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Abstract 

Prenatal exposure to mercury in utero causes abnormal foetal growth and adverse 

outcomes. DNA methylation is currently considered a possible mechanism 

through which this occurs. However, few studies have investigated the association 

between prenatal exposure to mercury and DNA methylation in detail. This study 

aimed to clarify the relationship between prenatal exposure to total mercury (Hg) 

and DNA methylation, and its associations with sex-specific characteristics in 

male and female offspring. In a birth cohort study known as the Chiba study of 

Mother and Children's Health (C-MACH), the DNA methylation status in cord 

tissue and Hg concentrations in cord serum were examined. A total of 67 

participants (27 males and 40 females) were analysed based on Spearman 

correlations, adjusted by a false discovery rate of the sex of each offspring. Only 

one methylated locus was positively correlated with mercury concentrations in 

cord serum in male offspring, but not in female offspring, and was annotated to 

the haloacid dehalogenase-like hydrolase domain-containing protein 1 (HDHD1) 

gene on chromosome X. This locus was located in the intron of the HDHD1 gene 

body and is a binding site for the zinc finger protein CCCTC-binding factor 

(CTCF). One of the other loci, located in HDHD1, was highly methylated in the 

group with higher mercury concentrations, and this locus was in the gene body of 

HDHD1. Our results suggest that prenatal exposure to Hg might affect the 

epigenetic status of male foetuses. 
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Introduction 

Mercury is a ubiquitous global environmental contaminant; it exists in 

elemental, organic, and inorganic forms, and can be found in humans, plants, and 

animals all around the world. All forms of mercury cause toxicity such as 

gastrointestinal toxicity, neurotoxicity, and nephrotoxicity; however, 

methylmercury (MeHg) is one of the most toxic forms of this element.1,2 Exposure 

to MeHg typically occurs upon consuming fish and other seafood.3 

MeHg can be transported from maternal blood circulation to the foetus 

through the placenta and accumulate in foetal tissues.4 In addition, the 

concentration of MeHg is higher in cord tissue than that in the placenta because 

of the extremely high placental transfer.5 Several studies have reported that 

prenatal exposure to MeHg affects foetuses or infants adversely, causing low birth 

weight and/or neurodevelopmental disorders; moreover, and the effects of 

exposure to MeHg are much stronger in foetuses than in their mothers.3,6 Prenatal 

exposure to MeHg, even at low levels, can potentially affect foetal development.7 

Further, it was determined that the total concentration of mercury in the blood is 

a validated biomarker for estimating MeHg in the general human population;8 

accordingly, the levels of total mercury and MeHg were found to be almost the 

same in cord blood.9 Moreover, it has been reported that the total concentration 

of mercury in the blood can be an indicator of MeHg, and total mercury rather 

than MeHg, has been measured in several epidemiological studies.7 
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Foetal environmental factors, such as intra-uterine malnutrition are 

considered to be associated with an increased risk of developing heart disease, 

diabetes, hypertension, stroke, obesity, cancer, and many other non-

communicable diseases in later life.10–12 This is known as the "developmental 

origins of health and disease" (DOHaD) concept.13 In addition to nutritional status, 

it has also been shown that environmental pollutants affect foetuses or children in 

a DOHaD-dependent manner.  

Epigenetic modifications, such as DNA methylation, have been described 

as potential mechanisms underlying the onset of DOHaD-type effects.14,15,16 

Prenatal exposure to mercury in cord blood or toenails has reportedly been 

associated with the DNA methylation of some genes in cord blood cells.17,18 

Recent prospective epidemiological studies have shown that not only high-levels 

but also lowlevels of prenatal exposure to mercury in utero might lead to lower 

cognitive test scores in children.7,19 

It has been shown that prenatal exposure to environmental chemicals 

produces sex-specific differences; the effects of a mother’s passive smoking on 

the offspring has already been recognised.20,21 Furthermore, prenatal exposure to 

heavy metals such as cadmium or arsenic might alter patterns of DNA methylation 

in infants, and it has been shown that there are sex-specific associations between 

exposure to heavy metals and DNA methylation.22,23 Further, some studies in 

rats24 and humans25 have reported that during development, males are more 

sensitive to mercury exposure than females. However, it remains unclear whether 
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males or females are affected differently by MeHg;26 thus, the results regarding a 

sex-specific response to mercury are controversial. The association between 

exposure to mercury and the status of foetal DNA methylation and its sex-specific 

effects have not been thoroughly evaluated; therefore, it is necessary to determine 

the sex-specific effects of prenatal exposure to mercury. A recent investigation 

demonstrated that umbilical cord tissue is a useful epigenetic surrogate that can 

reflect the effects of exposure to environmental substances during gestation.27 

Accordingly, we used umbilical cord tissue for our DNA methylation analysis.  

It has also been reported that selenium (Se) could weaken the harmful 

effects of mercury in toenails.28 Moreover, Se might alter foetal growth 

restrictions related to MeHg exposure in cord blood;29 however, the effects of Se 

on mercury-induced DNA methylation have not been evaluated yet. In this study, 

we separately analysed male and female offspring using DNA methylation array 

analysis to elucidate the relationship between the concentration of totalmercury 

(Hg) in umbilical cord serum and the status of DNA methylation in umbilical cord 

tissue (as a part of the foetus). Furthermore, we determined sex-specific patterns 

of DNA methylation and the effects of Se on prenatal Hg-induced DNA 

methylation. 
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Methods 

Study Population 

The Chiba Study of Mother and Child Health (C-MACH) is a three-

hospital-based birth cohort study, including approximately 400 mother–child 

pairs, and it was used to investigate the association between prenatal exposure to 

Hg and epigenetic changes in offspring in this study. Participants were recruited 

between February 2014 and June 2015.30 Clinical maternal information during 

pregnancy was collected at 12 and 32 weeks of gestation. Clinical information 

regarding the newborn offspring was collected at birth. 

Ninety-four participants from the C-MACH cohort study at the Onodera 

Ladies Clinic in Chiba were included in the present study because their umbilical 

cord quality was considered appropriate for DNA methylation array analysis. We 

did not include participants who had a smoking habit, as it is known to affect the 

epigenetic status, we also excluded patients with missing data (offspring sex, Hg 

concentrations, and birth weight or DNA microarray data). In the end, 67 data sets 

(male = 27, female = 40) were used for our analysis (Fig. 1). Clinical data 

regarding the mothers and their offspring included in this study are shown in 

Table 1. 

 

Sample collection and Hg and Se measurements 

Blood from the umbilical cord was collected at childbirth and subsequently, 

centrifuged to isolate serum; umbilical cord tissue was collected simultaneously. 
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These samples were submitted to cold storage and immediately transported from 

the clinic to the laboratory. After we washed the umbilical cord tissues at the 

laboratory, we stored the samples at −80 °C until further analysis.  

Since whole blood samples were not obtained in this study, serum samples 

were used to measure Hg. The concentration of Hg was determined at Shimadzu 

Techno-research Inc. (Kyoto, Japan) using inductively coupled plasma-mass 

spectrometry (ICP-MS) (Agilent Technologies, Tokyo, Japan). A detailed 

protocol is described elsewhere.31 Briefly, serum samples containing a volume of 

0.5 ml were diluted (1:19) with the dilution solution (2% v/v 1-butanol, 0.1% 

TMAH, 0.05% polyoxyethylene (10) octyl phenyl ether, and 0.05% w/v 

ethylenediamine tetraacetic acid), mixed by vortexing, and analysed by ICP-MS. 

In addition, the concentration of Se, as well as the concentration of Hg in serum, 

was measured. The detection limits for Hg and Se were 0.050 and 1.7 ng g−1, 

respectively.  

 

DNA methylation analysis 

The methylation status of genomic DNA in the cord tissue was analysed 

as previously described.32 Briefly, genomic DNA was extracted from cord tissues 

using the NucleoSpin Tissue Kit (MACHEREY-NAGEL GmbH & Co. KG, 

Düren, Germany) and bisulphite conversion was performed using the EZ DNA 

Methylation Gold Kit (Zymo Research, Los Angeles, CA, USA). Bisulphite-

converted DNA was applied to the Infinium Methylation EPIC BeadChip 
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(Illumina, San Diego, CA, USA). Infinium Methylation EPIC BeadChip profiles 

the methylation status of over 850,000 CpG sites at single-nucleotide resolution; 

the BeadChips were scanned with an Illumina iScan (Illumina) array scanner. 

Data were analysed using the Illumina GenomeStudio software (Illumina). 

GenomeStudio® provides average  values, which indicate methylation levels at 

each CpG site (1 = fully methylated, 0 = fully unmethylated). According to 

Illumina users guide (GenomeStudio® Methylation Module v1.8 User Guide), 

data normalisation, background subtraction, and colour channel normalisation 

were performed. Raw data were normalised using the ratio of intensities between 

methylated and unmethylated alleles, and background was subtracted using built-

in negative control bead types. We monitored the quality of methylation 

experiments by checking built-in internal quality controls in the Controls 

Dashboard of the methylation module of GenomeStudio®. For all samples, it was 

confirmed that the number of detected CpGs (p-value = 0.05) were at least > 96%. 

Probes without calculated  values and exhibiting low variance (standard 

deviation < 0.1) were initially excluded from the analysis.33 Probes located on 

chromosome Y were also excluded from female offspring analysis. The final data 

set included 15,071 probes in male offspring and 14,678 probes in female 

offspring. 
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Data analysis 

Statistical analyses were performed using R v3.4.434 (https://www.r-

project.org/). The characteristics of each sex were compared using a Mann-

Whitney U test. Correlations between  values and Hg concentrations were 

analysed by Spearman’s rank correlation in male and female offspring, separately. 

Adjustment for multiple testing was performed with a false discovery rate (FDR) 

calculated by the R package psych.35,36 An FDR value < 0.05 was defined as 

statistically significant. In addition, the correlation between birth weight and Hg 

concentrations was also analysed by Spearman’s rank test. Next, multivariate 

regression analyses were performed: Model 1, adjusted for maternal age and birth 

weight; Model 2, adjusted for maternal age, birth weight and the concentration of 

Se in cord serum; Model 3, adjusted for maternal age, gestational age and the 

concentration of Se in cord serum. Since the birth weight and the gestational age 

were related, the birth weight was removed from Model 3 to reduce 

multicollinearity. Cell-type proportion (stromal cell, endothelial cell and 

epithelial cell) was estimated using the R/Bioconductor packages minfi.37,38 

Multiple regression analyses were performed using endothelial cell ratio and 

epithelial cell ratio as explanatory variables (Model 4) after confirming the 

multicollinearity of each cell ratio in addition to Model 1. In some cases, the 

concentration of Hg was dichotomised into ‘higher concentration’ and ‘lower 

concentration’ groups based on the median value of Hg (0.9 ng/g serum). 

Moreover, we performed an additional Mann-Whitney U test to measure and 
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compare correlations between  value and Hg concentration for the probes of 

interest between these two groups. The additional analysis validated the previous 

results. 
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Results 

Characteristics of mothers and their offspring  

After excluding all participants with smoking habits and/or missing 

parameters, 67 participants were included in this study. Characteristics of mothers 

and offspring are shown in Table 1. The median values and the interquartile range 

(IQR) values (in parenthesis) of maternal age, height, pre-pregnancy weight, and 

pre-pregnancy body mass index were 33 (5) years, 160.0 (7.3) cm, 52.0 (8.0) kg, 

and 20.5 (3.0) kg/m2, respectively. The medians and IQRs (in parenthesis) of 

offspring weight, height, and head circumference at birth were 3028 (344), 49.0 

(2.0), and 33.0 (1.0), respectively. For each parameter, a few offspring deviated 

by more than two standard deviations, but the majority were within the standard 

range. The characteristics of male offspring were comparable to those of female 

offspring. No significant correlation between birth weight and cord Hg was 

observed. 

 

DNA methylation in the umbilical cord and Hg concentration in cord serum 

 Fig. 2 shows a Manhattan plot of all probes included in this analysis. 

There was one probe on chromosome X (cg02027844) that significantly 

correlated with the concentration of Hg in the cord serum. The  value of 

cg02027844 was positively correlated with Hg concentrations in cord serum of 

males (Fig. 3a, r = 0.767, p = 3.06E-06, q = 0.046). It has been previously reported 

that maternal age39 and birth weight40 affect DNA methylation in the umbilical 
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cord. Therefore, we estimated the association between methylation status and the 

concentration of Hg in cord serum using multiple regression analysis for maternal 

age, birth weight and gestational age, which could be confounders. In addition, 

multiple regression analyses were also performed using estimated cell-type 

proportions. As shown in Table 2, after adjusting for covariates, the correlation 

between methylation status and Hg concentration was still significant. Moreover, 

the  value was significantly higher (p < 0.01) in the group with higher 

concentrations of Hg (mean  value; 0.59) than that in the group with lower 

concentrations of Hg (mean  value; 0.50) in the Mann-Whitney U test (Fig. 3b). 

In females, no correlation between the concentration of Hg and the status of DNA 

methylation was detected based on any of the probes. The  values of cg02027844 

in female offspring, which significantly correlated with Hg concentrations in male 

offspring, are shown in Figure 5 (r = 0.033, p = 0.837, q = 0.999). 

The methylation of probe cg02027844 was annotated to the haloacid 

dehalogenase-like hydrolase domain-containing protein 1 (HDHD1) gene. This 

sequence is located in intron 4 of HDHD1 (https://genome.ucsc.edu/). Two other 

probes were annotated to HDHD1, namely cg03572700 and cg18204732. The 

 value of cg18204732, but not cg03572700, was significantly greater (p < 0.01) 

in the higher Hg concentration group (mean  value; 0.73) than in the lower Hg 

concentration group (mean  value; 0.42) (Fig. 4). Probe cg18204732 pertains to 

a sequence located in intron 1 of the gene body of HDHD1. 
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Effects of Se on DNA methylation  

No significant correlation was observed between the concentrations of Hg 

and Se in this study. To consider whether Se interferes with the effect of Hg on 

DNA methylation in umbilical cords, multiple regression analysis was carried out 

with the addition of cord serum Se levels to model 1. However, as a result, the 

correlation between the status of DNA methylation and the concentration of Hg 

was still significant (Table 2; model 2).  
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Discussion 

In this exploratory study of 67 Japanese infants, serum mercury 

concentrations at birth were associated with the DNA methylation of a single CpG 

site in cord tissue obtained from male infants only. This CpG site was annotated 

to the HDHD1 gene on chromosome X. In female newborns, no associations were 

found between the concentration of mercury in cord serum and the status of DNA 

methylation in cord tissue. Overall, the concentration of mercury in the serum was 

low, and only one probe was correlated with DNA methylation in this study. 

However, several studies have reported that prenatal exposure to mercury changes 

DNA methylation patterns in offspring and is associated with adverse 

neurobehavioral outcomes.41,42 Furthermore, recent prospective epidemiological 

studies have shown that prenatal exposure to mercury in utero, even at low 

concentrations, might lead to lower cognitive test scores in children.7 These 

results suggest that prenatal exposure to mercury even at low concentrations, can 

affect postnatal development in offspring via DNA methylation. 

In this study, no correlation was found between the concentration of 

mercury and DNA methylation status in cord tissue samples taken from females. 

Although the reason for this sex-specific difference is unclear, no statistically 

significant difference was observed in cord serum between male and female 

offspring regarding the concentration of mercury. Prenatal exposure to mercury 

affects neonate behavioural ability and birth weight in males, but no apparent 

effect was previously observed in females;6,43 moreover, a decrease in male, but 



  

16 

 

not female, birth rate caused by Minamata disease was also observed.3 It has been 

reported that male foetus/infants are more sensitive to mercury exposure than 

females during development.24,25 The protective effect of female hormones 

against oxidative stress, as well as inflammation may explain this observation.26 

In fact, methylmercury toxicity is related to free radicals and oxidative stress44 

and affects DNA methylation.45 Therefore, sex-dependent differences between 

mercury exposure and DNA methylation found in this study may be due to the 

suppression of mercury-induced oxidative stress via hormonal effects in female 

offspring. Additionally, prenatal mercury exposure can affect sex-specific DNA 

methylation of the differentially-methylated regions of the paraoxonase 1 gene 

(PON1). This methylation pattern persists throughout childhood and is associated 

with cognitive performance in males.41 It has also been reported that DNA 

methylation levels in monozygotic twins differ between males and females, 

indicating the possibility that environmental factors can cause sex-specific 

differences.46 Therefore, male but not female offspring may be susceptible to the 

effects of prenatal mercury exposure.  

The cg02027844 locus was annotated to the HDHD1, which is located on 

chromosome X at band Xp22.31 and encodes pseudouridine-5′-phosphatase 

(PUDP). HDHD1 is widely expressed in organs, such as the placenta and the 

colon, but also lymphocytes.47 Although the biological function of this gene has 

not been thoroughly investigated yet, HDHD1 might be involved in RNA 

processing and turnover.48 Although DNA methylation of a promoter region 
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suppresses gene expression, DNA methylation of a gene body is thought to be 

involved in controlling splicing.49,50 Site cg02027844 is located in intron 4, in the 

gene body of HDHD1; therefore, the methylation of this locus might control the 

splicing but not the expression of this gene. Besides, locus cg02027844 

corresponds to a binding site for the zinc finger protein CCCTC-binding factor 

(CTCF, https://genome.ucsc.edu/), which is considered essential for insulator 

activity.51 One of the known functions of an insulator is to separate enhancers and 

promoters to block their interactions.52 CTCF binding to a subset of DNA 

sequences can be disrupted by DNA methylation.53 Consequently, the functions 

of an insulator might be suppressed by disrupting CTCF binding due to DNA 

methylation. Although we could not examine the expression of HDHD1 or mRNA 

splicing due to circumstances associated with sample collection, DNA 

methylation at the CTCF-binding site caused by prenatal exposure to mercury 

could potentially affect the mRNA splicing of HDHD1 or nearby genes. Two 

other probes were annotated to HDHD1, namely cg03572700 and cg18204732; 

the  value of cg18204732 was significantly greater in the group with higher 

concentrations of mercury than in the group with lower mercury concentrations. 

Further, the results of probe cg02027844 might support the possibility that 

prenatal exposure to mercury affects the epigenetic status of HDHD1 via DNA 

methylation. The scheme of the location of probes in HDHD1 is shown in Figure 

6. As a study of effect size, multiple regression analyses were performed in the 

same model, as shown in Table 2, using standardising objective variables and all 
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explanatory variables. It was shown that the effect of mercury concentration on 

cg02027844  value in any model was larger than other explanatory variables 

(Table 3).  

In humans, HDHD1 might be associated with Crohn’s disease since PUDP 

(encoded by HDHD1) is associated with its progression.54 HDHD1 might also be 

associated with X-linked ichthyosis, a severe skin disease. Moreover, HDHD1 is 

often deleted along with the steroid sulfatase (STS) gene in patients with X-linked 

ichthyosis. STS is considered responsible for X-linked ichthyosis;47 however, no 

effects were observed on DNA methylation using any of the probes annotated to 

STS in this study. Furthermore, the absence of PUDP activity might contribute to 

the development of testicular cancer and cryptorchidism.55 Follow-up studies 

would be required to clarify whether prenatal epigenetic changes to this gene are 

associated with the pathophysiology of these diseases. Also, microRNA 4767 

(mir4767) is located in the HDHD1 gene region. Since miR-144 is a microRNA 

that contributes to inflammation during atopic dermatitis via activation of the NF-

kB pathway in the cord serum of infants56, changes to the DNA methylation of 

cg02027844 might affect the expression of mir4767. Further study would be 

required to follow the health conditions of infants in later life.  

The mean  values for each probe on HDHD1 were 0.51-0.59 and 0.76-0.86 

in male and female offspring, respectively (Table 4). A previous study by Sharp 

et al57. described that HDHD1 is one of the genes for escaping XCI. Moreover, 

DNA methylation levels are reportedly not high in the escaping genes, and the 
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difference in DNA methylation levels between cells with one X chromosome and 

two X chromosomes is small. Here, although DNA methylation levels were not 

low (0.51-0.59 and 0.76-0.86 in male and female offspring, respectively), our 

results are generally consistent with the previous report as the difference in male 

and female offspring is relatively small. This study does not reveal the 

relationship between the fact that this gene escapes from XCI in female offspring 

and that the effects of mercury exposure were observed only in male offspring. 

The relationship between the effects of environmental pollutants, including 

mercury, on genes in the X chromosome and XCI status and the differences in 

their effects depending on sex demand further investigation. 

A previous report found an association between prenatal exposure to 

mercury, including methylmercury and the DNA methylation of differentially 

methylated regions in PON1 and TCEANC2 (transcription elongation factor A N-

terminal and central domain containing 2) in umbilical cord blood.17,41 These 

genes were present on the EPIC BeadChip used in this study. However, since none 

of the standard deviations associated with β values of probes annotated to these 

genes was 0.1 or more, no correlation analysis between mercury concentrations 

and DNA methylation was performed. That is, the lack of an association between 

DNA methylation status of these genes and mercury concentrations in this study 

is likely due to differences in sample types and the small sample size. It has been 

reported that selenium can suppress the toxic effects of exposure to mercury in 

humans.28 One of the mechanisms of methylmercury toxicity is related to free 
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radicals and oxidative stress;44 however, selenium, an antioxidant, might protect 

the organism from methylmercury toxicity, as shown in a previous in vitro 

experiment.58 As a result of multiple regression analysis, selenium did not 

contribute to the relationship between DNA methylation and mercury 

concentration in this study. The narrow range of selenium concentrations likely 

caused this lack of association. Further studies are needed to verify the role of 

selenium in mercury-induced DNA methylation. 

There were several limitations to this study. The sample size was relatively 

small, and the statistical power was not sufficient to analyse all probes. The role 

of the methylated cg02027844 locus was not clarified because HDHD1 

expression was not examined in this study. Moreover, we cannot entirely exclude 

confounding factors. Further experiments with a much larger sample size that 

consider potential confounding factors including cell types of cord tissue, might 

be needed to replicate and extend the findings observed in this study. 

This is the first study to report the potential association between prenatal 

exposure to mercury in cord serum and the status of DNA methylation in cord 

tissue and its sex-specific effects. The level of DNA methylation within HDHD1 

was significantly correlated with mercury concentrations in cord serum obtained 

from male offspring. This CpG site is located in the CTCF-binding site, which 

can affect gene expression. These findings suggest that prenatal exposure to 

mercury can affect the epigenetic status of a foetus. Further studies with larger 

sample sizes to determine the levels of HDHD1 gene products are required for 
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clarifying the effects of prenatal mercury exposure on epigenetic alterations as 

well as health and disease in later life. 
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Fig. 1. Final study population for DNA methylation microarray analysis; 94 

umbilical cord samples were assayed on the Infinium Methylation Epic BeadChip, 

and 67 samples were analysed for correlation between Hg concentration in cord 

serum and DNA methylation status in the cord tissue. 

  



  

33 

 

 

 

 

Fig. 2. Manhattan plots for mercury concentration in cord serum and methylation 

status in cord tissue (a) in males and (b) females. 
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Fig. 3. (a) Correlation between cg02027844 methylation ( value) and Hg 

concentrations in cord blood (ng/g) in males, (FDR = 0.046); (b) cg02027844 

methylation ( value) comparing lower (n = 13) and higher (n = 13) Hg 

concentration groups in males, *: p < 0.01. ‘X’ indicates mean values. 
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Fig. 4. Comparison of  values at the methylation sites annotated to HDHD1 and 

the Hg concentrations in cord serum (ng/g) in males (a; cg03572700, b; 

cg18204732, FDR = 0.99). *: p < 0.01. ‘X’ indicates mean values. 
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Fig. 5. (a) Correlation between cg02027844 methylation ( value) and Hg 

concentrations in cord blood (ng/g) in females, (FDR = 0.999); (b) cg02027844 

methylation ( value) comparing lower (n = 18) and higher (n = 18) Hg 

concentration groups in females. *: p < 0.01. ‘X’ indicates mean values. 
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Fig. 6. The location of the probes annotated to the HDHD1 gene. cg02027844 

was the probe that was significantly correlated to Hg concentration in male 

offspring. 
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Table 1. Characteristics of the study population 

 
Total 

(n = 67) 

Male offspring 

(n = 27) 

Female offspring  

(n = 40) 
p-value a 

 

Maternal characteristics 

Age (year) 

Height (cm) 

Pre-pregnancy weight (kg) 

Pre-pregnancy BMI (kg/m2) 

Offspring characteristics at birth 

Total mercury concentrations in cord serum (ng/g)  

Weight (g) 

 Height (cm) 

 Head circumference (cm) 

 

 

33 (5) 

160.0 (7.3) 

52.0 (8.0) 

20.5 (3.0) 

 

0.760 (0.600) 

3028 (344) 

49.0 (2.0) 

33.0 (1.0) 

 

 

33 (7) 

159.0 (9.7) 

52.0 (9.1)  

20.0 (3.6) 

 

0.900 (0.645) 

2992 (415) 

49.0 (1.8) 

33.0 (1.3) 

 

 

33 (5) 

160.0 (5.3) 

52.0 (7.3)  

20.7 (2.5) 

 

0.620 (0.473) 

3029 (312) 

49.0 (2.0) 

33.0 (1.5) 

 

 

0.6164 

0.9796 

0.5998 

0.4741 

 

0.0787 

0.9949 

0.5078 

0.3479 

Values are shown as median (IQR; interquartile range) 

a: Mann-Whitney U test, comparing male and female offspring  
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Table 2. Multivariate adjusted coefficients of Hg concentrations in cord serum according to the methylation status of the cord 

tissue 

 

  Coefficients Standard error of coefficients p-value 

      

Model 1 0.076 0.028 0.013 

Model 2 0.073 0.029 0.020 

Model 3 0.066 0.028 0.024 

Model 4 0.073 0.030 0.024 

Model 1: Adjusted by maternal age and birth weight 

Model 2: Adjusted by maternal age, birth weight, and Se concentration in cord serum 

Model 3: Adjusted by maternal age, gestational age, and Se concentration in cord serum 

Model 4: Adjusted by maternal age, birth weight, endothelial ratio, and epithelial ratio 



  

40 

 

Table 3. Multivariate adjusted coefficients of Hg concentrations in cord 

serum according to the methylation status of the cord tissue using 

standardised variables. 

 

Model 1 
 

Estimate Std. Error t value Pr(>|t|)  
(Intercept) -1.77E-16 0.168 -1.05E-15 1  
Hg 0.481 0.179 2.693 0.013  
Maternal age -0.219 0.182 -1.205 0.240  
Birth weight 0.007 0.182 0.041 0.968 

Model 2 
 

Estimate Std. Error t value Pr(>|t|)  
(Intercept) -9.95E-17 0.171 -5.81E-16 1  
Hg 0.464 0.185 2.502 0.020  
Maternal age -0.194 0.193 -1.006 0.325  
Birth weight -0.009 0.189 -0.047 0.963  
Se -0.087 0.188 -0.466 0.646 

Model 3 
 

Estimate Std. Error t value Pr(>|t|)  
(Intercept) -4.71E-16 0.164 -2.88E-15 1  
Hg 0.424 0.175 2.418 0.024  
Maternal age -0.305 0.191 -1.599 0.124  
Gestational age 0.270 0.184 1.472 0.155  
Se -0.022 0.181 -0.122 0.904 

Model 4 
 

Estimate Std. Error t value Pr(>|t|)  
(Intercept) -2.18E-17 0.166 -1.32E-16 1  
Hg 0.460 0.188 2.443 0.023  
Maternal age -0.180 0.192 -0.942 0.357  
Birth weight -0.014 0.180 -0.076 0.940  
Epithelial cell 

ratio 

0.207 0.181 1.142 0.266 

 
Endothelial cell 

ratio 

0.210 0.178 1.180 0.251 
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Table 4. The mean β values of probes annotated to the HDHD1 gene. 

 

                  Male offspring  Female offspring 

  cg02027844  0.54   0.76 

  cg03572700  0.51   0.86 

  cg18204732  0.59   0.78 
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