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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Background: Tt is necessary to determine whether there are adverse health effects of prenatal exposure to long-

. s term, low levels of mercury and selenium. However, there are limited that reports on the association between
eywords:

mercury levels by selenium levels and birth size. Therefore, we examined whether maternal mercury levels

Isv:::llgn during pregnancy had any effect on infant birth size, and size, and whether selenium levels influenced this
Pregnancy relationship.

Birth weight Objectives: To examine the association between mercury and selenium levels during pregnancy with infant birth
Small-for-gestational-age size.

The Japan Environment and Children's Study Methods: The Japan Environment and Children's Study is a prospective birth cohort conducted between 2011

and 2014. Total mercury levels and total selenium levels in maternal blood during the second and third tri-
mesters were measured using Inductively Coupled Plasma-Mass Spectrometry. Birth weight and small-for-ge-
stational-age were confirmed by medical records. Small-for-gestational-age was defined as birth weight below
the 10th percentile according to standard percentile for gender, parity, and gestational age. Multiple linear and
logistic regression analyses were used to examine the association between maternal mercury exposure and birth
weight or small-for-gestational-age adjusted for confounders (including maternal age and body mass index
pregnancy).

Results: Overall, 15,444 pregnant women were included in this study. Median (inter-quartile range) of blood
mercury and selenium levels were 3.66 (2.59-5.18) ng/g and 170.0 (158.0-183.0) ng/g, respectively. Compared
to infants of mothers with the highest blood selenium level, those of mothers with the lowest blood selenium
level had neither a significant birth weight increase (9 g, 95% confidence interval: — 6, 25) nor a significant odds
ratio for small-for-gestational-age (0.903, 95% confidence interval: 0.748, 1.089). Compared to infants of mo-
thers with the lowest blood mercury level, those of mothers with the highest blood mercury level had neither a
significant birth weight reduction (—12g, 95% confidence interval: —27, 4) nor a significant odds ratio for
small-for-gestational-age (0.951, 95% confidence interval: 0.786, 1.150). Compared to infants of mothers with
the lowest quartile of maternal blood mercury level, all infants of mothers with the highest quartile of maternal
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blood mercury level had a reduced birth head circumference of 0.073 cm (95% confidence interval: —0.134,

—0.011).

Conclusions: There was no association between maternal blood mercury levels and small-for-gestational-age and
birth weight among 15,444 pregnant women. In a Japanese population, which has a relatively higher blood
mercury level than reported in Western population, reduced birth size was not found to be associated with blood
mercury levels, with the exception of birth head circumference.

1. Introduction

The hypothesis of “Developmental Origins of Health and Diseases
(DOHaD)”, which has been suggested to clarify the mechanisms of
childhood growth and development, describes the association between
a slow fetal growth and the development of chronic diseases such as
coronary disease and diabetes mellitus in adulthood (Barker et al.,
2005; Bhargava et al., 2004; Eriksson et al., 2003; Phillips, 1996;
Swanson et al., 2009). Slow fetal growth is an overall term that includes
small-for-gestational-age, birth weight, birth length, birth head cir-
cumference, birth chest circumference, and birth Ponderal index. It is
necessary to elucidate the maternal-child and environmental health risk
factor of slow fetal growth, one of which may be fetal mercury ex-
posure.

In Japan, approximately 80%-90% of human mercury exposure is
derived from fish consumption (Ministry of Agriculture, Forestry and
Fisheries, Japan, 2008). Inorganic mercury which is converted to me-
thylmercury (MeHg) by bacterial methylation, is well-absorbed in the
alimentary tract (Ikingura and Akagi, 1999; Ward et al., 2010). Fish and
other seafood are the main source of MeHg exposure (Clémens et al.,
2011). One of the risk factors for adverse outcomes in children's growth
is MeHg intake during pregnancy (Foldspang and Hansen, 1990), and
even relatively low mercury levels in maternal blood can possibly lead
to adverse effects for fetuses. In a recent study, Murcia et al. (2016)
reported that a 2-fold increase of total mercury in cord blood (geo-
metric mean 8.2 ug/L) was associated with 0.052-cm reduction of birth
head circumference, which is an important indicator of brain devel-
opment. Birth weight is another indicator of fetal bodily functions.
Recently, Murcia et al. (2016) reported that a 2-fold increase of total
mercury in cord blood (geometric mean 8.2 ug/L) was associated with
35.8-g reduction of birth weight in Valencia, Spain. Tatsuta et al.
(2017) reported that total mercury in cord blood (median 10.1 ng/g)
was not associated with birth weight among all infants. Miyashita et al.
(2015) reported that an increase of mercury in hair (median 1.41 ug/g)
was associated with reduced risk of small-for-gestational-age in ad-
justment for n— 3 unsaturated fatty acids. However, there are also re-
ports that low mercury levels did not affect birth weight, as well as
reports of a negative association between low mercury levels and birth
weight. Therefore, no firm conclusion has been drawn.

An association between mercury and selenium has also been re-
ported. Selenium is known co-exist with MeHg in fish (Kaneko and
Ralston, 2007), and mercury and selenium levels show a positive as-
sociation in seafood in Japan (Yamashita et al., 2013). Both mercury
and selenium have a high degree of maternal-fetal transfer (Chen et al.,
2014). Selenium is a component of antioxidative enzymes that play a
role in protecting the organism from oxidative stress (Tapiero et al.,
2003). Previously, the selenium intake of the Japanese population was
estimated as approximately 100 pg/day (Yoshida, 1992). The main
sources of dietary selenium in Japan are fish, shellfish, rice, vegetable,
and egg (Miyazaki et al., 2004). Selenium is an essential nutrient, but
intake levels remain deficient areas in some areas of the world. In
China, the association between selenium levels during pregnancy and
infant birth weight was found to be not significant (maternal blood
median 140.8 ng/g) (Hu et al., 2015). In contract, a positive association
was found between selenium levels at 12 weeks of pregnancy and in-
creased risk of preterm birth (maternal blood serum mean 1.01 pmol/L
[79.8 ug/L calculated for atomic weight as 78.971]) (Rayman et al.,
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2011; Chemical Society of Japan, 2015).

Regarding biological mechanism of mercury and selenium, MeHg
has been shown to increase glutamate release and inhibits glutamate
transport into the spinal cord and cerebral cortical astrocytes in mouse
and rats (Albrecht et al., 1993; Aschner et al., 1993; Aschner et al.,
2000; Brookes and Kristt, 1989). Stimulation of the ionotropic N-me-
thyl-p-aspartate (NMDA) receptors via glutamate by MeHg has been
proposed as one possible neurotoxic mechanism of mercury (Yamashita
et al.,, 1997). Overestimation of NMDA receptors induced by MeHg
could produce an activation nitric oxide synthase (NOS) and the pro-
duction of nitric oxide (NO), which could lead to neuronal death (Himi
et al., 1996). In chickens, selenium supplementation during the inges-
tion of dietary cadmium reduced the production of NO, activity of NOS,
and apoptosis in the immune organs (Liu et al., 2014). We predict the
biological mechanism that the MeHg induces NO-mediated and NOS-
mediated apoptosis of neuronal cells, while selenium provides protec-
tive effects against MeHg-mediated cell apoptosis. However, although
an imbalance between mercury and selenium may affect birth size, this
has not yet been validated in a prospective cohort study of the large
sample size.

There are a few epidemiological studies reporting an association
between both mercury and selenium and adverse health outcomes (He
et al., 2013; Park et al., 2013; Wells et al., 2016; Xun et al., 2011).
Among these, one study in the United States reported that the asso-
ciation of MeHg with birth weight and Ponderal index was affected by
omega-3 highly unsaturated fatty acids, selenium, and inorganic mer-
cury (Wells et al., 2016). However, there is no report on the association
between both mercury and selenium levels with infant birth size in
Japan. The study by Wells et al. (2016) was performed using a cross-
sectional study design, which is susceptible to both drop-out and se-
lection bias and has an unclear causal-relationship between exposure
and outcome. Moreover, Japanese pregnant women form a unique
study population, due to Japan's culture, fish-based cuisine, and rela-
tively low levels of mercury during pregnancy. Prospective cohort
studies are less susceptible to drop-out and selection bias. Therefore, a
prospective birth cohort study to determine the association between
mercury and selenium levels during pregnancy and birth outcomes in
Japanese women is needed.

The Japan Environment and Children's Study (JECS) is an ongoing
prospective birth cohort study in Japan that recruited approximately
100,000 pregnant women between January 2011 and March 2014
(Kawamoto et al., 2014). The primary objective of JECS is to investigate
relationships between exposure to chemical and children's health and
development of infants and children. Using JECS data, the aims of
present study are (i) to estimate the association between maternal blood
mercury levels during the second and third trimester and infant birth
size (primary outcomes: birth weight and small-for-gestational-age;
secondary outcomes: birth length, birth head circumference, birth chest
circumference, and birth Ponderal index), and (ii) to determine whether
selenium levels in the maternal blood modify the association between
maternal blood mercury levels and infant birth size.

2. Material and methods
2.1. Participants

The JECS protocol has been published elsewhere as described by
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Kawamoto et al. (2014). In brief, fifteen regional centers were selected
for their wide geographical distribution in Japan. The women were
recruited in early pregnancy at the obstetric facilities and/or at local
government offices issuing pregnancy journals (mother-child health
handbooks in Japan). Recruitment duration was between January 2011
and March 2014. The present study is based on the datasets of both jecs-
ag-20160424 (released in April 2016; dataset of basic information on
characteristics and outcome until birth) and jecs-mtl-ai-20170403 (re-
leased in April 2017; dataset of mercury and selenium levels in ma-
ternal blood from the second and third trimester of pregnancy). Blood
mercury and selenium levels were measured in samples from 20,000
mothers randomly selected from 96,095 mothers who provided blood
during the second or third trimester. Of 20,000 measurements, 17,998
samples met quality control criteria. After excluding mothers with
stillbirth, miscarriage, twins or more, and one or more missing data on
the followings (live-birth/miscarriage/stillbirth, singleton/twins or
more, age, body mass index before pregnancy, parity, smoking during
pregnancy, drinking during pregnancy, education level, annual house-
hold income, birth weight, birth length, birth head circumference, birth
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head circumference, birth chest circumference, small-for-gestational-
age, and vaginal delivery/cesarean section), a total of 15,444 mothers
were finally included (Fig. 1). The JECS protocol was approved by the
Ministry of the Environment's Institutional Review Board on Epide-
miological Studies and by the Ethics Committees of all participating
institutions (Appendix 1). Written informed consent was obtained from
all participating women in accordance with the Declaration of Helsinki.
The Ethical Guidelines for Epidemiological Research were followed.

2.2. Measurement of heavy metals

A 33-mL blood sample was taken from peripheral veins during the
second and third trimesters (mean [ + standard deviation (SD)] gesta-
tional age of blood sampling: 27.0 [ = 3.1] weeks of gestation). All
samples were stored at —80 °C until analysis. Human blood samples
(0.2 mL) were mixed with 3.8 mL mixed solution of 2% v/v butan-1-ol,
0.1% tetramethylammonium hydroxide, 0.05% w/v polyoxyethylene-
octylphenylether, and 0.05% w/v ethylenediaminetetraacetate. We
measured the total mercury (Hg) and selenium (Se) levels using Agilent

Maternal blood collected during the second
to third trimester (n = 96,095)

R 2

Randomly selected maternal blood for measuring levels
of mercury and selenium (n =20,000)

‘Withdrawals before measurement (n = 2)
n =2,002 < Measurement did not meet quality control criteria (n = 1,999)
‘Withdrawal before data confirmation (n = 1)

Confirmed measurements (n = 17,998)

Stillbirth (n = 24)
n=138 Miscarriage (n=1)

Missing data on live-birth, stillbirth, and miscarriage (n = 113)

n=17§

Twins or more (n = 168)

Missing data on singletons, twins or more (n = 7)

Mothers with live-birth singleton (n = 17,685)

One or more the following are missing (n =2,241)

/ Age (m=397)

Body mass index before pregnancy (n = 20)
Parity (n = 76)

Smoking during pregnancy (n = 385)
Drinking during pregnancy (n =373)
Education level (n =327)

< Annual household income (n = 1,455)
Birth weight (n = 10)

Birth length (n = 60)

Birth head circumference (n = 96)

Birth chest circumference (n =97)
Small-for-gestational-age (n = 86)

\ Vaginal delivery or cesarean section (n = 43)

Completed participants (n = 15,444)

Vaginal delivery (n =12,632)

Cesarean section (n =2,812)

Included both planned cesarean section
and emergency cesarean section

Fig. 1. Flow chart of study participants.
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7700 Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) with
auto-sampler (Agilent Technologies, Tokyo, Japan) in random sampled
20,000 participants. In the quality control, we chose 1000 random
samples to be equal to 5% of 20,000 samples. The mercury and sele-
nium levels in these 1000 random samples were re-measured in another
analysis laboratory. When a difference in the blood mercury or sele-
nium level between the first measured blood level and the second
measured blood level was < 30%, we used the first measured blood
mercury or selenium level. However, if we confirmed a difference in the
blood mercury or selenium level between first and second measurement
that was > 30%, we did not use the all data on the measured batch
including the sample of > 30% difference in the level between them.
Method detection limits of mercury and selenium were 0.049 ng/g and
0.84 ng/g, respectively. Method quantitation limits of mercury and
selenium were 0.13ng/g and 2.2 ng/g, respectively. As the density of
the mixture with a solution of 2% v/v butan-1-ol, 0.1% tetra-
methylammonium hydroxide, 0.05% w/v polyoxyethylene-octylphe-
nylether, 0.05% w/v ethylenediaminetetraacetate, and a human blood
sample is 0.999 g/mL, the unit of ng/g is almost equal to the unit of pg/
L.

2.3. Questionnaires and medical record transcription

Participants completed the self-administered questionnaires during
the second and third trimesters (M-T2 questionnaire). Details of the M-
T2 questionnaire were described previously (Michikawa et al., 2015).
In brief, the M-T2 questionnaire included information related to
smoking and drinking status during pregnancy, education levels, and
annual household incomes. Transcriptions of medical records of phy-
sicians, midwives, and nurses were made twice (Dr-T1 questionnaire
obtained from medical record at recruitment and Dr-Om questionnaire
obtained from medical record at birth). Details of Dr-T1 and Dr-Om
questionnaires were described previously (Michikawa et al., 2015). In
brief, the Dr-T1 questionnaire included information related to maternal
age, pre-pregnancy height and weight; while the Dr-Om questionnaire
included information related to infant weight at birth, length at birth,
head circumference at birth, chest circumference at birth, parity, infant
gender, gestational age, type of delivery. Maternal pre-pregnancy body
mass index (BMI) was calculated as weight (kg)/pre-pregnancy height
squared (m?).

2.4. Definitions of birth weight, birth length, birth head circumference, birth
chest circumference, small-for-gestational-age and birth Ponderal index

Birth weight (unit: g), birth length (unit: cm), birth head cir-
cumference (unit: cm), and birth chest circumference (unit: cm) were
defined as infant weight at birth, infant length at birth, infant birth
head circumference at birth, and infant chest circumference at birth,
respectively, and were obtained from the Dr-Om questionnaire. Birth
Ponderal index was defined as birth weight (g) divided by the cube of
birth length (cm), and multiplied by 100 (unit: g/cm3 x 100). Small-
for-gestational-age was defined as a birth weight below the 10th per-
centile according to standard percentile for gender, parity, and gesta-
tional age (Itabashi et al., 2010). Small-for-gestational-age measures
were evaluated using Microsoft Excel-based clinical tools for growth
evaluation of children among vaginal delivery according to the Japan
Pediatric Society definition; these were created by The Japanese Society
for Pediatric Endocrinology (2011). In the Japan Pediatric Society, a
standard value of birth weight by gestational age was created by phy-
sical measurements excluding the factors affected by intrauterine
growth. Therefore, the values were created for the factors, excluding
those related to caesarean section, that have a strong influence on birth
weight distribution by gestational age (Itabashi et al., 2010). For the
above-mentioned reason, we evaluated the infants born by vaginal
delivery according to the outcome of small-for-gestational-age, and we
evaluated the participants of all and vaginal delivery according to the
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outcomes of birth weight, birth length, birth head circumference, birth
chest circumference, and birth Ponderal index.

2.5. Statistical analysis

First, we summarized the background characteristics of all births,
vaginal delivery births, and cesarean section births. Mean ( + SD) was
used for continuous variables and number with percentage was used for
categorical variables. We also examined the distribution of maternal
blood mercury levels (MBML) and maternal blood selenium levels
(MBSL). All mothers (n = 15,444) were divided into MBML and MBSL
quartiles. MBML and MBSL concentrations were divided into quartiles
to allow us to clearly understand the results of the interaction between
MBML, MBSL, and birth outcome. Additionally, due to a non-normal
distribution of MBML, we prepared log;o-transformed MBML. Second,
the associations of the exposure levels on infant birth outcomes were
examined using multiple logistic regression (for small-for-gestational-
age) and multiple linear regression models (for birth weight, birth
length, birth head circumference, birth chest circumference, and birth
Ponderal index) among all delivery (vaginal delivery and cesarean
section) and vaginal delivery only. The primary exposure variable was
MBML. The secondary exposure variable was MBSL. When we ex-
amined the association between the primary exposure and outcomes,
we considered the secondary exposure variable as a confounding factor.
When we examined the association between the secondary exposure
and outcomes, we consider the primary exposure variable as a con-
founding factor. The outcome variables of interest were primary and
secondary outcomes. For the adjusted model, confounding factors ad-
justed for maternal age (< 25, 25 to 29, 30 to 34, and = 35 years), pre-
pregnancy BMI (< 18.5, 18.5 to 24.9, and <25.0 kg/mz), parity (0, 1,
and =2), smoking status during pregnancy (never smoked, ex-smokers
who quit before pregnancy, and smoked during pregnancy), alcohol
drinking status during pregnancy (never drank, ex-drinkers who quit
before pregnancy, and drank during pregnancy), maternal education
level (< 10, 10 to 12, 13 to 16, and =17 years of education), annual
household income (< 2, 2to <4, 4to<6,6to<8, 8 to< 10, and
=10 million Japanese yen [JPY]), gestational age (continuous), infant
gender (male/female), pregnancy-induced hypertension (yes/no), ge-
stational diabetes mellitus (yes/no), and types of delivery (vaginal de-
livery/caesarean section). Spearman's rho between the smoking habit
variable (assigned as never smoked = 1, ex-smokers who quit before
pregnancy = 2, and smoked during pregnancy = 3) and the alcohol
consumption variable (assigned as never drank = 1, ex-drinkers who
quit before pregnancy = 2, and drank during pregnancy = 3) was
0.164. Spearman's rho between the parity variable (assigned as 0 = 0,
1 =1, and =2 = 2) and the maternal age variable (assigned as < 25
years =1, 25 to<30years=2, 30 to< 35years=23, and
=35years = 4) was 0.201. Spearman's rho between the annual
household income variable (assigned as < 2 million JPY =1, 2 to < 4
million JPY = 2, 4 to < 6 million JPY = 3, 6 to < 8 million JPY = 4, 8
to < 10 million JPY = 5, and = 10 million JPY = 6) and the education
level (assigned as < 10years = 1, 10 to < 13years = 2, 13 to < 17
years = 3, and =17 years = 4) was 0.288. As the Spearman's rho
varied between 0.164 and 0.288, the relationship between each vari-
able was low. Therefore, smoking habit, alcohol consumption, parity,
maternal age, annual household income, and education level remained
the covariates. Since small-for-gestational-age was calculated sepa-
rately by gender, parity, and gestational age, the four confounding
factors were removed from the model. In addition, to evaluate whether
MBSL modified the association between MBML and birth outcomes, we
examined these associations according to the subgroup of each sele-
nium level quartile. Interaction term was defined as blood mercury
level (assigned as quartile 1 = 0, quartile 2 = 1, quartile 3 = 2, and
quartile 4 = 3 or log;o-transformed continuous level) x blood selenium
level (assigned as quartile 4 = 0, quartile 3 = 1, quartile 2 = 2, and
quartile 1 = 3). All analyses were conducted using SPSS version 23 for
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Table 1
Maternal and infant characteristics.

Environment International 125 (2019) 418-429

Characteristics All Vaginal delivery Cesarean section
(n = 15,444) (n = 12,632) (n = 2812)
Infants
Gender
Male 7990 (51.7) 6552 (51.9) 1438 (51.1)
Female 7454 (48.3) 6080 (48.1) 1374 (48.9)
Birth weight (g) 3025.9 * 405.3 3057.3 = 379.6 2884.9 * 480.4
Small-for-gestational-age =) 1009 (8.0) (=)
Birth length (cm) 489 + 2.2 49.1 = 2.0 48.0 + 2.7
Birth head circumference (cm) 332 =15 331 = 1.4 334 = 1.7
Birth chest circumference (cm) 31.8 = 1.8 319 = 1.6 314 = 2.2
Ponderal index (g/cm® x 100) 2.579 + 0.259 2.575 + 0.256 2.596 + 0.271
Gestational age (weeks) 389 = 15 39.1 = 1.3 379 = 1.8
Preterm birth (22 to < 37 weeks) 663 (4.4) 390 (3.1) 273 (9.7)
Full-term birth (37 to < 42 weeks) 14,743 (95.5) 12,221 (96.7) 2522 (89.7)
Post-term birth (=42 weeks) 38 (0.2) 21 (0.2) 17 (0.6)
Mothers
Age (years) 30.9 = 4.9 30.6 = 4.8 322 = 5.0
<25 1561 (10.1) 1368 (10.8) 193 (6.9)
25to <30 4646 (30.1) 3975 (31.5) 671 (23.9)
30to <35 5460 (35.4) 4516 (35.8) 944 (33.6)
=35 3777 (24.5) 2773 (22.0) 1004 (35.7)
Body mass index before pregnancy (kg/m?) 21.2 = 3.3 21.1 = 3.1 221 = 3.9
<185 2476 (16.0) 2142 (17.0) 334 (11.9)
18.5to < 25.0 11,332 (73.4) 9323 (73.8) 2009 (71.4)
=25.0 1636 (10.6) 1167 (9.2) 469 (16.7)
Parity
0 6293 (40.7) 5131 (40.6) 1162 (41.3)
1 5939 (38.5) 4852 (38.4) 1087 (38.7)
=2 3212 (20.8) 2649 (21.0) 563 (20.0)
Smoking habits
Never smoked 8784 (56.9) 7259 (57.5) 1525 (54.2)
Ex-smokers who quit before pregnancy 3858 (25.0) 3121 (24.7) 737 (26.2)
Smoked during pregnancy 2802 (18.1) 2252 (17.8) 550 (19.6)
Alcohol consumption
Never drank 5077 (32.9) 4184 (33.1) 893 (31.8)
Ex-drinkers who quit before pregnancy 2643 (17.1) 2133 (16.9) 510 (18.1)
Drank during pregnancy 7724 (50.0) 6315 (50.0) 1409 (50.1)
History of obstetrical/gynecological diseases
Pregnancy-induced hypertension 519 (3.4) 296 (2.3) 223 (7.9)
Gestational diabetes mellitus 492 (3.2) 349 (2.8) 143 (5.1)
Education level (years)
<10 707 (4.6) 583 (4.6) 124 (4.4)
10to <13 4648 (30.1) 3796 (30.1) 852 (30.3)
13to <17 9864 (63.9) 8074 (63.9) 1790 (63.7)
=17 252 (1.5) 179 (1.4) 46 (1.6)
Annual household income (million Japanese yen)
<2 854 (5.5) 696 (5.5) 158 (5.6)
2to <4 5485 (35.5) 4525 (35.8) 960 (34.1)
4t0 <6 5029 (32.6) 4108 (32.5) 921 (32.8)
6to <8 2396 (15.5) 1938 (15.3) 458 (16.3)
8to <10 1009 (6.5) 830 (6.6) 179 (6.4)
=10 671 (4.3) 535 (4.2) 136 (4.8)
Type of vaginal delivery
Natural delivery -) 8952 (70.9) (=)
Induced labor (=) 2837 (22.5) (=)
Vacuum extraction (=) 817 (6.5) (=)
Forceps (=) 26 (0.2) =)
Reason for both planned cesarean section and emergency cesarean section (multiple choice allowed)
Repeat cesarean section (=) (=) 1213 (43.1)
Previous uterine surgery (=) (=) 69 (2.5)
Pregnancy-induced hypertension (-) -) 139 (4.9)
Placenta previa (=) (-) 60 (2.1)
Non-reassuring fetal status (=) (=) 266 (9.5)
Malpresentation (=) (=) 372 (13.2)
Delayed delivery and arrested labor (=) (-) 227 (8.1)
Multiple conception (-) (=) 1 (0.0)
Premature rupture (=) (=) 158 (5.6)
Intrauterine infection (=) (-) 36 (1.3)
Cephalo-pelvic disproportion (CPD) (=) (=) 188 (6.7)
Over excepted date of delivery (=) =) 43 (1.5)
Complications and others (=) (=) 471 (16.7)
Missing data (=) (=) 117 (4.2)

n (%) or mean *+ standard deviation.
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Windows (IBM Corp., Armonk, NY, US).

3. Results

Table 1 shows maternal and infant characteristics. Of 12,632 infants
of mothers with vaginal delivery, 1009 (8.0%) were small-for-gesta-
tional-age infants. Infants of mothers with vaginal delivery had a larger
birth weight than those of mothers with cesarean section
(3057.3 = 379.6g and 2884.9 + 480.4 g). Mothers with vaginal de-
livery had a lower mean age than those with cesarean section
(30.6 = 4.8years and 32.2 * 5.0years). Among the vaginal delivery
group, natural delivery was the highest type of delivery (70.9%). Re-
peat cesarean section was the most frequent reason for cesarean section
(43.1%).

Table 2 presents the levels of MBML and MBSL. Median (inter-
quartile range) of mercury and selenium were 3.66 (2.59-5.18) ng/g
and 170.0 (158.0-183.0) ng/g, respectively.

Table 3 shows the association between MBML, MBSL, birth weight,
and small-for-gestational-age. Among vaginal delivery, compared to the
lowest quartile 1 (0.334 to < 2.59ng/g) in MBML, the birth weight of
infants of mothers with the highest quartile 4 (5.18 to 30.1 ng/g) was
reduced by 10 g (95% confidence interval [CI]: —26, 7), with an odds
ratio (OR) of 0.966 for small-for-gestational-age (95% CI: 0.798, 1.169).
Compared to the highest quartile 4 (183.0 to 371.0ng/g) in MBSL,
infants of mothers with the lowest quartile 1 (99.9 to < 158.0 ng/g)
had increased 11 g for birth weight (95% CI: —6, 28) and OR 0.904 for
small-for-gestational-age (95% CI: 0.749, 1.092). Among vaginal de-
livery, one unit increase of log;o-transformed MBML corresponded to a
reduced —19 g of birth weight (95% CI: —44, 7) and OR 1.008 for
small-for-gestational-age (95% CI: 0.750, 1.354) (Table A.1).

Table 4 presents the association between MBML and birth weight
and small-for-gestational-age according to the subgroup analysis for
quartiles of MBSL. Among infants of all mothers with the lowest
quartile 1 (99.9 to < 158.0ng/g) in MBSL, compared to the lowest
quartile 1 (0.334 to < 2.59 ng/g) in MBML, infants of mothers with the
highest quartile 4 (5.18 to 30.1 ng/g) had reduced 41 g for birth weight
(95% CI. —75, —5). However, each P value for interaction between
MBML and MBSL for birth weight and small-for-gestational-age was
=0.05. Among infants of all mothers with the lowest quartile 1 (99.9
to < 158.0ng/g) in MBSL, one unit increase of log;o-transformed
MBML corresponded to a reduced —67 g of birth weight (95% CI:
—119, —16) (Table A.2).

Additionally, Table 5 shows the associations between MBML or
MBSL and birth length, birth head circumference, birth chest cir-
cumference, and birth Ponderal index. Among all infants, compared to
the lowest quartile 1 (0.334 to < 2.59ng/g) in MBML, infants of mo-
thers with the quartile 3 (3.66 to < 5.18 ng/g) had reduced 0.063 cm
for birth head circumference (95% CI: —0.122, —0.003) and those of
mothers with the highest quartile 4 (5.18 to 30.1 ng/g) had reduced
0.076 cm for birth head circumference (95% CI: —0.137, —0.014). One
unit increase of logjo-transformed MBML corresponded to a reduced
—0.144 cm of birth head circumference (95% CI: —0.239, —0.048)
(Table A.3). Among vaginal delivery, compared to the lowest quartile 1
(0.334 to < 2.59 ng/g) in MBML, infants of mothers with the quartile 3
(8.66 to <5.18ng/g) had reduced 0.067 cm for birth head cir-
cumference (95% CI: —0.132, —0.003) and those of mothers with the
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highest quartile 4 (5.18 to 30.1 ng/g) had reduced 0.076 cm for birth
head circumference (95% CI: —0.147, —0.014). One unit increase of
log;o-transformed MBML corresponded to a reduced —0.141cm of
birth head circumference (95% CI: —0.244, —0.038) (Table A.3).

Table 6 shows the associations between MBML and birth length,
birth head circumference, birth chest circumference, and birth Ponderal
index according to the subgroup analysis for quartiles of MBSL. Among
infants of all mothers with the lowest quartile 1 (99.9 to < 158.0 ng/g)
in MBSL, compared to the lowest quartile 1 (0.334 to < 2.59ng/g) in
MBML, infants of mothers with the highest quartile 4 (5.18 to 30.1 ng/
g) had reduced 0.156cm for birth head circumference (95% CI:
—0.294, —0.017). One unit increase of log;,-transformed MBML cor-
responded to a reduced —0.317 cm of birth head circumference (95%
CI: —0.520, —0.113) (Table A.4). Among infants born to mothers of
vaginal delivery with the lowest quartile 1 (99.9 to < 158.0ng/g) in
MBSL, compared to the lowest quartile 1 (0.334 to < 2.59ng/g) in
MBML, infants of mothers with the quartile 3 (3.66 to < 5.18 ng/g) had
reduced 0.140 cm for birth head circumference (95% CI: —0.262,
—0.017). One unit increase of log;o-transformed MBML had reduced
—0.098 cm for birth head circumference (95% CI: —0.324, 0.129)
(Table A.4). Each P value for interaction between MBML and MBSL for
birth length, birth head circumference, birth chest circumference, and
birth Ponderal index was =0.05.

4. Discussion

We found no association between MBML and birth weight and
small-for-gestational-age among 15,444 pregnant Japanese women. In
secondary outcomes, we determined an association between MBML and
birth head circumference. Hence, the results of the present study sug-
gest that the low levels of MBML in Japan's current environment might
have no impact on not only infant birth weight and small-for-gesta-
tional-age but also birth length, birth chest circumference, and birth
Ponderal index. However, there may be a slight impact on birth head
circumference. A difference in birth head circumference of infants of
mothers with both the highest MBML and the lowest MBSL levels
compared to infants of mothers with both the lowest MBML and the
lowest MBSL levels was about 16 mm. The clinical implication of this
value is that it is possible that a fetus who was supposed to be born at
—1.16 SD (12.3 percentiles) may be born as infants of less than 10th
percentile at 37 weeks of gestation, according to the data on standard
normal distribution of birth head circumference for gestational age in
Japanese infants (Itabashi et al., 2010).

Previous studies found differences in not only exposure levels
during pregnancy but also indicators such as total mercury, inorganic
mercury, and methylmercury (Miyashita et al., 2015; Murcia et al.,
2016; Obi et al., 2015; Ramoén et al., 2009; Tatsuta et al., 2017; van
Wijngaarden et al., 2014; Wells et al., 2016). As the exposure indicators
of the previous papers were different, it was not possible to compare the
association with the exposure levels in the present study.

When we assumed a blood specific gravity 1.05, MBML in this study
were higher than those of pregnant women in Western countries
(Golding et al., 2013; Mahaffey et al., 2004). In a report on total mer-
cury and MeHg levels of maternal and/or cord blood among pregnant
Japanese women, Tsuchiya et al. (1984) showed that the mean total
mercury in maternal blood, mean MeHg in maternal blood, mean total

Table 2
Levels of mercury and selenium in maternal blood.
Mean Minimum 10 percentiles 25 percentiles Median 75 percentiles 90 percentiles Maximum
Mercury (ng/g) 4.21 0.334 1.87 2.59 3.66 5.18 7.17 30.1
Selenium (ng/g) 171.4 99.9 148.0 158.0 170.0 183.0 197.0 371.0

As the density of the mixture with a solution of 2% v/v butan-1-ol, 0.1% tetramethylammonium hydroxide, 0.05% w/v polyoxyethylene-octylphenylether, 0.05% w/
v ethylenediaminetetraacetate, and a human blood sample is 0.999 g/mL, the unit of ng/g is almost equal to the unit of ug/L.
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Table 3
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Regression coefficient and odds ratio (95% confidence interval) between blood mercury levels, blood selenium levels, birth weight, and small-for-gestational-age.

Participants Blood levels Birth weight (g)* Small-for-gestational-age”
Nay B (95% CI) Nsga B (95% CI)
All (n = 15,444) Blood mercury levels (ng/g)
Quartile 1 (0.334 to < 2.59) 3848 Reference
Quartile 2 (2.59 to < 3.66) 3840 -6 (—21,9)
Quartile 3 (3.66 to < 5.18) 3888 -11 (—26, 4)
Quartile 4 (5.18 to 30.1) 3868 —-13(-28,3)
Blood selenium levels (ng/g)
Quartile 4 (183.0 to 371.0) 3928 Reference
Quartile 3 (170.0 to < 183.0) 3795 -3(-18,12)
Quartile 2 (158.0 to < 170.0) 3903 14 (-1, 29)
Quartile 1 (99.9 to < 158.0) 3818 9 (-6, 25)
Vaginal delivery (n = 12,632) Blood mercury levels (ng/g)
Quartile 1 (0.334 to < 2.59) 3190 Reference 264 Reference
Quartile 2 (2.59 to < 3.66) 3174 -1(-17,15) 236 0.904 (0.751, 1.088)
Quartile 3 (3.66 to < 5.18) 3144 -6 (-22,10) 261 1.018 (0.847, 1.222)
Quartile 4 (5.18 to 30.1) 3124 -10(-26,7) 248 0.966 (0.798, 1.169)
Blood selenium levels (ng/g)
Quartile 4 (183.0 to 371.0) 3216 Reference 271 Reference
Quartile 3 (170.0 to < 183.0) 3180 3(-13,19) 242 0.927 (0.772, 1.113)
Quartile 2 (158.0 to < 170.0) 3079 12 (—4, 28) 250 0.930 (0.774, 1.117)
Quartile 1 (99.9 to < 158.0) 3216 11 (-6, 28) 246 0.904 (0.749, 1.092)

B (95% CI) represents the change (95% confidence interval) in birth weight (g), in comparison with the reference group.
OR (95% CI) represents the odds ratio (95% confidence interval) for small-for-gestational-age, in comparison with the reference group.
As the density of the mixture with a solution of 2% v/v butan-1-ol, 0.1% tetramethylammonium hydroxide, 0.05% w/v polyoxyethylene-octylphenylether, 0.05% w/
v ethylenediaminetetraacetate, and a human blood sample is 0.999 g/mL, the unit of ng/g is almost equal to the unit of ug/L.

@ Multiple linear regression models are adjusted for maternal age, body mass index before pregnancy, parity, smoking during pregnancy, drinking during preg-
nancy, education level, annual household income, pregnancy-induced hypertension, gestational diabetes mellitus, vaginal delivery/cesarean section, infant gender,

gestational age, mercury levels, and selenium levels.

b Logistic regression models are adjusted for maternal age, body mass index before pregnancy, smoking during pregnancy, drinking during pregnancy, education
level, annual household income, pregnancy-induced hypertension, gestational diabetes mellitus, vaginal delivery/cesarean section, mercury levels, and selenium

levels.

mercury in cord blood, and mean MeHg in cord blood were 19 ppb,
9 ppb, 30ppb, and 14 ppb, respectively. Moreover, Sakamoto et al.
(2007) showed that the mean total mercury in maternal blood, mean
MeHg in maternal blood, mean total mercury in cord blood, mean
MeHg in maternal blood, and mean total mercury in hair were 5.18 ng/
g, 4.77ng/g, 9.81ng/g, 9.32ng/g, and 1.624 ug/g, respectively. The
cord blood levels of both total mercury and MeHg was 1.6 to 2.0 times
higher than in that in the maternal blood of pregnant Japanese women.
The mean MeHg percentages out of mean total mercury (MeHg/total
mercury X 100) in cord blood and maternal blood were 92%-95% in
the current study of pregnant Japanese women. From this fact, we
consider that we can explain the association between MeHg and birth
size from the results of the association between MBML and birth size in
the present study.

In the previous studies, Tatsuta et al. (2017) examined the asso-
ciation between total mercury levels in whole cord blood (median:
10.1 ng/g) and birth weight in Tohoku region of Japan. They found that
total mercury levels were not associated with a reduced birth weight
among all infants (Tatsuta et al., 2017). In our previous study out of the
JECS, Miyashita et al. (2015) examined the association between mer-
cury levels in maternal hair (median: 1.41 pug/g) and small-for-gesta-
tional-age by birth weight in the Hokkaido region of Japan in that
study, an increased mercury level was not associated with a reduced
small-for-gestational-age. The MBML found in the present study is
lower than the total mercury level reported by Sakamoto et al. (2007),
Murcia et al. (2016), Tatsuta et al. (2017), and Miyashita et al. (2015).
In Japan, mean intake of methylmercury remained roughly unchanged
from 1994 to 2003 (8.4 ug/person/day) (Food Safety Communication
Japan, 2004). Hence, both the results of these previous studies and the
unchanged intake of methylmercury in Japan support the findings of
the present study of a non-association between maternal mercury levels
and a reduced birth weight and small-for-gestational-age.

Regarding association between both mercury and selenium and

adverse health outcomes, Wells et al. (2016) used a cross-sectional
study design to examine the association between MeHg levels in cord
blood, selenium, omega-3 highly unsaturated fatty acids (n — 3 HUFAs),
and to analyze their effects on birth size. They observed an interaction
between MeHg and n—3 HUFAs, and found that infants with high
MeHg and n—3 HUFAs had lower birth length and birth head cir-
cumference, and that selenium slight modified the association between
MeHg levels and birth outcomes (Wells et al., 2016). And, methyl-
mercury during pregnancy and HUFA were associated with birth weight
(van Wijngaarden et al., 2014). The results of the present study on the
association between mercury and birth head circumference were also
observed in the participants that were adjusted for fish intake, mono-
valent saturated fatty acid, polyhydric saturated fatty acid, n—3
HUFAs, and n-6 HUFAs (data not shown). A previous study reported
that n—3 HUFA docosahexanoic acid (DHA) strongly inhibited NO
production and NOS expression in mice macrophages (Komatsu et al.,
2003). Based on the biological mechanisms suggested in animal and cell
experiments, it is possible that the same mechanism may apply to
human fetal mercury, selenium, and DHA exposure in terms of their
interactions and alleviation of neurocytotoxicity in Japanese fetuses.
The results of the present study might suggest that, in pregnant Japa-
nese women, the NO-mediated and NOS-mediated apoptosis of neu-
ronal cells induced by MeHg may be greater than the protective effects
of selenium and HUFA against MeHg-mediated cell apoptosis. We
consider that a nutritionally balanced diet, including fish and shellfish,
is necessary to prevent the adverse health effects of an association be-
tween prenatal mercury levels and birth size.

The strengths of this study were that: (1) the design was a pro-
spective birth cohort study; (2) the cohort size of 15,444 pregnant
women were larger than participants in previous study (Wells et al.,
2016); and (3) the use of MBML during second and third trimesters of
pregnancy provides important results because fourth to eighth months
(second and third trimesters) of pregnancy is the critical window of
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Table 4
Regression coefficient and odds ratio (95% confidence interval) between blood mercury levels and birth weight and small-for-gestational-age: subgroup analysis for
quartiles of blood selenium levels.

Participants Blood selenium levels (ng/g) Blood mercury level (ng/g) Birth weight (g)° Small-for-gestational-age”
Nan B (95% CI) Nsga OR (95% CI)
All (n = 15,444) Quartile 4 (183.0 to 371.0) Quartile 1 (0.334 to < 2.59) 630 Reference
Quartile 2 (2.59 to < 3.66) 735 17 (-18,52)
Quartile 3 (3.66 to < 5.18) 1017 8 (—25, 40)
Quartile 4 (5.18 to 30.1) 1546 11 (—20, 42)
Quartile 3 (170.0 to < 183.0) Quartile 1 (0.334 to < 2.59) 800 Reference
Quartile 2 (2.59 to < 3.66) 938 —16 (—47, 15)
Quartile 3 (3.66 to < 5.18) 1009 —22(-53,8)
Quartile 4 (5.18 to 30.1) 1048 —26 (—57,5)
Quartile 2 (158.0 to < 170.0) Quartile 1 (0.334 to < 2.59) 995 Reference
Quartile 2 (2.59 to < 3.66) 1071 -6 (-35,22)
Quartile 3 (3.66 to < 5.18) 1037 —11 (—-40, 18)
Quartile 4 (5.18 to 30.1) 800 —3(—34, 28)
Quartile 1 (99.9 to < 158.0) Quartile 1 (0.334 to < 2.59) 1423 Reference
Quartile 2 (2.59 to < 3.66) 1096 —10 (—-36, 16)
Quartile 3 (3.66 to < 5.18) 825 —12(-41,17)
Quartile 4 (5.18 to 30.1) 474 —41 (=75, =5)
Interaction term® -1(-3,2)
P = 0.541
Vaginal delivery (n = 12,632) Quartile 4 (183.0 to 371.0) Quartile 1 (0.334 to < 2.59) 520 Reference 52 Reference
Quartile 2 (2.59 to < 3.66) 610 35(-3,72) 44 0.706 (0.462, 1.080)
Quartile 3 (3.66 to < 5.18) 832 25 (—10, 60) 76 0.900 (0.617, 1.312)
Quartile 4 (5.18 to 30.1) 1254 23 (-10, 56) 99 0.782 (0.546, 1.119)
Quartile 3 (170.0 to < 183.0) Quartile 1 (0.334 to < 2.59) 666 Reference 51 Reference
Quartile 2 (2.59 to < 3.66) 752 —14 (—48, 20) 54 0.994 (0.664, 1.489)
Quartile 3 (3.66 to < 5.18) 820 —18 (=51, 16) 66 1.161 (0.792, 1.713)
Quartile 4 (5.18 to 30.1) 841 —-30(-64,4) 71 1.283 (0.876, 1.892)
Quartile 2 (158.0 to < 170.0) Quartile 1 (0.334 to < 2.59) 817 Reference 66 Reference
Quartile 2 (2.59 to < 3.66) 895 —-1(-33,30) 73 0.979 (0.687, 1.394)
Quartile 3 (3.66 to < 5.18) 827 -9 (-41,23) 59 0.855 (0.588, 1.242)
Quartile 4 (5.18 to 30.1) 641 -2 (-36,33) 52 0.951 (0.642, 1.409)
Quartile 1 (99.9 to < 158.0) Quartile 1 (0.334 to < 2.59) 1187 Reference 95 Reference
Quartile 2 (2.59 to < 3.66) 917 —10(-38,18) 65 0.904 (0.648, 1.260)
Quartile 3 (3.66 to < 5.18) 665 —13(—44,19) 60 1.180 (0.837, 1.664)
Quartile 4 (5.18 to 30.1) 388 —31(-68,7) 26 0.868 (0.548, 1.373)
Interaction term* -1(-3,2) 0.994 (0.966, 1.022)
Py = 0.593 P = 0.667

B (95% CI) represents the change (95% confidence interval) in birth weight (g), in comparison with the reference group.

OR (95% CI) represents the odds ratio (95% confidence interval) for small-for-gestational-age, in comparison with the reference group.

Py, represents the P value of the interaction term.

As the density of the mixture with a solution of 2% v/v butan-1-ol, 0.1% tetramethylammonium hydroxide, 0.05% w/v polyoxyethylene-octylphenylether, 0.05% w/
v ethylenediaminetetraacetate, and a human blood sample is 0.999 g/mL, the unit of ng/g is almost equal to the unit of ug/L.

@ Multiple linear regression models are adjusted for maternal age, body mass index before pregnancy, parity, smoking during pregnancy, drinking during preg-
nancy, education level, annual household income, pregnancy-induced hypertension, gestational diabetes mellitus, vaginal delivery/cesarean section, infant gender,
and gestational age.

b Logistic regression models are adjusted for maternal age, body mass index before pregnancy, smoking during pregnancy, drinking during pregnancy, education
level, annual household income, pregnancy-induced hypertension, gestational diabetes mellitus, and vaginal delivery/cesarean section.

¢ Interaction term is defined as blood mercury levels (assigned as quartile 1 = 0, quartile 2 = 1, quartile 3 = 2, and quartile 4 = 3) x blood selenium levels
(assigned as quartile 4 = 0, quartile 3 = 1, quartile 2 = 2, and quartile 1 = 3).

maternal exposure to chemicals causing low birth weight (Selevan
et al., 2000). However, there were also limitations of this study. First,
potential selection bias might have occurred because this study was
based on the data of a prospective birth cohort (of approximately
100,000 pregnant women) in 15 regional area in Japan. Second, among
17,998 pregnant women with available maternal mercury and selenium
levels, we excluded 2554 pregnant women due to exclusion criteria or
missing data on the confounding factors. This exclusion might decrease
the statistical power of the present study. Third, we collected birth
weight, birth length, birth head circumference, and birth chest cir-
cumference from medical records written by gynecologists. As this data
was measured by many different Japanese gynecologists, anthropo-
metric measurements might have systematic errors due to birth length,
birth head and chest molding.

5. Conclusion

Our findings suggest that there are no associations between blood
mercury level during pregnancy and birth size (birth weight and small-
for-gestational-age) among Japanese pregnant women, although there
was a slight impact on birth head circumference. In implications for
practice, this study shows that blood mercury levels are not currently
associated with reduced birth weight or increased risk of small-for-ge-
stational-age in Japan.
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Kochi, Fukuoka, and South-Kyushu and Okinawa regional centers and
national center for JECS (program office), and the Medical Support
Center (Appendix 1).
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Appendix 1. Members of the Japan Environment and Children's
Study (JECS) Group 2017

Toshihiro Kawamoto (Principal investigator; National Center for
JECS [Program Office], National Institute for Environmental Studies,
Tsukuba, Japan), Hirohisa Saito (Medical Support Center for JECS,
National Center for Child Health and Development, Tokyo, Japan),
Reiko Kishi (Hokkaido Regional Center for JECS, Hokkaido University,
Sapporo, Japan), Nobuo Yaegashi (Miyagi Regional Center for JECS,
Tohoku University, Sendai, Japan); Koichi Hashimoto (Fukushima
Regional Center for JECS, Fukushima Medical University, Fukushima,
Japan), Chisato Mori (Chiba Regional Center for JECS, Chiba
University, Chiba, Japan), Shuichi Itoh (Kanagawa Regional Center for
JECS, Yokohama City University, Yokohama, Japan), Zentaro
Yamagata (Koshin Regional Center for JECS, University of Yamanashi,
Chuo, Japan), Hidekuni Inadera (Toyama Regional Center for JECS,
University of Toyama, Toyama, Japan), Michihiro Kamijima (Aichi
Regional Center for JECS, Nagoya City University, Nagoya, Japan),
Takeo Nakayama (Kyoto Regional Center for JECS, Kyoto University,
Kyoto, Japan), Hiroyasu Iso (Osaka Regional Center for JECS, Osaka
University, Suita, Japan), Masayuki Shima (Hyogo Regional Center for
JECS, Hyogo College of Medicine, Nishinomiya, Japan), Yasuaki
Hirooka (Tottori Regional Center for JECS, Tottori University, Yonago,
Japan), Narufumi Suganuma (Kochi Regional Center for JECS, Kochi
University, Nankoku, Japan), Koichi Kusuhara (Fukuoka Regional
Center for JECS, University of Occupational and Environmental Health,
Kitakyushu, Japan), and Takahiko Katoh (South Kyushu and Okinawa
Regional Center for JECS, Kumamoto University, Kumamoto, Japan).

Appendix 2. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envint.2019.01.051.

References

Albrecht, J., Talbot, M., Kimelberg, H.K., Aschner, M., 1993. The role of sulfhydryl groups
and calcium in the mercuric chloride-induced inhibition of glutamate uptake in rat
primary astrocyte cultures. Brain Res. 607 (1-2), 249-254.

Aschner, M., Du, Y.L., Gannon, M., Kimelberg, H.K., 1993. Methylmercury-induced al-
terations in excitatory amino acid transport in rat primary astrocyte cultures. Brain
Res. 602 (2), 181-186.

Aschner, M., Yao, C.P., Allen, J.W., Tan, K.H., 2000. Methylmercury alters glutamate
transport in astrocytes. Neurochem. Int. 37 (2-3), 199-206.

Barker, D.J., Osmond, C., Forsén, T.J., Kajantie, E., Eriksson, J.G., 2005. Trajectories of
growth among children who have coronary events as adults. N. Engl. J. Med. 353
(17), 1802-1809. https://doi.org/10.1056/NEJM0a044160.

Bhargava, S.K., Sachdev, H.S., Fall, C.H., Osmond, C., Lakshmy, R., Barker, D.J., Biswas,
S.K., Ramyji, S., Prabhakaran, D., Reddy, K.S., 2004. Relation of serial changes in
childhood body mass index to impaired glucose tolerance in young adulthood. N.
Engl. J. Med. 350 (9), 865-875. https://doi.org/10.1056/NEJMo0a035698.

Brookes, N., Kristt, D.A., 1989. Inhibition of amino acid transport and protein synthesis by

428

Environment International 125 (2019) 418-429

HgCl, and methylmercury in astrocytes: selectivity and reversibility. J. Neurochem.
53 (4), 1228-1237.

Chemical Society of Japan, 2015. Table in atomic weight in 2015. http://www.chemistry.
or.jp/activity/doc/atomictable2015.pdf, Accessed date: 11 July 2017.

Chen, Z., Myers, R., Wei, T., Bind, E., Kassim, P., Wang, G., Ji, Y., Hong, X., Caruso, D.,
Bartell, T., Gong, Y., Strickland, P., Navas-Acien, A., Guallar, E., Wang, X., 2014.
Placental transfer and concentrations of cadmium, mercury, lead, and selenium in
mothers, newborns, and young children. J. Expo. Sci. Environ. Epidemiol. 24 (5),
537-544. https://doi.org/10.1038/jes.2014.26.

Clémens, S., Monperrus, M., Donard, O.F., Amouroux, D., Guérin, T., 2011. Mercury
speciation analysis in seafood by species-specific isotope dilution: method validation
and occurrence data. Anal. Bioanal. Chem. 401 (9), 2699-2711. https://doi.org/10.
1007/500216-011-5040-1.

Eriksson, J.G., Forsén, T., Tuomilehto, J., Osmond, C., Barker, D.J., 2003. Early adiposity
rebound in childhood and risk of type 2 diabetes in adult life. Diabetologia 46 (2),
190-194. https://doi.org/10.1007/s00125-002-1012-5.

Foldspang, A., Hansen, J.C., 1990. Dietary intake of methylmercury as a correlate of
gestational length and birth weight among newborns in Greenland. Am. J. Epidemiol.
132 (2), 310-317.

Food Safety Communication Japan, 2004. Risk Assessment. http://www.fsc.go.jp/
hyouka, Accessed date: 11 July 2017 (in Japanese).

Golding, J., Steer, C.D., Hibbeln, J.R., Emmett, P.M., Lowery, T., Jones, R., 2013. Dietary
predictors of maternal prenatal blood mercury levels in the ALSPAC birth cohort
study. Environ. Health Perspect. 121 (10), 1214-1218. https://doi.org/10.1289/ehp.
1206115.

He, K., Xun, P., Liu, K., Morris, S., Reis, J., Guallar, E., 2013. Mercury exposure in young
adulthood and incidence of diabetes later in life: the CARDIA Trace Element Study.
Diabetes Care 36 (6), 1584-1589. https://doi.org/10.2337/dc12-1842.

Himi, T., Ikeda, M., Sato, 1., Yuasa, T., Murota, S., 1996. Purkinje cells express neuronal
nitric oxide synthase after methylmercury administration. Brain Res. 718 (1-2),
189-192.

Hu, X., Zheng, T., Cheng, Y., Holford, T., Lin, S., Leaderer, B., Qiu, J., Bassig, B.A., Shi, K.,
Zhang, Y., Niu, J., Zhu, Y., Li, Y., Guo, H., Chen, Q., Zhang, J., Xu, S., Jin, Y., 2015.
Distributions of heavy metals in maternal and cord blood and the association with
infant birth weight in China. J. Reprod. Med. 60 (1-2), 21-29.

Ikingura, J.R., Akagi, H., 1999. Methylmercury production and distribution in aquatic
systems. Sci. Total Environ. 234 (1-3), 109-118.

Itabashi, K., Fujimura, M., Kusuda, S., Tamura, M., Hayashi, T., Takahashi, T., Goishi, K.,
Futamura, M., Takahashi, Y., Isobe, K., lida, K., Uetani, Y., Kondo, Y., Shirahata, S.,
Sugiura, M., Takahashi, N., Funato, M., Horiuchi, T., Yamaguchi, S., 2010.
Introduction of the new standard for birth size by gestational ages. J. Jpn. Pediatr.
Soc. 114 (8), 1271-1293 (in Japanese).

Kaneko, J.J., Ralston, N.V., 2007. Selenium and mercury in pelagic fish in the central
north pacific near Hawaii. Biol. Trace Elem. Res. 119 (3), 242-254. https://doi.org/
10.1007/s12011-007-8004-8.

Kawamoto, T., Nitta, H., Murata, K., Toda, E., Tsukamoto, N., Hasegawa, M., Yamagata,
Z., Kayama, F., Kishi, R., Ohya, Y., Saito, H., Sago, H., Okuyama, M., Ogata, T.,
Yokoya, S., Koresawa, Y., Shibata, Y., Nakayama, S., Michikawa, T., Takeuchi, A.,
Satoh, H., Working Group of the Epidemiological Research for Children's
Environmental Health, 2014. Rationale and study design of the Japan Environment
and Children's Study (JECS). BMC Public Health 14, 25. https://doi.org/10.1186/
1471-2458-14-25.

Komatsu, W., Ishihara, K., Murata, M., Saito, H., Shinohara, K., 2003. Docosahexaenoic
acid suppresses nitric oxide production and inducible nitric oxide synthase expression
in interferon-gamma plus lipopolysaccharide-stimulated murine macrophages by
inhibiting the oxidative stress. Free Radic. Biol. Med. 34 (8), 1006-1016.

Liu, L.L., Zhang, J.L., Zhang, Z.W., Yao, H.D., Sun, G., Xu, S.W., 2014. Protective roles of
selenium on nitric oxide-mediated apoptosis of immune organs induced by cadmium
in chickens. Biol. Trace Elem. Res. 159 (1-3), 199-209.

Mabhaffey, K.R., Clickner, R.P., Bodurow, C.C., 2004. Blood organic mercury and dietary
mercury intake: National Health and Nutrition Examination Survey, 1999 and 2000.
Environ. Health Perspect. 112 (5), 562-570. https://doi.org/10.1289/ehp.6587.

Michikawa, T., Nitta, H., Nakayama, S.F., Ono, M., Yonemoto, J., Tamura, K., Suda, E.,
Iso, H., Takeuchi, A., Kawamoto, T., for the Japan Environment and Children's Study
Group, 2015. The Japan Environment and Children's Study (JECS): a preliminary
report on selected characteristics of approximately 10000 pregnant women recruited
during the first year of the study. J. Epidemiol. 25 (6), 452-458. https://doi.org/10.
2188/jea.JE20140186.

Ministry of Agriculture, Forestry and Fisheries, Japan, 2008. Mercury Intake in Japan.
http://www.maff.go.jp/j/syouan/tikusui/gyokai/g_kenko/busitu/02h_zyokyo.html,
Accessed date: 11 July 2017 (in Japanese).

Miyashita, C., Sasaki, S., Ikeno, T., Araki, A., Ito, S., Kajiwara, J., Todaka, T., Hachiya, N.,
Yasutake, A., Murata, K., Nakajima, T., Kishi, R., 2015. Effects of in utero exposure to
polychlorinated biphenyls, methylmercury, and polyunsaturated fatty acids on birth
size. Sci. Total Environ. 533, 256-265. https://doi.org/10.1016/j.scitotenv.2015.06.
108.

Miyazaki, Y., Koyama, H., Sasada, Y., Satoh, H., Nojiri, M., Suzuki, S., 2004. Dietary
habits and selenium intake of residents in mountain and coastal communities in
Japan. Nutr. Sci. Vitaminol. 50 (5), 309-319.

Murcia, M., Ballester, F., Enning, A.M., Iihiguez, C., Valvi, D., Basterrechea, M.,
Rebagliato, M., Vioque, J., Maruri, M., Tardon, A., Riafio-Galén, ., Vrijheid, M., Llop,
S., 2016. Prenatal mercury exposure and birth outcomes. Environ. Res. 151, 11-20.
https://doi.org/10.1016/j.envres.2016.07.003.

Obi, E., Okafor, C., Igwebe, A., Ebenebe, J., Afonne, O.J., Ifediata, F., Orisakwe, O.E.,
Nriagu, J.O., Basu, N., 2015. Elevated prenatal methylmercury exposure in Nigeria:
evidence from maternal and cord blood. Chemosphere 119, 485-489. https://doi.


https://doi.org/10.1016/j.envint.2019.01.051
https://doi.org/10.1016/j.envint.2019.01.051
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0005
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0005
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0005
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0010
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0010
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0010
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0015
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0015
https://doi.org/10.1056/NEJMoa044160
https://doi.org/10.1056/NEJMoa035698
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0030
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0030
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0030
http://www.chemistry.or.jp/activity/doc/atomictable2015.pdf
http://www.chemistry.or.jp/activity/doc/atomictable2015.pdf
https://doi.org/10.1038/jes.2014.26
https://doi.org/10.1007/s00216-011-5040-1
https://doi.org/10.1007/s00216-011-5040-1
https://doi.org/10.1007/s00125-002-1012-5
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0055
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0055
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0055
http://www.fsc.go.jp/hyouka
http://www.fsc.go.jp/hyouka
https://doi.org/10.1289/ehp.1206115
https://doi.org/10.1289/ehp.1206115
https://doi.org/10.2337/dc12-1842
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0075
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0075
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0075
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0080
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0080
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0080
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0080
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0085
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0085
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0090
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0090
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0090
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0090
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0090
https://doi.org/10.1007/s12011-007-8004-8
https://doi.org/10.1007/s12011-007-8004-8
https://doi.org/10.1186/1471-2458-14-25
https://doi.org/10.1186/1471-2458-14-25
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0105
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0105
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0105
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0105
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0110
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0110
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0110
https://doi.org/10.1289/ehp.6587
https://doi.org/10.2188/jea.JE20140186
https://doi.org/10.2188/jea.JE20140186
http://www.maff.go.jp/j/syouan/tikusui/gyokai/g_kenko/busitu/02h_zyokyo.html
https://doi.org/10.1016/j.scitotenv.2015.06.108
https://doi.org/10.1016/j.scitotenv.2015.06.108
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0135
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0135
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0135
https://doi.org/10.1016/j.envres.2016.07.003
https://doi.org/10.1016/j.chemosphere.2014.07.038

S. Kobayashi et al.

org/10.1016/j.chemosphere.2014.07.038.

Park, S.K., Lee, S., Basu, N., Franzblau, A., 2013. Associations of blood and urinary
mercury with hypertension in U.S. adults: the NHANES 2003-2006. Environ. Res.
123, 25-32. https://doi.org/10.1016/j.envres.2013.02.003.

Phillips, D.I., 1996. Insulin resistance as a programmed response to fetal undernutrition.
Diabetologia 39 (9), 1119-1122.

Ramon, R., Ballester, F., Aguinagalde, X., Amurrio, A., Vioque, J., Lacasana, M.,
Rebagliato, M., Murcia, M., Iiniguez, C., 2009. Fish consumption during pregnancy,
prenatal mercury exposure, and anthropometric measures at birth in a prospective
mother-infant cohort study in Spain. Am. J. Clin. Nutr. 90 (4), 1047-1055. https://
doi.org/10.3945/ajcn.2009.27944.

Rayman, M.P., Wijnen, H., Vader, H., Kooistra, L., Pop, V., 2011. Maternal selenium
status during early gestation and risk for preterm birth. CMAJ 183 (5), 549-555.
https://doi.org/10.1503/cmaj.101095.

Sakamoto, M., Kaneoka, T., Murata, K., Nakai, K., Satoh, H., Akagi, H., 2007. Correlations
between mercury concentrations in umbilical cord tissue and other biomarkers of
fetal exposure to methylmercury in the Japanese population. Environ. Res. 103 (1),
106-111. https://doi.org/10.1016/j.envres.2006.03.004.

Selevan, S.G., Kimmel, C.A., Mendola, P., 2000. Identifying critical windows of exposure
for children's health. Environ. Health Perspect. 108 (Suppl. 3), 451-455. https://doi.
org/10.1289/ehp.00108s3451.

Swanson, J.M., Entringer, S., Buss, C., Wadhwa, P.D., 2009. Developmental origins of
health and disease: environmental exposures. Semin. Reprod. Med. 27 (5), 391-402.
https://doi.org/10.1055/5-0029-1237427.

Tapiero, H., Townsend, D.M., Tew, K.D., 2003. The antioxidant role of selenium and
seleno-compounds. Biomed. Pharmacother. 57 (3-4), 134-144.

Tatsuta, N., Kurokawa, N., Nakai, K., Suzuki, K., Iwai-Shimada, M., Murata, K., Satoh, H.,
2017. Effects of intrauterine exposures to polychlorinated biphenyls, methylmercury,
and lead on birth weight in Japanese male and female newborns. Environ. Health

Environment International 125 (2019) 418-429

Prev. Med. 22 (1), 39. https://doi.org/10.1186/512199-017-0635-6.

The Japanese Society for Pediatric Endocrinology, 2011. Excel-based Clinical Tools for
Growth Evaluation of Children. http://jspe.umin.jp/medical/chart_dl.html, Accessed
date: 11 July 2017 (in Japanese).

Tsuchiya, H., Mitani, K., Kodama, K., Nakata, T., 1984. Placental transfer of heavy metals
in normal pregnant Japanese women. Arch. Environ. Health 39 (1), 11-17.

Ward, D.M., Nislow, K.H., Folt, C.L., 2010. Bioaccumulation syndrome: identifying factors
that make some stream food webs prone to elevated mercury bioaccumulation. Ann.
N. Y. Acad. Sci. 1195, 62-83. https://doi.org/10.1111/j.1749-6632.2010.05456.x.

Wells, E.M., Herbstman, J.B., Lin, Y.H., Jarrett, J., Verdon, C.P., Ward, C., Caldwell, K.L.,
Hibbeln, J.R., Witter, F.R., Halden, R.U., Goldman, L.R., 2016. Cord blood methyl-
mercury and fetal growth outcomes in Baltimore newborns: potential confounding
and effect modification by omega-3 fatty acids, selenium, and sex. Environ. Health
Perspect. 124 (3), 373-379. https://doi.org/10.1289/ehp.1408596.

van Wijngaarden, E., Harrington, D., Kobrosly, R., Thurston, S.W., O'Hara, T., McSorley,
E.M., Myers, G.J., Watson, G.E., Shamlaye, C.F., Strain, J.J., Davidson, P.W., 2014.
Prenatal exposure to methylmercury and LCPUFA in relation to birth weight. Ann.
Epidemiol. 24 (4), 273-278. https://doi.org/10.1016/j.annepidem.2014.01.002.

Xun, P., Hou, N., Daviglus, M., Liu, K., Morris, J.S., Shikany, J.M., Sidney, S., Jacobs, D.R.,
He, K., 2011. Fish oil, selenium and mercury in relation to incidence of hypertension:
a 20-year follow-up study. J. Intern. Med. 270 (2), 175-186. https://doi.org/10.
1111/j.1365-2796.2010.02338.x.

Yamashita, T., Ando, Y., Sakashita, N., Hirayama, K., Tanaka, Y., Tashima, K., Uchino, M.,
Ando, M., 1997. Role of nitric oxide in the cerebellar degeneration during methyl-
mercury intoxication. Biochim. Biophys. Acta 1334 (2-3), 303-311.

Yamashita, Y., Yamashita, M., lida, H., 2013. Selenium content in seafood in Japan.
Nutrients 5 (2), 388-395. https://doi.org/10.3390/nu5020388.

Yoshida, M., 1992. Selenium intake and blood selenium level in Japanese. J. Jpn. Soc.
Nutr. Food Sci. 45, 485-494 (in Japanese).

429


https://doi.org/10.1016/j.chemosphere.2014.07.038
https://doi.org/10.1016/j.envres.2013.02.003
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0155
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0155
https://doi.org/10.3945/ajcn.2009.27944
https://doi.org/10.3945/ajcn.2009.27944
https://doi.org/10.1503/cmaj.101095
https://doi.org/10.1016/j.envres.2006.03.004
https://doi.org/10.1289/ehp.00108s3451
https://doi.org/10.1289/ehp.00108s3451
https://doi.org/10.1055/s-0029-1237427
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0185
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0185
https://doi.org/10.1186/s12199-017-0635-6
http://jspe.umin.jp/medical/chart_dl.html
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0200
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0200
https://doi.org/10.1111/j.1749-6632.2010.05456.x
https://doi.org/10.1289/ehp.1408596
https://doi.org/10.1016/j.annepidem.2014.01.002
https://doi.org/10.1111/j.1365-2796.2010.02338.x
https://doi.org/10.1111/j.1365-2796.2010.02338.x
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0225
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0225
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0225
https://doi.org/10.3390/nu5020388
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0235
http://refhub.elsevier.com/S0160-4120(18)32235-9/rf0235

	Association of blood mercury levels during pregnancy with infant birth size by blood selenium levels in the Japan Environment and Children's Study: A prospective birth cohort
	Introduction
	Material and methods
	Participants
	Measurement of heavy metals
	Questionnaires and medical record transcription
	Definitions of birth weight, birth length, birth head circumference, birth chest circumference, small-for-gestational-age and birth Ponderal index
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	Funding
	Declaration of competing financial interests (CFI)
	Members of the Japan Environment and Children's Study (JECS) Group 2017
	Supplementary data
	References




