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RESEARCH PAPER

Maternal blood metal concentrations and whole blood DNA methylation during 
pregnancy in the Early Autism Risk Longitudinal Investigation (EARLI)
Max T. Aunga, Kelly M. Bakulski b, Jason I. Feinbergc,d,e, John F. Doub, John D. Meekerf, Bhramar Mukherjeea,b, 
Rita Loch-Carusof, Christine Ladd-Acostac,g, Heather E. Volkc,d, Lisa A. Croenh, Irva Hertz-Picciottoi, 
Craig J. Newschafferj, and M. Daniele Fallin c,d

aDepartment of Biostatistics, University of Michigan, Ann Arbor, USA; bDepartment of Epidemiology, School of Public Health, University of 
Michigan, Ann Arbor, USA; cWendy Klag Center for Autism and Developmental Disabilities, Johns Hopkins University, Baltimore, USA; 
dDepartment of Mental Health, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, USA; eCenter for Epigenetics, School 
of Medicine, Johns Hopkins University, Baltimore, USA; fDepartment of Environmental Health, School of Public Health, University of 
Michigan, Ann Arbor, USA; gDepartment of Epidemiology, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, USA; 
hDivision of Research, Kaiser Permanente, Oakland, USA; iDepartment of Public Health Sciences, School of Medicine, University of California 
Davis, Davis, USA; jDepartment of Biobehavioral Health, College of Health and Human Development, Penn State University, USA

ABSTRACT
The maternal epigenome may be responsive to prenatal metals exposures. We tested whether 
metals are associated with concurrent differential maternal whole blood DNA methylation. In the 
Early Autism Risk Longitudinal Investigation cohort, we measured first or second trimester 
maternal blood metals concentrations (cadmium, lead, mercury, manganese, and selenium) 
using inductively coupled plasma mass spectrometry. DNA methylation in maternal whole 
blood was measured on the Illumina 450 K array. A subset sample of 97 women had both 
measures available for analysis, all of whom did not report smoking during pregnancy. Linear 
regression was used to test for site-specific associations between individual metals and DNA 
methylation, adjusting for cell type composition and confounding variables. Discovery gene 
ontology analysis was conducted on the top 1,000 sites associated with each metal. We observed 
hypermethylation at 11 DNA methylation sites associated with lead (FDR False Discovery Rate q- 
value <0.1), near the genes CYP24A1, ASCL2, FAT1, SNX31, NKX6-2, LRC4C, BMP7, HOXC11, PCDH7, 
ZSCAN18, and VIPR2. Lead-associated sites were enriched (FDR q-value <0.1) for the pathways cell 
adhesion, nervous system development, and calcium ion binding. Manganese was associated with 
hypermethylation at four DNA methylation sites (FDR q-value <0.1), one of which was near the 
gene ARID2. Manganese-associated sites were enriched for cellular metabolism pathways (FDR q- 
value<0.1). Effect estimates for DNA methylation sites associated (p < 0.05) with cadmium, lead, 
and manganese were highly correlated (Pearson ρ > 0.86). DNA methylation sites associated with 
lead and manganese may be potential biomarkers of exposure or implicate downstream gene 
pathways.
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Introduction

Human exposure to trace metals occurs through 
various pathways, including contamination of 
water, soil, and food sources, in addition to 
ambient air [1–5]. Prenatal exposures to toxic 
metals such as lead (Pb), cadmium (Cd), and 
mercury (Hg) have been associated with several 
pregnancy outcomes, including preeclampsia, 
preterm birth, newborn weight and size, and 
changes in child neurodevelopment [6–9]. 
Essential metals, such as manganese (Mn) and 
selenium (Se), have important contributions to 

human biology and are co-factors for physiolo
gical processes such as gene expression, enzy
matic activity, and cellular respiration [10,11]. 
However, both deficiencies and excess concen
trations of Mn and Se can cause imbalances in 
these physiological processes [9,11–13]. 
Furthermore, pregnant women and the develop
ing foetus have increased vulnerability to the 
toxic effects of trace metals. Some of the over
lapping toxicological mechanisms by which trace 
metals can damage target tissues include inter
fering with cellular redox conditions, altering 
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gene expression, damaging DNA, and immune 
system modulation [14–18]. Improved knowl
edge of biomarkers of exposure and downstream 
cellular responses will significantly advance 
understanding of the consequences of trace 
metals exposure during pregnancy.

DNA methylation is an epigenetic mechanism 
that contributes to the regulation of gene expres
sion, and changes in the maternal DNA methy
lome can provide insight on health conditions 
during pregnancy [19]. Upon exposure, trace 
metals can influence changes in DNA methylation 
within circulating immune cells by interfering with 
enzymes involved in DNA methylation such as 
DNA methyl transferase, or its substrate S-adeno
sylmethionine [20]. Additionally, trace metals can 
alter DNA methylation by interfering with cellular 
redox conditions and gene expression. Ultimately, 
these DNA methylation changes can serve as a 
biomarker of trace metals exposure and potentially 
implicate relevant downstream biological pro
cesses and diseases. This may be particularly useful 
and important for pregnancy exposures to metals 
and early life child development.

Altered DNA methylation has been observed in 
cord blood in association with Cd [8,21–23], Pb 
[24–26], and Hg [27–30]. DNA methylation 
changes have also been observed in placental tissue 
in association with each of these toxic metals, in 
addition to Mn [31–36]. Altogether, these studies 
have identified numerous individual CpG sites 
near various genes. A consistent observation is 
the presence of associations of these metals with 
CpG sites near genes relevant to neurodevelop
mental processes and immune responses.

Pregnancy is a particularly vulnerable period for 
the mother as well as the developing foetus. 
Currently, no studies have tested associations 
between maternal exposure to the aforementioned 
trace metals and maternal whole blood DNA 
methylation patterns early in pregnancy. In the 
present study, we conducted an epigenome-wide 
association study (EWAS) with the main goal of 
estimating differences in DNA methylation pat
terns in maternal whole blood associated with 
trace metals exposure. Through an EWAS 
approach, we investigated multiple methylation 
sites across the genome and gathered not only 
site-specific information, but also aggregate 

information from multiple sites to elucidate biolo
gical pathways. Several animal, in vitro, and 
human observational studies have observed altered 
immune signalling molecules, such as cytokines 
and chemokines, in association with exposure to 
toxic and essential trace metals, and this process 
has been hypothesized to occur partly through 
oxidative stress [16]. Based on this evidence, an a 
priori hypothesis underlining this present study is 
that immune cell profiles and corresponding DNA 
methylation profiles can be shifted beyond base
line proportions in response to maternal exposures 
to toxic and essential trace metals. By estimating 
these associations, we can inform potential ante
cedent mechanisms to adverse pregnancy out
comes and impaired foetal development.

Methods

Study sample

The present study was conducted on a subsample of 
the Early Autism Risk Longitudinal Investigation 
(EARLI) pregnancy cohort. Pregnant women 
recruited into EARLI were over the age of 18 and 
had previously given birth to a child with a con
firmed diagnosis of autism spectrum disorder. 
Additional inclusion criteria pertained to the ability 
to communicate in English and being within 
28 weeks of gestation at the time of enrolment. 
Recruitment occurred at four different study sites 
in the U.S. (Philadelphia, Baltimore, San Francisco/ 
Oakland, and Sacramento). The institutional review 
boards (IRB) at organizations in the four study sites 
(Drexel University, Johns Hopkins University, 
University of California, Davis, and Kaiser 
Permanente Research) approved the EARLI study. 
The University of Michigan IRB also approved addi
tional sample analyses. At the initial study visit we 
collected demographic and health information.

Trace metals measurement

Participants provided biological samples at two 
study visits during pregnancy. Maternal venous 
blood samples were collected in trace metal-free 
EDTA tubes. All samples were transported to the 
Johns Hopkins Biological Repository for storage at 
−80°C, or in liquid nitrogen at −120°C. Whole 
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blood samples (n = 215) collected at the first study 
visit (in the first or second trimester) were selected 
for analysis of the non-essential trace metals Cd, 
Pb, and total Hg, and the essential trace metals Mn 
and Se. Among the entire set of blood samples, 101 
samples were ineligible for quantification due to 
blood micro-clotting. A set of 114 samples was 
available for analysis. Cd, Mn, Pb, and Se concen
trations were quantified using inductively coupled 
dynamic reaction cell plasma mass spectrometry 
(ELAN DRC II, PerkinElmer Norwalk, CT) 
(method DLS 3016.8, Centers for Disease Control 
and Prevention [CDC]). Total Hg concentration 
was quantified using triple spike isotope dilution 
gas chromatography and inductively coupled 
plasma dynamic reaction cell mass spectrometry 
(ELAN DRC II, PerkinElmer Norwalk, CT) 
(method DLS 3020.8, CDC). Bench quality control 
(QC) materials were characterized by at least 20 
analytical runs and used to determine appropriate 
QC parameters, including methodological impre
cision. For subsequent sample analyses, bench QC 
materials are included in the beginning and end of 
each analytical run. Standard Reference materials 
are from the National Institute of Standards and 
Technology (NIST) (SRM 955 c Levels 1–4) and 
used to verify method accuracy. The test system is 
also calibrated as part of the protocol for each 
analytical run with NIST-traceable calibration 
standards. The limit of detection (LOD) for each 
quantified trace metal is equivalent to LODs 
reported in the National Health and Nutrition 
Examination Survey administered by the CDC: 
Cd (0.1 μg/L), Mn (0.99 μg/L), Pb (0.07 μg/dL), 
Se (24.5 μg/L), and total Hg (0.28 μg/L).

DNA methylation measurement

An additional maternal venous blood sample was 
collected in standard EDTA tubes at the same time 
as those assayed for trace metals. Maternal venous 
blood samples contain platelets, lymphocytes, and 
erythrocytes, though only lymphocytes contain 
DNA for DNA methylation measures. We used 
the DNA Blood Midi kit (Qiagen, Valencia, CA) 
to extract genomic DNA from whole blood. 
Extraction was performed on the QIAsymphony 
automated workstation using the Blood 1000 pro
tocol. Upon extraction, DNA was quantified using 

the Nanodrop (ThermoFisher Waltham, MA), and 
normalized DNA aliquots were transferred to the 
Johns Hopkins SNP Center/Center for Inherited 
Disease Research (Johns Hopkins University). For 
each participant, we bisulphite-treated 1 μg of 
DNA samples and applied a cleaning step using 
the EZ DNA methylation gold kit (Zymo Resaerch, 
Irvine, CA) according to manufacturer’s instruc
tions. We randomly plated DNA samples and 
assayed for methylation using the Infinium 
HumanMethylation450 BeadChip (Illumina, San 
Diego, CA) (Bibikova et al., 2011). In the assay, 
we also incorporated methylation control gradi
ents and between-plate repeated tissue controls. 
DNA methylation was quantified into β-values, 
which represents the proportion of methylation 
at a given CpG site.

Bioinformatic and statistical approach

We used R statistical software (version 3.3) to 
conduct statistical analyses. Raw Illumina image 
files were background fluorescence corrected 
using the minfi (version 1.22.1) Bioconductor 
package [37]. The methylation matrix was further 
corrected using the normal-exponential out-of- 
band (noob) function (Triche et al., 2013). We 
removed probes with failed detection p-value 
(>0.01) in >10% of samples (n = 635 probes) and 
cross-reactive probes (n = 29,154 probes) [38]. We 
also checked for samples with low overall array 
intensity (<10.5 relative fluorescence units) or 
samples that had over 20% of probes with failed 
detection p-value, and there were no samples that 
fit these criteria. Because the EARLI cohort was 
initially developed to investigate DNA methylation 
in biological samples from mothers, fathers, and 
cord blood samples, array probes located on sex 
chromosomes were excluded from downstream 
analyses during initial data pre-processing steps 
(n = 7,895 probes). We then applied the gaphunter 
function from the minfi package to remove probes 
with a gap in beta signal ≥ 0.05 (n = 60,725 
probes). To prioritize DNA methylation sites 
with the greatest biologically relevant variance in 
per cent methylation, probes in the bottom 10% of 
standard deviation of per cent methylation were 
removed (n = 38,665 probes), resulting in a final 
methylation matrix of 348,438 probes. From the 
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maternal blood samples, we applied a prediction 
algorithm to estimate adult cell type proportions 
from the methylation matrix [39]. We estimated 
proportions of granulocytes, CD8+ T-cells, CD4+ 

T-cells, natural killer cells, B-cells, and monocytes. 
For downstream analyses, we constructed princi
pal components of estimated cell type proportions.

We compared the distributions of metals con
centrations in our study sample to those in 
NHANES wave 2015–2016. We estimated bivari
ate associations between individual trace metals 
and potential covariates using t-tests for binary 
covariates (foetal sex and hybridization round), 
analysis of variance for categorical and ordinal 
covariates (maternal ethnicity, maternal educa
tion, and household income), and simple linear 
regression for continuous covariates (maternal 
and paternal age). We used a biomarker of global 
DNA methylation, which is calculated by 
Illumina array-wide average DNA methylation 
per sample [40]. We tested for differences in 
average DNA methylation with metal concentra
tions using multiple linear regression. We per
formed similar analyses stratified by genome 
location (CpG island, shore, shelf, open sea, and 
enhancers). As expected, toxic metals (Cd, Pb, 
and total Hg) each exhibited log-normal, highly 
right skewed distributions in univariate assess
ments. Therefore, since Cd, Pb, and total Hg are 
predictors in our models, they were log-trans
formed, and model diagnostics indicated better 
fit for linear regression using log-transforma
tions. The essential metals (Mn and Se) were 
normally distributed in univariate assessments; 
therefore, transformations were not required. 
We chose to standardize the reporting of effect 
estimates by the interquartile range of each metal 
because this allows for clearer and more intuitive 
interpretation of regression results. Last, we 
applied multiple linear regression to evaluate 
associations between individual trace metals and 
per cent DNA methylation at each site using 
estimated β-values. Based on a priori knowledge, 
we selected maternal age, foetal sex, hybridization 
round (the date at which arrays were processed in 
the laboratory), along with two principal compo
nents of adult cell type proportions, as covariates 
in each of these adjusted models for approxi
mated global array-wide DNA methylation and 

single-site analyses. As a sensitivity analysis to 
compare to our covariate model, we conducted 
surrogate variable analysis (Leek and Storey, 
2007) to capture the heterogeneity in the methy
lation matrix and adjusted for surrogate variables 
in replacement of measured covariates. We com
pared Q–Q plots and genomic inflation factor 
(the ratio of expected versus observed –log10(p- 
values)) of each surrogate variable model and 
covariate model.

From the results of the single-site analysis, we 
extracted the top ~1,000 sites associated with each 
trace metal. We used these sites to test for enrich
ment in gene ontology biological processes by apply
ing the gometh function in the missMethyl package 
[41], which uses the Wallenius’ noncentral hyper
geometric distribution. Redundant gene ontologies 
were removed using REVIGO [42]. All associations 
were adjusted for false discovery rate to account for 
multiple comparisons [43]. We also evaluated multi
ple sites simultaneously to identify differentially 
methylated regions associated with each metal 
using DMRcate (version 1.8.6).

Finally, we evaluated correlations in single-site 
associations with multiple independent samples 
to inform future exploratory replication across 
study samples and tissue types. To do this, we 
prioritized studies that used the Infinium 
HumanMethylation450 BeadChip for DNA 
methylation measurement. Unfortunately, inde
pendent study samples were not always available 
for maternal blood metals measures or DNA 
methylation. Samples using other tissue types 
were examined to assess potential replication, 
with the understanding that cross-tissue correla
tion may be low even when blood-based associa
tions truly exist. Comparison studies also differed 
in their use of transformation approaches for 
DNA methylation matrices (e.g., calculation of β 
matrix or M-value matrix). β-Values represent 
the per cent methylation at a given CpG site 
and M-values are logit-transformations of the β- 
values [44]. Although directions of associations 
are comparable, transformation may affect effect 
estimates in regression results. Therefore, we 
transformed our data to match the prior choices 
in the comparison studies.

Correlations for Pb findings were estimated 
using published data from a study in Project 
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Viva, where Pb was measured in maternal whole 
blood during pregnancy and DNA methylation 
was measured in cord blood (n = 268) [26]. For 
Cd results, the most appropriate study eligible for 
comparison was a study conducted on data com
bined from the New Hampshire Birth Cohort 
Study (NHBCS) (n = 343) and the Rhode Island 
Child Health Study (RICHS) (n = 141) [33]. This 
study assessed Cd exposure and DNA methylation 
profiles in placental samples. Correlation for Hg 
results were conducted in a study of the NHBCS 
(n = 138), where Hg was measured in infant toe
nail samples and DNA methylation was measured 
in cord blood [28]. We identified one study of Mn 
measured in infant toenail samples and DNA 
methylation measured in cord blood (n = 61); 
however, this study did not report effect estimates 
and we were unable to test for correlation across 
single CpG sites [35]. There were no available 
studies of Se and DNA methylation in pregnancy.

Results

Univariate and bivariate statistics

Study participants in this subset of EARLI were 
between 21 and 44 years of age and predominantly 
non-Hispanic White (58%) (Table 1). None of the 
participants reported smoking during pregnancy or 
had any record of smoking prior to pregnancy. A 
majority of participants had some level of higher edu
cation (87%), and approximately 58% of participants 
had a household income that exceeded 50 USDk 
(Table 1). We observed 100% detection of Mn, Pb, 
and Se in the whole blood samples included in this 
analysis (Supplemental Table S1). Cd and total Hg 
were detected in 91.7% and 86.6% of samples, respec
tively (Supplemental Table S1). We observed similar 
concentrations of trace metals in EARLI compared to 
women of childbearing age (15–44 years) in the 2015– 
16 cycle of the National Health and Nutrition 
Examination Study (Supplemental Table S1). 
Maternal characteristics between the primary EARLI 
analytical subset (n = 97) did not differ substantively 
from the EARLI participants with micro-clotting 
blood samples (n = 82) (Supplemental Table S2).

In bivariate analyses, we observed a higher geo
metric mean of Cd in women with a female foetus 
(0.23 μg/L) compared to those with a male foetus 

(0.17 μg/L) (Table 1). Mn concentrations were notably 
higher in Hispanic/Latino women (>3 μg/L) com
pared to other racial groups (Table 1). Women in 
the highest household income group (≥$100k) had 
the highest mean concentration of total Hg (0.83 μg/ 
L) (Table 1). Between trace metals, we observed the 
highest correlation between Cd and Pb (Spearman 
ρ = 0.36, p-value<0.001) (Supplemental Figure S1). 
When we tested for associations between metals and 
cell type proportions, Cd was positively associated 
with B-cell proportions (β [standard error] = 0.7 
[0.3], p-value = 0.04) (Supplemental Table S3). 
Trace metal concentrations were not appreciably dif
ferent by technical covariates such as hybridization 
date (p-value >0.05).

Associations between trace metals and single- 
site DNA methylation

Q–Q plots of expected versus observed –log10(p- 
values) across the genome are located in 
Supplemental Figure S2. Crude models with 
only individual trace metals as a predictor had 
genomic inflation factors (λ-values) ranging from 
0.88 to 1.51 (Supplemental Figure S2). Although 
the range in λ-values was similar in adjusted cov
ariate models (0.89–1.52), we observed marked 
improvement in genomic inflation as evidenced 
by the normality of the Q–Q plot for measured 
covariate adjusted models (Supplemental Figure 
S2). Approximated array-wide global DNA methy
lation trends in hyper- and hypo-methylation were 
illustrated in Supplemental Figure S3. When we 
tested for differences in average DNA methylation 
using linear regression, we did not observe statis
tically significant associations (p > 0.05) between 
overall average DNA methylation for Cd and Mn 
(Supplemental Table S4).

The top 10 CpG sites associated with each trace 
metal are reported in Figure 1(a-b). Pb and Mn 
were the only trace metals associated with indivi
dual CpG sites after adjustment for multiple com
parisons with all five trace metals. Pb was associated 
(FDR q-value <0.1) with hyper-methylation at 11 
CpG sites, near the genes CYP24A1, ASCL2, FAT1, 
SNX31, NKX6-2, LRRC4C, BMP7, HOXC11, 
PCDH7, ZSCAN18, and VIPR2 (Figure 1(a)). Mn 
was associated (FDR q-value <0.1) with hyper- 
methylation at four CpG sites, one of which was 
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near the gene ARID2 (Figure 1b). At a less signifi
cant threshold (FDR q-value <0.2), Cd was asso
ciated with hyper-methylation at three sites, two of 

which were near the genes ITPKB and PCDH15 
(Figure 1(a)), and total Hg was associated with 
hyper-methylation at one CpG site, near the gene 

a

Figure 1. Top 10 CpG sites associated with blood trace metals from regression models adjusted for for cell type principal 
components 1 and 2, maternal age, foetal sex, and hybridization date (n = 97 samples). (Figure 1(a)) reports associations with 
cadmium (Cd), lead (Pb), and total mercury (Hg). (Figure 1(b)) reports associations with manganese (Mn) and selenium (Se).
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SPTBN2 (Figure 1(a)). There were no sites that 
reached either of these significance thresholds for 
analyses of Se. In alignment with data visualization 
approaches to explore distributions of DNA methy
lation [26,29,33], for each of the metals, we created 
scatter plots between per cent DNA methylation at 
the top two CpG sites nearest genes in 
Supplemental Figures S4A and 4B. Scatter plots 
largely demonstrated linear relationships for each 
of the metals. Although our study sample included 
all non-smokers, metals exposure may result from 
environmental tobacco exposure and historical 
smoking. We compared top sites that were robust 
to FDR adjustment, to evaluate if any overlapped 
with CpG sites associated with cigarette smoking 

[45]. Three of the Pb-associated CpG sites near the 
genes BMP7 (cg20340302), HOXC11 (cg03536474), 
and VIPR2 (cg20673829) were also associated with 
current smoking exposure.

When we restricted to sites associated (p < 0.05) 
with Cd, Mn, and Pb (n = 96 probes), we observed 
very high correlations between Cd, Mn, and Pb sin
gle-site effect estimates (Pearson ρ range: 0.86–0.98) 
(Figure 2). Across all sites (n = 348,438 probes), there 
were lower magnitudes of correlations (Pearson ρ 
range: 0.03–0.3) (Supplemental Figure S5). Among 
the associated genes for each metal, the lowest p-value 
threshold where we observed three overlapping genes 
(SLC7A4, TFAP2A, NXN) for Cd, Mn, and Pb was at 
p = 1 × 10−3 (Supplemental Figure S6).

b

Figure 1b. (Continued).
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Gene ontologies and differentially methylated 
regions

We observed several associations (FDR q-value <0.1) 
between gene ontologies and Pb, which included 
homophilic cell adhesion (p-value = 6.2 × 10−17), 
nervous system development (p-value = 1.2 × 
10−9), biological adhesion (p-value = 3.5 × 10–8), 
developmental process (p-value = 1 × 10–8), calcium 
ion binding (p-value = 1.5 × 10–5), and cell fate 
commitment (p-value = 5.6 × 10–5) (Table 2). Mn 
was associated (FDR q-value <0.1) with cellular 
nitrogen metabolism (p-value = 1.4 × 10−6), cell 
cycle process (p-value = 1.5 × 10–5), nucleic acid 
metabolism (p-value = 5.3 × 10–5), nucleobase-con
taining compound metabolism (p-value = 5.7 × 10– 

5), and negative regulation of response to DNA 
damage stimulus (p-value = 7.1 × 10–5) (Table 2). 
We observed that total Hg was associated (FDR q- 
value <0.1) with organ morphogenesis (p-value = 2.2 
× 10–7), tube development (p-value = 2.6 × 10−6), 
tissue development (p-value = 4.8 × 10−6), anterior/ 
posterior pattern specification (p-value = 1.5 × 10–5), 
cartilage condensation (p-value = 2.8 × 10–5), cell 
aggregation (p-value = 3.2 × 10–5), cell–cell signalling 
(p-value = 3.7 × 10–5), and respiratory system devel
opment (p-value = 4.4 × 10–5) (Table 2). Finally, at 

an FDR q-value <0.1, Cd was associated with homo
philic cell adhesion (p-value = 1 × 10–7) (Table 2). 
Assessment of differentially methylated regions indi
cated that among the metals Pb and Mn exhibited 
suggestive signals (Supplemental Table S5). For Pb, 
there were four suggestive differentially methylated 
regions; however, none of these was robust to false 
discovery adjustment: chromosomes 3 (adjusted p- 
value = 0.24), 4 (adjusted p-value = 0.13), 6 (adjusted 
p-value = 0.27), and 19 (adjusted p-value = 0.07). 
There was one differentially methylated region on 
chromosome 20 associated with Mn; however, that 
signal was not robust to false discovery adjustment 
(adjusted p-value = 0.73). Bump-hunting style ana
lyses are not optimal for array data given the sparse
ness of CpGs in the array.

Sensitivity analyses

The following number of surrogate variables were 
used to adjust for individual trace metals: Cd 
(n = 3), Mn (n = 5), Pb (n = 6), Se (n = 4), and Hg 
(n = 3). Q–Q plots for surrogate variables were com
parable to adjusted covariate models (λ-values ran
ging from 0.99 to 1.03) (Supplemental Figure S2). 
Bivariate relationships between individual surrogate 

P-value <0.05 (n=96 probes) 
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Figure 2. Pearson correlation matrices for effect estimates and Spearman correlation matrices for – log10(p-values) from single-site 
analyses of cadmium (Cd), manganese (Mn), lead (Pb), selenium (Se), and total mercury (Hg), where we restricted to only CpG sites 
that had p-value <0.05 in models of Cd, Mn, and Pb. (n = 97 samples).
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variables and known covariates are illustrated in 
Supplemental Figure S7. Overall, surrogate variables 
were associated with several known covariates, 
including cell type proportions, parental age, maternal 
ethnicity, education, and hybridization round 

(Supplemental Figure S7). Trends in the biomarker 
of global DNA methylation (array-wide average DNA 
methylation) were consistent between the known cov
ariate adjusted models and the surrogate variable 
adjusted models (Figure 1 and Supplemental Figure 

Table 2. Gene ontology biological processes associated (~1,000 CpG sites ranked by minimum p-value) with single CpG sites and 
individual trace metals, using the covariate modela.

Rank GO ID GO term p-Value q-Value

Cd

1 GO:0007156 homophilic cell adhesion via plasma membrane adhesion molecules 1.0 × 10−7 0.002
2 GO:0050851 antigen receptor-mediated signaling pathway 3.1 × 10−5 0.17
3 GO:0032226 positive regulation of synaptic transmission, dopaminergic 2.5 × 10−4 0.86
4 GO:0005509 calcium ion binding 3.0 × 10−4 0.86
5 GO:0002376 immune system process 1.2 × 10−3 >0.9
6 GO:0008142 oxysterol binding 1.4 × 10−3 >0.9
7 GO:0022410 circadian sleep/wake cycle process 1.6 × 10−3 >0.9
8 GO:2000107 negative regulation of leukocyte apoptotic process 1.7 × 10−3 >0.9
9 GO:0004571 mannosyl-oligosaccharide 1,2-alpha-mannosidase activity 2.5 × 10−3 >0.9
10 GO:0042053 regulation of dopamine metabolic process 2.5 × 10−3 >0.9
Mn
1 GO:0034641 cellular nitrogen compound metabolic process 1.4 × 10−6 0.002
2 GO:0022402 cell cycle process 1.5 × 10−5 0.02
3 GO:0090304 nucleic acid metabolic process 5.3 × 10−5 0.06
4 GO:0006139 nucleobase-containing compound metabolic process 5.7 × 10−5 0.06
5 GO:2001021 negative regulation of response to DNA damage stimulus 7.1 × 10−5 0.08
6 GO:0006725 cellular aromatic compound metabolic process 1.1 × 10−4 0.1
7 GO:0044237 cellular metabolic process 1.3 × 10−4 0.12
8 GO:1901360 organic cyclic compound metabolic process 1.5 × 10−4 0.12
9 GO:0046483 heterocycle metabolic process 1.5 × 10−4 0.12
10 GO:0048534 hematopoietic or lymphoid organ development 2.9 × 10−4 0.21
Pb
1 GO:0007156 homophilic cell adhesion via plasma membrane adhesion molecules 6.2 × 10–17 1.4 × 10–12

2 GO:0007399 nervous system development 1.2 × 10−9 6.6 × 10−6

3 GO:0022610 biological adhesion 3.5 × 10−8 10.0× 10−5

4 GO:0032502 developmental process 9.6 × 10−8 2.4 × 10−4

5 GO:0005509 calcium ion binding 1.5 × 10−5 0.02
6 GO:0045165 cell fate commitment 5.6 × 10−5 0.07
7 GO:0051410 detoxification of nitrogen compound 1.6 × 10−4 0.2
8 GO:0032501 multicellular organismal process 1.8 × 10−4 0.2
9 GO:0001656 metanephros development 1.9 × 10−4 0.2
10 GO:0022010 central nervous system myelination 1.9 × 10−4 0.2
Se
1 GO:0034062 5'-3' RNA polymerase activity 1.1 × 10−4 >0.9
2 GO:0031957 very long-chain fatty acid-CoA ligase activity 4.4 × 10−4 >0.9
3 GO:1905898 positive regulation of response to endoplasmic reticulum stress 5.2 × 10−4 >0.9
4 GO:1905214 regulation of RNA binding 6.5 × 10−4 >0.9
5 GO:0051276 chromosome organization 9.1 × 10−4 >0.9
6 GO:0001784 phosphotyrosine residue binding 1.2 × 10−3 >0.9
7 GO:0071340 skeletal muscle acetylcholine-gated channel clustering 1.3 × 10−3 >0.9
8 GO:0010836 negative regulation of protein ADP-ribosylation 1.8 × 10−3 >0.9
9 GO:0016233 telomere capping 2.1 × 10−3 >0.9
10 GO:0033044 regulation of chromosome organization 2.4 × 10−3 >0.9
Hg
1 GO:0009887 animal organ morphogenesis 2.2 × 10−7 0.005
2 GO:0035295 tube development 2.6 × 10−6 0.03
3 GO:0009888 tissue development 4.8 × 10−6 0.04
4 GO:0009952 anterior/posterior pattern specification 1.5 × 10−5 0.07
5 GO:0001502 cartilage condensation 2.8 × 10−5 0.09
6 GO:0098743 cell aggregation 3.2 × 10−5 0.09
7 GO:0007267 cell-cell signaling 3.7 × 10−5 0.09
8 GO:0060541 respiratory system development 4.4 ×10−5 0.09
9 GO:0003401 axis elongation 6.4 × 10−5 0.11
10 GO:0007389 pattern specification process 8.2 × 10−5 0.11

aCovariate model adjusted for cell type principal components 1 and 2, maternal age, foetal sex, and hybridization date. 
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S8). When we compared the single-site results 
between the known covariate adjusted model and 
the surrogate variable-adjusted model, we observed 
high correlations in effect estimates (Pearson ρ range: 
0.75–0.94) and –log10(p-values) (Spearman ρ range: 
0.5–0.85) (Supplemental Figure S8).

Correlation with independent study samples

Independent study samples were selected by expo
sure for most similar tissue and time period. We 
transformed our DNA methylation data to match 
the preprocessing that occurred in comparison 
studies. Among the correlations with independent 
samples, we observed the greatest positive correla
tions with Pb results for single CpG sites with p- 
values <0.05 (Spearman ρ range: 0.34–0.36) 
(Supplemental Figure S9). The correlation in 
findings for Pb did not differ substantially based 
on whether we used the β matrix or M-value 
matrix (Supplemental Figure S9). Notably, the 
independent study data we extracted for Pb 
involved Pb exposure assessment in maternal 
blood and DNA methylation measures in cord 
blood (Wu et al., 2017). The data from the Cd 
comparison study involved Cd exposure assess
ment and DNA methylation measures in placental 
tissue (Everson et al., 2018). Additionally, the data 
from the Hg comparison study involved Hg expo
sure assessment in infant toenail clippings and 
DNA methylation measures in cord blood 
(Cardenas et al., 2015). As such, correlation in 
results for Cd and Hg were not as consistent 
when comparing the EARLI study with the com
parison studies: Cd (Spearman ρ range: −0.13– 
0.01) and Hg (Spearman ρ range: 0.09–0.15) 
(Supplemental Figure S9).

Discussion

To our knowledge this is the first study to report 
epigenome-wide associations between pregnancy 
exposures to multiple trace metals and maternal 
whole blood DNA methylation. After adjusting 
for multiple comparisons, Pb was associated 
(FDR q-value <0.1) with 11 individual CpG 
sites. Gene ontology analysis reported numerous 
biological processes associated with Pb, revealing 
linkage to neurodevelopment and immune 

perturbation pathways. Additionally, Mn was 
associated (FDR q-value <0.1) with four indivi
dual CpG sites. In gene ontology analysis of Mn, 
we observed pathways related to cellular meta
bolism. Across the metals, there was strong 
overlap and correlation in effect estimates for 
single-site findings with Pb, Cd, and Mn. 
Rigorous sensitivity analyses and correlations 
were estimated to independent samples across 
multiple tissues. Altogether, the CpG sites we 
reported are potential biomarkers of correspond
ing trace metals exposures and may implicate 
downstream toxicological mechanisms.

We observed the greatest number of absolute 
CpG sites and gene ontologies associated with Pb 
concentrations. Exposure to Pb results in deleter
ious effects on the nervous system, potentially 
through immunological mechanisms guided by 
epigenetic modifications [20,46]. The CpG site 
most associated with Pb was near the gene 
CYP24A1, which encodes for a member of the 
cytochrome p450 family of enzymes that is 
involved in vitamin D3 metabolism and cellular 
calcium homoeostasis[47]. Rat models have 
found vitamin D receptors abundantly expressed 
in astrocytes, and perturbations in vitamin D3 
metabolism can alter nervous system maintenance 
[48]. Pb was also associated with the CpG site near 
the gene ASCL2, which encodes for achaete-scute 
homologue 2 – a basic helix–loop–helix transcrip
tion factor highly expressed in follicular T-helper 
cells – and regulates select chemokine receptors 
and influences T-cell migration [49]. Mice with 
ASCL2 knockouts or suppression exhibited 
reduced T-cell migration and follicular T-cell 
development, both of which are integral for resol
ving infection and protection against autoimmune 
disease [49]. In gene ontology analysis, we 
reported associations with nervous system devel
opment and precursors to immune cell migration, 
such as cell adhesion. Altogether, the CpG sites 
and gene ontologies associated with Pb are biolo
gically consistent with the evidence supporting Pb 
as a neurotoxicant.

The comparison study we selected by Wu and 
colleagues (2017) found that prenatal Pb exposure 
was associated with altered DNA methylation in 
cord blood at sites near genes related to cell pro
liferation (CLEC11A) and vesicular transport in 
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neurons (DNHD1). Although the top CpG sites in 
our study differed from those of the independent 
comparison study, we did observe moderate cor
relation in effect estimates across multiple sites 
associated at p < 0.05. What this suggests is that 
although specific sites may not be highly asso
ciated across studies, collectively we observe simi
lar changes in per cent methylation across multiple 
sites. A separate study of women in Bangladesh 
observed associations between prenatal Pb and 
cord blood DNA methylation at site near genes 
involved in endothelial dysfunction (GP6) and 
immune modulation (HLA-DQ B1 and B2) [24]. 
Looking across generations, prenatal Pb has also 
been associated with altered DNA methylation 
near genes involved in nervous system develop
ment (NDRG4 and NINJ2) and immune system 
regulation (APOA5 and DOK3) in grandchildren 
of exposed mothers [50]. The combination of 
results from our study and previous studies indi
cates that Pb exposure in pregnancy is associated 
with DNA methylation signatures in multiple 
tissues.

In our analysis of Mn, we observed associations 
with multiple gene ontologies related to cellular 
metabolism. Interestingly, in vitro studies support 
these associations with findings that Mn exposure 
promotes sequestration of Mn into mitochondria 
and disrupts cellular respiration, intracellular cal
cium and redox homoeostasis, and metabolism 
[18,51]. Among the CpG sites nearest genes, we 
observed the greatest association between Mn and 
the CpG site near ARID2. The ARID2 gene 
encodes for AT-rich interactive domain 2 – a 
component of chromatin remodelling protein 
complexes – and essential for nucleotide excision 
repair of DNA damage sites [52]. The association 
between Mn and ARID2 is consistent with the 
toxicological evidence that exposure results in ele
vated reactive oxygen species, which could alter 
ARID2 function in circulating immune cells. 
Overall, these findings underline that future stu
dies of Mn should consider exploring associations 
with biomarkers of altered cellular metabolism.

No studies were available to test for correlations 
with genome-wide single-site effect estimates for 
Mn. However, Maccani et al. (2015) reported asso
ciations between newborn toenail Mn and placen
tal DNA methylation at CpG sites near genes 

associated with neurodevelopment (EMX2OS and 
ATAD2B). These two genes and their correspond
ing CpG sites were not among the top findings in 
our study; however, other CpG sites near these 
genes were associated (p-value <0.05) in our sin
gle-site analysis. The differences in exact CpG sites 
and associated genes are likely due to the fact that 
Mn was measured in infant toenail samples and 
DNA methylation was measured in placental tis
sues, which differed from the tissues used in 
EARLI (maternal blood).

Although single-site analysis did not reveal any 
single CpG site associated with Cd, Hg, or Se 
after adjustment of multiple comparisons, we 
did observe gene ontologies associated with Cd 
and Hg concentrations. Cd was associated (FDR 
q-value <0.05) with haemophilic cell adhesion. 
Albeit not within the FDR threshold of 0.05, we 
also observed immune and nervous system- 
related processes among the gene ontologies asso
ciated with Cd. We observed two CpG sites near 
the esterase D (ESD) gene may be associated with 
Cd exposure (however, the q-values were>0.1). 
Cd exposure is associated with increased ESD 
gene expression in human hepatocyte carcinoma 
cells [53] and decreased ESD gene expression in 
normal rat kidney epithelial cells [54]. We did not 
observe consistent site-specific correlation 
between the Cd findings in EARLI and the inde
pendent comparison study, which is likely due to 
the fact that the study measured Cd and DNA 
methylation in placental tissue [33]. However, 
Everson and colleagues (2018) did report associa
tions with sites near genes involved in immune 
responses and cytokine production, as well as 
nervous system-related genes. Our participants 
were non-smokers and generally were exposed 
to low levels of Cd. These findings highlight the 
need to conduct additional replication studies of 
Cd and DNA methylation in maternal whole 
blood.

Exposure to Hg was associated (FDR q-value 
<0.05) with gene ontologies for organ morphogen
esis, tube development (a precursor for neural tube 
development), and tissue development. We did not 
observe significant correlation in single-site results 
for Hg in EARLI compared to the independent 
comparison study [28]. Interestingly, this study 
reported relationships between Hg exposure and 
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sites associated with tissue differentiation, which is 
broadly related to the biological pathways we 
observed [28]. The lack of consistency in single- 
site analysis between the studies may also be due 
to the fact that Cardenas and colleagues (2015) 
measured Hg in newborn toenail samples and 
DNA methylation was measured in cord blood.

Beyond the scope of describing biological path
ways disrupted by prenatal metals exposures, the 
landscape of single-site DNA methylation profiles 
across the epigenome also reveals biomarker sig
nals of metals exposures. Notably, across indepen
dent samples, replication approaches can be 
utilized to evaluate predictive capacity of a collec
tion of DNA methylation sites to capture unique 
signatures of metals exposures. Upon establishing 
DNA methylation signatures for specific trace 
metals using replication samples, prediction algo
rithms can be constructed consisting of multiple 
DNA methylation sites. The ability to predict 
metals exposures using DNA methylation-derived 
prediction algorithms can have profound public 
health impacts. For example, existing birth cohort 
studies that have not previously measured metals 
exposures can leverage DNA methylation assays to 
reconstruct an individual’s exposure to metals for 
downstream inferential analysis of pregnancy and 
child health outcomes.

One of the major limitations of this study is the 
small sample size (n = 97), which reduced our power 
to assess single-site epigenome-wide associations for 
all of the trace metals. The independent comparison 
studies that we compared our results to had sample 
sizes ranging from 61 to 584 participants, and further, 
did not use the same tissue types. The cross-sectional 
study design is also another limitation, in that our 
findings are susceptible to reverse causation. For 
example, other factors aside from trace metals expo
sures – such as nutritional status and physical activity 
– may alter the maternal epigenome and alter gene 
expression in tissues that influence trace metal bio
transformation and excretion. Cross-sectional studies 
are also unable to account for the temporal variability 
in environmental trace metals exposures. However, in 
a previous exposure assessment study, repeated mea
surements of blood metals in pregnancy showed that 
Pb exhibited high intra-class correlation coefficients 
(ICC = 0.78), indicating that a single time point 
measurement is substantively reliable, while other 

metals such as Cd, Hg, and Mn had moderate relia
bility (ICC ranging from 0.48 to 0.65) [55,56]. 
Another limitation of our study is that we did not 
have iron status available as a covariate, and due to 
overlapping reliance of divalent metal transporter 1 
(DMT1), iron status may influence peripheral con
centrations of Mn, Cd, and Pb [57–59]. These rela
tionships may be more appropriately assessed by 
testing for statistical interactions or effect modifica
tion by iron status in future studies. Additionally, the 
profile of participants in EARLI does not represent 
the racial and socioeconomic diversity of U.S. resi
dents, and therefore our study is limited in general
izability to the U.S. population.

Despite these limitations, our study was con
ducted in a well-characterized pregnancy cohort. 
Our study also implemented high-sensitivity 
exposure assessments of multiple trace metals 
early in pregnancy. Furthermore, the carefully 
applied protocols for whole blood processing 
and DNA methylation measurements yielded 
high proportions of viable CpG sites for single- 
site analysis. Our study is also unique in that it is 
the first to evaluate associations between five 
different trace metals and changes in maternal 
whole blood DNA methylation in early preg
nancy. Another strength is that we applied rigor
ous sensitivity analysis by comparing surrogate 
variable analysis to standard adjustment of 
known covariates. Finally, we also evaluated our 
findings and their correlations across multiple 
single CpG sites in independent study samples.

In conclusion, during early pregnancy, 
maternal blood concentrations of Pb and Mn 
contributed the greatest associations with 
altered DNA methylation. The sites where we 
observed notable changes in DNA methylation 
were involved in immune responses and ner
vous system development and maintenance. 
Our findings are biologically consistent with 
experimental studies and previous epigenome- 
wide association studies of different tissues. 
Altered DNA methylation near the genes we 
reported may potentially contribute to adverse 
pregnancy outcomes, and future studies should 
test for potential mediation with the CpG sites 
we identified. Larger studies should seek to test 
for associations with the sites we identified 
with Pb and Mn.
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