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Mercury and arsenic are known developmental toxicants. Prenatal exposures are associated with adverse
childhood health outcomes that could be in part mediated by epigenetic alterations that may also contribute to
altered immune profiles. In this study, we examined the association between prenatal mercury exposure on both
DNA methylation and white blood cell composition of cord blood, and evaluated the interaction with prenatal
arsenic exposure. A total of 138 mother-infant pairs with postpartum maternal toenail mercury, prenatal urinary
arsenic concentrations, and newborn cord blood were assessed using the Illumina Infinium Methylation450 array.
White blood cell composition was inferred from DNA methylation measurements. A doubling in toenail mercury
concentration was associated with a 2.5% decrease (95% CI: 5.0%, 1.0%) in the estimated monocyte proportion. An
increase of 3.5% (95% CI: 1.0, 7.0) in B-cell proportion was observed for females only. Among the top 100 CpGs
associated with toenail mercury levels (ranked on P-value), there was a significant enrichment of loci located in
North shore regions of CpG islands (P D 0.049), and the majority of these loci were hypermethylated (85%).
Among the top 100 CpGs for the interaction between arsenic and mercury, there was a greater than expected
proportion of loci located in CpG islands (P D 0.045) and in South shore regions (P D 0.009) and all of these loci
were hypermethylated. This work supports the hypothesis that mercury may be contributing to epigenetic
variability and immune cell proportion changes, and suggests that in utero exposure to mercury and arsenic, even
at low levels, may interact to impact the epigenome.

Introduction

Mercury (Hg) enters the environment from natural and
anthropogenic sources and its concentration has increased at
least three-fold in the ocean since the industrial revolution.1

The largest anthropogenic source of mercury emissions in the
US comes from coal-burning power plants; others sources
include byproducts of chlorine production, dental fillings using
amalgams, thermometers, broken fluorescent bulbs, and batter-
ies.2 Mercury that is deposited in aquatic systems is biotrans-
formed to methylmercury (MeHg) by anaerobic microbes.
MeHg can then bioaccumulate in species of high trophic level.
For the general population, consumption of fish is the primary
route of human exposure to MeHg. Since MeHg can cross the
placenta, maternal consumption of fish, especially large preda-
tory fish such as shark, tile fish and king mackerel, leads to fetal
exposure in utero.3,4

Epidemiological studies have found that prenatal exposure to
mercury in utero is associated with poor cognitive development

and behavioral disorders in children.5-8 A recent review of the lit-
erature on low level prenatal MeHg exposure found consistent
evidence for early childhood neurocognitive dysfunction, limited
evidence for cardiovascular effects and possible associations with
fetal growth among susceptible groups.9 Furthermore, mercury
exposure at low levels was found to be associated with subclinical
signs of autoimmunity among women of reproductive age in the
US population.10 The latency of health effects observed in pro-
spective epidemiological studies of prenatal Hg exposures is sug-
gestive of an epigenetic mode of action and emerging evidence
suggests that placental epigenetic disruption can contribute to
Hg neurodevelopmental toxicity.11 However, no studies have
investigated the effects of prenatal Hg exposure on DNA methyl-
ation in cord blood.12

Additionally, there is evidence that MeHg exposure is cor-
related with other metals, such as arsenic (As), that are also
known epigenetic toxicants. For instance, epidemiological
studies in pregnant women report a moderate positive correla-
tion between biomarkers of Hg and As exposure.13,14 Few
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studies, however, have examined the health effects of co-expo-
sures to toxicants. A growing body of evidence indicates that
prenatal exposure to arsenic may lead to neurotoxic effects and
is most severe during brain development and fetal growth.15,16

Emerging studies have provided evidence that prenatal expo-
sure to As may disrupt the epigenome of newborns, a potential
mechanism that might explain its latent health effects.17-20

The ability of some environmental exposures to disrupt epige-
netic programming during fetal development provides a mecha-
nism to link in utero exposure to toxicants and chronic disease.21

The epigenome is thought to be most susceptible to environmen-
tal toxicants during embryogenesis, a developmental phase char-
acterized by a rapid increase in cell division and epigenetic
remodeling of the genomic landscape.22 In vitro studies in
human neurons have shown that methylmercury is cytotoxic.23

However, the exact mechanism for human toxicity remains ill
defined.24 Prenatal MeHg exposure has been hypothesized to dis-
rupt calcium homeostasis, alter glutamate homeostasis, and gen-
erate oxidative stress along with increased reactive oxygen
species.24 Metal induced DNA methylation changes have been
hypothesized to occur through oxidative stress and production of
reactive oxygen species as the unifying process for DNA methyla-
tion disruption.25 Oxidative DNA damage has been shown to
interfere with DNA methyltransferase activity resulting in altered
methylation patterns of cytosine residues at CpG sites.26 Both As
and Hg can alter DNA methyltransferase activity suggesting this
as a potential mechanism for epigenetic disruption.27,28 More-
over, inorganic arsenic undergoes methylation to facilitate excre-
tion, using S-adenosylmethionine (SAMe) as a methyl donor, the
same methyl donor used in all cellular methylation reactions. 29

Mercury has been shown to have strong inhibitory action in the
methionine synthase enzyme crucial for SAMe regeneration.30

Thus, the oxidative stress action of both As and Hg, along with
the possibility of mercury exposure depleting levels of SAMe,
raises the question as to whether co-exposure to these two com-
mon environmental contaminants can disrupt the epigenome
synergistically.

Studies that investigate the association between mercury expo-
sure and DNA methylation are sparse and are limited to using a
candidate gene approach.31,32 There is also limited data on the
potential impact of prenatal Hg exposure on the distribution of
leukocytes. Moreover, as even less is known about the effects of
co-exposure to Hg and As on DNA methylation, we investigated
both the main effect of prenatal exposure to Hg and its interac-
tion with As exposure in utero and evaluated their ability to dis-
rupt DNA methylation in cord blood. Furthermore, we
estimated white blood cell composition using reference methyl-
omes of isolated leukocyte subtypes to investigate the association
with Hg and co-exposure to As.

Results

A total of 138 mother-infant pairs were included in the analy-
sis. The majority of mothers were white (98%), had some level of
college education (89%), reported not smoking during

pregnancy (83%) and were on average 31 y old at delivery.
Maternal toenail Hg ranged from 0.001 to 1.44 mg/g with a
median level of 0.07 mg/g. Total maternal urinary arsenic ranged
from 0.34 to 17.9 mg/L with a median urinary arsenic concentra-
tion of 3.19 mg/L. Demographic characteristic are summarized
in Table 1.

An overall decrease in the proportion of imputed monocytes
was observed in relationship to increasing levels of Hg exposure
(b D ¡2.5%; 95% CI: ¡5.0, ¡1.0). After stratifying by gender,
the association remained significant for females (b D ¡2.6%;
95% CI: ¡5.0, ¡1.0) but not males (b D ¡1.9%; 95% CI:
¡8.0, 4.0). An increase in the proportion of B-cells was also
observed with increasing levels of Hg exposure in females only (b
D 3.5%; 95% CI: 1.0, 7.0). Results for the relationship between
log2-transformed toenail Hg and imputed white blood cells dis-
tribution in cord blood are summarized in Table 2. The interac-
tion between Hg and As was not statistically significant for any of
the estimated cell types (Table S2).

In the locus-specific analysis, 11,327 (3.2%) of the 348,569
CpG loci were observed to be differentially methylated in rela-
tion to toenail Hg with a nominal P-value < 0.05 and 9 CpG
loci were differentially methylated with a nominal P-value <

0.0001, after controlling for the imputed leukocyte distribution,
infant sex and maternal age at enrollment. Results are shown in
Figure 1A, which depicts the ¡log10(P-value) on the y-axis along
with regression coefficients for log2-transformed Hg exposure on
the x-axis for each individual CpG loci. However, no observed

Table 1. Selected maternal and infant characteristics and Hg and As
concentrations

Characteristics

Mother-Infant Pairs (n) 138
Maternal age at delivery (years) 31 § 4.6
Gestational age (weeks) 39.3 § 1.39
Pre-pregnancy BMI (kg/m2) 24.3 § 4.2
Infant Birth weight (grams) 3415 § 562
Infant Sex

Male 68 (49)
Female 70 (51)

Maternal Smoking During Pregnancy
No 115 (83)
Yes 7 (5)
Unknown 16 (12)

Maternal Race
White 135 (98)
Other 3 (2)

Education
Less than 11th grade 2 (2)
High school graduate or equivalent 13 (9)
Junior college graduate or some college 26 (19)
College graduate 52 (38)
Post-graduate education 28 (20)
Unknown 17 (12)
Exposure Median (min-max)
Maternal Toenail Hg (mg/g) 0.07 (0.001–1.44)
aMaternal Urinary Arsenic (mg/L) 3.19 (0.34–17.9)

aMaternal Urinary ArsenicDAsIIICAsVCMMACDMA. Data are expressed as
Mean § SD or n (%), unless otherwise indicated.
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relationships remained significant after controlling for multiple
comparisons using a Bonferroni threshold. Among the top 100
differentially methylated CpGs ranked on lowest P-value for Hg
exposure, there was a greater than expected proportion of loci
located in North shore regions of CpG islands (P D 0.049;
Fig. 1B). Of these loci located in North shore regions of CpG
islands (n D 20), the majority was observed to have an increase
in methylation (85%).

For the multiplicative interaction between Hg and As in the
locus-specific analysis, 15,620 (4.5%) of the 348,569 CpG loci
were differentially methylated with a nominal P-value < 0.05
and 37 CpG loci were differentially methylated with a nominal
P-value < 0.0001, after controlling for the imputed leukocyte
distribution, infant sex, maternal age at delivery, urinary creati-
nine and the main effects of Hg and As. The multiplicative inter-
action results for all loci are shown in Figure 2A. The observed
associations did not reach statistical significance using a Bonfer-
roni correction. Among the top 100 differentially methylated

CpGs ranked on lowest P-value for the multiplicative interaction
between Hg and As, there was a greater than expected proportion
of loci located in CpG islands (P D 0.045) and in South shore
regions of CpG islands (P D 0.009), Figure 2B. All CpG loci
located within CpG islands (n D 43) showed increased methyla-
tion (100%). Similarly, among the top 100 loci located in South
shore regions of CpG islands (n D 19), all were observed to be
hypermethylated (100%). The top 100 differentially methylated
CpG loci based on toenail Hg exposure and interaction with uri-
nary As are provided in Table S4 and Table S5, respectively.

Discussion

Our study provides evidence that Hg exposure in utero
shifted the underlying leukocyte composition in cord blood
leading to a decrease in the proportion of monocytes and an
increase in the proportion B-cells in female infants. Prenatal Hg

exposure, as well as, co-expo-
sure to Hg and As may also
have the potential to influ-
ence the epigenome of cord
blood. The effect of Hg, as
well as co-exposure to Hg
and As, on the epigenome of
cord blood was not statisti-
cally significant after account-
ing for the potential for false
positives using a conservative
Bonferroni correction. It is
important to note, however,
that this population was
exposed to low Hg levels.
For instance, the median
concentration of toenail Hg
in our study was 0.07 mg/g
whereas toenail Hg levels
measured in 27 healthy
adults within the same study
area of New Hampshire had

Table 2. Estimateda change in the proportion of leukocyte composition (95% CI) in cord blood in relationship to log2 toenail Hg concentrations

Overall Association

Stratified by Sex

Males Females

Cell type % Change (95% CI) P-value % Change (95% CI) P-value % Change (95% CI) P-value

CD8T 0.5 (¡3.0, 4.0) 0.742 ¡3.5 (¡11.0, 5.0) 0.414 1.4 (¡2.0, 5.0) 0.395
CD4T 1.1 (¡3.0, 6.0) 0.643 ¡6.6 (¡18.0, 5.0) 0.274 2.3 (¡3.0, 7.0) 0.367
NK cells 0.6 (¡3.0, 5.0) 0.762 2.7 (¡8.0, 1.3) 0.621 0.1 (¡4.0, 5.0) 0.991
B-cells 2.3 (¡1.0, 5.0) 0.116 ¡4.9 (¡13.0, 3.0) 0.211 3.5 (1.0, 6.7) 0.027
Monocytes ¡2.5 (¡5.0, ¡1.0) 0.019 ¡1.9 (¡8.0, 4.0) 0.508 ¡2.6 (¡5.0, ¡1.0) 0.026
Granulocytes ¡2.2 (¡9.0, 5.0) 0.543 1.3 (¡6.0, 3.3) 0.173 ¡5.0 (¡1.3, 3.0) 0.196

aEstimates from a multivariate linear regression model adjusted for infant sex and maternal age at delivery

Figure 1. Differentially methylated loci based on maternal toenail Hg. (A) Volcano plot for the relationship
between log2 toenail Hg on DNA methylation at all 348,569 CpGs analyzed. Red and blue lines indicate ¡log10
(1 £ 10¡4) and ¡log10(0.05) P-values, respectively. Colors: YellowDCpG island, BlackDCpG Shore, BlueDShelfs and
Open sea. Symbols: Circle D Infinium Type II, Square D Infinium Type I (B) Location of the top 100-CpGs on the
basis of P-values compared to all CpGs on the methylation array. Among the top 100 CpGs with lowest P-value,
there was a significant enrichment in the N. Shore regions of CpG islands (P D 0.049).
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median toenail Hg concentra-
tions of 0.16 mg/g, ranging
from 0.04 to 1.15 mg/g.33 In
another exposure study of 54
healthy Japanese pregnant
women, the geometric mean
of toenail Hg was 0.46 mg/g
and ranged from 0.36 to
0.62 mg/g.34 This could be
due in part by dietary
counseling pregnant women
in the US receive which
includes fish consumption
advisories by health care pro-
viders and federal agencies to
reduce prenatal MeHg expo-
sure.35 Subsequently, the low
levels of exposure found in
this study during pregnancy
are not surprising given the
high level of literacy and edu-
cation reported among the
study population. Future
studies may benefit from
examining the epigenetic effects of prenatal Hg exposure in
other populations with elevated exposure levels.

Several animal models have shown that mercury exposure is
an immunotoxicant.36 Particularly, studies have observed both
monocyte and lymphocyte apoptosis in vitro.37 This is consis-
tent with our results where prenatal toenail-Hg exposure was
associated with a decrease in the proportion of monocytes.
Interestingly, the observed association was stronger for females
where an increase in the estimated proportion of B-cells was
also observed. The observed increase in B-cells is consistent
with in vivo studies of mice exposed to Hg were both B-cell
activation and autoantibody production have been docu-
mented.38 The sex differences observed in response to Hg
exposure warrant further investigation, and indicate that Hg
should be considered in studies examining outcomes including
autoimmune disorders which are consistent with B-cell activa-
tion and have sexual dichotomy.39 The potential health impli-
cations for the observed decrease in monocytes remain to be
determined.

While we know of no prior study that investigated the
effect of prenatal Hg exposure on the epigenome, one study
did examine the relationship between urinary Hg and DNA
methylation changes in blood using a cancer-focused array
(GoldenGate Cancer Panel I) among 58 women undergoing
ovarian stimulation for in vitro fertilization. These researchers
observed a significant increase in DNA methylation of pro-
moter regions of the GSTM1/5 genes among women with
high urinary Hg levels.40 A second study among dental health
professionals using a candidate gene approach to examine
DNA methylation from buccal cells found that increasing lev-
els of Hg exposure was associated with hypomethylation of
CpG islands in the promoter region of the SEPP1 gene.32

There is also evidence from animal models that epigenetic reg-
ulation of the Brain-Derived Neurotrophic Factor (BDNF)
gene mediates gene suppression linked to behavioral changes
in mice exposed to MeHg.41

To evaluate these previous findings in our cohort, we per-
formed an individual CpG lookup based of the SEPP1,
GSTM5and BDNF genes using a nominal P-value < 0.05 for
significance. The GSTM1 gene is polymorphic in the human
population and therefore excluded a priori from our epigenome-
wide analysis.42 Two loci (cg09606766; cg01636003) located in
South shore regions of CpG islands of the BDNF gene were
hypomethylated (P D 0.004) while one loci (cg18595174)
located in an open sea region was hypermethylated (P D 0.015)
with increasing toenail mercury concentrations. For the SEPP1
gene, one loci (cg04502814) located in an open sea region
increase in methylation with increasing toenail mercury concen-
trations (P D 0.004). No other CpGs in the SEPP1 or GSTM5
genes were found to be differentially methylated. Results from
the reverse CpG look up are summarized in Table S3.

The observed hypermethylation of CpG islands among the
top ranked CpG loci for the interaction between As and Hg is of
particular interest given that methylation of CpG islands in pro-
moter regions has been established as a mechanism of gene silenc-
ing.43 Furthermore, the observed hypermethylation of North
shore regions with increasing Hg exposure levels and South shore
regions in relation to Hg and As co-exposure could be biologi-
cally relevant as shore regions of CpG islands have been shown to
be highly variable, play an important role in tissue differentiation
and potentially drive pathogenesis.44,45

While our study did not measure functional gene expres-
sion, some CpGs were located near genes that have been previ-
ously implicated in epigenetic mechanisms for disease. For

Figure 2. Differentially methylated loci based on the interaction between maternal toenail Hg and urinary As. (A)
Volcano plot for the relationship between the multiplicative interaction of log2 toenail Hg and log2 urinary As on
DNA methylation at all 348,569 CpGs analyzed. Red and blue lines indicate ¡log10(1 £ 10¡4) and ¡log10(0.05) P-
values, respectively. Colors: Yellow D CpG island, Black D CpG Shore, BlueDShelfs and Open sea. Symbols: Circle
D Infinium Type II, Square D Infinium Type I (B) Location of the top 100-CpGs on the basis of P-values compared
to all CpGs on the methylation array. Among the top 100 CpGs with lowest P-value, there was a significant
enrichment of CpG islands (P D 0.045) and S. Shore regions (P D 0.009).
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example, among the top 100 differentially methylated CpGs in
relationship to prenatal Hg levels, 2 loci (cg27458888;
cg05881762) located in South shore regions of CpG islands of
the Ubiquitin protein ligase E3A gene (UBE3A) were observed
to be hypermethylated. This gene is subject to methylation-
dependent genomic imprinting and has been previously associ-
ated with Angelman syndrome, a neurodevelopmental disorder
characterized by severe intellectual disability.46 Among the top
100 loci that were differentially methylated for the interaction
between Hg and As, 2 loci (cg12419685; cg17250863) located
in CpG islands of the Gamma-Glutamyltransferase 7 gene
(GGT7) were hypermethylated. The GGT7gene is involved in
the metabolism of glutathione (GSH) and adequate levels of
GSH have been shown to protect against MeHg neurotoxicity
in vivo.47,48 In neurons, glutathione has been shown to be a
physiological reservoir of glutamate, an important neurotrans-
mitter involve in cognitive processes and previously implicated
in MeHg-induced neurotoxicity.24,49

There are a number of limitations to our current study.
First, the study population was mostly white with a high level
of education, which could limit the generalizability of our
findings. The exposure levels to Hg found are relatively low
but might reflect common levels of exposure among pregnant
women in the US. Although the exposure assessment relies
on toenail Hg concentrations, this is an objective biomarker
of exposure previously validated and reflective of general pat-
terns of dietary MeHg intake.33 Moreover, Hg concentrations
in toenails at birth have been shown to capture MeHg levels
approximately 5 months retroactively, reflecting MeHg expo-
sure throughout the third trimester.34 The leukocyte compo-
sition was projected from DNA methylation measurements
taken from adult males and this might not accurately depict
the white blood cell composition of newborns. Although
DNA Methylation changes in blood might serve as a bio-
marker of exposure and potentially disease, the biological rel-
evance of the observed changes in cord blood is unknown
and might not necessarily result in functional changes in
gene expression. As demonstrated in previous studies, only a
fraction of DNA methylation changes may result in differen-
tial gene expression.17,50 However, some consistent epigenetic
variation between blood and brain tissue of humans have out-
lined the utility of whole blood in epidemiological studies.51

While many differentially methylated loci had a relatively
small P-value none met the Bonferroni correction criteria of
statistical significance. Therefore, these results need to be rep-
licated and confirmed in separate studies.

In conclusion, this study provides evidence that in utero expo-
sure to mercury can affect leukocyte composition and may dis-
rupt the epigenome even at low levels. Furthermore, exposure to
both arsenic and mercury in utero may interact jointly to affect
the epigenome by hypermethylating relevant CpG regions that
have the potential to influence neurodevelopment and other
childhood health outcomes. This would suggest that epigenomic
alterations should also be considered in order to understand the
toxic mechanisms of these exposures and their impact on child-
ren’s health.

Materials & Methods

Study population
The study population consisted of the 138 initial participants

enrolled in the ongoing New Hampshire Birth Cohort Study
(NHBCS), which is focused on pregnant women from New
Hampshire whose primary household drinking water source was
a private well.52 Eligibility criteria included English speaking,
English literate, and mentally competent pregnant women
18–45 y of age. Subjects who changed their residence since their
last menstrual period or whose home water supply was from a
source other than from a private well were excluded from the
study. Information about the mother and newborn were ascer-
tained through questionnaires and review of the prenatal and
delivery medical records. This study was approved by the Com-
mittee for the Protection of Human Subjects at Dartmouth Col-
lege. All study participants provided written informed consent
prior to the study.

Toenail Hg assessment
At two weeks postpartum, an information packet was mailed to

study participants requesting maternal toenail clipping samples
within 8 weeks of birth; toenails were stored at room temperature
until analysis. After careful cleaning and washing to remove exter-
nal contaminants, trace elements were quantified at the Trace Ele-
ment Analysis Core (Dartmouth College, Hanover, New
Hampshire, USA), using inductively coupled plasma mass spec-
trometry (ICP-MS). Toenails were acid digested with Optima
nitric acid (Fisher Scientific, St Louis, Missouri, USA) at 105�C
followed by the addition of hydrogen peroxide and further heating
the dilution with deionized water. All sample preparation steps
were recorded gravimetrically. As a quality control, each batch of
analyses included 6 standard reference material (SRM) samples
with known trace element content (GBW 07601, powdered
human hair) and 6 analytical blanks, along with the study samples.
The majority of participants (89%) had toenail Hg levels above
the limit of detection (LOD) of 0.10 ng/g. Samples that were
below the detection limit were replaced with the LOD divided by
the square root of 2.

Urinary arsenic assessment
Spot urine samples were collected at approximately

24–28 weeks gestation and analyzed for individual species of uri-
nary arsenic using a high performance liquid chromatography
(HPLC) inductively coupled plasma mass spectrometry (ICP-
MS) system as previously described.18,52 This method deter-
mined 5 urinary arsenic species: arsenite (AsIII), arsenate (AsV),
dimethylarsinic acid (DMAV) and monomethylarsonic acid
(MMAV). The detection limits ranged from 0.04 to 0.21 mg/L
for the individual arsenic species. Values for samples with meas-
urements below the LOD were imputed to be the metabolites’
LOD divided by the square root of 2. The proportion of samples
below the LOD was 93% for AsV, 58% for AsIII, 18% for
MMAV and 0% and DMAV. Subsequently, total urinary arsenic
concentration (Urinary-As) was calculated by summing inorganic
arsenic (AsIII and AsV) and the metabolic products MMAV and
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DMAV. We used total urinary-As as a measure of in utero expo-
sure to arsenic because urinary arsenic levels have been shown to
be a useful indicator of internal dose.53 Urinary creatinine levels
were measured using Cayman’s creatinine assay kit and protocol
to control for urine dilution.

DNA methylation assessment and preprocessing
DNA was isolated from cord blood samples using DNeasy�

blood and tissue kits (Qiagen, Valencia, CA) and bisulfite con-
verted using the EZ DNA Methylation kit (Zymo, Irvine, CA).
Samples were randomized across plates and subsequently sub-
jected to epigenome-wide DNA methylation analysis using the
Illumina Infinium HumanMethylation450 BeadChip (Illumina,
San Diego, CA), which simultaneously profiles the methylation
status for > 485,000 CpG sites at single nucleotide resolution.
Microarrays were processed at the Biomedical Genomics Center
at the University of Minnesota, following standard protocols.
Data were extracted and processed from the raw methylation
image files using functional normalization, a normalization
method to correct for variations between arrays found in the
minfi package of R.54 This normalization method removes
unwanted technical variation using the internal control probes as
surrogates of batch effects.

The methylation status for each individual CpG locus was
calculated as the ratio of fluorescent signals, referred to as a
b-value. This is an interval scale quantity between zero and
one interpreted as the fraction of DNA molecules whose tar-
get CpG is methylated. We further removed any residual
plate/BeadChip effects using ComBat.55 All CpG loci on X
and Y chromosomes were excluded from the analysis, to
avoid gender-specific methylation bias. Furthermore, we
excluded non-specific probes, cross-reactive probes and poly-
morphic CpGs (at � 5% of the minor allele frequency) pre-
viously identified in the 450K array to avoid spurious
associations.56 Finally, all CpG loci with high background
signal that had non-significant detection P-values (P > 0.01)
indicating poor detection were excluded from the analysis,
leaving a total of 348,569 autosomal CpG loci measured in
138 cord blood samples.

Statistical analysis
DNA methylation b-values were logit transformed to M-val-

ues as previously recommended for statistical analysis.57 To
deconvolute the most prevalent sources of variability in DNA
methylation across the array, we performed a Principal Compo-
nent Analysis (PCA) on both the (a) normalized only and (b) nor-
malized and ComBat adjusted DNA methylation data. The top 3
principle components (PCs) estimated for each data set were then
examined in terms of their association with sample plate using a
series of linear regression models. The top PCs computed from
the normalized only DNA methylation data were significantly
associated with plate; however, these associations were attenuated
in ComBat adjusted DNA methylation data (Figure S1 and
Table S1) and suggest that ComBat was effective in reducing

plate-associated variation in DNA methylation. Using the nor-
malized and ComBat adjusted plate methylation data, we imple-
mented a statistical deconvolution method to estimate the
proportion of white blood cell composition in cord-blood.58 This
method estimates the relative proportion of 6 major cell types:
CD8 T-cells, CD4 T-cells, natural killer (NK) cells, B-cells,
monocytes, and granulocytes. This was achieved by using discrim-
inatory differentially methylated regions in flow-sorted purified
leukocytes from 6 adult samples found in the minfi package of
R.59 Subsequently, multivariate linear regression models were
used to evaluate the association between the estimated leukocyte
proportion and log2-transformed toenail Hg exposure.

We next implemented a locus-by-locus analysis aimed toward
identifying differentially methylated CpG loci based on toenail
Hg concentration using limma models.60 Briefly, linear models
were used to estimate the dose-response relationship between
log2-transformed values of toenail Hg concentration and M-val-
ues. A second model that included the main effect of maternal
log2-transformed toenail Hg and log2-transformed urinary arse-
nic levels along with their multiplicative interaction was evalu-
ated while also adjusting for urinary creatinine to account for
urine dilution. All models were adjusted for maternal age at deliv-
ery, infant sex, and the imputed white blood cell distribution
from the Houseman projection.58 Although our epigenome-wide
approach was exploratory in nature, P-values were adjusted for
multiple comparisons by comparing results to a Bonferroni cor-
rected threshold for statistical significance. Lastly, using the top
100 differentially methylated CpG loci based on the lowest P-val-
ues, we compared their distribution based on CpG island loca-
tion to the rest of the array. All analyses were carried out using
the R statistical package, version 3.1.1 (www.r-project.org/).
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