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Abstract

In utero exposure to environmental chemicals, such as synthetic phenols, may alter DNA 

methylation in different tissues, including placenta — a critical organ for fetal development. We 

studied associations between prenatal urinary biomarker concentrations of synthetic phenols and 

placental DNA methylation. Our study involved 202 mother-son pairs from the French EDEN 

cohort. Nine phenols were measured in spot urine samples collected between 22 and 29 gestational 

weeks. We performed DNA methylation analysis of the fetal side of placental tissues using the 

IlluminaHM450 BeadChips. We evaluated methylation changes of individual CpGs in an adjusted 

epigenome-wide association study (EWAS) and identified differentially methylated regions 

(DMRs). We performed mediation analysis to test whether placental tissue heterogeneity mediated 

the association between urinary phenol concentrations and DNA methylation. We identified 

46 significant DMRs (≥5 CpGs) associated with triclosan (37 DMRs), 2,4-dichlorophenol 

(3), benzophenone-3 (3), methyl-(2) and propylparaben (1). All but 2 DMRs were positively 

associated with phenol concentrations. Out of the 46 identified DMRs, 7 (6 for triclosan) 

encompassed imprinted genes (APC, FOXG1, GNAS, GNASAS, MIR886, PEG10, SGCE), 

which represented a significant enrichment. Other identified DMRs encompassed genes encoding 

proteins responsible for cell signaling, transmembrane transport, cell adhesion, inflammatory, 

apoptotic and immunological response, genes encoding transcription factors, histones, tumor 

suppressors, genes involved in tumorigenesis and several cancer risk biomarkers. Mediation 

analysis suggested that placental cell heterogeneity may partly explain these associations. This is 

the first study describing the genome-wide modifications of placental DNA methylation associated 

with pregnancy exposure to synthetic phenols or their precursors. Our results suggest that cell 

heterogeneity might mediate the effects of triclosan exposure on placental DNA methylation. 

Additionally, the enrichment of imprinted genes within the DMRs suggests mechanisms by which 

certain exposures, mainly to triclosan, could affect fetal development.
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1. Introduction

Pregnancy exposure to environmental chemicals has been associated with developmental 

disorders, birth defects and child health issues later in life (Kishi and Grandjean, 2020). 

These effects might be mediated by the placenta, which has a critical function in fetal 

development. The role of this organ in the developmental origins of health and disease 

(DOHaD) paradigm makes it an important target for research aiming to understand 

its function as a mediator between the environment and the maternal, fetal, and child 

health. Moreover, its epigenetic landscape may provide a “molecular archive” of exposures 

occurring during pregnancy (Heijmans et al., 2009).

Among the chemicals suspected to affect child health, some have been associated with 

epigenetic changes occurring in different tissues, including placenta (reviewed by Alvarado­

Cruz et al., 2018). Herein we focused on placental DNA methylation which has been 

proposed as one of the potential mechanisms of action of environmental chemicals on health 
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outcomes associated with in utero exposure (reviewed by Vlahos et al., 2019). We studied 

one family of chemicals suspected to have endocrine disrupting properties i.e., synthetic 

phenols (The International Panel on Chemical Pollution (IPCP) 2017). Synthetic phenols are 

industrial precursors to many materials and products, which are in turn used for production 

of polycarbonates and epoxy resins (bisphenols), ultraviolet filters used in cosmetics and 

food packaging (benzophenone-3 also known as oxybenzone), biocides in personal care 

products (triclosan), antimicrobial and preserving agents in cosmetics, pharmaceuticals, and 

food (parabens). Some, like dichlorophenols, are metabolites of substances used to produce 

herbicides and insecticides.

Exposure to synthetic phenols (or their precursors) in the general population is widespread 

(Haug et al., 2018; Rolland et al., 2020) and some can cross the placental barrier (Bai et 

al., 2020; Philippat et al., 2013; Santamaria et al., 2020; Song et al., 2020; Towers et al., 

2015) and can be detected in placental tissue (Feng et al., 2016; Song et al., 2020; Valle­

Sistac et al., 2016; Vela-Soria et al., 2017). Nevertheless, the effect of prenatal exposure 

to phenols (or their precursors) on the DNA methylation status of human placenta has not 

been extensively investigated. Available studies either focused on candidate genes [imprinted 

maternally expressed transcript (H19) and insulin like growth factor 2 (IGF2), LaRocca et 

al., 2014] or assessed both phenol concentrations and DNA methylation in placental tissue 

coming from elective terminations (Nahar et al., 2015). Genome-wide studies investigating 

associations between pregnancy exposure to phenols and DNA methylation in placentas 

collected at delivery are lacking.

The aim of this study was to evaluate the associations of urinary concentrations of nine 

phenols during pregnancy on epigenome-wide DNA methylation in male placental samples 

collected at delivery. We further investigated whether placental cell heterogeneity could 

mediate the association between phenol exposure and DNA methylation levels.

2. Methods

2.1. Study design and population

The present study included a subsample of mother-son pairs out of 2002 enrolled between 

2003 and 2006 in the French mother-child cohort EDEN (Etude des Déterminants pré et 

postnatals du développement et de la santé de l’Enfant, Heude et al., 2016). Pregnant women 

were recruited before their 24th week of gestation at the Nancy and Poitiers University 

hospitals. Exclusion criteria are described in the Supplement. Out of the 2002 study 

participants, 1301 had placental samples collected and placental DNA was extracted for 668 

subjects (Abraham et al., 2018). Out of those, 202 women who delivered a boy had phenol 

metabolite concentrations assessed in urine (Philippat et al., 2014) as well as information on 

covariates available, and were included in the present study (Appendix Fig. 1). Inclusion of 

pregnancies with a male fetus only was due to phenol concentrations being assessed in the 

framework of a previous project focusing on the associations between these compounds and 

male congenital malformations (Chevrier et al., 2012). The EDEN cohort received approval 

from the ethics committee (CCPPRB) of Kremlin Bicêtre and from the French data privacy 

institution “Commission Nationale de l’Informatique et des Libertés”. Written consent was 

obtained from the mother for herself and for the offspring. The involvement of the Centers 
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for Disease Control and Prevention (CDC) laboratory did not constitute engagement in 

human subjects research.

2.2. Quantification of concentrations of synthetic phenols in maternal urine

Pregnant women between 22 and 29 gestational weeks were asked to collect the first 

morning urine void at home, before a study visit. A spot sample was collected during the 

visit at the hospital by the women who did not collect the urine at home. Samples were 

then aliquoted and stored on dry ice at −80 °C before shipment to the National Center for 

Environmental Health laboratory at the CDC in Atlanta, Georgia, USA.

Quantification of maternal concentrations of creatinine and nine phenols (free plus 

conjugated species): bisphenol A, benzophenone-3, triclosan, 2,4- and 2,5-dichlorophenol, 

butyl-, ethyl-, methyl-, and propylparaben was performed at the CDC. Detailed 

quantification methods are described in the Supplement. The limits of detection (LODs) 

were calculated as three times the standard deviation as the concentration approaches 

zero from repeated measurements of low-level standards spiked onto human urine (Taylor, 

1987). The LODs ranged from 0.2 to 2.3 ng/mL, depending on the analyte. The details 

of the quality control/quality assurance for the assessment of phenols are provided in the 

Supplement.

2.3. Phenol concentrations, imputation and standardization

We used the instrumental reading values for phenol concentrations (μg/L) below the LOD. 

To allow log-transformation, instrumental reading values equal to zero (i.e., indicating no 

signal) were replaced by the phenol-specific lowest instrumental reading value obtained for 

these study samples divided by √2, similarly to strategies used before (Hornung and Reed, 

1990). Phenol concentrations were then standardized on sampling conditions as described in 

the Supplement. To limit the impact of extreme values, standardized phenol concentrations 

were log2-transformed.

2.4. Placental tissue collection and DNA extraction

Detailed description of tissue collection and DNA extraction is provided in the Supplement. 

Briefly, placental tissue from the fetal side was sampled at delivery using a standardized 

procedure. DNA from placental samples was extracted using the QIAsymphony instrument 

(QIAGEN GmbH, Germany) following the manufacturer’s protocol.

2.5. Placental DNA methylation assessment and quality control

Whole-genome DNA methylation was measured at >485,000 CpGs using the Infinium 

HumanMethylation 450 BeadChips (Illumina, San Diego, CA, USA) following standard 

manufacturer’s protocols. After quality control, normalization and filtering of outliers (for 

details see Supplement) 379,904 methylation sites remained for further analyses (Fig. 

1). For global DNA methylation, pyrosequencing was used to measure each individual’s 

methylation levels of four CpG sites of repetitive Alu elements (Alu) and long interspersed 

nucleotide elements 1 (LINE-1, Yang, 2004). One participant missed data on Alu and 

LINE-1 methylation, so the final sample size was n = 201.
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2.6. Statistical analyses

2.6.1. Adjustment factors—Adjustment factors were selected a priori and included 

variables likely to be common causes of both the phenol concentrations and the DNA 

methylation levels, without being likely consequences thereof, and factors that were possible 

predictors of the DNA methylation only. That included: recruitment center (Nancy/ Poitiers), 

maternal active smoking in the three months preceding pregnancy and during pregnancy 

(did not smoke/ smoked before pregnancy/ smoked before and during pregnancy/ other), 

maternal age (continuous), parity (nulliparous/ ≥one child), maternal education level (<two 

years after high school/ high school + two years/ ≥high school + three years), and 

season of conception (January–March/ April–June/ July–September/ October–December). 

All analyses were additionally adjusted for technical factors related to DNA methylation 

measurements [batch, plate and chip for the epigenome-wide association study (EWAS) and 

global analysis of methylation profiles (GAMP); batch and plate for the study of repetitive 

Alu and LINE-1 elements].

2.6.2. Associations between phenol urinary concentrations, CpG-specific, 
and global DNA methylation—To investigate associations between phenol urinary 

concentrations and DNA methylation changes at the individual CpG sites level, we 

performed an adjusted EWAS with methylation levels of each CpG site as the response 

variable and standardized log2-transformed maternal phenol concentration as a predictor of 

the robust linear regression (MASS R package, Venables and Ripley, 2002). Each chemical 

was tested in a separate model and p-values were calculated using the Wald test from the 

survey R package (Lumley, 2004) and corrected for false discovery rate (FDR) regarding the 

number of CpGs tested for each phenol (Benjamini and Hochberg, 1995). FDR corrected 

p-values <0.05 were considered as statistically significant.

Regional Manhattan plots were generated using the comMET R package (Martin et 

al., 2015). Genomic inflation factor (λ) and Q-Q plots were generated using the 

QCEWAS R package (Van der Most et al., 2017). Bayesian inflation factor (BIF) 

was calculated using the bacon R/Bioconductor package (Iterson et al., 2017). Gene 

annotations were based on information from Illumina’s v1.2 annotation available in the 

IlluminaHumanMethylation450kanno.ilmn12.hg19 R/Bioconductor package for the hg19 

reference genome (Hansen, 2016) and from the University of California, Santa Cruz (UCSC, 

https://genome.ucsc.edu). To test the associations between phenol concentrations and global 

placental DNA methylation we fitted one adjusted robust linear regression per phenol with 

the median methylation level of each repetitive element (Alu or LINE-1) as the dependent 

variable.

Non-linearity of the associations between exposure and DNA methylation was tested by 

modelling each phenol concentration as a restricted cubic spline with four knots using the 

rms R package (Harrell, 2021), correcting for FDR. Associations showing FDR corrected 

p-values <0.05 were considered as non-linear.

2.6.3. Analysis of differentially methylated regions (DMRs)—Biological 

functions are in general more robustly associated with genomic regions than single CpGs 
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(Svendsen et al., 2016). Therefore, we also identified differentially methylated regions 

(DMRs) associated with phenol concentrations with the comb-p Python module (Pedersen 

et al., 2012). The method combines p-values for CpGs detected in the EWAS in sliding 

windows accounting for their spatial correlations across the genome using Stouffer-Liptak­

Kechris correction (Kechris et al., 2010). Obtained regional p-values were adjusted for 

multiple testing by Šidák correction (Šidák 1967). Significant DMRs (Šidák-corrected p­

value <0.05) included at least two probes (p-value <0.001 to start a region) at a maximum 

distance of 500 bp. Information on genes encompassed by the DMRs identified as associated 

with phenol exposure were retrieved from the GeneCards Human Gene Database (Stelzer et 

al., 2016).

2.6.4. Associations between urinary phenol concentrations and methylation 
profiles—Complementary to the approaches described above, we conducted a GAMP 

analysis (Zhao et al., 2015). For each individual we characterized a methylation profile 

by approximating the density function and the cumulative distribution function of the 

methylation distribution using B-spline basis functions. The obtained B-spline coefficients 

were then used to represent each individual’s overall methylation distribution. The adjusted 

associations between B-spline coefficients and concentrations of each phenol were tested by 

computation of the variance component score test from the kernel machine framework. This 

method allowed for evaluating whether prenatal phenol exposure changed the overall profile 

or distribution of DNA methylation measurements for the subjects, instead of examining its 

effect on individual CpG methylation levels.

2.6.5. Identification of imprinted genes—To test the enrichment of phenol­

associated DMRs with imprinted genes we looked for overlap between the DMRs 

containing at least five probes and the list of imprinted genes compiled from 

MetaImprint (https://openebench.bsc.es/tool/metaimprint, Wei et al., 2014), GeneImprint 

(http://www.geneimprint.com, Jirtle, 1999), and igc. otago (http://igc.otago.ac.nz, Morison 

et al., 2005) databases as well as the imprinted gene loci defined by Yuen et al., (2010) and 

Hamada et al., (2016). From the initial list of 304 imprinted genes, 297 were covered by 

the Illumina assay used in the current study. The difference between the proportions of the 

imprinted genes in the identified DMRs and those present among the 20,283 genes available 

for this study was evaluated using Fisher’s exact test.

2.6.6. Analysis of mediation via the placental cell composition—To estimate 

placental tissue heterogeneity, we followed the pipeline recommended by Decamps et al., 

2020, as described in the Supplement. We identified six putative constituent cell types and 

estimated tissue heterogeneity using a reference-free based method from the RefFreeE-WAS 
R package (Houseman et al., 2016).

To explore whether placental cell heterogeneity could mediate the associations between 

phenol concentrations and DNA methylation levels, we estimated the percentage difference 

between regression estimates obtained for the models unadjusted and adjusted for the 

estimated placental tissue heterogeneity. Then, mediation analysis was performed using 

the mediation R package (Tingley et al., 2014), as described in the Supplement. Average 
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mediation effect p-values were reported as the measure of mediation and those <0.1 were 

treated as significant.

2.7. Research data and source code

All analyses were conducted using R v. 4.0.3 (R Core Team and R Foundation for Statistical 

Computing 2020), RStudio v. 1.3. 1093 (RStudio Team, 2020) and Python v. 3.7.4 (van 

Rossum and Drake, 2009). The data used in this study can only be provided upon reasonable 

request after approval by the EDEN steering committee. The source code is available upon 

request to the corresponding authors.

3. Results

3.1. Study population characteristics and urinary phenol concentrations

Median maternal age was 29.1 years and median gestational duration was 40.0 weeks 

(Appendix Table 1). Most of the mothers (62.9%) never smoked and had at least one 

child (56.4%). Frequency of detection of phenols ranged from 72% to 100% (Appendix 

Table 2). Methylparaben and triclosan were the most abundant biomarkers in maternal 

urine (median standardized concentrations were 101.6 and 43.1 μg/L, respectively). We 

observed moderate correlation between the standardized concentrations of dichlorophenols 

(Spearman’s coefficient rho = 0.63) and moderate to strong correlations (0.46 ≤ rho ≤ 0.82) 

between the parabens (Appendix Fig. 2).

3.2. EWAS examining individual CpGs

The p-value distributions of the CpGs included in the EWAS were close to the theoretical 

distribution as indicated by the BIF values (ranging from 0.94 to 1.05 depending on the 

phenol), and were notably smaller compared to the genomic inflation factor values (0.79–

1.49, Appendix Fig. 3). In total, 596 CpGs were differentially methylated in association with 

urinary phenol concentrations, including 48 non-linearly associated probes (FDR-corrected 

p-value <0.05). Detected CpGs encompassed 406 known genes and 162 intergenic regions 

(Appendix Table 3). Among these, more than 90% of CpGs were positively associated with 

the exposure and over 91% of the associations were detected for triclosan (543 differentially 

methylated sites mapping to 365 known genes and 151 intergenic regions).

3.3. Regional DNA methylation analysis

The regional analysis identified 180 DMRs associated with pregnancy phenol urinary 

concentrations (Šidák-corrected p-value <0.05, Appendix Table 4), including 764 CpGs (107 

were also identified as significantly associated with phenol biomarkers in the EWAS). For 

over 97% of identified DMRs (n = 175), DNA methylation levels increased. Most DMRs 

were related to triclosan (n = 162, Šidák-corrected p-value <0.05, Appendix Table 4). In 

the following sections, we focused on the 46 DMRs including five or more probes that 

encompassed 45 genes (Table 1, Appendix Table 5). Among those genes, seven (15.2%) 

were imprinted, which represents a significant enrichment compared to ~1.4% of imprinted 

genes covered in this study (p-value = 3.8e-06).
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3.3.1. Triclosan—Thirty-six DMRs were positively associated and one was negatively 

associated [encompassing tenascin X (TNXB)] with prenatal concentrations of triclosan 

(Fig. 2). Identified DMRs encompassed 36 known genes, including six imprinted genes: 

APC regulator of WNT signaling pathway (APC), forkhead box G1 (FOXG1), stimulatory 

alpha subunit of the guanine nucleotide-binding protein (GNAS), GNAS antisense RNA 

1 (GNASAS or GNAS-AS1), paternally expressed 10 (PEG10) and sarcoglycan epsilon 

(SGCE) (Fig. 3). DMRs located within GNAS and GNAS/GNASAS, TNXB and APC 
showed the highest total number of probes (3 DMRs, 79 probes; 1 DMR, 23 probes; 

1 DMR, 14 probes, respectively). The remaining DMRs encompassed, among others, 

genes encoding proteins responsible for cell signaling (APOLD1, JAK3, NFAM1, PLEC1 
or PLEC, SYNGAP1), transmembrane transport (AQP1, SLC16A11, SLC35C1) and cell 

adhesion (CD93, FERMT3, NUAK1, SPATA13), histone coding genes (HIST1H1A or H1–
1, HIST1H2BK or H2BC12, HIST1H4I or H4C9), tumor suppressors (MAD1L1, PYCARD, 

RGMA), genes involved in tumorigenesis (CLDN6, NUAK1, SPATA13), and several genes 

whose epigenetic profiles may serve as biomarkers of risk to develop diverse cancers 

(e.g., APC, CLDN6, JAK3, MAD1L1, NFAM1, PLEC1 or PLEC, PLEKHA6, PPP1R18, 

SPATA13). All identified genes, except from the RNA encoding GNASAS, are protein 

coding.

3.3.2. Dichlorophenols—2,4-dichlorophenol urinary concentration was associated with 

increase of methylation in DMRs encompassing rho guanine nucleotide exchange factor 

37 (FLJ41603 or ARHGEF37), G protein subunit gamma 11 (GNG11), and interferon 

regulatory factor 7 (IRF7). All identified genes are protein coding. No DMRs were 

associated with 2,5-dichlorophenol.

3.3.3. Benzophenone-3—Benzophenone-3 was associated with increased methylation 

of two and decreased methylation of one DMR encompassing genes encoding death domain 

associated protein (DAXX), lactate dehydrogenase D (LDHD), and the imprinted vault RNA 

2–1 (MIR886 or VTRNA2–1), respectively. DAXX and LDHD are protein coding.

3.3.4. Parabens—Both methylparaben and propylparaben were positively associated 

with DMRs encompassing the same gene encoding solute carrier family 17 member 9 

(SLC17A9). Methylparaben, but not propylparaben, was positively associated with an 

additional DMR located within a gene encoding potassium voltage-gated channel interacting 

protein 2 (KCNIP2). Both genes are protein coding. No associations were observed for the 

other parabens.

3.4. Effect of placental cell heterogeneity

Additional adjustment of the EWAS for the six estimated placental cell proportions caused 

notable changes (mostly decrease) of regression coefficient values for 280 (278 for triclosan) 

CpGs showing ≥20% absolute difference between adjusted and unadjusted effect estimates 

(Appendix Table 3). For triclosan, adjustment resulted in a substantial decrease in the 

number of differentially methylated CpGs from 543 to 36 (FDR corrected p-value <0.05, 

Appendix Table 3). This result suggested a mediation effect of cell heterogeneity, which was 

confirmed by the formal analysis indicating mediation effect for 136 out of the 278 (48.9%) 
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CpGs (p-values <0.1, Appendix Table 3). Finally, adjustment for placental cell heterogeneity 

caused a drop of significant DMRs containing at least five CpGs and associated with 

triclosan (from 37 to 5, Appendix Table 4).

3.5. Associations of phenol urinary concentrations with methylation of Alu and LINE-1 
and with global DNA methylation

Average DNA methylation level was 16.2% (±1.1%) for Alu and 26.4% (±1.9%) 

for LINE-1. None of the phenol concentrations was significantly associated with the 

methylation levels of the repetitive elements (non-linear associations were not detected; 

the lowest p-value was 0.11 for methylparaben and LINE-1, Appendix Fig. 4) or with overall 

profile or distribution of DNA methylation in the GAMP analysis (the lowest p-value was 

0.13 for the association between cumulative distribution of methylation and methylparaben 

concentration, Appendix Table 6).

4. Discussion

The epigenome-wide effects of pregnancy concentrations of selected synthetic phenols 

on DNA methylation in human placenta are explored here for the first time. We found 

that increased concentrations of several phenols were predominantly associated with an 

increase of DNA methylation. Most of the associations were observed for triclosan. A 

few associations were also observed for 2,4-dichlorophenol, benzophenone-3, methyl- and 

propylparaben, while other studied parabens (butyl- and ethylparaben), 2,5-dichlorophenol, 

and bisphenol A were not associated with differential DNA methylation. Out of the 46 

identified DMRs containing at least five probes, seven (six for triclosan only) phenol­

associated regions overlapped with imprinted loci controlling genes playing a key role in 

fetal and placental development. Finally, as revealed by the mediation analysis, the placental 

cell heterogeneity may act as a mediator between pregnancy exposure to triclosan and DNA 

methylation. Therefore, in our interpretation of the results, we focused on associations not 

adjusted for placental cell heterogeneity.

4.1. Triclosan

In our study population, triclosan was positively associated with 543 individual CpGs and 

37 DMRs containing at least five CpGs. Identified DMRs encompassed 36 genes, including 

six imprinted loci. It has been shown that exposure to triclosan may have adverse effects on 

placenta in vivo and in vitro. Exposure of pregnant mice to triclosan (8 mg/kg/day) impaired 

placental development and nutrient transport by inducing hypothyroxinemia, resulting in 

placental weight and volume decrease (Cao et al., 2017). It was also associated with dose­

dependent increase in fetal death accompanied by the enhanced placental thrombosis and 

alteration in reproductive and thyroid hormone levels when pregnant mice were treated 

with 10 and 100 mg/kg/day triclosan doses (Wang et al., 2015). Additionally, pregnant rats 

treated with this phenol (30–600 mg/kg/day) showed its accumulation in placenta followed 

by the upregulation of transcriptional expression levels of enzymes involved in hormone 

metabolism and sex steroid receptor genes, as well as reduction of gravid uterine weight 

and increased occurrence of abortion (Feng et al., 2016). Moreover, exposure to triclosan 

has also been shown to affect hormone secretion and cell viability of choriocarcinoma­
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derived placental cells (Honkisz et al., 2012) and induce apoptosis in human placental 

syncytiotrophoblasts in vitro (Zhang et al., 2015). It also inhibited estrogen sulfotransferase 

activity in placental cytosol derived from sheep cotyledons (James et al., 2010). Lastly, 

in a larger subsample of the EDEN cohort prenatal exposure to triclosan (assessed from 

urinary concentrations of triclosan) was associated with decreased placental weight (n = 473, 

Philippat et al., 2019).

4.1.1. Imprinted genes—The only study investigating the associations between prenatal 

triclosan and placental DNA methylation in humans relied on a candidate approach and 

considered the imprinted genes H19 and IGF2 (n = 179, LaRocca et al., 2014). The authors 

did not report significant associations for this phenol, neither when boys and girls were 

studied together nor in a sex-stratified analysis.

In our study, the most populated triclosan-associated DMRs showed increased methylation 

within the A/B and GNASAS (or GNAS-AS1) promoters of the GNAS complex (3 DMRs, 

79 probes in total). Among its multiple products, GNAS encodes the stimulatory alpha 

subunit of the G protein (Gsα), a ubiquitous signaling protein involved, among others, 

in hormonal regulation of adenylate cyclase enzyme and a variety of cellular responses 

(Syrovatkina et al., 2016) that control production of hormones by endocrine glands 

(Steer, 1975). Several previously described associations between differentially methylated 

GNAS complex and health outcomes also point toward its role in endocrine function and 

metabolism regulation, among others. Somatic GNAS mutations that cause constitutive 

Gsα activity have been detected in endocrine tumors (reviewed by Turan and Bastepe, 

2015). Moreover, loss of methylation on maternal A/B allele promoter, followed by a 

decrease of Gsα expression, has been observed in blood of patients with a form of 

pseudohypoparathyroidism, a syndrome characterized, among other symptoms, by resistance 

to renal parathyroid hormone (Mantovani, 2011) often accompanied by patients’ increased 

intrauterine growth (Bréhin et al., 2015). Apart from endocrine function and metabolism 

regulation, genome-wide studies have shown an increase of methylation within the placental 

GNAS locus in association with being large for gestational age (n = 12, Shen et al., 

2020). Moreover, differential methylation of GNAS (depending on the gene region) in 

placenta and maternal blood has been observed in diandries, digynies and hydatidiform 

mole pregnancies (n = 36, Yuen et al., 2011). Lastly, transcriptome-wide studies in placenta 

showed association between downregulation of GNAS expression and intrauterine growth 

restriction (n = 9, Dunk et al., 2012; n = 29, McMinn et al., 2006) and placental GNASAS 
expression in a candidate approach study has been related to newborns neurobehavioral 

profile measured by the Network Neurobehavioral Scales (n = 615, Green et al., 2015). 

However, whether GNAS/GNASAS placental DNA methylation correlates with expression 

needs further investigation.

Another imprinted gene positively associated with pregnancy triclosan concentration was the 

APC gene located within the third biggest detected DMR (14 probes). APC encodes tumor 

suppressor protein that acts as an antagonist of the Wnt signaling pathway which plays 

major roles in placentation by influencing embryonic development, stem cell maintenance, 

and differentiation and tissue homeostasis (reviewed by Sonderegger et al., 2010). APC 
is also involved in other processes including cell migration and adhesion, transcriptional 
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activation, and apoptosis (O’Leary et al., 2016). Placentation displays many similarities 

with tumorigenesis, also at the epigenetic level, and silencing of tumor suppressor genes is 

an integral part of normal placental development. In vitro studies have demonstrated that 

dysregulation of the epigenetic status of APC may contribute to trophoblast cancer cell 

progression (Novakovic et al., 2008; Wong et al., 2008). Lastly, increased methylation of the 

APC promoter has been also observed in cancer and pre-cancerous tissues of other origin 

(e.g., Li et al., 2017; Moreno-Bueno et al., 2002).

In our study, triclosan was associated with elevated methylation of the two overlapping 

SGCE/PEG10 genes whose regulation is critical for normal fetal development and placental 

formation (Chen et al., 2015; Ono et al., 2006). More specifically, PEG10 has a functional 

role in growth-promoting activities and placental formation during the first trimester of 

pregnancy. In the EDEN cohort, increased methylation of placental SGCE/PEG10 has been 

previously associated with smoking during pregnancy (n = 668, Rousseaux et al., 2020). 

Studies on cord blood showed an association between increased methylation of the candidate 

PEG10 gene with low birth weight (n = 90, Lim et al., 2012) and poor anthropometric 

scores at 1 year (n = 288) and at 3 years (n = 294) in males (Gonzalez-Nahm et al., 

2018). Inversely, higher birth weight has been linked with an increased methylation of cord 

blood SGCE/PEG10 (n = 508, Liu et al., 2012) and SGCE (n = 496, Hoyo et al., 2014). 

Considering the gene expression level, placental PEG10 upregulation has been detected 

in intrauterine growth restriction (n = 17, replicated in n = 38, Diplas et al., 2009) and 

spontaneous miscarriages or fetal deaths cases (n = 38, Dória et al., 2010), while its 

downregulation has been associated with preeclampsia (n = 44, Liang et al., 2014). However, 

whether PEG10 placental DNA methylation correlates with gene expression needs further 

investigation.

The last imprinted gene showing elevated DNA methylation associated with triclosan 

concentration was FOXG1 that has been shown to play a role in brain development 

(Martynoga et al., 2005; Xuan et al., 1995) and tumorigenesis (Bulstrode et al., 2017; 

Pradhan et al., 2013). FOXG1 has been previously detected in an epigenome-wide study 

in placenta as demethylated in association with maternal circadian disruption (n = 273, 

Clarkson-Townsend et al., 2019).

4.1.2. Non-imprinted genes—The second most populated (23 CpGs) triclosan­

associated DMR we identified encompassed the TNXB gene and showed loss of 

methylation. TNXB encodes the tenascin-X glycoprotein that plays an important role in 

organizing and maintaining the structure of connective tissues by regulating the production 

and assembly of certain types of collagen. Increased maternal plasma levels of candidate 

TNXB gene transcripts were associated with a subtype of congenital heart defects (n = 70, 

Curti et al., 2016; n = 40, Morano et al., 2018).

In our study we also observed increased methylation of the PYCARD gene (often referred 

to as ASC) in association with pregnancy triclosan exposure. PYCARD encodes apoptosis­

associated speck-like protein with two protein-protein interaction domains (Stimson and 

Vertino, 2002). Protein domains are members of the death domain-fold superfamily that 

mediates assembly of large signaling complexes (inflammasomes) in the inflammatory 
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and apoptotic signaling pathways (O’Leary et al., 2016). Placental PYCARD has been 

previously detected in an epigenome-wide study as mostly hypermethylated in association 

with prenatal smoking (n = 668, Rousseaux et al., 2020). It has been also shown that 

expression level of the ASC in fetal membrane, placental tissues, and maternal serum was 

higher in pregnancies with premature rupture of membranes (n = 60, Zhu et al., 2020). 

Finally, the ASC protein levels were increased in hyperglycemic pregnant women (n = 60, 

Corrêa-Silva et al., 2018).

Lastly, triclosan was associated with increased methylation of the AQP1 gene encoding 

aquaporin 1. Aquaporins play a crucial role in the preservation of maternal-fetal fluid 

balance critical during human (Zhang et al., 2012) and animal pregnancy (Luo et al., 2018; 

Mann et al., 2005; Zheng et al., 2014). Methylation changes of AQP1 have not been studied 

in either placenta or cord blood, but elevated AQP1 expression has been detected in the 

amnion in idiopathic polyhydramnios pregnancies (n = 8, Mann et al., 2006).

Taken together, our results for triclosan-induced placental DNA methylation changes of 

several imprinted and non-imprinted genes add evidence to its potential adverse role on 

placental health and development.

4.2. 2,4-dichlorophenol

2,4-dichlorophenol is a metabolite of 1,3-dichlorobenzene, a minor contaminant of 1,4­

dichlorobenzene (Agency for Toxic Substances and Disease Registry, 2006). It is also 

an environmental transformation intermediate of triclosan and some herbicides (e.g., 2,4­

dichloro-phenoxyacetic acid and 2-(2,4-dichloro-phenoxy)propionic acid, Yang et al., 2010; 

Zona et al., 2002). Herein we identified increased DNA methylation in three DMRs 

in association with 2,4-dichlorophenol concentrations. One of the genes linked with the 

identified DMRs was IRF7, which plays an essential role in the response against viruses as 

a transcriptional regulator of type I interferon-dependent immune responses (Honda et al., 

2005). IRF7 has been also shown to be altered in immune-mediated diseases [e.g., psoriasis 

(Wang et al., 2020), lupus (Coit et al., 2020), systemic sclerosis (Rezaei et al., 2017)] or 

cancer cells (e.g., Li et al., 2008; Li and Tainsky, 2011; Wiseman et al., 2020). An in vitro 
study showed that alkylphenols, a family of organic compounds obtained by the alkylation 

of phenols and displaying weak estrogen-like activity, may suppress IRF7 expression in 

blood-derived plasmacytoid dendritic cells (critical for immune regulation) and interfere 

with immunity against infection (Hung et al., 2013).

4.3. Benzophenone-3

In our study population, benzophenone-3 was positively associated with two DMRs (DAXX 
and LDHD) and negatively associated with one DMR (MIR886 or VTRNA2–1). An animal 

study investigating associations between prenatal benzophenone-3 exposure (injections, 

50 mg/kg) and DNA methylation in pregnant mice showed inhibition of global DNA 

methylation and change of methylation status of estrogen receptor genes (Esr1, Esr2 and 

Gper1) and apoptosis-related genes (Bcl-2 and Bax) in the neocortical embryonic cells of the 

offspring (Wnuk et al., 2018). None of these genes was identified in our study, however we 

found a positive association with DNA methylation of DAXX, a different apoptosis-related 
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gene. DAXX placental methylation has been previously associated with prenatal exposure 

to air pollutant PM10 in a genome-wide study carried in the EDEN cohort, however the 

direction of the association was opposite to the one observed herein (n = 668, Abraham et 

al., 2018). An ex vivo study also showed loss of DAXX methylation during differentiation 

of progenitor villous cytotrophoblasts and the same DAXX DMR was identified among the 

most consistently differentially methylated genes in placental samples from preeclampsia 

pregnancies (n = 6, Novakovic et al., 2017).

Another gene we identified as negatively associated with benzophenone-3 concentration was 

MIR886. This imprinted gene has been demonstrated to be demethylated in epigenome-wide 

studies in blood in association with benzophenone-3 concentrations: in a cross-sectional 

study in adolescents (n = 51, Almstrup et al., 2020) and in infants at risk to develop 

overweight and obesity during childhood and adolescence (n = 438, van Dijk et al., 

2018). DNA methylation loss of blood MIR886 in adult offspring has been also linked 

to maternal malnutrition during pregnancy as shown in two epigenome-wide studies (n = 

148, Finer et al., 2016; n = 123, Silver et al., 2015), suggesting an involvement of MIR886 
in metabolic functions. Interestingly, prenatal benzophenone-3 concentrations have been 

previously associated with changes in birth outcomes, either increased birth weight (n = 

346, Messerlian et al., 2018; n = 473 boys, Philippat et al., 2019) or decreased birth weight 

and length in girls (n = 847, Long et al., 2019). Finally, placental expression upregulation 

of MIR886 has been linked to neurobehavioral status of infants measured by the Network 

Neurobehavioral Scales in a candidate gene study (n = 615, Green et al., 2015).

4.4. Parabens

The above mentioned study of LaRocca et al. is the only one investigating the associations 

between pregnancy concentrations of parabens and placental DNA methylation and it 

focused on two imprinted genes (H19 and IGF2) (n = 179, LaRocca et al., 2014). The 

authors reported methylation loss within the IGF2 DMR2 in male placenta associated with 

increased maternal concentrations of butylparaben [β = −0.52%, 95% confidence interval 

(95%CI): −0.89%; −0.15%] and methylparaben (β = −0.65%, 95%CI: −1.26%; −0.03%). 

There were only seven common probes within the IFG2 DMR2 between LaRocca et al. and 

our study and we did not identify any of them to be associated with butyl- or methylparaben. 

As for other loci within the IGF2 gene, we found seven positively and two negatively 

associated CpGs for butylparaben, and eight positively and one negatively associated CpG 

for methylparaben (uncorrected p-values <0.05, the lowest FDR-corrected p-values were 

1 and 0.52 for butyl- and methylparaben, respectively). The results discrepancy between 

the two studies may come from different methodologies used to assess DNA methylation 

(pyrosequencing vs. BeadChip technology), features of the studied population, adjustment 

for different confounders, or distinct exposure characteristics (e.g., different ranges of 

measured paraben concentrations in the two cohorts).

In our study, two out of four studied parabens (methyl- and propylparaben) were associated 

with increased placental DNA methylation for two individual CpGs and two DMRs linked 

with the SLC17A9 gene. SLC17A9 encodes protein involved in the transport of small 

molecules and participates in the vesicular uptake, storage, and secretion of adenoside 
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triphosphate and other nucleotides (O’Leary et al., 2016). Increased DNA methylation of 

cord blood SLC17A9 has been previously reported to be associated with prenatal exposure 

to perfluorooctane sulfonic acid (n = 190, Miura et al., 2018), a potential endocrine disruptor 

(Jensen and Leffers, 2008).

4.5. Effect of placental tissue heterogeneity

DNA methylation levels tend to differ among cell types within certain tissues, including 

placenta (Grigoriu et al., 2011). Therefore, some part of the DNA methylation variability 

observed across biological samples may be explained by the inter-individual heterogeneity 

of the studied tissue. This is why in epigenome-wide studies it is recommended to either 

adjust for cellular heterogeneity or remove the DNA methylation signal associated with 

cellular proportions in the pre-processing stage (Jaffe and Irizarry, 2014). However, more 

recently it has been postulated that treating the cell mix as a technical artifact by default 

may lead to discarding of the important information contained in the methylation signal 

determined by the cell composition (Holbrook et al., 2017; Konwar et al., 2019).

Animal and human studies indicated that prenatal exposure to triclosan may affect placental 

weight and size (Cao et al., 2017; Feng et al., 2016; Philippat et al., 2019) and induce 

placental thrombus and tissue necrosis (Wang et al., 2015). Therefore, we hypothesized 

that exposure to triclosan could potentially alter placental cell composition and affect inter­

individual variation in DNA methylation associated with this phenol, and so we decided not 

to adjust our main EWAS for the placental cell heterogeneity. Indeed, adjustment for cell 

heterogeneity substantially changed most of the regression estimates of triclosan-associated 

CpGs identified in the main EWAS and reduced the number of differentially methylated 

CpGs and regions associated with this phenol. For the CpGs with the absolute difference 

in regression coefficient ≥20%, complementary mediation analysis confirmed that DNA 

methylation changes linked with triclosan exposure could be partially mediated by the 

placental heterogeneity. It should be noted that other features, such as the structure and/or 

function of placental cells, may also play a role in the effect of the pregnancy exposure to 

triclosan on the epigenetic modifications in placenta.

5. Strengths and limitations

In the present study we followed two complementary statistical approaches. The EWAS 

produces effect estimates for each CpG that are directly comparable to the estimates 

reported in previous studies, including those relying on a candidate approach, and can be 

used in meta-analyses. The approach relying on DMR identification accounts for genomic 

location of the differentially methylated CpGs and their potential interdependence. The 

well-established EDEN mother-child cohort enabled access to information on a broad range 

of potential confounders, however additional confounding by genetics or ancestry cannot be 

ruled out. Also the co-exposure to other environmental chemicals (e.g., persistent organic 

pollutants, heavy metals) may have affected the observed associations. However, because a 

previous study did not show strong correlations between phenol concentrations and other 

common environmental pollutants present in pregnant women’s samples (Tamayo-Uria et 

al., 2019), it is rather unlikely. In this study phenol biomarkers were assessed only for 
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boys which, although it is not a source of bias, hinders generalizability of our conclusions 

for female offspring. Moreover, we used a single spot urine sample to assess exposure 

to phenols or their precursors whose urinary concentrations have moderate to high intra­

individual variability during pregnancy (Casas et al., 2018; Vernet et al., 2018), what can 

potentially lead to exposure misclassification, attenuation bias, and power reduction (Perrier 

et al., 2016). Discrepancies observed between our results and other studies investigating 

phenol-induced epigenetic modifications may come from different methodologies applied to 

assess DNA methylation (e.g., pyrosequencing vs. BeadChip technology), distinct features 

of the studied populations or adjustment for different confounders. It should be also noted 

that, in our study population, the average urinary concentrations of some phenols, especially 

triclosan, were relatively high [e.g., compared to the HEBC and POPS cohorts on which the 

previous study investigating phenol-induced changes in placental DNA methylation relied 

on (LaRocca et al., 2014)]. Finally, the observed changes in DNA methylation cannot be 

directly translated to gene expression (Lim et al., 2017), what makes it difficult to interpret 

how our results may link to pregnancy complications or health outcomes later in life.

6. Conclusions

This is the first epigenome-wide study describing associations between urinary 

concentrations of selected synthetic phenols during pregnancy and methylation of the 

placental DNA. Our results suggest that increased maternal concentrations of triclosan and, 

to lesser extent, of 2,4-dichlorophenol, benzophenone-3, methyl- and propylparaben were 

associated with increased methylation of 44 and decreased methylation of two placental 

DMRs containing at least five probes and encompassing 45 genes. Our results also suggest 

that part of the observed associations might be mediated by placental cell heterogeneity. 

Replication studies are needed to better characterize the associations between maternal 

concentrations of synthetic phenols and placental DNA methylation.
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Fig. 1. 
Workflow of the study. Abbreviations: CpG = CG methylation site. DMR = differentially 

methylated region. EWAS = epigenome-wide association study. FDR = false discovery rate. 

GAMP = global analysis of methylation profiles.
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Fig. 2. 
β regression coefficient estimates according to genes encompassed by DMRs identified as 

associated with pregnancy triclosan concentration (number of CpGs within DMR ≥5, Šidák­

corrected p-value <0.05, n = 202, 379,904 CpGs). Circles represent CpGs within genes 

associated with triclosan exposure. β coefficient estimates correspond to a change in the 

DNA methylation level for doubling of the urinary phenol concentration. EWAS regression 

models on which the DMR analysis was based were adjusted for recruitment center, 

maternal active smoking in the three months preceding pregnancy and during pregnancy, 

maternal age, parity, maternal education level, season of conception, batch, plate, and chip. 

Abbreviations: CpG = CG methylation site. DMR = differentially methylated region. EWAS 

= epigenome-wide association study.
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Fig. 3. 
Regional Manhattan plots for the adjusted associations of pregnancy triclosan concentrations 

and placental DNA methylation within DMRs encompassing imprinted genes (number of 

CpGs within DMR ≥5, Šidák-corrected p-value <0.05, n = 202, 379,904 CpGs). Circles 

represent CpGs; orange boxes indicate exons; orange lines represent introns; green boxes 

indicate CpG islands. The heat map represents Spearman correlations between the CpGs 

included in each DMR. EWAS regression models on which the DMR analysis was based 

were adjusted for recruitment center, maternal active smoking in the three months preceding 

pregnancy and during pregnancy, maternal age, parity, maternal education level, season of 

conception, batch, plate, and chip. Abbreviations: CpG = CG methylation site. DMR = 

differentially methylated region. EWAS = epigenome-wide association study.
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