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Abstract

Background: Brominated flame retardants (BFRs) are organic
compounds that are widespread in the environment. Because of their
persistence, they are able to bioaccumulate with major impacts on
human health. It has been hypothesized that the effect of BFRs on
human health is mediated by alterations of DNA methylation.

Objective: The aim of this study was to examine the association
between methylation of DNA extracted from peripheral blood and
circulating levels of BFRs measured in plasma.

Methods: We conducted a methylation wide association study on 336
blood samples from a study within the E3N (Etude Epidémiologique
aupres de femmes de I'Education Nationale) cohort, a long-term
longitudinal cohort of French women. DNA methylation at more than
850,000 cytosine-guanine dinucleotide (CpG) sites was measured
with the Illumina Infintium HumanMethylation - EPIC BeadChip.
Circulating levels of seven BFRs (BDE-28, BDE-47, BDE-99, BDE-
100, BDE-153, BDE-154 and PBB-153) were measured by gas
chromatography coupled to high-resolution mass spectrometry in
plasma samples. The association between DNA methylation and
BFRs plasma levels was assessed through linear mixed-effects models
followed by gene-set enrichment analyses (GSEA).

Results: We identified 253 CpG sites whose methylation levels were
significantly associated with exposure to BFRs after Bonferroni
correction. For 50 of these CpGs the p-values were less than 2.2x10”
with the strongest association being between BDE-154 and
cg23619365 (4.32x10'%). GSEA of CpG sites associated with
exposure to BFRs identified significant enrichment of genes involved
in hypoxia, glycolysis and adipogenesis.

Conclusions: Exposure to BFRs appears to be related to numerous
alterations in DNA methylation. These findings, if replicated in



independent studies, provide insights into the biological and health
effects of BFRs.
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Highlights

e We analysed 336 blood samples from a French cohort of adult
women to assess the association between circulating levels of
brominated flame retardants (BFRs) and epigenome-wide
methylation levels.

e Circulating levels of BFRs are associated with changes in
methylation levels in at least 253 CpGs.

e Alterations in methylation levels associated with circulating
levels of BFRs appear in particular in genomic regions involved
in hypoxia, glycolysis and adipogenesis.

e Our findings suggest that altered methylation may be one of the
mechanisms of biological action of exposure to BFRs in adults.

Introduction

Endocrine disrupting chemicals (EDCs) are “exogenous substances or
mixtures that alter the function(s) of the endocrine system, causing
adverse health effects in an intact organism, its progeny, or
(sub)populations” (Gore et al., 2015; Kassotis et al., 2020). The effect
of EDCs on biological systems and their widespread presence in the
environment, including in food, have led to growing concerns about



their impact on human health. Of particular concern are persistent
organic pollutants (POPs), a class of EDCs characterised by long-
range transport, persistence in the environment, and the ability to
biomagnify and bioaccumulate in ecosystems. Flame retardants are a
group of chemicals used to reduce the flammability of combustible
materials. The most common flame retardants contain bromine and
are therefore known as brominated flame retardants (BFRs). These
compounds are added to a wide variety of consumer goods, including
electronics, furniture, building materials, and automobiles
components, to make them less flammable. Widely produced in the
past, the international community has called for actions to reduce and
eliminate their production, use and release through the Stockholm
Convention, an international legally binding instrument that entered
into force on 17 May 2004 (http://chm.pops.int/). However, after
being widely used for decades, these compounds have migrated from
consumer products into the environment and human tissues due to
their persistence and bioaccumulation properties.

BFRs are lipophilic compounds classified as POPs that accumulate in
fat tissues and disrupt the endocrine system (Dishaw et al., 2014).
They can be found in breastmilk and several other routes of exposures
have been reported such as indoor air inhalation, dermal contact, dust
ingestion and diet (Geyer et al., 2004). Health effects of BFRs have
been mostly investigated for polybrominated diphenyl ethers (PBDEs)
and polybrominated biphenyls (PBBs). PBDEs congeners have been
suspected to be involved in the disruption of thyroid hormones
(Shrestha et al., 2015; Liu et al., 2017; Byrne et al., 2018). Due to the
similarity in chemical structures of PBDEs and thyroid hormones
triiodothyronine (T3) and thyroxin (T4), it is believed that PBDEs
have the potential to mimic and disrupt homeostatic conditions (Costa
et al., 2014). Moreover studies have reported an association between
PBDEs exposure and neurotoxicity (He et al., 2011; Hendriks and



Westerink, 2015), reproductive dysfunctions (Khalil et al., 2017), and
diabetes (Ongono et al., 2019).

An epidemiological study conducted on the Michigan PBB Registry
based on a population accidentally exposed to high levels of PBBs
found an increased risk of lymphomas and cancers of the digestive
tract, including esophagus, stomach, liver, and pancreas cancers, as
well as breast cancer (Greeson et al., 2020). Evidence of the
association between exogenous chemical compounds and epigenetic
modifications like DNA methylation 1is increasing, being
acknowledged as one of the key mechanisms of action of EDCs (La
Merrill et al., 2020). DNA methylation is a biochemical process that
refers to the catalytic addition of a methyl (-CHj3) group to the fifth
carbon position of a DNA base. It is a critical epigenetic mechanism
for gene expression whose alteration may contribute to the
development of various conditions and diseases (Handy et al., 2011).

To date, little 1s known about the effects of BFRs on DNA
methylation. Findings suggest that the joint exposure to the pesticide
dichlorobiphenyl trichloroethane (DDT) and PBDEs is associated
with global hypomethylation (Huen et al., 2014; Kim et al.,
2010).While a study reported no association between BDE-47 and
global DNA methylation (Karimi et al., 2011), a study conducted
within the British Birth Cohort suggested that high maternal BDE-47
exposure was associated with decreased cord blood methylation levels
in the promoter region of tumor necrosis factor (TNF) alpha, a
proinflammatory gene (Dao et al., 2015). Additionally, blood levels of
PBBs have been associated with 1890 CpGs related to immune
function and endocrine-related auto-immune disease (Curtis et al.,
2019).

We conducted a methylome-wide association study (MWAS) using a
case-control study on breast cancer nested in the French E3N cohort
of women to investigate the association between plasma levels of



BFRs and methylation in individual CpGs using DNA extracted from
peripheral blood samples. We conducted the MWAS for each of the
seven measured BFRs belonging to the PBDEs and PBB-153. Our
hypothesis was that alterations in DNA methylation could be used as
markers of exposure to BFRs.

Materials and Methods

Study population and sample

We used data from a case-control study on breast cancer nested in the
E3N (Etude Epidémiologique aupres de  femmes de
l'Education Nationale) prospective cohort involving approximately
100,000 French women born between 1925 and 1950, living in
metropolitan France at inclusion in 1990, and affiliated to the French
national health insurance for workers of the Educational System and
their families, the Mutuelle Générale de I'Education Nationale
(MGEN). Women were enrolled in the cohort after returning a
baseline self-administered questionnaire on their lifestyle and medical
history, along with informed and written consent. Follow-up
questionnaires were sent every 2-3 years thereafter to update
information about lifestyle, diet, medical history, use of drugs and
other treatments. Average response rate at each follow-up round was
about 83%, and the overall loss to follow-up since 1990 was 3%.
Details about the E3N cohort have been published previously (Clavel-
Chapelon et al., 1997; Clavel-Chapelon and E3N Study Group, 2015).
The study received ethical approval from the French Commission
Nationale de I’Informatique et des Libertés (CNIL).

The case-control study nested in the E3N cohort aimed at evaluating
the association between plasma levels of BFRs and breast cancer risk



included 197 incident cases of breast cancer (aged between 47 and 72
years at baseline) and 197 controls selected using density sampling
and matched to cases by age (+2years), menopausal status
(premenopausal or postmenopausal), body mass index (BMI) (<25
or >25 kg/m2), all at blood collection, and year of blood collection
(period 1994-1999). Details about the case-control study have been
published previously (Mancini et al., 2020). The present MWAS was
conducted in a subset of 168 breast cancer cases and 168 controls for
which both BFRs and methylation data were available.

Assessment of BFRs plasma levels

Plasma circulating levels of BFRs have been measured by the
LABERCA laboratory (Oniris Nantes, FRANCE; ISO 17025:2005
accredited laboratory). The methods used to isolate, detect, and
quantify the PBDE congeners (BDE-28, BDE-47, BDE-99, BDE-100,
BDE-153, BDE-154) and PBB-153 have been previously validated
and published elsewhere (Cariou et al., 2005; Mancini et al., 2020).
Briefly, plasma samples were first submitted to a liquid/liquid
extraction with pentane and the resulting extracts were weighed to
measure fat content using an enzymatic method (Biolabo; Maizy,
France) before reconstitution in hexane for further purification. Then,
determinations were performed using gas chromatography (Agilent
7890A) coupled to high-resolution mass spectrometry (GC-HRMS)
on double sector instruments (JEOL MS 700D and 800D) after
electron impact ionization (70 eV), operating at 10000 resolutions
(10% valley) and in the single ion monitoring (SIM) acquisition
mode. Finally, as described by Akins and colleagues (Akins et al.,
1989), the total plasma lipid (TPL) levels were calculated by
combining the concentration of  phospholipids (PHO),
triacylglycerides (TAG), total cholesterol (t.CHO) and free
cholesterol (f.CHO) as follows: TPL=1.677*(t.CHO-
f.CHO)+{.CHO+TAG+PHO).



Due to their lipophilic nature and their tendency to bioaccumulate in
tissues, we have chosen to contrast the amount of BFRs circulating
levels measured in nanograms with the amount of lipids in plasma
measured in grams. For BDE-47, BDE-99, BDE-100, BDE-153,
PBB-153, all samples have been quantified — i.e. none was below the
limit of detection (LOD). The limits of detection (LOD) were 0.03
ng/L for BDE-28, 0.02 ng/L for BDE-154, and 0.1 ng/L. for BDE-47,
BDE-99, BDE-100, BDE-153 and PBB-153. For those samples for
which levels of BDE-28 or BDE-154 were below the LOD (1 and 99
samples respectively) the measure has been replaced by half of the
LOD.

To ensure the quality of the analysis, besides the appropriate use of
internal standards in each sample, 13C12 labeled standards were
added at the end of each clean-up process in order to calculate
recoveries that ranged between 60 and 120%. The accuracy was
determined according the ISO 17025 requirements, setting up the
lower spiking level at 0.5 ng/L. (n = 5), being the trueness within the
range between 3% (BDE-99) and 37% (BDE-28), and the precision
within the range between 13% (BDE-47) and 28% (PBB153). The
analytical performance was considered acceptable for all congeners;
however, it should be noted the analytical uncertainty associated to
lower concentrations for BDE28. Cleaned laboratory glassware was
rinsed with dichloromethane prior to use and the analyses were
carried out in an over-pressurized room to minimize environmental
contamination followed by a continuous monitoring of the analytical
procedure implemented through procedural blanks (Udesky et al.,
2019). The blank controls were not deducted because of the absence
of analytical contamination.

DNA methylation measurement and data pre-processing



The Infinium Human Methylation EPIC array has been used on
circulating DNA to quantify methylation in more than 850,000 CpG
sites. DNA was extracted from archived buffy coats.

DNA extraction, bisulfite conversion, quality control analyses,
running of the methylation assays as well as the methylation data pre-
processing were performed at the Italian Institute of Genomic
Medicine (IIGM) in Turin, Italy, according to manufacturers’
protocols and procedures developed by IIGM for previous studies on
DNA methylation (Fasanelli et al., 2019, 2015).

Genomic DNA was extracted from buffy coats using the
QIAsymphony DNA Midi Kit (Qiagen, Hilden, Germany). Five
hundred nanograms (1 microgram for a few samples) of DNA were
bisulfite-converted using the EZ-96 DNA Methylation-GoldTM Kit
(Zymo, California, USA) and hybridized to Infinium Human
Methylation EPIC BeadChips (Illumina, California, USA). Each chip
was subsequently scanned using the Illumina HiScanSQ system, and
sample quality was assessed using control probes on the microarrays.
Raw intensity data were finally exported from Illumina
GenomeStudio (version 2011.1).

Samples were distributed into 96-well plates and processed in chips of
12 arrays (8 chips per plate) with case—control pairs arranged
randomly on the same chip. Data pre-processing was carried out using
in-house software written in the R statistical computing environment
(Fasanelli et al., 2015).

For each sample and each probe, measurements were set to missing if
obtained by averaging intensities over less than three beads, or if
averaged intensities were below detection thresholds estimated from
negative control probes. Background subtraction (to remove
background noise) and dye bias correction (for probes using the
Infinium II design) were also performed. The resulting subset of 867



867 CpG loci was selected for further analyses, and among these,
probes with missing values in more than 5% of the samples were
excluded from the analyses, leaving 805 837 probes. The initial set
includes 380 samples with those including more than 5% of non-
detected probes and unmatching pairs excluded from the analysis.

The final dataset included 168 case-control pairs that passed the pre-
processing step and methylation measures for 805 837 CpGs.

For each CpG site we calculated a beta value, defined as the ratio of
the corresponding methylated probe intensity over the overall
intensity (sum of methylated and unmethylated probe intensities). We
considered the log2 ratio of beta values to conduct the association
studies.

Cellular heterogeneity

Methylation profile varies with cell type, depending on the individual;
adjustment for the proportion of cell types was then necessary. Based
on the method developed by Houseman and colleagues (Houseman et
al., 2012), we estimated from the methylation data the proportions of
cell types in each blood sample, including B cells, CD4+ T cells,
CD8+ T cells, granulocytes, monocytes and natural killer cells.

Statistical analysis

Main analyses

We assessed the association between DNA methylation and
individual BFRs plasma levels through linear mixed-effects models
with DNA methylation as response variable and median value within
quartiles of BFR levels as exposure; plate and chips were included
into the models as random effects, thus making possible to account
for the random variability of methylation levels due to technical
sources. Also, we fitted models adjusting for age at blood collection



(below or above the median, that is56.1), parity and total
breastfeeding duration (no children and no breastfeeding, at least 1
child and <6 months breastfeeding, at least 1 child and >6 months
breastfeeding), BMI (<25 kg/mz, >25 kg/mz), and cell type
proportions. Using the same model, we also evaluated whether global
and regional methylation (average level over all CpG sites across the
whole genome and across specific regions) may be associated with
exposure to BFRs.

Because the women in our dataset were selected conditionally on their
breast cancer status, the breast cancer probability in our dataset (50%
by design) was much larger than in the general population. In the
linear mixed regression analyses, to account for the over-
representation of breast cancer cases in the data set compared to the
general population, all models were weighted according to the method
proposed by van der Laan (van der Laan, 2008; VanderWeele and
Vansteelandt, 2010). Specifically, each case and control was given a
weight of p/0.5 and (1-p)/0.5 respectively, where p was set to 0.08 to
reflect the proportion of breast cancer cases in the general population
of women aged more than 40 years. We adjusted for multiple testing
by controlling the Family Wise Error Rate (FWER) through
Bonferroni adjusted p-values. We also controlled the False Discovery
Rate (FDR) by computing g-values using the qvalue R package
(Storey, 2011) and calling all tests with g-values below 5%
significant.

Sensitivity analysis

As an alternative correction of the aforementioned selection bias, we
have also fitted models on controls only (i.e. on women that have not
been diagnosed with breast cancer at the date of diagnosis of the
matched case).

Gene set enrichment analysis



Gene set enrichment analysis (GSEA) (Subramanian et al., 2005) is a
computational method that determines whether members of a priori-
defined gene set are over-represented at the top (or bottom) of a
ranked list of markers which have been ordered by their correlation
with a specific phenotype, in our case the levels of each specific
BFR. For each BFR, we performed a GSEA using CpG sites that are
located in promoter regions and are significantly associated with the
BFR circulating levels (unadjusted p-value < 5%). GSEA produces a
ranked list of gene sets based on an enrichment score and this score
was considered ‘significant’ when the FDR< 25% (see the GSEA
user guide! for more details). To explore the target gene sets

associated with levels of BFRs we used the hallmark gene set v7.4
(Liberzon et al., 2015), a collection of 50 gene sets representing well-
defined biological states. We conducted our analysis using
GSEA_4.1%? which includes a function to compute the corresponding
g-values. The parameter “Enrichment statistics” was set to the
“classic” item, and the parameter “Metric for ranking genes” was set
to “Pearson”. 1000 permutations were carried out to evaluate the FDR
and the p-value of the enrichment score with permutation type set to
“gene_set”.

Results

Baseline characteristics of the study participants

The baseline characteristics of the 336 study participants are
summarized in Table 1. Median age of the study participants was 56.1
years and most of them had a healthy body mass index with only one
quarter of them being overweight or obese. About 39% of them were
nulliparous or never breastfed, 40% had at least one child but

'https://www.gsea-msigdb.org/gsea/doc/GSEAUserGuideFrame.html
2https://software.broadinstitute.org/cancer/software/gsea/wiki/index.php/GSEA_v4.1.x_Release_Note
s



breastfed for less than 6 months while the remaining 20% had
breastfed for more than 6 months.

N= 336

Age (years), median [IQ range] 56.10 [51.08, 60.60]
BMI (kg/m2), mean (SD) 23.66 (3.40)
Parity, N (%)

nulliparous and no breastfeeding 133 (39.6)

parous with less than 6 months of lactation 136 (40.5)

parous with more than 6 months of lactation 67 (19.9)
BDE-28(ng/g of lipids), median [IQ range] 0.04 10.03, 0.06]
BDE-47(ng/g of lipids), median [IQ range] 0.61 [0.40, 0.87]
BDE-99(ng/g of lipids), median [IQ range] 0.13 [0.10, 0.21]
BDE-100(ng/g of lipids), median [IQ range] 0.17 10.12, 0.26]
BDE-153(ng/g of lipids), median [IQ range] 0.53[0.42, 0.67]
BDE-154(ng/g of lipids), median [IQ range] 0.03 [0.02, 0.05]
PBB-153(ng/g of lipids), median [IQ range] 0.31 [0.24, 0.40]

Table 1. Baseline characteristics of the studied population (N = 336).

Regarding PBDEs levels, tables 1 and 2 show that BDE-47 was the
predominant congener with a median concentration of 0.61 ng/g of
lipids and a large variation in levels across women (min-max: 0.07 to
11.4 ng/g of lipids). High concentration was also observed for BDE-
99. For the only PBB studied (PBB-153), we found relatively high
concentrations with a median level of 0.31 ng/g of lipids (min-max:
0.11 and 11.12 ng/g of lipids).



Min. Mean Max.
BDE-28(ng/g of lipids) 0.01 0.06 0.71
BDE-47(ng/g of lipids) 0.07 0.85 11.4
BDE-99(ng/g of lipids) 0.02 0.21 4.12
BDE-100(ng/g of lipids) 0.03 0.24 2.84
BDE-153(ng/g of lipids) 0.22 0.58 2.32
BDE-154(ng/g of lipids) 0 0.04 0.28
PBB-153(ng/g of lipids) 0.11 0.42 11.12

Table 2. Summary statistics of selected BFRs (ng/g of lipids).

Figure 1 presents the correlation between PBDEs that was particularly
high for BDE-47, BDE-99 and BDE-100.
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Figure 1. Correlation between the circulating levels of BFRs
congeners.

Association between plasma levels of BFRs and DNA methylation

We identified 253 CpGs sites where DNA methylation levels were
associated with circulating levels of BFRs at a genome-wide level of
significance, see Figure 2. For each congener, the top CpG sites
ranked according to their p-values are shown in Supplementary tables
1-7. All of them showed strong associations even after multiple
testing Bonferroni correction. For most of the considered BFRs, the
majority of CpG sites that were significantly associated with exposure
after Bonferroni correction showed hypermethylation, i.e. positive
correlation with exposure. Only for BDE-153 and BDE-154 the
majority of the CpGs in the top list showed hypomethylation, i.e.
negative correlation with exposure (Supplementary table 8).
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Figure 2 (a)-(b). Manhattan plots of the association between BFR
congeners and 805 837 CpG sites. The y-axis shows the —logl0 p-



values of the tests of associations between DNA methylation and
circulating levels of BFRs from our linear mixed model analyses. The
black line corresponds to a FDR threshold of 5% while the blue line
to the FWER 5% threshold. Green and red colors represent the top
1000 respectively hyper- and hypo-methylated CpGs.

As shown in Supplementary figure 1, the estimates of BFR
coefficients in our main models fitted on breast cancer cases and
controls were consistent with the estimates of the coefficients of the
models fitted on controls only.

At genome wide level, we did not find significant association with
considered BFRs (Table 3). At regional level (Table 4), BDE-154 was
significantly associated with hypomethylation within
TSS1500/TSS200 and promoter regions. BDE-47 and BDE-99 were
also associated with hypomethylation within promoter regions.

Coefficients Std p
BDE-28 0.001 0.002 0.652
BDE-47 -0.004 0.003 0.210
BDE-99 -0.001 0.004 0.805
BDE-100 -0.001 0.003 0.789
BDE-153 -0.000 0.002 0.945
BDE-154 0.001 0.002 0.558
PBB-153 0.005 0.007 0.481

Table 3. Association between average methylation across the whole
genome and circulating levels of BFRs.



Island or Shore Shelf or None Promoter Other

Coefficients Std 14 Coefficients Std P Coefficients Std P Coefficients Std P

BDE-28 | 0.000 0.003 0.873 0.002 0.004 0.696 -0.002 0.006 0.678 0.002 0.003 0.629

BDE-47 | -0.005 0.003 0.094 -0.004 0.005 0.441 -0.010 0.007 0.127 -0.004 0.004 0.278

BDE-99 | -0.006 0.005 0.189 0.001 0.008 0.850 -0.014 0.01 0.152 -0.001 0.005 0914

BDE-100| -0.005 0.003 0.099 0.001 0.005 0.805 -0.008 0.007 0.195 -0.000 0.004 0.903

BDE-153| -0.003 0.002 0.159 0.001 0.003 0.646 -0.003 0.004 0.480 0.000 0.002 0.943

BDE-154| -0.005 0.002 0.019 0.004 0.003 0.205 -0.012 0.004 0.006 0.002 0.002 0.375

PBB-153| -0.013 0.008 0.092 0.023 0.012 0.061 -0.020 0.016 0.233 0.008 0.009 0.390

(a)

TSS1500 or TSS200 Promoter
Island or Shore Shelf or None Island and Shore Shelf or None
Coefficients Std P Coefficients Std P Coefficients Std p Coefficients Std P

BDE-28 | -0.000 0.003 0.971 0.000 0.003 0.892 -0.001 0.006 0.828 -0.004 0.003 0.192

BDE-47 | -0.006 0.004 0.139 -0.005 0.004 0.158 -0.009 0.007 0.148 -0.008 0.004 0.026

BDE-99 | -0.007 0.006 0.223 -0.002 0.006 0.709 -0.012 0.01 0.198 -0.011 0.005 0.043

BDE-100| -0.005 0.004 0.159 -0.002 0.004 0.671 -0.008 0.006 0.226 -0.006 0.004 0.087

BDE-153| -0.003 0.002 0.244 -0.000 0.002 0.921 -0.002 0.004 0.572 -0.002 0.002 0.243

BDE-154| -0.007 0.003 0.011 0.001 0.003 0.656 -0.012 0.004 0.007 -0.007 0.002 0.006

PBB-153| -0.017 0.01 0.069 0.019 0.009 0.046 -0.02 0.016 0.213 0.001 0.009 0.89

(b)

Table 4. Association between average methylation across specific
regions and circulating levels of BFRs.

GSEA

A GSEA identified seven gene sets positively enriched at a FDR
level of 0.25 (Table 5), of which four are positively enriched,
meaning that the levels of DNA methylation of CpG sites included in
the gene set are positively correlated with the plasma concentrations



of the corresponding BFRs. These results suggest that plasma
concentrations of BFRs may be associated with methylation levels in
genes involved in  processes such as adipogenesis (BDE-99),
glycolysis (BDE-100) and hypoxia (BDE-154).

BFRs Enrichment Negat%ve
Gene set # genes normalized p-value g-value
congeners SCOI'C .
Enrichment Score
BDE-47 HALLMARK_IL2_STAT5_SIGNALING 76 0.17 1.73 0.03 0.22
BDE-99 HALLMARK_ADIPOGENESIS 88 -0.2 -2.19 0 0.02
HALLMARK_APICAL_JUNCTION 49 -0.23 -1.89 0.01 0.23
BDE-100

HALLMARK_GLYCOLYSIS 80 -0.18 -1.87 0.01 0.12
BDE-153 HALLMARK_UV_RESPONSE_DN 45 0.28 2.24 0 0.03
HALLMARK_HYPOXIA 97 0.18 02.09 0 0.07
BDE-154 HALLMARK_IL2_STAT5_SIGNALING 91 0.18 02.05 0.01 0.04
HALLMARK_TNFA_SIGNALING_VIA_NFKB 105 0.16 1.95 0.01 0.05

Table S. Gene set enrichment analysis results for gene sets with FDR
g-value < 0.25. For each gene set, the number of genes in the set with
CpG sites associated with a BFR is given, together with enrichment
statistics.

Discussion

BFRs exposure has become an increasingly important global public
health problem given the contamination of the environment, their
tendency to bioaccumulate in human tissue and their effects on
biological systems that are yet to be fully elucidated. Our underlying
hypothesis is that BFRs may alter methylation levels in human DNA.



Through such alterations, BFRs would eventually exert multiple
actions on human health.

Our analyses, based on a sample of 336 women from the French E3N
cohort, provided convincing evidence of association between BFRs
plasma concentrations and methylation levels of blood DNA at
multiple CpG sites and in pathways of gene sets involved in hypoxia,
glycolysis and adipogenesis.

To the best of our knowledge, this is the first epigenome-wide
association study which involves multiple BFRs and DNA
methylation in blood samples from adults. Previous studies showed
that endocrine disruptors such as phthalates (Chen et al., 2018) or
bisphenols (Laing et al., 2016; Liu et al., 2016) were associated with
hypomethylation. Most of these studies analysed repetitive genomic
elements as markers of global methylation (i.e. Alu and LINE-1) or
used cell lines or animal models, mostly rodents or birth cohorts.
Focus on early-life is explained by the fact that the epigenome
undergoes extensive reprogramming throughout fetal development at
gametogenesis and early embryo preimplantation, representing
vulnerable stages to environmental exposure (Alvarado-Cruz et al.,
2018).

In our data, we found no significant associations between global
methylation and BFR levels in contrast with some previous studies
that reported global hypomethylation or hypomethylation in target
genes or genomic regions in relation to perinatal exposure to BDE-47
in brain tissue from murine models or in murine neuroblastoma cells
(Bastos Sales et al., 2013; Byun et al., 2015; Woods et al., 2012).
These findings are consistent with our observation of
hypomethylation in some regions in relation to BFR levels (e.g.
BDE-154 and average hypomethylation in gene promoters). The lack
of association with average global methylation is consistent with the



findings from a study in a Korean population that observed no
association between exposure to BDE-47 and BDE-99 and global
methylation using LINE-1 and Alu assays (Kim et al., 2010).

In studies conducted in the placenta, an increase in DNA methylation
as assessed by LUMA of imprinting genes (IGF2/H19) was observed
in relation to PBDEs and other POPs congeners (Kappil et al., 2016).
Moreover, low-level increases in methylation of CpG islands was
observed in an in-vitro primary villous cytotrophoblasts model in
response to exposure to BDE-47 (Robinson et al., 2019).

More recently, microarray technology was used to investigate the
association between exposure to specific BFRs and methylation at
CpG level in human populations. In particular, an epigenome-wide
study in DNA from placenta identified 133 CpG sites with altered
methylation levels in relation to exposure to BDE-47 (Ouidir et al.
2020). A study based on the Michigan PBB Registry found that
methylation levels at 1890 CpG sites were associated with total PBB
serum levels in a highly exposed population (Curtis et al., 2019).
Using the same methylation array, which covers almost 1 million
individual CpGs (more than 90% of all CpGs), we assessed
methylation of DNA from peripheral blood in relation to serum levels
of a broader range of BFR congeners in women from the general
population. The levels of BFRs observed in our cohort of French
women (Mancini et al., 2020) are similar to those observed in a recent
French biomonitoring study® but substantially lower than levels
observed in studies from the U.S. (Alaee, 2003; Mancini et al., 2020).
Our study can therefore provide useful insights about the potential
sub-clinical effects of BFRs at low doses.

3https://www.samepub\iquefranoe.fr/determ\nants-de-sante/’exposwt\on-a-des-substances-oh\m\ques/perturbateurs-endocmn\ens/doouments/rapport-
synthese/impregnation-de-la-population-francaise-par-les-retardateurs-de-flamme-bromes-programme-national-de-biosurveillance-esteban-2014-2016



Our study has some limitations. The main one is the cross-sectional
design with BFRs plasma concentrations and DNA methylation levels
assessed at the same time point preventing causal inference from the
observed associations. For example, we cannot exclude that change in
methylation of specific genes involved in the endocrine pathways
may affect circulating levels of BFRs. Secondly, our study has a
relatively small sample size and is limited to women only. As there
are gender-based differences in DNA methylation levels (Kappil et
al., 2016; Singmann et al., 2015) our results may not be generalizable
to both genders.

While it is established that epigenetic changes including global
hypomethylation are observed in tumor DNA, the secondary use of a
case-control study on breast cancer is unlikely to have influenced our
results for at least two reasons. First, studies on methylation in DNA
from blood, including some from our group, have essentially failed to
identify clear alterations associated with breast cancer (Bodelon et al.,
2019). Second, the case-control study was nested within a
longitudinal cohort with cases diagnosed years after the blood
collection.

Finally, we cannot exclude that BFRs influence DNA methylation in
other target tissues that were not available for this study as well as the
possibility that a variety of POP mixtures may contribute to the
observed findings.

Conclusion

Our study found evidence of association between BFRs exposure and
moderate or strong alterations in circulating DNA methylation at the
level of single CpGs and gene sets. These findings provide significant
data on the effects of PBDE congeners on epigenetic mechanisms that



in population studies are still scant. Even if toxicity of these
compounds in early development has been demonstrated by previous
research, the suggestive evidence of association between BFRs
exposure and blood DNA methylation alterations in specific gene
pathways is intriguing as it might reflect a more complex and wider
action of this class of substances.
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