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A B S T R A C T   

Mercury (Hg) is a ubiquitous heavy metal that originates from both natural and anthropogenic sources and is 
transformed in the environment to its most toxicant form, methylmercury (MeHg). Recent studies suggest that 
MeHg exposure can alter epigenetic modifications during embryogenesis. In this study, we examined associations 
between prenatal MeHg exposure and levels of cord blood DNA methylation (DNAm) by meta-analysis in up to 
seven independent studies (n = 1462) as well as persistence of those relationships in blood from 7 to 8 year-old 
children (n = 794). In cord blood, we found limited evidence of differential DNAm at cg24184221 in MED31 (β 
= 2.28 × 10− 4, p-value = 5.87 × 10− 5) in relation to prenatal MeHg exposure. In child blood, we identified 
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differential DNAm at cg15288800 (β = 0.004, p-value = 4.97 × 10− 5), also located in MED31. This repeated link 
to MED31, a gene involved in lipid metabolism and RNA Polymerase II transcription function, may suggest a 
DNAm perturbation related to MeHg exposure that persists into early childhood. Further, we found evidence for 
association between prenatal MeHg exposure and child blood DNAm levels at two additional CpGs: cg12204245 
(β = 0.002, p-value = 4.81 × 10− 7) in GRK1 and cg02212000 (β = − 0.001, p-value = 8.13 × 10− 7) in GGH. 
Prenatal MeHg exposure was associated with DNAm modifications that may influence health outcomes, such as 
cognitive or anthropometric development, in different populations.   

1. Introduction 

Mercury (Hg) is a ubiquitous environmental toxicant that originates 
from both natural and anthropogenic sources (United Nations, 2018). 
Most of the inorganic Hg present in the atmosphere comes from point 
sources such as mining operations or industrial activities (Hintelmann, 
2010). Atmospheric inorganic Hg is deposited in the earth surface and 
transformed to the organic form, methylmercury (MeHg), by the action 
of some bacteria present in the aquatic sediments (Parks et al., 2013). 
MeHg is accumulated and biomagnified through the food chain, reach-
ing the highest concentrations in big, oily, predatory fishes and marine 
mammals (Hintelmann, 2010). Seafood consumers around the world 
have recorded high mercury concentrations linked to this consumption 
(Sheehan et al., 2014). Total Hg (THg) in hair and THg in blood are both 
validated biomarkers of MeHg intake (80% and 90% of THg is consid-
ered MeHg, respectively (Llop et al., 2017)) and correlated with seafood 
consumption in general human populations (Clarkson and Magos, 2006; 
Berglund et al., 2005). 

Prenatal exposure to Hg has been associated with impaired foetal 
growth (Murcia et al., 2016a; Ballester et al., 2018a; Drouillet-Pinard 
et al., 2010) and adverse birth outcomes, such as low placental weight 
(Murcia et al., 2016b; Al-Saleh et al., 2014), newborn’s anthropometry 
(Murcia et al., 2016b; Gustin et al., 2020), and length of gestation 
(Ballester et al., 2018b; Dallaire et al., 2013). Additionally, perinatal and 
early childhood exposure to MeHg have been associated with adverse 
outcomes later in life, such as postnatal growth (Murcia et al., 2016b; 
Kim et al., 2011). Regarding effects in children’s neuropsychological 
development, consistent results have been observed at high levels of 
exposure (Karagas et al., 2012; Grandjean et al., 2014; Sharma et al., 
2019); however, at low-moderate levels the results were heterogeneous 
(Ha et al., 2017). No clear pattern has been observed among the limited 
number of studies that assessed the association between early exposure 
to mercury and cardiovascular effects (Gallego-Viñas et al., 2019), 
although recent studies showed some evidence (Farzan et al., 2021; Ying 
Chan et al., 2021; Zhang et al., 2021). 

There are several mechanisms of MeHg toxicity suggested, involving 
several biological processes. These processes include increased lipid 
peroxidation, reactive oxygen species (ROS) generation and glutathione 
(GSH) depletion in vivo and in vitro (Crespo-López et al., 2009), reduced 
cell membrane integrity (Polunas et al., 2011), altered cell signalling 
(Worth et al., 2001), mitochondrial impacts (Dreiem et al., 2005), 
altered DNA repair (Pieper et al., 2014), immunomodulatory impacts (Li 
et al., 2014), affected regulation of Ca2+ (Aschner et al., 2007), and 
changed DNA methylation (DNAm), as well as other epigenetics marks 
(Farina et al., 2011; Cardenas et al., 2017a; Khan et al., 2019). As a 
consequence of the epigenetics changes, several genes involved in 
response to oxidative stress, stress response, metabolism, transport, gene 
regulation, inflammatory response, apoptosis, and hormone regulation, 
have been associated with differential expression in human cells 
exposed to MeHg (Yang et al., 2020). Also, some research has suggested 
that these perturbations during embryogenesis can establish new DNAm 
patterns that may persist during foetal development and childhood 
(Khan et al., 2019; Perera and Herbstman, 2011a). 

To date, studies assessing the association between prenatal exposure 
to MeHg and DNAm are scarce. As far as we aware, only four studies 
have been conducted relating prenatal Hg and epigenome-wide DNAm 

changes in cord blood with sample sizes between 138 and 321 (Cardenas 
et al., 2015, 2017a, 2017b; Bakulski et al., 2015). These studies have 
identified methylation changes in specific CpG sites in relation to Hg 
exposure. Among them, only one study evaluated the persistence of 
these epigenetic changes, observing that DNAm at the Paraoxonase 1 
gene (PON1) in cord blood found at birth persisted until early childhood 
and was attenuated in mid-childhood blood (Cardenas et al., 2017b). 

The overall aim of this study was to investigate the association be-
tween prenatal MeHg exposure and DNAm in cord blood, as well the 
persistence of these associations in blood from 7 to 8 years-old children. 
To do this, we performed a fixed effects meta-analysis of up to seven 
independent studies that are members of the Pregnancy And Childhood 
Epigenetics (PACE) consortium (Felix et al., 2018) and/or the Human 
Early Life Exposome (HELIX) study (Maitre et al., 2018). We also aimed 
to gain insights into the potential biological and health-related impacts 
of these associations by performing functional enrichment. This study 
represents the largest examination to date of prenatal MeHg associations 
with cord and child blood DNAm in human populations and provides 
novel insights of MeHg toxicity through the fetal period and childhood. 

2. Materials and methods 

2.1. Participating cohorts 

Cohorts that are members of the PACE consortium were identified for 
participation in the meta-analysis if they had existing prenatal total 
mercury (THg) measures (in cord blood, hair, or maternal blood), DNAm 
data quantified in cord or child blood via the Illumina Infinium 
HumanMethylation450 BeadChip or Infinium MethylationEPIC Bead-
Chip arrays, and if they had information on covariates (see below). The 
cohorts that participated in the epigenome-wide association study 
(EWAS) of cord blood were: Avon Longitudinal Study of Parents and 
Children (ALSPAC) (Golding et al., 2001), Hokkaido Study on Envi-
ronment and Children’s Health, Sapporo cohort (SAPPOR-
O-HOKKAIDO) (Kishi et al., 2011), Environment and Childhood Project 
(INMA) (Guxens et al., 2012), KOREAN Exposome (Park et al., 2020), 
and Project VIVA (VIVA) (Oken et al., 2015). Human Early Life Expo-
some study (HELIX) (Maitre et al., 2018) included three other on-going 
European cohorts with child blood DNAm data, and for this particular 
study we analysed data from: INMA (Guxens et al., 2012), Mother, Fa-
ther and Child Cohort Study (MoBa) (Magnus et al., 2016), and the 
Mother-Child Cohort in Crete (RHEA) (Chatzi et al., 2017). ALSPAC 
(Golding et al., 2001), as well as the cohorts taking part the HELIX study, 
participated in the EWAS of child blood methylation data at ages 7–8 
years. Only the largest ethnicity group in each cohort was considered to 
maintain the homogenous effect assumption (Hong et al., 2016). Char-
acteristics for individuals of the included cohorts and covariates defi-
nitions are shown in Table 1. See Supplementary Methods file for 
more details on design and study population, collection of samples, 
DNAm data acquisition, and mercury and covariates measurements in 
each cohort. 

2.2. Mercury measurements 

Cord blood THg concentrations were defined as the exposure vari-
able for each cohort (Table 1). In order to make THg concentrations from 
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cohorts with measurements taken in maternal hair or maternal blood 
comparable to those performed in cord blood, maternal hair and blood 
THg levels were transformed according to conversion factors established 
by the U.S. Environmental Protection Agency in a comprehensive review 
of 21 studies cross-tissue studies (Stern and Smith, 2003). The 
cross-study central estimate for the ratio of cord blood to maternal blood 
identified was 1.7. Further, human hair-mercury concentrations (in 
μg/g) were observed to average about 250 × whole-blood mercury 
concentrations (in μg/mL) (ater Quality Cri, 2001). These ratios were 
used to convert to concentrations measured in maternal whole-blood or 
hair in the participant cohorts to cord blood levels, accordingly. Cord 
blood THg concentrations were log2-transformed to avoid skewed dis-
tributions. The analytical methods used for measurements of THg in 
each cohort are described in the Supplementary Methods file. 

2.3. Profiling of DNA methylation 

Cord blood and child blood DNAm in each respective cohort were 
assessed with the Infinium Human-Methylation450 array (Illumina, San 
Diego, CA USA) except in KOREAN exposome cohort which used the 
MethylationEPIC BeadChip array (Illumina, San Diego, CA USA). Raw 
methylation data was processed within each cohort following their 
preferred pipeline and normalization method. However, all pipelines 
considered sample and probe quality control checks. Technical batch 
effect correction was addressed as decided by each cohort. Methylation 
data is expressed as the beta value, that goes from 0 (unmethylated) to 1 
(completely methylated). See Supplementary Methods file for extra 
details. DNAm extreme outliers (<25th percentile – 3*IQR or >75th 
percentile + 3*IQR across all the samples) were trimmed out before 
running the EWAS. Cell type composition in cord blood was estimated 
using the Bakulski reference panel (Bakulski et al., 2016), while child 
cell type proportions were calculated with the Salas reference panel 
(Gervin et al., 2019). 

2.4. Epigenome-wide association study (EWAS) 

Within each cohort, robust linear regression from the mass package 
(Venables and Ripley, 2002) was used to account for potential hetero-
scedasticity. The outcome variables were normalized DNAm beta values 
at each CpG (at birth or childhood) and the exposure variable was 
prenatal log2-transformed cord blood equivalent THg measures 
(log2Hg). Models were adjusted for maternal age (years), parity (num-
ber of deliveries), education (up to primary, secondary, university), 
smoking during pregnancy (yes/no), fish consumption (mean daily 
servings), child sex, as well as cellular heterogeneity, which reflects the 
differentiation of epigenetic status among cells. A second set of models 
was run in each cohort also adjusting for maternal fish consumption 
(servings/week) since it is the main Hg source from diet and its content 
in nutrients interacting with Hg. Effect size was reported as the differ-
ence in percentage units in DNAm for each log2Hg increased unit. In 
linear regression models with a log2 transformed exposure, a doubling 
of the exposure is associated with a difference in the DNAm determined 
by the regression coefficient. Positive regression coefficients indicate 
hypermethylation and negative regression coefficients indicate 
hypomethylation. 

2.5. Fixed effects meta-analysis 

Summarized results from each model in each cohort (regression co-
efficient for log2Hg), standard error (SE) and p-values for each CpG), 
were sent to the leading team to carry out parallel quality control and 
meta-analyses in two independent centres. Quality control in received 
results from cohorts involved several steps. First, the absence of single 
nucleotide polymorphisms (SNP) and cross hybridizing probes was 
confirmed by using the same proposed protocol (Chen et al., 2013). 
Then, probes were excluded if they lacked ‘cg’ or ‘ch’ naming, were not 
available on both the Infinium Human-Methylation450 and Methyl-
ationEPIC BeadChip arrays, were technical probes, were duplicated, 
were CpH probes, or were annotated to sex chromosomes. Also, out-
comes with NAs or SE > 0.1 were excluded for the following analyses. 

Table 1 
Characteristics of the study participants in the included cohorts.  

Cohort Units INMA KOREA VIVA SAPPORO- 
HOKKAIDO 

ALSPAC MoBa RHEA 

Country  Spain Korea United States Japan United 
Kingdom 

Norway Greece 

Main ethnicity         
European % 90  76  100 95.8 100 
Asian %  100 3.3 100  2.8  
African %   8.6     
Other % 10  11.8   1.4  

Prenatal THg matrix  Cord blood Maternal 
blood 

Maternal 
blood 

Maternal hair Maternal 
blood 

Maternal 
blood 

Maternal 
blood 

Cord THg* GM (CI95%), μg/L 8.70 (8.24, 
9.19) 

5.33 (5.19, 
5.47) 

5.74 (5.16, 
6.39) 

9.30 
(6.18–12.42) 

2.01 (0.79, 
4.89) 

6.02 (5.72, 
6.35) 

7.13 (6.71, 
7.59) 

N children with cord THg + cord 
blood DNA methylation 

N 304 329 338 268 223 No No 

N children with blood THg + blood 
DNA methylation 

N 182 No No No 312 192 197 

Maternal age Mean (SD), years 30.4 (4.1) 30.4 (3.6) 32.7 (4.9) 30.1 (5.0) 29.4 (4.3) 32.8 (3.7) 30.8 (4.8) 
Parity % nulliparous 37.1 56.5 49.7 46.3 49.3 52.8 60.0 
Child sex % male 51.2 48.0 52.1 45.5 47.1 53.7 55.5 
Maternal education         

Up to primary % 26.8 22.2 5.6 3.3 8.1 0 4.6 
Secondary % 42.4 16.4 22.3 41.0 68.6 20.1 55.8 
University % 30.7 61.4 71.9 55.5 23.3 79.9 39.6 

Smoking during pregnancy %, yes 29.2 10.9 11.5 16.4 17.9 4.4 21.2 
Fish consumption Mean (SD), 

servings/week 
5.0 (2.3) 4.2 (4.1) 0.2 (0.2) 3.5 (5.0) 0.2 (0.2) 5.9 (7.9) 1.2 (0.9) 

Correlation with Cord log2THg Spearman 
coefficient 

0.30 0.16 0.46 0.22 0.31 0.31 0.18 

GM: geometric mean; THg: total mercury; * Hg cord blood (μg/L) = 1.7*Hg maternal blood (μg/L); Hg in whole blood (μg/mL) = 250* maternal hair (μg/g). 
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CpGs associated with Hg (unadjusted p-value<10− 5) were annotated by 
using the IlluminaHumanMethylation450kanno.ilmn12. hg19 package 
(Hansen, 2016) and only those associated with a gene were retained. 
CpGs not retained in at least 3 cohorts were also filtered out. Inflation in 
the distribution of observed p-values was assessed by quantile–quantile 
plot and lambda value (Supplemental Figure S1 for DNAm cord blood 
cohorts and Supplemental Figure S2 for DNAm child blood cohorts). 
Quality control parameters of the models run in each cohort prior to 
meta-analysis are shown in Supplemental Table S1. 

Following quality control, all cohort-specific results of the cord blood 
(with and without adjustment for fish consumption) and child blood 
(with and without adjustment for fish consumption) analyses were 
included in four inverse variance-weighted fixed-effects meta-analyses 
using the multivariate genome-wide-association meta-analysis 
(GWAMA) tool (Mägi and Morris, 2010). Full meta-analyses were fol-
lowed by a leave-one-out analyses to assess heterogeneity modifications 
(by means of I2 random-effects tests, considering low heterogeneity 
<25% (Higgins et al., 2003)), as well as differences in Asian cohorts, due 
to the ethnicity differences (Table 1). Significant changes in 
meta-analyses results were not observed. Given DNAm patterns across 
the genome are known to be correlated (Strimmer, 2008), we used the 
false discovery rate (FDR) procedure to account for multiple testing 
rather than the more stringent Bonferroni adjustment which assumes 
independent effects across all CpG sites. CpG sites with FDR <0.1 were 
considered differentially methylated. CpGs with unadjusted p-val-
ues<10− 5 were also retained for enrichment analyses. Forest plots to 
assess the effect of each differentially methylated CpG were obtained by 
using the meta library. Shadow meta-analyses were conducted inde-
pendently at the University of Bristol, to verify results. 

2.6. Enrichment analyses 

To identify plausible pathways associated with THg exposure, 
functional enrichment analysis was performed for genes where CpGs 
were observed to be associated with THg in the meta-analyses using the 
arbitrary cut-off of p < 10− 5. Gene ontology tests were carried out using 
the gometh function of missMethyl package (Phipson et al., 2016), which 
maps CpGs to genes, take into account the differing number of probes 
per gene, performs a hypergeometric test and corrects for 
multiple-testing with FDR for each gene ontology category. 

3. Results 

3.1. Study population 

Table 1 shows the characteristics of participants in the included co-
horts. Five cohorts contributed to the cord blood EWAS representing a 
total of 1462 samples. This included 865 from children of European 
ancestry (ALSPAC, INMA, VIVA cohorts) and 597 from children of Asian 
ancestry (HOKKAIDO, KOREA cohorts). Four cohorts contributed to the 
child blood EWAS (794 samples, 739 of them with fish consumption), all 
of them of primarily European ancestry (ALSPAC, INMA, MoBa, RHEA 
cohorts). Only two cohorts (INMA and ALSPAC) contributed data to 
both the cord blood and child blood studies. Geometric mean cord blood 
Hg concentrations for the participating cohorts ranged from 2.01 to 
9.30 μg/L, where the Japanese cohort showed the highest THg con-
centrations, followed by the Mediterranean cohorts (INMA and RHEA). 
Maternal fish consumption was highest in the MoBa cohort, followed by 
INMA, showing low correlation with cord blood Hg concentrations 
across cohorts (Dormann et al., 2013). Maternal age at delivery was on 
average between 29.4 and 32.8 years. The percentage of firstborn chil-
dren also varied across cohorts, ranging from 37.1 to 60%. Maternal 
education was coded similarly across the cohorts, with a low percentage 
of highly educated mothers in ALSPAC and INMA (23.6–30.7%) and 
highest in VIVA and MoBa (71.9–79.9%). Maternal smoking during 
pregnancy varied across cohorts, with the most prevalent self-report in 

INMA (29.2%) and RHEA (21.2%), and the least prevalent in MoBa 
(4.4%). 

3.2. EWAS meta-analysis 

Up to 373,251 CpGs were evaluated in each meta-analysis modeling 
the associations between prenatal MeHg exposure and DNAm. Table 2 
summarizes the statistics of the four performed meta-analyses (two for 
cord blood, with and without adjustment for maternal fish consumption, 
and two more for child blood, with and without adjustment for maternal 
fish consumption). Five American, Asian, and European studies 
contributed to the meta-analyses linking prenatal MeHg exposure to 
cord blood DNAm, including ALSPAC, SAPPORO-HOKKAIDO, INMA, 
KOREA, and VIVA cohorts, whereas four European cohorts (ALSPAC, 
INMA, MoBa, and RHEA) participated in the meta-analyses relating 
prenatal MeHg exposure to child blood DNAm at age 7–8. Generally, 
models showed low heterogeneity. The quantile–quantile plots did not 
reveal inflation in the distribution of observed p-values (lambdas ranged 
from 0.869 to 0.974) (Supplemental Figure S3). 

Results for differentially methylated sites (Pmeta<10− 5) in each 
model are shown in Supplemental Tables S2 to S5. Among them, two 
differentially methylated CpGs (Table 3) found in child blood DNAm had 
p-values more extreme than the FDR adjusted p-value threshold (≤0.1): 
The first was cg12204245, located in G protein-coupled receptor kinase 
1 (GRK1), where a doubling of THg was observed to be associated with 
0.2% higher DNAm (β = 0.002, p-value = 4.81 × 10− 7). A similar effect 
estimate was observed when adjusting for maternal fish consumption (β 
= 0.002, p-value = 1.31 × 10− 7). The second was cg02212000, in the 
gamma-glutamyl hydrolase (GGH) gene, which was only observed to be 
differentially methylated in the model without fish consumption (β =
− 0.001, p-value = 8.13 × 10− 7). Two more CpGs, cg24184221 and 
cg15288800 located in Mediator Complex Subunit 31 (MED31), showed 
nominal association between prenatal MeHg concentrations and DNA 
methylation in both cord blood (β = 2.28 × 10-4, p-value = 5.87 × 10− 5 

adjusted for fish) and child blood (β = 0.004, p-value = 4.97 × 10− 5 

adjusted for fish). Figs. 1–3 show the direction and weights of the effect 
by cohort of each CpG on DNAm: 1) hypermethylation of cg12204245 
(GRK1), as well as cg24184221 and cg15288800 (MED31); and 2) 
hypomethylation of cg02212000 (GGH). The observed direction of ef-
fect for each cohort was consistent for all differentially methylated 
CpGs. 

The results identified at cg02212000, cg24184221, and cg15288800 
were located in genes previously linked to inorganic and organic Hg 
compounds (GGH, MED31, and MED31 respectively) (Supplemental 
Table S6b). In addition, other CpGs differentially methylated at the 
Pmeta<10− 5 level (see Supplemental Tables S2 to S5) were identified 
both in models with and without fish consumption adjustment and their 
associated genes were also related to Hg compounds in previous studies 
(Supplemental Tables S6a and b). 

The site cg10555307, annotated within catenin delta 2 (CTNND2), 
showed hypomethylation in ALSPAC and INMA, and hypermethylation 
in SAPPORO-HOKKAIDO, KOREA and VIVA cohorts in the cord blood 
methylation model without fish consumption adjustment, but hyper-
methylation in all cohorts in the adjusted model for fish consumption. 
Also, cg17452301 in PWWP domain containing 2B (PWWP2B), and 
cg19374305 in dynein axonemal heavy chain 7 (DNAH7), showed 
hypermethylation in child blood methylation models in all cohorts 
(ALSPAC, INMA, MoBa, and RHEA). In these cases, associations did not 
persist between cord and child blood models. 

Functional enrichment analyses among the top CpG sites 
(Pmeta<10− 5) did not show robust results because of the lower insuffi-
cient probes and genes by identified pathway after correction for mul-
tiple testing (FDR ≈ 1) in any model (Supplemental Table S7). 
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4. Discussion 

This study represents so far the largest-scale epigenome-wide meta- 
analysis evaluating the association between prenatal MeHg exposure 
and DNAm in new-borns and children aged 7–8 years old. The combined 
results showed evidence for associations of prenatal MeHg exposure 
during pregnancy with differential methylation in MED31 at both time 
points during child development, suggesting that methylation levels in 
MED31 may be perturbed in response to in utero MeHg exposure in a 

manner that persists into early childhood. MED31 is widely expressed in 
the human body (www.proteinatlas.org (Uhlén et al., 2015)), and is 
involved in lipid metabolism and RNA Polymerase II transcription 
function (Beadle et al., 2018). We also identified a link between prenatal 
MeHg exposure and child blood DNA methylation of GRK1, encoding the 
protein rhodopsin kinase GRK1, mainly expressed in the retina and 
involved in retina function (Fan et al., 2010); and GGH, widely 
expressed in the body and related to glutathione metabolism and innate 
immune system pathways (Gibson et al., 2011). How methylation of 

Table 2 
Summarized statistics of multivariate genome-wide-association meta-analysis.  

Model Lambda Sample 
(N) 

Cohorts 
(N) 

Cohorts (names) QCed 
CpGs 

I2 index 
(mean) 

CpGs BN 
≤ 0.1 (N) 

CpGs 
FDR≤0.1 
(N) 

CpGs 
Pmeta<

10− 5 (N) 

Annotated 
Genes for 
CpGs 
Pmeta<

10− 5 (N) 

Cord blood model adjusted for 
covariates, 
without maternal fish 
consumption 

0.894 1462 5 ALSPAC, SAPPORO- 
HOKKAIDO, 
INMA, 
KOREA, 
VIVA 

373,251 0.1563 0 0 41 31 

Cord blood model adjusted for 
covariates, 
with maternal fish 
consumption 

0.869 1462 5 ALSPAC, SAPPORO- 
HOKKAIDO, INMA, 
KOREA, 
VIVA 

373,250 0.1438 0 0 28 25 

Child blood model adjusted for 
covariates, without maternal 
fish consumption 

0.945 794 4 ALSPAC, 
INMA, 
MOBA, 
RHEA 

373,183 0.1443 0 2 56 44 

Child blood model adjusted for 
covariates, 
with maternal fish 
consumption 

0.974 739 4 ALSPAC, 
INMA, 
MOBA, 
RHEA 

373,183 0.1408 1 1 60 46 

BN: Bonferroni test; FDR: false discovery rate test; I2 heterogeneity index; Pmeta: unadjusted p-value. 

Table 3 
Prenatal MeHg exposure and DNA methylation. Meta-analysis of epigenome-wide association study including highlighted CpG sites with a Pmeta<10− 5.  

Model CpG site Beta SE p- 
value 

I2 Studies Sample Effects FDRa Chr. Position UCSC 
RefGene 
Name 

Location 

Child blood 
DNAm – 
Without fish 

cg02212000 − 0.0008 0.0002 8.13E- 
07 

0 4 794 – 0.1011 chr8 63951669 GGH TSS200 

Child blood 
DNAm – With 
fish 

cg02212000 − 0.0008 0.0002 3.65E- 
06 

0 4 739 – 0.4540 chr8 63951669 GGH TSS200 

Cord blood 
DNAm – With 
fish 

cg24184221 0.0002 0.0001 5.87E- 
05 

0 5 1462 +-+++ 1.0000 chr17 6,555,443 MED31; 
C17orf100 

Exon 

Child blood 
DNAm – With 
fish 

cg15288800 0.0036 0.0009 4.97E- 
05 

0.3014 4 739 ++++ 0.5133 chr17 6,555,742 MED31; 
C17orf100 

3′ UTR 

Child blood 
DNAm – 
Without fish 

cg12204245 0.0020 0.0004 4.81E- 
07 

0.6585 4 794 ++++ 0.0898 chr13 114,321,214 GRK1 TSS1500 

Child blood 
DNAm – With 
fish 

cg12204245 0.0022 0.0004 1.31E- 
07 

0.4678 4 739 ++++ 0.0489 chr13 114,321,214 GRK1 TSS1500 

Shown are the 4 highlighted CpGs ordered by p-value. Results presented per 1 μg/L increase in prenatal MeHg exposure (cord blood total Hg concentration or child 
total Hg concentration). Column heads: Beta: regression coefficient; SE: standard error for regression coefficient; p-value: unadjusted p-value for the regression co-
efficient; I2: heterogeneity statistics; Studies: number of studies involved; Sample: sample size in the model; Effects: direction of effect across cohorts included in the 
statistical model (ALSPAC, INMA, MoBa, and RHEA): Hg exposure during pregnancy was associated with increased (+) or decreased (− ) methylation, or missing (?) 
result; FDR: false discovery rate; Chr: chromosome; Position: chromosomal position based on NCBI human reference genome; UCSC RefGene Name: UCSC annotated 
gene. 
All models were adjusted for maternal age, parity, education, smoking during pregnancy, and child sex, and cellular heterogeneity. 
Mapped from the array to the hg19 genome provided by Illumina. Location of differentially methylated sites has been added according to the IlluminaHumanMe-
thylation450kanno.ilmn12.hg19 R package. 
TSS: Transcription Start Site; UTR: untranslated region. 

a Epigenome-wide significance threshold (FDR p ≤ 0.1). 
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Fig. 1. Forest plots of DNAm of the CpG site cg12204245 in GRK1 from models adjusted for maternal age, parity, education, smoking, child sex and cellular 
heterogeneity, for cord blood without and with adjustment for fish consumption (A and B), and child blood without and with adjustment for fish consumption (C 
and D). 

Fig. 2. Forest plots of DNAm of the CpG site cg02212000 in GGH from models adjusted for maternal age, parity, education, smoking, child sex and cellular het-
erogeneity, for cord blood without and with adjustment for fish consumption (A and B), and child blood without and with adjustment for fish consumption (C and D). 
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these genes is linked to MeHg toxicity warrants further functional 
studies. 

Differential expression of MED31 and GGH have been previously 
related to exposure to inorganic and organic Hg compounds (Compar-
ative Toxicogenomics Database: www.ctdbase.org (Grondin et al., 
2021)). In zebrafish, increasing mercury chloride concentrations were 
associated with a decrease in MED31 expression in the liver (Ung et al., 
2010). In rats, 4-hydroxymercuribenzoate induced decreased GGH ac-
tivity, resulting in an increased hydrolysis of folic acid (Shafizadeh and 
Halsted, 2007). Additionally, methylmercuric chloride was related to 
decreased expression of GGH in human embryonic stem cells (Wald-
mann et al., 2017). These studies showed increased gene expression in 
response to exposure which could be consistent with the hypo-
methylation we observed in CpG within these genes (see Figs. 2 and 3). 
The differentially methylated CpG site cg12204245 in GRK1 perhaps 
represents a novel target gene in the context of MeHg exposure. How-
ever, GRK6, a paralog of the GRK1, has been related in vitro to methyl-
mercuric chloride human exposure resulting in dose-dependent 
increased expression of GRK6 (Waldmann et al., 2017). We identified 
other previously Hg-associated genes with persistent differential 
methylation, such as CTNND2 and PWWP2B, where expression has been 
shown to be decreased in association with mercuric bromide, p-chlor-
omercuribenzoic acid, phenylmercuric acetate and methylmercuric 
chloride in human cells studies (Waldmann et al., 2017; Rempel et al., 
2015; Shinde et al., 2017). Both genes showed general consistent 
hypermethylation in the affected CpGs sites in our models, which seems 
to be consistent with these previous studies. Conversely, DNAH7, which 
also showed hypermethylation in all our cohorts, has been previously 
related to an increased expression due to MeHg exposure in fish (Klaper 
et al., 2006). 

Some studies have characterized DNAm changes in cord and child 
blood relative to prenatal MeHg exposure. These studies observed a 
differentiated DNAm in cord (Cardenas et al., 2017a, 2017b; Bakulski 

et al., 2015) as well as child blood (Cardenas et al., 2017a, 2017b). The 
period of foetal development has been shown to be specially sensitive to 
toxicants exposure, likely because of the dramatic DNAm changes and 
epigenomic remodelling that takes place early during embryogenesis, 
giving rise to differentiated cells and tissues with specific DNAm pat-
terns (Perera and Herbstman, 2011a). The ability of MeHg to cross the 
placenta during development makes it a candidate toxicant for the 
disruption of foetal programming events that could propagate through 
different germ layers during embryogenesis and contribute to postnatal 
health consequences. The specific mechanisms of these effects remain 
unclear, but it has been proposed that DNAm may act as a response 
mechanism to MeHg exposure or a long-term mediator of 
MeHg-associated effects (Cediel Ulloa et al., 2021). However, studies 
evaluating the persistence of these changes into childhood are scarce 
(Vaiserman, 2015). Assessing the persistence of these epigenetic modi-
fications is critical as DNAm is a dynamic process that can drift with age 
(Acevedo et al., 2015). Work by Cardenas et al. in the US-based Project 
Viva study previously evaluated the persistence of these changes in 321 
cord blood samples followed-up in blood samples taken at 10 years of 
age, finding that higher DNAm levels of the PON1 region were associ-
ated with lower cognitive test scores in early childhood for both sexes 
(Cardenas et al., 2017b). 

A challenge for our observational analysis was to evaluate the 
potentially confounding influence of fish consumption on our effect of 
interest, the association between MeHg exposure and altered patterns of 
DNAm (Perera and Herbstman, 2011b). Fish consumption showed low 
correlation (Dormann et al., 2013) with cord blood THg concentrations 
across cohorts in the present study, but it can be a source of other pol-
lutants apart from Hg, such as polychlorinated biphenyls (PCBs), for 
which synergic effects of both compounds have been suggested (Bal-
lester et al., 2018b; Boucher et al., 2010). Additionally, fish is a source of 
nutrients, including selenium or poly-unsaturated fatty acids (PUFA), 
which have been purported to be protective against the toxic effects of 

Fig. 3. Forest plots of DNAm of the CpG sites in MED31 from models adjusted for maternal age, parity, education, smoking, child sex and cellular heterogeneity, for 
cord blood without and with adjustment for fish consumption for cg24184221 site (A and B), and child blood without and with adjustment for fish consumption for 
cg15288800 site (C and D). 
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MeHg (Ralston and Raymond, 2018; Ginsberg et al., 2015). Comparing 
multivariate models adjusted and not adjusted for fish consumption 
allows identification of genes independently affected by MeHg exposure, 
such as GRK1 and GGH observed in this study. Other studies have 
included the variable fish consumption in the multivariate models of 
DNAm MeHg-association analysis. Cardenas et al. (2017b) included 
adjustments for mean weekly fish intake during pregnancy in its 
single-cohort study assessing the persistent DNAm associated with pre-
natal MeHg exposure, but did not consider the contrast between models 
with and without adjustment for fish consumption. 

The main strength of this study is the large sample size achieved by 
analysing data from all cohorts and combining the results in a meta- 
analysis allowing to identify only robust results. By using identical 
analysis protocols and harmonized script across all cohorts we have 
reduced bias due to heterogeneity. Shadow replication of meta-analysis 
results has minimized the possibility of coding errors. Also, the inclusion 
of different THg concentrations and fish consumptions make results 
more generalizable to other populations. To avoid the violation of the 
homogeneous effect assumption across studies only the largest ethnic 
group in each cohort was included. However, including different cohorts 
with different main ethnicities allowed to check the homogeneity of the 
epigenetic MeHg effects. 

Our study also has some limitations. The most important is that only 
INMA and ALSPAC cohorts participated with prospective cord-child 
blood DNAm data. Also, although the sample size was large, some co-
horts could not participate in the meta-analyses, such as KANC cohort 
from HELIX study because it had no fish consumption data. Moreover, 
most cord blood THg concentrations from different cohorts were ob-
tained by means of transformation factors from maternal hair or blood 
according to literature. On the other hand, loci and genes identified in 
cord and child DNAm were, although with limited power, associated 
with pathways that are critical to foetal growth and development: 
vascular permeability to maintain physiological tissue homeostasis, 
astrocyte activation and microtubule nucleation that play a crucial role 
in orchestrating neural development by coordinating synapse formation 
and function (Sloan and Barres, 2014; Sánchez-Huertas et al., 2016), as 
well as titin binding, involved in muscular development (Letourneau 
and Wright, 2018). Therefore, further experimental research is needed 
for understanding the functional effects of MeHg-related epigenetic ef-
fects of the identified genes in the present study. 

5. Conclusions 

We have conducted the largest epigenome-wide meta-analysis to 
date evaluating the association between prenatal Hg exposure and 
DNAm in new-borns and 7-year-old children. This study adds some ev-
idence that MED31 could serve as a potential target of MeHg exposure, 
providing a potential epigenetic signature of in utero exposure which 
persists into early childhood, independently of fish consumption and 
other possible confounders. DNAm modifications leading to functional 
genomic changes could help explain heterogeneous findings observed 
for prenatal mercury exposure and health outcomes such as cognitive or 
anthropometric development in different populations. Our study also 
contributes to further understanding of potential underlying mecha-
nisms of the negative health effects of MeHg exposure by highlighting 
the implications of DNAm in several genes involved in growth and cell 
cycle processes during foetal development. 
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