
Science of the Total Environment 787 (2021) 147621

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Gestational blood levels of toxic metal and essential element mixtures
and associations with global DNA methylation in pregnant women and
their infants
Kjell Vegard F. Weyde a,⁎, Ann-Karin Olsen a, Nur Duale a, Jorke H. Kamstra b, Thea S. Skogheima,
Ida H. Caspersen a, Stephanie M. Engel c, Guido Biele a,d, Yankai Xia e,f, Helle M. Meltzer a,
Heidi Aase a, Gro D. Villanger a

a Norwegian Institute of Public Health, Oslo, Norway
b Institute for Risk Assessment Sciences, Department of Population Health Sciences, Faculty of Veterinary Medicine, Utrecht University, the Netherlands
c Gillings School of Global Public Health, University of North Carolina at Chapel Hill, Chapel Hill, USA
d Department of Psychology, University of Oslo, Oslo, Norway
e State Key Laboratory of Reproductive Medicine, Center for Global Health, School of Public Health, Nanjing Medical University, Nanjing, China
f Key Laboratory of Modern Toxicology of Ministry of Education, School of Public Health, Nanjing Medical University, Nanjing, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• One of the largest studies investigating
associations between metals/essential
elements and global DNA methylation
in humans

• 12 metals/elements included, both indi-
vidually, as mixtures, and as two-way
interactions.

• Mothers: possible association with DNA
methylation for Se (positive) and Pb
(non-linear)

• Newborns: possible associations with
DNA methylation for Se (positive), Hg
(negative), and Co and Cu (non-linear)

• Several possible two-way interactions
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covariates
⁎ Corresponding author.
E-mail address: kjwe@fhi.no (K.V.F. Weyde).

https://doi.org/10.1016/j.scitotenv.2021.147621
0048-9697/© 2021 The Authors. Published by Elsevier
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 7 January 2021
Received in revised form 24 March 2021
Accepted 3 May 2021

Available online 8 May 2021

Editor: Thomas Kevin V
Background:Pregnantwomen and their fetuses are exposed tomultiple toxicmetals that togetherwith variations
in essential element levels may alter epigenetic regulation, such as DNA methylation.
Objectives: The aim of the studywas to investigate the associations between gestational levels of toxicmetals and
essential elements andmixtures thereof, with global DNAmethylation levels in pregnant women and their new-
born children.
Methods:Using 631mother-child pairs from a prospective birth cohort (TheNorwegianMother, Father and Child
Cohort Study), we measured maternal blood concentration (gestation week ~18) of five toxic metals and seven
essential elements.We investigated associations as individual exposures and two-way interactions, using elastic
net regression, and total mixture, using quantile g-computation, with blood levels of 5-methylcytocine (5mC)
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and 5-hydroxymethylcytosine (5hmC) in mothers during pregnancy and their newborn children (cord blood).
Multiple testing was adjusted for using the Benjamini and Hochberg false discovery rate (FDR) approach.
Results: The most sensitive marker of DNA methylation appeared to be 5mC levels. In pregnant mothers, elastic
net regression indicated associations between 5mC and selenium and lead (non-linear), while in newborns re-
sults indicated relationships between maternal selenium, cobalt (non-linear) and mercury and 5mC, as well as
copper (non-linear) and 5hmC levels. Several possible two-way interactions were identified (e.g. arsenic and
mercury, and selenium and maternal smoking in newborns). None of these findings met the FDR threshold for
multiple testing. No net effect was observed in the joint (mixture) exposure-approach using quantile g-
computation.
Conclusion: We identified few associations between gestational levels of several toxic metals and essential ele-
ments and global DNA methylation in pregnant mothers and their newborn children. As DNA methylation dys-
regulationmight be a key mechanism in disease development and thus of high importance for public health, our
results should be considered as important candidates to investigate in future studies.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Background

Environmental factors (e.g. nutrition, stress, and toxicants) during
early development can influence the epigenome (Godfrey et al., 2007;
Jirtle and Skinner, 2007; Skinner et al., 2011), and these gene-
environment interactions are linked to many human diseases in child-
hood or later life-stages (Latham et al., 2012). In utero exposure through
trans-placental transport of toxic metals or inadequate/excess supply of
essential elements is related to several negative health effects in the
child, such as birth defects, low birth weight, cancer, allergy, osteoporo-
sis, kidney damage, neurodevelopmental disorders and cognitive im-
pairments (Needham et al., 2011; Gorini et al., 2014; Jaishankar et al.,
2014; Sun et al., 2014; Bennett et al., 2016). Also in adult populations,
toxic metals are associated with a wide range of adverse health
outcomes (Tchounwou et al., 2012; Jaishankar et al., 2014). The mecha-
nistic underpinnings are largely unknown, especially when it comes to
low level chronic exposures typical of the general population. Epige-
netic dysregulation has been proposed as an important mechanism
explaining these associations between environmentalmetals exposures
and health outcomes, with changes in gene expression in utero that
may persist into adulthood, or even across generations (Jirtle and
Skinner, 2007; Bollati and Baccarelli, 2010; Perera and Herbstman,
2011a; Skinner et al., 2011; Cheng et al., 2012; Skaar et al., 2016; Tran
and Miyake, 2017; Alvarado-Cruz et al., 2018; Martin and Fry, 2018).

DNA methylation is a key epigenetic event in which methyl groups
are added at the 5’position in cytosines of CpG dinucleotides (Zeng
and Chen, 2019). Methylation of cytosine (5mC) is associated with
altered transcription (by regulating the transcriptional cascade), and is
an important mechanism in shaping a healthy phenotype (Greenberg
and Bourc'his, 2019). DNA methylation is among the most studied
epigenetic markers with an essential role in cell function and mainte-
nance of genomic stability (Godfrey et al., 2007; Latham et al., 2012;
Greenberg and Bourc'his, 2019). DNAmethylation is of vital importance
during development with its role in regulation of gene expression, cel-
lular differentiation, chromosome stabilization, genomic imprinting,
and suppression of transposable element mobility (Gibney and Nolan,
2010; Jones, 2012; Smith and Meissner, 2013). Perinatal life is a critical
time window when DNA methylation patterns are established, and a
window that may confer susceptibility to disturbance from environ-
mental factors (Jirtle and Skinner, 2007; Latham et al., 2012). During re-
cent years it has become apparent that not only 5mC, but also the
oxidized version of 5mC; the 5-hydroxymethylcytosine (5hmC), has
an important role as an intermediate form in demethylation cycles
(Szyf, 2016) and in the regulation of gene expression in particular in
brain regions (Colquitt et al., 2013; Spiers et al., 2017). Recently it has
been suggested that 5hmC is a stable epigeneticmarkwith an important
role in DNA repair and maintaining genomic integrity (Kantidze and
Razin, 2017). Both 5mC and 5hmC modifications are recognized as key
players in the pathogenesis of complex disorders (Egger et al., 2004,
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Robertson, 2005, Dao et al., 2014). Studies have shown the importance
of DNAmethylation homeostasis, possibly linking various environmen-
tal exposures to human health, such as child psychopathology or breast
cancer in adult women (Perera and Herbstman, 2011b; Banik et al.,
2017; Alvarado-Cruz et al., 2018; Martin and Fry, 2018; Wielsøe et al.,
2019). Thus, it is important to increase the knowledge about environ-
mental factors capable of altering genomic (global) DNA methylation.

Toxic metals such as cadmium (Cd), lead (Pb), mercury (Hg), and
the metalloid arsenic (As) are co-occurring, ubiquitous, and non-
degradable contaminants in the environment that readily enter the
food chain. Drinkingwater and food are themain sources of toxicmetals
in human populations, including fish and seafood, game meat, cereals,
vegetables, and rice (Birgisdottir et al., 2013; Alexander and
Oskarsson, 2019). Smoking and outdoor air pollution from traffic and
combustion are also sources of some toxic metals (Tchounwou et al.,
2012). The exposure levels may vary across geographical locations;
due to differences in natural occurring sources and/or environmental
pollution from human activities (Järup, 2003; Tchounwou et al.,
2012). Toxic metals can bioaccumulate in specific tissues and increase
in concentration with age (Tchounwou et al., 2012). During pregnancy,
the accumulatedmetalsmay be remobilised and enter the bloodstream,
and both concurrent and/or stored toxic metals expose the foetus
through trans-placental transfer (Gulson et al., 2003; Reynolds et al.,
2006; Chen et al., 2014). Blood levels of toxicmetals in Norwegian preg-
nant women are generally low and comparable to those elsewhere in
Europe (Caspersen et al., 2019), with the exception of total Hg and
total As appearing slightly higher in Norwegian women (Haug et al.,
2018).

In contrast to toxic or non-essential metals, essential elements, such
as copper (Cu), cobalt (Co), molybdenum (Mo), selenium (Se), zinc
(Zn), magnesium (Mg), and manganese (Mn), are important elements
in human physiological and biochemical processes (Chasapis et al.,
2012; Roman et al., 2014; Glasdam et al., 2016; Zoroddu et al., 2019).
In addition to diet, multimineral supplements are important sources
for some essential elements such as Se, Mn and Zn (Haugen et al.,
2008; Caspersen et al., 2019). Essential elements generally have a
narrow dose range of optimal function, and both excessive and insuffi-
cient intake may adversely affect health (Birgisdottir et al., 2013;
Zoroddu et al., 2019). Pregnancy is characterized by elevated need for
macro- and micronutrients in order to supply the developing foetus
(King, 2000; Saunders et al., 2019), and this period presents a greater
risk of insufficiencies of essential elements or other nutrients (Haugen
et al., 2008; Saunders et al., 2019). Together with elevated blood
concentrations of mobilized toxic metals in pregnancy, this may theo-
retically render pregnant women and their developing fetuses more
susceptible for adverse health effects (Reynolds et al., 2006; Chen
et al., 2014; Rahman et al., 2016).

Human studies report associations between exposures to toxic
metals, such asAs, Cd, Hg and Pb, andDNAmethylation, in both children
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and adults (Ruiz-Hernandez et al., 2015; Bommarito et al., 2017; Barker
et al., 2018). Animal studies report associations between DNAmethyla-
tion and Hg, As and other toxic metals (Rusiecki et al., 2007; Bollati and
Baccarelli, 2010; Pilsner et al., 2010; Wright et al., 2010; Basu et al.,
2013; Head, 2014; Cardenas et al., 2015a; Nilsen et al., 2016;
Nakayama et al., 2019) as well as essential elements (Zhang et al.,
2019). Underlying mechanisms may be linked to oxidative stress and
altered gene expression in key pathways related to DNA repair and
oxidative stress (Valko et al., 2005). To date, most studies on exposure
to toxic metals and DNA methylation in human populations have in-
cluded small samples and have been limited to a few metals (Bitto
et al., 2014; Cardenas et al., 2015b; Cardenas et al., 2017b), and none
have investigated these relationships in both pregnant women and
their neonates.

The aim of the present study was to identify associations between
maternal levels of toxic metals (As, Hg, Cd, Cs, and Pb) and essential el-
ements (Se, Co, Cu, Mn, Mg, Zn, and Mo) measured mid-pregnancy, as
single exposures and as mixtures, and global DNA methylation levels
of both 5mC and 5hmC in maternal (measured in gestational week
~18 (mean = 18,5, SD = 1.3; Caspersen et al., 2019) and neonatal
(cord) blood.

2. Methods

2.1. Study sample

2.1.1. The Norwegian Mother, Father and Child Cohort Study (MoBa)
MoBa is an on-going, prospective population-based pregnancy

cohort study conducted by the Norwegian Institute of Public Health.
Participants were recruited from all over Norway from 1999 to 2008.
The women consented to participation in 41% of the pregnancies. The
cohort now includes 114,500 children, 95,200 mothers and 75,200
fathers (Magnus et al., 2006; Magnus et al., 2016). Women were
recruited prior to their first ultrasound appointment (around 18
weeks' gestation). Consenting women completed two general back-
ground and health questionnaires during pregnancy (17 and 30
weeks' gestation) and a food frequency questionnaire at 22 weeks'
gestation (Magnus et al., 2016). Blood samples were taken from the
mothers at around 18 week's gestation and blood was taken from chil-
dren (umbilical cord) at birth (Paltiel et al., 2014; Magnus et al., 2016).
MoBa is linked to theMedical Birth Registry of Norway (MBRN), provid-
ing information on pregnancy and birth records.

2.1.2. Study population
The present study utilizes data and biological samples of participants

from a case-cohort study on attention-deficit/hyperactivity disorder
(ADHD) nested within MoBa; the preschool ADHD sub-study. This
sub-study oversampled on children at risk for ADHD based on data
from the MoBa questionnaire that was administered to mothers at
child age three years (Overgaard et al., 2018), and 1194 children born
in 2003 and their mothers participated in this sub-study. Details of the
ADHD sub-study have previously been published (Overgaard et al.,
2018). Supplemental material provides a more detailed description of
the study (Appendix 1).

For the present study, the preschool ADHD sub-study participants
constituted a convenience sample. We selected mother-child pairs
based on the following inclusion criteria; singleton birth of child, no
congenital malformation or affected by Down's syndrome or Cerebral
palsy, no high scores on ASD symptoms, available maternal whole
blood and DNA (from blood) around pregnancy week 18, and available
DNA from child at birth (from cord blood). Of these, 652 mother-child
pairs met the inclusion criteria (Fig. 1). Due to lacking child DNA sam-
ples at retrieval or insufficient material to perform DNA methylation
analyses, the final newborn sample comprised 631 children (Fig. 1).

The establishment and data collection inMoBawas previously based
on a licence from the Norwegian Data Protection Agency and approval
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from The Regional Committee for Medical Research Ethics, and it is
now based on regulations related to the Norwegian Health Registry
Act. Parents enrolled in MoBa and the ADHD sub-study gave written
consent for the use of this data. This study was approved by The
Regional Committee for Medical Research Ethics (ref. nu. 2012/985-1).

2.2. Determination of toxic metals and essential elements inmaternal blood

In this study, we used maternal blood samples from approximately
week 18 (mean = 18.5, SD = 1.3; N = 2982; Caspersen et al., 2019)
of gestation tomeasuremetal and essential element concentrations. De-
tails about the sampling procedure, handling and storage in the MoBa
biobank is described in detail elsewhere (Paltiel et al., 2014). Twelve
metals and essential elements were determined in maternal whole
blood using inductively coupled plasma-sector field mass spectrometry
(ICP-SFMS); Total As, Cd, Cs, Pb, TotalHg, and essential elements; Co, Cu,
Mg,Mn,Mo, Se and Zn.Wemeasured total Hg and As inmaternal blood,
which included both inorganic and organic forms. For most metals/ele-
ments the concentrations above limit of quantification (LOQ) are re-
ported, except for As, Cd, Pb and Hg where concentrations above limit
of detection (LOD) are reported. Metals/elements concentrations are
given in μg/L, except for Mg, which is given in mg/L.

Themain part of the analysis was conducted at ALS laboratory group
of Norway, while a small proportion of the blood samples was analysed
at the University of Lund as a part of another MoBa project. The Norwe-
gian Institute of Public Health has a framework agreementwith ALS and
they have until now analysed ~2000 samples of maternal whole blood
from MoBa. Internal quality control samples and procedure blanks
were analysed along with each batch of samples to ensure high quality
of the determinations throughout the project and across laboratories.
The samples were randomized to batch. See more detailed information
on analytical procedures, LODs, LOQs and quality control in Appendix
2.1 and Table S1.

2.3. Determination of global DNA methylation in maternal and child blood

DNA was isolated from EDTA-blood from cord blood and maternal
whole blood collected at approximately week 18 weeks' gestation
(Paltiel et al., 2014). After sample retrieval from the MoBa-repository,
the integrity and concentration of each sample was assessed in 2–4
technical parallels using Nanodrop 1000 spectrometry (ND-1000,
Thermo Scientific, Germany) prior to analyses of 5mC and 5hmC.

Determination of the whole genome (global) levels of 5mC and
5hmC in extracted DNA were performed by liquid chromatography-
mass spectrometry/mass-spectrometry (LC-MS/MS) as previously de-
scribed (Kamstra et al., 2017). Briefly, DNAwas digested to nucleosides.
Internal standardswere added to samples, standard calibrators and con-
trols (pooled blood sample DNA) to yield a final volume of 200 μL. A
standard curve was made within the expected range of human blood
(0–5% 5mC and 0–0.08% 5hmC, relative to G). A volume of 5 μL was
injected on an Agilent 1200 μHPLC coupled with a triple quadruple
(QQQ) MS (6490, Agilent). Conditions for LC/MS-MS analysis, calcula-
tion of samples concentrations based on the calibration curve, and qual-
ity control are described previously (Kamstra et al., 2017). See also
supplemental material for more detailed information on the procedure
(Appendix 2.2). Every run included a control sample consisting of
pooled DNA from human peripheral blood, ensuring that inter-run ac-
curacywaswithin acceptable limits. The resulting 5mC and 5hmC levels
are given in percentage (%).

2.4. Covariates

The covariates were obtained from the prenatal MoBa question-
naires (Magnus et al., 2016) and the MBRN. We considered the
following covariates: Maternal intake of folate, iodine, vitamin B12
and seafood during pregnancy, smoking during pregnancy, maternal



The Norwegian Mother, Father and Child Cohort 
Study (MoBa)(N=114 500 mother-child pairs) 

ADHD study sampling frame: 
children born between April 2004 
and January 2008 (N=60 672) 

Available questionnaires 
at 36 months (N=33 050) 

Children with high 
scores on ADHD 
characteristics at 36 
months of age (N=2798) 

Randomly selected 
children from the MoBa 
sample at 36 months of 
age (N=654) 

Assessed children who 
had high scores on 
ADHD characteristics at 
36 months (N=1048)

Assessed children who 
were randomly selected 
from the MoBa cohort at 
36 months (N=147)

Eligible participants for the present study: N=1189 

Not invited: children with high scores 
on ASD items (N=149) 

Invited to clinical 
assessment at 36 months 

Participants in clinical 
assessments at the mean 
age of 42 months  

Excluded: Withdrawals from the ADHD 
sub-study or MoBa (N=6) 

Excluded: Non-singletons (N=58), 
missing MBRN data (N=1), reserved  
biospecimens (n=58), no available 
maternal blood (N=206) or maternal 
and child DNA (N=212) 

Included children in the 
present study: N=631 

Included mothers in the 
present study: N=652  

Excluded: not sufficient DNA 
for analyses (N=2)

Included participants in the present study: N=654 

Excluded: not sufficient DNA 
for analyses (N=13)

Fig. 1. Flow chart of the recruitment of MoBa-participants to the ADHD study and inclusion of mother-child pairs in the present study. Abbreviations: ADHD: Attention-deficit/
hyperactivity disorder, ASD: Autism Spectrum Disorder, MoBa: The Norwegian Mother, Father and Child Cohort Study.
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education, maternal age, parity and sex of the child. Maternal intake of
vitamins and seafood was calculated based on a maternal semi-
quantitative food frequency questionnaire (FFQ) given aroundgestation
week 22. The FFQ include questions regarding habitual dietary intake
since becoming pregnant (Brantsaeter et al., 2008; Meltzer et al.,
2008) and has demonstrated good validity for estimates of intake of
food and nutrients (Brantsaeter et al., 2008).

Based on literature-informed a priori directed acyclic graphs (DAGs;
Greenland et al., 1999; Shrier and Platt, 2008; Textor et al., 2011) we
identified a minimal adjustment set of covariates, including maternal
age (continuous, years), maternal education (less than university vs
university), parity (0 vs 1+), maternal smoking (no vs sometimes/
daily), maternal seafood intake (continuous), and child sex (Fig. S1).
As folate is an importantmethyl donor that could influencemethylation
status (Boeke et al., 2012; Tapp et al., 2013), we chose to includemater-
nal folate intake (continuous, from diet and supplement combined) in
the final adjustment set (Fig. S1).

2.5. Statistical analyses

The current analysis is based on version 9 of the MoBa quality as-
sured data files. The data analyses were done in Stata 15.0 (StataCorp,
4

2017; descriptive tables and Welch two-sample test) and R version
4.0 (R Core Team, 2017). Only metals or essential elements with con-
centrations above LOQ (above LOD for Hg, As, Cd and Pb) in >80% of
the sampleswere included in the present analyses (Table S1). All metals
and essential elements were natural log transformed before analyses to
approximate normal distribution.

We investigated correlations among the measured metals and
essential elements inmaternal blood, aswell as the correlation between
5mC and 5hmC in the maternal and child samples using Spearman
correlation. We also tested for mean difference of 5mC and 5hmC
between girls and boys in the child sample using independent group
t-tests (Welch two-sample test; significance set at p < 0.05).

Prior to further analyses, outlierswere removed; defined as observa-
tions with both a Cook's d larger than four divided by the sample size
(Bollen and Jackman, 1990) and a standardized residual absolute value
above three. Missing exposure data and covariates were multiple
imputed using the Amelia II package in R (Honaker et al., 2011) (m =
20; Johnson and Young, 2011). For missing As, Co, and Cd (below
LOD/LOQ), lower (≈0) and upper limits (LOD/LOQ) were specified, so
that imputed values would fall into these intervals. Missing Mg and Cs
results from the University of Lund were imputed based on their log-
normal distributions, that is, without bounds. Imputations were based



Table 1
Characteristics of the mother and newborn child populations.

Characteristics Children Mothers

% %C_5mC [median
(IQR)]

%C_5hmC [median
(IQR)]

%C_5hmC/
C_5mC
[median(IQR)]

% %M_5mC [median
(IQR)]

%M_5hmC [median
(IQR)]

%M_5hmC/
M_5mC
[median(IQR)]

N = 631 N = 631 N = 631 N = 652 N = 652 N = 652

Overall 100 3.6686(0.1152) 0.0211(0.0040) 0.0057(0.0010) 100 3.7233(0.1874) 0.0166(0.0022) 0.0044(0.0005)
Sex
Boy 52.3 3.6872(0.1060) 0.0212(0.0044) 0.0057(0.0011) – – – –
Girl 47.7 3.6455(0.1101) 0.0208(0.0036) 0.0057(0.0009) – – – –

Maternal age
<28 24.2 3.6673(0.1245) 0.0211(0.0037) 0.0057(0.0009) 24.2 3.711(0.195) 0.0166(0.0021) 0.0045(0.0005)
28–33 43.3 3.6742(0.1021) 0.0209(0.0040) 0.0057(0.0010) 42.6 3.727(0.184) 0.0167(0.0025) 0.0045(0.0005)
≥ 33 32.5 3.6621(0.1195) 0.0212(0.0038) 0.0058(0.0009) 33.1 3.725(0.187) 0.0163(0.0020) 0.0044(0.0005)

Maternal education
High school 23.5 3.6826(0.1371) 0.0211(0.0038) 0.0057(0.0010) 23.3 3.723(0.185) 0.0166(0.0022) 0.0045(0.0005)
High school+ 74.6 3.6672(0.1058) 0.0211(0.0039) 0.0057(0.0010) 74.5 3.724(0.196) 0.0165(0.0022) 0.0044(0.0005)
Missing 1.9 2.1

Parity
0 89.2 3.6669(0.1139) 0.0209(0.0039) 0.0057(0.0010) 88.8 3.723(0.192) 0.0166(0.0022) 0.0045(0.0005)
1+ 10.8 3.6866(0.1235) 0.0218(0.0043) 0.0059(0.0010) 11.2 3.723(0.193) 0.0163(0.0022) 0.0044(0.0005)

Smoking
No/sometimes 92.2 3.6685(0.1077) 0.0210(0.0040) 0.0057(0.0010) 92.3 3.719(0.189) 0.0166(0.0021) 0.0045(0.0005)
Daily 7.8 3.6702(0.1515) 0.0215(0.0032) 0.0059(0.0008) 7.7 3.754(0.231) 0.0170(0.0023) 0.0045(0.0005)

Maternal folate
intake
<25th pctile 22.3 3.6731(0.0985) 0.0212(0.0036) 0.0058(0.0009) 22.5 3.734(0.176) 0.0166(0.0022) 0.0045(0.0005)
25-75th pctile 45.2 3.6687(0.1201) 0.0209(0.0039) 0.0057(0.0010) 45.1 3.725(0.189) 0.0167(0.0023) 0.0045(0.0005)
≥ 75th pctile 22.7 3.6623(0.1160) 0.0211(0.0040) 0.0057(0.0010) 22.5 3.717(0.211) 0.0164(0.0021) 0.0044(0.0005)
MISSING 9.8 9.8

IQR= interquartile range. Maternal age andmaternal folate intake are continuous in the analyses, but are categorized here for illustrative purposes. The populationwas selected from The
Norwegian Mother, Father and Child Cohort Study (MoBa).
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on the following variables: natural log-transformed concentrations of
metals and essential elements (As, Cd, Hg, Mn, Pb, Cs, Cu, Co, Mo, Zn,
Mg, and Se), maternal iodine intake, maternal dietary intake of folate
and seafood, maternal pre-pregnancy body mass index, maternal age,
maternal education, parity, maternal smoking, child sex, child birth
year, and maternal and child 5mC and 5hmC levels (see Tables 1
and 2). Kernel density plots were used to confirm that the imputed
values followed the expected distributions (data not presented). All
regression modelling is performed in multiple imputed datasets (MI),
unless otherwise mentioned, and estimates were combined using
Rubin's rules (Rubin, 1987).

2.5.1. Mixture analyses
We applied different methods to investigate the associations be-

tween 12 toxic metals and essential elements measured in maternal
blood during pregnancy on DNA methylation outcome variables in
pregnant women at the same time point (cross-sectional) and their
children at birth (prospective). One approach aimed to identify the
Table 2
Distribution of metal concentrations (ug/ml*) analysed in whole blood of pregnant women sa

Mean (SD) 10th% 25th% 50th% 75th%

Arsenic 2.23 (3.07) 0.53 0.77 1.36 2.53
Mercury 1.47 (1.04) 0.53 0.81 1.22 1.83
Cadmium 0.28 (0.26) 0.10 0.13 0.18 0.32
Manganese 10.5 (7.81) 6.19 7.49 9.04 11.6
Lead 9.07 (9.04) 4.76 6.06 7.87 10.5
Selenium 94.7 (18.0) 73.1 82.2 92.7 106
Copper 1462 (245) 1180 1300 1440 1600
Cesium 2.18 (0.71) 1.42 1.69 2.09 2.51
Cobalt 0.21 (0.22) 0.08 0.10 0.17 0.24
Molybdenum 1.25 (4.95) 0.44 0.56 0.69 0.91
Zinc 4677 (826) 3710 4120 4628 5180
Magnesiuma 27.5 (3.12) 23.8 25.3 27.2 29.4

N = 652.
a For magnesium, concentrations are in mg/ml.
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most important metals/elements explaining global DNA methylation
levels in these groups and assess their independent relationship with
the outcomes (including their multiplicative two-way interactions),
while a complimentary approach investigated the total effect of the
metals/elements in the mixture.

2.5.1.1. Selecting the most predictive metals/elements for DNA methylation
outcomes. Themultiple exposure data in this study, inwhich some expo-
sures may be intercorrelated (Caspersen et al., 2019), can produce
unstable estimates and inflated standard errors when running tradi-
tional exposure regressionmodels that mutually co-adjust for exposure
variables (Gibson et al., 2019). Also, multiple comparisons using single-
pollutant models increase the chance of type I error (false positive),
while traditional multiple testing adjustmentmethods (e.g. Bonferroni)
are often too conservative and the chance of type II error (false nega-
tive) (Streiner, 2015).We used amethod for regularization and variable
selection, elastic net regression (Zou and Hastie, 2005) (see Appendix 3
in Supplementary material), to identify metal/element exposures
mpled in approximately week 17–18 of pregnancy (N = 652).

90th% Min Max n < LOQ(%)/n < LOD(%) n missing (%)

4.75 0.30 48.4 25(3.8)/16(2.5) –
2.64 0.07 11.9 0 0
0.63 0.04 2.35 0 0

14.1 3.50 112 0 0
13.0 2.19 160 0 0

118. 48.3 181 0 0
1740 807 3700 0 0

3.08 0.82 6.84 0 95(14.6)
0.33 0.05 2.44 39(6.0)/32(4.9) –
1.55 0.24 98.4 0 0

5710 1720 7950 0 0
31.5 17.0 39.0 0 95(14.6)
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Fig. 2. Spearman correlations between the 12 metals/elements included in the study,
based on the maternal sample (N = 652).
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Fig. 3. Scatterplot of 5hmC versus %-5mC in children andmothers. Correlation coefficients
are Pearson's r. Based on N = 652 for mothers and N = 631 for children.
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important for DNAmethylation outcomes. Alphawas set to 0.9. Lambda
was selected using cross validation, and we selected the values that
minimized the mean squared error. The covariates were not penalized.
In order to ensure robustness of results, elastic net regression was
performed using a stability selection approach. In stability selection,
variables that are only weakly related to the outcome are more likely
to be filtered out, due to more noise being introduced into the datasets
(Meinshausen and Bühlmann, 2010). Indirectly, thiswill also reduce the
probability of spurious findings from multiple testing. Briefly, random
sampling from the original data with replacement was done 100
times, yielding 100 new datasets. In each of the randomly sampled
datasets, 20 MI datasets were made (see Johnson and Young, 2011 for
a discussion on the number of imputed datasets). Elastic net was run
in every MI dataset, and it was calculated how often, on average, the
exposures were selected and results were combined using Rubin's
rules (Rubin, 1987). Thus, each randomly drawn dataset produced one
selection probability estimate for each exposure. The mean selection
probabilities for each exposure variable across the 100 randomly
drawn datasets were then calculated (according to Meinshausen and
Bühlmann, 2010).

Since multiple exposures were tested, we performed analyses to
control the false discovery rate (FDR) at α = 0.05, according to a
method proposed by Ahmed et al. (2011) where the FDR approach is
Table 3
Distribution and correlation of DNA methylation outcomes in mother-child pairs.

Children

N Mean
(SD)

Median Min Max

5mC, % 631 3.6581
(0.0991)

3.6684 3.0276 3.8747

5hmC, % 631 0.0211
(0.0031)

0.0211 0.0103 0.0318

5hmC: 5mC ratio 631 0.0058
(0.0008)

0.0057 0.0034 0.0087
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modified for stability selection using permutations (see Appendix 3).
Briefly, a permutation procedure was used to calculate p-values from
the elastic net regression with stability selections. The ranked (small-
to-large) p-values was then compared to the Benjamini and Hochberg
FDR threshold (pFDR)(Benjamini and Hochberg, 1995). Exposures
were considered important for the outcome (i.e., selected) if they had
a selection probability (Ps) of 0.6 or higher (Meinshausen and
Bühlmann, 2010) and a calculated p value of 0.05 or lower. This finding
was further strengthened if p-value was less than the pFDR. The selected
exposures (Ps > 0.6, p ≤ 0.05) were entered in linear regression model
(ordinary least square; co-adjusted for other selected exposures),
along with the covariates of the final adjustment set (no CIs or p-
values were considered).

In order to assess multiplicative interactions, two-way interaction
terms were created between all exposure variables and between
exposures and covariates (from thefinal adjustment set). Continuous var-
iables were standardized. We performed elastic net regression with sta-
bility selection followed by permutations to calculated p-values and FDR
thresholds as described above. Interaction terms with a p-value of 0.1 or
lower were considered important. We also considered if p-values were
lower than the respective FDR thresholds (pFDR). Selected two-way inter-
actions from elastic net regression were illustrated in line plots.

2.5.1.2. Variable importance. To assess the importance of metals and es-
sential elements exposures during pregnancy relative to other known
predictors of maternal or child DNA methylation levels (e.g. folate in-
take and smoking; (Boeke et al., 2012, McKay et al., 2012, Joubert
et al., 2016), we calculated variable importance using random forest
analysis (Breiman, 2001) with all metals/elements and covariates of
final adjustment set (in addition to maternal 5mC and 5hmC levels in
newborns) as exposures, and maternal and child 5mC or 5hmC as out-
comes (500 trees in one MI dataset; R package randomForestSRC).

2.5.1.3. Total mixture effects. The effect of individual metals or essential
elements may be small and challenging to identify. This makes it diffi-
cult to predict the total effect of the mixture's metals/elements based
Mothers Pearson's r

N Mean
(SD)

Median Min Max (N = 609)

652 3.7234
(0.1416)

3.7233 3.3984 4.0877 0.092

652 0.0166
(0.0018)

0.0166 0.0121 0.0258 0.038

652 0.0045
(0.0004)

0.0044 0.0035 0.0068 0.039
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on modelling of single compounds. Thus, as a secondary mixture ap-
proach, we assessed the joint effect of the metal/element mixture on
DNA methylation in mothers and newborn children using a quantile-
based g-computation approach (R package qgcomp) (Keil et al., 2019).
This novel method, combining weighted quantile sum (WQS) regres-
sion and g-computation, estimates the simultaneous effect on the out-
come of an increase of all exposures in the mixture by one quantile
(Keil et al., 2019; Niehoff et al., 2020). In our study, we investigated
three different mixtures a priori based on the literature (Tchounwou
et al., 2012; Zoroddu et al., 2019): A mixture containing all 12 metals
and essential elements (MixAll), a mixture containing only essential
elements (MixEss; Se, Mn, Co, Cu, Mo, Zn, and Mg) and a mixture
containing only toxic (or non-essential) metals (MixTox; As, Hg, Cd,
Pb, and Cs). The quantile was set to one quartile increase in natural
log-metal/element concentrations and the estimates with 95% CIs are
reported. The mixture analyses were run in multiple imputed datasets,
and results were combined using Rubin's rules.

2.5.2. Analyses of individual toxic metals and elements
For comparison with the mixture results, we performed multivari-

able adjusted linear regression models with individual metal/elements
and DNA methylation outcomes. Estimates are given in as the change
Fig. 4.Mean selection probability (boxplot), based on elastic net regression in 2000 datasets (20
calculated p-values and Benjamini and Hochberg false discovery rate thresholds, based on 1.000
figure: M_5mC (N= 652); lower figure: C_5mC (N = 625).
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in 5mC or 5hmC methylation level per interquartile (IQR) range in-
crease in natural log-metal/element concentration with 95% CIs. We
also assessed if the functional form of the dose-relationships of the indi-
vidual elastic net selected metals/element differed from linearity by
comparing with linear regression model of single exposures with natu-
ral splines with knots at 10th, 50th and 90th percentiles (Harrell Jr,
2015). Significant splines with significant non-linear forms (likeli-
hood-ratio test; significance at p ≤ 0.05) was fed back into the elastic
net regression with the appropriate term based on the shape of the
dose-response function.

2.5.3. Sensitivity analyses
We performed several sensitivity analyses of the main results of the

selected metals/elements and interaction terms from the elastic net
regression in both the maternal and child samples. All models were
restricted to maternal non-smokers (Nchildren = 564, Nmothers = 588)
and maternal folate supplement users (Nchildren = 431, Nmothers =
452) during pregnancy, and to children without ADHD symptoms
(Nchildren=421).We also examined if thefindingswere robust to inclu-
sion of previously omitted outliers (Nchildren=631), to analyses of com-
plete cases (i.e. without imputed data; Nchildren = 474/445, Nmothers =
490/460) and to exclusion of metals/elements analysed at the
pFDR
p-value

pFDR
p-value

multiple imputeddatasets in eachof 100 randomlydrawndatasetswith replacement), and
.000 elastic net runs. All analyses adjusted forminimal adjustment set of covariates. Upper
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University of Lund (N = 95). Since child DNA methylation may be
genetically linked to maternal DNA methylation (McKay et al., 2012),
we investigated if adjusting for maternal DNA methylation levels al-
tered the results.

3. Results

The population characteristics are presented in Table 1. Among
them, 52.3% of the children were males, and 89.2% of the children
were firstborns. The distribution of metal concentrations is presented
in Table 2. The highest correlations (Spearman) between the natural
log-transformed metals were between As and Hg (r = 0.59), Mg and
Zn (r = 0.48) and Se and Hg (r = 0.34) (Fig. 2).

The distribution of DNA methylation variables is presented in
Table 3, with children and mothers exhibiting means of 3.66 and
3.72% 5mC, and 0.021 and 0.017% 5hmC, respectively. The correlation
between methylation markers in mother-child pairs were 0.11 for
5mC (p = 0.006), and 0.04 for %-5hmC (p = 0.26). The correlation
between 5mC and 5hmC in children was 0.50 (p < 0.0001), and in
mothers 0.52 (p < 0.0001; Fig. 3). Among the newborn children,
males had higher 5mC levels than females (Welch two sample t-test,
p < 0.0001), but there were no differences for 5hmC (p = 0.10).

3.1. Associations between single metals and essential elements in the
mixture

3.1.1. Pregnant mothers
Using the elastic net regression in conjunction with stability selection

identified Se (Ps = 0.84, p= 0.016) and Pb (Ps = 0.84, p= 0.07) as im-
portant maternal 5mC in pregnant mothers as the outcome (Fig. 4,
Table S2a; Fig. S2). The p-values were above the FDR thresholds (Se:
pFDR = 0.004; Pb: pFDR = 0.008). Although close, Pb was not below the
set significance levels (0.05; nor the FDR threshold 0.008). Nonetheless,
its selection probability was high and analyses of single metals/elements
revealed significant non-linearity (LR-test, linearity: p= 0.04; LR-test of
Fig. 5. Linear regression estimates formetal/element-DNAmethylation associations for a)moth
range increase in exposure. The Mix terms represent change in 5mC for a quartile increase
MixEssential includes Se, Mn, Cu, Co, Mo, Zn, and Mg, and MixToxic includes As, Hg, Cd, Pb,
residual with an absolute value above 3, were removed prior to analyses (6 observations for
parity, maternal smoking, maternal seafood and folate intake, and child sex (only for children)
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modelwith Pb splines vsmodelwithout Pb: p=0.04) for the Pb-5mC re-
lationship. Thus, we included Pb along with Se as the selected variables.
When these selected exposureswere included in amultivariable adjusted
linear regression model, the estimates showed that Se was positively as-
sociated with 5mC, with an IQR increase in Se associated with 0.02
times increase in 5mC-levels. In the single exposure model, Se was line-
arly associated with 5mC (β = 0.026, 95% CI = [0.010,0.041]) (Fig. 5a;
Table S2b), while Pb showed a non-linear U-shaped relationship with
5mC levels in pregnant mothers (F = 2.74, p = 0.04; Fig. 6a; Table S2b).

In sensitivity analyses, excluding smokers, excluding mothers who
did not take folate supplement during pregnancy, or using complete
cases only, did not change the results (Fig. S3a and b; Table S3).

Themost important two-way interaction termsuncovered for 5mC in-
cluded the following (in decreasing selection probability): Se*Zn (Ps =
0.99, p = 0.007), Cd*Mo (Ps = 0.94, p = 0.018), Se*Maternal education
(Ps = 0.90, p = 0.006), Se*Cs (Ps = 0.87, p = 0.003), and Pb*Cu (Ps =
0.86, p = 0.068) (Fig. 7 and 8a and Tables S4). However, p-values for
these interaction terms were above the FDR thresholds (pFDR =
0.001–0.003). In line-plots of bivariate, linear regression models with
the selected interaction terms, maternal Se concentrations appeared pos-
itively associated with 5mC levels among highly educated mothers, but
negatively related to the same outcome among less educated mothers
(Fig. 8a). Se was more strongly, positively associated with 5mC in the
higher Zn and Cs strata. Cd showed a positive association with 5mC in
the low, none in the mid, and negative in the high Mo strata. For Pb
there was a stronger negative association with 5mC in the high Cu strata
(Fig. 8a). The elastic net regression did not identify any important associ-
ations with metals/elements or their two-way interactions with 5hmC
levels in pregnant mothers (Figs. S4-S6; Table S5).

3.1.2. Newborn children
In elastic net regression with stability selection, maternal blood levels

of the following metals/elements had high mean selection probabilities
(Ps) and low p-values for newborn 5mC levels; Co/Co2 (Ps = 0.79/0.97,
p = 0.04/0.01), Hg (Ps = 0.79, p = 0.03), and Se (Ps = 0.77, p = 0.04;
ers, and b) children. Based onmultiple imputed data. Increase in outcome per interquartile
in the metal mixture using qgcomp, where MixAll includes all 12 metals/elements, ⁎)

and Cs. Outliers, as defined by a Cook's d larger than 4/sample size AND a standardized
children, 0 for mothers). Analyses were adjusted for maternal age, maternal education,
.
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Fig. 4; Table S6a). All p-values were above the FDR thresholds (pFDR =
0.004–0.012; Fig. 4, Table S6a). When Co, Se and Hg were included in a
multivariable adjusted linear regression model, the estimates showed
that Se was positively associated with 5mC, with an IQR increase associ-
atedwith 0.01 times increase in 5mC levels (Fig. 5b; Table S6b). Maternal
Hg and Co levels showed negative associations with newborn 5mC; one
IQR increase in gestational levels of Hg and Co were associated with
0.01 and 0.05 times reduction in 5mC, respectively (Fig. 5b; Table S6b).
For Se and Hg this pattern of associations with 5mC was similar in linear
regression models with single exposures; Se (β = 0.01, 95% CI =
[0.00,0.02]) and Hg (β = −0.01, 95% CI = [−0.02,0.00]) (Fig. 5b;
Table S6b), while Co was non-linearly associated with 5mC levels
(Fig. 6b; Table S6b: F = 2.73, p = 0.04) with a U-shaped exposure-
response relationship.
a) Pregnant mothers

b) Newborn children

Fig. 6.Marginal effects of non-linear metal-DNA methylation associations for a) Mothers, and
Based on multiple imputed data (m = 20). Analyses were adjusted for maternal age, matern
(only for children).
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With 5hmC as outcome, the only important exposure was the qua-
dratic term of Cu (Cu2) (Ps = 0.95 p = 0.029; Figs. S5; S6; Table S7a),
though the p-value was above the FDR threshold (pFDR = 0.004).
When included in single exposure model, Cu displayed a non-linear re-
lationshipwith 5hmC (Fig. 6b, Table S7b; F=3.95, p=0.008),with aU-
shape in the area including most of the datapoints.

None of the sensitivity analyses changed in the results (Fig. S7;
Table S8).

Elastic net regression with stability selection identified several im-
portant metals/element and covariate two-way interactions associated
with 5mC levels in newborns (in decreasing selection probability);
Co*Zn (Ps = 0.93, p = 0.03), Hg*As (Ps = 0.91, p = 0.04), Hg*Parity
Ps = 0.73, p = 0.03), Se*Smoking (Ps = 0.70, p = 0.03), Hg*Sex (Ps =
0.66, p = 0.05), and Hg*Maternal education (Ps = 0.63, P = 0.05)
b) Children, modelled with natural splines with knots at 10th, 50th, and 90th percentiles.
al education, parity, maternal smoking, maternal seafood and folate intake, and child sex



pFDR
p-value
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Fig. 7.Mean selection probability (boxplot) for two-way interaction terms, based on elastic net regression in 2000 datasets (20multiple imputed datasets in each of 100 randomly drawn
datasets with replacement), and calculated p-values and Benjamini and Hochberg false discovery rate thresholds, based on 500.000 elastic net runs. All analyses adjusted for minimal
adjustment set of covariates. Upper figure: M_5mC (N = 652); lower figure: C_5mC (N = 625). All analyses adjusted for minimal adjustment set of covariates. Only interaction terms
with a mean selection probability of 0.6 or higher are displayed. Upper figure: Maternal 5mC. Lower figure: Child 5mC.
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(Figs. 7; 8b; Tables S9). However, interaction term p-values were above
the FDR thresholds (pFDR = 0.001–0.003) (Table S9). In line plots, we
observed from the line plots that the Se-5mC association was positive
among children of non-smokers, but negative among children of
smokers. The Hg-5mC relationships was positive among children of
less educatedmothers, and negative among children of higher educated
mothers. Also, girls and first-born children appeared to be driving the
negative Hg-5mC relationship (Fig. 8b).Maternal Hgwasmore strongly,
negatively associatedwith 5mC in the lowAs stratum. In the lowmater-
nal Zn concentration stratum, maternal Co was positively associated
with 5mC in newborns whereas Co was inversely related to 5mC the
mid and high Zn strata (Fig. 8b).

We did not identify any important prenatal metal/element or covar-
iates two-way interactions for 5hmC levels in newborns (data not
presented).

3.2. Variable importance

The variable importance plots (from random forest models) ranked
metals/elements according to their importance for 5mC and 5hmC.
10
For 5mC the 15 most important for pregnant mothers were: Se > Pb
> Co ≈ As≈Pb2 ≈ Cs ≈ Zn > Mo ≈ Hg ≈ Cd > Mat.Edu ≈
Parity≈Smoking≈Mg > Folate≈Mat.age (Fig. S2).

For newborn children, the 15 most important variables were: Sex>
> M_5mC > Hg ≈ Se ≈ Co2 ≈ Co > Mat.age≈Folate>Parity≈Mo ≈
Mat.smoking≈Mat.Seafood≈Mat.edu ≈ Pb ≈ Mg (Fig. S2).

3.3. Total effect of the mixture(s)

In the quantile g-computation modelling, we did not identify any
significant association between the gestational levels of MixAll, MixEss
orMixToxic with 5mC or 5hmC levels in pregnant women or their new-
born children (Figs. 5; S4; Tables S2b; S5; S6b; S7b).

4. Discussion

By using a combination of mixture methods, this comprehensive
study has addressed important knowledge gaps concerning mid-
gestational levels of multiple toxic metals and essential elements mea-
sured in maternal blood mid-pregnancy and relationships with global
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DNA methylation markers (5mC and 5hmC) in both pregnant mothers
and their newborn children. Using elastic net regression with stability
selection,we identified themost importantmetals/elements in themix-
ture, aswell as their to-way interactions (includingwith covariates) and
modelled the individual relationships of these selected compoundswith
total 5mC and 5hmC in blood (newborns: cord blood). The most sensi-
tive marker appeared to be 5mC. In pregnantmothers, results indicated
associations between 5mC and Se and Pb (non-linear), while in new-
borns there were relationships between maternal Se, Co (non-linear)
and Hg and 5mC, as well as maternal Cu (non-linear) and 5hmC levels.
No relationship with 5mC or 5hmC was found for As, Cd, Mn, Cs, Mg, or
Zn. We did not identify joint effects of the metals/elements of the total
mixture on 5mC or 5hmC levels in either populations using quantile
g-computation. Although the elastic net-based selected metal/element
exposures met a priori defined limits for selection probability and sig-
nificance levels, none of the results were significant when controlling
for multiple comparisons with FDR thresholds. Thus, the inference and
conclusion based on the findings herein must be done with caution.
Still, our findings point towards potential candidates for hypothesis
testing of specific metals/element combinations in further studies. In
this respect, we address consistencywith literature, biological plausibil-
ity and possible health implications of the main relationships identified
herein.

4.1. Toxic metals and essential elements and associations with global
methylation

4.1.1. Mercury
Few other epidemiologic studies have explored associations be-

tween in utero Hg exposure and global DNA methylation (Bommarito
et al., 2017; Martin and Fry, 2018). Cardenas et al. (2017c) reported a
negative association between Hg concentrations in red blood cells of
pregnant women from second trimester and global 5hmC levels mea-
sured in newborn children and during early childhood (3–5 years),
with a corresponding positive association with 5mC:5hmC ratio. They
did, however, not find an association between prenatal Hg exposure
and global 5mC levels in newborns as we did in the present study
(Cardenas et al., 2017c). Other studies on prenatal HgorMeHg exposure
and newborn (cord blood) methylation in specific DNA regions report
hypomethylation (Bakulski et al., 2015), hypermethylation (Cardenas
et al., 2015b), or no association (Leung et al., 2018).

In our population of newborns the negative associations betweenHg
and 5mC levels seem to be driven mainly by girls. Although Cardenas
et al. (2017b) did not find a significant interaction by child sex in the
Hg-5hmC association, analyses stratified by sex suggested stronger
(negative) associations for girls. Furthermore, sex-specific methylation
pattern in relations to prenatal mercury exposure have been reported
in other studies of newborns (Cardenas et al., 2017a; Nishizawa-Jotaki
et al., 2020). Sex-specific associations in research on environmental ex-
posures and epigenetics are common findings (Gabory et al., 2011;
Bommarito et al., 2017), and have also been reported in animal studies
(Richard Pilsner et al., 2010). This could be caused by sex hormones and
their differential effects on organ development (Gabory et al., 2011). In
addition, emerging evidence imply a differential methylation pattern
for placentas supplyingmale and female for genes involved in transport
and transcriptional control of immune and stress responses (Clifton,
2010; Maccani et al., 2015; Martin et al., 2017). Additionally, the sexual
dimorphic DNA methylation pattern might be explained by sex-
dependent transport of toxicants, nutrients and signalling molecules
across the placenta as well susceptibility for toxicant associated health
Fig. 8. a: Plots of interaction terms with selection probability >0.6 and p-value<0.05, 5mC in
Adjusted for maternal age, folate intake during pregnancy, parity, maternal education, sm
interaction terms with selection probability >0.6 and p-value<0.05, 5mC, newborn childre
maternal age, folate intake during pregnancy, parity, maternal education, smoking during preg
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effects (Saif et al., 2014; Martin et al., 2017). Little is known to date,
however, about mechanistic underpinnings and health implications of
sex differences toxicant-DNA methylation associations.

Interestingly, the association between prenatal Hg exposure and
5mC was significantly modified by parity and maternal education in
the present study, with stronger negative estimates for firstborns and
children of mothers with higher education. Studies have reported posi-
tive associations between socioeconomic status (SES) and mercury
levels in blood in children (Lim et al., 2015; Montazeri et al., 2019),
pregnant women (Vrijheid et al., 2012; Montazeri et al., 2019) and
adults (Tyrrell et al., 2013), which can be related to a generally higher
seafood intake in the higher SES strata, resulting in an elevated Hg pre-
natal exposure compared to the lower SES strata (Caspersen et al., 2019;
Montazeri et al., 2019; Papadopoulou et al., 2019). Parity is related to
prenatal Hg exposure (Grandjean et al., 1992; Ramon et al., 2011;
Bocca et al., 2019). Increasing age (and thus parity) can also influence
DNA methylation levels and patterns (Jones et al., 2015).

Our study adds to the increasing evidence that Hg exposure alters
DNA methylation markers, and appear in accordance with findings
from cross-sectional studies of adult populations (Hanna et al., 2012;
Goodrich et al., 2013; Narváez et al., 2017), and experimental animal
(Desaulniers et al., 2009; Basu et al., 2013; Carvan Iii, 2020) andwildlife
studies (Richard Pilsner et al., 2010; Nilsen et al., 2016; Martín-del-
Campo et al., 2019). Animal studies indicate that Hg affects DNA meth-
ylation across tissues (mainly hypomethylation), including brain tissue
(Pilsner et al., 2010). Hg (especiallyMeHg) is awell-documented devel-
opmental neurotoxicant, and MeHg exposure during foetal develop-
ment is associated with later neurocognitive deficits, behavioural
problems and increased risk of ADHD and ASD in children (Vrijheid
et al., 2016; Barker et al., 2018). Because of the importance of DNA
methylation processes during brain development, it is hypothesised
that toxicant-induced alteration in DNA methylation regulation and
patterns during early developmental stages might be a mechanistic
link to the well-documented developmental neurotoxicity of Hg (Tran
and Miyake, 2017). Two recent studies also report that alteration in
DNA methylation pattern in cord blood of newborns appear to mediate
the relationship between prenatal Hg exposure and adverse neurobe-
havioral outcomes or lowered cognitive functions in children
(Maccani et al., 2015; Cardenas et al., 2017a). Furthermore, Bose et al.
(2012) showed that in vitro exposure of neuronal stem cells toMeHg in-
duced hypomethylation that was transferred to the next daughter cells,
demonstrating MeHg-induced programming of nerve cells. An experi-
mental study of zebrafish exposed to MeHg showed transgenerational
effects with alterations in DNA methylation pattern and adverse
neurobehavior in the unexposed 2ndgeneration (Carvan III et al., 2017).

4.1.2. Arsenic
Pilsner et al. (2012) reported a positive association between mater-

nal urinary As concentration and global DNA methylation in newborn
children. We did not observe any association between maternal As
levels and 5mC in pregnant mothers or newborns, although for new-
borns As had a high selection probability and a p-value just above the
a priori threshold. Furthermore, the results implied an interaction be-
tween Hg and As in newborns; Hg was more strongly, negatively asso-
ciated with 5mC at lower As strata. A previous study also identified an
interaction between Hg and As on gene-specific methylation in new-
born children (Cardenas et al., 2015b). The mechanism behind this in-
teraction is not clear, however, it might be that As at higher exposure
levels acts on mechanisms that antagonizes the negative effect of Hg
on DNA methylation.
pregnant mothers. Legend values for continuous variables represent mean and +/− 1SD.
oking during pregnancy, and seafood intake during pregnancy. N = 652. b: Plots of
n. Legend values for continuous variables represent mean and +/− 1SD. Adjusted for
nancy, sex, and seafood intake during pregnancy. N = 625.
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Previous studies have shown both hypo- and hypermethylation in
association with As exposure in both child and adult populations
(Pilsner et al., 2007; Reichard and Puga, 2010; Pilsner et al., 2012; Ray
et al., 2014; Cardenas et al., 2015b). In the Norwegian population, total
As (and total Hg) consist of mainly organic species originating from
fish and seafood (Julshamn et al., 2012; Birgisdottir et al., 2013;
Caspersen et al., 2019). While organic methylated Hg (MeHg) form is
considered as more toxic than inorganic Hg (Tchounwou et al., 2012),
the organic As forms (e.g. arsenobetaines) from fish is considered less
toxic than inorganic As (ATSDR, 2007; Molin et al., 2015). This may ex-
plain some of the inconsistent findings across studies (Pilsner et al.,
2007, Reichard and Puga, 2010, Pilsner et al., 2012, Ray et al., 2014,
Cardenas et al., 2015b), including the lack of clear findings for As in
the present study, with regards to DNA methylation outcomes.

4.1.3. Lead
In pregnant mothers, we observed a significant non-monotonic

(U-shaped) association between Pb and global 5mC methylation
levels. Non-linear or non-monotonic dose-response relationships
are not uncommon findings in toxicological research and may reflect
different biological mechanisms acting at low and high exposures
(Calabrese and Baldwin, 2001; Varret et al., 2018). An experimental
rodent study reported a non-linear dose-response relationship
between lead exposure and DNA methylation markers in the hippocam-
pal area of the brain (Singh et al., 2018), otherwise this phenomena is
relatively undescribed within environmental epigenomics research.
Contrary to the finding in pregnantmothers,we observed no associations
with prenatal Pb and global 5mC or 5hmC levels in newborn children, de-
spite reports of association between in utero Pb exposure (measured in
maternal bone) and offspring DNA methylation markers in both human
(Pilsner et al., 2009) and experimental studies (Singh et al., 2018). None-
theless, in this study, 5mC levels appear more susceptible to alterations
by Pb-exposure in pregnant women than in newborns.

In pregnancy, an increase in maternal blood Pb levels can occur as a
consequence of bone resorption in order to supply the fetus with cal-
cium (Gulson et al., 2003; Téllez-Rojo et al., 2004). Concurrently, this
leads to a release of long-term accumulated Pb stored in bone tissue
into the bloodstream (Gulson et al., 2003, Téllez-Rojo et al., 2004).
One study of maternal bone lead content and newborn (cord blood)
5mC levels in selected CpGs in long-interspersed element-1 (LINE-1)
andAlu repeats, both used as genomewideDNAmethylation surrogates
(Pilsner et al., 2009), report negative relationships. Other studies gener-
ally report negative associations between Pb exposure and global DNA
methylation measures (Ruiz-Hernandez et al., 2015).

Both high and low Pb exposure in pregnancy has been associated
with stillbirth, spontaneous abortions, preterm birth, low birthweight
and hypertension (Rahman et al., 2016). In adult, non-pregnant popula-
tions, lead exposure is associated with a wide range of adverse health
outcomes such as breast cancer, kidney dysfunctions and possibly
neurocognitive effects and psychiatric symptoms (Kosnett et al., 2007;
Shih et al., 2007; Alatise and Schrauzer, 2010). Thus, pregnancy could
represent sensitive window of lead exposure for women and later
lead-associated health effect mediated by alterations in DNA
methylation.

4.1.4. Selenium
Se is an essential element important in one‑carbon metabolism and

thus for methylation processes of DNA (Speckmann and Grune, 2015).
Sewithin a nutritionally relevant rangemay also act as functional antag-
onist to the toxic effects of Hg and As (Gailer, 2007; Ralston and
Raymond, 2010).

This element was positively associated with global 5mC levels in
both pregnant mothers and newborns. Among all exposures and
covariates, Se had the highest variable importance for 5mC levels in
mothers and was the third most important for newborn 5mC levels.
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Se importance in both pregnant mothers and their newborns could
point to a general importance across life-stages.

A previous review concluded that in vitro, animal andhuman studies
suggest an inverse association between Se and global DNAmethylation
(Speckmann and Grune, 2015). For example, inverse relationships be-
tween Se and global DNAmethylation was reported in an adult popula-
tion (Pilsner et al., 2011). Newer findings, however, imply that positive
associations indeedmay be present (Zhang et al., 2019). Se status corre-
lated positively with LINE-1 methylation in adult women (Tapp et al.,
2013). Se deficiency has also been associated with reducedmethylation
in several target-genes (Faulk, 2019), in line with our findings in preg-
nant mothers and newborn children. In an experimental study, global
DNA methylation indicated by LINE-1 methylation increased in mice
with adequate or supra-nutritional Se intake in comparison to those
with a suboptimal intake (Speckmann et al., 2017).

In newborns, the positive Se-5mC association seemed to be driven by
children of mothers who reported that they did not smoke during preg-
nancy. Among the childrenwhosemothers smoked, therewas a negative
association. Smoking can influence antioxidant enzyme activities, and
thus the metabolism of trace elements such as Se (Kocyigit et al., 2001),
and some studies report lower levels of Se in smokers compared to
non-smokers (Bashar and Mitra, 2004; Kocyigit et al., 2001). In addition,
smoking during pregnancy has also been suggested to affect placental
DNA methylation (van Otterdijk et al., 2017). Another study on DNA
methylation measured in the placenta, found associations with Se, but
did not detect interaction between smoking and Se (Tian et al., 2020).

Se, as other essential elements, have a narrow range of optimal func-
tion with beneficial health outcomes, whereas levels below or above
this range may have adverse effects (Roman et al., 2014; Tian et al.,
2020). Se deficiency has been associated with detrimental health in
adult population, including cancer and thyroid diseases (Rayman, 2012).
Based on in vitro, rodent and human studies, it seems that high levels of
Se can inhibit DNA methyltransferase expression in relation to cancer
and tumor genes (Jablonska and Reszka, 2017). Excess Se have been im-
plicated as a risk factor for several diseases in adult populations, for exam-
ple hyperglycemia and amyotrophic lateral sclerosis (Tian et al., 2020).
For children, studies have shown associations between prenatal Se levels
and perinatal and neurodevelopmental outcomes (Sun et al., 2014; Tian
et al., 2020). Tian et al. (2020) reported lower muscle tone in newborns
with increasing placental Se concentrations, which appeared to be medi-
ated by placental hypermethylation of a specific gene.

4.1.5. Cobalt
Co is important for DNA methylation homeostasis as a central ion in

vitamin B12, a critical co-factor in one‑carbon metabolism supplying
methyl-donors for DNA methylation (McKay et al., 2012). This may ex-
plain why we identified association between gestational Co and 5mC
levels in newborn children. However, the same relationship was not
found for their mothers during pregnancy. Studies investigating the role
of Co in global DNA methylation in humans are very limited or lacking.
One study investigated effects of elevated cobalt and chromium exposure
frommetal-on-metal prosthetic hip replacement in adults, and found no
differences in methylation levels in a epigenome-wide-association study
(Steinberg et al., 2017). In a study ofmaternal smoking during pregnancy,
which depletes maternal and foetal Co levels and thus lowers vitamin
B12, Co affected one‑carbonmetabolism, DNAmethylation and functional
gene-expression of target-genes in the foetal liver (Drake et al., 2015). In
our study, however, the Co results were not altered when we restricted
analyses to children of non-smoking mothers during pregnancy.

4.1.6. Copper
Copper is an essential element present in all organs and cells. It is im-

portant in numerous biological processes and necessary for a normal
foetal and child development (Zoroddu et al., 2019). The main source
of Cu is dietary, and during pregnancy Cu will be transported from ma-
ternal blood to foetus over the placenta and accumulate in the foetal
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liver to serve as a source for months after birth when Cu supply is more
scarce (Gambling et al., 2003; Zoroddu et al., 2019). Cu is highly reactive
and can in surplus concentrations cause oxidative, toxic effects within
cells and tissues via the formation of free radicals (Zoroddu et al.,
2019). No previous epidemiologic study has investigated the effects of
Cu on the epigenome. Nonetheless, experimental in vivo and in vitro
studies have shown that increased Cu exposures alters the epigenome,
including DNA methylation (Zhou et al., 2001; Medici et al., 2014;
Yagci et al., 2019). In a study of zebra-fish embryos, increased Cu expo-
sure upregulated DNA methyltransferase genes (Dorts et al., 2016), in-
dicating a possible mode of action. Although much less studied as a
developmental neurotoxicant than toxic metals, a recent study showed
that elevated prenatal Cu concentrations was associated with lower
neuropsychological scores at child age 12 months and five years
(Amoros et al., 2019).

4.1.7. The mixture
No previous epidemiological study has investigated the impact of

chronic low-dose exposure to multiple toxic metals and essential ele-
ments on global DNA methylation using mixture approaches. Also,
few experimental studies have investigated this. Exposure of rats to a
mixture of organic contaminants and MeHg, negatively affected gene
expression of several DNA methyltransferases and the abundance of
the methyl donor S-adenosylmethionine, and lowered global DNA
methylation levels (Desaulniers et al., 2009). Rats exposed to soil con-
taining higher concentrations of Cd and Pb showed elevated genome-
wide methylation status and DNA methyltransferase mRNA levels
(Nakayama et al., 2019). In vitro exposure of mice cells to 25 of the en-
vironmental chemicals that normally exposed the human foetus, Hg
and Se were among five chemicals shown to cause epigenetic changes,
and Hg and Se also affected DNA methylation at specific gene loci
(Arai et al., 2011). Additionally, Hg was among the chemicals that
showed potential for impairing embryo formation (Arai et al., 2011).

The exact mechanisms for disruption of DNA methylation pathways
by toxic metal exposure are not yet established (Skaar et al., 2016;
Martin and Fry, 2018). The toxicmetals included hereinmay share similar
modes of actionwhich are proposed to involve production of reactive ox-
ygen specieswhich can inhibitmethyl-CpGbinding proteins, aswell as al-
teration of DNAmethyltransferases function or affecting of homocysteine
that are important methylation donors (Valko et al., 2005). On the other
hand, some essential elements (e.g. Fe, Zn, Mn) and other nutritional fac-
tors (e.g. Se, folate, B12, and B6) are important in DNAmethylation path-
ways as well as for the uptake, transport or detoxification of toxic metals
(Gambling et al., 2003; McKay et al., 2012; Medici et al., 2014; Lau et al.,
2017; Zoroddu et al., 2019). Thus, it is likely that themixture ofmetals/el-
ements included hereinmay interact additively, or even synergistically or
antagonistically, and that the relationshipswithDNAmethylation ismod-
ified by nutrition factors (e.g. folate intake), resulting in mixture-specific
effects on DNA methylation that cannot be deduced from relationships
of individual metals/elements. We did indeed observe several indications
of synergetic two-way interaction between several metals/elements; for
example between cobalt and zinc, where elevated zinc seemed to in-
crease the negative effect of cobalt on infant 5mC levels and the positive
effect of Se on 5mC inmothers, while As appeared to antagonize the neg-
ative association between Hg and 5mC levels in newborns.

Even though Se was not identified in important two-way interaction
with other metals/elements, its positive influence on 5mC levels in both
mother and newborn could reflect that Se has an important role in mod-
ulating toxic metals' negative impacts on 5mCmethylation (e.g. Hg). This
may in part explain why we did not identify any effect of the total mix-
tures of toxicmetals or essential elements on DNAmethylation outcomes
in the present study. Maternal levels of essential elements, such as Se, in
their optimal physiological ranges, or other micronutrients during preg-
nancy and foetal development could thus be important in antagonising
metals' toxic effects on DNAmethylation homeostasis. The total mixture,
nonetheless, may have a stronger impact in other populations exposed to
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higher levels of toxicmetals (e.g. Hg) and/orwith inadequate intake of es-
sential element (e.g. Se) or other micronutrients (e.g. folate).

4.1.8. DNA methylation levels
Our results indicated very weak or no correlation between maternal

and newborn levels of 5mC and 5hmC. This shows that the sampled
cord blood originates from the child, with negligible interference from
maternal blood, and could support that the de-methylation and re-
methylation that occurs immediately after fertilization leads to a child-
specific DNA methylation pattern (Zeng and Chen, 2019), although
these differences might also be attributed age-related DNA methylation
levels (Jones et al., 2015). Together with life-stage associated differences
in susceptibility to specific toxic metals or requirements for essential ele-
ments, thismay have contributed to the observed differences inmetal/el-
ement exposures and DNA methylation levels in maternal and newborn
blood, as well as study designs (cross-sectional in pregnant women ver-
sus prospective in infant). Still, our results offer some insight into possible
general and differential life-stage associated sensitive windows of expo-
sure to specific toxic metals or variations in essential element levels
with respect to DNA methylation homeostasis.

4.2. Strengths and limitations

The present study has some limitations. The samples are obtained
from the preschool ADHD sub-study and are not necessarily representa-
tive of MoBa or the general Norwegian population of pregnant women
and their newborns, due to over-selection on high ADHD scores in the
child. In theADHD-study, 17% of the girls and20%of the boysmet symp-
tom criteria for ADHD diagnosis according to the parent interview
(Overgaard et al., 2018, 2019). In MoBa, there is an under-
representation of mothers with low socioeconomic status and young
mothers, and an over-representation of multivitamin and folic acid sup-
plement users (Nilsen et al., 2009). Studies report that factors such as
SES and nutrition are correlated with DNA methylation (Lam et al.,
2012; Tapp et al., 2013). Generalizing the presentfindings should there-
fore be done with caution. In addition, parts of the study was cross-
sectional (pregnant women), as are most studies on epigenetics to
date (Breton et al., 2017), which limits inference of causality. Due to
only one sampling point for DNA from pregnantwomen and newborns,
it was not possible to assess the stability of the associations by taking
into account the intra-individual change in DNA methylation over
time (Wu et al., 2012a). A recent study showed that prenatal Hg expo-
sure was consistently associated with 5hmC levels measured at birth
(cord blood) and in blood in early childhood, but did not persist into
mid-childhood (Cardenas et al., 2017b). Moreover, the relevance of
methylation levels of circulatingDNAas representative for DNAmethyl-
ation changes in other tissues is not clear. Additionally, since the iso-
lated leukocyte DNA is a mixture of DNA from numerous cell types,
we cannot rule out that the metal exposures has resulted in shifts in
white blood cell distributions, which potentially could affect outcome
measurements. Also, we did not have a measure of iron status (e.g.
plasma ferritin), which can influence absorption and toxicity of metals,
especially divalent metals such as Cd, Pb, Mn, and Co (Meltzer et al.,
2016). Although some of the exposures measured have long half-lives,
and therefore can be expected to be relatively stable throughout preg-
nancy, other exposure concentrations, especially those of essential ele-
ments, can vary more (Aylward et al., 2014). Ideally, we should have
had multiple measures of metal and element concentrations, but that
was unfortunately not available in the present study. Last, we did not in-
vestigate gene-specific methylation or functional gene expression,
hence inference on potential health effects of the metal/element-DNA
methylation associations were not possible.

Nevertheless, this study has many strengths. A major advantage was
the sample size, being one of the largest to date in this research area
and among the first to investigate toxicant-associated global methylation
levels in both pregnant mothers and their neonates. A novel approach in
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this research field is the assessment of the impact ofmultiple toxicmetals
and essential elements on global DNA methylation outcomes using sev-
eral mixture approaches investigating single metals/elements and their
two-way interactions (elastic net regression with stability selection),
and total mixture effects of (quantile g-computation) as well as control-
ling for multiple testing with FDR thresholds. Furthermore, our study
was nested within a well-characterized prospective birth cohort with ex-
tensive questionnaire data that enabled us to obtain a wide range of rele-
vant information on covariates. A last but important strength is that we
analysed global DNA methylation using LC–MS/MS, which is considered
a better and more precise method of global DNA estimation than other
proxy measures (e.g. LINE-1 or Alu repeats methylation) (Price et al.,
2012; Wu et al., 2012a). However, comparison with studies using other
estimation techniques, such as pyrosequencing of repeat elements (Alu,
LINE1) or luminometric methylation assays, is not straightforward as
they do not measure global DNAmethylation as the same biological con-
struct (Price et al., 2012,Wuet al., 2012a). According to Price et al. (2012),
total 5mC content (by HPLC-MS/MS) is the true measure of global meth-
ylation, and results should only be compared across studies when meth-
ylation has been assayed using the same technique and in the similar
tissues. The disadvantage using these global techniques is that no infor-
mation is obtained on gene specific methylation patterns, making it im-
possible to associate outcomes to specific modes of actions. Other
factors complicating comparison include exposure assessment with
regards to timing, target matrix (e.g. urine, bone or blood), as well as ge-
netic or nutritional factors (Pilsner et al., 2007; Price et al., 2012; Basu
et al., 2013; Breton et al., 2017). What seems clear, however, is that any
alteration, even small, in global DNAmethylation levels may produce ge-
nomic instability over time that may manifest phenotypically as adverse
health effects in later life-stages (Wu et al., 2012b; Zhao et al., 2012;
Breton et al., 2017; Martin and Fry, 2018). Although the biological impor-
tance of small changes in DNA methylation is difficult to interpret in
terms of potential adverse health effects, the selected toxicmetals and es-
sential elements in the present studyweremore important predictors for
global DNAmethylation than other known environmental factors such as
maternal smoking, age or folate intake (Boeke et al., 2012; McKay et al.,
2012; Joubert et al., 2016). Thus, our findings are important candidates
for further research, especially for foetal development with possible im-
plications for neurodevelopmental outcomes, as well as other child or
adult onset diseases (Skaar et al., 2016; Banik et al., 2017; Tran and
Miyake, 2017).

5. Conclusion

Investigating the associations between gestational levels of 12 toxic
metals and essential elements, Hg, Se, Co, and Cu had the strongest as-
sociations with global cord blood DNA methylation in infants. Se and
Pb had the strongest associations with global DNA methylation in
whole blood in mothers. Most associations were related to 5mC as out-
come. Several potential two-way interactions were identified, both be-
tween metals/elements, and between metals/elements and covariates.
However, none of the associations (including both main effects and in-
teractions) survived correction for multiple comparisons. The results of
the present study, therefore, must be interpreted with caution, and Se,
Co, Pb, and Cu may be considered as possible prenatal risk factor candi-
dates for DNAmethylation alteration. Future studies with larger sample
sizes are needed to further explore the identified main effects and two-
way interactions, in addition to other environmental exposures.
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