 and Table S1 of Supplementary Materials.

The bisulfite-converted DNA was amplified using a PyroMark PCR
kit (Qiagen, Valencia, CA, USA). The amplification cycling condition
was as follows: 95 °C for 15min, followed by 45 cycles of 95 °C for 30 s,
59 °C (DIO3), 56 °C (MCT8), or 53 °C (TTR) for 30 s, and 72 °C for 30 s,
with a final extension at 72 °C for 10min. The PCR products underwent
pyrosequencing using a PyroMark Q96 MD system (Qiagen, Valencia,
CA, USA) in duplicate. Each run included a non-template control, and
repeatability of the assay was confirmed using human methylated and
non-methylated DNA sets (Zymo Research, Irvine, CA, USA).

2.4. Statistical analysis

Normality of distribution was checked from the histograms of con-
tinuous variables. For maternal serum POPs concentrations, differences
between infant sex were tested through Mann-Whitney's U test.
Spearman's correlation analysis was conducted to determine the cor-
relations among placental DNA methylation levels at each CpG site.
Relationships between DNA methylation and demographic character-
istics were assessed using Spearman's correlation or Student's t-test. All
maternal serum POPs and placental MCT8 methylation measurements
were natural log (ln)-transformed in statistical analyses because of a
right-skewness.

For associations between maternal serum POPs and placental DNA
methylation, a multiple linear regression was applied. Firstly, ‘single-
POP models’ were constructed with the concentration of each POP and
relevant covariates. For covariate selection, the initial regression model
was constructed with maternal age (continuous), infant sex (dichot-
omous) and gestational age at delivery (continuous), based on previous
studies (Abdelouahab et al., 2013; de Cock et al., 2014; Huen et al.,
2014; Leonetti et al., 2016; Kim et al., 2015; Zhao et al., 2016a, 2016b).
Smoke during pregnancy was not considered in the model construction
because our study participants were mostly non-smokers (95.3%,
Table 1). Then, we additionally considered self-reported pre-pregnancy
body mass index (BMI, continuous), parity (dichotomous), and mode of
delivery (dichotomous) as candidate covariates. Depending on a type of
the variables, Spearman correlation test, Mann-Whitney's U test, or
Kruskal-Wallis test was used to identify the covariates associated with
the exposure to POPs and/or with DNA methylation levels (p < 0.10).
Following a backward elimination (α= 0.15), maternal age, infant sex,
gestational age at delivery, parity, and mode of delivery were de-
termined as the final covariates to be used in the models. To explore sex
specific association, the same analysis was conducted again after infant
sex stratification.

Moreover, a multi-pollutant approach was carried out following a
method used in a previous study (Agay-Shay et al., 2015). Briefly, we
performed a principal component analysis (PCA) with varimax rotation
on target POPs. We retained three factors based on the eigenvalue-one
criterion, which accounted for 66.1% of the total variance. Then, we
included the factors separately (single-factor) or simultaneously (mul-
tiple-factors) to the regression model along with relevant covariates.
The models developed through this approach were named as ‘multiple-
POP models’.

In the present study, p < 0.05 was considered statistically

significant. We did not adjust p values for multiple comparisons in the
present study, because the adjustment such as Bonferroni correction,
could often be overly conservative and neglect possibly important
findings by inflating the type II error (Rothman, 1990). Instead, we
employed PCA and reduced the dimension of data and the number of
comparisons. All data were analyzed using SAS version 9.4 (SAS In-
stitute Inc., Cary, NC, USA).

3. Results

3.1. Population characteristics

Table 1 shows demographic and clinical characteristics of our study
population. Participating mothers (N=106) were healthy pregnant
women with the mean age of 33.0 ± 3.6 years. Majority did not smoke
during pregnancy (95.3%). For most women, body weight before
pregnancy was within the normal range, with an average BMI of
22.1 ± 3.7 (kg/m2). About a half were primipara. Among them, 74
had normal vaginal delivery (69.8%) and 32 had caesarean section
(30.3%). Both gestational age at delivery and serum thyroid hormone
levels of all these subjects were within normal range. Of the 106 mat-
ched newborns, 52 were female (49.1%) and 54 were male (50.9%).
Concentrations of thyroid hormones in maternal serum were in a
normal range. They did not significantly differ by infant sex (data not
shown).

3.2. Concentrations of maternal serum POPs

The concentrations of the measured POPs including 19 OCPs, 19
PBDE congeners, and 19 PCB congeners have been reported previously
(Choi et al., 2014; Choi et al., 2017). Among the POPs, seven com-
pounds were detected in> 75% of maternal serum samples (N= 106),
and these POPs included 4 OCPs, i.e., p,p′-dichlorodiphenyldi-
chloroethylene (p,p′-DDE), p,p′-dichlorodiphenyltrichloroethane (p,p′-
DDT), β-hexachlorocyclohexane (β-HCH), trans-nonachlordane (tNo-
naCHD), one PBDE congener, i.e., BDE-47, and 2 non-dioxin like PCBs,
i.e., PCB-138, and PCB-153 (Table 2). In terms of the level of detection,
the most abundant compound was p,p′-DDE (median, 57.7 ng/g lw),

Table 1
Characteristics of the study population (N=106).

Maternal characteristics N Mean ± SD Median Range

Age (year) 106 33.0 ± 3.6 33 25–41
Smoke during pregnancy
No 101 (95.3%)
Yes 5 (4.7%)

BMI before pregnancy (kg/m2) 79 22.1 ± 3.7 21.0 16.0–34.0
Mode of delivery
Normal vaginal delivery 74 (69.8%)
Caesarean section 32 (30.3%)

Parity
Primipara 52 (49.1%)
Multipara 54 (50.9%)

Gestational age at delivery
(days)

106 276 ± 8 275 261–293

Maternal serum hormones
Free T3 (pg/mL) 106 2.54 ± 0.31 2.53 1.63–3.68
Total T3 (ng/mL) 106 1.44 ± 0.27 1.45 0.62–2.09
Free T4 (ng/dL) 106 0.92 ± 0.16 0.91 0.65–1.58
Total T4 (μg/dL) 106 9.21 ± 1.63 9.34 5.45–14.09
TSH (μIU/mL) 106 2.15 ± 1.21 1.88 0.01–5.61

Infant characteristics N Mean ± SD Median Range
Infant sex
Female 52 (49.1%)
Male 54 (50.9%)

Birth weight (kg) 106 3.30 ± 0.36 3.31 2.51–4.32
Birth length (cm) 105 50.0 ± 2.1 50.0 40.0–56.0
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followed by PCB-153 (9.3 ng/g lw). Among the three classes of POPs,
the sum of 19 OCPs (∑19OCPs) was the highest (84.2 ng/g lw), and
those of 19 PCBs (∑19PCBs) and 19 PBDEs (∑19PBDEs) were 22.8 ng/g
lw and 2.0 ng/g lw, respectively. In general, the maternal serum con-
centrations of POPs tended to be lower among those who gave birth to
female infants than those with male infants, but the difference was not
statistically significant.

3.3. DNA methylation levels in placental tissue

When the promoter methylation levels of the DIO3, MCT8, and TTR
gene were measured, methylation levels between the CpG sites within a
given gene were strongly correlated with each other (Fig. 1, Spearman's
correlation coefficients= 0.86–0.97, all p < 0.0001). The average
placental DNA methylation value over the analyzed CpG sites was
24.4% for DIO3, 15.1% for MCT8, and 49.4% for TTR (Fig. 1). The DNA
methylation levels at each CpG site in the placental samples are shown
in Table S2.

Methylation levels of the MCT8 gene which is located in X chro-
mosome, were significantly higher in the placenta of female infants
than those of male infants (p=0.0008) (Table S3). The levels of pla-
cental DIO3 methylation were significantly related to the mode of de-
livery and the gestational age.

3.4. Associations between maternal serum POPs and placental DNA
methylation

Based on the single-POP models, a few POPs showed significant
associations with placental DNA methylation in all subjects (N= 106,
Table S4). One natural log fold-change (approximately 2.72-fold in-
crease) in p,p′-DDE concentration (ng/g lw) in maternal serum was
significantly associated with a 2.66% increase in the DIO3 promoter
methylation level (%) in the placenta (β=2.66; 95% CI=0.43 to
4.89). Because MCT8 gene is located only in X chromosome, we did not
assess the association of this gene methylation in the subjects that in-
clude both sexes. For TTR methylation, no POPs showed significant
association.

When stratified by infant sex, several serum POPs (p,p′-DDE,
∑6DDTs, ∑19OCPs, and BDE-47) were positively associated with pla-
cental DIO3 methylation levels only in the placenta of female infants,
while p,p′-DDT and ∑19OCPs were significantly associated with MCT8
methylation generally in male placentas (Fig. 2). Although the results
did not reach statistical significance (0.05 < p < 0.10), inverse asso-
ciations of the placental MCT8 methylation with prenatal exposure to
∑19PBDEs were observed in the female infants. Again, for placental TTR
methylation, there was no significant association with maternal serum
POP concentrations even after stratifying by infant sex (Fig. S2).

Table 2
Concentrations of selected POPs in maternal serum among the participating mothers (N=106).

Variable All (N= 106) Female infants (N=52) Male infants (N=54) P valuea

N N > LOQ DF (%) Median (IQR) N Median (IQR) N Median (IQR)

POPs (ng/g lw)
OCPs p,p′-DDE 106 103 97.2 57.7 (39.7, 94.1) 52 57.2 (37.3, 88.3) 54 62.0 (42.3, 94.1) 0.284

p,p′-DDT 106 86 81.1 5.1 (2.9, 8.9) 52 5.1 (2.8, 8.3) 54 5.1 (3.3, 9.0) 0.671
∑6DDTs – – – 64.8 (44.7, 103.6) – 64.0 (44.0, 105.9) – 65.2 (44.7, 103.6) 0.499
β-HCH 106 85 80.2 7.0 (3.9, 11.0) 52 5.9 (1.2, 10.9) 54 7.3 (5.5, 11.3) 0.196
tNonaCHD 106 86 81.1 2.0 (1.1, 2.7) 52 1.8 (0.9, 2.7) 54 2.2 (1.3, 2.8) 0.221
∑19OCPs – – – 84.2 (62.5, 131.0) – 82.8 (58.9, 130.6) – 86.5 (64.4, 136.1) 0.515

PBDEs BDE-47 105 92 86.8 1.1 (0.6, 2.0) 52 0.9 (0.5, 1.7) 53 1.4 (0.8, 2.1) 0.092#
∑19PBDEs – – – 2.0 (1.2, 4.0) – 1.8 (0.9, 4.3) – 2.0 (1.4, 3.8) 0.507

PCBs PCB-138 106 81 76.4 4.6 (1.8, 6.3) 52 3.9 (1.2, 6.2) 54 5.2 (3.0, 6.8) 0.069#
PCB-153 106 100 94.3 9.3 (6.2, 12.2) 52 8.9 (4.9, 13.1) 54 9.9 (6.7, 12.2) 0.184
∑19PCBs – – – 22.8 (15.1, 33.3) – 21.6 (14.1, 31.8) – 27.1 (19.0, 33.9) 0.090#

LOQ, limit of quantification; DF, detection frequency; IQR, interquartile range. LOQ, limit of quantification; IQR, interquartile range; p,p′-DDE, p,p′-di-
chlorodiphenyldichloroethylene; p,p′-DDT, p, p′-dichlorodiphenyltrichloroethane; β-HCH, β-hexachlorhexane; tNonaCHD, trans-nonachlordane; BDE, brominated
diphenyl ether; PCB, polychlorinated biphenyl. ∑6DDTs is the sum of p,p′-DDE, o,p′-DDE, p,p′-dichlorodiphenyldichloroethane (DDD), o,p′-DDD, p,p′-DDT and o,p′-
DDT; ∑19OCPs is the sum of all measured OCPs including 6 DDTs, α-, β-, γ-, δ HCH, oxychlordane, trans-chlordane, cis-chlordane, tNonaCHD, cis-nonachlordane,
mirex, heptachlor epoxide, hexachlorobenzene, and heptachlor; ∑19PBDEs is the sum of all measured PBDE congeners including BDE-17, 28, 47, 49, 66, 71, 77, 85,
99, 100, 119, 126, 138, 153, 154, 156, 183, 184 and 191; ∑19PCBs is the sum of all measured PCBs including PCB-18, 28, 33, 44, 52, 70, 101, 105, 118, 128, 138, 153,
170, 180, 187, 194, 195, 199 and 206. Signs * and # indicate statistical significance at p=0.05, and 0.1, respectively.
a Statistical difference by infant sex was determined based on Mann-Whitney's U test.

Fig. 1. Spearman's correlation coefficients of the placental DNA methylation at adjacent CpG sites (N=106). All coefficients are statistically significant at
p < 0.0001.
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From the PCA on the 11 POP exposures, three factors that accounted
for 66.1% of the total variance were retained. Factor 1 (proportion of
variance: 38.6%) was highly loaded with DDTs: p,p′-DDE (0.87), p,p′-
DDT (0.69), ∑6DDTs (0.95), and ∑19OCPs (0.91). Factor 2 (14.4%) was
highly loaded with PCB-138 (0.74), PCB-153 (0.76), and ∑19PCBs
(0.88), and factor 3 (13.1%) was highly loaded with BDE-47 (0.75) and
∑19PBDEs (0.75).

The results from the multiple-POP models applying the PCA are
shown in Table 3. In the multiple-POP models, exposure to DDTs (factor
1) was significantly associated with an increased DNA methylation of
DIO3 in the female placentas and MCT8 methylation in the male pla-
centas, in both single- and multiple-factor models. While exposure to
PBDEs (factor 3) showed a positive direction of association with DIO3
methylation in the female placentas, statistical significance was not met
(p < 0.10).

4. Discussion

Our observation clearly shows that the promoter DNA methylation
of the genes involved in thyroid hormone supply in the placenta was
associated with prenatal exposure to several POPs. Moreover, clear sex-
specific pattern was observed for the epigenetic regulation of the

thyroid related genes, even though the POP concentrations of our
subjects were generally lower than those found in other studies which
reported association with global methylation in adults (Itoh et al., 2014;
Kim et al., 2010; Lee et al., 2017; Rusiecki et al., 2008).

The associations between POPs including p,p′-DDE and BDE-47 in
maternal serum and the hypermethylation of DIO3 in the placentas of
the female infants observed in the present study (Fig. 2 and Table 3) are
in line with a previous study reporting the placental DIO3 enzyme ac-
tivity from the U.S. women (N=95, Leonetti et al., 2016). In this U.S.
woman population, a significant association between the exposure to
some PBDEs and a decrease in DIO3 activities was observed in the
placentas of female infants, but not in those of male infants (Leonetti
et al., 2016). Although a mechanistic explanation for those female-
specific associations warrant further investigations, the increased DNA
methylation of the DIO3 gene observed in the present study may par-
tially explain the underlying molecular pathway which leads to the
reduced enzyme activity in the placenta following prenatal exposure to
POPs. The DIO3 enzyme is the predominant deiodinase subtype in
placenta, which metabolizes maternal T4 and T3 to inactive forms, and
prevents a rise in serum T3 during intrauterine life (Santini et al., 1999).
Imprinting of the DIO3 gene, which is expressed preferentially from the
paternal allele, plays a role in thyroid hormone metabolism in mouse

Fig. 2. Regression coefficient plots for placental DIO3 and ln MCT8 methylation associated with maternal serum POP concentrations by infant sex in the single-POP
models (N= 106). All results of association were adjusted for maternal age, gestational age at delivery, parity, and mode of delivery. The triangle symbol and
horizontal bar show coefficient β and 95% CI, while the signs * and # indicate statistical significance at p=0.05 and 0.1, respectively.

Table 3
Associations between maternal serum exposure to the three factors derived from principal component analysis with varimax rotation and placental DNA methylation
in the multiple-POP models.

Placental DNA methylation (%)

DIO3 Ln MCT8 TTR

Single-factor Multiple-factor Single-factor Multiple-factor Single-factor Multiple-factor

β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI) β (95% CI)

Females (N=52)
Factor 1: DDTs 4.53* (1.78, 7.28) 4.52* (1.78, 7.27) 0.12 (−0.10, 0.33) 0.12 (−0.09, 0.34) 0.46 (−0.95, 1.86) 0.49 (−0.96, 1.95)
Factor 2: PCBs −1.09 (−3.71, 1.53) −0.95 (−3.47, 1.57) 0.09 (−0.10, 0.27) 0.03 (−0.17, 0.23) −0.09 (−1.31, 1.13) −0.20 (−1.54, 1.13)
Factor 3: PBDEs 2.32# (−0.41, 5.04) 1.69# (−0.99, 4.37) −0.13 (−0.33, 0.06) −0.13 (−0.34, 0.08) −0.10 (−1.39, 1.20) −0.20 (−1.62, 1.21)

Males (N=54)
Factor 1: DDTs 1.78 (−1.07, 4.63) 1.44 (−1.56, 4.44) 0.28* (0.02, 0.54) 0.32* (0.05, 0.58) 0.11 (−0.75, 0.98) 0.07 (−0.85, 0.99)
Factor 2: PCBs −1.97 (−5.86, 1.93) −0.99 (−5.44, 3.47) 0.13 (−0.24, 0.49) 0.30 (−0.10, 0.69) −0.23 (−1.40, 0.95) −0.14 (−1.51, 1.22)
Factor 3: PBDEs −1.49 (−4.54, 1.57) −0.86 (−4.30, 2.58) −0.07 (−0.35, 0.22) −0.11 (−0.41 0.20) −0.17 (−1.09, 0.75) −0.11 (−1.16, 0.94)

Results were adjusted for maternal age, gestational age at delivery, parity, and mode of delivery. Multiple-factor models included all three factors along with the same
covariates that were included in the single-factor model. The signs * and # indicate statistical significance at p=0.05 and 0.1, respectively. Values in bold face
indicate a significant association (p* < 0.05).
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embryo (Tsai et al., 2002) and possibly in human fetus. Animal studies
showed that the reduced expression of the DIO3 gene can result in a
delayed clearance and increased maternal-fetal transport of thyroid
hormones (Chan et al., 2009; Hernandez et al., 2006).

Even though the placental methylation levels of the MCT8 gene
were generally low (mean ± SD, 15.1 ± 10.5% as described in
Fig. 1), our results that the MCT8 methylation was influenced by ma-
ternal serum POPs only in male infants (Fig. 2 and Table 3), are note-
worthy, considering that males are more vulnerable than females to
impairment of MCT8 gene. Mutation of this gene results in abnormal
thyroid function and severe psychomotor retardation in male mice and
human boys (Dumitrescu et al., 2006; Friesema et al., 2004). MCT8,
which is expressed in the placenta throughout the gestation, regulates
the passage of thyroid hormones in and out of the target cells (James
et al., 2007). Thus, higher methylation of this gene may cause the im-
paired transport of T4 to fetus and therefore could possibly contribute to
a decrease in circulating thyroid hormone levels among newborn in-
fants. However, a previous animal study with Mct8-deficient newborn
mice (Mct8KO mice) showed clear hyperthyroxinemia including in-
creased serum T4 and decreased TSH at postnatal day 0, compared to
wild-type mice (Ferrara et al., 2013). This observation may be ex-
plained by increased thyroid hormone uptake by other alternative
transporters such as organic-anion-transporting polypeptides (OATPs)
and L amino acid transporters (LATs), rather than MCTs, and with
impaired hormone efflux due to a lack of MCT8 (Ferrara et al., 2013;
Liao et al., 2011). Interestingly, the Mct8KO mice after growth showed
the opposite direction of thyroid hormone changes, i.e., a significant
decrease in serum and tissue T4 concentration, suggesting different
thyroid function outcome depending on the life stage.

In the present study, the POPs in maternal serum did not sig-
nificantly affect DNA methylation of the TTR gene in placenta (Table 3
and Fig. S2). This observation is different from those of several animal
and in vitro studies that reported potential interaction between hy-
droxylated metabolites of PCBs and PBDEs, and TTR (Cheek et al.,
1999; Hallgren and Darnerud, 2002; Meerts et al., 2000). No associa-
tion between POPs and placental TTR gene methylation that is observed
in the present study may be due to low exposure levels of POPs in our
subjects, but also attributable to the species difference in thyroid hor-
mone transport protein. In fact, thyroxine-binding globulin (TBG), not
TTR, is the major transporter of T4 in human blood (Larsson et al.,
1985). Because there is little evidence on the expression of TBG gene in
human placental tissues (McKinnon et al., 2005), we did not select this
gene for DNA methylation analysis in the present study. In contrast,
recent studies have reported importance of TTR in human placenta
(Landers et al., 2013; Mortimer et al., 2012). Placental TTR may pre-
vent inactivation of THs by DIO3, and help trans-placental delivery of
maternal T4 (Landers et al., 2013). Moreover, TTR is crucial for brain
development of fetus because TTR bound T4 can cross blood-brain
barrier and reach brain (Porterfield, 1994).

In a previous study that employed the same cohort (Kim et al.,
2015), we reported that concentrations of p,p′-DDE of maternal serum
showed significant positive association with bloodspot TSH of the
newborn babies. The observed association on TSH (Kim et al., 2015)
indeed does not exactly comparable to the present finding, i.e., hy-
permethylation of DIO3 and MCT8 genes in placenta (Fig. 2 and
Table 3). While our observation clearly indicates that maternal POPs
exposure may be linked to placental epigenetic changes of the genes
related to thyroid function, the lack of concordance between epigenetic
regulation of placental genes and the thyroid hormones in the same
population warrants explanation. One possibility would be that mul-
tiple pathways in addition to the DNA methylation play roles in normal
thyroid regulation of the newborn infants. In addition, role of DIO3 and
MCT8 during development may be considered. There are animal studies
reporting the lack of DIO3 or MCT8 activities did not directly linked to
hypothyroidism at birth, but rather to that in later stages of life (Ferrara
et al., 2013; Hernandez et al., 2006). To fully understand a complicated

relationship among prenatal POPs exposure, DNA methylation, and
thyroid function of offspring, a long-term follow-up study needs to be
conducted.

In the present study, strong associations between DDTs and pla-
cental DNA methylation of thyroid hormone supply were observed
consistently in both single- and multiple-POP models (Fig. 2 and
Table 3). While experimental studies using rats and birds have reported
the changes in thyroid hormones following the exposure to p,p’-DDT or
its metabolite p,p′-DDE (Bastomsky, 1974; Jefferies and French, 1971;
Jefferies and French, 1972; O'Connor et al., 1999; Tebourbi et al.,
2010), most animal studies are limited to the observations in adults and
considered hepatic T4 elimination as a potential mechanism involved.
For example, following 10 day exposure to 100mg/kg p,p′-DDT, de-
creased T4 and elevated TSH levels were observed in male rat, and these
observations were linked to increased hepatic T4 uridine diphosphate
glucuronosyltransferase (UDPGT) activity (Tebourbi et al., 2010).
However, epidemiological studies that support the effects of prenatal
exposure to DDTs on thyroid system of the newborn infants are accu-
mulating (de Cock et al., 2014; Kim et al., 2015; Maervoet et al., 2007).
Mechanism studies focusing on early life stages could provide better
understanding of the adverse outcomes associated with exposure to
DDTs. Moreover, we previously reported the influence of DDT on DNA
methylation of insulin-like growth factor 2 in the same Korean population
(Kim et al., 2018). Thus, the relationship of such epigenetic changes
and its implication needs to be examined.

Clear sex-specific differences observed for the association between
prenatal POP exposure and placental DNA methylation of thyroid
hormone-related genes warrant further discussion. Similar to our ob-
servation, a previous Netherlands study reported that prenatal exposure
to POPs influenced thyroid hormone concentrations of infants in a sex
dependent manner: females in the highest quartile of DDE exposure
showed an increase in blood spot T4 concentrations compared to the
lowest exposure group whereas no significant relationship was found in
male infants (de Cock et al., 2014). Our observation is also consistent
with the fact that congenital hypothyroidism is sexually dimorphic:
more frequent in females but more severe in symptom among males
(Eugène et al., 2005). While exact mechanism underlying this sex-
specific response is not clear, sex specific differences in placental
structure, function, and response to environmental stress could be
considered as possible explanations (Gabory et al., 2013; Rosenfeld,
2015). Previous studies have found that the placental tissues of human
and animals selectively express several genes in a sexually dimorphic
manner (Rosenfeld, 2015). A recent study suggested that regulation of
thyroid hormone membrane transporter differed by infant sex, and
therefore accumulation of exogenous chemicals that mimic thyroid
hormone, e.g., PBDEs, in placenta could be different by sex (Leonetti
et al., 2016). This sex-dependent bioaccumulation pattern of thyroid
toxicants may lead to different responses of placenta.

Most association studies on DNA methylation to date are based on a
scenario assuming single compound exposure, without consideration of
other chemicals that are exposed at the same time, which could often
lead to false-positive conclusions. Several multi-pollutant models have
been employed for associating chemical exposure to adverse health
outcomes (Braun et al., 2014; Lenters et al., 2016; Patel et al., 2010).
For regression models employing multiple chemicals, multi-collinearity
among given chemical variables, or issues related to multiple testing
should be properly addressed (Agay-Shay et al., 2015; Kim et al., 2017;
Kobayashi et al., 2017). For this reason, we employed a multi-pollutant
approach using PCA, i.e., multiple-POP models in the present study, and
successfully confirmed that the significant association of DDT exposure
in the single-POP model was also supported by the results of the mul-
tiple-POP model.

In the regression models, we did not include smoking status as a
covariate, because the number of the smoking subgroup was very small
(N= 5), and therefore the standard error of coefficient estimates of the
smoking variable was relatively large, which indicates that its
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adjustment is unstable. While the smoking status may influence both
POPs exposure and placental gene regulation (Deutch and Hansen,
1999; Joubert et al., 2016; Miyake et al., 2018), the results of our re-
gression models were still considered to be reliable: The associations of
POPs exposure on the gene methylation determined from the non-
smoker only population were virtually the same with those observed
from all participating women regardless of the smoking status (Tables
S5–6).

While the present observation shed light on possible epigenetic
mechanism by prenatal exposure to POPs, there are a few limitations.
First, a small sample size and the heterogenetic characteristics of the
placental tissues may confound the observations. Second, we did not
further associate the findings with changes in thyroid hormone levels
and related outcomes of the childhood. Third, thyroid regulating genes
other than DIO3, MCT8, and TTR, were not considered, and therefore,
more information may be warranted to understand the effects of POPs
exposure to thyroid hormone regulation of the fetus. One recent study
measured the enzyme activity of thyroid hormone sulfotransferase in
the placenta and found a significant association with placental con-
centrations of some PBDEs (Leonetti et al., 2016). In another study,
among 285 mother-child pairs in the U.S., maternal exposure to PCBs
that are suspected to induce UDPGT activity, was positively associated
with blood spot TSH (Chevrier et al., 2007). These studies imply that
various genes or proteins are involved in the biological pathway be-
tween prenatal POP exposure and fetal thyroid disruption. Fourth, we
measured only methylation levels of 2–4 CpG sites in the promoter
region of target genes, which may not fully reflect the changes in me-
thylation and thereby not affect their expression. Lastly, we used only
single measurement of POPs as a maternal exposure assuming that their
stability in biota guarantees the representativeness of exposure. Even
though serum POPs are considered as relatively stable exposure bio-
markers due to their long biological half-lives, repeated measurements
of POPs would improve the reliability.

5. Conclusions

To our knowledge, this is the first study to measure the DNA me-
thylation levels of thyroid hormone-related genes in placental samples.
Several POPs in maternal serum were associated with DNA methylation
changes of key thyroid regulating genes in placenta such as DIO3 and
MCT8 methylation, and the association was dependent on infant sex.
Although the placental DNA methylation could not completely explain
the thyroid hormone status of the newborn infants which were reported
in the same cohort (Kim et al., 2015), our observations showed that
placental epigenetic changes of key thyroid regulating genes are asso-
ciated with prenatal POPs exposure in a sexually dimorphic way. Fur-
ther studies on other mechanistic pathways are warranted to gain better
understanding on the effects of prenatal exposure to POPs on long-term
health consequences of offsprings.
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